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Abbreviations

AR Adenosine receptor 
ATP Adenosine-5’-triphosphate 
BH Bcl-2 homology domain 
BMCMC Bone marrow-derived cultured mast 

cells
CBMC Cord blood-derived mast cells 
CD Cluster of Differentiation 
CTMC Connective tissue mast cells 
ERK Extracellular regulated kinase 
Fc RI The high-affinity receptor for IgE 
Ig Immunoglobulin 
IgER-CL IgE-receptor cross-linking 
IL Interleukin 
JNK c-Jun N-terminal kinase 
LTC4 Leukotriene C4
MAPK Mitogen activated protein kinase 
MCP5/L Mouse mast cell line 
MCT Tryptase positive mast cells 
MCTC Tryptase-chymase positive mast cells 
MEK MAP kinase/ERK kinase 
MHC Major histocompability complex 
MMC Mucosal mast cells 
NF-AT Nuclear factor of activated T-cells 
NF- B Nuclear factor B
NECA 5’-N-ethylcarboxamido adenosine 
OMM Outer mitochondrial membrane 
SCF Stem cell factor 
PDG2 Prostaglandin D2
PI3-K Phosphatidylinositol-3 kinase 
RTK Receptor tyrosine kinase 
SH2 Src-homology 2 
Sl Steel locus (encoding SCF) 
TH Helper T-cell 
TNF Tumour necrosis factor 
TLR Toll-like receptor 
W White spotting locus (encoding Kit) 
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Introduction

Mast cells are important inflammatory cells, best known for their involve-
ment in allergic reactions. Under the influence of stem cell factor (SCF), 
mast cells survive in tissues for several months and their numbers are, under 
these normal conditions, relatively constant. However, at sites of tissue in-
flammation mast cells accumulate (1, 2) and a correlation between mast cell 
numbers and disease severity has been observed (3). The number of mast 
cells in a specific tissue is regulated by migration, proliferation and by the 
rate of survival versus apoptosis. Mast cells are unique among inflammatory 
cells for their capacity to recover from inflammatory-induced activation (4, 
5) thereby giving them the opportunity to perpetuate inflammatory re-
sponses. However, when inflammation ceases, the number of mast cells de-
creases, indicating the involvement of apoptosis in this process. Knowledge 
on how mast cell survival and apoptosis are regulated in homeostasis and 
during inflammation could be of importance in limiting inflammatory dis-
eases. This thesis provides evidence that the Bcl-2 family members A1/Bfl-1 
and Bim are essential for regulating mast cell survival and apoptosis. 
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Mast cells 

The history of mast cell research begins with Paul Ehrlich who, as a medical 
student, discovered the mast cell (6). In his doctorial thesis in 1878 he pre-
sents his view about a new type of cell. He describes the cell as a larger sized 
cell that should be distinguished from other cell types by its reactivity to 
aniline dyes. Furthermore, he describes it as a granular cell of the connective 
tissue that frequently localizes around blood vessels. He named this cell 
“Mastzelle”. 

Origin, differentiation and distribution 
The origin of mast cells was for a long time unclear, in 
fact they were once thought to arise from T lymphocytes, 
macrophages or fibroblasts (7, 8). Today we know that 
mast cells originate from pluripotent haematopoietic stem 
cells found in the bone marrow that give rise to all 
leukocytes in the body (9). 

Unlike other granulated haematopoietic cells that leave the bone marrow 
as fully mature cells, mast cells leave the bone marrow as immature commit-
ted progenitors. In humans, immature mast-cell-committed precursors leave 
the bone marrow as CD34+, Kit+, CD13+, Fc RI-, Fc RII-, CD14- and CD17-

cells (9-12). These agranulated precursors circulate in the blood until they 
are recruited into the peripheral tissues where they, under the influence of 
SCF and other locally produced cytokines, differentiate into mature mast 
cells expressing their final phenotype. 

The interaction between SCF and its receptor Kit provides the most im-
portant viability and differentiation signals for mast cells (13). Lack of func-
tional Kit or the membrane-bound form of SCF leads to almost total deple-
tion of mast cells in mice (14-17). Several TH2 cytokines, e.g., interleukin 
(IL)-3, IL-4, IL-5 and IL-9, can also support the proliferation of human mast 
cells in vitro in combination with SCF (18-20). Although, these cytokines 
not only affect mast cell numbers, but can also alter their protease content 
and effector profile. 

Under normal conditions mature mast cells are only found in the tissues. 
They are spread throughout the whole body, especially in the skin and pref-
erentially beneath the epithelium, where they are close to blood vessels and 
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nerves (21, 22). The number of mast cells within connective tissue is nor-
mally constant, whereas mast cells found in the gut, respiratory and gastroin-
testinal tract can differ considerably. During acute or chronic inflammations 
mast cell numbers will increase in the affected tissue (23). This has been 
seen in inflammatory diseases such as asthma, allergic rhinitis, allergic alve-
olitis, solid tumours, rheumatoid arthritis and inflammatory bowel diseases 
(24-27). Asthmatic patients have also been shown to have more circulating 
immature mast cell progenitor cells that have the potential to differentiate 
into mature mast cells (28). 

Morphology and heterogeneity
Mast cells do not represent a homogenous population. They can have differ-
ent phenotypes and functions, even in the same tissue, which is dictated by 
the influence of the microenvironment (29). However, mature mast cells 
commonly have a monolobed nucleus, a folded cell surface and contain mul-
tiple prominent metachromatic granules. 

Rodent mast cells can be divided into two main subtypes: connective tis-
sue mast cells (CTMC) found in the skin and peritoneal cavity and mucosal 
mast cells (MMC) located in the intestinal lamina propria. These mast cell 
types differ in size, histamine content and neutral protease and proteoglycan 
composition, the latter determining their typical staining properties (22, 30). 

 Human mast cells are also classified into two types based on the expres-
sion of proteases in their granules, namely MCT containing tryptase, and 
MCTC containing tryptase and chymase (31). MCT predominate in the alveo-
lar septa of the lung and in the small intestinal mucosa while MCTC pre-
dominate in the skin and in the small intestinal submucosa. With regards to 
tissue localization and T-cell responsiveness, MCT correspond most closely 
to rodent MMC, whereas MTC correspond more so to rodent CTMC. How-
ever, it should be noted that a mixture of MMC and CTMC or MCT and 
MCTC exist in all human or mouse tissues (23). 

Mucosal mast cells residing close to, or within, the gut, respiratory and 
gastrointestinal tracts are under basal conditions relatively few, but their 
numbers increase remarkably during mucosal inflammation. Intestinal 
helminthic infections elicit TH2 immune responses leading to MMC expan-
sion in mice. In athymic nude mice, lacking functional T-cells, no prolifera-
tion of MMC is induced during the helminthic infection, showing the impor-
tance for TH2 cytokines for the mucosal mast cell expansion (32). In con-
trast, CTMC that have no T-cell dependence, are not affected by the lack of 
T-cells and occur at normal numbers in the adjacent submucosal connective 
tissues in these mice (33). As in mice, humans with T-cell immunodeficien-
cies lack MCT in the intraepithelial compartment of their intestine, while 
MCTC appear at normal numbers in the surrounding connective tissues (34). 
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Mast cells arising during the TH2 immune response undergo dramatic 
changes in their granule architecture, and their content of proteases and pro-
teoglycans, due to the milieu of T-cell-derived cytokines. A domination of 
TH2 cytokines is also seen during the mucosal inflammation in asthma and 
other human allergic diseases, e.g., allergic rhinitis (29). These diseases are 
also associated with an induction of mast cells within the affected tissue and 
alterations of mast cell phenotype and effector profile. 

Mast cell activation 
One characteristic of mast cells is their ability to rapidly respond to exoge-
nous stimuli. The most well known form of mast cell activation is cross-
linking of the IgE receptor Fc RI with antigen leading to degranulation and 
secretion of an array of mediators. However, even if activation through 
Fc RI is the most studied way to activate mast cells, they can respond to a 
wide variety of other stimuli (reviewed in (23)), such as SCF, adenosine 
(35), IgG, the breakdown products C3a and C5a of complement activation, 
cytokines, chemokines, neuropeptides, monomeric IgE (36, 37), Ig light 
chains (38), chemical agents, e.g., C48/80 and stimulation of Toll-like recep-
tors (TLR) (39) (Figure 1). These different stimuli can activate mast cells to 
differentially and selectively release mediators with or without causing de-
granulation.

Figure 1. Mast cells can be activated by a wide variety of stimuli leading to the re-
lease of multifunctional mediators. 
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Mediators
Upon either IgE-dependent or IgE-independent activation mast cells can 
release a wide variety of multifunctional mediators with overlapping effects. 
These mediators can be divided into three groups: pre-formed mediators, 
lipid-derived mediators and cytokines (Figure 1). The pre-formed mediators, 
e.g. histamine, proteases and proteoglycans, are stored in granules and are 
rapidly released after mast cell activation. Leukotrienes and prostaglandins 
are lipid-derived mediators that are de novo synthesized and secreted after 
activation. These two groups of mediators are important for the immediate 
hypersensitivity reactions and acute allergic inflammation. The newly syn-
thesized cytokines and chemokines, e.g., IL-1, IL-3, IL-4, IL-5, IL-6, IL-8, 
IL-10, IL-13, IL-16, TNF- , TGF- , CCL3 and CXCL8, are secreted at a 
later stage. This gives them a key function in orchestrating the late phase 
reaction, which develops within some hours after the initiation of the in-
flammatory response (40). 

Mast cells in health and disease: –Dr. Jekyll and Mr. 
Hyde
The broad array of mediators generated and secreted from mast cells has 
different functions in health and disease. For many years, mast cells were 
primarily regarded as effector cells in allergic disorders releasing inflamma-
tory mediators upon IgE-receptor cross-linking (IgER-CL). However, during 
the past few years there has been a renaissance in mast cell research thereby 
expanding the role of the mast cell beyond atopic diseases. Mast cells have 
also been given a key role in for example, autoimmune diseases, tumour 
survival and angiogenesis (Figure 2). The use of mast cell-deficient mice and 
rats has facilitated the exploration of the range of physiological and patho-
physiological functions that mast cells may be involved in. The potential of 
mast cells to release multifunctional mediators makes them excellent con-
ductors in innate and acquired immunity. 

Figure 2. Roles of mast cells in health and disease. 
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A physiological role: –Dr. Jekyll 

The involvement of mast cells in innate immunity
Mast cells possess unique features making them particularly important in the 
host defence against pathogens. Due to their strategic position at sites ex-
posed to the external environment such as skin, airways and intestine, mast 
cells are the first inflammatory cells to encounter invading pathogens (41). 
Moreover, mast cells can rapidly and selectively release multifunctional 
mediators, such as tumour necrosis factor (TNF)- , which is an important 
initiator of the immune and inflammatory response to invading pathogens 
(42). In addition, mast cells have a long lifespan and a capacity to recover 
from repeated activation (4, 5). For these reasons mast cells can be consid-
ered excellent effectors in the early host defence against infectious microbes 
(40).

The role of mast cells in innate immunity against bacteria has been clearly 
demonstrated in mice. W/Wv mice lacking mast cells are less efficient in 
clearing and surviving experimentally induced enterobacterial infections 
compared to wild type (43). This is due to lack of neutrophil recruitment at 
the site of infection, probably as a result of the absence of the release of 
TNF-  from mast cells. Furthermore, W/Wv mice exhibit dramatically in-
creased morbidity and mortality in a model of acute septic peritonitis by 
cecal ligation and puncture (CLP) compared to wild type. Mast cells restored 
into the peritoneum, protect these mice from the lethal effects of CLP by 
releasing TNF-  (44). Moreover, TNF- -/- mice have been demonstrated to 
have increased mortality in the CLP model compared to wild type (45). Mor-
tality in these mice could be reduced by repetitive injections of SCF attract-
ing mast cells to the site of infection. Thus, mast cell-derived TNF-  has a 
key role in innate immunity against bacteria by recruiting neutrophils to the 
site of infection.

Mast cells recognize infectious agents through specific cell surface recep-
tors including TLR, CD48 and complement receptors. Mast cells can be 
activated by these receptors without the involvement of antibodies or immu-
nological education, leading to secretion of specific mediators. In response 
to bacterial-, fungal- and viral-associated agents a wide variety of TLR-
mediated activation events occur in mast cells (39, 46-48). Frequently, acti-
vation of mast cells through these responses does not lead to degranulation, 
instead there is production and release of cytokines, chemokines and lipid-
mediators (46, 47). The mannose containing glycosylphosphatidylinositol-
anchored molecule CD48 recognizes FimH, a mannose-binding lectin ex-
pressed by many enterobacteria, leading to secretion of TNF-  by mast cells 
and phagocytosis of the bacteria (49, 50). Mast cells can also be activated by 
the host’s complement system. Mice lacking C3 and C4 have impaired mast 
cell activation and recruitment of neutrophils after induction of acute septic 
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peritonitis by CLP, leading to reduced bacterial clearance and survival com-
pared to wild type mice (51). Complement components that opsonize bacte-
ria are killed and phagocytosed by mast cells. 

The role of mast cells in acquired immunity 
The most explored forms of acquired immunity involving mast cells are IgE-
associated responses in allergic diseases. However, IgE did probably not 
evolve solely for the purpose of causing allergic disorders and thus, it must 
also serve other functions. For example, elevated levels of IgE are also seen 
in parasitic infections, some of the IgE even being specific for parasite anti-
gens. These infections lead to an increase of circulating basophils and eosi-
nophils accompanied by an increased number of mast cells and basophils 
within the affected tissues (reviewed in (22, 40)). The IgE-associated im-
mune responses are essential for both parasite clearance, since W/Wv mice 
exhibit delayed clearance of certain parasites compared to wild type (52) and 
for fighting larval ticks (53). 

Mast cells have also been suggested to function as antigen presenting 
cells since they have the capacity to phagocytose diverse pathogens, express 
MHC I (54) and MHC II molecules (55) and express necessary co-
stimulatory molecules including ICAM-1, CD43, CD 80, CD86 and CD40L 
(56, 57), allowing them to interact with endothelial cells, T- and B-
lymphocytes. These interactions can lead to IgE production by B-cells, T-
cell proliferation and cytokine release. Furthermore, mast cells can release 
chemotactic factors that attract lymphocytes and other inflammatory cells 
into the tissues (reviewed in (56)). 

A pathophysiological role: –Mr. Hyde 
Allergy and asthma 
Individuals with allergy have a sustained overproduction of IgE and an ex-
aggerated response to allergens such as pollen, house-dust mite, foods and 
cat dander. IgE binds to its receptor Fc RI on mast cells and basophils with 
high-affinity. The interaction of receptor-bound IgE with allergens leads to 
cross-linking of the receptors and activation of the cells. Upon activation a 
number of pre-formed mediators such as histamine and tryptase, are released 
leading to the immediate hypersensitivity reaction, causing vasodilatation, 
increased vascular permeability, bronchoconstriction, tissue oedema and 
mucus secretion (58). 

The acute inflammatory response can be followed by a late phase reac-
tion, orchestrated by de novo synthesized cytokines, e.g., IL-4, IL-5, IL-6, 
IL-13 and TNF-  (59, 60). These cytokines are secreted by mast cells as 
early as 4-12 hours after IgER-CL, peaking at 24-48 hours (61, 62). Charac-
teristically of the late phase, there is infiltration and activation of inflamma-
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tory cells, e.g., eosinophils, neutrophils and T-cells. The cytokines not only 
function as chemoattractants but they also contribute to for instance, tissue 
remodelling, angiogenesis (63, 64) and IgE production (57). However, it 
should be remembered that many other cells can express several cytokines, 
mediators and Fc RI, and thus overlap the function of mast cells. 

Allergy is acknowledged as a major risk factor for developing asthma 
(65). Asthma is characterized by inflammation in the airways and lungs, 
involving epithelial disruption, infiltration of neutrophils, eosinophils and 
degranulated mast cells, membrane thickening and mucous hypersecretion, 
leading to airflow obstruction (reviewed in (66)). Observations have linked 
IgE antibodies to the severity of asthma (67). In allergic asthma, mast cells 
are foremost activated through IgER-CL, but there are also reports of mast 
cell activation in asthma by neuropeptides (68), adenosine (69-71) and SCF 
(72, 73).  

Several cells in the lungs have been proposed to be important for the ini-
tiation and perpetuation of the inflammation in asthma. It is currently unclear 
which of those that are responsible for the initiation. Mast cells are one 
strong candidate. Their unique location in all vascularized tissues including 
the bronchi, and their capacity to release a wide repertoire of stored and 
newly synthesized mediators support their role as key cells in asthma.  

Histamine is a mediator that is quickly released by mast cells after IgER-
CL that contributes to bronchoconstriction, vasodilatation and tissue oedema 
in asthma (reviewed in (23)). Moreover, they release leukotrienes and pros-
taglandin D2 (PGD2) (74) which are powerful bronchoconstrictors and vaso-
dilators that, together with tryptases, cytokines and chemokines, are also 
important for leukocyte infiltration (reviewed in (23, 75)).  

Therapeutic interventions 
Allergic diseases are currently incurable and the drugs on the market only 
suppress the symptoms of the diseases or prevent the atopic inflammatory 
process. Corticosteroids are the most effective drug available for controlling 
atopic diseases. The corticosteroids have an anti-inflammatory action in that 
they suppress inflammatory transcription factors, such as nuclear factor- B
(NF- B) and nuclear factor of activated T-cells (NF-AT), that regulate sev-
eral genes coding for cytokines, inflammatory enzymes, adhesion molecules 
and inflammatory receptors (reviewed in (76)).  

Inhibitors against single mediators such as anti-histamines (77) and anti-
leukotrienes (78), have been found to be useful, even though multiple in-
flammatory mediators are involved in the initiation and perpetuation of 
atopic diseases. This indicates that a few mediators have a more dominant 
role in the progression of the diseases and inhibition of these helps to reduce 
atopic symptoms.  

There has been an intensive search for treatments that are more effective 
and/or confer lesser side effects. Nowadays, most drugs and therapies on the 
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market or in development are aimed at inhibiting products released from 
mast cells. One possible therapeutic target could be mast cells themselves. 
After IgE-receptor mediated activation and degranulation, mast cells do not 
die, instead they recover, regranulate and can be activated again (4, 5, 79). A 
drug preventing mast cell recovery and repeated release of inflammatory 
mediators and cytokines could be a possible treatment in the future. 

Autoimmunity and mast cells 
Besides being effector cells in allergy and asthma, mast cells have been im-
plicated in several autoimmune diseases (3). The best evidence for their in-
volvement in these diseases comes from studies on the disease multiple scle-
rosis (MS) and its rodent model experimental allergic encephalomyelitis 
(EAE). MS is a chronic inflammatory disorder of the central nervous system 
leading to damage of the myelin sheaths and eventually the underlying axons 
(reviewed in (80)). An increase of transcripts of mast cell-related genes has 
been found in human brains from MS patients (81). Studies of MS in the 
EAE mouse model and in humans have also shown a correlation between the 
number or activity of mast cells and the development of the disease (82-86). 
Drugs inhibiting mast cell degranulation reduce the severity of the disease 
(25, 86). Moreover, mice lacking mast cells (W/Wv mice) develop EAE later 
and to a lesser extent compared to wild type mice (87). 

Rheumatoid arthritis (RA) is another autoimmune disease that mast cells 
have been associated with. This disease leads to persistent inflammation and 
destruction of the joints. The role of mast cells is not clear but various stud-
ies have suggested that mast cells contribute to the chronic inflammation and 
matrix degradation characteristic of RA (88-91). A correlation between the 
number of mast cells and the severity of the disease has been demonstrated 
(92). RA patients have an increase of mast cells in the synovium and syno-
vial fluids in the joints compared to normal joints, especially at sites of carti-
lage erosion (88, 89). Furthermore, at these sites the presence of degranu-
lated mast cells have been demonstrated (88). An accumulation and degranu-
lation of mast cells has also been seen in the swollen paws of mice with col-
lagen-induced arthritis (CIA) (93). CIA mice treated with the mast cell-
stabilizing compound cromoglicate lisetil (94), an orally deliverable pro-
drug of cromolyn sodium, inhibited RA development and a reduction of 
mast cell numbers in the arthritic region was observed (95). W/Wv and Sl/Sld

mice exposed to arthiogenic serum are resistant to development of joint in-
flammation due to the lack of mast cells (96). Thus, mast cells seem to be 
one of the central effectors in the pathophysiological process of RA. 

Mast cells have also been associated with several other autoimmune dis-
eases such as Sjögren’s syndrome (97), systemic lupus erythematous (SLE) 
(98, 99), chronic idiopathic urticaria (100) and experimental vasculitis (101), 
as well as other chronic inflammatory and fibrotic diseases (102, 103). It is 
clear that activated mast cells are an important part in the development of 
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autoimmunity. Understanding the role and contribution of mast cells in these 
conditions may provide new strategies for the treatment of autoimmune dis-
ease.

Mast cell intracellular signalling in health and disease 
Cell functions are regulated by soluble factors and cell-cell interactions dic-
tating the outcome of the signal, e.g., secretion, proliferation, survival and 
apoptosis, to name a few. The most important factor for mast cell functions, 
including regulating survival, is SCF. During allergic inflammation mast 
cells can be activated by IgER-CL or adenosine. In this thesis I have investi-
gated the role of SCF, IgER-CL and adenosine on mast cell survival and will 
therefore give a summary of the signalling pathways downstream of Kit, 
Fc RI and adenosine receptors. 

Importance of SCF in mast cell survival
SCF, also known as steel factor or Kit-ligand, is the most important growth 
factor for mast cells. The interactions between SCF and its receptor Kit pro-
vide survival, differentiation and proliferation signals for mast cells. Fur-
thermore, it has an essential role in mast cell adhesion, chemotaxis and func-
tional activation. 

As a result of differential splicing and proteolytic cleavage, two isoforms 
of SCF exist, a membrane bound and a soluble form (104-106). Different 
effects of the two isoforms have been reported regarding survival, prolifera-
tion and activation (107, 108). Two mice and four human isoforms exist of 
Kit resulting from alternate mRNA splicing. In addition, a soluble extracel-
lular domain of Kit is generated by proteolysis of the protein in vitro and 
quite high levels have been measured in human serum (109, 110). In contrast 
to all the other haematopoietic lineages, except for a subset of resting human 
natural killer cells (111), mast cells express Kit during all stages of their 
differentiation process including as mature mast cells (112). 

Studies in the early 1980s revealed that mast cells differentiated when co-
cultured with fibroblasts due to a factor released from the cells that we now 
know is SCF (113). In the body, SCF is produced by fibroblasts, stromal 
cells and endothelial cells (114) and inhibition of SCF-production in tissues 
leads to mast cell apoptosis (115). Moreover, studies have shown that SCF is 
a prerequisite for culturing human mast cells in vitro while, as mentioned 
earlier, SCF rescues IL-3 dependent in vitro-developed mouse mast cells 
from apoptosis upon IL-3 withdrawal (116). The number of mast cells in the 
tissue is believed to be regulated by SCF since injections of SCF into hu-
mans or mice lead to both local and systemic mast cell hyperplasia (117, 
118).
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Considerable knowledge on the role of SCF and Kit with regards to mast 
cells has been gained by using mast cell deficient mice strains, i.e. W/Wv and 
Sl/Sld (14, 15). The W/Wv mice have mutations in the white spotting locus 
(W) encoding Kit, resulting in the absence of Kit or a malfunction of the 
receptor (16, 119). The Sl/Sld mice have mutations in the steel locus (Sl) 
encoding SCF, causing abnormalities in the production or structure of SCF 
(106). W/Wv mice can be reconstituted with mast cells by transferring bone 
marrow from either wild type or Sl/Sld mice or by introducing in vitro differ-
entiated BMCMC into these mice (15, 120) whereas mast cell populations 
cannot be restored in Sl/Sld mice (121). Thus, mast cell progenitors are af-
fected in W/Wv mice while Sl mutations alter the normal function of SCF in 
Sl/Sld mice and can therefore not support mast cell growth and differentia-
tion.

The downstream signalling of Kit 
Kit is a protein-tyrosine kinase receptor (RTK) that is auto-phosphorylated 
and internalized after SCF-binding. Kit has an intracellular and an extracel-
lular region. The extracellular part contains five immunoglobulin-like do-
mains. The first three are involved in the binding of SCF, the fourth may 
play a role in receptor dimerization, while the role of the fifth is unknown. 
The intracellular kinase domain is divided into two by a kinase insert. The 
first kinase domain is the adenosine-5’-triphosphate (ATP)-binding region 
while the second kinase domain has a number of possible autophosphoryla-
tion sites (reviewed in (122)) (Figure 3).  

SCF is dimeric in solution (123) and binding to Kit induces receptor 
dimerization After dimerization the receptors phosphorylate each other on 
one or more tyrosine residues in the kinase domain (124), rapidly followed 
by an increase of kinase activity leading to phosphorylation of other tyrosine 
sites of the receptors (125). These phosphorylated tyrosine residues function 
as binding sites for signal transducing molecules containing Src-homology 2 
(SH2) domains thus enabling downstream signal transduction. 

Figure 3. Kit consists of five extracellular immunoglobulin-like domains and an 
intracellular kinase domain that is divided into two by a kinase insert. 
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Transcription factors and proteins with kinase activity are two signal 
transducing groups containing SH2-domains. The phosphatidylinositol 3-
kinase (PI3-K), the mitogen activated protein kinase (MAPK) and the Janus 
kinase/signal transducers and activators of transcription (JAK/STAT) belong 
to these groups (126-129). PI3-K mediates signal transduction downstream 
of almost all RTKs by phosphorylation of lipids (Figure 4). The PI3-K is 
involved in several SCF mediated functions such as, survival of cells via Akt 
activation (130) and in membrane ruffling and actin polymerisation through 
Rho and Rac (131). The MAPK pathway is considered to be the major path-
way leading to proliferation. The function of the JAK/STAT pathway after 
SCF-induced activation is not clear but JAK2 and STAT1 are rapidly phos-
phorylated in response to SCF, yet the biological outcome of the activations 
is unclear (132). 

Figure 4. A schematic drawing of the signalling pathways downstream of Fc RI, Kit 
and adenosine receptors. (For details see text). 

Allergic activation by cross-linking of the high-affinity IgE 
receptor Fc RI
Allergic diseases are induced when mast cells and basophils are activated 
after cross-linking of Fc RI with IgE and antigen. This is the most studied 
form of mast cell activation and it is known to cause degranulation of pre-
formed mediators and secretion of de novo synthesized mediators. Mast cells 
and basophils release many similar inflammatory mediators such as hista-
mine, lipid-derived mediators and cytokines (133). However, mast cells pro-
duce more lipid-derived mediators including PDG2, platelet activating factor 
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(PAF) and leukotriene C4 (LTC4), while basophils primarily generate LTC4.
Moreover, mast cells release a wider spectrum of cytokines compared to 
basophils.

After degranulation, mast cells do not die but recover, regranulate and can 
be activated again (4, 5, 79). It is a unique characteristic of mast cells to re-
petitively recover from such a substantial activation process. Other inflam-
matory cells like neutrophils, eosinophils and macrophages undergo apop-
tosis during acute inflammation (134-137). The ability of mast cells to be 
activated several times is probably important for their role to perpetuate in-
flammation. The mechanisms involved in regulating activation-mediated 
mast cell survival are slowly beginning to be unravelled. 

Signalling through Fc RI
Fc RI consists of four protein subunits, one -, one -, and two -chains. 
The -chain subunit binds to the Fc part of IgE with high affinity. The -
chain is a four transmembrane spanning subunit amplifying the signal trans-
duced by the two signalling -subunits (Figure 5). Only mast cells and baso-
phils normally express Fc RI ( , , 2), while macrophages, langerhans cells 
and eosinophils express only the , 2-complex (138). 

Figure 5. The high-affinity receptor for IgE, Fc RI, consists of four protein subunits, 
one -, one -, and two -chains. 

Fc RI is an immune response receptor that does not have intrinsic kinase 
activity, but instead associates with protein tyrosine kinases such as Lyn and 
Syk (139). Lyn is a Src-family protein kinase that is expressed mostly in 
mast cells. Upon receptor cross-linking (Figure 4), Lyn adds phosphate 
groups to the tyrosine residues in the immunoreceptor tyrosine-based activa-
tion motifs (ITAMs) of the - and -subunits of the receptor. Phosphoryla-
tion of the ITAMs generates a new binding-site that is recognized by the Syk 
kinase. Syk binds to the ITAMs, which results in increased kinase activity 
leading to a shift of the cells from a resting to an active state. This Syk-
mediated signalling results in the phosphorylation of multiple signalling 
proteins such as, linker for activation of T cells (LAT), SH2-domain-
containing leukocyte protein of 76kDa (SLP76), and VAV. In turn, these 
proteins activate several downstream signalling pathways such as those me-
diated by the PI3-K, phospholipase C  (PLC ), ERK/MAPK, c-Jun N-
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terminal kinase (JNK), p38MAPK and Akt, finally leading to degranulation, 
synthesis and release of mediators, and production and secretion of 
chemokines, cytokines and growth factors by mast cells and basophils (re-
viewed in (140)). 

Stimulation of mast cells by adenosine 
In the early 1980s a clinical study showed that inhaled adenosine caused 
bronchospasms in asthmatics but not in healthy persons (141). This response 
was not due to activation of a receptor on the smooth muscles but instead as 
a result of activation of other cell types capable of releasing mediators con-
tributing to smooth muscle contraction. The effect is now believed to be 
mediated via activation and release of histamine and other inflammatory 
mediators from mast cells (142-144). 

Adenosine is an endogenous nucleoside that is released into the extracel-
lular fluid from many types of cells under physiological and pathophysi-
ological conditions. Adenosine is also generated extracellularly when ATP 
and cyclic adenosine5’-monophosphate (cAMP) are degraded. It is a potent 
biological mediator having both pro- and anti-inflammatory effects on sev-
eral different cell types (reviewed in (145)). 

The effect of adenosine on mast cells depends on mast cell type and spe-
cies and on the type of adenosine receptor expressed on the cells. It is un-
clear which of the receptors are involved in the activation of mast cells and 
contribute to the complex induction of asthma. There is a possibility that 
several of the subtypes may be involved in the adenosine-induced mast cell 
activation and bronchoconstriction (146, 147). 

Adenosine signals through G-protein-coupled receptors 
Adenosine receptors (ARs) are members of the G-protein-coupled receptor 
family and they mediate multiple effects of adenosine. Currently, four AR 
subtypes have been characterized; A1AR, A2AAR, A2BAR and A3AR (145). 
The different receptors can have either stimulatory or inhibitory function.  

The signal transduction downstream of ARs leading to mast cell activa-
tion is not well defined and many controversial reports exist. In human cord 
blood derived mast cells (CBMC), addition of adenosine to IgER-activated 
cells inhibits extracellular regulated kinase (ERK) phosphorylation (148). In 
contrast, the Akt, ERK and p38MAPK signalling pathways have been re-
ported to be activated in mouse bone marrow-derived cultured mast cells 
(BMCMC) by stimulating the cells with adenosine (149) (Figure 4). Unlike 
IgER-induced mast cell activation, adenosine stimulation seems to be initi-
ated independently from Syk (149, 150). Adenosine stimulated syk-/-

BMCMCs show normal activation of Akt-, ERK- and p38MAPK signalling, 
whilst IgER-induced signalling is totally abrogated in these cells. This sug-
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gests that the initiation of downstream signalling differs between G-protein-
coupled receptor- and IgER-induced activation of mast cells.  

Pro-survival signalling through the PI3-K-Akt pathway after adenosine 
stimulation has been reported for rat RBL-2H3 mast cell-like cells (151). In 
addition, upon treatment of RBL-2H3 and the human mast cell line HMC-1 
with an adenosine analogue, an increase of phosphoinositide hydrolysis and 
mobilization of intracellular calcium was observed, indicating a role for the 
PLC- and PKC-pathway which is known to be involved in the signalling 
cascade leading to calcium influx and degranulation after IgER-CL (35, 
151).

As mentioned earlier, mast cell responses to stimuli are normally hetero-
geneous between species and within different tissues in the same species. It 
is therefore not surprising that the effect adenosine has on mast cells may 
differ due to species and receptors involved. The A3AR subtype has been 
implicated foremost in degranulation of rat RBL-2H3 cells and hamster mast 
cells but also mouse mast cells, whereas the A2BAR subtype facilitates the 
release of mediators from the canine BR- and human HMC-1 cell lines. 
Thus, the conflicting results in the literature on adenosine-mediated mast cell 
activation can be attributed to differences in receptor expression on mast 
cells from different species. 



26

Apoptosis

One unique characteristic of mast cells is their longevity in tissue. For their 
survival, mast cells depend on SCF and undergo apoptosis upon its with-
drawal (152). SCF is the major mast cell growth factor and is a prerequisite 
for in vitro development of human mast cells (153) while in vitro developed 
mouse mast cells only require IL-3 (154). Although, these IL-3 dependent 
cells can be rescued from apoptosis by SCF if IL-3 is withdrawn (116, 152). 
Furthermore, one special feature of mast cells is that they undergo activa-
tion-induced cell survival. Therefore, knowledge of the regulation of mast 
cell survival and apoptosis is important in order to regulate mast cell num-
bers and thereby limit its role in perpetuating inflammatory responses. 

Regulation of apoptosis 
Unwanted, damaged and aging cells are broken down in a structural way by 
a process called programmed cell death or apoptosis. In Greek, the term 
apoptosis refers to leaves falling off trees in the autumn, symbolizing the 
process by which a cell actively participates in its own destruction. Apop-
tosis is important during embryonic development and for the maintenance of 
tissue homeostasis (155). 

Apoptosis is characterised by the morphological and biochemical changes 
such as membrane blebbing, chromatin condensation, DNA cleavage and 
exposure of phosphatidylserine on the plasma membrane (156). Apoptosis 
requires tight regulation, as false signals can result in unwanted and possibly 
deleterious cellular responses. Dysregulation of apoptosis has been shown to 
result in diseases such as cancer, AIDS and autoimmune diseases (157). 

Programmed cell death is regulated by two pathways that on the whole 
are independent of each other (158), though some cross-talk exists (159). 
These pathways can be divided into the extrinsic- and intrinsic pathways. 
The extrinsic pathway deals with apoptosis induced through ligation of a 
subgroup of the tumour necrosis factor receptor (TNF-R) family of cell sur-
face receptors, death receptors such as Fas and TNF-R1 (160, 161). The 
intrinsic pathway, or the mitochondrial pathway as it is also called, is initi-
ated by different stress conditions such as growth factor withdrawal, DNA 
damage, cytotoxic drugs and other stimuli that induce apoptosis (Figure 6). 



27

Death receptor-induced apoptosis 
Ligation of death receptors leads to formation of a death inducing signalling 
complex and binding of Fas-associated death domain (FADD) to the recep-
tors (reviewed in (162)). FADD recruits pro-caspase-8 into the complex 
leading to activation of the caspase, that in turn can activate downstream 
effector caspases leading to cell death, or together with several other prote-
ases, including calpain (163) and serine protease GrB (164), can cleave Bid 
into truncated Bid (tBid) (159). Upon cleavage, tBid translocates to the mi-
tochondria and there can influence the intrinsic pathway by inducing outer 
mitochondrial membrane (OMM) permeabilization and release of pro-
apoptotic molecules (159, 165) (Figure 6). Thus, death receptor ligation 
leads to direct activation of effector caspases or indirect activation through 
cleavage of Bid.  

Figure 6. Death receptor ligation causes activation of caspase-8 that in turn can 
cleave Bid into tBid and also activate downstream effector caspases leading to cell 
death. tBid participates in the intrinsic pathway where BH3-only proteins are acti-
vated by stress conditions such as, starvation, DNA damage and UV radiation. Upon 
activation the BH3-only proteins can antagonise pro-survival members and activate 
Bax and Bak leading to caspase-dependent or -independent cell death. 

The Bcl-2 family and mitochondrial-induced apoptosis 
Bid is a member of the Bcl-2 family of proteins that are central regulators of 
the intrinsic pathway (166). The primary site of action for Bcl-2 family 
members is at the mitochondrial membrane, where they play a key role in 
regulating whether a cell will live or die. 
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The mammalian Bcl-2 family consists of more than 20 members that can 
be divided into pro- and anti-apoptotic proteins that may either serve as sen-
sors of apoptotic stimuli or regulators of the release of apoptotic factors 
(167). All the Bcl-2 family members possess at least one of four Bcl-2 ho-
mology (BH1-4) domains and most of them have a carboxy-terminal hydro-
phobic transmembrane domain (TM) that facilitates targeting to intracellular 
membranes (Figure 7). The anti-apoptotic proteins Bcl-2, Bfl-1/A1, Bcl-XL,
Mcl-1, Bcl-w, Bcl-B and Boo/Diva/Bcl-2-L10 contain all four BH-domains, 
whereas pro-apoptotic proteins can be divided into two subgroups depending 
on the number of BH-domains. Bak, Bax, Bcl-XS, Bok/Mtd and Bcl-GL all 
contain three BH-domains (BH1-3) while Bad, Bik/Nbk, Blk, Bid, Hrk/DP5, 
Bim/Bod, Bmf, PUMA, Noxa, Nix Bnip3 and Spike only contain the BH3-
domain and are therefore called BH3-only proteins (reviewed in (168, 169)). 
The BH3-domain is important for the binding of BH3-only proteins to the 
Bax/Bak-like proteins and to the anti-apoptotic members, and in that way 
regulating apoptosis (170). 

Figure 7. The Bcl-2 family members possess one to four Bcl-2 homology domains 
and most of them also contain a transmembrane domain (TM).  

How the Bcl-2 family regulates stress-induced apoptosis is not clear. Cel-
lular damage, p53 activation, UV radiation and starvation activate the BH3-
only members that function as sensors for apoptotic stimuli and are essential 
initiators of programmed cell death (170). At the mitochondria, the activated 
BH3-only proteins in turn activate Bax and Bak, pro-apoptotic members 
essential for mitochondrial dysfunction and cell death (171), and antagonize 
the function of the anti-apoptotic members such as Bcl-2 (172) (Figure 6). 
Depending on the balance between anti- and pro-apoptotic members, the cell 
is either rescued from apoptosis or induced to undergo apoptosis.  

Upon pro-apoptotic dominance, Bak and Bax together with tBid cause 
permeabilisation of the OMM (reviewed in (173)). At present three models 
exist for OMM disruption; namely the Bcl-2 proteins themselves form chan-
nels in the OMM (174-176); interaction with pre-existing channels such as 
the permeability transition pore (PTP) (177-179); or alteration of membrane 
lipid order to produce lipidic pores (180). 
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Once permeabilized, pro-apoptotic factors are released from the mito-
chondria, initiating caspase-dependent or -independent cell death (reviewed 
in (181, 182)). Released cytochrome c promotes activation of caspases by 
forming an apoptosome together with Apaf-1 and pro-caspase-9. This leads 
to activation of caspase-9 that in turn can activate downstream effector cas-
pases thus executing cell death. The release of endonuclease G (endoG), 
apoptosis-inducing factor (AIF) and Omi/HtrA2 initiates caspase-
independent cell death (Figure 6). AIF and EndoG translocates into the nu-
cleus where they exert their apoptotic function (183, 184), while Omi/HtrA2 
induced caspase-independent cell death is poorly understood (185). 

The Bcl-2 family members are highly regulated at transcriptional and 
post-translational levels. However, little is known about regulation of their 
genes at promoter level and the transcription factors regulating them. Two 
promoter regions, P1 and P2, have been identified in the bcl-2 gene (186, 
187) where P2 contains NF- B binding sites (188). In response to TNF-
and lipopolysaccharide (LPS), NF- B has been shown to regulate the tran-
scription of A1/Bfl-1 in B-cells (189, 190), while Bim can be transcription-
ally induced by AP-1 and FOXO3a, depending on cell types (191-193). In 
addition, another transcriptional regulation, namely alternative splicing, also 
regulates many family members. Up to now Bcl-2, Bcl-XL, Bfl-1, Mcl-1, 
Bcl-w, Bak, Bax, Bnip3, PUMA, Bcl-G and Bim have been found to exist in 
one or more splice variants (reviewed in (194)). Some of the members are 
converted from anti-apoptotic factors to pro-apoptotic factors, i.e., Bcl-XL
becomes pro-apoptotic Bcl-XS (195), while the biological function of other 
splice variants remains unknown. 

The activity of the Bcl-2 proteins can also be regulated post-
translationally through proteolysis, sequestration and phosphorylation. These 
post-translational modifications either inhibit or activate/enhance the func-
tions of the different proteins. For example, Bid is activated by proteolytic 
cleavage into tBid (159), while phosphorylation of the protein diminishes its 
cleavage by caspase-8 (196). Moreover, phosphorylation of Bad leads to its 
inactivation by sequestration by 14-3-3 scaffolding proteins (197) while 
phosphorylation of Bik enhances its pro-apoptotic activity (198). Upon 
apoptotic stimuli, Bmf and Bim are released from dynein motor complexes 
that otherwise sequestrate them from inducing apoptosis (199, 200). 

The pro-survival protein A1/Bfl-1 
One Bcl-2 family member of particular interest for this thesis is A1/Bfl-1. 
A1 is a pro-survival member of the Bcl-2 family that was first identified as a 
Bcl-2 homologue from mouse bone marrow culture stimulated with Granu-
locyte-macrophage colony stimulating factor (GM-CSF) (201). Three A1 
genes exist, namely A1a, A1b and A1d, all encoding isoforms of A1 that 
have 97% identity to each other (202). A1 is expressed in haematopoietic 
cells such as neutrophils, macrophages, mast cells (201, 203) and lympho-
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cytes (189, 190, 204) but also in endothelial cells (205). A1 and its human 
homologue Bfl-1 are the only Bcl-2 family genes that are induced by in-
flammatory stimuli such as cytokines (190, 205). 

In contrast to A1, only one gene codes for the human homologue Bfl-1 
(206), but two isoforms, Bfl-1 and Bf-1S, exist, as a result of alternative 
splicing (207). mRNA expression of Bfl-1 is normally restricted to the bone 
marrow, lymphoid organs, peripheral leukocytes and lungs, while Bfl-1S
mRNA has been detected in lymphnodes and in the spleen (207).  

Bfl-1/A1 has been observed to confer protection to p53-induced apoptosis 
(208) and apoptosis induced by IL-3 withdrawal (209). Activated human and 
mouse B- and T-cell are protected from apoptosis by upregulating Bfl-1/A1 
mRNA (189, 190, 204, 210). Furthermore, overexpression of A1a in trans-
genic (tg) mice induces resistance towards spontaneous cell death in T-cells 
and activated splenocytes from the A1a tg mice show reduced apoptosis 
compared to non-activated cells. A1a deficient mice have also been shown to 
have an increased neutrophil apoptosis (211, 212) and a damped acute in-
flammation after infection with a pathogen (212). However, no decrease in 
T-cell numbers has been reported in A1 deficient mice. Moreover, Bfl-1 is 
overexpressed in various cancers including breast (213), bladder (214) and 
stomach cancer (206). 

As mentioned, Bcl-2 family members are strictly controlled factors at 
both transcriptional and post-translational levels. Studies indicate that NF-

B transcriptionally regulates A1/Bfl-1 in B-cells (189, 190). So far, the 
transcription factor/factors regulating this gene in mast cells are unknown. 
However, we have indications that the transcription of A1 in mast cells is 
regulated by transcription factors other than NF- B, thus differing from B-
cells.

Different interactions between pro- and anti-apoptotic Bcl-2 family mem-
bers determine whether a cell will live or die. Little knowledge exists on 
how and with which family members Bfl-1/A1 interacts to conduct its anti-
apoptotic function. Bfl-1 has been shown to associate with both full-length 
Bid and tBid. Bfl-1 inhibits mitochondrial apoptotic activation by blocking 
the binding of tBid to Bax or Bak, without interfering with either the proc-
essing of Bid by caspase-8 or the binding of tBid to the mitochondrion (215). 
Moreover, A1 protects COS cells from apoptosis induced by overexpression 
of Bax and Bad but not that induced by Bak or Bik (216). In a yeast-two 
hybrid system under-phosphorylated Bad lacking the 14-3-3 binding site, 
binds all anti-apoptotic Bcl-2 family members including Bfl-1. Co-
transfection of Chinese hamster ovary (CHO) cells with either Bcl-2, Bcl-w 
or Bfl-1 with mutated Bad antagonizes the killing action of Bad (217). Thus, 
the knowledge of A1/Bfl-1 and its anti-apoptotic functions comes from stud-
ies where A1/Bfl-1 has been overexpressed. The interaction between A1/Bfl-
1 and other Bcl-2 family members in mast cells remains to be elucidated. 
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The pro-apoptotic BH3-only protein Bim: the lord of death 
The BH3-only proteins function as sentinels of life and death and initiate 
apoptosis upon death stimuli (170). Bim is one out of at least ten BH3-only 
proteins functioning as death inducers (reviewed in (218)). Bim has been 
shown to be important in haematopoietic homeostasis and prevention of 
autoimmune disorders (219). 

Up to now, nine mammalian isoforms of Bim can be found in the Gen-
Bank database. Three classical isoforms of Bim have been characterized, i.e., 
BimEL (196 aa), BimL (149 aa), and BimS (110 aa), generated by alternative 
splicing (220). BimEL and BimL but not BimS are bound to LC8, a compo-
nent of the microtubule-associated dynein motor complex, that regulates 
their pro-apoptotic activity by sequestering them from their site of action at 
the mitochondrial membrane (199). During induction of apoptosis, even 
before the activation of the caspase cascade, LC8 detaches from the dynein 
motor complex resulting in the release of BimL and LC8. Liberated BimL-
LC8 translocates to the cytoplasmic membranes where they exert their pro-
apoptotic activity by activating Bax/Bak-like proteins (221) or by binding to 
pro-survival Bcl-2 family proteins, thereby blocking their anti-apoptotic 
function (199, 219).  

Activation of Bax and Bak appears to be an essential gateway to the mito-
chondrial disruption required for apoptosis, in response to various stimuli 
(171). Experiments have shown that overexpression of Bim (or other BH3-
only proteins) can only kill cells containing either Bax or Bak (222). Over-
expression of BimEL induces a conformational change in Bax and its translo-
cation to the mitochondrial membrane (221). However, in co-
immunoprecipitation studies, Bim was not found to bind to Bax, Bak, Bad, 
Bik or Bid (220). Moreover, Bim has been shown to bind the anti-apoptotic 
proteins Bcl-2, Mcl-1 and Bcl-w, Bcl-XL and thereby promote cell death 
(220, 223-225).

The pro-apoptotic activities of the BH3-only proteins are stringently con-
trolled by a variety of mechanisms such as transcriptional and post-
translational modifications (226), and binding to cytoskeletal proteins (199, 
226). Besides being released from the dynein motor complex upon growth 
factor deprivation, Bim is also transcriptionally upregulated. The apoptotic 
function of Bim is dependent on de novo expression of the protein since 
Actinomycin D and Cycloheximide inhibit the induction of cell death in 
starved fibroblasts (227). The transcriptional regulation of Bim seems to be 
complex since varying modes of regulation have been reported (191-193). 
The varieties could be due to the need of different regulation in different cell 
types.

Studies have uncovered important roles of the PI3-K-Akt-, JNK- and 
ERK signalling pathways in the regulation of Bim expression. Depending on 
the cell type, one or more signalling molecules are involved in the regulation 
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of Bim expression. IL-3 withdrawal increases Bim expression in pro-B-
lymphoid cells through the ERK and PI3-K-pathways (228). Similarly, se-
rum withdrawal from fibroblasts induces the expression of BimEL through 
either the PI3-K-Akt pathway or the ERK pathway independently of each 
other, while the JNK pathway is neither required nor sufficient for serum 
withdrawal-induced BimEL expression in these cells (227). However, activa-
tion of the JNK pathway is important for Bim expression in neuronal cells 
(191, 229). 

Depending on cell type, either the ERK- or JNK pathway regulates the 
phosphorylation of Bim, which can lead to its release from the dynein motor 
complexes, protein degradation or inhibition of its binding to other Bcl-2 
family members (Figure 8). ERK-mediated phosphorylation of Bim on 
Ser65, Ser69, Ser109 or Thr110 has been shown to inhibit its pro-apoptotic 
function and mark the protein for proteosomal degradation (230-233). In 
contrast, JNK-mediated phosphorylation on Ser65 contributes to the release 
of Bim from the dynein motor complexes and thereby induction of Bax-
mediated apoptosis (234-236). Recently, ERK-dependent phosphorylation of 
Bim on Ser55, Ser65 and Ser100 was shown to inhibit its association with 
Bax and pro-apoptotic activity (233). In conclusion, Bim is a highly regu-
lated protein that upon growth factor withdrawal is released from the dynein 
motor complexes to exert its apoptotic activity by both inactivating anti-
apoptotic proteins and activating Bax/Bak family members. Conversely, 
growth factors cause phosphorylation of Bim, which leads to its inactivation 
and degradation.

Figure 8. Phosphorylation by JNK leads to the release of Bim from the dynein motor 
complex whereas phosphorylation by ERK inhibits its binding to Bax and/or trigger 
its degradation by the proteosome pathway. 
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Pathways involved in anti-apoptotic signalling 
When a ligand binds to its receptor on the outside of the cell membrane, an 
intracellular signal needs to be transduced in order to regulate cellular re-
sponses. Depending on stimuli and receptors, different signalling pathways 
are activated, thus promoting diverse cellular responses like proliferation and 
survival. The PI3-K-Akt and ERK/MAPK signalling pathways have been 
connected to pro-survival signalling (237-240). To elucidate how mast cell 
survival is regulated we have investigated the involvement of PI3-K-Akt and 
ERK/MAPK signalling pathways after IgER-CL, adenosine and SCF stimu-
lation.

ERK/MAPK signalling promotes survival 
The ERK/MAPK signalling pathway has been shown to phosphorylate Bim 
in certain cells and thereby inhibit its pro-apoptotic function (231). ERK is 
typically stimulated by growth-related signals and has been implicated as a 
key regulator of cell proliferation. Moreover, the Ras-MEK-ERK pathway 
also promotes cell survival after growth factor stimulation (237, 238, 241).

MAPK are important signal transducing enzymes that can be activated by 
a wide variety of different stimuli. Three major groups of MAPK exist, the 
p38MAPK family, ERK/MAPK family and the JNK family (reviewed in 
(242)).

ERK/MAPK signalling begins by stimulation of RTK, leading to activa-
tion of Ras via son of sevenless (SOS), a guanine nucleotide exchange factor 
constitutively bound to Grb2 (reviewed in (243)). Activated Ras can in turn 
activate PI3-K and Raf-1. Raf-1 binds to and phosphorylates MAPK/ERK 
(MEK) leading to MEK activation and downstream phosphorylation of ERK 
(244). In turn, ERK phosphorylates other cytoplasmic targets or translocates 
into the nucleus and there regulates transcription factors.  

The PI3-K-Akt pathway and cell survival 
The activity of PI3-K has been found to have a crucial role in regulating 
mast cell survival and is also required for growth factor-dependent survival 
of many different cell types (239). Both Fc RI and Kit stimulation induces 
activation of PI3-K in mast cells. Akt is a target of PI3-K and mediates sur-
vival signals upon growth factor stimulation (240) and is sufficient to block 
apoptosis induced by various death stimuli. 

Akt consists of an -, -, and -isoform (245, 246), all of which have an 
amino-terminal pleckstrin homology domain, a central kinase domain, and a 
carboxy-terminal regulatory domain. Akt is a phosphoprotein that becomes 
phosphorylated at four different sites, Ser124, Thr450, Ser473 and Thr308, 
of which the two latter are important for the activation of Akt. 
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Binding of transmembrane receptors, such as RTK and G-protein-coupled 
receptors with their ligands results in activation and recruitment of PI3-K to 
the inner surface of the plasma membrane. Activation of PI3-K leads to the 
generation of 3’-phosphorylated inositol lipids. Binding of these PI3-K-
generated products to Akt has been shown to be critical for the activation of 
Akt (247). Upon activation, Akt translocates from the cytoplasm to the inner 
surface of the plasma membrane (248). Re-localization brings Akt closer to 
the different regulatory kinases that phosphorylate and activate Akt (240). 
Phospholipids and 3-phosphoinositide-dependent kinase-1 (PDK-1) cooper-
ate in achieving the activation of Akt (249, 250). 

Activated Akt has been demonstrated to regulate survival by phosphory-
lating substrates that are involved in the regulation of apoptosis. Bad (251), 
caspase-9 (252), NF- B (253) and the forkhead family of transcription fac-
tors (254), have all been demonstrated to be direct targets of Akt-regulated 
survival. Phosphorylation of these substrates leads to inactivation of their 
pro-apoptotic functions. Thus, the PI3-K/Akt signalling pathway regulates 
survival by promoting transcription of pro-survival genes or by inhibiting 
transcription of apoptotic genes, and by inactivating components of the in-
trinsic apoptotic machinery. 

Forkhead is a transcription factor family regulating the 
expression of several death inducing genes 
One downstream target of Akt of particular interest for this thesis, is the 
forkhead transcription factor family. Three forkhead family members have 
been identified in mammals, FOXO1, FOXO3a and FOXO4 (255), that all 
function as transcription factors of death inducing genes. The family mem-
bers participate in various cellular functions such as apoptosis and cell cycle 
control.

Many observations suggest a potential link between the Akt pathway and 
transcription factors including those of the forkhead family.  DAF-16, a 
forkhead transcription factor in the nematode, has been shown to be a target 
of the PI3-K-Akt signalling pathway, extending the life-span of the worm 
(256). Akt phosphorylates the forkhead members, sequestering them in the 
cytosol and thereby blocking their transcription of pro-death genes (254). 
The translocation out of the nucleus is dependent on three events; phos-
phorylation of the transcription factors by Akt (257), binding of 14-3-3 pro-
teins, and an intact nuclear export signal motif on the forkhead member 
(254).

Initially, the death inducing cytokine FasL was identified as a mediator of 
forkhead-induced cell death (254). However in some cases where apoptosis 
is regulated by transcriptional regulation of pro-apoptotic genes, the induc-
tion of cell death appears to function through Fas-independent signalling. 
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One candidate is the BH3-only protein Bim that has been reported to play an 
important role in inducing apoptosis in growth factor deprived haematopoi-
etic cells (258, 259), and also being a direct target of the forkhead transcrip-
tion factor FOXO3a (192, 193). The forkhead transcription factor AFX also 
functions by downregulating the expression of pro-survival genes, such as 
Bcl-XL (260). In addition to their function as mediators of apoptosis, the 
forkheads also regulate cell proliferation by being transcription factors for 
the cyclin E-cyclin-dependent kinase 2 (CDK-2) inhibitor, p27Kip1, in-
volved in regulation of the cell cycle (259, 261).  
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Present investigation 

Aim
The aim of this thesis was to study the regulation of mast cell homeostasis 
and activation-induced mast cell survival. Of particular interest was to inves-
tigate SCF-mediated mast cell survival and how mast cells survive an aller-
gic activation via Fc RI.

Results and discussion 

Allergic activation induces survival and A1/Bfl-1 expression in 
mouse and human mast cells but not in basophils (paper I and 
III)
Mast cells and basophils are two distinct cell types that share certain com-
mon features such as structure, function and activation (23, 262, 263). They 
both store histamine within their granules and are positive for metachromatic 
staining with basic dyes. Moreover both mast cells and basophils contribute 
to the pathophysiology of asthma and allergy by releasing multifunctional 
mediators upon cross-linking of the IgE receptor with an antigen. However, 
in longevity they differ; where mast cells survive for months to years within 
the tissue, basophils have a life span of only a few days in the blood. 

One biological characteristic of mast cells is their capacity to recover and 
regranulate after IgER-induced degranulation (4, 5, 79). In paper I and III we 
wanted to investigate the mechanisms responsible for both mouse and hu-
man mast cell survival after IgER-CL. We found that the growth factor and 
serum deprived mouse mast cell line MCP5/L and BMCMC (paper I), as 
well as human CBMC (paper III) survived better after IgER-CL compared to 
resting cells. Thus, IgER-CL induces a survival program in starved mouse 
and human mast cells. 

Several publications have linked A1 and its human homologue Bfl-1 with 
the protection of certain cell types from apoptosis. A1/Bfl-1 are members of 
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the Bcl-2 family, which is one of the main regulators of cell death and sur-
vival. Upon IgER-CL, an upregulation of A1 and Bcl-XL mRNA was de-
tected in mice mast cells (paper I) while human mast cells upregulated Bfl-1 
and Mcl-1 (paper III). Mcl-1 and Bcl-XL are, like A1/Bfl-1, anti-apoptotic 
members of the Bcl-2 family. A1 and Bcl-XL have previously been found to 
be upregulated in B-cells (210) and T-cells (204) after receptor stimulation. 
A1 prolongs cell survival during myeloid differentiation (209), and rescues 
endothelial cells from serum-starvation-induced apoptosis (264). In addition, 
an increase in Bcl-XL mRNA after activation by v-Abl RTK has been ob-
served to inhibit cell death in the murine pre-mast cells IC.DP (265). Fur-
thermore, Bfl-1 suppresses p53-induced apoptosis and permits cell prolifera-
tion in vitro (208, 266). Mcl-1 functions by providing short-term survival 
(267) and can also inhibit apoptosis by binding to the BH3-only protein Bim 
(223).

A prominent role for A1 in activation-induced mast cell survival could be 
suggested when we found that IgER-CL BMCMC lacking A1 could not be 
rescued from apoptosis induced by growth factor deprivation (paper I). A1-/-

mice exhibit increased spontaneous apoptosis of neutrophils (211), while the 
number of mast cells in the skin, spleen and lung are normal. However, sen-
sitized and provoked A1-/- mice exhibited a lower amount of mast cells com-
pared to littermate controls (paper I). In addition, human basophils, in con-
trast to CBMC, failed to induce Bfl-1 and activation-induced survival upon 
IgER-CL (paper III), thus strengthening the importance of A1/Bfl-1 in pro-
moting mast cell survival after allergic activation. In addition, this might 
provide an explanation for the short lifespan of basophils compared to the 
longevity of mast cells. 

Mouse mast cells express three functional genes encoding A1, whereas 
only one gene exists for human Bfl-1 (202). Instead, Bfl-1 has been found to 
exist in two splice variants, i.e., Bfl-1 and Bfl-1S (207), both promoting sur-
vival. In paper III Bfl-1 and Bfl-1S were found to be expressed in IgER-CL 
CBMC whereas resting human mast cell line HMC-1.1 cells, which constitu-
tively express Bfl-1, expressed only full length Bfl-1. This might be due to 
that Bfl-1S is only expressed in activated mast cells or that the splice variants 
have distinct roles in mast cells of different differentiation stages. It could 
also be an effect of the transformation of the HMC-1.1 cell line. 

One of the hallmarks of cellular activation is an increase in concentrations 
of free intracellular calcium (140). Our data suggest that calcium influx is 
required for A1/Bfl-1 induction after IgER-CL, since treatment of MCP5/L 
and CBMC with the calcium ionophore Ionomycin also led to an induction 
of A1/Bfl-1 mRNA expression (paper I and III). These observations were 
further strengthened by the fact that addition of EDTA totally blocked 
A1/Bfl-1 induction after IgER-CL (paper I and III). In addition, compound 
48/80, which targets mast cell activation downstream of calcium mobiliza-
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tion (268), failed to induce A1 in MCP5/L and to promote mast cell survival 
even though it successfully caused exocytosis (paper I). 

The expression of A1 was initially described to be induced by a variety of 
inflammatory stimuli such as GM-CSF and TNF-  (201, 205). We were 
therefore interested in the effect of these cytokines on mast cells. In addition 
we tested IL-4, SCF and NGF, which have earlier been shown to regulate 
mast cell survival and apoptosis (116, 152, 269, 270). However, none of 
these stimuli could induce expression of A1 in growth factor-deprived mast 
cells (paper I). Thus, A1-induction in mast cells differs from other cell types. 

To investigate which downstream signalling pathways are involved in the 
regulation of A1/Bfl-1, we performed inhibition studies (paper I and III). 
The upregulation of A1/Bfl-1 triggered by IgER-CL was inhibited by the 
PI3-K inhibitor wortmannin (paper I and III) and the Syk inhibitor piceatan-
nol (paper III). Syk has previously been shown to be a prerequisite for 
downstream signalling of Fc RI (150).  Thus, these results suggest that 
A1/Bfl-1 is regulated via Syk and PI3-K-dependent pathways. 

NF- B has been reported to transcriptionally regulate A1/Bfl-1 and medi-
ate cell survival (189, 190). The promoter region of A1 contains NF- B
binding sites and we describe in paper I that dexamethasone successfully 
inhibited A1 upregulation after IgER-CL. The importance of NF- B in 
A1/Bfl-1-regulated mast cell survival must however yet be proven. Our data 
give A1/Bfl-1 an important role in allergy-dependent regulation of mast cell 
survival. These findings may prove to be beneficial in reducing mast cell 
number in tissues affected by allergic reactions. Hopefully A1 can be used as 
a target for the development of new allergy therapies.  

Activation of mast cells by immunoglobulin E-receptor cross-
linkage, but not through adenosine receptors, induces A1 
expression and promotes survival (paper II) 
Adenosine is known to cause bronchoconstriction in asthmatics (142) and is 
released by many different cell types into the extracellular fluid and can also 
be generated extracellularly when ATP is degraded. Adenosine binds to G-
protein-coupled receptors and potentiates the release of mediators after 
IgER-CL (271, 272). The ability of adenosine to function as a mast cell se-
cretagogue in the absence of IgER-CL is controversial. Some reports support 
IgE-independent activation of mast cells by adenosine alone while others 
only give adenosine a boosting function in IgER-induced mast cell activa-
tion. In our study we found that NECA, an adenosine receptor agonist, inde-
pendently of IgER-CL caused mast cell degranulation. 

Since A1 upregulation contributes to IgER-induced mast cell survival af-
ter growth factor deprivation, we wanted to investigate if this is a common 
theme among mast cell secretagogues or something specific for IgER-CL. 
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We therefore measured the effect of NECA on A1 expression and mast cell 
survival. An RNAse protection assay was used to detect mRNA expression 
of Bcl-2 family members after IgER-CL or treatment of NECA. In contrast 
to IgER-CL, no upregulation of any of the Bcl-2 family members was ob-
served after stimulation with NECA. NECA also failed to rescue growth 
factor deprived mast cells from cell death, which may be due to the lack of 
A1 expression.

Upon receptor-induced activation, Akt translocates to the nuclear mem-
brane to further transduce downstream signals known to promote cell sur-
vival. Stimulation of BMCMC with NECA caused phosphorylation of Akt 
on Ser473 and Thr308. This was surprising since Akt is involved in pro-
survival signalling and we did not see any survival promoting effect of 
NECA. Previously, Gao et al. showed that RBL-2H3 cells stimulated with 
the adenosine receptor agonist IB-MECA, lead to Akt activation and the 
cells were rescued from UV-induced apoptosis (151).

As mentioned in paper I, NF- B has been reported to regulate transcrip-
tion of A1 in B-cells (210), macrophages (273), and Jurkat T-cells (190). 
The PI3-K-Akt pathways regulate NF- B transcription of A1 in B-cells, 
promoting cell survival (210). NF- B is sequestered in the cytosol by the 
inhibitor I B. In order for NF- B to translocate into the nucleus and be tran-
scriptionally active, I B needs to be phosphorylated. Phosphorylated I B
detaches from NF- B and is degraded, leaving NF- B free to move into the 
nucleus and start transcription of different genes. Both IgER-CL and NECA 
caused phosphorylation of I B-  on Thr32 in BMCMC. Thus, even though 
NECA induces mast cell activation through the Akt pathway this is not 
enough to rescue growth factor deprived mast cell from apoptosis. This may 
be due to the inability of the ARs to induce A1 expression in mast cells. 

Stem cell factor promotes mast cell survival via inactivation of 
FOXO3a mediated transcriptional induction and MEK regulated 
phosphorylation of the pro-apoptotic protein Bim (paper IV) 
SCF is important in maintaining mast cell homeostasis and promoting mast 
cell survival. Even though the function of SCF on mast cells is well known, 
the regulatory pathways leading to SCF-induced mast cell survival have not 
been characterized.  

Akt is a downstream target of PI3-K, which is involved in the regulation 
of several functions including survival (reviewed in (274, 275)). In response 
to growth factors, Akt is activated by phosphorylation (249). In paper IV we 
observed that SCF caused activation of the PI3-K-Akt pathway since Akt 
was phosphorylated on Ser473 and Thr308 and the PI3-K inhibitor 
Ly294002 could totally inhibit the phosphorylation. 
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Many reports suggest a link between the Akt pathway and transcriptional 
regulation. The forkhead transcription factor DAF-16 in C.elegans is re-
pressed by the activity of the PI3-K-Akt pathway (276) extending the life 
span of the worm by repressing pro-death gene transcription. In our study, 
FOXO1a was phosphorylated on Ser256 and FOXO3a was phosphorylated 
on Ser253 and Thr32 in response to SCF stimulation. As for Akt, the phos-
phorylation of FOXO3a was diminished after treatment with Ly294002. 
Thus, SCF-induced activation of mast cells leads to phosphorylation of fork-
head transcription factors through the PI3-K-Akt pathway, linking the Akt 
pathway to transcriptional regulation in mast cells. 

The BH3-only family member Bim has been shown to be a direct target 
of FOXO3a (192). Our study showed that upon IL-3 and serum withdrawal, 
the expression of Bim increased in BMCMC compared to non-starved cells. 
Moreover treatment of these cells with SCF prevented the induction of Bim 
after IL-3 and serum starvation. Thus, SCF could counteract the induction of 
Bim in cytokine and serum starved IL-3 dependent BMCMC.  

Previous studies of the Forkhead transcription factors have shown that 
they regulate the expression of cell death inducing proteins including Bim 
(192, 258). To prove that FOXO3a regulates Bim expression in mast cells, 
BMCMC were infected with a retrovirus encoding an inducible FOXO3-
estrogen receptor (ER) fusion protein FOXO3(A3):ER that also has mutated 
Akt phosphorylation sites and can thus not be inactivated by Akt phosphory-
lation (277). Upon addition of 4-hydroxy tamoxifen (4-OHT) this protein is 
released and can induce transcription of target genes. Treatment of infected 
BMCMC with 4-OHT caused a strong induction of Bim protein and mast 
cell apoptosis thus proving that FOXO3a is the transcription factor regulat-
ing the expression of Bim and mast cell survival.  

When Shinjyo et al. analysed Bim protein in IL-deprived Baf-3 cells they 
detected an additional band of BimEL and BimL (228). Upon growth factor 
deprivation we also observed a band shift of BimEL. An increase of BimEL
protein in a more rapidly migrating lower band was observed for starved 
mast cells compared to cells maintained in normal culture medium. Addition 
of SCF caused a band shift of BimEL to the upper more slowly migrating 
band. To test whether the upper bands were phosphorylated Bim proteins, 
we treated the cells with an alkaline phosphatase. Upon treatment the more 
slowly migrating bands of BimEL were eliminated, indicating that SCF in-
duces phosphorylation of BimEL in mast cells. 

Previously the PI3-K-, ERK/MAPK- and the JNK signalling pathways 
have been reported to be involved in regulating Bim expression and phos-
phorylation in different cell types (228-230, 233, 235). We found that the 
PI3-K inhibitor Ly294002 decreased the phosphorylation of 
FOXO3a(Ser253) in SCF-treated BMCMC. Furthermore, inhibition of Bim 
phosphorylation was observed after addition of Ly294002 to SCF stimulated 
BMCMC. To determine if a pathway other than the PI3-K-Akt signalling 
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pathway was involved in regulating Bim proteins in mast cells we treated the 
cells with the MEK/MAPK inhibitor PD98059. It has previously been shown 
that both MEK/MAPK and PI3-K can protect mouse Ba/F3 cells from apop-
tosis (237). The SCF-induced phosphorylation of Bim in BMCMC was to-
tally diminished after treatment with 40µM PD98059. Thus, SCF-induced 
phosphorylation of Bim inhibited the death-inducing function of Bim in 
BMCMC, regulated via both the PI3-K- and MEK/MAPK pathways. 

Bim has been reported to be involved in the regulation of apoptosis in 
many different cell types. The pro-apoptotic proteins Bax and Bak initiate 
programmed cell death by promoting the release of cytochrome c from the 
mitochondria. These pro-death proteins are repressed by binding to pro-
survival proteins such as Bcl-2 and Bcl-XL (166). In response to different 
stress-inducing signals, the BH3-only proteins, such as Bim and Bad, bind to 
the pro-survival proteins, antagonizing their functions. The BH3-domain of 
the Bcl-2 family members is the important death-promoting domain by 
which the BH3-only proteins bind Bcl-2 and Bcl-XL, resulting in conforma-
tional changes in Bax and Bak (278). Bim-deficient haematopoietic stem 
cells are mostly resistant to apoptosis induced by growth factor deprivation 
or inhibition of the PI3-K pathway (258). To test whether Bim protein con-
tributes to cell death induced by growth factor withdrawal the survival of 
bim-/- BMCMCs were compared to wild type after SCF deprivation. bim-/-
mast cells survived better than wt BMCMC after SCF deprivation, giving 
Bim for the first time an important function as a death inducer in mast cells. 
Taken together paper IV describes for the first time a mechanism for SCF-
regulated mast cell survival. 
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Reflections

The studies in this thesis make a contribution to our understanding of how 
mast cell survival and apoptosis are regulated during homeostasis and in 
inflammation. Since mast cells are involved in many inflammatory disorders, 
great knowledge of how to control mast cell hyperplasia would be invaluable 
in designing new therapeutic targets for the treatment of diseases in which 
mast cells have detrimental effects. 

Activation of mast cells through Fc RI, the Kit-receptor and adenosine 
receptors leads to activation of different downstream signalling pathways 
regulating genes involved in survival and apoptosis decisions (Figure 9). We 
have found that the Bcl-2 family is involved in regulating mast cell numbers 
both during normal conditions and in inflammation. SCF controls survival 
by phosphorylating and downregulating the pro-apoptotic Bcl-2 family 
member Bim, whilst IgER-CL leads to the upregulation of the pro-survival 
members A1 and Bcl-XL in mice and Bfl-1 and Mcl-1 in humans.  

Figure 9. Signalling pathways involved in regulating mast cell survival and apop-
tosis during homeostasis and inflammation. 
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The balance between pro-and anti-apoptotic Bcl-2 family members de-
termines whether a cell will live or die. Dysregulation of this balance has 
been shown to contribute to the development of immunological disorders 
(279, 280). An accumulation of mast cells have been observed in autoim-
mune diseases (3), several neoplasms (281, 282) and allergic diseases (1, 
24), contributing to the severity of the disease. Increased SCF-production 
has been shown to contribute to the pathophysiology of RA (283, 284) and 
asthma (73, 285) by recruiting mast cells to the site of inflammation and by 
potentiating the release of inflammatory mediators after IgER-CL (285). The 
results presented in this thesis suggest that increased SCF-production leads 
to prolonged mast cell survival by repressing Bim-expression and function. 
Thus, dysregulation of the Bcl-2 family could be one explanation for mast 
cell hyperplasia in different diseases. 

In contrast to many other cell types where activation induces cell death, 
mast cells activated by IgER-CL have the capacity to recover, regranulate 
and be activated again (4, 5) and thereby perpetuate allergic inflammation. 
However this is receptor dependent, since NECA, another mast cells secre-
tagogue, which binds to G-coupled receptors, fails to induce survival upon 
activation and degranulation. Thus, activation-induced mast cell survival is 
receptor-specific and involves the regulation of Bcl-2 family members in 
order to maintain or induce survival. 

Nowadays, the majority of drugs and therapies on the market are aimed at 
inhibiting products released from the mast cells instead of inhibiting the cells 
themselves. To reduce mast cell numbers and decrease the severity of in-
flammatory diseases A1/Bfl-1, Bim, Mcl-1 and Bcl-XL could be used as 
targets for new therapeutics in mast cell-associated disorders. Previously, 
anti-sense oligonucleotides against Bcl-2, has been used with some success 
to block cell survival (286, 287). In mast cells, the binding of the pro-
survival member A1/Bfl-1 by anti-sense oligonucleotides could be used to 
inhibit mast cell recovery after IgER-induced degranulation and thus reduce 
inflammation. Another strategy could be the use of BH3-mimetics that can 
bind pro-survival factors, inhibiting the heterodimerization and neutraliza-
tion of pro-apoptotic members and in this way induce apoptosis (288, 289). 
Bcl-X and Mcl-1 already exist in two splice variants, namely Bcl-XS and 
Mcl-1S (195, 290), which have been turned into pro-apoptotic factors. The 
favouring of splicing into the pro-apoptotic variants could be another way to 
promote the death of mast cells. Moreover, an induction of pro-apoptotic 
Bim could be a way to reduce mast cell survival in all mast cell-associated 
diseases.  

Much research still remains to be performed in order to understand the 
whole picture of the Bcl-2 family and how it exactly regulates cell survival 
and apoptosis. However, this thesis has described the importance of A1/Bfl-
1 and Bim in the regulation of mast cell survival. Deciphering of the mecha-
nisms by which mast cells survive and undergo apoptosis will have obvious 
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implications in understanding the etiology and control of mast cell hyperpla-
sia and in designing therapeutic approaches for treatment of systemic mast 
cell disorders and mast cell dependent inflammations. 
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Populärvetenskaplig sammanfattning 

Mastceller är inflammatoriska celler som härstammar från 
stamceller i benmärgen. Omogna mastceller vandrar ut 
från benmärgen och in i olika vävnader i kroppen där de 
utvecklas till mogna och långlivade vävnadsbundna mast-
celler.

Mastceller är viktiga aktörer vid en allergisk reaktion. 
Dessa celler kan aktiveras via flera olika receptorer, vilka utlöser en kaskad 
av intracellulär signalering som leder till frisättning, s.k. degranulering, av 
inflammatoriska mediatorer. Fastän denna degranuleringsprocess är väldigt 
tuff för mastcellerna, så dör de inte utan återhämtar sig, regranulerar och kan 
aktiveras igen. I delarbete I och III har jag beskrivit hur det vid en allergisk 
aktivering av mastceller med IgE och antigen induceras ett överlevnadspro-
gram hos både mus- och humana mastceller. I detta program uppregleras en 
gen som kallas A1 hos möss och Bfl-1 hos människa. Denna överlevnadsgen 
tillhör Bcl-2 familjen vilken innehåller flera proteiner som antingen hjälper 
cellerna att överleva eller bidrar till att cellen dör. Musmastceller som saknar 
A1 genen överlever inte en IgE-medierad aktivering vilket leder till att anta-
let mastceller efter en aktivering reduceras med ca 50% jämfört med vild-
typsmössens mastcellsantal (delarbete I). Basofiler som också kan aktiveras 
genom IgE-receptorkorsbindning, förmår inte uppreglera A1/Bfl-1, vilket 
kan vara förklaringen till deras korta levnadstid (delarbete III).

För att klargöra vilken/vilka signaleringsvägar som är involverade i re-
gleringen av mastcellers överlevnad vid inflammation, aktiverades ben-
märgsmastceller i delarbete II antingen genom korsbindning av IgE-
receptorer eller med adenosin (NECA). Båda aktiveringsmetoderna ledde till 
fosforylering av Akt, ett protein som är viktigt i regleringen av cellöverlev-
nad. Fastän NECA aktiverade Akt befrämjades varken överlevnad eller upp-
reglering av A1/Bfl-1 i dessa mastceller.  

För att mastcellerna ska kunna överleva ute i kroppens vävnader är de be-
roende av kontinuerlig utsöndring av stamcellsfaktor (SCF) från bl.a. stro-
maceller. SCF binder till sin receptor Kit på cellytan och stimulerar på så sätt 
bl.a. överlevnad av mastceller. Fastän SCF är viktig för mastcellers överlev-
nad är litet känt vilka signaleringsvägar inne i cellen som reglerar detta. Ti-
digare studier visar att Bcl-2 familjemedlemmar är involverad i regleringen 
av programmerad celldöd, apoptos, i mastceller. I delarbete IV har jag sett 
att vid stimulering av musmastceller med SCF fosforyleras Akt och tran-
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skriptionsfaktorn FOXO3a. Detta leder i sin tur till fosforylering och nedreg-
lering av den pro-apoptotiska Bcl-2 familjemedlemmen Bim. Vid borttag av 
livsviktiga tillväxtfaktorer uppregleras Bim i många olika celltyper vilket 
leder till att cellerna ingår i apoptos dvs. begår självmord. Mastceller som 
saknar genen för Bim överlever bättre svältinduceradcelldöd jämfört med 
normala celler vilket visar att Bim är viktig vid regleringen av apoptos i 
mastceller. 

Våra upptäckter föreslår att A1/Bfl-1 och Bim är viktiga för regleringen 
av mastcellers överlevnad vid inflammation och under normala förhållanden. 
Dessa upptäckter kan bidra till bättre förståelse för mastcellers långa livstid i 
en allergisk reaktion orsakad av IgE-receptoraktivering. Att förstå de meka-
nismer som reglerar uttrycket av A1/Bfl-1 och Bim kan vara viktigt för att 
kunna få fram nya behandlingsmetoder för inflammation där mastceller är 
involverade.
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