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Abstract 
 
Introduction: Mast cells are large granulated immune cells, and major drivers of allergic 

inflammation. Increased inflammatory activity and numbers of mast cells contribute to 

allergic disease, which is of increasing concern worldwide. Mast cells are derived from 

hematopoietic stem cells, which are found in the bone marrow. Specifics regarding the 

molecular mechanisms that control mast cell differentiation remain largely undiscovered. 

The mitogen activated protein kinase (MAPK) pathway is a highly evolutionarily 

conserved intracellular signaling pathway that is active in all eukaryotic cells. We sought 

to evaluate the role of the three major nodes of the MAPK pathway—JNK, ERK, and 

p38—in IL-3-mediated mast cell differentiation. 

Methods: Bone marrow-derived mast cell (BMMC) cultures were initiated from the bone 

marrow of C57BL/6 mice and differentiated in the presence of MAPK inhibitors. One 

group received 1 µM of JNK inhibitor JNK-IN-8, another 1 µM of the ERK inhibitor 

SCH772984, another 10 µM of the p38 inhibitor Losmapimod. The control group 

received no inhibitor. The β-hexosaminidase release assay was used to assess mast cell 

degranulation; enzyme-linked immunosorbent assay (ELISA) was used to measure 

cytokine secretion; and flow cytometry was used to measure marker and receptor 

expression. 

Results: In the JNK group, cells exhibited a reduced capability to degranulate, a down-

regulation in IL-13, CCL1, CCL2, and an up-regulation in basal CCL9 secretion. In the 

ERK group, mast cells secreted decreased amounts of CCL2, increased amounts of 

CCL3, and down-regulated c-kit expression on the cell surface. In the p38 group, mast 



 

cells exhibited an increased capability to degranulate, secreted lower amounts of CCL1 

and CCL2, and exhibited increased c-kit expression on the cell surface. 

Conclusion: Overall, JNK inhibition negatively affects both the early and late phases of 

allergic inflammation, ultimately producing an impaired inflammatory phenotype. ERK 

inhibition affects the late phase of allergic inflammation and cell surface receptor 

expression. p38 inhibition affects both the early and late phases of allergic inflammation, 

as well as cell surface receptor expression. This research contributes to the fundamental 

biological understanding of mast cell differentiation and may drive the development of 

future therapeutics for allergic disease. 
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Literature Review 

Overview of the immune system 

 An immune system, with varying degrees of complexity, can be found in most 

living organisms from prokaryotes, to invertebrates, to mammals1,2. The function of the 

immune system is to prevent infection from pathogenic organisms, and this is achieved 

by distinguishing self from non-self3,4. On a macroscopic scale, the mammalian immune 

system is composed of lymphoid organs such as the thymus, spleen, and lymph nodes 

(Table 1, Figure 1)5. Leukocytes secrete cytokines and chemokines that mediate 

immunity at a cellular and molecular level3,5. In humans and other jawed vertebrates, the 

immune system can be split into two main components of action, the innate and adaptive 

immune system3,5. 

 The innate immune system is a non-specific, first line defense against 

pathogens3,5. Leukocytes involved in the innate immune response include macrophages, 

neutrophils, dendritic cells, mast cells, eosinophils, basophils, and natural killer (NK) 

cells6. Macrophages, neutrophils, and dendritic cells are able to engulf and destroy 

pathogens through phagocytosis7,8. Neutrophils, eosinophils, basophils and mast cells are 

granulated cells, capable of releasing noxious products contained within granules onto 

pathogens. This mechanism is particularly useful against extracellular parasites which are 

too large to be phagocytosed3,5. NK cells have a cytotoxic function which works to kill 

tumour cells and cells infected by viruses3,9. The first line of defense that must be 

breached during infection includes physical barriers such as the skin and mucus layers, 

and chemical barriers associated with these, including antimicrobial peptides, enzymes, 

as well as the microbiota3,10. If a pathogen breaches these barriers, pathogen associated 
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molecular patterns (PAMPs) on the cell surface will be detected by pattern recognition 

receptors (PRRs) such as toll-like receptors (TLRs) and an immune response will be 

triggered11. The humoral component of the innate immune system, known as the 

complement cascade, will also be triggered. This complement system is composed of 

many small proteins produced by the liver that become active upon cleavage by 

proteases. Activation of this pathway improves the efficiency of phagocytes and 

culminates in the formation of a membrane attack complex, which punctures pathogenic 

membranes, killing these organisms3,5,12. Activation of the immune system causes 

inflammation, which is characterized by heat, redness, pain, swelling, and loss of function 

in the affected area13. 

 If the innate immune system fails to clear the pathogen, the adaptive immune 

system is recruited. This system is only found in jawed vertebrates, and functions by 

mounting immune responses against antigens that are specific to the infecting 

pathogen3,5,14. T and B lymphocytes are the main leukocytes implicated in the adaptive 

immune response; however cells with an innate function such as mast cells, dendritic 

cells, and NK cells also play a large role in the adaptive immune system15,16. T 

lymphocytes can be grouped into two main functional populations: CD4+ helper T cells 

and CD8+ cytotoxic T cells. Cytotoxic T cells directly kill infected cells, while helper T 

cells secrete cytokines and other mediators necessary to shape and direct the immune 

response3,5,17,18. B lymphocytes are able to differentiate into plasma cells, which produce 

antibodies, the main humoral component of the adaptive immune response19. Immune 

responses against specific antigens are made possible through the process of V(D)J 

recombination, which occurs during T and B lymphocyte development. Inherent genetic 
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editing mechanisms in these cells allow a wide array of T and B cell receptors to be 

produced, which theoretically amounts to around 100 trillion unique binding sites3,20.  T 

Lymphocytes only respond to the antigen when presented with a major histocompatibility 

complex (MHC) molecule. Antigen presenting cells, such as dendritic cells, will process 

the antigen and present it to T cells bound to an MHC molecule. Cytotoxic T cells need to 

be presented with a class I MHC molecule, while helper T cells require class II 

MHC3,5,21. Activation of the adaptive immune system leads to the formation of long lived 

memory cells, which are able to launch a specific response immediately if the pathogen is 

encountered in the future3,5. 

 The immune system must stay finely tuned to ensure maximal effectiveness 

without harming the individual. Absence or damage to the immune system can lead to 

immunodeficiency, which causes susceptibility to infection. Immunodeficiency can be 

congenital, or acquired due to infection, disease, or drugs22,23. When the immune system 

is too sensitive to stimulation, autoimmune diseases and allergies can occur. Autoimmune 

disease occurs when the immune system begins to interpret self antigens as harmful, 

while allergies are abnormal responses to innocuous environmental antigens22,24. The 

immune system is dynamic and modulated by nutrition, sleep, stress, endocrine activity, 

and many other processes25–28. 
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Table 1. Lymphoid organs and their functions. Information contained in this table 
corresponds to graphical illustration of these organs in Fig. 1 
 

Immune Organ Function 

Appendix Reservoir for microbiota species 
Bone marrow Site of hematopoiesis 

 
Lymph node 

Filters lymph and acts as a “factory” for 
producing a robust immune response. An 
important site for antibody production. 

 
Lymph vessel 

Circulates lymph, composed largely of 
interstitial fluid, throughout the body 
towards lymph nodes for pathogen 
filtration 

Peyer’s patches Immune surveilling mucosal associated 
lymphoid tissue found in the jejunum and 
ileum 

 
Spleen 

Filters blood, salvages damaged red blood 
cells, stores lymphocytes and acts as a site 
for antibody synthesis 

Thymus The maturation site for T lymphocytes 
Tonsil Populated with various immune cells 

poised to respond to pathogens that are 
ingested or inhaled 
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Figure 1. Lymphoid organs and their relative position in the human body. These 
organs are responsible for mediating many of the effects of the immune system and can 
be seen as “hot spots” for activity of the immune system. 
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Mast cells 

Mast cells are large, granulated cells of the myeloid lineage that bridge the gap 

between innate and adaptive immunity (Figure 2) 29–31. They can be found in connective 

tissue and sub-epithelial regions associated with blood vessels, nerves, smooth muscle, 

and mucus glands 32–35. Broader anatomical regions where mast cells can be found 

include the skin, respiratory mucosa, and GI tract 32. These positions allow the mast cell 

to act as a first responder to pathogens, tissue damage, and other disruptions of normal 

function 32,33. Mast cells play a large role in many different aspects of the function of the 

immune system. Mast cells express several chemokine receptors, allowing them to 

migrate to areas of inflammation and secrete mediators such as Transforming growth 

factor β (TGF-β), IL-10, IL-4, interferon-γ (IFN-γ), and TNFα 32,35. Mast cells can 

contribute to the removal and killing of pathogens through multiple different 

mechanisms. They express PRRs, such as TLR4, that contribute to the production of anti-

pathogenic cytokines 32,36. Mast cells are capable of phagocytosis, and can also produce 

several bactericidal compounds such as cathelicidins, defensins, and psidins, as well as 

reactive oxygen species32,33. Mast cells can contribute to pathogen removal even after cell 

death through the production of mast cell extracellular traps32. Aside from their 

involvement in removing pathogens, mast cells also contribute to other aspects of the 

immune system. Mast cells can function as antigen presenting cells, and heavily impact 

dendritic cell function through their secreted mediators32,33. Mast cells promote T cell 

migration, and play a role in IgE class switching in B cells33. Mast cells are also involved 

in many pathological states, and contribute heavily to allergy as well as autoimmune 
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disorders and cancer32. Their positioning close to blood vessels and nerves allows them to 

contribute to tissue repair, wound healing, and angiogenesis29,32.  

 A vast amount of mast cell activity involves signaling through the FcεRI receptor, 

which leads to the release of preformed and neo-formed mediators31,32,37,38. Preformed 

mediators are stored in granules, and become released into the extracellular environment 

through the process of degranulation, where the granule fuses with the plasma 

membrane24,32,38. Granules contain biogenic amines, such as histamine and serotonin, 

proteases, lysosomal enzymes, cytokines, and proteoglycans32,38. Proteases account for 

the majority of the granule content (25%)31,32. Neo-formed mediators are synthesized 

minutes to days after degranulation through MAPK signaling. Mediators synthesized 

during this time include TGF- β, IL-10, IFN- γ, TNFα, CCL5, and many others32. 

Eicosanoid mediators are also produced through arachidonic acid metabolism (Table 2) 

31,32.  

 Two broad categories of mast cells have been characterized that differ in location 

and function. Mucosal mast cells are found in the respiratory, urogenital, and 

gastrointestinal tracts, while connective tissue mast cells are found in the intestinal sub-

mucosa, peritoneum, and skin32,35. Mucosal mast cell granules contain the mast cell 

proteases mMcp-1 and 2 and release small amounts of histamine and large amounts of 

cysteinyl leukotrienes during degranulation. Conversely, connective tissue mast cells 

release large amounts of histamine and prostaglandin D2 during degranulation, and 

granules contain mMcp-4, 5, and 6, as well as mast cell carboxypeptidase (mCPA)32. 

Stem cell factor (SCF) is important for the survival of connective tissue mast cells, and 

mucosal mast cells are dependent on IL-3 and IL-434. Mast cells are highly heterogenous 
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cells, able to take on a broad range of functions (the elimination of pathogens, 

angiogenesis, allergies) which are pliable. Often, mast cell phenotype and function are 

influenced by the local microenvironment and cytokine milleu29,32–34,36,37,39,40. Cells that 

are adoptively transferred to a new environment will undergo changes in phenotype that 

are characteristic of the surroundings34,41. Mast cells are also affected by age, sex, 

circadian rhythms and stress36. 

 
 
 

 
Figure 2. Mast cells and their relative components. A defining characteristic of mast 
cells is the presence of granules throughout the cytoplasm that are able to be ejected into 
the external environment. FcεRI and c-kit are two receptors found in abundance on the 
mast cell surface that are responsible for initiating allergic inflammation. 
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Table 2. Mast cell mediators and their effect on the body. Mast cells are capable of 
producing hundreds of mediators that are responsible for regulating a myriad of processes 
in the human body. 
Mediator Type Function 
Histamine Preformed Causes vasodilation, 

bronchoconstriction, increased 
permeability of capillaries, 
smooth muscle contraction, and 
involved in mast cell 
chemotaxis and urticaria 
production 

Tryptase Preformed Limits the course of an allergic 
reaction by cleaving IgE, 
involved in vascular 
contraction, gastrointestinal 
smooth muscle activity, and 
coagulation 

Chymase Preformed Involved in remodelling of the 
extracellular matrix (ECM), 
leukocyte recruitment, and itch 
induction 

Carboxypeptidase Preformed Involved in protein digestion, 
blood clotting, growth factor 
production and wound healing 

Chondroitin Preformed Maintains the elasticity of 
cartilage 

Cathespin G Preformed Promotes pathogen degradation 
and ECM breakdown at sites of 
inflammation, increases platelet 
activation and mucus secretion 
in the airways 

Prostaglandins Newly synthesized lipid 
mediator 

Increases vascular permeability 
and leukocyte recruitment, 
promotes mucus production 
and nerve cell activation 

Leukotrienes Newly synthesized lipid 
mediator 

Involved in neutrophil rolling 
and chemotaxis and effector T 
cell migration, attracts 
eosinophils, causes 
bronchoconstriction, vascular 
permeability and increased 
mucus production 

TNFα Preformed, cytokine Increases expression of cell 
adhesion molecules and 
bronchial responsiveness, has 
anti-tumor effects, induces 
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fever and the acute phase 
response, attracts neutrophils 
and stimulates phagocytosis 

GM-CSF Cytokine Involved in eosinophil 
development and survival, acts 
as a leukocyte growth factor, 
stimulates granulocyte 
production and neutrophil 
migration 

TGF- β Cytokine Promotes Th17 cell and 
monocyte activity, inhibits B 
cell and macrophage activity 

IL-3 Cytokine Promotes eosinophil 
development and survival and 
myeloid differentiation, as well 
as T cell growth and 
differentiation 

IL-4 Cytokine Stimulates B and T cell 
proliferation, promotes the 
differentiation of B cells into 
plasma cells, induces IgE class 
switching, inhibits Th1 cell 
activity 

IL-5 Cytokine Promotes eosinophil 
development and survival, B 
cell growth, and IgA secretion 

IL-6 Cytokine Causes acute phase protein 
synthesis, promotes neutrophil 
production and B cell growth 

IL-8 Cytokine Promotes neutrophil 
chemotaxis, phagocytosis and 
angiogenesis 

IL-10 Cytokine Down regulates the production 
of Th1 cytokines, enhances B 
cell survival and proliferation, 
and promotes antibody 
production 

IL-13 Cytokine Promotes IgE secretion and 
causes goblet cell metaplasia 

 

FcεRI receptor: function and signaling 

 The FcεRI receptor is also known as the high affinity IgE receptor and is found in 

abundance on the mast cell surface. In mice, this receptor is heterotetrameric (αβγ2), 
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while a trimeric form (αγ2) also exists in humans32,42–45. The extracellular domain of the 

receptor is composed of the α chain, which binds the Fc portion of the IgE ligand at a 1:1 

ratio31,32,39,42–44. The β and γ subunits span the membrane, and their short cytoplasmic 

portions are associated with immunoreceptor tyrosine-based activation motifs (ITAMs), 

which initiate intracellular signaling32,39,42–45. 

 During the development of an allergy, plasma cells will produce allergen specific 

IgE. Unbound IgE has a half-life of two days, but upon binding the FcεRI receptor, will 

be present for the entire life of the cell31. IgE will also cause FcεRI receptor expression to 

become up-regulated31,32,42.  FcεRI signaling commences when allergen binds to the Fab 

portion of IgE molecules bound to the FcεRI receptor at their Fc regions. This causes 

receptors to cross link, and tyrosine residues present on ITAMs become 

autophosphorylated32,42,44,45. Phosphorylated ITAMs create binding sites for the protein 

tyrosine kinase Lyn on the β subunit, and Spleen tyrosine kinase (Syk) on the γ subunit. 

Lyn is involved in signal activation, and a primary pathway is initiated from this 

molecule44. Syk undergoes a conformational change that increases it’s enzymatic activity, 

and becomes signal-amplifying with the ability to phosphorylate multiple 

substrates32,42,43,45. Syk phosphorylates the adaptor proteins linker for activation of T cells 

(LAT) and non T cell activation linker (NTAL), which become docking sites for multiple 

pathway components32,34,43–45. Phospholipase C (PLC) and phosphoinositide 3-kinase 

(PI3K) become activated through phosphorylation and cleave phosphatidylinositol 4,5-

biphosphate (PIP2) to produce Diacylglycerol (DAG) and inositol triphosphate (IP3). 

Activation of this pathway also leads to calcium mobilization through the activation of 

protein kinase C (PKC).32,34,39,44 Another signaling pathway begins when the adaptor 
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molecules lymphocyte cytosolic protein 2 (SLP-76), Vav, Src homology 2 domain-

containing transforming protein (Shc) associate with Grb2 and son of sevenless (Sos) to 

activate the small GTPases Ras, Rac, Raf and Rho. At this point components of the 

MAPK pathway are recruited, including p38, ERK, and JNK, which influence the activity 

of nuclear factor kappa-light chain enhancer of activated B cells (NF-κB) transcription 

factors to begin the synthesis of de novo inflammatory mediators34,39,43. Disengagement 

of the receptor will cause signaling to immediately cease42. Src homology region 2 

domain-containing phosphatase-1 (SHP-1) and Cbl negatively regulate FcεRI signaling. 

Cbl leads to the ubiquitination of Syk, causing its degradation, while SHP-1 

dephosphorylates signaling molecules (Figure 3)34,43. 
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Figure 3. FcεRI signaling. Engagement of the FcεRI receptor triggers multiple different 
signaling pathways that lead to the development of allergic inflammation. Signaling 
through this receptor begins when allergen cross links two IgE molecules bound to the α 
sub-unit of the receptor. Autophosphorylation of ITAMs, as well as the activity of Lyn 
and Syk, initiate down-stream signaling pathways. Syk is able to phosphorylate the 
adaptor molecules LAT and NTAL, which act as docking sites for multiple different 
signaling components. Lyn goes on to activate PI3K and PLC, which stimulates the 
cleavage of PIP2 into IP3 and DAG. The PI3K/ PKC pathway plays a large role in 
degranulation, through its activity on intracellular calcium release. The MAPK pathway 
is initiated through the recruitment of the adaptor complex containing SLP-76, Vav, Shc, 
Grb2, and Sos. These molecules activate small GTPases which phosphorylate MAPKKK 
proteins. These phosphorylate MEK proteins, which activate the three main nodes of the 
MAPK pathway: JNK, ERK, and p38. The MAPK pathway plays a large role in the 
synthesis of de novo mediators through transcription. 
 

C-kit and stem cell factor function and signaling 

 The c-kit (CD117) receptor is found in abundance on the mast cell surface, and 

engagement of the receptor through its ligand SCF is necessary for proper function. The 

receptor is a single transmembrane receptor with intrinsic kinase activity32. Binding of 

SCF causes the receptor to dimerize, and causes cytoplasmic tyrosine residues to become 

autophoshporylated32. SCF is also a transmembrane protein, and 3 alternatively spliced 

forms are present in murine tissue46. Fibroblasts, endothelial cells, and stromal cells are 
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responsible for its secretion29. SCF is essential for mast cell survival and development 

both in vitro and in vivo29,31–33,46. Engagement of the c-kit receptor promotes adhesion, 

migration, and proliferation of mast cells, as well as cytokine and chemokine 

production32,46. The c-kit receptor and FcεRI receptor share common signaling pathways, 

such as the MAPK pathway, and responses often overlap39,47.C-kit receptor engagement 

potentiates inflammatory responses generated through FcεRI signaling, while FcεRI 

engagement suppresses SCF induced proliferation39,47. Mechanisms of c-kit signaling are 

very similar between mice and humans46. 

Allergy 

 Allergies, also known as type I hypersensitivity reactions, are aberrant immune 

responses directed against innocuous substances24,32,41. Common allergens include grass, 

tree pollen, animal dander, insect venom, and food products such as nuts, shellfish, milk, 

and eggs24. Development of an allergy begins with sensitization. During this process an 

antigen presenting cell (APC) will process and present an allergen to naïve T cells on 

MHC molecules. This leads to differentiation into T helper type 2 (Th2) cells, and Th2 

characteristic cytokines such as IL-4, IL-5, and IL-13 will be produced. The cytokine 

milieu, as well as interactions between CD154 (CD40L) on T cells and CD40 on B cells 

leads to plasma cell differentiation. The plasma cell will produce allergen specific IgE 

that binds to FcεRI receptors on the mast cell surface, priming them for signaling the next 

time the allergen is encountered31,32,36,44. Pathology and symptoms experienced during an 

allergic reaction can be split into two phases. The early phase occurs within minutes and 

is associated with release of pre-formed mediators during degranulation. An affected 

individual would experience increased vascular permeability, mucus secretion, edema, 
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urticaria and smooth muscle contraction24,32. The late phase is associated with synthesis 

of de novo mediators through transcription after degranulation occurs. It begins 2-6 hours 

after exposure to allergen, peaks at 6-9 hours, and is resolved after a few days. Symptoms 

associated with this phase include edema, pain, warmth, redness, and leukocyte 

infiltration (Figure 4)24,32. Repeated exposure to allergens can cause chronic 

inflammation that damages the ECM and leads to fibrosis, tissue remodelling, and 

reduced barrier function24,32. It is common for individuals with an allergic disorder to 

develop additional allergies24. Allergic disease affects a large proportion of the North 

American population, and incidence is increasing, placing significant burden on the 

health care system, as well as pain and suffering for those afflicted48,49. Current 

treatments available offer minimal benefit, and in some cases can cause harm to the 

individual24,44. 
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Figure 4. The effects of allergens on the human body. The effects of an allergen can 
differ based on mode of exposure, and each mode of exposure is associated with a 
characteristic set of effects. 
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Figure 5. Development of an Allergy. Sensitization begins when the allergen breaches 
the epithelial barrier. Antigen presenting cells, such as dendritic cells, process the 
allergen into its antigenic components and presents this to a CD4+ T cell. This stimulates 
the development of Th2 cells, which cause B cells to begin secreting allergen specific 
IgE. This allergen specific IgE coats the surface of mast cells by binding to FcεRI 
receptors. Upon subsequent exposure to allergen, mast cells are stimulated to degranulate, 
which contributes to many of the symptoms associated with allergies. 
 

Mast cell + hematopoietic stem cell differentiation 

 Hematopoiesis is the process of hematopoietic stem cell differentiation, and its 

purpose is to supply blood with a complement of fully formed cellular components. The 

hematopoietic stem cell is capable of giving rise to all leukocytes, which are the cellular 

effectors of immunity50. This process takes place in bone marrow present in the 

medullary cavity of long trabecular bones. Hematopoietic stem cells (HSCs) occupy a 

niche in the bone marrow that is in close proximity to blood vessels and the 
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endosteum51,52. Clonal bone marrow stromal cells surround the HSCs, and secrete SCF 

and thrombopoietin, which are necessary for their proper function51. 

 The first step in HSC differentiation is commitment to either the lymphoid or 

myeloid lineage (Figure 5).  Commitment to the lymphoid lineage begins with 

differentiation into the CD34+ CD10+ common lymphoid precursor. Any changes past 

this point cause cell fate to be tied to either T, B, or NK cell lineages52. B cell 

determination begins with the CD127+ B cell precursor. These cells can further 

differentiate into pro-B cells and pre-B cells, with differentiation culminating in the 

formation of a naïve B cell53. Once stimulated by antigen, these cells can become plasma 

cells, which are specialized to secrete large quantities of antibodies53. T cells and NK 

cells share a precursor cell54. T cell differentiation commences when these precursor cells 

migrate to the thymus, where terminal T cell differentiation will take place. A complex 

process of α, β, δ and γ recombination occurs in immature thymocytes, and mature T cells 

express a fully re-arranged T cell receptor as well as a CD4 or CD8 co-receptor54. Mature 

T cells can undergo further differentiation in the periphery to become T cell sub-sets 

which perform specialized functions55. 

 Commitment to the myeloid lineage begins with differentiation into the common 

myeloid precursor. Further differentiation into the megakaryocyte/ erythroid progenitor 

produces megakaryocytes, erythroblasts, and platelets52. Cells can also commit to the 

granulocyte-macrophage precursor line, which gives rise to neutrophils, eosinophils, and 

basophils56. The granulocyte-macrophage progenitor can further specialize into a 

macrophage and dendritic cell precursor. Differentiation through this lineage produces 

monocytes, which are immature pre-cursors to macrophages and dendritic cells which 
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circulate in the blood. Once monocytes migrate into the tissue, differentiation into 

macrophages or dendritic cells can begin. Immature dendritic cells can further develop 

into activated dendritic cells when they migrate to the lymph nodes and encounter 

antigen57.  

Murine HSCs are Lin-, Stem cell antigen-1 (Sca-1)+, cluster of differentiation 90 

(Thy-1)low, CD34low and Angiopoietin-1 receptor (Tie-2)+51,52,58. Once differentiation into 

a mast cell begins, the hematopoietic stem cell will become a progenitor cell. Self-

renewal ceases and differentiation capacity is limited52,58. Mast cell precursors have yet to 

be fully characterized, but studies in C57BL/6  mice have suggested them to be Lin-, c-

kithi, interleukin 1 receptor-like 1 (ST2)+, integrin B7hi, Sca-1-, FcεRIα-, and CD27-29,30. 

Mast cell precursors are non-granulated29,30. Once mast cell lineage has been determined, 

cells will migrate from the blood to peripheral tissues by adhering to the microvascular 

epithelium and responding to signals from chemokines and integrins29,30,32. After homing 

to tissue, the precursor cells become CD34+, CD45+ and FcεRI lo30. The differentiation 

process is tightly regulated by transcription factors such as micropthalmia-associated 

transcription factor (MITF), GATA binding factor 2 (GATA2), CCAAT/ enhancer 

binding protein alpha (C/EBPα), SPI1 proto-oncogene (PU.1), signal transducer and 

activator of transcription 5 (STAT5), as well as the cytokine milieu30,50. Mature mast 

cells are terminally differentiated and have limited capacity for division30. 
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Figure 6. Development of the hematopoietic system. The hematopoietic system is 
composed of two separate and opposing lineages; myeloid and lymphoid. Mast cells 
belong to the myeloid lineage, and are presupposed by an uncharacterized precursor cell. 
 

Overview of epigenetics 

 Epigenetic changes to a DNA strand result in changes in expression that cannot be 

accounted for by alterations to the DNA sequence59. This is often accomplished through 

chromatin remodeling59. Chromatin is composed of DNA, histone proteins, and DNA 

binding proteins, which allows the 2 m of DNA present in each cell to be packaged into 

an organized, compact structure capable of occupying the limited space of the nucleus60–

62. As the degree of packaging becomes greater, increasingly higher order structures can 

be observed. Packaging begins with formation of the nucleosome, which is composed of 

two of each of the histone proteins H2A, H2B, H3 and H460,63–65. The nucleosome is able 
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to wrap 147 bp of DNA, while 10-50 bp of DNA is bound by the linker histones H1 and 

H5 in between nucleosomes64–66. The nucleosome core measures at 70 Å, and linker 

DNA measures at 15 Å67. When viewed under an electron microscope, repeating units of 

nucleosomes across a DNA strand look similar to beads on a string64. The formation of 

nucleosomes causes DNA to be compacted by seven times68. Nucleosomes are dynamic, 

and stable assembly and disassembly can readily take place68. Nucleosomal DNA can be 

further compacted to create a condensed structure called the 30 nm fibre66. 

 Chromatin exists in two main forms separated by the degree of packaging. 

Euchromatin is more loosely packaged compared to heterochromatin, which is packaged 

densely69,70. Due to its loose packaging, euchromatin is easily accessible for polymerase 

enzymes to bind and transcribe DNA to RNA. It is also easily accessed by other DNA 

binding molecules, such as transcription factors70,71. The opposite is true for 

heterochromatin, which can be further divided into categories of constitutive and 

facultative heterochromatin. Constitutive heterochromatin is permanently packaged in a 

dense fashion, while facultative heterochromatin becomes packaged due to changes in 

development or environmental signals70. While euchromatin contains a large degree of 

coding DNA, heterochromatin is composed largely of transposons and repeating 

sequences70–72. 

 Covalent modifications of DNA or histones can lead to a change in the degree of 

packaging of chromatin. Examples of covalent modifications that can occur include 

acetylation, methylation, phosphorylation, ubiquitinoylation, sumoylation60. These marks 

can be classified based on whether they re-model chromatin to become looser, which 

usually leads to genes becoming actively transcribed, or cause chromatin to become 
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tightly packaged and inaccessible for transcription. Acetylation commonly acts as an 

activating mark by neutralizing positively charged lysine residues on histone proteins, 

preventing a close interaction with DNA59,60, and formation of the 30 nm fibre73. 

Commonly acetylated sites include lysine residues in H3 and H474. Histone 

acetyltranferases (HATs) are multi-subunit enzymes that are responsible for the addition 

of acetyl groups to histones63,75,76. They can be divided into five families: GNATs, 

MYSTs, p300/CBP enzymes, transcription factor HATs and nuclear hormone related 

HATs75–77. Histone deacetylases (HDACs) are responsible for catalyzing the removal of 

acetyl groups from histones78,79. HDAC enzymes can be found in humans and are split 

into four classes based on sequence similarity78. Class I HDACs are similar in sequence 

to Rpd3 and include HDACs 1, 2, 3, and 8. Class II HDACs are Hda1 like, and include 

HDACs 4, 5, 6, 7, 9, and 10. Class II HDACs are made up of the sirtuin enzymes SIRT1, 

2, 3, 4, 5, 6, and 7. HDAC11 is the sole member of class IV78,79. Classes I, II and IV 

require a zinc ion to catalyze the removal of acetyl groups, while class III HDACs require 

nicotinamide adenine dinucleotide (NAD+)78. 

  Methylation most often causes DNA to become compacted into heterochromatin. 

Methylation of a promoter region is often sufficient to cause gene silencing, as 

compaction of this region prevents the binding of transcription factors which are 

necessary for strand elongation80,81. Genes that are silenced have been shown to contain 

increased promoter methylation compared to actively transcribed genes82. Methyl groups 

can be added to cytosines of CpG dinucleotides, or on histones59. Common sites for 

histone methylation include the 4th, 9th, 27th, 36th, and 79th lysines of H3, as well as the 

20th lysine of H480. Histones and DNA can become mono, di, or tri-methylated83. While 
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the general trend of methylation is to cause heterochromatin formation, there are certain 

marks that have been classified as activating and de-activating. H3K9 methylation and 

H3K27 tri-methylation are heterochromatin inducing, while H3K4 tri-methylation is an 

activating mark72,83,84. DNA methyltransferase (DNMT) enzymes are responsible for the 

addition of methyl groups to DNA and histones. This family of enzymes contains 4 

members that each catalyze a different function related to methylation. DNMT1 

methylates the daughter strand of DNA during replication to ensure proper epigenetic 

marks are passed on to new cells85,86. DNMT3A and 3B are de novo methyltransferases 

responsible for adding new methyl marks based on environmental signals59,86. DNMT3L 

does not add methyl groups, and functions to stabilize the catalytic sites of DNMT3A and 

DNMT3B which enhances their activity86,87. Multiple enzymes are capable of de-

methylation. LSD1 and JmjC domain-containing histone demethylation protein 1 

(JHDM1) are able to de-methylate histones88,89, while Ten eleven translocation (TET) 

and Activation-induced cytidine deaminase (AID) enzymes are capable of removing 

methyl marks from DNA90,91. Bromodomain and chromodomain proteins are able to 

recognize and interpret epigenetic marks, which directs chromatin remodelling76. 

Changes in methylation and acetylation often work in conjunction to alter chromatin 

formation. For example, DNA methylation is functionally linked to histone acetylation, 

which promotes heterochromatin formation92. 

Epigenetic mechanisms in immune cell differentiation and function 

Histone acetylation as well as DNA and histone methylation are two epigenetic 

mechanisms that have been shown to play an important role in the differentiation of cells 

in the hematopoietic lineage. HDAC and DNMT enzymes are essential for the proper 
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functioning and survival of hematopoietic stem cells91,93–97. Methylation is an important 

mechanism in the maintenance of hematopoietic stem cell multi-potency. In these cells, 

genes involved in the specialized functions of terminally differentiated cells are 

methylated and held in a repressed state, allowing genes involved in stem cell function to 

be actively transcribed. As HSCs differentiate, stem cell maintenance genes become 

methylated, which ceases their expression, and genes involved in mature cellular 

functions are released from a repressed state by de-methylation95,98,99.  

HDAC enzymes are involved in the differentiation of myeloid cells including 

progenitors, macrophages and neutrophils. In the presence of HDAC inhibitors, normal 

differentiation is interrupted93,100. Methylation plays a role in the decision between 

lymphoid or myeloid lineage fate. As lymphoid cells differentiate, myeloid associated 

genes become methylated and silenced98,99. Compared to lymphoid cells, myeloid cells 

are hypo-methylated91. Treatment of progenitors with Azacytidine, an inhibitor of 

methylation, skews development towards the myeloid lineage98. 

HDAC enzymes play a role in the differentiation of early B cell progenitors as 

well as pre-B cells93. All stages of B cell differentiation have been shown to be associated 

with specific patterns of methylation101. In T cells, HDAC1 and 2 activity are necessary 

for cells to differentiate past the pre-T cell receptor (TCR) stage. HDAC3 activity is 

needed for differentiation for cells to express either CD8 or CD4, for the process of 

positive selection, as well as maturation in the periphery93. Acetylation is also a crucial 

mechanism for shaping the unique cytokine secretion profiles of CD4+ T effector cells. 

Th1 cells secrete large amounts of IFN-γ, and exhibit a hyper-acetylated IFN-γ gene. 
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Conversely, Th2 cells, which secrete large amounts of IL-4, express a hyper-acetylated 

form of this gene94. 

Methylation and acetylation play important roles in mast cell differentiation and 

function, as has been documented by multiple different studies in the literature. As mast 

cells differentiate, genes involved in mast cell function become de-methylated and 

increasingly expressed, while stem cell associated genes become methylated and 

silenced102. Bromodomain and extra-terminal motif  (BET) proteins, which are part of the 

bromodomain family, affect the gene expression of multiple different cytokines and 

chemokines in mast cells103. The short chain fatty acid butyrate acetylates the tyrosine 

kinases LAT, SYK and Bruton’s tyrosine kinase (BTK), and also inhibits HDAC 

enzymes. This affects FcεRI signaling in mast cells, which leads to decreased 

degranulation104. The histidine decarboxylase gene, which encodes an enzyme 

responsible for the formation of histamine, has an unmethylated promoter in cells capable 

of degranulation, such as mast cells and basophils105. Tryptase, an inflammatory mediator 

stored in mast cell granules, has an inherent proteolytic capability to remove n-histone 

tails. Mast cells lacking tryptase display aberrant epigenetic activity such as the 

accumulation of the activating mark H2Bk5ac, decreased levels of truncated H2B and 

H3, and a multi-lobed nucleus, which is associated with abnormal chromatin 

formation106. Multiple studies have also demonstrated the application of agents capable of 

producing epigenetic change may be able to treat mast cell related allergic 

pathologies107,108. 
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MAPK signal transduction cascade 

 The mitogen activation protein kinase (MAPK) pathway is an evolutionarily 

conserved intracellular signaling pathway that can be found in all eukaryotic cells109–111. 

Engagement of several different receptor types on the cell surface leads to activation of 

the pathway, affecting cellular processes such as growth, differentiation, survival, 

proliferation, apoptosis, stress responses, and motility109–112. The pathway is composed of 

multiple tiers of serine/ threonine kinases capable of phosphorylating target proteins. 

Three core kinases, MAPKKKs, MAPKKs, and MAPKs undergo a series of sequential 

phosphorylation that culminates in the activation of MAPK proteins (Figure 6). Upon 

receptor engagement, small GTPases activate MAPKKK proteins. MAPKKKs 

phosphorylate MAPKKs, which then phosphorylate MAPKs. Activated MAPKs are able 

to translocate from the cytoplasm to the nucleus where they influence gene expression 

through their influence on chromatin structure and transcription factor activity109,111. The 

map kinase cascade converges into three distinct but occasionally overlapping pathways 

known as the JNK, ERK, and p38 pathways. 

 The JNK pathway is activated by cellular stress, cytokines and mitogens, and 

results in the regulation of cellular proliferation and apoptosis110,111,113. There are three 

genes responsible for the transcription of JNK protein (JNK1, JNK2, JNK3), which can 

be alternatively spliced to produce ten different JNK isoforms. JNK1 and 2 are expressed 

in all tissue, while JNK3 is preferentially expressed in brain, heart, and testis113. Several 

different MAPKKK proteins are able to activate the JNK cascade110,113. Rho GTPases are 

able to activate the JNK specific mammalian mitogen activated protein kinase kinase 

kinase (MEKK) proteins MKK4 and 7, which confer JNK pathway activation through 
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phosphorylation at Thr-Pro-Tyr motifs.110,113. MKK7 is activated by cytokines, such as 

TNF and IL-1, while cellular stress activates MKK4110,113. Both MEKK proteins are 

found in the nucleus and the cytoplasm113. Targets for JNK signaling include activator 

protein 1 (AP-1) transcription factors as well as activating transcription factor 2 (ATF-2), 

which have intrinsic histone acetylase activity110,113. JNK has been shown to play a 

critical role in the proper functioning of the immune system. JNK signaling is crucial for 

the differentiation of naïve CD4+ T helper cells into fully mature effector cells. Mice 

lacking the genes JNK1 and 2 exhibit dysfunctional T cell function which results in 

severe immunodeficiency113. Dysregulated JNK signaling is implicated in multiple 

disorders of the immune system110. 

   The ERK signaling cascade was the first to be discovered, and is consequently the 

most well defined MAPK pathway in the literature. The ERK pathway governs the 

crucial cellular processes of growth, proliferation, and survival. Two isoforms exist and 

are expressed in all cells110. Engagement of a G-protein coupled receptor (GPCR), or 

action of a tyrosine kinase activates the small GTPase Ras through the formation of large 

signaling complexes. This is facilitated by Sos, a guanosine diphosphate (GDP)/ 

guanosine triphosphate GTP exchange factor. Following Ras activation, Raf is recruited 

to the plasma membrane and activated109,111. Raf proteins act as the MAPKKK that 

initiates activation of the pathway110. Raf then activates the ERK-specific MEK proteins 

MEK1 and 2 through dual serine phosphorylation, which exert their activity on ERK 

through phosphorylation at Thr-Glut-Tyr motifs. ERK resides in the cytoplasm in resting 

cells, but upon pathway activation quickly translocates to the nucleus where it exerts it’s 

effects111. ERK is a serine/ threonine kinase which is capable of phosphorylating more 
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than eighty substrates found in both the cytoplasm, membrane and nucleus109,110. Gene 

expression can be modulated by ERK signaling through multiple different mechanisms. 

ERK signaling can down-regulate the expression of target genes by activating repressors 

or obstruct transcription by binding directly to DNA. ERK can also affect gene 

expression through epigenetic mechanisms. ERK gas been shown to interact with 

HDAC4, and is also able to promote the formation of heterochromatin. ERK is also able 

to interact with nucleoporins, proteins that are responsible for shuttling cytoplasmic 

material into the nucleus111. A specific example of substrate that ERK has an affinity for 

includes the AP-1 family of transcription factors, which play an important role in T cell 

activation110. 

 The p38 pathway controls inflammation, as well as cell growth, death, and 

differentiation110,112. Four different isoforms that share 60% homology with each other 

are expressed throughout the body. The α and β isoforms are expressed ubiquitously, 

while the γ isoform is expressed in skeletal muscle, and the δ isoform is expressed in 

lungs, kidney, testis, pancreas, and the small intestine. The α isoform is the active form 

present during immune cell signaling110. A wide array of stimuli are capable of 

stimulating the p38 pathway. These include heat shock, changes in osmolarity, hypoxia, 

and exposure to UV radiation, growth factors, and oxygen radicals110,112. Stimulation can 

also occur through the action of specific cytokines, such as IL-1, IL-2, IL-7, IL-17, IL-18, 

TGF- β and TNF- α110. Many MAPKKK proteins are able to initiate this pathway, 

including protein kinase domain-containing protein (MTK1), mitogen activated protein 

kinase kinase kinase 10 (MLK2), MLK3, Dual leucine zipper kinase/ mitogen-activated 

protein kinase kinase kinase 12 (DLK), apoptosis signal-regulating kinase (ASK1), and 
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TGFβ-activated kinase 1 (TAK1)112. These MAPKKK proteins activate MKK3, MKK4 

and MKK6 which phosphorylate p38 at Thr-Gly-Tyr motifs110,112. Activated p38 protein 

then coordinates the activation and expression of transcription factors, cytokines, surface 

receptors, and kinases110,112. Specific transcription factors that p38 activates include 

activating transcription factor 1 (ATF1), ATF2, SRF accessory protein 1 (Sap1), DNA 

damage-inducible transcript/ C/EBP homologous protein (CHOP), p53, myocyte-specific 

enhancer factor MEF2C and MEF2A. p38 activation has also been shown to cause 

increased expression of the cytokines IL-6 and TNF- α112. Immune cells exhibit increased 

p38 activity compared to other cell lineages, and activation has been shown to occur in 

LPS treated macrophages, IL-18 stimulated monocytes, and phorbol 12-myristate 13-

acetate (PMA) treated human neutrophils. p38 has also been shown to play an important 

role in cell differentiation. p38 signaling is involved in cell differentiation induced by 

granulocyte-macrophage colony stimulating factor (GM-CSF), colony stimulating factor 

(CSF), erythropoietin and CD40. The action of p38 has also proven to be essential in 

adipocyte, neuronal, and C2C12 cell differentiation112. 
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Figure 7. Structure of the MAPK pathway. MAPK activation occurs in a specific and 
sequential manner. Events associated with the cell surface triggers activation of a 
membrane associated receptor. MAPKKK proteins become activated and phosphorylate 
MAPKKs, which phosphorylate MAPKs, which exert their effects on transcription. 
 

The MAPK pathway and immune cell differentiation 

   Studies outlining the role of the MAPK pathway in T cell differentiation are 

widespread throughout the literature. All three MAPK proteins are implicated in this 

process, and this signaling cascade is active during all stages of T cell development.  

Early thymocyte differentiation requires a specific program of p38 activation and 

arrest for proper functioning. p38 is highly active in double negative (DN) thymocytes, 

moderately active in double positive (DP) thymocytes, and minimally active in single 

positive (SP) thymocytes114. p38 becomes inactivated as cells transition from CD25+ 

CD44- to CD25- CD44-. Transgenic mice that express constitutively active p38 are 

severely unfit and die before six months of age due to severe respiratory distress. These 

mice also display increased thymic size, small spleen and lymph nodes, a reduction in DP 

cells, and an accumulation of CD8+ CD4low cells, which represent a transient stage in 

development114. Knockout experiments have also demonstrated a critical role for p38 
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activation in early T cell development. Mice with a deletion of the δ isoform express 

aberrations in the DN cell population, as this isoform positively controls transition from 

DN2 to the DN3 stage, and negatively controls the transition from DN3 to DN4115. Mice 

with a deletion of the γ isoform have an increased percentage of DN and SP cells, and a 

decreased percentage of DP cells. The γ isoform controls the transition from DP to SP115. 

Mice expressing a deletion of both isoforms have an increased percentage of CD4+ cells, 

and both isoforms together positively regulate the transition from DN1 to DN2115. Hsu et 

al. achieved a p38 knockout by studying mice expressing dominant negative forms of 

MKK6b and MKK3b. These mice exhibited impaired positive selection, and had an 

accumulation of DP cells along with a reduction in single positive cells. There was also 

an accumulation of double negative cells, suggesting inhibition of transition from the DN 

to DP stage116. ERK has also be shown to play a role in early T cell development. Mice 

deficient in ERK experience an impediment of transition from DN3 to DN4117. 

Conversely, transgenic mice that express an overactive form of ERK have an increase in 

CD4+ cells and a decrease in DP cells118.  

The MAPK pathway has been shown to be important during transition from DN 

to DP. Cells expressing a constitutively active MAPKK1 mutant exhibit an inhibited 

progression to the double positive stage119. ERK signaling is also initiated by the pre-

TCR, which is associated with progression from DN to DP120. ERK and p38 signaling are 

involved in the transition from the DP to SP stage. Mice deficient in ERK have decreased 

numbers of both CD4+ and CD8+ SP cells, along with an increase in DP cells121. p38 

signaling is necessary for DP cells to receive survival signals that are needed to drive the 

transition from DP to SP. When thymocytes are treated with the p38 inhibitor SB203580, 
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this stage transition does not occur122. In SP cells, commitment to either the CD4+ or 

CD8+ lineage can be subverted based on the strength of MAPK signaling. Inhibition of 

ERK through the MEK inhibitor PD98059 skews differentiation towards the CD8+ 

lineage123. Multiple studies have demonstrated that ERK signaling is important for CD4+ 

cell differentiation but dispensable for CD8+ cell differentiation116–118,123. ERK signaling 

can also induce T cells that express MHC I to become CD4+123. 

ERK signaling also plays a role in negative and positive selection. Differential 

patterns of ERK signaling can be observed during either process. Under positively 

selecting conditions, ERK activation is sustained and biphasic, while under negatively 

selecting conditions the signaling is robust yet transient124. Mariathasan et al. found that 

under negatively selecting conditions, ERK signaling is highly active. When ERK 

signaling is blocked through the use of PD98059, negative selection is blocked and 

positive selection is favoured125.  

 ERK, JNK and p38 signaling play a large role in the decision of Th1 vs. Th2 cell 

fate. ERK signaling is necessary for the development of Th2 cells. Treatment with PMA, 

an activator of the MAPK pathway, increases the generation of Th2 cells, while treatment 

with PD98059 blocks their generation126. Signaling through IL-4 as well as CD28 both 

promote the generation of Th2 cells.  During stimulation of the CD28 receptor, ERK and 

p38 signaling both take place. When p38 signaling is inhibited, Th2 differentiation cannot 

occur127. ERK is also needed to facilitate the recruitment of transcription factors 

necessary for the induction of Th2 cell differentiation, such as GATA3, to the IL-4 locus. 

This is needed in order for the IL-4 gene to be actively transcribed. In the absence of 

ERK, the IL-4 cytokine is not produced128. Conversely, JNK signaling is needed for the 
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production of Th1 cells. JNK signaling is rapidly induced when Th1 cells are stimulated 

with ionomycin and PMA, and this is not seen in Th2 cells129. Mice deficient in JNK 

secrete large amounts of Th2 cytokines130. Th1 cells from mice deficient in JNK exhibit 

deficiencies in the secretion of Th1 cytokines, such as IFN- γ129. 

 The MAPK pathway is active in HSCs, and affects their differentiation into more 

specific cell types. C-kit signaling is important for the proper functioning of HSCs, and 

ERK activity is induced during engagement of this receptor. When the PI3K inhibitor 

LY294002 is used to block ERK activity, HSCs cannot proliferate and undergo cell 

death131. Chan et al. found that deletion of ERK in mice causes leukopenia, anemia, 

depletion of HSCs and their progenitors with inhibited proliferation, as well as 

hematopoietic failure and early lethality132. p38 also affects many different aspects of 

HSC function. Murine c-kit+ Sca1+ Lin- progenitor cells treated with the p38 inhibitor 

SB203580 undergo increased expansion and self-renewal and decreased senescence. 

Conversely, activation of p38 can expand the lifespan of HSCs133 When p38 is activated, 

apoptosis occurs, and this signaling molecule acts as a negative regulator of HSC 

expansion134, potentially in response to reactive oxygen species133. p38 is also responsible 

for mediating the effects of type 1 IFNs as negative regulators of hematopoiesis. P38 

signaling is necessary for the transcription of IFN sensitive genes, and its activity is 

rapidly induced when progenitor cells are treated with IFN. Activation is not seen in the 

presence of the p38 inhibitor, SB203580135. 

  The MAPK pathway is also involved in multiple different aspects of myeloid 

differentiation. ERK signaling is implicated in differentiation of the granulocyte/ 

macrophage lineage, and this process is interrupted in the presence of MEK inhibitors136. 
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ERK is also involved in activating the latent myeloid potential of common lymphoid 

progenitor (CLP) cells, which conventionally are destined for the lymphoid lineage. IL-2 

signaling triggers myeloid differentiation in CLPs, and engagement of IL-2R activates 

Shc, which recruits ERK for signaling116. ERK also promotes granulocytic differentiation 

through the action of G-CSF. Phosphorylated ERK protein can be seen up to 48 hours 

after the treatment of 2Dcl3 murine myeloid progenitors and CD34+ cells with GM-CSF. 

Differentiation of these cells is blocked upon application of the MEK inhibitor U0126137. 

HL-60 cells can be induced to differentiate into granulocytes when treated with dimethyl 

sulfoxide (DMSO) or retinoic acid, or monocytes when treated with PMA. All of these 

treatments have been found to activate ERK signaling, and differentiation is inhibited 

when cells are treated with U0126138.  All three nodes of the MAPK pathway are 

involved in the process of monocytic and dendritic cell differentiation. JNK activity is 

induced when caspase-3 proteolytically cleaves the N terminal kinase portion of 

hematopoietic progenitor kinase 1 (HPK1), which is necessary for monocytic 

differentiation139. ERK negatively regulates the differentiation of monocytes into 

dendritic cells. In the presence of PD98059 and U0126, phenotypic and functional 

markers that are associated with mature cell function are up-regulated. ERK inhibitor 

treatment also caused a 5-fold increase in IL-12 secretion as well as loss of endocytic 

activity, which are both associated with mature dendritic cell function140. p38 signaling 

shows opposite effects to that of ERK. Treatment of dendritic cells with the p38 inhibitor 

SB203580 causes a marked decrease in IL-12 and TNFα secretion, as well as prevents the 

up-regulation of the co-stimulatory molecules CD1α, CD40, CD80, CD83, CD86 and 
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HLA-DR141. This evidence positions p38 as a crucial component of normal dendritic cell 

maturation.  

MAPK pathway + epigenetic intersection 

 Many studies spanning multiple organisms and cell types have found the 

processes of MAPK signaling and epigenetic changes to be linked. This is demonstrated 

in organisms distantly related to humans, such as yeast and plants. In plant innate 

immunity, the MAPK pathway is needed to trigger chromatin reorganization when 

microbial associated molecular patterns are encountered. When Arabidopsis thaliana is 

exposed to flagellin peptide, the MAPK protein MPK3 phosphorylates the histone 

deacetylase HD2B. This leads to the deacetylation of H3K9 throughout the plant 

genome142. MAPK signaling is also needed to promote epigenetic change in the context 

of reproduction in yeast143,144. Candida albicans exists in two forms: white, which is 

associated with sterility, and opaque, which is capable of sexual reproduction. C. albicans 

can switch between these two forms through epigenetic alteration of the genome. The 

white yeast have found to be sterile due to decreased efficiency of MAPK signaling, but 

sexual function can be restored when MAPK proteins are ectopically expressed in white 

yeast143. MAPK signaling is also needed to silence genes in the mating region of fission 

yeast through heterochromatin formation144. 

 The MAPK pathway has implications in epigenetic change in a wide range of 

contexts. Examples include nucleotide excision repair145, cellular response to ionizing 

radiation146, the transformation of fibroblasts with oncogenes147 and treatment of uterine 

leiomyoma cells with genistein148. However, multiple studies have shown these two 

processes to be linked in the context of cancer. In breast cancer, the MAPK pathway 
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results in the epigenetic modification of the Trefoil factor 1 (TFF1) gene149. The phorbol 

ester 12-O-Tetradecanoylphorbol-13-acetate (TPA) is able to bind an upstream regulatory 

region of the TFF1 gene. When human epithelial breast cancer cells are treated with TPA, 

ERK becomes activated, which results in the S10 phosphorylation of histone 3 leading to 

chromatin that is transcriptionally active. Treatment with the MAPK inhibitors H89 and 

VO126 causes decreased expression of TFF1. High activity of this gene is associated 

with poor outcomes in breast cancer149. The MAPK pathway is also involved in the 

formation of senescence associated heterochromatic foci150. These are associated with 

markers of transcriptionally silent chromatin, such as hypoacetylated histones and H3K9 

methylation. Cancer can relapse when senescent cells re-enter the cell cycle, and some 

drugs used to treat cancer, such as Doxycycline and Hydroxycamptothecin (SN-38), 

cause DNA damage that promotes cellular senescence. The MAPK pathway is involved 

in this process. MDA-MB-231 breast cancer cells treated with Doxycycline or SN-38 

contain increased amounts of phosphorylated p38. Formation of senescence associated 

heterochromatic foci did not occur in the presence of a p38 inhibitor150. In gastric cancer, 

deposition of the aberrant epigenetic mark, phosphorylation of H3S10, is mediated 

through p38, and results in poor outcomes. Amounts of this epigenetic mark are 

decreased when a p38 inhibitor is used. Gastric tumours also show deficiencies in ERK 

activation compared to normal tissue151.  

 The MAPK pathway is also needed to promote epigenetic change that contributes 

to proper cellular differentiation of embryonic stem cells and functioning of the immune 

system. During early differentiation, ERK and p38 are highly active and associated with 

phosphoacetylation of histone 3152. When the MAPK pathway is chemically inhibited, the 
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phosphoacetylation of H3 does not occur. This blocks differentiation and enhances self-

renewal capacity of the stem cells. H3 phosphoacetylation can also be blocked through 

MSK1 inhibition152. As embryonic stem cells differentiate into neurons, JNK is needed to 

promote epigenetic change . JNK is able to bind to the promoter of genes that are related 

to growth and development. Compared to those that are not, genes bound by JNK have 

increased amounts of the epigenetic mark H3K4me2, which is associated with loose 

chromatin and active transcription. When embryonic stem cells do not express JNK, 

neuronal differentiation cannot occur, and there is transcriptional de-regulation of 

multiple genes related to lineage commitment153. The MAPK pathway also mediates H3 

phosphorylation of the human telomerase reverse transcriptase (hTERT) gene in T 

cells154. Activation of this gene induces telomerase activity in response to mitogenic 

stimuli and cellular proliferation. Cycloheximide is a chemical capable of inducing 

hTERT mRNA expression, and it’s mechanism of action has been found to work through 

p38, which causes phosphorylation of H3S10154. T cells of patients with systemic lupus 

erythematosus (SLE) exhibit hypomethylation and decreased activity of DNMT1. This is 

mediated through PP2Ac, a protein phosphatase that controls DNMT1 expression 

through ERK signaling. mRNA expression of PP2Ac is increased in SLE T cells. PP2Ac 

inhibition activates the ERK signaling pathway, which causes  increased DNMT1 

expression and decreased DNA methylation155. JNK and p38 are also involved in 

restraining erythropoiesis, which occurs when enhancer of zeste homolog 2 (Ezh2) 

silences Bcl-2-like protein 11 (Bim) in an epigenetic manner. Mechanisms involved in 

this process were examined in p38 knockout mice. When p38 is absent, a negative 

feedback loop causes JNK to become highly expressed. JNK then interferes with Bim 
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expression by stabilizing Ezh2, which leads to H3K27 trimethylation156. ERK activity is 

necessary to facilitate epigenetic changes that promote T lymphocyte differentiation157. 

The cytokine IL-4 promotes Th2 development through the action of GATA3, a 

transcription factor responsible for the hyperacetylation of histone 3 and 4 of the IL-4, IL-

5, and IL-13 genes157. In the presence of the MEK inhibitor PD98059, the genesis of cells 

secreting IL-4 is diminished, as well as the hyperacetylation of IL-4, IL-5, and IL-13. 

ERK stabilizes GATA3 by inhibiting ubiquitination through the ubiquitin-proteasome 

pathway, preventing degradation157.  
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Objectives 
 The objective of the following research is to determine the effect of the MAPK 

signaling pathway on mast cell differentiation. BMMCs were exposed to three MAPK 

inhibitors during the differentiation period, each targeting a key node of the MAPK 

pathway (JNK, ERK, and p38). Following differentiation, phenotypic and functional 

characteristics from each treatment group were examined. Detailed experimental goals 

are listed below. 

1. Flow cytometry was used to examine receptor and marker expression of mast 

cells. The markers being examined include FcεR1α and c-kit. IgE, which binds to 

the FceR1α receptor, was also examined, as a marker of the efficacy of the 

sensitization process. 

2. ELISA was used to determine if cytokine and chemokine secretion from cells is 

affected by MAPK inhibition during differentiation. Targets to be examined 

include IL-6, TNFα, CCL1, CCL2, IL-4, IL-13, CCL3, and CCL9. 

3. The extent of degranulation taking place in BMMCs was measured using the β-

hexosaminidase release assay.  

Hypothesis 
1. Inhibition of each node of the MAPK signaling pathway will differentially 

influence receptor and marker expression of c-kit and FcεRIα, which will affect 

mast cell phenotype 

2. Inhibition of each node of the MAPK pathway will differentially alter cytokine 

and chemokine secretion. 

3. Inhibition of each node of the MAPK pathway will differentially alter the extent 

of degranulation. 
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Methods 

Bone Marrow Extraction and Culture Set-Up 
 
BMMC Complete Medium Recipe 

• 500 mL Roswell Park Memorial Institute (RPMI-1640) media (Gibco by Life 
Technologies, Cat# 11875-093) 

• 63 mL heat inactivated fetal bovine serum (FBS) (10% concentration) (Sigma 
Aldrich, Cat# 14009C) 

• 63 mL Wehi supernatant (10% concentration)(Obtained from Wehi cell cultures) 
• 6.3 mL Pen/ Strep (1% concentration) (Gibco by Life Technologies, Cat# 15140-

122) 
• 31.6 μL β-mercaptoethanol (Sigma Aldrich, Cat# M3148) 
• 12.6 μL PGE2 (Sigma Aldrich, Cat# P0409) 

C57BL/6 mice (Charles River Laboratories) were housed and maintained 

according to Brock University AUP-approved Canadian Council on Animal Care 

(CCAC) standards. Female mice between the ages of 5 and 22 weeks old were euthanized 

by cervical dislocation following anaesthesia with isoflouorane gas. Tibia and femur 

bones were isolated from each animal post-mortem. In a biological safety cabinet 

(Thermo Fisher 1300 Series A2), the medullary cavities of the bones were exposed by 

removing the epiphyseal portions with surgical scissors. A syringe filled with BMMC 

complete medium attached to a 30 G x ½  needle (BD PrecisionGlide, Cat# 305106) was 

inserted into the medullary cavity and the bone marrow was flushed into a 50 mL conical 

tube. Bone marrow from each animal was kept separate. Following thorough mixing of 

cell contents with a serological pipette, a 40 μM cell strainer (Falcon, Cat# 352340) was 

used to strain the cellular content into a new conical tube. An additional 10 mL of media 

was added to the original tube and re-strained to ensure maximal cellular yield. These 

tubes were then centrifuged (Beckman Coulter Avanti J-15R) at 1300 rotations per 

minute (RPM) for 10 minutes. Following centrifugation the supernatant was removed and 

the pellet was re-suspended in 40 mL BMMC complete media. The cells were split into 
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four different 25 mL cell culture flasks corresponding to four different treatment groups, 

with each flask containing 10 mL. Cells were placed in a cell culture incubator (Thermo 

Scientific Forma Steri-Cycle CO2 Incubator) at 37°C with 5% CO2 content. IL-3, and 

PGE2 contained in the BMMC complete media were used to promote the differentiation 

of hematopoietic stem cells found in bone marrow into mast cells.  

Table 3. Culture age and mouse age at euthanasia.  

Wild Type Number Age of Mice at 

Euthanization 

Age of Culture 

56-58 7 weeks 11 weeks 

59-61 11 weeks 7 weeks 

66-68 22 weeks 8 weeks 

69-71 5 weeks 10 weeks 

75-77 8 weeks 7 weeks 

78-80 6 weeks 12 weeks 

81-83 13 weeks 18 weeks 
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Experimental Design 

 
 
Figure 8. Graphical illustration of experimental design. HSCs were isolated from the 
leg bones of C57BL/6 mice. As cells differentiated from HSCs into BMMCs, inhibitors 
targeting three key nodes of the MAPK pathway were added to cell cultures. 
 

Immediately following isolation, BMMCs were split into four different treatment 

groups of equal numbers. The first treatment group received the selective irreversible 

inhibitor of JNK1/2/3, JNK-IN-8 (Calbiochem, Cat# 2891341) at a concentration of 1 

μM. The second treatment group received the ERK1/2 inhibitor SCH772984 (APExBIO, 

Cat# A3805) at a concentration of 1 μM. The third treatment group received the selective 

p38 inhibitor Losmapimod (GW856553X) (Selleckchem, Cat# S7216) at a concentration 

of 10 μM (Figure 8). Inhibitors were diluted in DMSO (Sigma, Cat# D2650) and stored at 

–80°C. BMMCs were cultured once or twice a week as needed in BMMC complete 

media and maintained at a density of 0.5 x 106 cells per mL. Inhibitors were added during 

each semi-weekly cell culture session. Following culture, cells were stained with 
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NucBlue live cell stain (Invitrogen, Cat# R37605) and counted using the Countess II Fl 

hemocytometer (Life Technologies) to ensure a density of 0.5 million cells per mL of 

media was maintained. BMMCs were allowed seven weeks to fully differentiate into 

mast cells, and were removed from media containing inhibitors one week prior to the start 

of an experiment. 

Mast Cell Sensitization and Stimulation 

Twelve hours prior to stimulation, BMMCs were sensitized in BMMC complete 

media supplemented with 25% IgE supernatant (obtained from TIB-141 cultures). 

Sensitization occurred at a density of 0.5 x 106 cells per mL culture media. BMMCs were 

washed twice with RPMI-1640 prior to a final re-suspension in RPMI-1640 media 

supplemented with 10% heat inactivated FBS and 1% Penicillin/ Streptomycin. BMMCs 

were stimulated with 100 ng/mL trinitrophenol-bovine serum antigen TNP-BSA 

(Biosearch Technologies, Cat# T-5050-100) and 100 ng/ml SCF (PeproTech Inc., Cat# 

250-03) 

Flow Cytometry 
 
IF Buffer 

• 500 mL 1X phosphate buffered saline (PBS) (Gibco, Cat# 10010-023) 
• 5 mL 20% NaN3 (Sigma, Cat# S2002) 
• 5 g BSA (filtered before use) (Sigma, Cat# A7906) 

1% Formalin 
• 1 mL 37% formaldehyde (Bio Basic, Cat# C5300-1) 
• 99 mL 1X PBS 

0.5 x 106 BMMCs per staining condition (unstained, stained, and isotype control) were 

washed twice with cold IF buffer. Cells were re-suspended in IF buffer at a density of 0.5 

x 106 cells per mL. One hundred μL of cells per each condition were stained with 2 μL of 

each fluorochrome conjugated antibody (Table 4). BMMCs were incubated on ice, in a 
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covered container, for 1 h. BMMCs were centrifuged at 3500 RPM for 5 min at 4°C 

(Beckman Coulter Microfuge 20R Centrifuge) and the supernatant was discarded. 

Following two washes in 600 μL IF buffer, cells were re-suspended in 400 μL 1% formalin. 

Cells were analyzed for receptor and marker expression on a Sony SH800S cell sorter. 

Gates were created to exclude dead cells as well as doublets. Ten thousand events were 

recorded per treatment group. 

Table 4. Antibodies used in flow cytometry experiments. Each antibody is listed with 
the corresponding isotype control used.  

Antibody Isotype Control Catalog # 
Anti-mouse CD117 (c-kit),  
fluorescein isothiocyanate 
(FITC) 

Rat IgG2b FITC Antibody:170214 
Isotype: 165913 

Anti-mouse FcεRIα, 
phycoeryhtrin (PE) 

Rat IgG2a PE Antibody: 124636 
Isotype: 182983 

Anti-mouse IgE, PE Rat IgG2a PE Antibody: 162734 
Isotype: 182983 

 
 
β -Hexosaminidase Release Assay 
 
Hank’s balanced salt solution (HBSS) Buffer 

• 500 mL HBSS (Gibco, Cat# 14025-092) 
• 0.5 g BSA (filtered before use) 

1% NP-40 Buffer 
• 50 μL NP-40 (Bio Basic, Cat# NDB0385) 
• 5 mL HBSS buffer 

1 mM 4-nitrophenyl N acetyl –B-D-glucosaminide 
• 34.2 mg p-NAG (Sigma Aldrich, Cat# N9376) 
• 100 mL 0.1 M citrate buffer 

Carbonate Buffer 
• 5.3 g Na2CO3 (Bio Basic, Cat# 451614) 
• 4.2 g NaHCO3 (Bio Basic, Cat# SB0482) 
• 500 mL distilled H2O 
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Following sensitization overnight with IgE, BMMCs were washed two times with 

cold HBSS buffer. Cells were aliquoted into a 96 well plate and sensitized with 100 

ng/mL TNP-BSA as well as 100 ng/mL SCF prior to re-suspending cells in HBSS buffer 

at a density of 4x106 cells/ mL. The plate was placed in a cell culture incubator at 37°C 

and 5% CO2. Following incubation, the plate was centrifuged at 3500 RPM for 10 min. 

The cellular and supernatant portions were separated and 200 μL of NP-40 buffer was 

used to lyse and re-suspend the pellet. Following a ten minute incubation at room 

temperature, the plate was centrifuged at 3500 RPM for 5 min. Fifty μL of each sample 

was transferred to a separate 96 well plate. Fifty μL of plain HBSS buffer was added to 

two wells as a control. Fifty μL of 1 mM 4-nitrophenyl N acetyl –B-D-glucosaminide (p-

NAG) was added to each well, and the 96 well plate was placed into the cell culture 

incubator for 2 h. Reactions were stopped with 200 μL of carbonate buffer. The plate was 

analyzed in a spectrophotometer (BIO-TEK Synergy-HT-1) using a wavelength of 405 

nm. Data was analyzed using the formula depicted in figure 8, and values were reported 

as relative degranulation by comparing them to maximal degranulation (100%) seen in 

control samples. 

 
Figure 9. Formula for calculating % release. % release determines the extent of mast 
cell degranulation measured through the beta hexosaminidase release assay. O.D values 
represent absorbance values obtained from a spectrophotometric reading of the 
experimental 96 well plate. 
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ELISA 
  
Capture Antibody 

• 50 μL primary antibody 
• 5.45 mL PBS (Gibco) 

PBS Tween 
• I L PBS 
• 100 μL Tween 20 (Bio Basic, Cat# TB0560) 

Blocking Buffer 
• 0.1 g BSA 
• 25 μL Tween 20 
• 50 mL 1X PBS 

Secondary Antibody 
• 50 ul secondary antibody 
• 5.45 mL ELISA assay buffer 

ELISA Assay Buffer 
• 45 mL 1X PBS 
• 5 mL blocking buffer 
• 25 μL Tween 20 

Horseradish peroxidase (HRP) 
• 150 μL HRP (R&D, Cat# DY998) 
• 5.85 mL ELISA assay buffer 

 

Following sensitization, BMMCs were stimulated with TNP-BSA and samples were 

collected at 3, 6, and 24 h. During stimulation cells were kept in a cell culture incubator 

at 37°C and 5% CO2, and cells were centrifuged at 3500 RPM for 10 min prior to 

supernatant collection. Cytokine supernatant collection samples were stored at –80°C. 

ELISA assays were performed in Nunc MaxiSorp flat bottomed 96 well plates 

(Invitrogen, Cat# 442-404-21), using Duoset kits (R&D). Plates were coated in each well 

with 50 μL of capture antibody, sealed, and placed in the fridge overnight at 4°C. The 

next day, the antibody was removed and plates were washed with PBS tween. One 
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hundred μL of blocking buffer was added to each well, and the plate was incubated at 

room temperature for 1 h. Following incubation, the plate was washed with PBS tween. 

Standards were prepared according to manufacturers instructions (Table 4). Fifty μL of 

sample was added to each well in duplicate. Sterile RPMI was used as a control. The 

plate was sealed and placed in the fridge overnight. The following day, sample was 

removed and the plate was washed 3x with PBS tween. Fifty μL of secondary antibody 

was added to each well and the plate was allowed to incubate at room temperature for 1 

h. Following removal of the secondary antibody, the plate was washed 4x with PBS 

tween. Fifty μL of HRP was added to each well, and the plate was incubated on the bench 

for 30 min. Following incubation, the plate was washed 5x with PBS tween. BD OptIEA 

3,3’,5,5’-Tetramethylbenzidine (TMB) substrate (BD Biosciences, Cat# 555214) was 

used to develop the plate in complete darkness, and 100 μL was added to each well. One 

hundred μL of bicarbonate buffer was added to each well to stop development of the 

plate. The plate was analyzed in a spectrophotometer (BIO-TEK Synergy HT-1) at a 

wavelength of 450 nm. Concentration values obtained from the spectrophotometer read 

were averaged between wild types. Two tailed t-tests were performed by comparing the 

difference between treatment and non-treatment groups within the same time point. 

p<0.05 was considered statistically significant.  
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Table 5. ELISA standard protein preparations.  
Standards were doubled as needed. 
Cytokine/ 
Chemokine 
Target 

Standard Protein 
Volume 

RPMI Volume Concentration Catalog # 

IL-6 10 μL 490 μL 2000 pg/mL DY406 
TNFα 5 μL 495 μL 2000 pg/mL DY410 
CCL1 5.6 μL 494.4 μL 1000 pg/mL DY845 
CCL2 5.6 μL 494.4 μL 1000 pg/mL DY479 
IL-4 3.3 μL 496.7 μL 1000 pg/mL DY404 
IL-13 6.9 μL 493.1 μL 4000 pg/mL DY413 
CCL3 5.3 μL 494.7 μL 2000 pg/mL DY450 
CCL9 2.27 μL 497.73 μL 1000 pg/mL DY463 

 
 
Western Blot 
 
Radioimmunoprecipitation assay (RIPA) Buffer 

• 1000 μL 2x RIPA buffer (BioBasic, Cat# RB4477) 
• 2 μL leupeptin (BioBasic, Cat# LDJ691) 
• 2 μL pepstatin (BioBasic, Cat# PDJ984) 
• 2 μL aprotinin (BioBasic, Cat# AD0153) 
• 4 μL iodoacetamide (BioBasic, Cat# IB0539) 
• 5 μL NaF (Sigma, Cat# S-7929) 
• 5 μL Na3VO4 (Sigma, Cat# S-6508) 
• 5 μL phenylmethylsulfonyl fluoride (PMSF) (BioBasic, Cat# PB0425) 
• 10 μL protease inhibitor cocktail (PIC) (Sigma, Cat# P8340) 

Following sensitization, cells (5 x 106 per treatment condition) were washed twice 

with sterile RPMI. BMMCs were exposed to differing concentrations of MAPK 

inhibitors and stimulated at 5 and 20 min. Cells were transferred to pre-chilled tubes and 

centrifuged at 1500 RPM at 4°C for 5 min. A vacuum aspirator was used to remove the 

supernatant, and 30 μL of freshly prepared RIPA buffer was used to lyse the cells. Cells 

were then briefly vortexed and placed on ice for 20 min. Following the incubation, 

BMMCs were centrifuged at 13 500 RPM for 10 min (Beckman Coulter Microfuge 20R 

Centrifuge) and stored at –80°C. Bradford reagent (Bio-Rad, Cat# 5000006) was used to 

determine the concentration of protein in the cell lysate samples. Lysates were diluted by 
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1:20 with distilled water and added to a 96 well plate in duplicate. BSA standards of 0.5, 

0.25, 0.125 and 0.0625 mg/mL, also added in duplicate, were used to generate a standard 

curve. A spectrophotometer (BIO-TEK Synergy HT-1) was used to analyze the plate at a 

wavelength of 595 nm. Differing amounts of RIPA and sodium dodecyl sulfate (SDS) 

were added to each cell lysate sample to ensure all samples contained 20 μg of protein. 

Samples were denatured through exposure to a temperature of 85°C for 20 min.  

 
TGX Stain-Free FastCast 10% Acrylamide Gels (BioRad, Cat# 1610183) 
Resolver 

• 3 mL resolver solution A 
• 3 mL resolver solution B 
• 30 μL 10% ammonium persulfate (APS) (Bio Rad, Cat# 161-0700) 
• 3 μL tetramethylethylenediamine (TEMED) (Bio Rad, Cat# 161-0800) 

Stacker 
• 1 mL stacker solution A 
• 1 mL stacker solution B 
• 10 μL 10% APS 
• 2 μL TEMED 

1X Running Buffer 
• 900 mL dH2O 
• 100 mL 10X running buffer 
• 1 mL Tween 

Blocking Buffer 
• 1 g skim milk powder  
• 20 mL Tris buffered saline (TBS) tween 

Primary antibody 
• Primary antibody (Cell Signaling Technology) 
• 5% BSA (Sigma) in TBS tween 
• 0.2% sodium azide (Sigma) 

TBS Tween 
• 1 L Tris buffered saline 
• 1 mL Tween 
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Gels (BioRad, TGX Stain-Free FastCast 10% Acrylamide Kit) were made according 

to manufacturer’s instructions. 1X SDS was added to the two outside wells. Ladder was 

made by adding 7 μL of Precision Plus Protein Standards (BioRad) to 8 μL 1X SDS. 

Fifteen μL of 1X SDS, ladder, or sample were added to each well. Gels were 

electrophoresed in 1X running buffer at 200 V for ~35 min. Protein was then transferred 

from the gel onto PVDF membranes (Bio-Rad, Cat# L002045 A) using the Bio-Rad 

Trans-Blot Turbo Transfer system. Membranes were incubated on a rocker (Mandel) for 

2 h in 5% blocking buffer. Following incubation, membranes were washed 3x with dH2O. 

Membranes were then placed in primary antibody overnight at 4°C on a shaker. 

Membranes were washed with TBS tween before addition of the secondary antibody. 

Fifteen uL of secondary antibody (Cell Signaling Technology) was added to 15 mL 

blocking buffer. The membrane was incubated in secondary antibody on a shaker at room 

temperature for 1 h. Membranes were developed with Clarity Max ECL substrate 

(BioRad, Cat# 1705062), and images were acquired using the C-digit blot scanner (Li-

Cor). 

Statistics 
 
 One-way ANOVA analysis was used to evaluate flow cytometry data using 

GraphPad Prism. Dunnett’s multiple comparisons test was utilized to compare all 

treatment groups to the no treatment group. β-hexosaminidase data was analyzed using a 

one sample t-test in Microsoft Excel. Absolute degranulation was calculated using the 

formula in Figure 9. Data was then configured as percent of control. The no treatment 

sample was denoted to have 100% degranulation, and percent degranulation of the 

treatment groups were configured using the no treatment sample as a reference. Using 
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GraphPad Prism, a two-way ANOVA was used to analyze ELISA data. A mixed effects 

analysis was used if missing values were present in the data set. Dunnett’s multiple 

comparisons test was utilized to compare all treatment groups to the no treatment group. 
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Results 
 
Model Establishment and Description of Experimental Groups 
 
 BMMCs utilized for the current project were obtained from the bone marrow 

found within the femur and tibia of 5-22 week old female C57BL/6 mice. Following 

isolation, cells obtained from each animal were split into four different treatment groups 

of equal numbers. The first treatment group received the JNK inhibitor JNK-IN-8 at a 

concentration of 1 µM. The second treatment group received the ERK1/2 inhibitor 

SCH772984 at a concentration of 1 µM. The third treatment group received the p38 

inhibitor, Losmapimod, at a concentration of 10 µM (Figure 7). The fourth treatment 

group did not receive any inhibitor and was allowed to differentiate under standard 

conditions. Cells were cultured twice a week with BMMC complete media that contained 

IL-3 and PGE2 to promote the differentiation of hematopoietic stem cells into mast cells. 

New inhibitor was introduced into the media during routine culturing. To ensure that 

signaling through the FcεRI receptor was not blocked, cells were placed into media free 

from inhibitors one week prior to that start of an experiment. Prior to the start of an 

experiment activating signaling through the FcεRI receptor, cells were sensitized 

overnight with BMMC complete media composed of 25% allergen specific IgE. 

Application of the artificial allergen TNP-BSA was used to commence signaling through 

the FcεRI receptor, which was accompanied by the application of SCF to stimulate the c-

kit receptor. 
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β -Hexosaminidase Release 
 

Figure 10. Inhibition of each node of the MAPK pathway during mast cell 
differentiation differentially affects the mature mast cell degranulation phenotype. 
BMMCs were derived from C57BL/6 mice and differentiated in the presence of MAPK 
inhibitors. Cells were pre-treated with media containing 25% IgE for 12 hrs. Cells were 
stimulated with 100 ng/mL TNP-BSA and SCF for 20 min and β-hexosaminidase assays 
were used to assess degranulation. NT n=9, JNK n=9, ERK n=6, p38 n=9. Data is 
presented as % of control ±SEM. *p<0.05, **p<0.01.  
 

The β-hexosaminidase data reveals a signaling-dependent differentiation axis of 

mast cell degranulation. The data was configured as percent of control, and the control 

(NT) sample was denoted as 100% degranulation, and absolute degranulation was 

detected between a range of 10.78 - 42.29 percent. Data was presented as percent of 

control due to variance in the degree of absolute degranulation detected in the experiment 

utilizing BMMCs from WTs 75–77. Compared to the control group, BMMCs that were 

treated with JNK-IN-8 (1 µM) during the differentiation period exhibited a statistically 

significant decrease in degranulation (79.1% ±6.19 SEM, p=0.0039). Within this group, 

absolute degranulation fell between a range of 8.77 – 30.14 percent. ERK inhibition with 

SCH772984 (1 µM) did not affect degranulation (114.4%, ±8.24 SEM, p=0.1814). 

0

20

40

60

80

100

120

140

160

1 2 3 4

Pe
rc

en
t D

en
gr

an
ul

at
io

n
(%

 o
f c

on
tro

l)

NT                                                JNK                                             ERK                        p38

No stimulation
TNP + mSCF

** 
 

** 



 54 

Within the ERK group, absolute degranulation fell between a range of 12.65 – 42.35 

percent.  Inhibition of p38 signaling using the inhibitor Losmapimod (10 µM) led to an 

increase in the extent of degranulation compared to control cells that was statistically 

significant (135.36%, ±10.87 SEM, p=0.005). In this group, absolute degranulation fell 

within a range of 17.84 – 44.24 percent. 
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ELISA 

Figure 11. Inhibition of JNK signaling during mast cell differentiation leads to 
impaired IL-13 secretion. BMMCs were derived from C57BL/6 mice and differentiated 
in the presence of MAPK inhibitors. Cells were pre-treated with media containing 25% 
IgE for 12 hrs. Cells were stimulated with TNP-BSA and SCF. Sandwich ELISA was 
performed using R&D Duoset kits. Data are expressed as ±SEM. 0 hr n=9, 3 hr n=3, 6 hr 
n=3, 24 hr n=9. *p<0.05. 
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Figure 12. Inhibition of JNK and p38 signaling during mast cell differentiation leads 
to impaired CCL1 secretion. BMMCs were derived from C57BL/6 mice and 
differentiated in the presence of MAPK inhibitors. Cells were pre-treated with media 
containing 25% IgE for 12 hrs. Cells were stimulated with TNP-BSA and SCF. Sandwich 
ELISA was performed using R&D Duoset kits. Data are expressed as ±SEM. 0 hr n=12, 
3 hr n=6, 6 hr n=6, 24 hr n=12. *p<0.05, **p<0.01. 
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Figure 13. Inhibition of all three nodes of the MAPK pathway, JNK, ERK and p38, 
during mast cell differentiation leads to statistically significant decreases in CCL2 
secretion. BMMCs were derived from C57BL/6 mice and differentiated in the presence 
of MAPK inhibitors. Cells were pre-treated with media containing 25% IgE for 12 hrs. 
Cells were stimulated with TNP-BSA and SCF. Sandwich ELISA was performed using 
R&D Duoset kits. Data are expressed as ±SEM. n=3 for all groups. *p<0.05, **p<0.01. 
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Figure 14. Inhibition of ERK signaling during mast cell differentiation leads to 
statistically significant increases in CCL3 secretion across all time points. BMMCs 
were derived from C57BL/6 mice and differentiated in the presence of MAPK inhibitors. 
Cells were pre-treated with media containing 25% IgE for 12 hrs. Cells were stimulated 
with TNP-BSA and SCF. Sandwich ELISA was performed using R&D Duoset kits. Data 
are expressed as ±SEM. n=3 for all groups. *p<0.05, **p<0.01. 
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Figure 15. Inhibition of JNK signaling during BMMC differentiation alters the 
basal secretion of CCL9. BMMCs were derived from C57BL/6 mice and differentiated 
in the presence of MAPK inhibitors. Cells were pre-treated with media containing 25% 
IgE for 12 hrs. Cells were stimulated with TNP-BSA and SCF. Sandwich ELISA was 
performed using R&D Duoset kits. Data are expressed as ±SEM. NT n=6, JNK n=6, 
ERK n=3, p38 n=6. *p<0.05, **p<0.01. 
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Figure 16. Treatment of BMMCs during differentiation with MAPK inhibitors does 
not alter IL-6 secretion. BMMCs were derived from C57BL/6 mice and differentiated in 
the presence of MAPK inhibitors. Cells were pre-treated with media containing 25% IgE 
for 12 hrs. Cells were stimulated with TNP-BSA and SCF. Sandwich ELISA was 
performed using R&D Duoset kits. Data are expressed as ±SEM. 0 hr n=9, 3 hr n=3, 6 hr 
n=3, 24 hr n=9.  
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Figure 17. Treatment of BMMCs during differentiation with MAPK inhibitors does 
not alter TNF secretion. BMMCs were derived from C57BL/6 mice and differentiated 
in the presence of MAPK inhibitors. Cells were pre-treated with media containing 25% 
IgE for 12 hrs. Cells were stimulated with TNP-BSA and SCF. Sandwich ELISA was 
performed using R&D Duoset kits. Data are expressed as ±SEM. n=3 for all groups.  
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6=1086.49 pg/mL, ±299.73 SEM, 24=1021.43, ±263.94 SEM). No statistically 

significant alterations in IL-13 secretion were seen in this treatment group.  The p38 

treatment group exhibits a steady increase in IL-13 secretion across timepoints, with 

secretion peaking at 24 hours (3=272.84 pg/mL, ±119.18 SEM, 6=453.01 pg/mL, ±172.3 

SEM, 24=770.82, ±186.77 SEM). Compared to the control group, all time points in this 

treatment group exhibited non-significant changes in IL-13 secretion. 

 Prior to treatment with TNP and SCF, secretion of CCL1 is very low (Figure 12) 

(NT=21.96 pg/mL, JNK=25.83 pg/mL, ERK=24.75 pg/mL, p38=22.02 pg/mL). All 

treatment groups show the same trend, where secretion increases across timepoints from 

0 to 24 hours. In the control group, secretion at 3 hours is 381.5 pg/mL (±96.07 SEM), 

979.84 pg/mL at 6 hours (±129.49 SEM), and 1491.38 pg/mL at 24 hours (±181.84 

SEM). Compared to the control group, the JNK treatment group exhibits statistically 

significant decreases at the 6 (213.49 pg/mL, ±70.15 SEM, p=0.0024) and 24 (570.3 

pg/mL, ±103.63 SEM, p=0.001) hour time points. No significant changes in secretion are 

seen in the ERK treatment group. Compared to the control group, the p38 treatment 

group exhibits a statistically significant decrease in CCL1 secretion at the 6 hour time 

point (247.76 pg/mL, ±92.76 SEM, p=0.0033). Changes in secretion seen at the 3 hour 

time point were trending towards significance, (79.86 pg/mL, ±33.08 SEM, p=0.057), 

while those seen at the 24 hour time point were not statistically significant (908.04 

pg/mL, ±221.04 SEM, p=0.13) hour time points were not significant. 

 Prior to stimulation with TNP and SCF, CCL2 is secreted from BMMCs at very 

low levels (Figure 13) (NT=15.51 pg/mL, JNK=15.76 pg/mL, ERK=15.6 pg/mL, 

p38=16.19 pg/mL). In control cells, secretion increases rapidly from 0 to 3 hours, and in 
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small increments across the rest of the time course (3=502.26 pg/mL, ±18.95 SEM, 

6=518.27 pg/mL, ±17.51 SEM, 24=548.39 pg/mL, ±22.25 SEM). This trend can be seen 

across all treatment groups. In the JNK treatment group, statistically significant 

reductions are seen at 3 (218.737 pg/mL, ±20.1 SEM, p=0.0012) and 24 hours (275.06 

pg/mL, ±45.67 SEM, p=0.029). The 6 hour timepoint is approaching statistical 

significance (270.85 pg/mL, ±51.92 SEM, p=0.062). In the ERK treatment group, 

statistically significant decreases are seen at the 3 (367.26 pg/mL, ±14.78 SEM, p=0.017) 

and 6 hour time points (397.94 pg/mL, ±14.78 SEM, p=0.016). The 24 hour timepoint is 

approaching statistical significance (460.51 pg/mL, ±12.02 SEM, p=0.081). Statistically 

significant decreases were seen across all time points in the p38 treatment group 

(3=270.78 pg/mL, ±33.81 SEM, p=0.018, 6=298.12 pg/mL, ±22.81 SEM, p=0.0046, 

24=359.41 pg/mL, ±18.19 SEM, p=.0072). 

 CCL3 secretion in BMMCs is low prior to stimulation with TNP and SCF (Figure 

14) (NT=50.77 pg/mL, JNK=50.77 pg/mL, ERK=59.83 pg/mL, p38=53.95 pg/mL). A 

trend can be seen across all treatment groups where CCL3 secretion increases at 3 hours, 

peaks at 6 hours, and begins to slightly decrease at 24 hours. No significant changes in 

secretion are seen in the JNK treatment group. (3= 516.11 pg/mL, ±91 SEM, p=0.63, 

6=758.53 pg/mL, ±99.56 SEM, p=0.95, 24= 624.99 pg/mL, ±18.7, p=0.96). Compared to 

the control group, the ERK treatment group shows significant increases in secretion 

across all time points (3=1434.29 pg/mL, ±87.36 SEM, p=0.0073, 6=1742.15 pg/mL, 

±124.8 SEM, p=0.0076, 24=1699.11 pg/mL, ±33.96 SEM, p=0.029). Significant 

alterations in CCL3 secretion are not seen in the p38 treatment group (3=632.91 pg/mL, 
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±102.35 SEM, p=0.99, 6=718.6 pg/mL, ±137.09 SEM, p=0.99, 24=616.91 pg/mL, 

±83.71 SEM, p=0.99). 

 CCL9 is basally secreted in moderate quantities prior to stimulation with TNP and 

SCF (Figure 15) (NT=156.73 pg/mL, JNK=271.64 pg/mL, ERK=149.96 pg/mL, 

p38=214.17 pg/mL). Using the control group as a comparator, statistically significant 

increases in secretion at the 0 hour timepoint are seen in the JNK (p=0.041) treatment 

group. In the control group, secretion steadily increases across the time course (3=204.25 

pg/mL, ±27.89 SEM, 6=227.97 pg/mL, ±47.93 SEM, 24=279.58 pg/mL, ±70.36 SEM). 

The same trend is seen in the JNK treatment group. Excluding the 0 hour time point, no 

significant change in secretion is seen in the JNK treatment group (3=344.97 pg/mL, 

±91.72, p=0.45, 6=345.65 pg/mL, ±80.88 SEM, p=0.33, 24=358.99 pg/mL, ±86.35 SEM, 

p=0.75). Secretion in the ERK group follows the same trend as the control group. No 

significant changes in secretion are seen in this treatment group at the 3 (276.96 pg/mL, 

±25.68 SEM, p=0.23) and 24 (419.23 pg/mL, ±24.41 SEM, p=0.24) hour time points. 

The data is trending towards significance at the 6 hour time point (370.16 pg/mL, ±17.67 

SEM, p=0.074). An alternate trend is seen in the p38 treatment group, where secretion 

increases from 0 to 3 hours, decreases at 6 hours, and peaks at the 24 hour time point. No 

significant changes in secretion are seen in this treatment group (3=302.62 pg/mL, ±56.61 

SEM, p=0.35, 6=264.8 pg/mL, ±39.52 SEM, p=0.89, 24=328.24 pg/mL, ±61.19 SEM, 

p=0.92). 

Basal IL-6 secretion prior to stimulation with TNP and SCF occurs at very low 

levels (Figure 16) (NT=59.09 pg/mL, JNK=51.7, ERK=60.55 pg/mL, p38=58.25 pg/mL). 

In the control group, a general trend of secretion occurs where secretion steadily 
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increases across the time course (3=1003.96 pg/mL, ±383.24 SEM, 6=1884.22, ±627.85 

SEM, 24=2196.98 pg/mL, ±397.64 SEM). The same trend can be seen in the JNK 

treatment group, with a minute increase in secretion occurring between the 3 and 6 hour 

time points. No significant alterations in secretion are seen in the JNK treatment group 

(3=346.76 pg/mL, ±139.57 SEM, p=0.41, 6=356.93 pg/mL, ±87.56 SEM, p=0.25, 

24=1166.22 pg/mL, ±276.15 SEM, p=0.12). Secretion in the ERK group follows an 

alternate trend, where levels of IL-6 peak at the 6 hour time point. No significant changes 

in secretion are seen in the ERK treatment group (3=2265.41 pg/mL, ±285.91 SEM, 

p=0.13, 6=4031.91 pg/mL, ±817.8 SEM, p=0.23, 24=3020.98 pg/mL, ±616.08 SEM, 

p=0.56). The p38 treatment group shows the same activation trend as the control group, 

and no significant changes in secretion are seen in this group (3=646.65 pg/mL, ±232.29 

SEM, p=0.78, 6=1041.7 pg/mL, ±339.62 SEM, p=0.57, 24=2049.2 pg/mL, ±477.49 

SEM, p=0.99). 

TNF secretion prior to stimulation with TNP and SCF is low (Figure 17) 

(NT=50.77 pg/mL, JNK=52 pg/mL, ERK=52.69 pg/mL, p38=50.93 pg/mL). In the 

control group, secretion increases at 3 hours (425.06 pg/mL, ±165.02 SEM), peaks at 6 

hours (701.32 pg/mL, ±220.18 SEM), and begins to decrease at 24 hours (583.32 pg/mL, 

±199.91 SEM). In the JNK treatment group an alternate trend can be seen where 

secretion increases at 3 hours, decreases at 6 hours, and at 24 hours returns levels close to 

what was seen at the 3 hour time point. No significant alterations in secretion are seen in 

the JNK treatment group (3=163.09 pg/mL, ±79.96 SEM, p=0.47, 6=133.69 pg/mL, 

±38.26 SEM, p=0.22, 24=178.62 pg/mL, ±76.35 SEM, p=0.32). In the ERK treatment 

group, secretion steadily increases across the time course. No significant changes in 
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secretion are seen in this treatment group (3=757.47 pg/mL, ±38.76 SEM, p=0.33, 

6=1071.58 pg/mL, ±244.95 SEM, p=0.38, 24=1143.56 pg/mL, ±173 SEM, p=0.22). The 

p38 group shows the same trend of activation of as the control group, and no significant 

differences are seen compared to the control group (3=303.87 pg/mL, ±82.26 SEM, 

p=0.85, 6=415.05 pg/mL, ±103.07 SEM, p=0.58, 24=329.21 pg/mL, ±49.68 SEM, 

p=0.57). 
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Flow Cytometry 
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Figure 18. BMMCs treated with MAPK inhibitors during differentiation do not 
exhibit statistically significant changes in the quantity of IgE bound to FcεRIα. A. 
Mean fluorescence intensity (MFI) of PE conjugated anti-IgE. Error bars represent 
standard error mean. n=6, experiments used WT78-83. Representative histogram plots for 
B. JNK C. ERK and D. p38 treatment groups. Green peaks represent unstained sample, 
blue peaks represent control cells, and red peaks represent MAPK treatment groups.  
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c-kit 
 
A 

 

  
 
Figure 19. BMMCs treated with JNK-IN-8 and SCH772894 during differentiation 
exhibit statistically significant decreases in c-kit expression. A. Mean fluorescence 
intensity of FITC conjugated anti-c-kit. Error bars represent standard error mean. n=6, 
experiments used WT78-83. Representative histogram plots for B. JNK C. ERK and D. 
p38 treatment groups. Green peaks represent unstained sample, blue peaks represent 
control cells, and red peaks represent MAPK treatment groups. *p<0.05. 
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(JNK MFI =226 035.83 ±9495.97 SEM, p=0.99, ERK MFI =210 192.17, ±39 089.33 

SEM, p=0.81, p38 MFI =250 177.67, ±16 011.7 SEM, p=0.91). 

 Differences in c-kit expression are seen between MAPK inhibited treatment 

groups. The control group expresses c-kit at an MFI of 22 051.83 (±521.15 SEM). 

Compared to the control group, the JNK treatment group exhibits a decrease in c-kit 

expression that is trending towards statistical significance (JNK MFI =18 682.5, ±531.01, 

p=0.064). This is illustrated by a left shift of the red curve relative to the blue curve in 

Fig. 19B. The ERK treatment group exhibits statistically significant decrease in c-kit 

expression (ERK MFI =18 018.5, ±642.75 SEM, p=0.027). This is illustrated by a left 

shift of the red curve relative to the blue curve in Fig. 19C. Conversely, the p38 group 

exhibits a statistically significant increase in c-kit expression compared to the control 

group (p38 MFI =25 685.33 ±1708.76, p=0.044). This is illustrated by a right shift of the 

red curve relative to the blue curve in Fig. 19D. 

 

 

 
 

 

 

 

 

 

 

 



 70 

Discussion 

Summary of Findings From Treatment Groups 

 Data regarding cytokine secretion, marker and receptor expression, and 

degranulation can be regarded collectively to reveal an overall functional phenotype for 

inhibition of each node of the MAPK pathway over mast cell differentiation. The widest 

and most consistent array of functional changes are observed in the JNK treatment group. 

Degranulation is abated, as demonstrated by a statistically significant reduction in percent 

release (79.1% of control, p=0.0039). The secretion of several inflammatory cytokines 

and chemokines is also downregulated in this group. IL-13 secretion is significantly 

decreased at 24 hours (779.41 pg/mL vs. 318.31 pg/mL, p=0.028) after SCF-potentiated 

stimulation with allergen. CCL1 secretion is decreased at 6 (979.84 pg/mL vs. 213.49 

pg/mL, p=0.0024), and 24 hours (1491.38 pg/mL vs. 570.3 pg/mL, p=0.001) following 

activation. CCL2 secretion is also significantly decreased at 3 (502.26 pg/mL vs. 218.74 

pg/mL, p=0.0012) and 24 hours (548.39 pg/mL vs. 275.06 pg/mL, p=0.029) after 

stimulation with allergen. A basal increase in CCL9 secretion was seen before cells were 

treated with allergen (156.73 pg/mL vs. 271.65 pg/mL, p=0.041). A decrease in c-kit 

expression that was trending towards statistical significance was also seen (MFI 22 

051.83 vs. 18 682.5, p=0.06). Altogether, this data positions inhibition of JNK signaling 

during mast cell differentiation to lead to an anti-inflammatory phenotype in mature mast 

cells that affects both the early and late phases of allergic inflammation (Table 6). 
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Table 6. Phenotypic summary of mast cells differentiated in the presence of MAPK 
inhibitors. 

Functional Parameter JNK inhibition ERK inhibition p38 inhibition 

Degranulation  No effect  

IL-13 secretion  No effect No effect 

CCL1 secretion  No effect  

CCL2 secretion    

CCL3 secretion    

CCL9 secretion  No effect No effect 

IL-6 secretion No effect No effect No effect 

TNF secretion No effect No effect No effect 

IgE quantification No effect No effect No effect 

c-kit expression      *   

*Trending towards significance 

 

Many parameters measured were unchanged by the inhibition of ERK signaling 

during mast cell differentiation. CCL2 secretion was decreased at 3 (502.26 pg/mL vs. 

376.26 pg/mL, p=0.017), and 6 (518.27 pg/mL vs. 397.94 pg/mL, p=0.016) hours 

following activation. Conversely, CCL3 secretion was substantially increased in this 

group at the 3 (627.85 pg/mL vs. 1434.29 pg/mL, p=0.0073), 6 (698.01 pg/mL vs. 

1742.15 pg/mL, p=0.0076), and 24 hour (598.34 pg/mL vs. 1699.11 pg/mL, p=0.029) 

time points. A statistically significant decrease in c-kit expression was also observed 

(MFI 22 051.83 vs. 18 018.5, p=0.027). Notably, morphological changes to the cells were 

evident in this treatment group. Compared to the cells in the other groups, they appeared 

small, dense, and dark when viewed under a light microscope (data not shown). In flow 
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cytometry experiments utilizing mouse strains WT56-58, c-kit and FcεRIα expression 

was negligible (c-kit MFI= 155.67, FcεRIα MFI= 486, data not shown). This evidence 

suggests that the inhibition of ERK signaling during bone marrow derived HSC 

differentiation may have caused the cells to deviate phenotypically from the normal mast 

cell lineage. However, despite this, cells in this treatment group were able to degranulate 

upon sensitization with IgE and subsequent treatment with allergen. Clearly, these cells 

exhibit at least some mast cell associated characteristics, pertaining to the specific 

readouts employed here. If differentiation has been skewed, it is likely that these cells are 

displaying an intermediate phenotype that perhaps encompasses the features of multiple 

cell types. This could be assessed in future experiments by testing these cells for the 

expression of non-mast cell lineage related markers such as those expressed on 

eosinophils and basophils. Cells should also be tested for the presence of immature 

myeloid markers, as research has previously determined that inhibition of ERK signaling 

can cause other types of immune cells to become arrested in an immature state117,136. 

The inhibition of p38 signaling during mast cell differentiation affects mediators 

of both the early and late phases of allergic inflammation. In this treatment group, 

degranulation is more robust, as exhibited by an increase in percent release (135.36% of 

control, p=0.005). The secretion of three chemokines were also affected by this treatment. 

CCL1 secretion was decreased at 6 hours (979.84 pg/mL vs. 247.76 pg/mL, p=0.0033) 

following activation. CCL2 secretion was also decreased at the 3 (502.26 pg/mL vs. 

270.78 pg/mL, p=0.018), 6 (518.27 pg/mL vs. 298.12 pg/mL, p=0.0046), and 24 (548.39 

pg/mL vs. 460.51 pg/mL, p=0.0072) hour time points. C-kit expression was significantly 

increased, (MFI 25 685.33, vs. 18 682.5, p=0.044), while the quantity of IgE bound to 
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FcεRIα was unaffected. This treatment appears to produce a phenotype that differentially 

affects both phases of allergic inflammation. Inhibition of p38 signaling has an 

inflammatory effect on the early phase of allergy, as seen by the exacerbation of 

degranulation. However, the effect on late phase inflammation seems to be summarily 

anti-inflammatory, as demonstrated by the decrease in secretion of CCL1 and CCL2. 

Early Phase 

Mast cell degranulation is a major mediator of the early phase of allergic 

inflammation. During this process, large amounts of inflammatory substances are 

released from mast cell granules into the extracellular environment, leading to the 

development of urticaria, smooth muscle contraction, and edema within minutes of 

exposure to allergen24,32. The novelty of our current study lies in the fact that MAPK 

proteins are inhibited in the context of IL-3 signaling during mast cell differentiation. The 

majority of investigations on the role of the MAPK pathway in mast cell functions have 

been performed in the context of FcεRI signaling directly. Consequently, the present 

results will be discussed in comparison to experiments that have been performed in a 

different context. A study examining the role of mast cells and MAPK activity in 

rheumatoid arthritis using JNK deficient mice found that JNK1, but not JNK2, is 

necessary for mast cell degranulation158. This evidence corroborates the results of the 

current study, as degranulation is diminished when BMMCs are differentiated in the 

presence of the JNK inhibitor JNK-IN-8, which inhibits the JNK1 isoform. In the current 

study, ERK inhibition during BMMC differentiation did not have an effect on mast cell 

degranulation. However, multiple studies performed in the context of FcεRI signaling 

have shown that ERK is necessary for mast cell degranulation. Takayama et al. 
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demonstrated that mast cell degranulation is blocked when cells are treated with the ERK 

inhibitor U0126 during stimulation159. Tanifuji et al. have also demonstrated that RBL-

2H3 mast cells treated with Licochalcone D during stimulation exhibit reduced 

degranulation, due to this chemical’s inhibitory effect on the ERK pathway160. 

Conversely, additional studies have shown that ERK and p38 do not play a role in FcεRI 

mediated degranulation150. This suggests that in the context of IL-3 mediated mast cell 

differentiation, ERK signaling may not be necessary for the regulation of degranulation. 

However, differentiation may be a critical a time for the p38 protein to act as a negative 

regulator of degranulation capacity. MAPK signaling is typically regarded as a mediator 

of the late phase reaction, as activation of this pathway exerts effects on chromatin 

structure and transcription factor activity. The present results demonstrate that this 

signaling pathway is also involved in setting the ideal stage for capacity in the early phase 

of allergic inflammation. There are multiple sites in the degranulation machinery that 

could be affected by MAPK inhibition. Future directions should include determination of 

the mechanism behind the effects seen on allergen mediated mast cell degranulation. One 

possibility is that treatment with MAPK inhibitors during mast cell differentiation affects 

granule biogenesis. This could be examined by quantifying the granularity of cells in 

each treatment group using a multi-mode cell imaging reader such as the Cytation 5, or 

by toluidine blue staining. The expression of proteins shown to play a role in granule 

biogenesis, such as Rab GTPases and synaptotagmins, could also be probed using 

western blotting techniques38. Previous research has demonstrated that the MAPK 

pathway is capable of influencing the composition of mast cell granules161. Therefore, it 

is possible that treatments with MAPK inhibitors during mast cell differentiation is 
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affecting only the β-hexosaminidase content of mast cell granules. Lastly, the MAPK 

pathway could be affecting the secretory component of degranulation, whereby 

trafficking of granules to the cell membrane and subsequent exocytosis is impacted. 

Munc18 and SNARE proteins control the fusion of granules with the plasma 

membrane38,162. Decreased expression of these proteins would suggest treatment with 

MAPK inhibitors during mast cell differentiation is affecting the exocytosis of granules 

into the extracellular space. 

 

Fig. 20. Proposed effects of treatment with MAPK inhibitors over mast cell 
differentiation on degranulation. Results demonstrated that treatment with 1 uM JNK-
IN-8 led to attenuated mast cell degranulation, while treatment with Losmapimod 
enhanced mast cell degranulation. It is proposed that treatment with MAPK inhibitors 
may have exerted these effects by targeting granule biogenesis, B-hexosaminidase 
content contained within granules, or secretion of granules from the cell into the 
extracellular space. 
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Late Phase 

The late phase of the allergic reaction begins 2-6 hours after exposure to allergen, 

and effects are largely due to the production of neo-formed mediators through increased 

gene transcription24,32. During this time the mast cell will begin to secrete cytokines, 

which are small proteins capable of contributing a myriad of effects to the allergic 

response. IL-13 is a pleiotropic cytokine that plays a large role in Th2 responses163. 

Within the immune system, IL-13 causes B cell proliferation and induces IgE class 

switching163–165. It also promotes eosinophil survival, and induces the production of 

eotaxins, which act as homing molecules for these cells163–165. The expression of adhesion 

molecules on monocytes become up-regulated, which leads to increased extravasation 

and migration into tissues164. The expression of MHC II on antigen presenting cells is 

also enhanced165. IL-13 stimulates mast cell proliferation and leads to an up-regulated 

expression of FcεRI on the mast cell surface163,165. This cytokine is also able to facilitate 

large effects on tissue and organ systems in the body. Smooth muscle contraction is 

stimulated, along with mucus production and goblet cell hyperplasia, which occur during 

the GI expulsion of parasites and during allergic asthma163,165. Over time, this can induce 

collagen synthesis by fibroblasts, which can lead to tissue remodelling and 

hyperresponsiveness163,165. In P815 murine mast cells, stimulation of the c-kit receptor by 

SCF leads to an increase in IL-13 production that is associated with ERK 

phosphorylation166. BMMCs stimulated with LPS exhibit increased IL-13 secretion that 

is associated with the activity of JNK and p38167. In basophils, stimulation with IgE in 

cells treated with the p38 inhibitor SB203580 abrogates the production of IL-13168. In the 

present study, inhibition of JNK was associated with decreased IL-13 secretion. These 
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results position JNK as an important regulator of IL-13 secretion in the context of IL-3 

mediated mast cell differentiation. 

IL-6 is a cytokine that plays a role in the function of multiple different types of 

immune cells. Firstly, it stimulates the liver to produce acute phase proteins, which signal 

the beginning stages of inflammation169,170. The production of vascular endothelial 

growth factor (VEGF) is stimulated which enhances angiogenesis and vascular 

permeability. This allows immune cells to accumulate at areas of inflammation169. IL-6 

stimulates monocytes to differentiate into macrophages as opposed to dendritic cells. 

Neutrophil production is also suppressed170. In the adaptive immune system, IL-6 causes 

B cells to differentiate into plasma cells170. IL-6 also promotes Th17 and cytotoxic T cell 

differentiation, while inhibiting Treg differentiation169. Mast cells treated with Genistein, 

a phytoestrogen, during stimulation, exhibit decreased IL-6 secretion that is associated 

with a decrease in ERK phosphorylation171.  

TNF is part of a large cytokine family whose members regulate a plethora of 

processes in the body. Upon TNF secretion, the expression of adhesion molecules, such 

as endothelial leucocyte adhesion molecule-1 (ELAM-1) and intracellular adhesion 

molecule 1 (ICAM-1), become upregulated on the surface of endothelial cells. This 

promotes an influx of effector cells to areas where an inflammatory response is needed37. 

TNF secretion regulates the activity of neutrophils and platelets, and enhances the 

cytotoxic capabilities of NK cells and macrophages172. In the adaptive immune system, T 

cells also become activated, and immune activity is stimulated in germinal centres173,174. 

This cytokine has also been shown to play a role in allergic diseases, such as allergic 

rhinitis175. The production of TNF through the FcεRI receptor is associated with 



 78 

activation of all three nodes of the MAPK pathway176–180. Our results did not show any 

significant effect of MAPK inhibition during mast cell differentiation on TNF secretion. 

However, the experiment had a low sample size (n=3). Therefore, in the future this 

experiment should be repeated with a larger sample size in order to confirm the effect of 

MAPK inhibition during mast cell differentiation on TNF secretion. 

Chemokines are cytokines that regulate cell adhesion and chemotaxis181. Upon 

receiving a chemotactic signal, leukocytes will extravasate the vascular endothelium and 

home to tissues where an inflammatory reaction is needed182. CCL1 acts as a 

chemoattractant for monocytes, macrophages, Th2 cells, Treg cells, and NK cells183–185. It 

can also be found in the bronchoalveolar lavage fluid (BALF) of asthmatic individuals in 

elevated amounts186. CCL2 is a chemokine that acts as a chemoattractant for monocytes, 

memory T cells, and NK cells187. It also stimulates the production of IL-4, and Th2 

mediated disease states, such as asthma, are associated with an elevated production of this 

cytokine187. CCL2 can also stimulate degranulation in mast cells and basophils188,189. 

CCL3 is able to interact with multiple different chemokine receptors, including CCR1, 

CCR3 and CCR5. CCL3 is able to induce the chemotaxis of many different immune 

cells, including monocytes, T cells, neutrophils, eosinophils, basophils, NK cells, and 

immature dendritic cells182. This chemokine also has involvement in several allergically 

mediated diseases, such as asthma and atopic dermatitis182. CCL9 is a chemokine that 

preferentially targets both resting and activated T cells183, by interacting with its CCR1 

receptor190. It also has the ability to cause dendritic cells to home towards the chemokine 

gradient191. Little information is found in the literature regarding the involvement of the 

MAPK pathway in chemokine release from mast cells. Multiple research articles have 
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implicated the activity of proteins upstream of the MAPK pathway in chemokine 

secretion. Mast cells deficient in TNF receptor associated factor (TRAF6) exhibit 

attenuated CCL9 secretion as well as reduced phosphorylation of JNK and p38192. When 

TAK1 is inhibited in BMMCs, there is a reduction in phosphorylation of all three nodes 

of the MAPK pathway that is associated with abrogated secretion of CCL1 and CCL2193. 

In BMMCs dually stimulated through their FcεRI and CCR1 receptors, the inhibition of 

p38 results in reduced CCL2 secretion194. In human HMC-1 mast cells, stimulation 

through the c-kit receptor was found to influence the secretion of CCL2 and CCL1 in an 

ERK dependent manner, while stimulation with TNF regulated these cytokines in a p38 

dependent manner195. One strength of the current research is that the secretion of multiple 

different chemokines was measured.  However, further research is needed to determine 

the mechanism controlling the altered secretion of cytokines and chemokines by MAPK 

inhibition during mast cell differentiation. 

Molecularly, cytokine and chemokine secretion from mast cells is likely impacted 

at one of three stages, which are: (a) transcription of mRNA, (b) translation of protein, or 

(c) secretion of protein from the cell. It is possible that treatment with MAPK inhibitors 

during mast cell differentiation is affecting the copies of mRNA transcripts produced. 

Down-regulation of cytokine secretion could be due to a reduction in the production of 

mRNA transcripts, while increased cytokine secretion could be due to an increase in the 

production of mRNA transcripts. This could be measured using quantitative polymerase 

chain reaction (qPCR). If no effect is found at the mRNA level, the presence of the 

protein could be measured with western blotting. The absence of a signal for the protein 

being measured could mean that the process of translation is affected. If no aberrant 
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effects are seen at the mRNA or protein level, it is likely that the secretory mechanisms 

responsible for the transportation of the final cytokine product to the membrane of the 

cell are impacted. 

 

Figure 21. Proposed effects of treatment with MAPK inhibitors over mast cell 
differentiation on cytokine secretion. Results demonstrated that treatment with MAPK 
inhibitors over differentiation affected the secretion of multiple different cytokines and 
chemokines as measured by ELISA. It is proposed that this treatment may be causing 
these effects by disrupting transcription, translation, or mediator secretion. 
 
 
Mast Cell Phenotype 
 

IgE quantitation measured by flow cytometry is a cognate measurement of FcεRIα 

expression. The α portion of the FcεRI receptor binds to the Fc portion of allergen-

specific IgE molecules. Therefore, sufficient binding of IgE demonstrates the presence of 

a functional, intact FcεRI receptor capable of binding IgE. These results also demonstrate 
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that our model of sensitization is successful in priming the FcεRI receptor for activation 

upon the application of allergen. Flow cytometry experiments indicate that treatment with 

MAPK inhibitors during mast cell differentiation does not affect FcεRIα expression, 

which validates the results of IgE measurement (data not shown). However, these 

experiments were performed with cells from different mice, and expression of FcεRIα 

was low. The FcεRIα expression data acquired from the ERK treatment group was 

inconclusive (data not shown). Therefore, experiments measuring FcεRIα expression 

should be repeated to solidly confirm results from the IgE experiments.  

Signaling through the c-kit receptor is necessary for the migration, differentiation, 

proliferation, and survival of hematopoietic cells, including mast cells196,197. Treatment 

with both the ERK inhibitor, over the course of mast cell differentiation was found to 

down-regulate c-kit expression on the cell surface, while expression was up-regulated in 

the p38 treatment group. In animal models, the blockade of c-kit signaling has been found 

to improve multiple aspects of allergic pathology196. Signaling through c-kit has been 

found to stimulate mast cell chemotaxis, as well as the inhibition of apoptosis198,199. 

Therefore, a down-regulation in c-kit signaling may be associated with the accumulation 

of mast cells, which is seen in multiple allergic pathologies. Multiple different molecular 

mechanisms are capable of down-regulating c-kit expression. These include removal of 

the receptor from the cell surface, which is followed by intracellular degradation, or 

inactivation of the receptors kinase domain, which is responsible for the transmission of 

signaling196. Down-regulation could also be established through the modulation of 

transcription factor activity. Transcription factors that play an important role in c-kit 

expression in mast cells include MITF and AP-2. The c-kit promoter contains three 
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binding sites for AP-2, and the induction of AP-2 expression is associated with JNK 

activity. In certain cancers, c-kit expression has been found to be down-regulated through 

the interruption of AP-2 activity196. Therefore, to elucidate the mechanism behind c-kit 

down regulation due to MAPK inhibition during differentiation, the expression of 

transcription factors known to be facilitators of c-kit expression should be measured. 

Inhibitor Characterization 

We wished to further probe the efficacy of the employed MAPK inhibitors using 

western blotting. While we have evidence from previous work in the lab (Den Hartogh, 

2018) that the inhibitors employed at these specific concentrations do in fact impair each 

node specifically in the context of IL-3-dependent mast cell differentiation, and the 

knowledge that these inhibitors were selected due to their reported specificity, but 

potential cross-reactivity in this model system was not explored in the present work. A 

robust analysis of inhibitor cross-reactivity can be accomplished in a more potent 

stimulation condition (i.e., aggressive mast cell activation by allergen occurring over the 

course of 20 mins) as compared to the relatively mild activity during a differentiation 

protocol of weeks (previous data up to 24 days). To this end, wild type mast cells were 

pre-treated with inhibitor just 1 hour prior to stimulation with allergen, which induces 

signaling through the IgE-primed FcεRI receptor. In previous work, the group treated 

with JNK-IN-8 was used to blot for JNK, the group treated with SCH772984 was used to 

blot for ERK, while the group treated with Losmapimod was used to blot for p38. It was 

reported that treatment with these molecules selectively inhibited MAPK expression in a 

dose dependent manner, which corresponds with information found on the 

manufacturer’s websites200–202. However, results obtained from our initial experiments in 
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this line of inquiry (examination of dose) in the context of IgE-signaling were not as 

expected, causing us to revisit the plan to interrogate crosstalk or non-specific effects. For 

all three MAPKs measured, the highest degree of inhibition is seen in groups treated with 

low concentrations of inhibitor (Fig. 22-24). The three nodes of the MAPK pathway do 

not operate completely independently of one another, and it is possible that inhibition of 

one node is affecting the activity of the other two. Previous research has demonstrated 

that crosstalk between the three MAPK proteins exists. A study utilizing RBL-2H3 mast 

cells treated with the p38 inhibitor SB203550 revealed that p38 negatively regulates the 

activity of ERK180. Another study using human cultured mast cells demonstrated that 

treatment with SB203580 enhances the activation of JNK, which indicates that p38 

negatively regulates the activity of JNK203. To determine if this is happening in our cells, 

these western blot experiments should be repeated with new protein targets. ERK and p38 

expression will be measured in cells treated with JNK-IN-8, JNK and p38 expression will 

be measured in cells treated with SCH772984, and JNK and ERK expression will be 

measured in cells treated with Losmapimod. 

Signaling and Epigenetics 

Cell signaling coordinates events necessary for proper growth, survival, and 

function by integrating extracellular cues into cell specific changes in physiology204. 

Activity of the MAPK pathway leads to changes in gene expression that can be caused by 

the modulation of transcription factor activity or changes in chromatin structure. MAPKs 

are able to bind to many different types of proteins including other kinases, phosphatases, 

cytoskeletal proteins, scaffold proteins, and transcription factors by interacting through 

docking sites205. MAPK proteins are able to exert a wide range of effects on their target 
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proteins, including targeting them for degradation, stabilization, de-activation, or 

activation205. The phosphorylation of c-Fos by ERK promotes it’s stability, while the 

activity of JNK has been found to lead to degradation of its targets205. Phosphorylation of 

transcription factors by MAPKs can also recruit elements of the transcriptional 

machinery, which includes chromatin remodeling enzymes204.  p38 is able to bind to 

RNA polymerase II, ERK is able to phosphorylate this polymerase at its C-terminal tail, 

and both MAPKs can phosphorylate the TATA binding protein, enhancing its binding to 

the TFIID transcription factor205. MAPKs can also interact with chromatin modifying 

enzymes, which has the potential to alter gene expression on a broad scale by altering 

chromatin structure. JNK is able to bind to ATF, which promotes the intrinsic HAT 

activity of this transcription factor. ERK is able to interact with HDAC4, leading to 

translocation to the nucleus205. In C. elegans, JNK activity can activate target genes 

through the removal of an HDAC repressor complex from promoters. In Drosophila, JNK 

has also been found to cause gene repression through the recruitment of HDAC1 to the 

promoter of genes that are activated by NF-κB206. ERK can phosphorylate H3 at Ser28, 

which results in a depletion of the repressive mark H3K27me3207. During myoblast 

differentiation, an accumulation of the activating mark H3K4me can be seen208. MAPKs 

are also able to bind directly to chromatin204,206. In pancreatic beta cells, ERK is able to 

directly bind the insulin promoter. In genes induced by interferon gamma, ERK bound to 

the promoter leads to transcriptional repression204. ERK can also bind DNA directly at 

the C/GAAAG/C motif208.  Clearly, MAPK proteins can influence gene transcription 

through a myriad of different mechanisms. New research has only added to the 

complexity of our understanding of this process. ERK can be found in the nucleus even in 
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the absence of an activating signal, possibly to prepare for the rapid activation or 

repression of certain genes208. Furthermore, the influence of MAPK activity on gene 

transcription is often thought of as a temporal process, where activation of the signaling 

pathway precedes changes to chromatin structure. However, new research has determined 

that the opposite can occur, where changes in chromatin structure can trigger MAPK 

activation206. The association of MAPK proteins with transcription factors or target genes 

could be evaluated using chromatin immunoprecipitation assay. Specifically, 

transcription factors that control the production of IL-13, CCL1, CCL2, CCL3, CCL9 and 

IL-6, and the expression of c-kit, should be measured, as the treatment with MAPK 

inhibitors was found to affect these targets. This same method could also be used to 

determine if methyl or acetyl groups are bound to DNA and/or chromatin. Future studies 

should utilize this method to determine the effects of treatment with MAPK inhibitors 

over mast cell differentiation on chromatin structure and transcription factor activity. 

Model Considerations and Limitations 

Murine models are utilized extensively in immunological research. Many 

different factors within this model, including the strain of mouse utilized, and the source 

of tissue or cellular material being studied, have the potential to greatly impact 

experimental outcomes. BALB/c and C57BL/6 strains are the most widely utilized in 

immunological research. These strains exhibit some key differences in the context of 

allergic inflammation. BALB/c mice are generally regarded as Th2 prone, while 

C57BL/6 mice are Th1 prone28.  BMMC function also differs between these two strains. 

Compared to BMMCs derived from C57BL/6 mice, those derived from BALB/c mice 

exhibit better survival over three weeks in culture, which likely reflects a differential 
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response to IL-3 stimulation41. Signaling differences can also be observed between the 

two strains. ERK phosphorylation in BMMCs derived from BALB/c mice is strong and 

sustained, while BMMCs from C57BL/6 mice show more transient ERK 

phosphorylation41. Differences in cytokine secretion are seen as well. Compared to 

C57BL/6 mice, BMMCs derived from BALB/c mice secrete larger amounts of CCL2, IL-

6, IL-5, IL-4, and IL-14209,210. Minor differences in degranulation can be seen between 

the two strains. Percent release is similar between the two strains, but BMMCs derived 

from C57BL/6 have greater total β-Hexosaminidase content41,210. Differences in these 

mouse strains are also observed when they are utilized for in vivo experiments examining 

lung and airway inflammation. BALB/c mice exhibit a more robust airway 

hyperreactivity response when challenged with methacholine. However, upon allergen 

exposure, C57BL/6 mice have increased amounts of eosinophils, neutrophils, and 

granulocytes in the BALF, as well as increased amounts of mast cells in the lung209. This 

evidence suggests that BALB/c mice may be a more suitable model to study allergic 

inflammation. 

 Literature has criticized the use of BMMCs to study mast cell function, as these 

cells have no known in vivo physiological equivalent. Peritoneal derived mast cells have 

been suggested as a more physiologically relevant alternative211. PCMCs and BMMCs 

derived from C57BL/6 mice exhibit distinct phenotypic profiles encompassing multiple 

different aspects of mast cell function. Compared to BMMCs, PCMCs contain more 

granules, which are larger and found in the cell at a higher density. They secrete small 

amounts of neo-formed mediators, but degranulate more robustly than BMMCs. Both cell 

types express similar levels of FcεRIα . One disadvantage of the use of PCMCs is that 
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they proliferate slowly and overall cell numbers when cultured are lower compared to 

BMMCs211. Low cell populations in BMMCs treated with MAPK inhibitors over 

differentiation was a project limitation that restricted the types of experiments that could 

be performed. Based on the evidence regarding cell proliferation and new mediator 

secretion, PCMCs may not be suitable for use in the current research. BMMCs respond 

poorly to IgG immune complexes, while PCMCs respond more robustly211, indicating 

that PCMCs may be more appropriate to use when examining mast cell function outside 

of the context of allergic inflammation. 

 Culture age is another factor that has the ability to greatly impact experimental 

outcomes. Elderly mast cell cultures exhibit an aberrant functional phenotype. Epigenetic 

alteration of chromatin over time may be the mechanism controlling this phenotype. 

Tryptase is traditionally thought of as existing in mast cell granules, but it can also be 

found in the nucleus, where it can proteolytically clip histone tails106. Tryptase knockout 

mice exhibit an aberrant phenotype that may be explained by the age-dependent 

accumulation of H2BK5ac. This phenotype is mimicked when serglycin, which stores 

tryptase, is knocked out106. After 3 months in culture, cells from these mice start to 

proliferate rapidly. Mast cells in these cultures are larger than usual, and have multi-lobed 

nuclei106. Genes such as EGF-like module-containing mucin-like hormone receptor-like 1 

(Emr1), Ctsg, and Mctp8 which are macrophage, neutrophil, and basophil markers, 

become up-regulated. When tryptase is missing from the nucleus, non-truncated levels of 

H2B and H3 accumulate. This leads to increased histone acetylation, which can lead to 

the up-regulation of non-mast cell lineage genes106. As cells age, tryptase expression 

becomes down-regulated. Wild type cultures that were followed for 12 months showed 
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the same aberrant effects as tryptase knockout cultures106. In the current project, BMMCs 

were obtained from mice that were 5-22 weeks of age, and cultures were maintained for 

7-18 weeks. In future experiments, mouse age when sacrificed and the age of the culture 

should be kept as young as possible, and cultures should be maintained for no more than 

6 months. 

Therapeutic Implications 

 Currently, the therapeutic options for treating allergic disease are limited. The first 

line treatment recommended by physicians is simply avoidance of the allergen, which is 

oftentimes very impractical212. To control the symptoms of allergic disease, 

pharmacotherapy is often employed. These drugs do not prevent the allergic reaction 

from taking place, and instead manage the reaction after it has occurred. Antihistamines 

bind to histamine receptors in the body, displacing histamine from the receptor and 

blocking the effects of this pathway213. First generation antihistamines act non-selectively 

on all four types of histamine receptors, and also influence the action of muscarinic, 

adrenergic, and dopaminergic receptors213. This can lead to adverse reactions in the 

cardiovascular, urinary, and GI systems213. These drugs are also able to cross the blood 

brain barrier, which leads to adverse effects in the central nervous system, including 

sedation213. These drugs have been shown to have deleterious effects on the performance 

of tasks that involve, speed, memory, and attention214. These effects can be dangerous, 

and the use of these drugs are often implicated in motor vehicle and aircraft accidents215. 

Second generation histamines, which have a more specific mechanism of action, still 

have risks associated with their use, including weight gain and cardiotoxicity213. 

Furthermore, certain groups of people, including females, the very young or very old, and 
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those who are obese, or suffering from hypotension or hypothyroidism, are more 

susceptible to the sedating effects of these drugs213. Corticosteroid drugs are also 

commonly used to treat allergies. These drugs work by suppressing the gene transcription 

of multiple inflammatory targets216. However, due to the pleiotropic effects of these 

drugs, a widespread range of deleterious effects can occur. These include profound 

immunosuppression, hypertension, delayed wound healing, and metabolic 

disturbances216. Risk increases with the course of treatment, contraindicating these drugs 

for long term use216. Pharmacotherapy often does not control the symptoms of allergy 

effectively, and 57% of allergic patients are dissatisfied with the use of pharmacotherapy 

for their allergy217. To decrease the severity of allergies over time, immunotherapy can be 

used. During immunotherapy treatments, small doses of allergen are injected 

subcutaneously, with the dose increasing slowly over time. This is associated with a shift 

the Th2 response to a Th1 response212. This treatment reduces the severity of allergies 

over time instead of managing symptoms over time, there are still adverse effects 

associated with this treatment. Immunotherapy has the potential to cause serious allergic 

reactions, and 1 of every 200,000 treatments produce life threatening responses212. This 

risk is very severe in people with asthma, and immunotherapy is not effective at treating 

asthma in adults that has been active since childhood218. Immunotherapy is also 

ineffective at treating allergic rhinitis, and the benefits achieved from a year of therapy 

disappear quickly when treatments cease218. Furthermore, there is not enough research on 

the safety of manipulating the adaptive immune system of people who have autoimmune 

disorders, immunodeficiencies, or cancer218. Lastly, treatment is also tedious, with 

treatments needed once a month for up to five years218. The current research aims to 
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elucidate the basic biology behind mast cell differentiation, that is necessary for the 

development of future therapies that target allergies at the mast cell level. Further 

research is needed to determine the mechanism of action behind the effect of MAPK 

inhibitors on allergic phenotype. Results show that JNK inhibition during mast cell 

differentiation has potent anti-inflammatory effects spanning the areas of degranulation, 

de novo mediator release, and receptor expressions, that position this signaling protein as 

a potential target for the treatment of allergies. 
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Conclusion 

 Inhibition of the JNK, ERK, and p38 nodes of the MAPK signaling pathway 

during mast cell differentiation led to the development of characteristic mast cell 

phenotypes in each treatment group. BMMCs were differentiated from the bone marrow 

of C57BL/6 mice and cultured in media containing IL-3 and PGE2 to promote mast cell 

differentiation. Cells grown in the presence of a 1 µM concentration of the JNK inhibitor 

JNK-IN-8 exhibited altered degranulation, de novo mediator secretion, and marker 

expression. This treatment led to dampened degranulation, decreased secretion of IL-13, 

CCL1, CCL2, and IL-6, and up-regulated basal secretion of CCL9. Expression of c-kit on 

the cell surface was also down-regulated. Cells grown in the presence of a 1 µM 

concentration of the ERK inhibitor SCH772984 exhibited abnormalities in cytokine 

secretion and marker expression. This treatment led to a decrease in CCL2 secretion, and 

increase in CCL3 secretion, and a down-regulation of c-kit expression on the cell surface. 

Lastly, cells treated with a 10 µM concentration of the p38 inhibitor Losmapimod 

exhibited alterations in degranulation and cytokine secretion. In the presence of inhibitor, 

degranulation was exacerbated. The secretion of CCL1 and CCL2 were down-regulated, 

and the basal secretion of CCL9 was increased. Therefore, each MAPK protein plays a 

unique role in the development of mast cell phenotype during the differentiation stage. 

This research is novel, as the role of all three nodes of the MAPK pathway in mast cell 

differentiation have yet to be examined. The data positions the MAPK pathway as a 

major arbitrator of IL-3 mediated mast cell differentiation. In particular, inhibition of the 

JNK node of signaling leads to the development of a potent anti-inflammatory phenotype. 
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Discovery of these fundamental biological concepts may drive the development of future 

therapeutics. 
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Figure 22. Treatment of mature BMMCs with 0.1 µM of the JNK inhibitor JNK-IN-
8 leads to a statistically significant reduction in the relative phosphorylation of JNK 
at 20 minutes. A. BMMCs were pre-treated with differing concentrations of JNK-IN-8 
for 1 hour. TNP + SCF were used to stimulate signaling through the FcεR1 receptor. The 
Li-Cor C-Digit blot scanner was used to produce images for 3 separate WTs. Intensity of 
each band was quantified using the Li-Cor scanner software. B. WT84 C. WT85 D. 
WT86. *p<0.05, **p<0.01. 
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Figure 23. Treatment of BMMCs with the ERK inhibitor SCH772984 does not lead 
to statistically significant changes in ERK phosphorylation. A. BMMCs were pre-
treated with differing concentrations of SCH772984 for 1 hour. TNP + SCF were used to 
stimulate signaling through the FcεR1 receptor. The Li-Cor C-Digit blot scanner was 
used to produce images for 3 separate WTs. Intensity of each band was quantified using 
the Li-Cor scanner software. WT83 0.01 µM SCH772984 20 min is excluded from 
analysis. B. WT81 C. WT83.  
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Figure 24. Treatment of BMMCs with the p38 inhibitor Losmapimod does not lead 
to statistically significant changes in p38 phosphorylation. A. BMMCs were pre-
treated with differing concentrations of Losmapimod for 1 hour. TNP + SCF were used to 
stimulate signaling through the FcεR1 receptor. The Li-Cor C-Digit blot scanner was 
used to produce images for 3 separate WTs. Intensity of each band was quantified using 
the Li-Cor scanner software. B. WT81 C. WT83 D. WT86.  
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