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Introduction

Mast cells play an important role in host defense against invading pathogens, 
including bacteria, viruses, and parasites (1). When mast cells are activated 
by these pathogens they release a diverse range of proinflammatory media-
tors regulating the inflammatory response. In addition to being part of the 
host defense, mast cells are also involved in various types of acute and 
chronic inflammations, where they act as important effector and regulatory 
cells. An accumulation of mast cells is typically observed in tissues affected 
by inflammation (2, 3), and  mast cell numbers have been shown to correlate 
with disease severity (4). Allergy, asthma, rheumatoid arthritis, multiple 
sclerosis, atherosclerosis, and certain types of heart failure are some exam-
ples of diseases with inflammatory features where mast cells are believed to 
play a detrimental role (5-18). An accumulation of mast cells has also been 
observed in several types of tumors (19). 

A possible future treatment of harmful mast cell-associated inflammatory 
disorders could be to eliminate mast cells locally, at the site of the inflamma-
tion. The number of mast cells at certain locations in the body is regulated by 
differentiation, migration, proliferation, and regulation of cell survival versus 
apoptosis (programmed cell death). This thesis describes studies focusing on 
two of these regulatory processes, namely migration and survival/apoptosis. 
Very little is known about the signaling events inside the mast cell orches-
trating migration of the cell in response to promigratory stimulus, or deter-
mining whether the mast cell in a certain situation should survive or undergo 
apoptosis. Knowledge about the underlying mechanisms regulating mast cell 
numbers at sites of inflammation would be beneficial in the development of 
therapeutic drugs targeting mast cells. 

Mast cells 
Mast cells were first described in 1878 by a young medical student, Paul 
Ehrlich (20, 21). In his thesis he describes how he in tissues observed some 
heavily granulated cells that were sharply distinguished from the other cells 
previously described. He named these cells ‘mastzellen’. The word ‘mast’ 
stems from the Greek word  (mastos), which means breast. Ehrlich 
hypothesized (although we know today that this is not the case) that mast 
cells could convert abundant extracellular nutritional material into specific 
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intracellular granules, which could also be fed to the surrounding cells. 
Hence the name “breast cells”. He noticed that there was a higher abundance 
of mast cells in chronic inflammations and in tumor environments, and hy-
pothesized that the tissues there might be overnourished. He suggested that 
mast cell numbers increased during times of hypernutrition, and declined 
during periods of relative starvation. Today we know that mast cells do not 
provide “nutrients” with the common definition of the word, but we know 
that mast cells can indeed provide several stimulatory compounds, as well as 
other factors, to surrounding cells. 

Ehrlich suggested that mast cells differentiate from fibroblasts (20, 21), 
however, today we know this is not their origin. Mast cells develop from 
CD34+ hematopoietic stem cells present in the bone marrow (22-24). In con-
trast to granulocytes, mast cells do not differentiate within the bone marrow. 
Instead committed mast cell precursors leave the bone marrow, enter the 
blood circulation and, as immature cells, migrate into vascularized tissues. 
There, in the tissues, the cells differentiate to mature mast cells, filled with 
granules. Mast cells are dispersed throughout almost all tissues, where they 
can reside for several months. Depending on the microenvironment the phe-
notype of mast cells differs (25-28). 

Mast cells are historically known for their role in allergic disease, but it is 
now evident that they are also involved in host defense against pathogens 
(29), and they are believed to play a role in angiogenesis, tissue remodeling 
and wound healing. Mast cells are especially abundant in the lungs, beneath 
the epithelial surfaces of the skin, in the gastrointestinal and genitourinary 
tract, beside blood (first described by Ehrlich (20)) and lymphatic vessels, 
and adjacent to peripheral nerves (25). With this distribution they get in 
close contact with pathogens invading mucosal surfaces and skin, and can be 
stimulated by compounds entering the tissue from the blood and lymphatics, 
or be activated by neuropeptides released from the nervous system. 

Mast cell activation and release of mediators 
The most studied way to activate mast cells is through crosslinking of the 
high affinity immunoglobulin E (IgE) -receptor Fc RI, which happens in an 
allergic reaction (Figure 1). When a multivalent antigen binds to IgE at-
tached to Fc RI on the mast cell membrane, two or more receptors are 
crosslinked leading to activation of the cell and release of preformed media-
tors from the granules, a process called degranulation. The signaling events 
following IgE-receptor crosslinking involves activation of phospholipase C, 
which in turn catalyses hydrolysis of PIP2, resulting in formation of IP3 and 
diacylglycerol (DAG) (30, 31). IP3 mediates release of calcium ions from the 
endoplasmic reticulum, and the calcium flux is accompanied by degranula-
tion and release of mediators. DAG, which is also generated by phospholi-
pase D, can then be metabolized into arachidonic acid, which in turn is a 
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source for generation of prostaglandins and leukotrienes (31, 32). These two 
types of lipids can be secreted from mast cells upon activation. Protein 
kinase C, which is activated by DAG, has also been described as necessary 
for both degranulation as well as secretion of lipid mediators (33-35).  

Moreover, IgE-receptor crosslinking of mast cells activate several other 
signaling pathways within the cells. Some examples of such signaling path-
ways are those signaling through PI3-kinase, Akt, extracellular regulated 
kinase (Erk), p38, and the Jun N-terminal kinase (JNK), which are, besides 
degranulation, believed to be involved in generation and secretion of cyto-
kines, chemokines, growth factors, and other compounds being secreted 
from mast cells following activation of the cells (31, 36, 37). In addition, the 
different signaling pathways have in several cell types been shown to be 
involved in regulation of cell survival/apoptosis, migration, and prolifera-
tion, mentioning some of the effects (38, 39). 

Besides through IgE-receptor crosslinking, mast cells can be activated in 
numerous other ways (Figure 1). This includes activation with IgG, immu-
noglobulin free light chains, cytokines, chemokines, complement factors, 
neuropeptides, pathogens, chemical agents, etcetera. This does not mean that 
all mast cells respond in the same way to a certain stimulus. Mast cells found 
in different microenvironments can vary in their response to stimuli. Specific 
mast cell subpopulations have been observed to differ in their functional 
properties and to vary in their release of mediators (25-28). 

Some examples of granule contents that can be released upon mast cell 
activation and degranulation are histamine, heparin, tryptase, chymase, car-
boxypeptidase, cathepsin G-like protease, matrix metalloproteinases, TNF- ,
VEGF, and FGF2 (1, 29, 40, 41). The release of compounds from granules is 
a very rapid response. Released mediators can be detected within a few min-
utes of activation. During mast cell degranulation, not only are the prestored 
compounds from the granules released, but large amounts of membranes and 
cellular processes are shed from the cells as well (Figure 2) (42). 

Figure 1. Mast cells can be activated by IgE-receptor activation, as well as by numer-
ous other types of stimuli. Upon activation mast cells release prestored granule-
associated mediators and/or secrete newly synthesized lipid-derived mediators, 
cytokines and chemokines. 
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Furthermore, within 2 minutes of mast 
cell activation, lipid compounds such as 
leukotrienes, prostaglandins, and platelet-
activating factor, can be produced from 
membrane phospholipids within the cells 
and then be secreted fairly rapidly (43). 

Mast cell activation can also result in 
secretion of compounds being newly syn-
thesized from genes. This secretion occurs 
within hours after the activation. Among 
the secreted compounds are the cytokines 
TNF , IL-1 , IL-1 , IL-3, IL-4, IL-5, IL-
6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, 
IL-15, IL-16, IL-18, VEGF, bFGF, TGF-

, GM-CSF, SCF, LIF, IFN- , IFN- ,
IFN- , as well as several chemokines (1, 
29, 44, 45). 

The released and secreted substances 
mediate several inflammatory responses, 
such as leukocyte recruitment, vascular 
effects, and wound healing, and affect 
adaptive immune responses (46).

Mast cells in health and disease 
So, mast cells play an important role in the host defense against pathogens, 
and in wound healing. However, in conditions of excessive inflammation, 
such as in asthma and rheumatoid arthritis, the action of mast cells is detri-
mental for the affected person. Effort is being put into investigations of how 
mast cells are regulated, and what roles mast cells play in physiological con-
ditions, as well as in disease. 

For this, models using mast cell deficient animals can be mentioned as be-
ing effective tools for elucidating the impact of mast cells in different situa-
tions. Among the most used mast cell deficient animals are the W/Wv and 
the Sl/Sld mice, which lack expression of the kit receptor gene and the scf
(ligand for Kit) gene, respectively (22, 47). These mice are almost totally 
lacking mast cells in the tissues, but they have also macrocytic anemia 
(enlarged erythrocytes), impaired melanogenesis, and are sterile. In order to 
emphasize the importance of mast cells these mice can be reconstituted with 
wild type (wt) mast cells before being used in experiments. Alternatively, the 
mice can be reconstituted with mast cells being deficient of a certain gene, to 
prove the importance of that particular gene product in mast cells in the 
model being studied. Moreover, studying disease models in Wsh/Wsh mice 

Photographs by Mats Block 

Figure 2. Above is a photo of a 
resting mast cell. Below is a 
degranulated mast cell that has 
rapidly released prestored 
compounds and shed a lot of 
membrane structures. Printed 
with permission.
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could prove to be useful, since these mice are almost totally lacking mast 
cells in the tissues, but are neither anemic nor sterile (46, 48-50). 

Physiological roles of mast cells 

The role of mast cells in the defense against pathogens 
The fact that mast cells can be very rapidly activated, and the strategic posi-
tioning of mast cells at sites where the body often encounters pathogens, 
makes mast cells important in the first line of defense against invading 
pathogens. As mentioned earlier, mast cells are often notably high in num-
bers in the lungs, in the gastrointestinal and genitourinary tract, and beneath 
the epithelial surfaces of the skin. In other words, at locations being exposed 
to pathogens. There mast cells can act as sentinels and upon activation they 
can act both as effector cells, inducing direct innate immune responses, and 
as regulatory cells, recruiting and stimulating other types of immune cells. 

One example of a process that can be induced by mast cells is fever. IL-1, 
IL-6, and prostaglandins, which can be secreted from mast cells, induce fe-
ver (51-53). It has been hypothesized that a raised temperature lowers the 
viability and reproducibility of some pathogens. It has also been hypothe-
sized that a raised temperature might stimulate heat shock proteins, enhanc-
ing the immune cells’ responses to microbial components (54). 

Another feature of mast cells is their ability to phagocytose and kill bacte-
ria (55-57). In addition, it has been described that mast cells can present 
bacterial antigens to T cells (58). Mast cells can also release antimicrobial 
peptides, and nitric oxide and superoxide radicals, which all have bacteri-
cidal effects (1, 55, 59-61). In a study on mast cells derived from cnlp-/- 
mice, which are deficient of the cathelin-related antimicrobial peptide, it was 
shown that these mast cells had a 50% reduction in their ability to kill group 
A Streptococcus (59). Cathelicidins from different mammals have been de-
scribed to disrupt specific microbial membranes, and to have activities 
against a wide range of bacteria, enveloped viruses, fungi, and protozoa. 
Furthermore, cathelicidins can promote chemotaxis of neutrophils, mono-
cytes and T cells, and recruitment of still more mast cells (62, 63). 

The use of mast cell deficient mice has been very useful for elucidating 
how important mast cells are for the defense against pathogens. Studies have 
revealed that mast cell deficient mice infected with either E. coli or K.
pneumoniae die at a higher frequency than does wt mice infected in the same 
way (64). Similar results were observed in a caecal ligation and puncture 
model of acute septic peritonitis (65). Moreover, upon E. coli infection in the 
urinary tract, mast cell deficient mice were found to have impaired bacterial 
clearance (66). 

It has also been shown that mast cells can be activated by viral proteins 
(29), and studies on rats infected with Sendai virus have demonstrated that 
such infection results in mast cell hyperplasia (67, 68). In parasite infections 
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an accumulation of mast cells is often observed in affected tissue, together 
with increased levels of IgE in the serum (29). Mast cells and mast cell 
products have been shown to play important roles for the expulsion of sev-
eral different types of nematodes (1). After infection of either of H. longi-
cornis, S. venezulensis, or T. spiralis, mast cell deficient mice have been 
shown to have less effective immune response and delayed expulsion of the 
nematodes (69-71). 

Mast cells are often especially abundant close to blood and lymphatic 
vessels, which facilitates the recruitment of different types of immune cells 
into the tissues at sites of infection. Several compounds released and se-
creted from mast cells affect the vascular function. These include pros-
taglandins, histamine, nitric oxide, and other factors, which induce vasodila-
tion of the blood vessels by promoting relaxation of the muscles in the vessel 
walls. Furthermore, there are compounds, such as histamine, leukotrienes, 
and platelet activating factor, which increase the vascular permeability, per-
mitting leakage of plasma from the blood stream into the tissues. This results 
in edema, and facilitates recruitment of immune cells from the blood. The 
plasma that enters the tissue from the blood contains plenty of proteins that 
help to drive the inflammatory reaction, and influence how the inflammatory 
response develops. Examples of such plasma proteins affecting the inflam-
mation are complement factors, kinins, cytokines, and coagulation factors. 

The cytokine tumor necrosis factor (TNF) is an important component of 
the mast cell mediated defense against pathogens (64, 65, 72). TNF is a very 
potent proinflammatory cytokine, and is important for upregulation of adhe-
sion molecules on endothelial cells, and can induce recruitment and activa-
tion of leukocytes, such as neutrophils and eosinophils (73-75). Studies on 
the role of mast cell-derived TNF in wt and in mast cell deficient mice have 
demonstrated that TNF released from mast cells is involved in recruitment of 
circulating leukocytes to sites of infection and to local lymph nodes (64, 65, 
72). TNF has also been described to elicit changes in calcium ion flux within 
smooth muscle cells, to stimulate mucus secretion in airways, and to activate 
fibroblasts and myofibroblasts (73). There are several cell types that can 
secrete TNF, including eosinophils, epithelial cells, Kupfer cells of the liver, 
and macrophages, but the mast cell is so far the only cell type known to be 
able to store preformed TNF, ready to be released rapidly upon activation 
(76, 77). 

In addition to TNF, there are many other compounds released and se-
creted from mast cells that stimulate upregulation of adhesion molecules on 
endothelial cells, increase the avidity of integrins on immune cells, and pro-
mote recruitment of leukocytes to sites of infection or injury. These com-
pounds include numerous different chemokines, cytokines, proteases, and 
lipid-derived mediators (1). Moreover, several of the cytokines, as well as 
histamine, affect the Th1/Th2 type of milieu, influencing the evolution of the 
immune response (1, 46). 
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Mast cells in angiogenesis 
Angiogenic factors, such as TNF, VEGF, FGF2, IL-8, platelet activating 
factor, leukotrienes, prostaglandins, and heparin/chondroitin sulphate, are 
released from mast cells (1). This permits the mast cells to continuously be 
able to interact with the vasculature (and be able to recruit immune cells), 
also at times of tissue damage or remodeling. 

Mast cells in tissue remodeling and repair 
Tissue remodeling and repair are processes closely intertwined with inflam-
matory reactions. Already during early stages of inflammation repair proc-
esses are initiated, but the repair is normally not completed until after the 
harmful stimulus has been neutralized. During tissue remodeling in wound 
healing mast cells have been observed to be abundant at the wound edges 
(78). Analyses of the histology of the skin during wound healing revealed 
that aggregation of collagen at the edges of wounds were tighter and less 
interwoven in mast cell deficient mice compared to wt mice, indicating a 
role for mast cells in collagen remodeling during wound healing (78). Fur-
thermore, it has been described that burn wound healing is delayed or poorly 
regulated in mast cell deficient mice and that collagen accumulation around 
the burn wound during healing is decreased in these mice compared to wt 
mice (79). It was suggested that mast cell chymase plays a role in the healing 
of burn wounds (79). In addition, several other proteases released from mast 
cells, such as tryptase, carboxypeptidase, and matrix metalloproteinases, are 
believed to be involved in tissue remodeling and wound healing (1, 80). 
What is more, histamine and IL-4 released and secreted from mast cells are 
suggested to stimulate fibroblast proliferation and migration of fibroblasts 
into wounds (81-83). 

Effects of mast cells on the nervous system and vice versa 
Mast cells can stimulate, as well as be activated by, the nervous system (84, 
85). This is facilitated by the fact that mast cells are often found gathered 
around various types of nerve endings. Mast cells are also found close to 
blood vessels throughout the brain and are especially abundant in the men-
inges and around the pituitary gland (85, 86). A study on dogs has shown 
that brain mast cells can elicit hypothalamic-pituitary-adrenal responses 
coupled to stress responses (86). In a Pavlovian conditioning experiment, 
where dogs had been repeatedly subjected to allergen at the same time as 
being subjected to a certain sound, it was shown that later on the sound alone 
was sufficient to induce mast cell degranulation (87). This demonstrated the 
ability of the central nervous system to activate mast cells. There are innu-
merable other situations where mast cells are suggested to be involved in 
various types of responses, from initiation of labor, to courting behavior of 
doves (85). 
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Harmful effects of mast cells 
As mentioned, inflammation is not always beneficial for the body, as condi-
tions of excessive inflammation can cause a lot of damage to the affected 
tissue. The actions of mast cells, with their proinflammatory properties, are 
in such situations with excessive inflammation indeed not advantageous for 
the body. 

Mast cells in allergy and asthma 
The historically most well known example of a detrimental role of mast cells 
is in allergy. In allergy an antigen (allergen) crosslinks IgE-receptors on the 
mast cell surface resulting in degranulation and release of proinflammatory 
mediators, setting off the allergic reaction. In healthy individuals the number 
of tissue mast cells are kept at a constant level, but during allergy and aller-
gic asthma the mast cell numbers are increased (2, 88). The chemical media-
tors released from mast cells during an allergic response cause increased 
permeability of the blood vessels with leakage of plasma into the tissues, 
leukocyte recruitment, and inflammation (89). Examples of typical allergic 
symptoms are itching, eczema, hives, rhinitis, and red, running eyes. The 
most well documented mast cell mediator in allergy is histamine. So-called 
antihistamines, which block histamine receptors, are the most commonly 
used drugs for treatment of allergy. Allergic reactions can be divided into 
immediate/early reactions and late phase reactions. One of the cytokines that 
has been shown to be involved in allergic reactions is TNF. A study using 
antiserum against TNF in wt and in mast cell deficient mice implied that 
TNF contributes to mast cell-dependent recruitment of immune cells in late 
phase reactions (90). 

In allergic asthma leukotrienes, prostaglandins, platelet activating factor, 
and other compounds released from mast cells stimulate muscle cells sur-
rounding the airway bronchi, resulting in bronchoconstriction. This, together 
with thickening of membranes in the airways and mucus hypersecretion, 
results in airway obstruction (91). If not treated properly, an asthmatic reac-
tion can, in a worst-case scenario, be fatal. 

Another dangerous outcome of an allergic reaction is anaphylactic shock. 
During anaphylactic shock the patient rapidly gets symptoms such as hives 
and itching, followed by an asthmatic reaction and shortage of breath, 
edema, hoarseness, and thereafter vomiting, stomach cramps, and diarrhea 
(92). Blood vessels throughout the body become vasodilated, and get an 
increase in permeability of the vessel walls, which results in an extensive 
loss of plasma volume from the blood and, hence, a dramatic lowering of the 
blood pressure. Unless the circulatory system manages to maintain sufficient 
perfusion of vital organs, the patient may die without rapid medical care. 
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The role of mast cells in chronic destructive inflammations 
Lately, it has become evident that mast cells are not only involved in allergic 
and asthmatic reactions, but can also influence the onset and/or disease se-
verity of chronic inflammatory reactions, like in certain autoimmune dis-
eases (4). In many inflammatory disorders a correlation between the num-
bers of mast cells in the affected area and the severity of the disease has been 
described. As in allergy, in such diseases mast cells have been implicated in 
generation of tissue destruction due to proteases, edema appearing from in-
creased blood vessel permeability, and recruitment and activation of other 
proinflammatory cells (4, 15, 89).  

A role for mast cells has been suggested in multiple sclerosis, rheumatoid 
arthritis, heart failure, as well as in several other chronic inflammatory and 
fibrotic diseases (7, 8, 10, 17, 93, 94). Using animal models, mast cells have 
been demonstrated to be of critical importance for several of these diseases 
(9, 11, 18). For example, in an arthritis model it was observed that mast cell 
deficient mice were resistant to development of joint inflammation (9). In a 
model of autoimmune Bullous Pemphigoid, where skin blisters are formed, 
it was demonstrated that mast cell deficient mice, as well as wt mice treated 
with a mast cell-stabilizer, failed to develop the disease (95). Similarly, in a 
mouse model for heart failure, where systolic pressure overload in wt mice 
evoked blood clogging in the lungs, fibrosis around blood vessels, and heart 
failure, they noted that in mice lacking mast cells, systemic pressure over-
load gave less or no effects, for example it did not induce heart failure (18). 
In addition, it was found that treating wt mice with a mast cell-stabilizing 
agent during the experiment prevented the development of heart failure. 
Moreover, they observed that systemic pressure overload resulted in upregu-
lation of mast cell chymase in wt mice, indicating that mast cells were in-
deed activated upon this treatment. 

Furthermore, a role for mast cells has been suggested in atherosclerosis 
(14-16). Mast cells are present in atherosclerotic plaques, together with 
plenty of other immune cells, and mast cells have been described to facilitate 
formation of foam cells by affecting low density lipoprotein particles (14). 
Moreover, it has been suggested that atherosclerotic plaques may predispose 
for thrombosis, since rupture of an atherosclerotic plaque results in com-
pounds, including tissue factor, getting in contact with the bloodstream, 
where they activate the coagulation system (15). Proteases released from 
mast cells and other cells have been implied in rupture of atherosclerotic 
plaques (14, 15). In addition, it has been observed that caps of ruptured 
atherosclerotic plaques contain a reduced number of smooth muscle cells, 
and that proteoglycans released from activated mast cells can efficiently 
suppress proliferation of smooth muscle cells, as well as lower their produc-
tion of collagen (16). This would result in a thinner cap, making the plaque 
more prone to rupture. 
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If thrombosis is initiated by ruptured atherosclerotic plaques situated in 
the coronary arteries, it might evoke myocardial infarction. Similarly, if 
atherosclerotic plaques located in blood vessels in the brain ruptures, it can 
result in a stroke. 

Mast cells in cancer 
Mast cells have also been observed to accumulate in many types of tumors, 
as was first described in 1878 in the thesis by Paul Ehrlich (20, 21). There is 
now growing evidence implying that mast cells promote tumor growth and 
metastasis in several types of tumors, rather than combating the tumors, 
which has been suggested for certain tumors (19). Released mediators can 
promote cell proliferation, as well as angiogenesis, and proteases breaking 
down tissues are believed to facilitate metastasis. In Hodgkin’s lymphoma, a 
correlation was found between high abundance of mast cells in the tumor 
area and poor prognosis for the patients (96). Furthermore, it is known that 
many malignancies arise at sites of inflammation (97). In processes of re-
peated damage and regeneration of tissues, highly reactive nitrogen and oxy-
gen species are released from inflammatory cells, which can lead to DNA 
damage in proliferating cells (97). 

Mast cells as a potential reservoir of HIV infection 
Another illness where the role of mast cells has been studied lately is in HIV 
infection. Mast cells have been shown to be a potential reservoir of HIV 
infection (98, 99). HIV can infect mast cells and their progenitors through 
binding to the receptors CD4, CCR5, and CXCR4 on the mast cell surface 
(98-100). Unlike T cells, HIV-infection does not seem to be cytopathic for 
mast cells (101). Mast cells can be latently infected by HIV, and then mi-
grate to various tissues throughout the body, and even when viral production 
is again induced in these cells, the viability of the mast cells does not appear 
to be affected (101). This, together with the fact that mast cells have a long 
life span, has lead to the hypothesis that mast cells might be able to serve as 
long term cellular reservoirs for persistent HIV infection (101). 

Regulation of mast cell numbers at sites of 
inflammation
As mentioned, mast cell numbers are typically increased at sites of inflam-
mation, and in many cases a correlation has been found between the number 
of mast cells in the affected area and severity of the disease. The number of 
mast cells in a certain location in the body is regulated by different mecha-
nisms, including migration of mast cell precursors and mature mast cells to 
the site, differentiation of precursor cells into fully mature cells, proliferation 
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of existing cells, and regulation of whether mast cells should continue to 
survive or undergo apoptosis (Figure 3).  

Differentiation does not only occur when immature mast cell precursors 
differentiate into fully mature mast cells. Besides that, mature mast cells that 
migrate from one type of tissue to another type of tissue can change their 
phenotype (102, 103). The microenvironment of a certain location in the 
body affects not only the phenotype but also how mast cells respond to dif-
ferent types of activation (25-28). 

When it comes to migration, both the migration of mast cell precursors 
from the blood circulation into tissues, as well as migration of mature mast 
cells within the tissues to the inflammatory sites, are of importance. 

In addition to the proliferative capacity of mast cell precursors, also fully 
mature mast cells are able to proliferate. In one study, fully matured perito-
neal mast cells stained with ink were injected into the skin of mast cell defi-
cient mice, and five weeks later the mice were analyzed (104). It was con-
cluded that fully mature mast cells are capable of proliferating in vivo, and 
that this is also true for mast cells that have previously been activated for 
degranulation. 

When an inflammation resolves, mast cell numbers decline. This process 
includes initiation of apoptosis in mast cells. The regulation of mast cell 
survival versus apoptosis is hence another mechanism being important for 
regulation of mast cell numbers at sites of inflammation. 

Multiple effects of SCF on regulation of mast cell numbers 
A cytokine of importance for the regulation of mast cell numbers is stem cell 
factor (SCF). As described, mice with deficient expression of SCF (Sl/Sld

mice) or its receptor Kit (W/Wv mice) almost totally lack mast cells in their 
tissues (22, 47). Mast cell precursors, as well as mature mast cells, express 
the receptor Kit. The Kit ligand SCF is secreted from several cell types, such 
as stromal cells, fibroblasts, and endothelial cells, and can furthermore be 
secreted by the mast cells themselves (105, 106). SCF regulates such diverse 

Figure 3. A model of the mechanisms regulating mast cell numbers at sites of inflam-
mation.



20

functions in mast cells as differentiation, adhesion, migration, proliferation, 
survival, and release of inflammatory mediators (107-118). It has been de-
scribed that injection of SCF into the skin generates mast cell hyperplasia, 
often accompanied by mast cell activation and a mast cell-dependent in-
flammatory response (118-120). 

Upon binding of SCF to Kit on the cell surface, the receptors get dimer-
ized, followed by autophosphorylation on specific tyrosine residues (121). 
This initiates activation of multiple downstream intracellular signaling path-
ways, such as those signaling through either PI3-kinase/Akt, Mek/Erk, p38, 
JNK, or JAK/STAT (121-124). 

Glucocorticoids are widely used for treatment of inflammatory diseases. 
Glucocorticoids reduce the number of mast cells at the inflammatory site, as 
well as affect other immune cells. The major effects of glucocorticoids are 
believed to arise through downregulation of the expression of several proin-
flammatory proteins, and upregulation of proteins with antiinflammatory 
effects. In a study on the effects of glucocorticoids on SCF and mast cells it 
was found that following intradermal injection of glucocorticoids, the SCF 
secretion from the cells in that area was downregulated (125). This in turn 
resulted in an increase in the amount of apoptotic mast cells, paralleled with 
a decrease in total mast cell numbers in the area, which makes sense consid-
ering the multiple effects of SCF on mast cells. 

Mast cell migration 
Besides SCF there are many other compounds that can induce mast cell mi-
gration. These include CCL5/RANTES, IL-8, TGF- , C3a, C5a, serum amy-
loid A, and platelet activating factor (126-134). In addition, IgE-sensitized 
mast cells can migrate toward the antigen (135). There are also compounds 
that can inhibit mast cell migration (134). Together they regulate the number 
of mast cells that migrate to different locations in the body. An appropriate 
number of mast cells must be present in all tissues being exposed to infec-
tions, including the lungs, the gastrointestinal and genitourinary tract, and 
the skin. When a site becomes infected or injured in some other way, still 
more mast cells as well as other immune cells need to be recruited to that 
location.

In cases of excessive inflammation, such as in asthma, and in many auto-
immune and other chronic inflammatory diseases, the recruitment of mast 
cells and other leukocytes to the inflammatory site is not beneficial for the 
resolution of the inflammation. Instead it plays an important pathogenic role 
in the development into a chronic inflammatory state. 

Moreover, mast cells have been suggested to promote tumor growth and 
metastasis of certain cancers (19), and in these cases migration of mast cells 
into the tumor area is not advantageous for the patient. One example of such 
a situation is demonstrated by the observation that Hodgkin tumor cells can 
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secrete the chemokine CCL5/RANTES, which can recruit mast cells, and it 
has been suggested that mast cells can stimulate proliferation of Hodgkin 
tumor cells by binding to the CD30 receptor on the tumor cells (136, 137). 

Hence it is of interest to elucidate the mechanisms behind mast cell re-
cruitment to be able to impede this process in diseases where mast cells are 
involved. 

The role of SCF for mobilization of mast cells to inflammatory sites 
It was first described that SCF induces a chemotactic response in porcine 
aortic endothelial cells transfected with human Kit cDNA (138). A few years 
later it was demonstrated that SCF is a chemoattractant for both human and 
murine mast cells (113, 114). In a study on the effect of glucocorticoids on 
SCF-induced mast cell migration it was found that glucocorticoids inhibit 
this migratory process (139). This suggests that inhibition of migration is 
one of the mechanisms by which glucocorticoids reduces mast cell numbers 
at sites of inflammation. 

MAP kinase signaling pathways and their role in cell migration 
There are many signaling events within cells involved in the regulation of 
migration. Examples of this are signals going via the MAP kinase family 
members, including p38, Erk, and JNK (Figure 4) (140). 

Figure 4. The p38, Erk, and JNK MAP kinase signaling pathways affect various 
processes involved in migratory responses.
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Erk MAP kinases are activated by many different growth factors and mi-
togens (141). The Erk isoforms Erk-1/p44 and Erk-2/p42 are part of the 
Ras/Raf/Mek/Erk signaling pathway. Erk has been reported to play a role in 
migration of several cell types, such as endothelial cells, fibroblasts, and 
osteoblastic cells (142-145). This can be demonstrated using the Mek inhibi-
tors PD98059 or U0126, or dominant negative Mek or Erk mutants. There 
are several different targets of Erk, of the which myosin light chain kinase 
(MLCK), calpain, focal adhesion kinase (FAK), and paxillin have been sug-
gested to be involved in Erk-mediated cell migration (140). MLCK might 
play a role in focal adhesion dynamics and the bulging out of membrane in 
the direction of the migration. Also the FAK-paxillin complex is believed to 
induce changes in focal adhesions. FAK also associates with calpains, which 
are proteolytic enzymes activated by Ca2+, and this interaction affects focal 
adhesions, where calpains are believed to degrade cytoskeletal proteins and 
promote disassembly of the adhesion machinery, hence stimulating focal 
adhesion turnover.  

The p38 MAP kinase is a part of the MKK3/6/p38 signaling pathway. 
This kinase has been demonstrated to be activated by several growth factors, 
cytokines, and chemokines, as well as by cellular stress (141, 146, 147). 
Lately, many studies have been performed where the role p38 plays in cell 
migration have been investigated using the p38 inhibitors SB203580 or 
SB202190, or by using a dominant negative p38 mutant (140). It has been 
observed that signaling through p38 seems to be important for migration of 
neutrophils, smooth muscle cells, aortic endothelial cells, and corneal epithe-
lial cells toward various stimuli (148-154). Several p38 substrates, such as 
MAPKAPK2/3, paxillin, and caldesmon have been implicated in cell migra-
tion (140). The p38 substrate MAPKAPK2/3 can in turn phosphorylate 
Hsp27, which interrupts the inhibitory effect of Hsp27 on actin polymeriza-
tion. Moreover, it has been implied that MAPKAPK2/3 is somehow in-
volved in the mechanisms making sure that a cell migrates in a certain direc-
tion. In addition, p38 has been reported to phosphorylate paxillin, which 
might affect focal adhesions, as well as caldesmon, which has also been sug-
gested to affect migration. 

The JNK signaling pathway is activated by numerous different stimuli, 
including cytokines, growth factors, and cellular stress (147, 155). This 
pathway is, as are the Erk and p38 MAP kinase pathways, believed to be 
involved in regulation of cell migration (156). The inhibitor SP600125 and a 
dominant-negative mutant of JNK have been used for studies of the role of 
JNK in cell migration in various cell types (140). JNK has been implicated 
in the reorganization of the cytoskeleton during formation of filopodia and 
lamellipodia (140, 156). Substrates for JNK suggested to play a role in cell 
migration include paxillin, microtubule-associated proteins, and Jun. 

Prior to our study on SCF-induced mast cell migration, the role of MAP 
kinases in mast cell migration toward different stimuli was poorly investi-
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gated. The only existing study had demonstrated that nerve growth factor 
(NGF) -induced mast cell migration was regulated through both the Erk and 
the PI3-kinase pathways (157). With the aim to further increase the under-
standing of the mechanisms regulating mast cell migration induced by dif-
ferent stimuli, we studied the role of p38 and Erk MAP kinases in SCF-
induced mast cell migration, as discussed in paper I in this thesis. 

Regulation of mast cell survival and apoptosis 
There are many factors described to promote mast cell survival. These in-
clude SCF, IL-3, IL-4, IL-5, IL-6, and NGF (115, 116, 158, 159). Of these, 
SCF is considered as being the most crucial survival factor for mast cells. 

When an inflammation has ceased, the numbers of mast cells have also 
decreased in the same area. It is believed that apoptosis might be involved in 
this process. Hence, regulation of mast cell survival/apoptosis is one of the 
mechanisms likely to be of importance for the regulation of mast cells num-
bers at sites of inflammation. It has been suggested that regulation of mast 
cell survival/apoptosis plays a role in the regulation of the extent and the 
duration of inflammatory reactions. When an infection has been defeated, or 
an injury has been healed, mechanisms halting the inflammatory process are 
crucial. In cases of chronic destructive inflammations, such negatively regu-
lating mechanisms are not working properly. A better understanding of the 
mechanisms regulating mast cell survival and apoptosis would be beneficial 
when trying to come up with ideas on how to hamper the detrimental effects 
of mast cells at sites of excessive inflammation, such as in allergy, asthma, 
rheumatoid arthritis, and other diseases where mast cells have been impli-
cated.

Mechanisms regulating programmed cell death 
When cells die in an uncontrolled way by necrosis, the shattered cell debris 
can trigger inflammation and cause harm to the body. In contrast, pro-
grammed cell death, or apoptosis as it is also called, is a mechanism by 
which cells can be ordered to die in a controlled fashion, without causing 
harm. During programmed cell death the DNA and other structures within 
the cell are degraded, and through membrane blebbing small apoptotic bod-
ies are shed from the dying cell. The apoptotic bodies are subsequently 
phagocytosed by surrounding cells. Since ruptured cell debris is not scattered 
into the tissue, inflammation is not triggered. 

An example of when the apoptosis mechanism is of great importance is 
during embryonic development (160). For instance, when a cavity is about to 
be formed within a fetus, cells must be ordered to die. Moreover, apoptosis 
plays an essential role for maintenance of tissue homeostasis, and for the 
regulation of immune cells (161, 162). As mentioned, the number of immune 
cells increases at sites of inflammation, and when the pathogen is defeated or 
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the wound has healed the number of immune cells must be reduced to basal 
levels.

In mammals two distinct signaling pathways for programmed cell death 
exist, namely the death receptor pathway and the Bcl-2-regulated pathway 
(Figure 5) (162, 163). Both pathways culminate in activation of effector 
caspases, which cleave vital structural proteins and activate latent enzymes 
that degrade DNA (162). This is part of the controlled killing of a cell. 

The death receptor-induced apoptosis has been reported not to be con-
trolled by the Bcl-2 protein family, at least in lymphocytes and myeloid cells 
(163-165). In contrast, in cytokine deprivation- and stress-induced apoptosis, 
pro- and antiapoptotic Bcl-2 family members have in several cell types been 
demonstrated to be critical regulators of apoptosis (166-170). The prosur-
vival Bcl-2 family members consist of Bcl-2, Bcl-XL, Bcl-w, Mcl-1, A1/Bfl-
1 and Boo/Diva (162). These proteins all share three or four regions of ho-
mology, named BH (Bcl-2 Homology) regions. The proapoptotic Bcl-2 fam-
ily members can be further subdivided into the Bax/Bak-like group of pro-
teins and the BH3-only proteins (Figure 5) (162). The Bax/Bak-like group 
includes Bax, Bak, Bok/Mtd, Bcl-XS, Bfk and Bcl-GL. The proteins in this 
subgroup share two or three BH regions, and at least Bax also share exten-
sive similarities with the prosurvival Bcl-2 family members at the structural 

Figure 5. Signaling pathways trigger-
ing apoptosis. The death receptor-
induced signaling pathway includes 
activation of caspase-8. Cytokine 
deprivation or DNA damage pro-
mote apoptosis via the Bcl-2-
regulated pathway, initiated by 
activation of BH3-only proteins, 
such as Bim. These two distinct 
apoptosis signaling pathways both 
culminate in activation of effector 
caspases. Crosstalk between the 
two pathways has been reported, 
at least in certain cell types.
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level (162). The BH3-only protein group consists of Bad, Bid, Bim/Bod, 
Bmf, Bik/Blk/Nbk, Hrk/DP5, Noxa and Puma/Bbc3. The only BH region 
they share with each other and the rest of the Bcl-2 family is the BH3 region 
(171).

It is with the help of the BH3 domain that the BH3-only proteins interact 
with the prosurvival Bcl-2 family members and, as a result of that, neutralize 
the prosurvival activity of these proteins and induce apoptosis (171). Data 
from genetic and biochemical experiments suggest that BH3-only proteins 
initiate cytokine deprivation- and stress-induced apoptosis by binding to 
prosurvival Bcl-2 family members, and that the Bax/Bak–like Bcl-2 family 
members are also required for the cell killing, but play a role further down-
stream (172-174). Previously it was generally believed that all of the BH3-
only proteins can bind in a promiscuous fashion to each and every one of the 
prosurvival Bcl-2 family members. However, a recent report on analyses of 
affinities, supported by analyses of protein interactions in cells, revealed that 
the interactions between the different family members vary considerably 
(174). The BH3-only proteins Bim and Puma could both potently bind to all 
of the prosurvival Bcl-2 homologues with comparable affinity. In contrast, 
Noxa bound only A1 and Mcl-1, whereas Bad bound with high affinity to 
Bcl-2, Bcl-XL, and Bcl-w, but bound only weakly to A1. Similarly, Bmf 
bound best to Bcl-2, Bcl-XL, and Bcl-w. Bik, Bcl-GS, and Hrk, on the other 
hand, preferred Bcl-XL, Bcl-w, and A1. The differences in the binding pat-
terns suggest that different members within the respective Bcl-2 family 
group have distinct biological functions (174). This system provides an intri-
cate way by which specific stimuli can regulate cell survival in precise man-
ners in distinct cell types upon certain conditions. 

Furthermore, it is not only the relative levels of the pro- and antiapoptotic 
proteins of the respective groups that affect how these proteins interact with 
each other and regulate survival/apoptosis. Whether the proteins are in active 
or inactive forms, and the subcellular localization of the proteins, also affect 
the prosurvival/proapoptotic balance. 

According to one theory about apoptosis induced by proapoptotic Bcl-2 
family members, release of cytochrome c from the mitochondria and activa-
tion of the cytochrome c/Apaf-1/caspase-9 apoptosome are essential for the 
activation of the caspase cascade and the demolition of the cells (175-177). 
However, other reports suggest that caspases are also activated upstream of 
the mitochondrial pathway and that the mitochondrial pathway is, at least in 
some cell types, not essential for initiation of apoptosis, but may instead 
promote amplification of the caspase cascade (162, 178, 179). 

In death receptor (e.g., Fas/APO-1/CD95, TNF-R1) -induced apoptosis, 
effector caspases are activated via caspase-8, and it is reported that the Bcl-
2-regulated pathway is not required for this activation, at least in certain cell 
types (162-165). Crosstalk has however been reported to exist between the 
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death receptor pathway and the Bcl-2-regulated pathway, further amplifying 
death receptor-induced apoptosis. (180). 

The PI3-kinase/Akt signaling pathway and forkhead proteins and their 
involvement in the regulation of cell survival and apoptosis 
The PI3-kinase/Akt (Akt is also referred to as PKB or RAC kinase) pathway 
is a signaling pathway transferring signals from the cell surface membrane to 
the nucleus, and believed to play a critical role in for example metabolic 
control and cell survival (181, 182). The PI3-kinase/Akt pathway is activated 
by several survival factors, such as insulin, PDGF, SCF and IL-3 (183-185). 
As a result of activation of PI3-kinase, 3’-phosphorylated inositol lipids are 
generated, which in turn activate the serine/threonine protein kinase Akt by 
phosphorylating the Akt phosphorylation sites Ser473 and Thr308 (181). 

Several substrates to Akt have been identified, 
such as the proapoptotic Bcl-2 family member 
Bad, as well as GSK-3, I B kinase, the transcrip-
tion factor CREB, and members of the family of 
forkhead transcription factors, called FOXO fac-
tors (Figure 6) (181, 182, 186). 

It has been reported that phosphorylation of 
Bad is important for the prosurvival effects 
caused by growth factors (187, 188). Upon phos-
phorylation Bad gets sequestered with protein 14-
3-3, hindering Bad from interacting with prosur-
vival Bcl-2 family members (189). As a conse-
quence, Bad is restrained from initiating apop-
tosis. Hence, Akt-mediated phosphorylation of 
Bad results in a prosurvival stimulus. 

In a study using Rat1 and PC12 cells it was demonstrated that overex-
pression of catalytically active GSK-3 results in apoptosis, and that domi-
nant-negative GSK-3 prevents the cells from undergoing apoptosis following 
inhibition of PI3-kinase (190). Furthermore, when GSK-3  becomes phos-
phorylated by Akt at the phosphorylation site Ser9 the catalytic activity of 
GSK-3  is inhibited (191). 

When I B kinase is phosphorylated by Akt, this protein subsequently 
phosphorylates I B, which is an inhibitor of the NF B transcription factors 
(192, 193). Phosphorylation of I B leads to a ubiquitine-induced degradation 
of the protein. As a consequence the NF B transcription factors become free 
to translocate into the cell nucleus where they can bind to DNA and induce 
transcription of genes. NF B transcription factors regulate expression of 
numerous genes, including genes important for the regulation of cell sur-
vival. NF B has in B-cells and T-cells been demonstrated to induce expres-
sion of the prosurvival Bcl-2 family members A1 and Bcl-XL (194-196). 

Figure 6. A schematic 
drawing of the PI3-
kinase/Akt signaling
pathway affecting cell 
survival. 
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The CREB transcription factor is also implicated in regulation of cell sur-
vival. Expression of dominant negative CREB in cerebellar granule neurons 
inhibited the prosurvival effect of brain-derived neurotrophic factor (197). 
Moreover, constitutively active CREB reduced cell death upon growth factor 
deprivation.

The FOXO group of the forkhead family consists of FOXO1 (previously 
called FKHR), FOXO3a (FKHRL1) and FOXO4 (AFX) (186). When the 
FOXO proteins are in a dephosphorylated state they are located in the nu-
cleus where they induce transcription of certain genes, such as proapoptotic 
genes and genes controlling the cell cycle (186). When FOXO transcription 
factors become phosphorylated, they translocate from the nucleus out into 
the cytoplasm, and can hence no longer activate gene transcription (182, 
198). The FOXO transcription factors can be phosphorylated directly by 
Akt, resulting in inhibition of expression of FOXO-regulated genes (186). 
The FOXO factors have been reported to control cell death by regulating the 
expression of the apoptosis-inducing protein Bim and, in death receptor-
induced apoptosis, the Fas ligand (199-202). Studies using PI3-kinase inhibi-
tors have demonstrated that the PI3-kinase pathway is involved in the regula-
tion of Bim expression (203, 204). Considering the data from studies of 
FOXO transcription factors it is suggested that PI3-kinase/Akt-mediated 
regulation of Bim expression is accomplished through the FOXO transcrip-
tion factors (200, 205, 206). Furthermore, it has been shown in hematopoi-
etic stem cells from bim-/- mice that inhibition of PI3-kinase caused reduced 
levels of apoptosis in these cells compared to hematopoietic stem cells from 
wt mice (200). 

Mek/Erk signaling in regulation of cell survival and apoptosis 
Another signaling pathway which in several cell 
types has been shown to mediate survival and 
proliferation is the Ras/Raf/Mek/Erk signaling 
pathway (Figure 7) (207). Following receptor 
activation and subsequent activation of Ras, Raf 
transmits the extracellular signal by phosphory-
lating Mek, which in turn phosphorylates and 
activates Erk (207). The Mek/Erk pathway is 
activated by various cytokines and growth fac-
tors, including IL-3, SCF, and NGF (208-210). 
Furthermore, this pathway is involved in the 
regulation of production of cytokines and 
growth factors, which can affect the cell in an 
autocrine manner, as well as induce responses in 
other target cells (208). 

It has been observed in cerebellar granular 
cells that activation of Erk by survival factors 

Figure 7. The Erk signaling
pathway is suggested to 
promote survival by inhibit-
ing Bad and Bim, and acti-
vating CREB. 
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can inactivate the proapoptotic Bcl-2 family member Bad (197). In these 
cells Erk activated Rsk, which in turn catalyzed phosphorylation of Bad, 
thereby inhibiting the prosurvival function of Bad, since phosphorylated Bad 
is sequestered with protein 14-3-3. It is also known that Rsk can phosphory-
late the transcription factor CREB, which could be another way for Erk to 
inhibit apoptosis (197). In addition, the Mek/Erk signaling pathway has in 
several cell types been demonstrated to affect both expression levels as well 
as phosphorylation status of the proapoptotic Bcl-2 family member Bim 
(203, 204, 211-214). Phosphorylation of Bim is suggested to impede its 
proapoptotic function, and it has been reported that phosphorylation of Bim 
results in degradation of this protein through the proteasome pathway (212, 
213, 215). 

The role of SCF and IL-3 for mast cell survival 
SCF is a growth factor of major importance for human as well as rodent 
mast cells, promoting processes such as differentiation, migration, prolifera-
tion, and survival (107-111, 113-116). Similarly, IL-3 can promote many of 
these cellular functions in rodent mast cells (216-218). In addition, SCF has 
a survival-promoting effect on other cell types, including primitive hemato-
poietic cells, Kit-expressing natural killer cells, and primordial germ cells 
(219-221). Also IL-3 stimulates survival in several types of cells, such as 
hematopoietic progenitor cells, eosinophils, basophils, and rodent mast cells 
(115, 222-225). IL-3 activates cells by binding to the IL-3-receptor, which is 
a non-phosphotyrosine kinase cytokine receptor (226). Among the signal 
transduction pathways activated by IL-3-receptor stimulation are the PI3-
kinase/Akt pathway, the JAK/STAT signaling pathway, and the MAP kinase 
pathways (226, 227). 

Mouse mast cells are usually developed in vitro from CD34+ hematopoi-
etic stem cells cultured in the presence of IL-3, or in a combination of IL-3 
and SCF (216). In some protocols for development and maintenance of mast 
cells other cytokines are also included (216). 

It has been demonstrated that IL-3 dependent mouse mast cells deprived 
of IL-3 undergo programmed cell death (115). This can be prevented by 
addition of SCF (115). Moreover, it has been shown that mast cells main-
tained in SCF undergo apoptosis upon removal of SCF (116). An in vivo
study demonstrated that the glucocorticoid-induced reduction in tissue mast 
cell numbers following local administration of glucocorticoids is due to a 
reduction in SCF production by surrounding cells (125). These data further 
emphasized the importance of SCF for mast cell survival in vivo. It is evi-
dent that both SCF and IL-3 are cytokines of major importance for regula-
tion of rodent mast cell survival. 

The prosurvival Bcl-2 family members Bcl-2 and Bcl-XL are both ex-
pressed in mast cells (228-230). It has been described that SCF stimulation 
of human lung mast cells induces upregulation of Bcl-2, and that removal of 
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SCF results in downregulation of the Bcl-2 and Bcl-XL protein levels in hu-
man mast cells (230, 231). However, the knowledge about how different 
Bcl-2 family members are involved in regulation of mast cell survival and 
apoptosis is limited. It has been demonstrated that bcl-2-/- and bax-/- mice 
have abnormal numbers of mast cells in certain tissues, but no general dif-
ference in mast cell numbers compared to wt mice was observed (232). 

In the studies discussed in paper II and III, we have analyzed the roles of 
signaling events, as well as the balance of Bcl-2 family members, for regula-
tion of mast cell survival and apoptosis, as carried out by the growth factors 
SCF and IL-3. 

The effect of IgE-receptor activation on mast cell survival 
In addition to the effect of growth factors, there are other types of stimuli 
that can affect mast cell survival. An example is the activation by Fc RI 
crosslinking (233). As mentioned, mast cells become activated by crosslink-
ing of the IgE-receptor Fc RI in allergic reactions. During some conditions 
activation of the IgE-receptor results in increased survival of the mast cells, 
while in other situations the same type of activation leads to apoptosis (229, 
233-235). 

Our group has previously shown that mRNA levels for the two prosur-
vival Bcl-2 homologues A1 and Bcl-XL are upregulated upon IgE-receptor 
crosslinking, and that A1 plays a critical role for the prosurvival effect ob-
served following Fc RI activation (235). Besides inducing upregulation of 
A1 and Bcl-XL mRNA levels, IgE-receptor activation has in mast cells been 
described to activate the PI3-kinase/Akt signaling pathway, affecting cyto-
kine production (37), and to activate the Mek/Erk pathway (236-238). With 
the aim to further understand the mechanisms by which IgE-receptor 
crosslinking affects mast cell survival and apoptosis, we have analyzed vari-
ous signaling events, prosurvival as well as proapoptotic, which are stimu-
lated upon this type of activation. This is discussed in paper III and IV in this 
thesis.
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Present investigation 

Aim
The aim of this thesis was to investigate mechanisms involved in the regula-
tion of mast cell numbers at sites of inflammation. In the studies presented 
here we have focused on analyses of signaling events involved in SCF-
induced mast cell migration, and in regulation of mast cell survival and 
apoptosis.

Results and discussion 

Paper I: Stem Cell Factor-Induced Migration of Mast Cells 
Requires p38 Mitogen-Activated Protein Kinase Activity 
Cell migration is one of the mechanisms regulating mast cell numbers at 
sites of inflammation. SCF is considered as one of the factors being impor-
tant for recruitment of mast cells to inflammatory sites (113, 114). For ex-
ample, it has been suggested that inhibition of SCF-induced mast cell migra-
tion is one of the mechanisms by which glucocorticoids can reduce mast cell 
numbers at sites of inflammation (139). 

Before our study the knowledge about the signaling events important for 
mast cell migration was very limited. Since MAP kinases in other cell sys-
tems have been implicated as important for cell migration, we analyzed 
whether the Erk and p38 MAP kinases play a role in SCF-induced mast cell 
migration. SCF has been described to activate MAP kinases in mast cells, 
but whether these are involved in SCF-induced mast cell migration had not 
previously been investigated. 

In a dose-response experiment, using the mouse mast cell line MCP5/L, 
we observed a maximum activation of both p38 and Erk after stimulation 
with a concentration of 50 ng/ml SCF. When being phosphorylated, these 
MAP kinases are in an active state. Interestingly, 50 ng/ml was also the SCF-
concentration found to be optimal for induction of mast cell migration. 
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In order to investigate whether the p38 and Erk signaling pathways are 
important for mast cell migration toward SCF, two different inhibitors were 
used. The p38 inhibitor SB203580 was added for elucidating the role of the 
p38 signaling pathway, whereas the Mek inhibitor PD98059 was used for 
studying the role of the Mek/Erk signaling pathway. The kinase Mek is op-
erating directly upstream of Erk in the signaling pathway, hence inhibition of 
Mek impedes activation of Erk. The p38 inhibitor SB203580 diminished 
both p38 activation as well as SCF-induced mast cell migration in a dose-
dependent manner. 1 M SB203580 gave an intermediate reduction of both 
p38 activation and cell migration, and the maximum dose of SB203580 
tested (20 M) showed the strongest inhibition of p38 activity as well as 
migration. The results suggest that p38 signaling is of importance for migra-
tion of mast cells upon SCF stimulation. In addition, the Mek inhibitor re-
duced the SCF-induced migration, although to a lower extent than did the 
p38 inhibitor. The conclusion of the experiment was that the Mek/Erk sig-
naling pathway is involved in SCF-induced mast cell migration, although the 
p38 pathway might be more crucial. 

With the aim to investigate whether the finding of a role of p38 in SCF-
mediated cell migration is applicable also to cells other than the MCP5/L 
mast cell line, the effect of the p38 inhibitor was studied on in vitro devel-
oped bone marrow-derived mast cells (BMMC) and on the megakaryocytic 
cell line MO7e. As observed in the MCP5/L mast cell line, the p38 signaling 
pathway seemed to be important for SCF-induced migration in these two 
types of cells as well. The same has been observed in the human mast cell 
line HMC-1 and in human cord blood-derived mast cells (CBMC) (data not 
shown).

Our finding that p38 signaling is important for migration of mast cells 
toward SCF is consistent with other reports demonstrating a role for p38 in 
migration of many cell types in response to various stimuli (140). Further-
more, in a study of inhibition of SCF-induced mast cell migration by gluco-
corticoids, it was found that the inhibition of cell migration was paralleled 
with an inhibition of p38 (139). 

Later the same year as our study was published, a paper from another 
group confirmed our result that p38 plays and important role for SCF-
mediated mast cell migration, as concluded using the p38 inhibitor 
SB203580 (135). In their study they used the mouse mast cell line MC/9. 
This group observed no inhibitory effect of PD98059 on cell migration. 
Hence they concluded that p38 signaling, but not Mek/Erk signaling, is re-
quired for migration of mast cells upon SCF-stimulation. In contrast, in a 
study on a mouse pro-B cell line, it was found that both the p38 and the 
Mek/Erk signaling pathways were important for SCF-induced migration 
(239). Altogether, these studies suggest that the signaling events involved in 
cell migration differ to some extent depending on the cells and the type of 
stimulus. However, what can be concluded from the results presented by us, 
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and confirmed in following reports, is that SCF-mediated mast cell migration 
requires activity of p38. 

Paper II: Stem cell factor promotes mast cell survival via 
inactivation of FOXO3a mediated transcriptional induction 
and MEK regulated phosphorylation of the pro-apoptotic 
protein Bim 
As SCF is a cytokine of major importance for mast cells regulating, for ex-
ample, mast cell differentiation, adhesion, migration, proliferation, and sur-
vival (240), we, in addition to studying the mechanisms for SCF-induced 
mast cell migration, also analyzed the mechanisms for SCF-mediated mast 
cell survival. 

The prosurvival and proapoptotic members of the Bcl-2 protein family are 
important for the control of cell survival and apoptosis (162). As an exam-
ple, the proapoptotic Bcl-2 family member Bim has been reported to play a 
role in the regulation of apoptosis in several cell types, such as B lympho-
cytes, thymocytes, mature T lymphocytes, monocytes, granulocytes, and 
neurons (169, 170, 241, 242). Similarly, as described in paper III in this the-
sis (243) and in this study, Bim is involved in regulation of mast cell survival 
and apoptosis. In this study we have focused on elucidating by which signal-
ing mechanisms SCF regulates Bim. This was investigated in BMMC. 

Previous studies by others have shown that the PI3-kinase/Akt/forkhead 
signaling pathway can regulate the expression of Bim (186, 199-201). We 
observed that SCF-stimulation of mast cells induces a rapid phosphorylation 
of both Akt and its downstream targets FOXO transcription factors, belong-
ing to the family of forkhead proteins. When the FOXO transcription factors 
are in a phosphorylated state they translocate from the nucleus out to the 
cytoplasm, and can hence no longer activate transcriptions of genes, includ-
ing, the bim gene (186). 

When mast cells developed in IL-3 were deprived of IL-3 and serum, we 
observed an upregulation of Bim protein levels. When SCF was added at the 
time of IL-3 and serum withdrawal, the upregulation of Bim levels was pre-
vented. The treatment of the cells with SCF counteracted the upregulation of 
Bim upon IL-3 and serum deprivation. Our results suggest that the SCF-
induced phosphorylation of FOXO transcription factors and the resulting 
downregulation of Bim levels is one pathway through which SCF exerts its 
function as a prosurvival factor for mast cells. This correlates well with the 
finding from experiments on mast cells produced in IL-3 plus SCF that 
bim-/- mast cells have a delayed induction of apoptosis following SCF with-
drawal as compared to wt cells. 

In additional experiments with the aim to prove that FOXO3 can regulate 
the expression of Bim in mast cells, we infected BMMC with a retrovirus 
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that encodes an inducible phosphorylation-deficient FOXO3. This particular 
FOXO3 is fused to an estrogen receptor, hence this FOXO3:ER fusion pro-
tein is sequestered by Hsp90, and cannot activate transcription of FOXO3 
regulated genes. However, upon treatment with 4-hydroxy tamoxifen (4-OH) 
the FOXO3:ER fusion protein is released from Hsp90, and subsequently 
enters the nucleus, and induces transcription of FOXO3-regulated genes. 
Since the FOXO3:ER protein cannot become phosphorylated by Akt (the 
three identified Akt phosphorylation sites Thr32, Ser253, and Ser315, are 
converted to alanines), Akt can in this system not inactivate these FOXO3 
molecules. 

In the experiments in which we used the inducible phosphorylation-
deficient FOXO3 protein, we found that addition of 4-OH to the mast cells 
resulted in a strong upregulation of Bim, also in the presence of SCF. Hence 
FOXO3 can regulate Bim expression in mast cells. The upregulation of Bim 
was paralleled with induction of apoptosis. The presence of SCF could not 
rescue the mast cells from apoptosis when phosphorylation-deficient 
FOXO3 was expressed. Moreover, when using the inducible phosphoryla-
tion-deficient FOXO3 in bim-/- mast cells, apoptosis was not induced upon 
treatment with 4-OH. These results further strengthen the conclusion that 
active FOXO3 induces transcription of Bim in mast cells, which results in an 
induction of apoptosis. This mechanism is similar to what has been observed 
in other cell types, where compounds have been reported to induce signaling 
through PI3-kinase/Akt, and by phosphorylating FOXO transcription factors, 
thereby inhibited transcription of Bim (200, 205, 206). 

When studying the effect of SCF on Bim protein levels we found that, in 
addition to preventing upregulation of Bim expression, SCF stimulation of 
mast cells also affected the migration pattern of BimEL as observed when 
analyzing the cell lysates on Western gels. Several studies have previously 
demonstrated that Bim can be regulated by phosphorylation in addition to its 
transcriptional regulation, and that slower migrating BimEL as seen on SDS 
page electrophoresis gels represents the phosphorylated form of the protein 
(203, 211, 212, 215). Experiments using phosphatase indicated that the shift 
in migration observed on Western gels following SCF treatment was indeed 
due to SCF-induced phosphorylation of BimEL. It is suggested that phos-
phorylation of Bim hampers its proapoptotic action, and it has been reported 
that Bim phosphorylation promotes its degradation through the proteasome 
pathway (212, 213, 215). 

In order to investigate the signaling pathways involved in SCF stimula-
tion-induced phosphorylation of BimEL, we treated mast cells with inhibitors 
of PI3-kinase and Mek, respectively. It has been reported that both of these 
signaling pathways are involved in the regulation of Bim protein levels in 
other cell types, and that the Mek/Erk pathway can regulate Bim phosphory-
lation (203, 204, 211-214). As expected, the PI3-kinase inhibitor LY294002 
inhibited phosphorylation of Akt and decreased the phosphorylation of the 
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downstream forkhead protein FOXO3a. We also found that LY294002 effi-
ciently inhibited phosphorylation of Bim, suggesting that the PI3-kinase/Akt 
pathway is involved not only in controlling the expression of Bim, but is also 
involved in the regulation of Bim phosphorylation. In experiments using the 
Mek inhibitor PD98059, we showed that this inhibitor blocked SCF-induced 
phosphorylation of BimEL, demonstrating that the Mek/Erk signaling path-
way is important for the regulation of Bim phosphorylation by SCF. Our 
finding that SCF-induced phosphorylation of Bim is controlled via both the 
Mek signaling pathway and the PI3-kinase pathway differs from what has 
been observed in, for example, neuronal cells, where the Mek pathway, but 
not the PI3-kinase pathway, was reported to be involved in NGF-induced 
phosphorylation of Bim (211). 

Altogether, the results obtained in this study demonstrate that SCF regu-
lates mast cell survival through downregulation of the Bim protein levels as 
well as through induction of phosphorylation of Bim. Our data suggest that 
the Bim protein levels are controlled via the FOXO transcription factors, 
while both the Mek pathway and the PI3-kinase pathway seem to be in-
volved in SCF-induced phosphorylation of Bim (Figure 8).  

Figure 8. Proposed pathways for SCF-regulated mast cell survival. SCF induces 
phosphorylation of Bim via Mek and PI3-kinase signaling pathways, as demonstrated 
using the PI3-kinase inhibitor LY294002 and the Mek inhibitor PD98059. Further-
more, SCF activates Akt, resulting in inhibition of FOXO3a. When FOXO3a is 
inhibited, Bim expression is downregulated. 
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Paper III: Proapoptotic Bcl-2 family member Bim is involved 
in the control of mast cell survival and is induced together 
with Bcl-XL upon IgE-receptor activation 
Since Bim in many cell types and upon various types of proapoptotic condi-
tions has been demonstrated to be involved in induction of apoptosis (169, 
170, 241, 242), we wanted to explore whether Bim is involved in regulation 
of mast cell apoptosis. In order to investigate whether Bim plays a role in the 
induction of mast cell apoptosis upon growth factor deprivation, we devel-
oped mast cells (BMMC) from bim-/- and wt mice. In addition, we devel-
oped mast cells from vav-bcl-2 transgenic mice that overexpress Bcl-2 in all 
hematopoietic cell lineages. In growth factor withdrawal experiments we 
found that Bim is involved in cytokine withdrawal-induced mast cell apop-
tosis. Bim deficient mast cells survived growth factor deprivation better than 
did wt cells. However, the cells were not totally rescued from apoptosis, 
indicating that in addition to Bim, other death inducers are involved in the 
induction of cell death. Mast cells overexpressing Bcl-2 survived even better 
than did Bim deficient cells, suggesting that other Bcl-2 inhibitable apoptosis 
inducers contribute to this induction of apoptosis. Possibly these death in-
ducers are other BH3-only proteins. 

Moreover, our results indicate that there are significant differences in the 
mechanisms involved in the control of apoptosis induced by growth factor 
deprivation, depending on if the mast cells have been produced in IL-3 alone 
or in the combination of IL-3 and SCF. For example, wt mast cells produced 
in IL-3 underwent a slow process of apoptosis when they were deprived of 
IL-3, while wt mast cells produced in both IL-3 plus SCF were already dead 
20 hours after growth factor (IL-3 plus SCF) withdrawal. Furthermore, our 
results suggest that in mast cells Bcl-2 might be able to compensate more 
efficiently for SCF-receptor signaling than for IL-3-receptor signaling. 

Crosslinking of the high affinity IgE-receptor Fc RI activates mast cells 
in allergic reactions. This results in release of prestored proinflammatory 
mediators from granules. Degranulation is a rather rough process for the 
cells, where a lot of membrane structures are shed from the cells (42). It has 
been observed that IgE-receptor activation in certain conditions induces a 
prosurvival stimulus to the cells, whereas in other situations this type of acti-
vation can instead result in increased cell death (229, 233-235). When inves-
tigating the involvement of the proapoptotic protein Bim following IgE-
receptor activation, we noted that the prosurvival effect observed in our ex-
periments after such activation cannot be solely due to inactivation of Bim, 
since IgE-receptor activation could induce a prosurvival stimulus in bim-/-
mast cells, as in the wt cells. Additionally, when performing protein analyses 
we found that the Bim protein levels are upregulated following IgE-receptor 
activation. We analyzed the expression of the prosurvival proteins Bcl-2, 
Bcl-XL and Bcl-w, the proapoptotic multi BH domain protein Bak, and the 
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proapoptotic BH3-only proteins Bim, Bmf and Bad, and found that they are 
all expressed in BMMC as well as in the C57 mouse mast cell line. Among 
the proteins analyzed we found that the proapoptotic proteins BimEL and 
BimL and the prosurvival protein Bcl-XL were all strongly upregulated as a 
result of IgE-receptor crosslinking. The IgE-receptor activation-induced 
upregulation of Bcl-XL, together with the prosurvival homologue A1, has on 
RNA level previously been observed by our research group (235), but this 
was the first time it was demonstrated that FcR activation can result in 
upregulation of a BH3-only protein. 

When performing survival experiments investigating the effect of IgE-
receptor crosslinking on mast cell survival, we noted that in some experi-
mental conditions IgE-receptor activation results in decreased cell death, as 
has been previously demonstrated by our group and others (234, 235), while 
in other experimental settings no prosurvival effect was observed following 
this type of activation. Also other groups have reported that IgE-receptor 
crosslinking can sometimes have a neutral or even negative effect on mast 
cell survival (229, 233). Our finding that both prosurvival (Bcl-XL) as well 
as proapoptotic (Bim) protein levels are upregulated following IgE-receptor 
activation might explain these observations. It is likely that the fate of the 
mast cells following IgE-receptor crosslinking can be fine-tuned by the bal-
ance between the prosurvival and the proapoptotic molecules. 

The results presented in this study provide evidence that the proapoptotic 
protein Bim is involved in growth factor deprivation-induced apoptosis and 
that Bim and Bcl-XL protein levels are upregulated upon activation of the 
IgE-receptor Fc RI (Figure 9).

Figure 9. Two models of Bcl-2 family-regulated control of mast cell survival. IgE-
receptor crosslinking simultaneously induces upregulation of proapoptotic as 
well as prosurvival Bcl-2 family members. Moreover, SCF and IL-3 affect Bim, 
which is demonstrated by the finding that Bim is involved in apoptosis triggered 
by deprivation of SCF and/or IL-3.
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Paper IV: IgE-receptor activation of mast cells regulates 
phosphorylation and expression of forkhead and Bcl-2 
family members 
With the aim to further analyze prosurvival and proapoptotic signaling 
events involved in the regulation of mast cell survival and apoptosis, as af-
fected by IgE-receptor crosslinking, we studied a number of signaling mole-
cules considered as being important for control of cell survival/apoptosis. 

The Akt signaling pathway is regarded as important for regulation of cell 
survival in many cell types and upon numerous types of stimuli (244-248). 
When activating BMMC with IgE-receptor crosslinking, we observed a 
rapid phosphorylation of Akt on Ser473 as well as on Thr308. The phos-
phorylation on Ser473 correlated with what has been reported previously 
(37). In addition, we noted a rapid but transient phosphorylation of GSK-3 ,
of the NF B inhibitor I B- , and of the proapoptotic Bcl-2 family member 
Bad, which are three proteins regarded as being downstream of Akt in the 
signaling pathway. Phosphorylation of these three proteins has been sug-
gested to result in a prosurvival stimulus to the mast cell. Phosphorylated 
Bad is sequestered by the protein 14-3-3, and is hence restrained from bind-
ing to prosurvival Bcl-2 family members and inducing apoptosis. When I B-

 becomes phosphorylated the NF B transcription factors are free to induce 
expression of genes, including genes regulating cell survival (249). In B cells 
and T cells NF B has been demonstrated to induce transcription of the pro-
survival Bcl-2 family member A1 (194). In mast cells we observe an upregu-
lation of A1 following IgE-receptor activation, as described here and re-
ported by us before (235). 

Moreover, the two FOXO transcription factors analyzed in this study 
were both found to become phosphorylated upon IgE-receptor activation. 
FOXO factors are also considered as downstream targets of Akt (198, 250-
252). Upon phosphorylation they are no longer able to induce expression of 
genes, such as Bim (182, 198). We examined whether IgE-receptor activa-
tion affects the phosphorylation status of FOXO1a and FOXO3a in mast 
cells, and found that both of these FOXO transcription factors were rapidly 
but transiently phosphorylated following IgE-receptor activation. Maximum 
phosphorylation was observed already after 5 minutes, the earliest time point 
analyzed. Our results imply that IgE-receptor crosslinking inhibits expres-
sion of genes regulated by the transcription factors FOXO1a and FOXO3a. 

Considering the observation that FOXO transcription factors become 
phosphorylated following IgE-receptor activation, one might expect that the 
proapoptotic protein Bim, which has been reported to be transcriptionally 
regulated by FOXO3a, would be downregulated after this type of activation. 
However, we observed that IgE-receptor crosslinking induces an upregula-
tion of Bim. This suggests that, in addition to FOXO3a, there are other tran-
scription factor(s) that are involved in the transcriptional regulation of the 
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bim gene in mast cells. The upregulation of Bim represents a proapoptotic 
effect in mast cells following IgE-receptor crosslinking. 

Another interesting finding was that IgE-receptor activation induces 
phosphorylation of Bim, as observed by a shift in the migration pattern on 
SDS page electrophoresis gels. Bim was phosphorylated within 5 minutes of 
activation, the earliest time point studied. After 120 minutes the phosphory-
lation status had decreased to basal levels. Since phosphorylation of Bim is 
believed to interfere with its proapoptotic function and induce degradation of 
Bim (212, 213, 215), this IgE-receptor activation-induced phosphorylation of 
Bim is an example of a prosurvival event promoted by this type of activa-
tion.

In conclusion, IgE-receptor activation results in various types of prosur-
vival as well as proapoptotic signaling events within the mast cells (Figure 
10). This could be a way to fine-tune the regulation of the fate of the mast 
cells after IgE-receptor activation. The balance between prosurvival and 
proapoptotic signaling events might determine if the net effect of the recep-
tor activation is extended survival or increased apoptosis.  

Figure 10. Crosslinking of the 
IgE-receptor Fc RI stimulates 
both prosurvival and proapop-
totic signaling events. The fate 
of the mast cells is affected by 
the balance between these 
signaling events. 
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Concluding remarks and reflections 

With this thesis I provide new insights about the signaling events involved in 
induction of mast cell migration and in regulation of mast cell survival and 
apoptosis. Migration and regulation of survival/apoptosis are, together with 
mast cell differentiation and proliferation, controlling the numbers of mast 
cells in different tissues, in healthy tissues as well as at sites of inflamma-
tion.

With their proinflammatory features, mast cells play an important role in 
battles against invading pathogens, and during tissue remodeling and wound 
healing. However, in situations with excessive inflammation the effects of 
mast cells are detrimental. This includes the inflammatory reactions in al-
lergy, asthma, rheumatoid arthritis, autoimmune Bullous Pemphigoid, 
atherosclerosis, and numerous other illnesses associated with inflammation. 
A better understanding of the mechanisms regulating mast cell numbers at 
sites of inflammation would be beneficial in the design of new treatments of 
diseases where the effects of mast cells are harmful for the tissues. Ideally, 
such treatments would abolish mast cells locally in the area with the exces-
sive inflammation. 

We have demonstrated that p38 MAP kinase activity is required for mi-
gration of mast cells toward SCF. One way by which glucocorticoids re-
duces mast cell numbers at sites of inflammation is believed to be through 
reduction of SCF-induced mast cell migration. In part, this could be due to a 
reduction in secretion of SCF from cells in the tissues being subjected to the 
treatment (125). In addition, glucocorticoids have been reported to directly 
interfere with SCF-induced mast cell migration, and the role of p38 for this 
migration was further emphasized by the finding that glucocorticoid-
promoted inhibition of SCF-induced mast cell migration is paralleled by an 
inhibition of p38 (139). In another study it was observed that migration of 
IgE-sensitized mast cells toward the antigen is in a similar way regulated by 
p38 (135). However, not all migratory responses are governed in the same 
way. For example, TGF- 1-induced mast cell migration is not dependent on 
functional p38 (253). Instead the Mek/Erk signaling pathway was found to 
play a major role in this case. Hence, for acquiring a far-reaching under-
standing of the mechanisms regulating migration of mast cells toward areas 
of inflammation, further studies of the molecular mechanisms involved in 
different migratory responses are needed. 
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In addition to analyses of mechanisms important for mast cell migration, 
we have elucidated some of the signaling events involved in regulation of 
mast cell survival and apoptosis. We report that the proapoptotic Bcl-2 fam-
ily member Bim plays a role in mast cell death triggered by deprivation of 
the growth factors SCF and/or IL-3. In addition to Bim, other Bcl-2 inhibi-
table death inducers are involved in this process, quite likely other BH3-only 
proteins. Furthermore, we noted that SCF activates Akt, and phosphorylates 
and hence inactivates FOXO transcription factors. We have demonstrated 
that active FOXO3 induces Bim expression and promotes apoptosis in mast 
cells. Our results correlate well with studies in other cell types of how the 
PI3-kinase/Akt/FOXO signaling pathway can regulate Bim expression (186, 
199-201). Moreover, SCF did not only affect the expression levels of Bim. 
Via both the Mek/Erk signaling pathway and the PI3-kinase/Akt pathway 
SCF induced phosphorylation of Bim. This is believed to hamper the 
proapoptotic function of Bim and induce degradation of Bim through the 
proteasome pathway (212, 213, 215). The finding that SCF-induced phos-
phorylation of Bim in mast cells was regulated through the PI3-kinase/Akt 
pathway in addition to via Mek/Erk differs from what has been observed in 
an IL-3-dependent mouse pro-B cell line, where IL-3-induced phosphoryla-
tion of Bim was reported to be regulated through the Mek/Erk signaling 
pathway, but not through PI3-kinase/Akt (254). The differences in the results 
suggest that the signaling pathways affecting Bim phosphorylation varies 
depending on cell type and stimulus. 

Our studies describing that IgE-receptor activation promotes both prosur-
vival as well as proapoptotic signaling events make a contribution to the 
understanding of how the fate of mast cells following this type of activation 
is regulated. We have observed that IgE-receptor crosslinking, which occurs 
in allergic reactions, induces phosphorylation of Akt and FOXO transcrip-
tion factors in a similar way, as does SCF. However, the proapoptotic protein 
Bim is upregulated instead of downregulated following IgE-receptor activa-
tion, indicating that in addition to FOXO3a there are other transcription fac-
tor(s) that regulate Bim expression in mast cells. Furthermore, GSK3 , I B-

, and the proapoptotic BH3-only proteins Bim and Bad are phosphorylated 
(hence inhibited), and the prosurvival Bcl-2 family members Bcl-XL and A1 
are upregulated, all being events which have been implicated in promotion 
of cell survival. Considering the results presented in this thesis we suggest 
that the simultaneous stimulation of both prosurvival and proapoptotic sig-
naling events upon IgE-receptor activation is a way to fine-tune the regula-
tion of the fate of the mast cells after activation and degranulation. This 
might explain why activation of mast cells through IgE-receptor crosslinking 
in some conditions results in increased cell survival, while it in other situa-
tions have a neutral or even death-promoting effect on the cells. 

Most treatments available today affecting the effects of mast cells are act-
ing on the proinflammatory mediators released and secreted from the mast 
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cells, and by other proinflammatory cells. A well-known example is antihis-
tamine, which is widely used for treatment of allergy. Glucocorticoids, such 
as cortisone, are also commonly used for treatment of asthma and other in-
flammatory conditions. In addition to the effect of glucocorticoids on mast 
cell migration, glucocorticoids have been shown to induce mast cell apop-
tosis caused by the reduced secretion of SCF in the treated tissues (125). 
Glucocorticoids are believed to affect the expression of many different genes 
in various cell types. The antiinflammatory COX-2 inhibitors interfere with 
synthesis of prostaglandins and leukotrienes, which are generated by mast 
cells and other cells. Furthermore, drugs targeting TNF are used, for exam-
ple, for the treatment of rheumatoid arthritis. Moreover, there exist so-called 
mast cell stabilizing agents, which prevent mast cell degranulation. 

Still, the available treatments for several allergic, autoimmune and other 
chronic inflammatory diseases are unsatisfactory. A possible future treat-
ment of harmful inflammatory diseases where mast cells play a detrimental 
role could be to eliminate mast cells locally, in the inflamed area. Such a 
treatment would need to be specific for the mast cells, so as not to destroy 
epithelial and other cells in the area. For example, if one could construct a 
chimeric protein by fusing a proapoptotic protein (from either the BH3-only 
group or the Bax/Bak group) with a protein domain that can interact with a 
mast cell specific surface structure and be internalized into the mast cell, it 
would perhaps be possible to make a drug that specifically eliminates mast 
cells in the treated area. It has been reported that a chimeric protein build of 
Bax or Bak fused with a protein domain with affinity for the IgE-receptor 
Fc RI could successfully target and kill mast cells and basophils through 
induction of apoptosis (255). Since minimal peptides containing a BH3 do-
main seem to be sufficient for binding to prosurvival Bcl-2 family members 
and antagonizing their antiapoptotic function (256), a chimeric fusion pep-
tide where a BH3 domain (or a BH3-domain mimicking agent) is fused to a 
small peptide with affinity for Fc RI might be as efficient, and would have 
the advantage of being more easily produced in large scale for therapeutic 
use compared to chimeras of bigger size. The BH3-domain utilized could be 
constructed from Bim or Puma, since both of these proteins can bind to all 
prosurvival Bcl-2 homologs (174). However, peptide stability problems et-
cetera would need to be solved, and the drug itself should not provoke an 
immune response. 

Additionally, new treatments inhibiting migration of mast cells and other 
proinflammatory cells from the surrounding tissues might also be a way by 
which inflammation could be subdued. 
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Swedish popular science summary 

Mastceller som möjlig måltavla vid behandling av 
inflammationer
Mastcellen är en viktig cell i vårt immunförsvar. Mastceller som aktiveras 
kan frisläppa ämnen som ger upphov till inflammation (se figur 1 och 2, sida 
11 och 12). De klassiska symtomen vid akut inflammation är smärta, svull-
nad, och att det inflammerade stället får en röd ton och känns lite varmt. 
Inflammation hör till en process där mastceller hjälper till att bekämpa an-
gripande bakterier, virus, eller parasiter. Vid inflammation ansamlas en 
mängd olika immunförsvarsceller, och vävnaden blir även fylld med vätska 
som utsöndras från blodomloppet. Denna vätska innehåller diverse olika 
ämnen som är viktiga för att få immunförsvarscellerna att aktiveras så att de 
förgör de bakterier,  virus eller parasiter som angripit kroppen. 

Dessutom är ett flertal ämnen som kan utsöndras från mastceller viktiga 
vid omstrukturering av kroppsvävnader, och vid sårläkning och blodkärls-
bildning. 

Det finns dock situationer där inflammationer är skadliga för kroppen. 
Ibland blir det för mycket inflammation, i sammanhang där det inte finns 
några bakterier eller virus som ska bekämpas, eller någon skada som be-
höver läkas. Om man har inflammation i kroppen trots att det inte behövs är 
detta skadligt för kroppen. Exempel på när inflammationer är skadliga för 
kroppen är vid autoimmuna sjukdomar, så som vid reumatism och vid multi-
pel skleros (MS). Immunförsvaret angriper då kroppens egen vävnad istället 
för att angripa exempelvis bakterier eller virus. 

Allergi och astma är andra exempel på när inflammation är skadligt. Vid 
allergi reagerar immunförsvaret mot ofarliga partiklar, till exempel pollen, 
eller partiklar från hundar, i stället för mot partiklar från bakterier eller virus. 
Mastceller frisläpper vid allergi olika ämnen som kan orsaka klåda, eksem, 
att ögonen blir röda, eller att näsan börjar rinna. Så kallad allergisk astma 
beror också på allergi. Då gör en del av de frisläppta ämnena så att luftrören 
dras ihop och att man får slem i luftrören. I andra sorters astma kan till ex-
empel kroppsansträngning eller kall luft orsaka att inflammatoriska reak-
tioner aktiveras i luftvägarna. 
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Andra exempel på situationer där inflammatoriska reaktioner är inblan-
dade är vid åderförkalkning och vid en del sorters hjärtattacker. 

Forskare tror dessutom att inflammationer kan vara en del i utvecklandet 
av en del sorters cancer. Inflammatoriska reaktioner kan nämligen aktivera 
bland annat celldelning av en del celler, och kan bidra till blodkärlsbildning. 
Blodkärlsbildning är nödvändigt för att tumörer ska kunna växa sig stora. 
Utan blodkärl får tumörcellerna ingen näring. En del ämnen som frisläpps 
vid inflammationer kan dessutom ge upphov till DNA-skador, och därmed 
skador på gener, vilket kan leda till att cancer uppstår. 

När en patient har skadlig inflammation i kroppen försöker man behandla 
henne/honom så att inflammationen upphör. Men vid många sjukdomar or-
sakade av skadlig inflammation finns det inte behandlingar som är så bra och 
så effektiva som man skulle önska. Därför försöker forskare komma på fler 
och bättre sorters behandlingar mot skadlig inflammation. 

På ställen med inflammation brukar man se en ansamling av mastceller. 
Eftersom mastcellen är en sorts immunförsvarscell som är med och driver 
inflammatoriska reaktioner, forskar vi i vår forskningsgrupp på hur man 
skulle kunna minska antalet mastceller på ställen i kroppen där man vill 
försöka stoppa inflammationen. 

Mastcellsantalet på ett visst ställe i kroppen regleras av: 1) utveckling av 
mastceller från förstadieceller, 2) invandring av mastceller från andra ställen 
i kroppen, 3) om mastcellerna delar på sig, och 4) reglering av ifall mastcel-
lerna ska fortsätta leva eller begå “självmord”, vilket kallas “programmerad 
celldöd” eller “apoptos”. 

I studierna jag beskriver i min avhandlingen har vi studerat två av dessa 
sätt att reglera mastcellsantalet. Vi har dels studerat mekanismer som är in-
blandade när mastceller vandrar omkring i kroppen mot ställen med inflam-
mation, dels har vi studerat regleringen av om ifall mastceller ska fortsätta 
överleva eller dö av programmerad celldöd. 

Ämnet SCF kan orsaka bland annat rekrytering av mastceller till ställen 
med inflammation, och göra så att mastcellerna fortsätter att överleva där. 
När vi har studerat mekanismer som påverkar hur mastceller kan vandra 
omkring har vi upptäckt att proteinet p38 är viktigt för att mastceller ska 
kunna vandra mot ämnet SCF. 

Vi har också visat att ett sätt på vilket SCF kan få mastceller att överleva 
är genom att nedreglera mängden av celldödsproteinet Bim inne i mastcel-
lerna. Våra studier tyder på att SCF gör detta genom att aktivera signalämnet 
Akt inne i mastcellen. Akt i sin tur hämmar då FOXO-molekyler, så att 
FOXO-molekylerna inte kan aktivera produktion of Bim-proteiner från bim-
genen. Vidare har vi sett att SCF gör så att Bim får en eller flera fosfatgrup-
per på sig (=fosforyleras). Man tror att när Bim fosforyleras så kan det inte 
längre fungera som ett celldödsprotein, utan bryts ner. Vi har upptäckt att två 
signaleringsvägar som kallas PI3-kinas/Akt respektive Mek/Erk båda två 
behövs för att SCF ska kunna göra så att Bim fosforyleras. En annan 
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upptäckt vi har gjort är att celldödsproteinet Bim är inblandat när mastceller 
dör på grund av att de svälts på SCF, eller på ämnet IL-3. 

IgE-receptor-aktivering av mastceller, som sker vid allergi, gör så att 
mastceller hastigt frisläpper många olika lagrade ämnen. Även en del cell-
ytstrukturer lossnar samtidigt från cellerna, så det är en ganska tuff process 
för cellen. IgE-receptor-aktivering gör i vissa fall så att mastceller överlever 
bättre, men i andra fall påverkar IgE-receptor-aktivering inte cellöverlev-
naden, eller kan till och med göra så att mastcellerna dör lättare. Man har 
inte vetat hur det kan komma sig att IgE-receptor-aktivering kan påverka 
mastcellers överlevnad/död på olika sätt i olika situationer. 

Vi har i våra studier sett att IgE-receptor-aktivering av mastceller aktiv-
erar både överlevnadssignaler och celldödssignaler. Till exempel så ökas 
mängderna av celldödsproteinet Bim i cellerna, samtidigt som cellöverlev-
nadsproteinerna Bcl-XL och A1 ökar. Dessutom så fosforyleras proteinerna 
Akt, FOXO, GSK-3 , I B- , Bad, och Bim inne i cellerna. Fosforylering av 
dessa proteiner tror man ger överlevnadssignaler till cellerna. Vi föreslår i 
våra rapporter om IgE-receptor-aktivering att den samtidiga aktiveringen av 
överlevnadssignaler och celldödssignaler kan vara ett sätt att finreglera 
mastcellers öde efter IgE-receptor-aktivering, om de ska fortsätta överleva 
eller om de ska dö av programmerad celldöd. 

De ökade kunskaperna om mekanismer som är viktiga när mastceller 
vandrar mot ställen med inflammation, samt reglerar om mastcellerna ska 
fortsätta överleva eller dö av programmerad celldöd, hoppas vi kommer vara 
till nytta vid försök att ta fram nya sorters läkemedel mot behandling av in-
flammationer. Till exempel skulle man kunna försöka koppla en bit av ett 
celldödsprotein till en molekyl som kan binda till någon struktur som finns 
på just bara mastceller, och dessutom gör så att mastcellen drar in det tillver-
kade ämnet in i cellen. Väl inne i cellen skulle då celldödsprotein-biten 
kunna få mastcellen att dö av programmerad celldöd. Ett annat sätt att min-
ska ner på mastcellsantalet på ett visst ställe i kroppen skulle kunna vara att 
där injicera ett ämne som hindrar nya mastceller att vandra dit. 
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