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ABSTRACT 
Mature mast cells reside in the tissue as heavily granulated cells possessing a regulatory 
function in innate and adaptive immunity against pathogens, but also detrimentally in 
atopic, as well as, chronic inflammation-associated diseases such as allergic reactions 
and autoimmunity. Upon stimulation, mast cells release a vast variety of mediators that 
recruit and stimulate other immune cells, induce vasodilation and angiogenesis, and 
process and degrade proteins. Mast cells are long-lived cells and can survive the harsh 
process of degranulation followed upon IgE receptor activation. In human mast cells, 
IgE receptor activation induces increased expression of the anti-apoptotic protein Bfl-
1/A1, which has been demonstrated crucial for activation-induced survival in mouse. 
Upon stimulation with the TH1 cytokine, IFN  mast cells upregulate the normally not 
expressed high affinity receptor for IgG. Here we show that IFN  stimulated human 
mast cells, activated via IgG receptor crosslinking, are rescued from cytokine 
deprivation-induced apoptosis and express increased levels of Bfl-1.  

In mouse, the activation-induced mast cell survival has been correlated to 
the upregulation of A1. This anti-apoptotic protein is described to be under 
transcriptional control of the nuclear factor- B (NF- B), and being expressed upon 
activation in several cell types such as T -and B-lymphocytes. However, by using mast 
cells from NF- B deficient mice, stable transfections of I B-  super repressor, and 
promoter gene analysis with deleted NF- B binding sites, we here demonstrate that 
NF- B is not involved in activation-induced upregulation of A1 in mast cells. Instead, 
our data from using the calcineurin inhibitor, cyclosporin A, electrophoretic mobility 
shift assay and chromatin immunoprecipitation suggest NFAT to be the important 
regulator of A1 transcription. Bfl-1/A1 is a member of the Bcl-2 protein family, which 
control the intrinsic pathway of apoptosis. Interactions between pro- and anti-apoptotic 
members determine whether the cell will stay alive or enter apoptosis. Two pro-
apoptotic proteins, Bax and Bak are effector proteins and essential for induction of 
apoptosis. We show that Bax has a prominent and Bak a minor role in mast cell 
apoptosis induced by cytokine deprivation. Only double deficient mast cells were 
totally rescued from cytokine deprivation-induced apoptosis, indicating that both 
proteins are contributing.  

Activation of Bax and Bak is initialized by pro-apoptotic BH3-only 
members, which liberate them through interactions with the anti-apoptotic proteins. By 
using small molecular inhibitors of anti-apoptotic proteins, mimicking the BH3 binding 
domain, apoptosis can be induced. We demonstrate that mast cells enter apoptosis in 
presence of low concentrations of the BH3-only mimetic ABT-737. In vivo injections 
of the compound reveal a decrease in viability of both mast cells and lymphocytes. 
However, ex vivo treatment of peritoneal cells show a stronger response in mature mast 
cells than other cell types. Our data suggest ABT-737, or more bioavailable derivates of 
it, as a promising compound to be used in therapy to reduce mast cell number locally in 
tissue. Due to their potent orchestrating function of the immune system, mast cell 
activation can also have negative effects, for instance in autoimmune diseases and 
tumourigenesis. It is therefore important to understanding the regulation of survival and 
apoptosis in mast cells in order to control their effect. This thesis contributes by 
describing cell specific regulation of the survival protein A1, and by suggesting drug-
induced apoptosis specifically in mast cells. 



 

 

LIST OF PUBLICATIONS 
This thesis is based on following articles, which will be referred to in the text by the 
Roman numerals: 
 
 

I. Karlberg M., Xiang Z., Nilsson G. Fc RI-mediated activation of human mast 
cells promotes survival and induction of the pro-survival gene bfl-1. J Clin 
Immunol. 2008 May;28(3):250-5. 
 

II. Ullerås E.*, Karlberg M.*, Möller Westerberg C., Alfredsson J., Gerondakis 
S., Strasser A., Nilsson G. NFAT but not NF- B is critical for transcriptional 
induction of the pro-survival gene A1 after IgE receptor activation in mast 
cells. Blood. 2008 Mar 15;111(6):3081-9. 
 
* These authors contributed equally to this study 
 

III. Karlberg M., Ekoff M., Labi V., Strasser A., Huang D. C. S., Nilsson G. Pro-
apoptotic Bax is the major and Bak an auxiliary effector in cytokine 
deprivation-induced mast cell apoptosis. Submitted. 
 

IV. Karlberg M., Nilsson G. The BH3-mimetic ABT-737 induces mast cell 
apoptosis in vitro and in vivo. Manuscript. 
 

 
 
 
 
Publication by the respondent not included in the theses: 
 
Möller C., Karlberg M., Åbrink M., Nakayama K. I., Motoyama N., Nilsson G. Bcl-2 
and Bcl-XL are indispensable for the late phase of mast cell development from mouse 
embryonic stem cells. Exp Hematol. 2007 Mar;35(3):385-93. 
 



 

 

CONTENTS 
1 INTRODUCTION ......................................................................................1 

1.1 Cell death...........................................................................................2 
1.1.1 Necrosis .................................................................................2 
1.1.2 Autophagy .............................................................................2 

1.2 Apoptosis...........................................................................................2 
1.2.1 Extrinsic pathway..................................................................3 
1.2.2 Intrinsic pathway ...................................................................3 
1.2.3 Bcl-2 family...........................................................................5 
1.2.4 Regulation of Bcl-2 family members ....................................9 

1.3 Mast cells.........................................................................................10 
1.3.1 Origin and differentiation....................................................10 
1.3.2 Mast cell subtypes ...............................................................11 
1.3.3 Activation and degranulation ..............................................12 
1.3.4 Mast cells in health and disease...........................................13 
1.3.5 Mast cell apoptosis ..............................................................16 

2 AIMS OF THE THESIS ...........................................................................18 

3 METHODOLOGY ...................................................................................19 

4 RESULTS AND DISCUSSION...............................................................21 
4.1 Paper I: Fc RI-mediated activation of human mast cells  
promotes survival and induction of the pro-survival gene Bfl-1. .............21 
4.2 Paper II: NFAT but not NF- B is crucial for transcriptional  
induction of the prosurvival gene A1 after IgE receptor activation  
in mast cells...............................................................................................22 
4.3 Paper III: Pro-apoptotic Bax is the major and Bak an auxiliary  
effector in cytokine deprivation-induced mast cell apoptosis. ..................23 
4.4 Paper IV: The BH3-mimtic ABT-737 induces mast cell  
apoptosis in vitro and in vivo. ...................................................................24 

5 CONCLUSIONS.......................................................................................26 

6 FUTURE PERSPECTIVES......................................................................29 

7 POPULÄRVETENSKAPLIG SAMMANFATTNING...........................32 

8 ACKNOWLEDGEMENTS......................................................................35 

9 REFERENCES .........................................................................................37 
 



 

 

LIST OF ABBREVIATIONS 
 
AIF Apoptosis inducing factor 
Bak Bcl-2 antagonist/killer 
Bax Bcl-2 associated X protein 
Bcl-2 B-cell lymphoma 2 
BH Bcl-2 homology domain 
BMMC Bone marrow derived mast cells 
CBMC Cord blood derived mast cells 
ChIP Chromatin immunoprecipitation 
CTMC Connective tissue mast cells 
DISC Death-inducing signaling complex 
EAE Experimental allergic encephalomyelitis 
ER Endoplasmatic reticulum 
Fc RI The high affinity receptor for IgE 
Fc RI The high affinity receptor for IgG 
GM-CSF Granulocyte macrophage colony stimulating factor 
i.p. Intraperitoneal 
IAP Inhibitor of apoptosis 
IFN  Interferon gamma 
Ig Immunoglobulin 
I B Inhibitor of B 
IL- Interleukin 
LPS Lipopolysaccharide 
Mcl-1 Myeloid cell leukemia -1 
MHC Major histocompatibility complex 
MMC Mucosal mast cells 
MOMP Mitochondria outer membrane permeabilization 
MS Multiple sclerosis 
NFAT Nuclear factor of activated T-cells 
NF- B Nuclear factor – B 
PCR Polymerase chain reaction 
PGN Peptidoglycan 
PS Phosphatedylserine 
RA Rheumatoid arthritis 
RPA RNase protection assay 
SCF Stem cell factor 
TGF Tumor growth factor 
TLR Toll-like receptor 
TNF Tumor necrosis factor 
TRAIL Tumor necrosis factor related apoptosis inducing ligand 
VDAC Voltage dependent anion channel 
 



 

  1 

1 INTRODUCTION 
Death is a prerequisite for life. In our bodies millions of cells die every day, which is 
essential for keeping homeostasis and the human organism alive. Within an organ there 
is always a balance between renewal and removal. If this balance is disturbed it may 
lead to chronic degenerative diseases or tumourigenesis. Avoiding programmed cell 
death or apoptosis is actually one feature for tumor growth and uncontrolled cell 
expansion. Apoptosis can be triggered by external stimuli, for instance by cell contact 
with other cells, but also by intracellular malfunctions like DNA damage or stress. 
Apoptosis is an active, highly controlled process of chromatin condensation, 
degradation and finally removal of the apoptotic bodies by engulfing cells. The 
mechanism of programmed cell death removes cells without causing inflammation or 
triggering an immune response.  
 
To protect us from invading pathogens and disorders in our bodies the immune system 
is constantly on patrol, sensing changes and deviances from the normality. One sensing 
cell type of the immune system, localized at the first front, is the mast cell. Mast cells 
are residing in tissues facing the exterior, such as the skin, respiratory tracts and the gut. 
They are dispersed in the tissue and as multifunctional regulatory cells they can 
orchestrate and stimulate potent immune responses. Highly granulated with pre-formed 
mediators such as histamine, tryptase and heparin, and with the capacity to de novo 
synthesize and release eicosanoides, cytokines, chemokines and other mediators, mast 
cells can activate but also be activated by the innate as well as the adaptive immune 
system. Although mast cells can be stimulated in numerous ways, the most well known 
role is the activation via allergen specific crosslinking of IgE receptors, causing mast 
cell degranulation and release of mediators leading to allergic reactions, asthma and 
anaphylactic shock. Mast cells are a heterogeneous population of cells with the capacity 
to survive degranulation, regranulate and become reactivated. Cell survival is an effect 
of the anti-apoptotic protein Bfl-1/A1 which is transcriptionally upregulated upon Fc 
receptor crosslinking. The survival effect by A1/Bfl-1 is of importance to keep the 
defense intact at the site where mast cells reside. However, sometimes it would be 
beneficial to decrease the numbers of mast cells locally in a certain tissue. For example, 
asthmatic or allergic patients would benefit from reduced mast cell numbers in 
respiratory tracts, and other affected tissues. Furthermore, therapeutic treatment to 
reduce mast cells in mastocytosis, a disorder characterized by enhanced mast cell 
populations, would also be desirable. In my thesis I demonstrate a cell specific 
transcriptional regulation of A1 in mast cells compared to other previously analyzed 
cell type. This data might be valuable knowledge in the development of mast cell 
specific therapeutics to reduce the survival of mast cells in allergic tissues. 
Furthermore, I describe mast cell sensitivity to the small molecular inhibitor ABT-737 
at low concentrations both in vitro and in vivo. This compound, or derivates of it, might 
turn out to become an important factor in development of mast cell reducing drugs.  
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1.1 CELL DEATH 

Cell death is of course the very end of a living cell but it is on a larger scale a highly 
essential process for development, homeostasis and well being of an organism. During 
development, cell death plays a major role in morphogenesis and tissue sculpturing, 
whereas it in a mature organism is vital for tissue homeostasis, wound healing and 
elimination of infectious pathogens. There are three major types of cell death described; 
necrosis, autophagy and apoptosis. 
 
1.1.1 Necrosis 

Necrosis is the less well studied type of cell death and has long been thought to be a 
passive non-regulated burst of cells. It was thought to be induced by accidents such as 
external physical violence and greater cell damage. However, there is now evidence 
that this process indeed can be regulated in a controlled way giving a necrotic-like cell 
death [1, 2]. During necrosis cytoplasm and organelles swell and rupture leading to 
release of intracellular components into the surrounding tissue. Released components 
cause an inflammatory response which is important for both wound healing and 
elimination of damaged and infected cells. The controlled response of inflammation is 
in this mode beneficial for the host but can become harmful when the reaction gets too 
strong as in septic shock.  
 
1.1.2 Autophagy 

Autophagy is referred to as self digestion and has a dual role in tissue homeostasis since 
it leads to both cell survival and cell death. It can be induced by endoplasmic reticulum 
(ER) stress or microbial pathogens [3], but also as a response to starvation, where cells 
start breaking down its own reserves to stay alive. However, as a result of non-specific 
degradation of too large amounts of cytoplasmic contents or upon removal of damaged 
organelles, autophagy instead contributes to cell death [4]. The process of autophagy is 
characterized by engulfment of double lipid membrane vesicles, so called 
autophagosomes, which are formed to sequestered cytoplasmic organelle fragments [5]. 
The origin of the core membrane is unknown, however, in mammalian cell the 
developing autophagosome is often seen in the cisternae of the ER [6]. Degradation of 
the organelle fragments occur when the autophagosomes fuse with lysosomes within 
the cell.  
 
 
1.2 APOPTOSIS 

Programmed cell death was suggested the term apoptosis in 1972 [7] , meaning 
‘dropping off’ in Greek, referring to leaves falling off a tree. Since then the research 
within this field of science has explosively increased and thousands of studies have 
been published in order to understand and unravel the mechanisms regulating apoptotic 
cell death. Some of the pioneering and first essential work was done in the 
hermaphrodite worm C. elegans, work that was honored by the Nobel Prize in 2002. 
 
Apoptosis is a highly controlled and regulated process characterized by chromatin 
condensation and fragmentation, protein degradation, cell shrinkage, membrane 
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blebbing and formation of apoptotic bodies [7]. The process is essential in embryonic 
development, leukocyte maturation and for keeping tissue homeostasis in mature 
organs [8]. Moreover, apoptosis of lymphocytes and granulocytes is crucial for 
inflammatory resolution,  demonstrated by decreased inflammation and neutrophil 
number in presence of an inhibitor of the anti-apoptotic protein Mcl-1 [9, 10]. Cell 
clearance through apoptosis is a rapid and economically efficient process, where energy 
and nutrients are being recycled [11]. Compared to necrosis, apoptosis does not cause 
inflammation in the surrounding tissue. One reason for this is that engulfing 
macrophages release the anti-inflammatory cytokines IL-10 and TGF  during 
phagocytosis [12-14].  
 
Activation of apoptosis can be induced by numerous external or internal stimuli. Once 
apoptosis is initiated a highly regulated active process starts. In distinction to necrosis 
and autophagy, the apoptotic process is dependent on a group of cysteine proteases 
called caspases that efficiently degrade hundreds of cytosolic proteins and activate 
chromatin degradation [15-17]. Both initiator and effector caspases are activated by 
cleavage and removal of their pro-domain. The initiator caspases activate the effector 
caspases and once they are activated the degradation process is irreversible and the cell 
will die. Dying cells are eaten up by surrounding phagocytosing cells, such as 
machrophages and dendritic cells, which recognize so called ‘eat me’ signals expressed 
on the cell surface of dying cells. One such signal is phosphatidylserine (PS) that is 
normally expressed inwards facing the cytosol, but during apoptosis is flipped inside 
out and is instead expressed on the outside of the cell [18-20]. Neighboring phagocytes 
recognize the signal and engulf the apoptotic cells. Two major caspase dependent 
pathways of apoptosis induction are described in mammals, the extrinsic and the 
intrinsic pathway. However, caspase-independent pathways also exist, e.g. the 
perforin/granzyme A mediated pathway where granzyme A activation leads to DNA 
fragmentation [21]. 
 
1.2.1 Extrinsic pathway 

The extrinsic pathway of apoptosis is through activation of death receptors expressed 
on the cell surface. Three types of receptors together with their ligands have been 
characterized; CD95/Fas - FasL, DR4/5 - TRAIL and TNFR1 - TNF [8, 22]. They all 
signal via the cytoplasmic tail consisting of death domains and death effector domains. 
Upon extracellular binding of ligands, the death receptors undergo conformational 
changes leading to formation of a death-inducing signaling complex (DISC) [23, 24], 
which attracts and cleaves pro-caspase 8 [25-27]. Activated caspase 8 then initiates a 
caspase cascade by further cleavage of effector pro-caspases 3 and 7, which cleave 
hundreds of other cytosolic proteins leading to cell death (fig. 1). DISC-induced 
apoptosis can cross-talk with the intrinsic pathway of apoptosis by caspase 8-mediated 
cleavage of the pro-apoptotic protein Bid, forming a truncated protein, tBid, which 
translocates to the mitochondria leading to release of cytochorme c and caspase 9 
activation [28, 29].  
  
1.2.2 Intrinsic pathway 
The intrinsic pathway of apoptosis is also called the mitochondria pathway and can be 
induced by extracellular stimuli, for instance viruses, UV- and -irradiation, growth 
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factor starvation or intracellular malfunctions such as unsuccessful DNA repair. This 
pathway of apoptosis is regulated by interactions between pro-apoptotic and anti-
apoptotic members of the Bcl-2 protein family at the level of the mitochondria (fig. 1). 
Upon apoptosis induced stimuli the permeabilization of the mitochondrial outer 
membrane (MOM) increases causing a leakage of inter-membrane space proteins such 
as cytochrome c; Smac/DIABLO and OMI/HtrA2; AIF and EndoG. These three groups 
of proteins all contribute to a rapid degradation and cell death.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Intrinsic and extrinsic pathway of apoptosis. Intrinsic pathway is controlled by interactions 
between pro-apoptotic BH3-only and anti-apoptotic Bcl-2 like proteins of the Bcl-2 family. Upon 
apoptotic stimuli homo- or heterodimerisation of Bax and Bak effector proteins is induced at the 
mitochondria outer membrane (MOM) leading to increased permeabilization of MOM and release of 
intra-membrane space proteins. Cytochrome c, APAF1 and procaspase-9 form the apoptosome complex, 
which activates caspase-9 by cleavage, which thereby induces further activation-inducing cleavage of 
caspase-3, leading to cell death. Extrinsic pathway is activated by ligand binding of death receptors at the 
cell surface, inducing formation of DISC, which activates procaspase -8 and further caspase-3. Caspase-8 
can cleave the BH3-only protein Bid, which in its truncated form can activate the intrinsic pathway via 
Bax and Bak permeabilization of MOM. 
 
 
1.2.2.1 Mitochondrial inter-membrane space proteins 

Rupture of MOM is a major event in the intrinsic pathway of apoptosis, which leads to 
a release of several apoptosis-inducing proteins. Cytochrome c binds to and, in the 
presence of ATP, activates a heptameric complex called the apoptosome consisting of 
the initiator pro-caspase 9 and the scaffold protein apaf-1. This complex induces an 
auto-catalytic cleavage of pro-caspase 9 which in turn activate the effector pro-caspase 
3 and a cascade of protein degradation [30-32]. Smac/DIABLO and OMI/HtrA2 [33] 
antagonizes another group of apoptosis regulating proteins, the inhibitor of apoptosis 
(IAP), which directly or indirectly inhibits caspase activation. Binding of 
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Smac/DIABLO therefore releases and enables induction of the caspase cascades [34, 
35]. The serine proteases OMI/HtrA2 can also induce apoptosis in a caspase 
independent manner through its protease activity [33]. The third group include the 
mitochondrial proteins apoptosis inducing factor (AIF) [36] and endonuclease G 
(EndoG) [37] which translocate to the nucleus and contribute to apoptosis by inducing 
chromatin condensation and DNA fragmentation. Whether activity of EndoG and AIF 
is caspase independent is however debated [38]. 
 
1.2.3 Bcl-2 family 

As mentioned above, the intrinsic pathway of apoptosis is controlled by the Bcl-2 
protein family upstream of the mitochondria. The family consists of more than 20 
proteins (at least 12 expressed in mammals), being divided into anti-apoptotic and pro-
apoptotic proteins. They all share one or more conserved homology regions so called 
Bcl-2 homology regions (BH1, BH2, BH3 and BH4 regions) [39, 40]. Many of them 
also share a trans-membrane domain at the c-terminus, which is important for their 
targeting to intracellular membranes [41] (fig. 2). The anti-apoptotic proteins are quite 
similar in structure and sequence to the pro-apoptotic effector proteins, sharing three 
homologue regions BH1 - BH3. These three domains form a hydrophobic groove in 
which interactions with other Bcl-2 members can occur [42, 43]. A more divergent 
subgroup of the pro-apoptotic proteins are the BH3-only proteins, which only share the 
BH3 region with the other members of the family, hence the name. The BH3-only 
proteins can interact with the anti-apoptotic proteins via the amphipathic -helical BH3 
region, which binds the hydrophobic groove [44, 45]. In healthy resting cells the pro-
apoptotic effector proteins are inhibited by the anti-apoptotic proteins. Upon apoptosis 
inducing stimuli, BH3-only proteins competitively bind the anti-apoptotic proteins and 
titrate them away from the effector proteins. Once activated, the effector proteins 
undergo conformational changes and oligomerize at the mitochondria outer membrane, 
increase the permeabilization and cause leakage of inter-membrane space proteins as 
described above.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. The Bcl-2 family. The Bcl-2 family consists of anti-apoptotic proteins sharing several Bcl-2 
homologue domains (BH1 – BH4). The Pro-apoptotic proteins are subdivided into effector proteins Bax 
and Bak, and BH3-only proteins, which only share the BH3 domain with the rest of the family. Several 
protein members also have a transmembrane (TM) domain for membrane anchoring. 
 

TMBH4 BH3 BH2 BH1

BH1BH2BH3

BH3

BH2 BH1

BH3 TM

Bfl-1/A1

Bcl-2, Bcl-XL, 
Bcl-w, Mcl-1

Bax, Bak

Bid, Bim, Bad,
Bmf, Noxa, Puma

Hrk, Bik
BH3-only

Anti-apoptotic

Pro-apoptotic TM

TMBH4 BH3 BH2 BH1

BH1BH2BH3

BH3

BH2 BH1

BH3 TM

Bfl-1/A1

Bcl-2, Bcl-XL, 
Bcl-w, Mcl-1

Bax, Bak

Bid, Bim, Bad,
Bmf, Noxa, Puma

Hrk, Bik
BH3-only

Anti-apoptotic

Pro-apoptotic TM



 

6 

 
 
We have gained most knowledge of how Bcl-2 family interactions control apoptosis via 
regulation of mitochondria integrity. However, many Bcl-2 family members, both pro- 
and anti-apoptotic, are also found in membranes of other intracellular compartments 
such as the endoplasmatic reticulum and the nuclear envelope [46, 47].  
 
1.2.3.1 Anti-apoptotic members 

The anti-apoptotic members of the Bcl-2 family (Bcl-2, Bcl-XL, Bcl-w, Mcl-1 and 
A1/Bfl-1) have binding affinity to both sub-groups of pro-apoptotic proteins. Bcl-2 was 
the first described member in the family, as being overexpressed in B-cell lymphoma 
(BCL) [48] and functions as an oncogene by inhibiting apoptosis [49]. Bcl-2 is a 
membrane bound protein [50], whereas its closest homologues Bcl-XL and Bcl-w but 
also Mcl-1, are partially cytosolic and become membrane bound first after cytotoxic 
stimuli [51-53]. Overexpression of either of the anti-apoptotic proteins protects the cell 
from apoptosis induced by a variety of stimuli [54, 55], probably reflecting overlapping 
distributions and roles of the proteins. However, gene-targeting studies of individual 
genes reveal diverse phenotypes, presumably because of different abundancy in certain 
tissues. Bcl-2 has been shown to be important for survival of kidney and melanocytes 
as well as lymphoid organs [56]; Bcl-XL for neuronal and erythroid precursor cells 
[57]; A1 is important for granulocytes and mast cells [58, 59]; Bcl-w deficient male 
mice are sterile due to impaired spermatogenesis [60]; Mcl-1 is important for successful 
implantation of the zygote [61]. 
 
1.2.3.2 A1/Bfl-1 

The anti-apoptotic protein A1/Bfl-1 is encoded in mouse by three functional genes, a1a, 
a1b and a1d [62], but only one bfl-1 gene exist in humans. Two splice variants of the 
human proteins have however been described. The shorter variant Bfl-1s is nuclear 
localized in lymph nodes, spleen and B-cell leukemia cell lines [63], but also expressed 
in activated mast cells [64]. A1 was characterized in mouse as a hematopoietic-specific 
early response gene induced by granulocyte macrophage colony stimulating factor 
(GM-CSF) stimulation [65]. It is constitutively expressed in mature neutrophils [66] 
and function as an essential survival protein, indicated by accelerated neutrophil cell 
death in A1a deficient mice [58]. Various inflammatory cytokines such as TNF  and 
IL-1 , but also LPS stimulate upregulation of A1/Bfl-1 transcripts in neutrophils, 
macrophages, B- and T-lymphocytes as well as in endothelial cells [65, 67, 68]. In mast 
cells, the expression of A1/Bfl-1 is upregulated upon Fc RI activation [59, 64]. A1/Bfl-
1 has been described to be a transcriptional target for NF- B in endothelial cell and B- 
and T-lymphocytes [67, 69, 70]. In addition, the zinc finger transcription factor WT1 
was recently shown to regulate A1 expression in granulocytes [71].  
 
According to affinity studies, A1 peptides can interact with all BH3-only proteins 
although with different affinity, preferentially Bim, Puma, Bid, Bik and Noxa [72]. 
Furthermore, crystal structures of A1 binding peptides of Puma, Bmf, Bak and Bid 
were recently described [73]. In addition, the human Bfl-1 was recently crystallized in 
complex with a peptide of Bim [74]. However, although A1/Bfl-1 has affinity to all 
pro-apoptotic members, actual protein-protein interaction to all of them may not occur. 
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In living cells, Bfl-1 blocks apoptosis by interaction with the effector protein Bak but 
not Bax. However, Bfl-1 can inhibit activation of Bax indirectly via association with 
tBid in TNF  induced extrinsic pathway of apoptosis [75]. A1 has also been reported to 
interact with the longer variant of Bim (BimEL), which stabilizes the C-terminus of 
A1/Bfl-1 and increases the normally very short half-life of the A1 protein [76].  
 
1.2.3.3 Pro-apoptotic members 

The pro-apoptotic members of the Bcl-2 family are sub-divided into multidomain 
effector proteins and BH3-only proteins. The multidomain effector members Bax, Bak 
and Bok (consisting of BH1, BH2 and BH3), also referred to as effector proteins, are 
active directly on the membrane of the mitochondria. In a resting cell a large 
percentage of Bak is membrane bound whereas Bax and Bok are localized in the 
cytosol [51, 77, 78]. Upon activation the proteins undergo profound conformational 
changes and translocate to the mitochondria to cooperate with Bak in the 
permiabilization of the mitochondria outer membrane [8, 79]. Activated Bax and Bak 
oligomerize and form either homo- or heterodimers. It is still not known how the 
effector proteins contribute to permeabilization, but pore formation either by 
oligomerized Bax or in combination with voltage dependent anion channels (VDAC) in 
the membrane has been suggested [80, 81]. Both Bax and Bak are essential and needed 
to increase permeabilization of mitochondria outer membrane, since double deficient 
cells have shown to be unable to enter apoptosis through the intrinsic pathway. 
Deficiency in one of the two effector proteins is not enough for total resistance to 
apoptotic stimuli, probably due to redundancy of the two proteins [82, 83].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Affinity model of Bcl-2 family proteins. Anti-apoptotic proteins Mcl-1, Bfl-1/A1, Bcl-2, Bcl-
XL and Bcl-w inhibit the pro-apoptotic effector proteins Bak and Bax. The pro-apoptotic BH3-only 
proteins Bim, Puma and tBid engage all anti-apoptotic Bcl-2 family members and are therefore potent 
apoptosis inducing killers. The other BH3-only proteins are weaker and bind only a limited number of 
anti-apoptotic proteins. Noxa has selective affinity to Mcl-1 and Bfl-1/A1, whereas Bad and Bmf only 
interact with Bcl-2, Bcl-XL and Bcl-w.      
 
 
The BH3-only members are at least eight proteins, Bad, Bik, Bim, Bmf, Bid, Hrk, 
Puma and Noxa, sharing only the BH3 domain with other Bcl-2 family proteins. The 
BH3-only members are upstream activators of the effector proteins Bax and Bak since 
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overexpression of either BH3-only protein fail to induce apoptosis in cells double 
deficient in Bax and Bak [84, 85]. Via an -helix in the BH3 domain all members can 
bind to and interact with one or more anti-apoptotic proteins. Affinity studies have 
divided the BH3-only proteins into two groups [72]. Bim, Puma and truncated Bid have 
affinity to all five anti-apoptotic proteins and can induce apoptosis on their own. The 
other group does not bind all five anti-apoptotic members, but only a selection of them. 
Bad and Bmf have affinity to Bcl-2, Bcl-XL and Bcl-w, whereas Noxa only binds Mcl-
1 and A1/Bfl-1 [72]. A combination of two weaker BH3-only proteins is needed in 
order to activate apoptosis (fig. 3).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The indirect model and the direct model of MOMP activation. In the indirect model, 
MOMP is induced by liberated Bax and Bak. BH3-only proteins activate Bax and Bak indirectly by 
freeing them from their sequesters, the anti-apoptotic proteins. In the direct model the BH3-only proteins 
are divided into activators and sensitizers. Only the activators can induce MOMP by direct interaction 
with Bax and Bak. Activators are liberated from their sequesters, the anti-apoptotic proteins, indirectly by 
interactions between the sensitizers and the anti-apoptotic Bc-2 family proteins.  
 
 
1.2.3.4 Protein-protein interaction 

The Bcl-2 family is controlling the mitochondria pathway of apoptosis. It is however 
still not fully understood how members of anti- and pro-apoptotic proteins interact in 
survival or apoptosis induction. As mentioned above, the effector proteins Bak and Bax 
are crucial for mitochondria outer membrane permeabilization (MOMP), and BH3-only 
together with anti-apoptotic Bcl-2 members act upstream of the effector proteins. At 
present two models of activation are suggested (fig. 4).  
Direct activation: In this model the BH3-only proteins, Bim, Puma and Bid are 
activators and can directly bind the effector proteins Bak and Bax and thereby activate 
MOMP. The anti-apoptotic Bcl-2 members inhibit apoptosis by sequestering the 
activator BH3-only proteins. Induction of apoptosis occurs when the sensitizer BH3-
only proteins ( the rest of the BH3-only members) bind the anti-apoptotic proteins and 
liberate the activator BH3-only to interact with Bak and Bax [86, 87]. Recently, human 
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Bax was demonstrated to interact at a novel binding site with a full length -helix of 
Bim, causing Bax oligomerization and cytochrome c release [88], strengthening the 
direct model.  
Indirect activation: Whether BH3-only proteins can interact with effector proteins is 
still debated. Furthermore, activator BH3-only knock-outs do not resemble the double 
knock-outs of Bak and Bax which would be plausible for the direct activation model 
[89]. Instead, the indirect activation model suggests inhibition of effector proteins by 
sequestering anti-apoptotic proteins in resting cells. The BH3-only proteins induce 
apoptosis by interaction with anti-apoptotic members and thereby liberating the effector 
proteins to activate MOMP. Bim, Puma and Bid, who bind all anti-apoptotic proteins, 
can on their own liberate effector proteins, whereas the weaker BH3-only proteins need 
to combine in order to free Bak and Bax [72, 89, 90]. 
 
1.2.4 Regulation of Bcl-2 family members 

Regulation of protein expression of the different Bcl-2 family members occur both on 
transcriptional and posttranslational level. For example, the pro-apoptotic protein Bad 
is kept inactive by phosphorylation and interaction with the 14-3-3 scaffold protein, and 
needs to be dephosphorylated in order to be activated [91]. Similarly, in healthy cells 
Bim and Bmf are bound to the cytoskeleton by the dynein motor complex [92, 93]. 
Upon growth factor deprivation Bim gets phosphorylated and releases the dynein motor 
complex. In addition, several Bcl-2 family members such as Bcl-XL, Bfl-1, Mcl-1 and 
Bim, undergo alternative splicing resulting in mere variants of the proteins [94].  
 
Some death stimuli can induce apoptosis through increased transcription of certain 
BH3-only proteins. An example of that is increased transcription of the pro-apoptotic 
proteins Noxa and Puma by the tumor suppressor p53 as response of DNA damage [95, 
96]. Also anti-apoptotic Bcl-2 family members are transcriptionally upregulated as 
response to cell activation resulting in prolonged cell survival. Several myeloid cells 
such as granulocytes, macrophages and mast cells enhance transcription of Mcl-1 or A1 
under inflammatory conditions or in response to receptor activation [59, 67, 68, 97, 98].  
 
1.2.4.1 The transcription factors NF- B and NFAT 

Several different transcription factors are regulating transcription of genes involved in 
the mechanism of apoptosis. Two of them are nuclear factor - B (NF- B) and nuclear 
factor of activated T-cells (NFAT) who share similarities in DNA binding properties, 
but contribute differently to cell death [99]. For example in mouse lymphocytes NFAT 
supports activation-induced cell death via transcription of Fas ligand [100], whereas 
NF- B proteins exert strong anti-apoptotic effects by upregulating Bfl-1/A1 in 
lymphocytes [67, 70]. Both transcription factors contain similar DNA binding domains 
of the 300 amino acid residues, designated as Rel in NF- B and Rel-similarity domain 
(RSD) in NFAT [101, 102]. 
 
NF- B is a family of proteins consisting of five members; c-Rel, RelA, RelB NF- B1 
p50 and NF- B2 p52, which bind DNA as homo- or heterodimers [101]. The three first 
members contain a transcriptional activation domain, whereas the two latter lack 
intrinsic transactivation potential and function as modulators of the transactivating 

partners within the dimer. Inactive NF- B dimers reside in the cytosol sequestered by 
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their inhibitors I Bs. For NF- B to be activated and translocated to the nucleus, I B 
has to be phosphorylated by I B kinases, poly-ubiquitinulated and later also degraded 
by the proteasome. Free NF- B dimers translocate to the nucleus where they bind 
specific DNA regions of the chromatin. As a negative feedback loop, newly 
synthesized I Bs bind NF- B dimers and neutralize and export them out of the nucleus 
back to the cytosol [101]. 
 
NFAT is a family of proteins consisting of five members, NFAT1 - NFAT5, which all 
apart from NFAT5 bind DNA as single proteins [103]. NFAT1 - NFAT4 reside 
phosphorylated in the cytosol and are regulated by changes in intracellular Ca2+ levels 
[102]. NFATs are dephosphorylated by the serine-threonine phosphatase, calcineurin, 
which in turn is activated by binding of calcium and calmodulin. Dephosphorylation of 
NFAT reveals a nucleus translocation signal in the N-terminus making NFAT enter the 
nucleus and start transcription [102]. As substrates for calcineurin, NFAT proteins are 
major targets for the immunosuppressive drug cyclosporine A, which inhibits 
calcineurin by complex formation [104]. The NFATs often bind DNA with assistance 
of other transcription factors such as AP-1 family members Jun and Fos for IL-2 
transcription in T-lymphocytes [105]; GATA for IL-13 transcription in mast cells 
[106], and MEF2 for Nu77 in T-lymphocytes [107].     
 
 
1.3 MAST CELLS 

Mast cells are found in tissues all over our body and are important regulatory cells of 
the immune system. They were first described in 1878 by Paul Ehrlich, who named 
them “Mastzellen” meaning well fed cells. He thought that it was overfeeding that 
caused their granulated phenotype. He also noted that mast cells were localized close to 
blood vessels and nerves. Today we know that the granules are not a result of 
overfeeding. However, mast cells do affect their surrounding environment by feeding it 
with cytokines, chemokines and other mediators stored in their granules.  
 
Mast cells are characterized by their ability to release inflammatory mediators, wide 
tissue distribution and longevity. The primary view of mast cells has long been and still 
is that they, with their versatile granule content and tissue location, have an important 
role in immunity against infections and parasites. Their somewhat bad reputation may 
come from their stimulatory and inflammation-triggering role in immediate 
hypersensitivity reactions, allergic asthma and anaphylaxis.  
 
1.3.1 Origin and differentiation 

Mast cells derive from hematopoietic CD34+ pluripotent stem cells in the bone 
marrow, and are present in tissues throughout the body [108]. Human progenitor mast 
cells are CD34+, CD117+, CD13+ and Fc RI- as they leave the bone marrow and 
circulate in the blood [109]. Unlike other hematopoietic cells, mature mast cells do not 
circulate in the blood. Instead, they complete their maturation with concomitant 
phenotypic diversity after moving into peripheral tissues. Maturation is dependent on 
stem cell factor (SCF) and locally produced cytokines specific for the present micro-
environment, resulting in a heterogenous population of mast cells. SCF signaling 
through its receptor, Kit, is essential for mast cell development, growth and survival in 
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both human and mouse [110-113]. Dependency on SCF is demonstrated in mice 
lacking functional Kit, W/Wv, or mice unable to produce SCF, Sl/Sld, which both have 
profound deficient number of tissue mast cells. In addition to SCF, several TH2 related 
cytokines, IL-3, IL-4, IL-5, IL-6 and IL-9 can have cooperative influence on 
proliferation and survival of mast cells as described in vitro [114-116]. The number of 
mast cells in connective tissue is relatively constant, whereas mast cells in the mucosal 
compartments such as gut and respiratory tracts can fluctuate and increase during 
inflammation [117, 118]. Their relative abundance and increase during inflammation 
are regulated on the level of migration, differentiation and the control of survival and 
apoptosis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Mast cells in tissue: Mature mast cells are residing in the tissue heavily granulated. Here 
shown by toluidine blue staining of a mouse ear section. C = cartilage; MC = mast cell; Ext = external 
environment 
 
 
1.3.2 Mast cell subtypes 

Progenitor mast cells migrate out into the peripheral tissue and mature at site, hence the 
diverse population. Though, based on fixation properties and histochemical staining, 
two major subtypes have been described in rodents [119, 120]. The subtypes, 
connective tissue mast cells (CTMC) and mucosal mast cells (MMC) differ in tissue 
localization, size, protease expression, histamine content and T-lymphocyte 
dependence [119, 120]. The subdivision in CTMC and MMC in rodents corresponds to 
the human subdivision based on granule protease expression. Mast cells residing 
mostly in the human mucosa only contain tryptase thus, MCT, whereas those 
corresponding to the mouse connective tissue mast cells express both trypatse and 
chymase, MCTC [121]. Although one of the subtypes is usually more prominent than 
the other, there is always a mixture of MCT and MCTC in the tissue.  
 
CTMC are found in skin and peritoneum cavity (fig. 5), are larger in size and express, 
in contrast to MMC, heparin, high levels of histamine and prostaglandin D2 [122]. They 
are nonproliferative and have a slower turnover than mucosal mast cells. MMC, on the 
other hand, are found in mucosal tissue of the intestine, respiratory and gastrointestinal 
tracts. They are under normal conditions relatively few in numbers, but during an 
infection the population expands. For proliferation in the tissue, MMC are dependent 
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on T-lymphocytes and especially TH2 cytokines. Infection-induced expansion of MMC 
does not occur in T-cell deficient mice [123] or humans with T-cell immunodeficiency 
[124]. In contrast, the population of CTMC is not affected by loss of T-cells [125]. In 
vitro differentiated subpopulations of MMC and CTMC reveal differences in survival 
upon IgE receptor crosslinking and degranulation. In contrast to MMC, CTMC recover 
and regranulate [126], which has been correlated to an upregulation of the anti-
apoptotic protein A1/Bfl-1 [59]. In addition, the BH3-only protein Bim is highly 
expressed in MMC compared to CTMC. Differences in expression of apoptosis 
regulating Bcl-2 family members between CTMC and MMC may be the reason for the 
lack of survival in MMC. 
 
1.3.3 Activation and degranulation 

Mast cells are effector cells of the immune system and have an important role in both 
innate and adaptive immunity. Mature mast cells express Fc RI, the high affinity 
receptor for IgE, on their cell surface. Binding of IgE to Fc RI sensitizes mast cells and 
triggers a further upregulation of the receptor. Aggregation of two IgE-bound receptors 
by an allergen, crosslinks the receptors and induces mast cell degranulation. Direct 
downstream of the receptor, crosslinking activates kinases of the SRC-family, mainly 
Lyn, which phosphorylates the immunoreceptor tyrosine-based activation motif 
(ITAM) of the intracellular domains of the receptor [127]. This leads to 
autophosphorylation and further activation of the transmembrane molecule LAT [128], 
which augments the signal, causes phosphorylation of phospholipase C, production of 
second messengers inositol triphosphate (IP3) and diacylglycerol (DAG), and increases 
intracellular Ca2+ levels. Increased Ca2+ levels together with activated protein kinase C 
(PKC) leads to degranulation [129]. Activation of mast cells via IgE receptor 
crosslinking is a classical mechanism of induction of allergic inflammation. However, 
mast cells express a great variety of other receptors through which they can be activated 
in numerous ways, e.g. via IgG cross-linking together with subsequent antigen [130]; 
CD30 - CD30 ligand interaction [131]; basic compounds such as compound 48/80; 
peptides; cytokines and complement fragments like C3a [129, 132, 133].  
 
A large group of receptors being expressed on mast cells is Toll-like receptors (TLRs), 
through which mast cells can interact directly with pathogens in an early innate 
response [134-137]. Human mast cells express TLR1 - TLR9 with exception of TLR5 
and possibly TLR8, making mast cells able to respond to both viral and bacterial 
specific products such as double stranded RNA through TLR3, lipopolysaccharide 
(LPS) from gram-negative bacterial via TLR4, or peptidoglycan (PGN) from gram-
positive bacterial via TLR2. In contrast to Fc RI crosslinking, activation through TLRs 
does not induce degranulation, but instead secretion of selective cytokines and 
chemokines that can contribute to host defense by recruitment of neutrophils [135, 
138].  
 
1.3.3.1 Mast cell mediators 

When activated, mast cells can degranulate and immediately release preformed 
mediators stored in their granules, but also de novo produce and release mediators. The 
outcome of activation depends on the activating stimuli. For example, Fc RI 
crosslinking causes degranulation and release of tryptase and histamine, whereas LPS 
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stimulation via TLR4 does not induce degranulation, but instead a release of 
inflammatory cytokines TNF and IL-6 [139]. Mast cell mediators are usually 
categorized into three groups; preformed inflammatory mediators; de novo synthesized 
lipid-derived mediators; and cytokines and chemokines. Among the preformed 
mediators histamine, heparin and the two proteases tryptase and chymase are most 
abundant. They are stored in cytosolic granules and are released upon activation via, 
e.g. Fc RI aggregation. Other potent inflammatory components are the de novo 
synthesized lipid-derived mediator, leukotrienes and prostaglandins, which are 
metabolites of arachidonic acid. They increase the vascular permeability and are 
recruiting pro-inflammatory cells, such as granulocytes and effector T-cells [140]. The 
third group of mast cell mediators is cytokines, chemokines and growth factors. Human 
mast cells are potent producers of a great number of mediators including IL5, IL6, 
IL13, several C-C chemokines, and SCF, NGF and VEGF. These newly synthesized 
mediators affect both innate and adaptive immunity at a later stage and have impact on 
recruitment of pro-inflammatory cells, proliferation etc.  
 
1.3.4 Mast cells in health and disease 

Mast cells are present in tissue that is exposed to the external environment and thereby 
pathogens, such as the gut, respiratory tracts and the skin. Strategic localization 
together with the broad spectrum of mediators they can release, make mast cells able to 
initiate and orchestrate immediate early responses as well as adaptive immune 
responses against invading pathogens. Characterization of mast cell deficient mice and 
development of mast cell knock-in mice has made it possible to study the physiological 
and pathophysiological role of mast cells [141, 142]. They have long been looked upon 
as sentinel cells against pathogens and other danger signals, but also as effector cells in 
allergic reactions and asthma. However, in later years mast cells have been described to 
have a role in other physiological disorders too, such as autoimmune diseases and 
cancer (fig. 6).   
 
 
 
 
 
 
 
 
 
 
Figure 6: Role of mast cells in processes of defense and disease: Mast cells have a protective role 
against pathogens by orchestrating both innate and adaptive immunity. Activation of mast cells can be 
initiated by pathogens either through direct contact with pathogenic molecules (innate), or indirectly 
through specific immunoglobulin (adaptive). Released degrading and chemoattractive mediators recruit 
and stimulate both innate and adaptive immune cells. Activation of mast cells in absence of pathogen can 
be detrimental. In allergic reactions and asthma, mast cells are activated by harmless molecules causing 
inflammation. Chronic inflammation can cause autoimmunity in which elevated mast cell numbers have 
been described. Constitutively enhanced mast cell numbers in tissue characterizes the disease 
mastocytosis.  
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1.3.4.1 Innate immunity 

Mast cells function as a first line of defense against bacteria, parasites and viruses as 
they are located in tissue exposed to external environment. Upon a pathogen infection, 
mast cells get activated directly through receptors like TLRs and 
glycosylphosphatidylinositol (GPI)-linked protein CD48, or indirectly through receptor 
for complement factors and Fc receptors [135]. An important mediator in the mast cell 
dependent defense of bacteria is secreted TNF , which recruits neutrophils to the 
infected area. This was first demonstrated in a model of acute septic peritonitis induced 
in W/Wv mice, which had impaired bacterial clearance and increased mortality due to 
loss of neutrophil recruitment. Deficient mice reconstituted with wild type mast cells 
were rescued, probably as a result of TNF  recruited neutrophils [143, 144]. Bacterial 
infections activate mast cells to release several other mediators that contribute to innate 
immune response, e.g. mediators with antibacterial activity such as cathelicidin [145], 
or chymase [146]. In response to viruses, mast cells may conduct both positive and 
negative responses. Mast cells express TLR3 and can release mediators that may 
contribute to a protective immune response. For example, TLR3 stimulated mast cells 
regulate antiviral CD8+ T-cell activity in vitro and in vivo [147]. However, it was 
recently reported that HIV-infected human mast cells might comprise a long-lived 
reservoir of persistent HIV in infected individuals [148], suggesting a feature of mast 
cell defense of which the virus instead can benefit from.  
 
1.3.4.2 Adaptive immunity 

The most well studied involvement of mast cells in adaptive immunity is Fc RI 
crosslinking by antigen and antigen-specific IgE which is the case in allergic reactions. 
Apart from initiating allergic reactions, IgE has also been demonstrated to have a mast 
cell activating role in clearance of a parasitic infection. Mice deficient in IgE have 
normal number of mast cells in the small intestine following Trichinella spiralis 
infection, but lower levels of mast cell protease -1 and slower elimination of the worm 
[149], indicating a role for IgE crosslinking and activation of mast cells. Furthermore, 
mast cells express MHC I, and upon TNF, LPS or IFN  stimulation also MHC II [150]. 
Upon GM-CSF stimulation mast cell can express the co-stimulatory molecules CD80 
and CD86 facilitating presentation of exogenous antigens to T-cells [151]. Mast cells 
can also express CD40 ligand, through which they can interact with B-cells to induce 
IgE production in the presence of IL-4 [152] . This was demonstrated in absence of T-
lymphocytes, which normally conduct CD40-CD40L interaction with B-lymphocytes. 
Through the antigen-presenting molecules and co-stimulatory molecules mast cells can 
directly interact with and affect T- and B-lymphocytes and dendritic cells (DCs). 
Together with released cytokines, chemokines and other mediators, mast cells therefore 
regulate the adaptive immune response by activating and inducing proliferation, 
differentiation and maturation of these cells. 
 
1.3.4.3 Atopic and autoimmune diseases  

Atopic allergy and asthma. An allergic reaction initiates by sensitization of mast cells 
by allergen-specific IgE molecules produced against harmless allegens such as animal 
danders, pollen or food. Upon corresponding allergen interaction, IgE molecules bind 
their high affinity receptor, Fc RI, on mast cells and basophils. This initiates a 
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crosslinking of two or more receptors which activates the mast cell and causes 
degranulation. Activation results in release of preformed and de novo synthezised 
mediators such as histamine, tryptase, prostaglandins and leukotrienes causing clinical 
symptoms associated with allergy and asthma, for instance, bronchoconstriction, tissue 
oedema and mucus secretion [153]. Activated mast cells also release cytokines and 
chemoattractants favoring the allergic reaction, e.g. TNF , IL-4 and IL-13. These 
mediators recruit granulocyte and stimulate IgE production by inducing class switching 
in B-lymphocytes [152] as a late phase reaction.  
 
Autoimmunity. Many pathogen-induced mast cell responses cause irritation and 
inflammation in the tissue, which often is a crucial mechanism in host defense against 
invaders. However, sometimes the inflammation is directly bad for the host and instead 
can cause autoimmunity. Patients with rheumatoid arthritis (RA) have chronic 
inflammation in the joints. The direct role of mast cells in RA is not fully understood, 
however, as potent producers of pro-inflammatory mediators, cytokines and 
chemokines they are suggested to contribute to the disease. In addition, increased 
numbers of mast cells are found in the synovial of RA patients [154]. In a mouse 
model, where injected autoantibodies cause similar symptoms as human RA, mast cell 
deficient W/Wv and Sl/Sld mice were unaffected to the autoantibodies. Reconstitution 
of normal mast cells restored the sensitivity to the autoantibodies [155], implying a role 
for mast cells in the experimental arthritis model. Multiple sclerosis (MS) is a chronic 
inflammatory disease affecting the central nervous system and is another severe 
autoimmune disease mast cells are suggested to have a regulatory role in. Again, work 
with mast cells deficient mice in a disease model, the experimental allergic 
encephalomyelitis (EAE), induced by injections of myelin oligodendrocyte 
glycoprotein (MOG), has given valuable information of mast cell involvement in the 
disease. Decreased incidence and delayed onset of the disease was detected in mast cell 
deficient W/Wv mice compared to wild type mice [156].  
 
Tumourigenesis. Mast cells have been described to have a role in tumourigenesis as 
increased numbers of mast cells have been observed in various tumor types. Tumor 
growth can exploit the production and release of mast cell mediators, IL-4, IL-8, VEGF 
and TNF , which have stimulatory effect on proliferation and angiogenesis, two 
important mechanisms in tumourigenesis. For example, elevated mast cell infiltration is 
correlated to increased angiogenesis and tumor growth in non-small cell lung 
carcinoma (NSCLC) [157]. Enhanced mast cell number and blood vessel formation is 
significantly higher in gastric cancer [158]. Furthermore, mast cell infiltration in 
Hodgkin lymphoma has been correlated with tumor severity [159]. In addition, the 
pleiotropic transcription factor Myc, which is overexpressed in many tumor types, 
induces rapid expression of mast cell recruiting chemokines in pancreatic -cell tumors 
[160]. The angiogenic stimulatory effects of mast cells can then be beneficial for tumor 
growth.   
 
Mastocytosis. The relative number of mast cells in the tissue is at normal conditions 
low, however in patients with mastocytosis the number of mast cells is markedly 
enhanced [161, 162]. This is due to point mutations in the receptor for SCF, leading to 
abnormal mast cell proliferation and cell growth. A majority of adult patients with 
mastocytosis have the D816V mutation of the catalytic domain of Kit, resulting in a 
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constitutively active tyrosine kinase causing the abnormal proliferation [163]. This 
mutation was originally identified in the HMC-1 cell line established from a patient 
with mast cell leukemia [164].  
 
1.3.5 Mast cell apoptosis 

Mature mast cells are long lived and reside in the tissue in a relative constant 
population. However, the number of mast cells increase upon inflammation in allergic 
diseases such as allergic asthma and rhinitis [117, 118]. This increase can be regulated 
on levels of migration, proliferation and survival in the inflamed tissue. As mentioned 
before, mast cells are dependent on SCF for differentiation, maturation, proliferation 
and survival. In the murine system, IL-3 can also function as a differentiation and 
survival factor, although its survival function can be replaced by introducing SCF 
[165]. W/Wv mice with defect SCF receptor, are deficient in mast cells but start 
developing mast cells when reconstituted with bone marrow from normal mice [166], 
underlining the importance of SCF for mast cell life. As a result of being exposed to a 
milieu without the presence of the essential cytokines, mature mast cells will enter 
apoptosis and die.  
 
SCF receptor activation has several implications on mast cell survival and apoptosis 
regulated by the Bcl-2 family members. Murine mast cells deficient in the pro-
apoptotic protein Bim survive growth factor deprived culturing conditions extensively 
better than wild type mast cells, demonstrating a crucial role for Bim in cytokine 
deprivation-induced apoptosis [167]. Moreover, addition of SCF to growth factor 
deprived mast cells induce an inhibitory phosphorylation of Bim and its transcription 
factor FOXO3a resulting in increased survival [168]. SCF also causes optimal anti-
apoptotic function of Bcl-2 by inducing interaction between Bcl-2 and the heat-shock 
protein Hsp90  [169].  
 
The effects of several BH3-only proteins on mast cell survival have been analyzed in 
vivo using mice deficient in respectively BH3-only protein. CTLMC and MLMC 
differentiated from bone marrow of mice deficient in Bim, Bad, Bid, Bmf, Noxa or 
Puma develop normally [170]. However, as mentioned above, Bim deficient mast cells 
do not enter apoptosis at the same extent as wild type mast cells in a cytokine deprived 
milieu. In addition, deficiency of Puma led to a lower induction of apoptosis, and loss 
of both Puma and Bim reduced apoptosis even more [170]. Both pro-apoptotic proteins 
Bim and Puma are upregulated upon cytokine deprivation which suggests them to be 
crucial for induction of apoptosis induced by growth factor withdrawal [168, 170]. 
 
Mast cell activation via Fc RI crosslinking induces upregulation of both pro- and anti-
apoptotic proteins leading to either survival or apoptosis. In the murine system IgE 
receptor activation induce upregulation of pro-apoptotic protein Bim, but also anti-
apoptotic proteins Bcl-XL and A1 [59, 167]. As mentioned before, mast cells survive 
degranulation induced by IgE receptor crosslinking which is an effect of upregulated 
A1. In addition, mast cells deficient in A1 are not rescued from cytokine deprivation 
induced apoptosis by IgE receptor activation [59]. Similarly, expression of the human 
A1 homologue, Bfl-1 is upregulated following IgE receptor activation in human mast 
cells, rescuing cells from cytokine deprivation-induced apoptosis [64].  Furthermore, 
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the anti-apoptotic proteins, Bcl-XL and Mcl-1 are also upregulated following Fc RI 
crosslinking [64, 171]. Mcl-1 is constitutively expressed in human primary neoplastic 
mast cells and the human mast cell line HMC-1. Downregulation of Mcl-1 using 
antisense induced mast cell apoptosis, demonstrating a prominent role also for Mcl-1 in 
human mast cell survival [172].  
 
Downstream of the mitochondria, apoptosis is regulated by the apoptosome causing 
caspase-9 activation. Mast cells deficient in Apaf-1 and caspase-9 are unable to 
undergo cytokine deprivation-induced apoptosis, which is in contrast to lymphocytes 
[173]. Mast cells express the extrinsic apoptosis receptors Fas and/or TRAIL-R, 
however, induction of apoptosis through the receptors varies. The murine cell line C57 
undergo Fas mediated apoptosis whereas human cord blood derived mast cells are only 
sensitive to TRAIL-R activation [174, 175]. Again, IgE receptor activation of murine 
mast cells has a survival effect by inducing upregulation of FLIP, the inhibitor of 
caspase-8, rendering resistance to Fas induced apoptosis [176]. 
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2 AIMS OF THE THESIS 
The overall aim of the work for this thesis was to identify important regulators of the 
intrinsic pathway of apoptosis in both activated and resting mast cells. The specific 
aims of each paper were to: 
 
Paper I. Investigate mast cell activation and activation-induced survival, induced by 
cross-linkage of the high affinity receptor for IgG, Fc RI. 
 
Paper II. Determine the transcription factor regulating the expression of the anti-
apoptotic protein A1 in mast cells. 
 
Paper III. Investigate the role of the major effector proteins Bak and Bax in mast cell 
apoptosis induced by cytokine deprivation. 
 
Paper IV. Analyze the effects of the BH3 mimetic ABT-737 on mouse and human 
mast cells in vitro and in vivo. 
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3 METHODOLOGY 
Methods used in article I - IV are described in more detail in the respectively ‘Materials 
and methods’ sections. Here follows a short description of the methods used in this 
thesis, with reference to the article they were used in.   
 
Cell cultures 
Human cord blood-derived mast cells (CBMC) were cultured in stem cell factor (SCF) 
and interleukin 6 (IL-6) conditioned medium. [I, IV] 
 
Human mast cell lines HMC1.1 and HMC1.2 are cytokine independent whereas LAD2 
was cultured in SCF conditioned medium. [IV] 
 
Mouse fetal liver-derived mast cells were cultured in either SCF and IL-4 
differentiating into connective tissue like mast cells (CTLMC) or SCF, IL-3, IL-9 and 
TGF  for mucosal like mast cells (MLMC). [III, IV] 
 
Peritoneal lavage-derived mast cells (PLMC) were cultured in SCF conditioned 
medium. [IV] 
 
Mouse bone marrow-derived mast cells (BMMC) and the mouse mast cell line MC9 
were cultured in IL-3 conditioned medium. [II, III, IV] 
 
The mouse mast cells line C57 and macrophage cell line J774A.1 are cytokine 
independent. [II, IV] 
 
Fc-Receptor activation 
Human Fc RI activation: Sensitization with human myeloma IgE and cross linking 
with rabbit anti-human IgE antibody. [I] 
 
Human Fc RI activation: Up-regulation of Fc RI (CD64) by interferon gamma (IFN ) 
followed by sensitization with mouse anti-human antibody, and cross linking with goat 
anti-mouse IgG antibody. [I] 
 
Mouse Fc RI activation: Sensitization with mouse IgE anti-TNP antibody and cross 
linking with TNP-BSA. [II, III] 
 
Activation was analyzed by measuring degranulation of -hexosaminidase using 
spectrophotometer. [I, IV] 
 
Survival assay 
Cell survival was analyzed by fluorescence-activated cell sorting (FACS) by excluding 
cells positive for FITC-labeled Annexin V and propidium iodide (PI) or only PI. [I, III, 
IV] 
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RNA expression analysis 
Reverse transcriptase polymerase chain reaction (RT-PCR): Isolation of RNA from 
cells followed by conversion of RNA to cDNA and PCR. Products were visualized by 
ethidium bromide after gel electrophoreses. [I, II] 
 
Real-time quantitative PCR (QT-PCR): Isolation of RNA from cells followed by 
conversion of RNA to cDNA and PCR. Gene expression was calculated on the basis of 
respectively threshold cycle (Ct) values. [II] 
 
RNase protection assay (RPA): Template of radioactively-labeled probes coding gene 
sequences of interest were bound to isolated RNA prior RNase digestion of unbound 
single stranded RNA. Double stranded gene - probe products were visualized after gel 
electrophoreses on a radioactivity-sensitive film. [I, II, III] 
 
Protein expression analysis  
Western blot analysis: Electrophoreses of cell lysates were followed by protein transfer 
to micro-cellulose membrane. Proteins were visualized by enhanced 
chemoluminoscence sensitive film after addition of protein specific antibodies. [II, III, 
IV] 
 
Reporter gene analysis 
Constructs, formed by PCR amplified genomic DNA sequences, were cloned into a 
vector and further subcloned into a luciferase encoding plasmid. The plasmid was then 
transiently transfected into cells using electroporation. Luciferase activity in protein 
lysate was measured upon cell activation. [II] 
 
Transcription factor – DNA interaction 
Electrophoretic mobility shift assay (EMSA): Protein extracts containing nuclear or 
cytosolic transcription factors were incubated with radioactively labeled DNA oligos. 
After size separation through electrophoresis, transcription factor:DNA complexes 
were visualized on a radioactivity-sensitive film. Addition of transcription factor 
specific antibodies before electrophoresis resulted in larger complexes detected as band 
shifts on the gel. [II] 
 
Chromatin immunoprecipitation (ChIP): Transcription factors were bound to chromatin 
in activated cells and thereafter fixed in a bound state. Sonication broke up all 
chromatin in small fractions and immunoprecipitation (IP) eluted chromatin bound 
proteins of interest using transcription factors specific antibodies. Proteinase treatment 
followed by QT-PCR on the IP-sorted DNA using primers designed to cover the 
binding sites for the IP-sorted transcription factor. Products were visualized by 
ethidium bromide after gel electrophoreses. [II] 
 
Flow cytometry 
Peritoneal lavage cells from mice were labeled with fluorocrome conjugated antibodies 
detecting cell specific markers and analyzed by FACS analysis. [IV] 
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4 RESULTS AND DISCUSSION 
 
4.1 Paper I: Fc RI-mediated activation of human mast cells promotes survival 

and induction of the pro-survival gene Bfl-1. 
 
Mast cell activation via crosslinking of the high affinity receptor for IgE, Fc RI, is a 
well known mechanism to induce mast cell degranulation. The TH2 cytokine mediated 
class switch from IgG to IgE is one of the first steps in IgE mediated type I 
hypersensitivity causing allergic reactions and asthma, in which mast cells have a 
central role. IFN  is a potent inflammatory cytokine produced primarily by TH1 cells 
and dendritic cells. It affects the surrounding tissue in many ways, e.g. activating 
macrophages. Resting human mast cells express very low levels of the high affinity 
receptor for IgG, Fc RI, but in the presence of IFN  the expression increases [177]. In 
this paper we confirm an enhanced cell surface expression of Fc RI after 24 hours of 
IFN  treatment. Furthermore, aggregation of upregulated Fc RI by crosslinking caused 
mast cell degranulation and release of -hexosaminidase. The activation-induced 
degranulation was not seen in mast cells untreated with IFN . This confirms previously 
presented data describing that mast cells treated with IFN  can be activated via IgG 
crosslinking, leading to degranulation and release of de novo synthesized mediators, 
such as inflammatory cytokines and arachidonate metabolites [178].  
 
Withdrawal of essential growth factor SCF induces mast cell apoptosis both in vitro 
and in vivo [179, 180]. We and others have previously described that Fc RI 
crosslinking promotes mast cell survival from growth factor deprivation-induced 
apoptosis [59, 64, 181]. In this paper we report that Fc RI-activated mast cells, 
similarly to Fc RI-activated mast cells, exhibit activation-induced survival and 
enhanced expression of mRNA of the anti-apoptotic protein Bfl-1. The Bfl-1 protein is 
the human homologue to the murine anti-apoptotic protein A1, which has been shown 
to be upregulated following Fc RI aggregation and contribute to mast cell survival 
since A1 [59]. It appears to be a correlation between Fc-receptor signaling and Bfl-
1/A1 upregulation, as well as activation induced mast cell survival. As we show in this 
paper together with other previously published reports [59, 64], both Fc RI and Fc RI 
induce upregulation of Bfl-1/A1 and survival. In contrast, activation of mast cells via 
adenosine receptor [182] or the compound 48/80 [59] does not induce survival or A1 
upregulation even though mast cells degranulate.  
 
Mast cells survive, recover and re-granulate after Fc-receptor activated degranulation 
probably because of the upregulation of Bfl-1/A1. Thus, antigen-mediated activation of 
mast cells is not only possible in TH2-environments with cytokine secretion promoting 
IgE-synthesis and upregulation of Fc RI, but also in diseases associated with a TH1-
environment with induction of Fc RI and IgG production.  
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4.2 Paper II: NFAT but not NF- B is crucial for transcriptional induction of the 
prosurvival gene A1 after IgE receptor activation in mast cells. 

 
The anti-apoptotic Bcl-2 family member A1 is encoded by three highly conserved 
functionally coding genes, a1a, a1b and a1d [62], and is the murine homologue to 
human Bfl-1. In epithelial cells, T- and B-lymphocytes, A1 is under transcriptional 
regulation of NF- B [67, 69, 70]. In granulocytes the expression of A1 is regulated by 
the zink finger transcription factor WT1 [71]. Thus, the expression of A1 might be 
transcriptionally regulated in a lineage and stimuli dependent manner. In this paper we 
demonstrate that NFAT and not NF- B regulates transcription of A1 in mast cells upon 
Fc RI crosslinking.  
 
The subunit NF- B1 p50 is a common component in the NF- B dimers. Here we 
demonstrate that bone marrow derived mast cells (BMMC) deficient in the NF- B 
subunits, RelA, c-Rel, or a combination of c-Rel and NF- B1 p50, still upregulate A1 
mRNA upon Fc RI crosslinking. Furthermore, unaffected upregulation of A1 mRNA 
was detected in the C57 mast cell line transiently transfected with an active I B-  
super-repressor (I B-  SR). Normally, most NF- B dimers reside in the cytoplasm 
sequestered by the inhibitors I B, which has to be phosphorylated in order to release 
NF- B. The I B-  SR has a mutation in the phosphorylation site making it resistance 
to kinase phophorylation and is thereby non-degradable. I B-  SR-bound NF- B 
dimers can therefore not enter the nucleus and transcribe its target genes. In our paper, 
inhibited nuclear translocation was shown as unaffected low nuclear NF- B1 p50 and 
RelA levels, detected by western blot and EMSA. These data are compelling evidence 
that NF- B is not the essential transcription factor of A1 in mast cells.   
 
Fc RI crosslinking causes calcium influx, mast cell degranulation, upregulation of A1 
and mast cell survival [59]. Fc RI also activate the calcium dependent transcription 
factor NFAT [183]. A possible candidate for regulation of A1 in mast cells was 
therefore NFAT, which resides in the cytosol in a phosphorylated inactive state. Upon 
increased intracellular calcium levels NFAT gets dephosphorylated by calcineurin, a 
phosphatase which in turn is activated by interaction with calmodulin and calcium. 
Dephosphorylated NFAT then translocates to the nucleus. When using the calcineurin 
specific inhibitor cyclosporin A, the enhanced transcription of A1 upon Fc RI 
crosslinking was totally abolished. In contrast, this loss of A1 transcript was not 
detected in LPS stimulated monocytic cell line J774A.1. Therefore, the inhibitory effect 
of cyclosporin A suggested that NFAT is responsible for A1 transcription in mast cells, 
which can be inhibited by cyclosporin A [184, 185]. 
 
We continued by looking at the promoter sequence of A1 and did reporter gene 
analysis with luciferase as the reporter gene. An NF- B binding site has been described 
to be active in B-cell receptor mediated A1 transcription in B-lymphocytes [67]. In our 
reporter gene analysis a construct with deleted NF- B binding site could still be 
activated by Fc RI crosslinking or by the calcium ionophore, ionomycin, which adds 
on evidence that NF- B is not involved in A1 transcription in mast cells. This 
construct, however, contains a putative NFAT binding site and the activity of the 
construct was inhibited by treatment of cyclosporin A. In addition, the putative binding 
site could actually attract nuclear translocated NFAT as showed by EMSA, and 
treatment of cyclosporin A prior mast cell activation strongly reduced this interaction. 
Furthermore, using ChIP and antibodies directed against NFAT, we could demonstrate 
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that NFAT binds the promoter of A1 also in living mast cells following activation by 
ionomycin. Again, treatment with cyclosporin A inhibited NFAT translocation to the 
nucleus and thereby reduced protein-chromatin interaction. As mentioned above, 
stimulation of J774A.1 with LPS upregulates A1 gene expression. ChIP revealed no 
binding of NFAT but instead NF- B to the A1 promoter in J774A.1. 
 
In mast cells three of the five NFAT family proteins have been reported to be 
functionally active [106]. In our study we got a band shift in EMSA using an NFAT1 
antibody. Also in ChIP the NFAT1 antibody pulled down a protein-chromatin complex. 
Furthermore, Fc RI crosslinking of NFAT1 overexpressing C57 expressed more A1 
mRNA than NFAT2 overexpressing C57, suggesting that NFAT1 is the family member 
that is responsible for A1 transcription in mast cells.  
 
All together our results describe a cell specific regulation of A1 transcription in Fc RI 
activated mast. Instead of NF- B our data suggest NFAT, probably NFAT1, to be the 
crucial transcription factor. Although NFAT binds a putative binding site in the 
promoter region of A1 as shown in EMSA, we have not been able to describe the actual 
active binding site. By using an oligo with mutated putative binding site in EMSA we 
could abrogate the oligo-protein complex formation, however, similar mutation did not 
inhibit promoter activity in reporter gene analysis. It is possible that NFAT acts at the 
promoter via an intermediate transcription factor and induces A1 transcription 
indirectly. NFAT often binds cooperatively with other transcription factors most 
frequently AP-1 [186], but also GATA, EGF and IRF-4 are documented synergistic 
binding partners [187]. There are also examples of distal important enhancer regions 
present, e.g. in gene introns [188] or upstream the promoter region, that may influence 
NFAT transcription activity. Further work is needed to unravel the details of how 
NFAT regulate A1 transcription in mast cells.  
 
 
4.3 Paper III: Pro-apoptotic Bax is the major and Bak an auxiliary effector in 

cytokine deprivation-induced mast cell apoptosis. 
 
In this paper we analyzed the two effector proteins Bax and Bak and their role in mast 
cell apoptosis. The effector proteins are essential for induction of intrinsic apoptosis, 
demonstrated by total resistance to apoptosis-inducing stimuli in Bax/Bak double 
deficient cells [83]. We started by analyzing the mRNA levels of Bax, Bak and four 
anti-apoptotic Bcl-2 family members in resting wild type, as well as in Bax and Bak 
single deficient mast cells using RPA. Bax was more abundantly expressed than Bak in 
wild type mast cells, and no compensatory alteration in expression of anti-apoptotic 
genes was detected in single deficient mast cells. On protein level both Bax and Bak 
were expressed in wild type mast cells. Furthermore, we investigated whether 
activation via Fc RI crosslinking affected the protein levels of Bax and Bak. A minor 
increase in Bak expression but no changes in Bax expression was detected. It is 
documented that Fc RI crosslinking induce changes in both anti-apoptotic proteins 
such as A1 [59] and Bcl-XL, but also pro-apoptotic proteins such as Bim [167]. The 
minor changes in effector protein we see here suggest that Fc RI activation controls 
mast cell survival primarily by regulating levels and function of BH3-only and anti-
apoptotic proteins.  
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We continued by analyzing whether one of the two effector proteins has a more 
prominent role in inducing mast cell apoptosis. Viability was measured in wild type, 
Bax or Bak single and double deficient mast cells after induction of apoptosis through 
withdrawal of growth factors. In other cell types, such as lymphoid cells, Bax and Bak 
have overlapping functions, however, there are reports demonstrating a more important 
role for one protein over the other. For example, Bak is essential for platelet survival 
[189], whereas Bax plays a crucial role in NGF deprivation-induced cell death in 
neuronal cells [190]. In this study we show that Bax has a more prominent role over 
Bak in apoptosis induced by cytokine deprivation. This was true for both connective 
tissue like mast cells (CTLMC) and mucosal like mast cells (MLMC). This stands in 
contrast to previously published in vivo data suggesting a more important role for Bax 
in MLMC compared to CTLMC [191]. Furthermore, we compare the total resistance to 
cytokine deprivation-induced apoptosis of Bax/Bak double deficient mast cells with 
mast cells overexpressing Bcl-2, or mast cells lacking the BH3-only proteins Bim and 
Puma. Apoptosis could not be induced by cytokine deprivation in these mast cells 
supporting the model of indirect activation of apoptosis. 
 
 
4.4 Paper IV: The BH3-mimtic ABT-737 induces mast cell apoptosis in vitro 

and in vivo. 
 
The interplay between pro- and anti-apoptotic Bcl-2 family proteins regulates cell 
survival and apoptosis of the intrinsic pathway. Overexpressing BH3-only proteins or 
inhibiting anti-apoptotic proteins will skew the balance towards cell death. In this 
article we demonstrate induction of mast cell apoptosis by the BH3-only mimetic ABT-
737. This compound inhibits the anti-apoptotic proteins Bcl-2, Bcl-XL and Bcl-w but 
have low affinity to Mcl-1 and A1.  
 
All cell lines and primary mast cells, both murine and human, that we analyzed were 
sensitive to ABT-737 although to different concentrations. Induction of apoptosis was 
confirmed by caspase-3 cleavage, but also from absence of apoptosis in ABT-737 
treated Bak/Bax double deficient mast cells. The human mast cell line HMC-1, which 
has been reported to express Mcl-1, [172] was not affected at lower concentrations of 
ABT-737, which goes in hand with the selective inhibitory binding of the compound. 
We confirmed the protein expression of Mcl-1 in HMC-1 cells, but also detected lower 
Mcl-1 expression in LAD2 cells that were more sensitive to ABT-737. This pattern of 
more Mcl-1 expression in less sensitive mast cell lines was also detected in murine 
mast cell lines. On the contrary, Bcl-2 was markedly higher expressed in the more 
sensitive C57 than MC9. This inverse expression pattern has been reported previously 
in four human ALL cell lines, where Bcl-2 was higher expressed in cell lines being 
more susceptible for ABT-737 [192]. Thus, efficiency of ABT-737 in inducing 
apoptosis is not only based on expression pattern of the two non-binding anti-apoptotic 
proteins Mcl-1 and A1, but also on Bcl-2, Bcl-XL and Bcl-w.   
 
Our in vitro data demonstrate mast cell sensitivity to ABT-737 at relatively low 
concentrations. We therefore got interested in analyzing its effects on mast cells in vivo 
too. Indeed, intraperitoneal injections of ABT-737 totally depleted peritoneal mast 
cells. In addition, administration of ABT-737 also diminished the number of peritoneal 
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B-lymphocytes, which has been reported before as an effect of i.p. injections of ABT-
737 [193]. Due to the low aqueous solubility properties of ABT-737, the compound has 
to be administered at pH 4 or slightly lower. This together with the apoptotic effect of 
ABT-737 might cause the observed influx of phagocytosing macrophages and 
neutrophils. B-lymphocytes and platelets are reported sensitive to ABT-737 in vivo 
[189, 193, 194]. Here we describe a local depletion of mast cells in the peritoneum after 
i.p. injections of ABT-737. We followed up the in vivo experiment by studying the 
apoptotic effects of different concentrations of ABT-737 on mast cells, B-lymphocytes, 
macrophages and neutrophils ex vivo. Peritoneal derived mast cells were highly 
sensitive compared to the other cell types, but also to other mast cell lines and primary 
mast cells analyzed in vitro. This effect might be a matter of maturity between the 
different mast cells analyzed. As mast cells mature in the tissue where they reside, the 
peritoneal derived mast cells are fully mature. In contrast, the in vitro differentiated 
primary mast cells are derived from progenitor stem cells either from murine fetal liver, 
bone marrow or human cord blood. Although these cells express mast cell specific 
markers their maturity has been discussed [133]. Expression of anti-apoptotic proteins 
may also fluctuate during differentiation, resulting in varying susceptibility to BH3-
only mimetics such as ABT-737 during life time. The strong apoptosis-inducing effect 
ABT-737 has on mast cells, compared to other cell types tested, suggests a possible cell 
specific removal of mast cells locally in tissue. Its effects would be interesting to 
further study in mast cell associated disease models. 
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5 CONCLUSIONS 
The work I present in my thesis give new insight into how the mechanisms of apoptosis 
and survival is regulated in mast cells, which will be valuable knowledge in the 
development of new methods to control mast cell life. With the four papers included in 
the thesis I go from activation of a survival response in the first paper to induction of 
apoptosis in the last.  
 
Paper I: Mast cells are effector cells of the immune system, with a long lifespan and 
ability to survive activation-induced degranulation. Their involvement in type I 
hypersensitivity is well documented as being sensitized and activated by allergen 
crosslinking of IgE-bound high affinity receptors, Fc RI, in a TH2 cytokine stimulated 
environment. We describe that human mast cells can be activated also in a TH1 
cytokine dependent milieu. The immunoregulatory TH1 cytokine, IFN  stimulates B-
lymphocytes to produce IgG instead of IgE. As we describe, it also upregulates 
expression of the high affinity receptor Fc RI on mast cells, which thereafter can be 
activated by IgG crosslinking. In addition to mast cell degranulation, increased survival 
and upregulation of the anti-apoptotic protein Bfl-1 was detected (fig. 7).  
 
Paper II: The murine anti-apoptotic gene A1 is, just as its human homologue Bfl-1, 
upregulated in mast cells upon Fc RI crosslinking. Aggregation of Fc RI results in 
degranulation which is an effect of increased intracellular Ca2+ levels. In my second 
paper we present evidence that the enhanced A1 transcription in mast cells, following 
Fc RI crosslinking, is controlled by the calcium and calcineurin dependent 
transcription factor NFAT (fig. 7). This is an example of cell specific and stimuli 
specific regulation of potent Bcl-2 family members. In B- and T-lymphocytes, 
epithelial cells and granulocytes, transcription of A1 has been reported to be regulated 
by NF- B or WT1. By using NF- B deficient mast cells, stable transfected I B-  SR, 
and promoter gene analysis with deleted NF- B binding site, we show that NF- B is 
not involved in A1 transcription in mast cells. Instead, data from EMSA, ChIP and the 
cyclosporin A, an inhibitor of calcineurin, suggest NFAT as the important transcription 
factor for A1 in mast cells. The increased expression of A1 is responsible for the 
survival effect seen in Fc RI activated mast cells. However, activation of mast cells via 
Fc RI crosslinking also upregulates the expression of Bim [167]. Since A1 has high 
affinity to several BH3-only proteins, such as Bim, Puma and Noxa [72], the survival 
effect might be a result of increased inhibitory binding to BH3-only proteins.  
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Figure 7. Regulation of mast cell survival and apoptosis. Human mast cells stimulated with IFN  
upregulate the high affinity receptor for IgG, Fc RI. Cosslinking of Fc RI, as well as of Fc RI, increase 
the intracellular calcium levels leading to degranulation, mast cells survival and upregulation of Bfl-1 
gene expression (I). Increased intracellular calcium levels also activate calcineurin to dephosphorylate the 
transcription factor NFAT, which enters the nucleus and transcribe the a1 gene (II). A1 is crucial for 
activation-induced survival from cytokine deprivation-induced apoptosis, in which Bax has a more 
prominent role over Bak (III). Mast cell apoptosis can also be induced by the BH3-only mimetic ABT-
737, which only binds and inhibits Bcl-2, Bcl-XL and Bcl-w and not Mcl-1 or Bfl-1/A1 (IV). 
Administration of ABT-737 induces apoptosis at lower concentrations in mature mast cells than in other 
cell types.  
 
 
Paper III: The intrinsic pathway of apoptosis is well studied in numerous cell types, 
but still not fully understood. Generally, the effector proteins Bax and Bak are essential 
for induction of MOMP and apoptosis onset, however, how they contribute to 
permeabilization has not been solved. In the literature, there are examples of one 
effector protein being more essential in apoptosis than the other. We demonstrate that 
in mast cells, Bax is not only expressed more than Bak, but also has a more prominent 
role in cytokine deprivation induced apoptosis (fig. 7). This was true for both 
connective tissue like mast cells and mucosal like mast cells. However, mast cells are 
not solely dependent on Bax since total rescue was only detected in Bax/Bak double 
deficient mast cells. No general interaction model for how Bcl-2 members regulate 
Bax/Bak activation has been unified. The indirect activation model holds better for 
Bak, who is constrained by Mcl-1 and Bcl-XL, and needs to be liberated by anti-
apoptotic binding to Bim or Noxa and Bad in order to be activated [90]. On the other 
hand the direct model is supported by studies on Bax, where interactions between 
peptides of BH3-only proteins Bim, Bid and Puma, and Bax are reported [86, 195]. Our 
data on mast cells show that cytokine deprivation, which normally induces apoptosis, 
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can not do so in neither Bax/Bak double deficient, Bcl-2 overexpressing nor Bim/Puma 
double deficient mast cells. Our data support the indirect activation of Bax and Bak 
since apoptosis is not inducible when interfering with the balance between crucial 
apoptosis regulating Bcl-2 family members. 
 
Paper IV: Apoptosis is a way of killing cells without causing inflammation or irritate 
surrounding tissue. It is therefore a preferable mechanism to induce in order to remove 
unwanted cells as therapy. Using small molecular inhibitors of anti-apoptotic proteins is 
one way of inducing apoptosis through the intrinsic pathway. We have analyzed the 
effects of the BH3-mimetic ABT-737 on mast cells and describe a high sensitivity to 
the compound in both murine and human mast cells. Variations in responsiveness 
among the cell lines may be due to differences in Mcl-1 and Bcl-2 expression, since 
cell lines expressing the most Mcl-1 were the least sensitive (fig. 7). The affinity of 
ABT-737 resembles the weak BH3-only protein Bad and can only inhibit Bcl-2, Bcl-
XL and Bcl-w, but not Mcl-1 and A1. Mature mast cells in the peritoneum were totally 
depleted upon i.p. injections of the compound. In addition, peritoneal B-lymphocytes 
also decrease in population, which has been reported as an effect of in vivo injections of 
ABT-737 [193]. However, in our ex vivo experiments, apoptosis is induced at much 
lower concentration in mast cells than B-lymphocytes. Our data describe ABT-737 to 
be a useful tool in reducing mast cells locally in tissue. Treatment of mast cell 
associated diseases such as mastocytosis, allergic reaction and asthma would improve if 
apoptosis could be induced specifically in mast cells. As we show, ABT-737 or 
derivates of it, may be a functional candidate for this.   
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6 FUTURE PERSPECTIVES 
The effect of mast cells in atopic hypersensitivity reactions can be fatal as the reaction 
is often elevated to non-proportional degree in relation to the actual cause. Allergen 
binding to IgE receptors causes degranulation and release of mediators, but also 
initiates protein synthesis. Mast cells survive this harsh process, which has been 
described to be dependent on the anti-apoptotic protein [59]. A similar upregulation of 
Bfl-1, the human homologue to A1, occurs following IgE receptor crosslinking of 
human mast cells [64]. In addition, human mast cells also survive an IgE receptor 
crosslinking. However, the activation-induced survival has so far not been described to 
be an effect of Bfl-1, although it is tempting to suggest a similar dependence as in the 
murine system. For obvious reasons, no human Bfl-1 knock-outs are available, neither 
are any disorder where Bfl-1 is deficient described. Instead, the effects of Bfl-1 could 
be studied in Bfl-1 knock-downs using antisense oligonucleotides or RNA interference 
to block transcription and expression of the bfl-1 gene in vitro. By inhibiting the 
transcription of bfl-1 it would be possible to indirectly study the effects of Bfl-1 on 
human mast cells. It would add valuable information for future mast cell reducing drug 
design if we could connect the activation-induced survival to the upregulated Bfl-1 
expression in mast cells.  
 
The heterogeneity of the mast cell population makes it difficult to extrapolate data to 
the whole population. In mouse, IgE receptor crosslinking results in activation-induced 
survival and upregulation of A1 in CTLMC, but not in MLMC. In vitro experiment on 
human mast cells are performed on CBMC and LAD2 which refer to a MCTC 
phenotype [196, 197], however no MCT has been studied so far. The human mast cell 
line HMC1 cells do not express functional IgE receptor and can therefore not be 
activated through IgE receptor crosslinking [198]. If human MCT behave as MMC, no 
survival effect will follow IgE receptor crosslinking of mast cells in the mucosal 
tissues. This will have a limiting effect of Bfl-1 targeting therapies on IgE and mast cell 
related diseases, but favoring skin diseases such as atopic dermatitis, where MCTC are 
more prominent. However, as we and others have described, human mast cells 
upregulate Fc RI when cultured in presence of IFN . Furthermore, crosslinking with 
IgG causes degranulation, increased survival and upregulation of Bfl-1. It would be 
interesting to analyze the effect of IFN  stimulation followed by IgG receptor 
crosslinking also on MCT. If MCT survive IgG receptor crosslinking and upregulate the 
expression of Bfl-1 this may open for broader use of a Bfl-1 target, both in MCT, but 
also against inflammation triggering mast cells in an IFN  environment. 
 
As mentioned above, CTLMC upregulate A1 and survive degranulation induced by IgE 
receptor crosslinking, whereas MLMC do not. Both subtypes derive from the same 
immature circulating precursor cells and mature first after they have migrated from the 
blood into the tissue. The difference in A1 expression must therefore depend on the 
micro-environment for the two subtypes. One possible explanation for the differences 
in transcription of the a1 gene could be epigenetic regulation of it. Two ways of 
epigenetic regulation is through metylation and acetylation. Normally, methylated 
DNA is bound tightly to histones making no transcription possible. For transcription to 
occur, acetylation of histones and demethylation of DNA has to take place. To silence 
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the gene again, methyl transferase adds on methyl groups to the DNA whereas histone 
deacetylase (HDAC), remove acetyl groups from histones, enabling tight interaction 
between DNA and histone, and thereby hinder transcription factors to bind the DNA. 
As we describe in one of the articles in this thesis, the upregulation of A1 following IgE 
receptor crosslinking is regulated by the transcription factor NFAT in murine mast 
cells. It would be interesting to further analyze DNA sequences around the a1 gene in 
the aspect of methylation and histone acetylation both in CTLMC and in MLMC. Since 
the A1 protein is encoded by three functional genes, a1a, a1b, and a1d, deviances 
between CTLMC and MLMC may be due to transcription of different a1 genes. 
Methylation often occurs in so called CpG islands consisting of several CpGs in a row. 
It is possible that differences in CpG islands of the different promoter regions may 
cause transcription of one gene but not the other.       
  
Mast cells influence several inflammation related diseases with their versatile granule 
content and possibility to produce cytokines and chemokines. As mentioned earlier 
mast cells can be recruited by tumor cells as suppliers of angiogenesis-stimulating 
mediators, enabling tumor growth. In addition, constitutively elevated numbers of mast 
cells in tissue causes the disease mastocytosis. To reduce mast cell numbers, and 
thereby the effect of them, would ease many of these disorders. Induction of apoptosis 
is a way to use the intracellular machinery to kill cells without causing inflammation as 
a side effect. In cancer research resent focus has been on developing inhibitors of anti-
apoptotic proteins. One such small molecular inhibitor is ABT-737, that has high 
apoptotic effect in several solid tumors and lymphoid malignancies, but not in others 
which are expressing high levels of Mcl-1 [193, 199, 200]. We show that peritoneal 
mast cells have reduced cell viability at low concentration of ABT-737 when 
administered in vivo. Intraperitoneal injections of ABT-737 also decrease lymphocyte 
population, however, according to our ex vivo experiment mast cells response to ABT-
737 at much lower concentrations than lymphocytes. These data suggests ABT-737 as 
a drug to specifically decrease mast cell numbers locally in tissue. Next step would be 
to study the effects of the inhibitor in a mast cell associated disease model in mouse. 
Prophylactic treatment with the inhibitor would expectedly decrease the mast cell 
number in tissue and therefore the inflammatory reaction. Looking at human mast cell 
response is of course also of interest and relevance, which could be done primarily on 
ex vivo samples or tissue biopsies. However, as mentioned earlier, the aqueous 
solubility of ABT-737 is very low, which gives it poor therapeutic possibilities to be 
used as a drug in the clinic. The specific inhibitory binding of anti-apoptotic proteins, 
together with its low cytotoxicity, still makes it very interesting. The Abbott 
laboratories recently published a modified version, ABT-263 [201], which has 
improved physiochemical and pharmaceutical properties and is orally bioavailable. As 
a derivate of ABT-737 it has similar high affinity to Bcl-2, Bcl-XL and Bcl-w, and 
seems to induce apoptosis to the same extent as ABT-737. Local depletion of mast cell 
might be a future therapeutic treatment of mast cell dependent diseases such as allergic 
reactions and asthma. The second generation of the BH3-only mimetic, ABT-263, is a 
candidate in the development of such therapeutics.  
 
The characterizations of W/Wv [166] and Sl/Sld [110] mice, which due to mutated SCF 
- Kit signaling are deficient in mast cells, have been a valuable tool in mast cell 
research. Recently two groups reported mast cell-specific Cre/loxP recombinant 
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transgenic mice. By coupling Cre to promoter regions of the mast cell protease 5 
(Mcpt5) gene [202], or the baboon -chymase (Chm) gene [203], they described mast 
cell-specific gene silencing of selected genes in mast cells from the peritoneal cavity 
and skin, or lung and colon tissue, respectively. No or minimal Cre-expression was 
detected outside of the mast cell compartment. The development of these mice makes it 
possible to specifically inactivate genes of interest solely in tissue-residing mast cells in 
vivo. We and others have described certain Bcl-2 family proteins being more important 
than others in regulation of mast cell survival and apoptosis, for instance Bim, Puma 
and Bax for induction of cytokine deprivation-induced apoptosis, and A1/Bfl-1 for 
activation induced survival in CTLMC. It would be interesting to study inactivation of 
these genes in tissue mast cells in vivo using the transgenic Cre-mice. Generation of 
mice containing loxP sites in the gene of interest is an essential first step. However, the 
development of mast cell specific transgenic Cre-expressing mice is greatly facilitating 
the studies.  
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7 POPULÄRVETENSKAPLIG SAMMANFATTNING 
I min avhandling presenterar jag ny kunskap i hur så kallad programmerad celldöd 
kontrolleras i mastceller. Jag beskriver skillnader i hur överlevnad regleras efter 
aktivering i mastceller kontra andra celltyper. Dessutom visar jag att celldöd kan 
induceras specifikt i mastceller, vilket skapar nya framtida möjligheter för behandling 
av mastcellsassocierade sjukdomar som allergiska och kroniska inflammationer samt 
vissa cancersjukdomar.  
 
En allergisk reaktion uppstår när kroppens immunförsvar aktiveras av ett allergen, ett 
normal ofarligt ämne från t.ex. djur, växter och mat. Kroppen ser allergenet som ett 
farligt ämne och tillverkar antikroppar (IgE) som specifikt känner igen ämnet och 
binder till det. På mastceller finns mottagare, s.k. receptorer, som binder IgE, och när 
detta sker aktiveras mastcellerna till att frisläppa en stor mängd ämnen, bl.a. histamin, 
som ger upphov till symptomen av den allergiska reaktionen. Mastceller finns i 
vävnader i hela kroppen, framför allt i sådan som ständigt utsätts för bakterier och 
virus, t.ex. huden, mat- tarmkanalen och i andningsvägarna. I kroppens försvar mot 
bakterier o virus spelar mastcellen stor roll eftersom den skapar inflammation, vilket 
påskyndar och underlättar motreaktionen mot inkräktaren. Tyvärr är mastcellers 
förmåga till att inducera inflammation skadligt för oss t.ex. vid astma och allergi, men 
också vid kroniska inflammationssjukdomar som MS och ledgångsreumatism eftersom 
kroppen reagerar mot sig själv (s.k. autoimmuna sjukdomar). Ett sätt att minska den 
negativa effekten är att minska antalet mastceller genom att försöka orsaka 
programmerad celldöd, så kallad apoptos i mastcellerna. Det är en hårt kontrollerad 
mekanism som styrs av interaktioner mellan överlevnadsproteiner och apoptosproteiner 
inne i cellen. Det är denna mekanism som jag har studerat i mastceller. Varje dag dör 
och nybildas miljoner celler i kroppen, och de flesta celler som dör gör det genom 
apoptos, eftersom det inte påverkar omkringliggande celler. Man kan säga att cellerna 
dödar sig själva efter en noga genomtänkt plan där allt farligt bryts ner och 
oskadliggörs innan cellerna slutligen försvinner genom att närliggande celler äter upp 
resterna. 
 
I de första två arbetena (I och II) har jag studerat inducerad överlevnad i mastceller, 
medan de två sista (III och IV) behandlar programmerad celldöd, apoptos. 
 
Som jag skrev tidigare så är bindning av allergen och IgE till IgE-receptorer ett vanligt 
sätt att aktivera mastceller som då frisläpper en stor mängd ämnen s.k. mediatorer. För 
att effekten ska komma direkt finns några mediatorer redan färdiga, förvarade i små 
påsar i cellen s.k. granula. Frisläppandet av dessa granula tär på cellen och för att den 
inte ska gå sönder och dö så nybildas även ett överlevnadsprotein vilket hjälper cellen 
att återhämta sig från aktiveringen. Detta överlevnadsprotein heter A1 i mus och Bfl-1 i 
människa. (I) I mitt första arbete beskriver vi att mastceller kan aktiveras inte bara 
genom IgE utan även genom IgG-receptorer. Detta resulterar i en liknande frisläppning 
av mediatorer (degranulering), överlevnad, samt nybildning Bfl-1. I normala fall finns 
inte IgG-receptorer på mastceller, men uttrycks då cellen påverkas av det 
inflammatoriska ämnet interferon gamma (IFN ). Våra resultat visar att mastceller har 
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en funktion även i en inflammatorisk miljö p.g.a. aktivering genom uppreglerade IgG-
receptorer.  
 
I det andra arbetet (II) har jag studerat den molekylära mekanismen som gör att 
överlevnadsproteinet A1 nybildas. För att A1 proteinet ska tillverkas krävs det att A1-
genen i DNA-kedjan som kodar för proteinet skrivs av inne i cellkärnan. Denna process 
kallas transkription, och det protein som underlättar och aktiverar avskrivandet kallas 
transkriptionsfaktor. Det finns många olika transkriptionsfaktorer som alla har speciella 
bindningsställen på DNA-kedjan där de börjar transkriptionen vid. Normalt sätt är bara 
en transkriptionsfaktor ansvarig för en gen i en cell. Däremot kan samma gen 
transkriberas av en annan transkriptionsfaktor i en annan cell, detta trots att alla celler 
har exakt likadant DNA. I B-celler och T-celler transkriberas A1 genen av NF- B som 
är en väldigt vanligt förekommande transkriptionsfaktor för gener som kodar för 
överlevnadsproteiner. Vi påvisar med hjälp av diverse metoder att NF- B inte skriver 
av A1 i mastceller. I stället föreslår vi, grundat på våra resultat, NFAT som 
transkriptionsfaktor. Detta säger oss dels att mastceller skiljer sig från andra celler, men 
ger oss även framtida möjlighet att cellspecifikt påverka mastcellers överlevnad efter 
IgE-receptoraktivering genom att blockera transkriptionen av A1.  
 
Apoptos kan aktiveras på många sätt t.ex. av andra celler eller om något går fel inne i 
cellen. Ett sätt att studera apoptos är att svälta cellerna på livsnödvändiga 
tillväxtämnen. I det tredje arbetet (III) har vi upptäckt att ett specifikt apoptosprotein 
som kallas Bax, är mer involverat i svältinducerad apoptos än sitt kompisprotein Bak. 
Detta har vi gjort genom att odla fram mastceller där genen för Bax eller Bak är 
borttagen så att inget protein kan bildas, en så kallas knock-out. Tidigare har man visat 
att dessa två proteiner är absolut nödvändiga för att apoptos ska ske. När vi sedan tar 
bort tillväxtfaktorerna och cellen bestämmer sig för att gå in i apoptos så lyckas de 
sämre när Bax är bortplockat än normalt, d.v.s. cellerna överlever bättre. På så sätt kan 
vi avgöra att Bax är viktigare än Bak för apoptos i mastceller om det aktiveras av svält 
på tillväxtfaktorer.    
 
Som nämnts tidigare så kan programmerad celldöd, apoptos, aktiveras på många sätt. 
Det är även ett bra sätt att döda celler på då omkringliggande celler inte påverkas 
negativt. Inom cancerforskning är apoptos en viktig process att förstå och försöka styra, 
eftersom cancerceller på olika sätt lyckats koppla ur apoptosfunktionen och fortsätter 
leva och dela sig. I det fjärde arbetet (IV) har vi använt oss av en kemisk substans 
(ABT-737), som aktiverar apoptos i celler, och upptäckt att mastceller dör lättare än 
många andra celler av denna substans. ABT-737 är en liten molekyl som går in i cellen 
och binder till tre av fem överlevnadsproteiner med hög specificitet. När det sker 
frigörs de två apoptosproteinerna Bax och Bak som aktiverar apoptos och cellen dör. 
Tidigare har man visat att effektiviteten hos ABT-737 beror på hur mycket som finns 
av var o ett av de fem olika överlevnadsproteinerna. I celler som har mycket A1 och 
Mcl-1, de två proteinerna som substansen inte binder till, kan ABT-737 inte frigöra Bax 
och Bak vilket resulterar i mindre apoptos och högre överlevnad.  
 
Vi upptäckte att mastceller dör av låga doser av ABT-737 och ville därför studera dess 
effektivitet på mastceller även i en levande organism och använde mus. Efter att ha 
injicerat substansen minskade antalet mastceller dramatiskt i närområdet av injektionen. 
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En minskning av B-celler noterades också, dock upptäckte vi att mastceller är mycket 
känsligare mot ABT-737 än någon annan celltyp som vi analyserade. Dessa resultat 
öppnar för att använda en kemisk substans för att cellspecifikt döda mastceller i en 
vävnad i kroppen utan att andra celler påverkas. Eftersom celler hela tiden nybildas så 
är effekten inte speciellt långvarig. Efter två veckor hade B-cellerna återhämtat sig 
medan mastcellsantalet behövde mer tid på sig. I de sjukdomar där mastceller spelar en 
viktig roll, t.ex. reumatism och andra sjukdomar med kroniska inflammation, skulle 
behandling med ABT-737 eventuellt lindra symptomen och förloppet av sjukdomen 
eftersom mastceller inte längre finns där och kan skapa inflammation. Nästa steg i vår 
forskning är därför att testa substansen i en modell av allergisk inflammation i mus. Att 
kunna studera hur t.ex. kemiska substanser som ABT-737 fungerar i så komplext 
system som i en levande organism är nödvändigt för att kunna utveckla droger som går 
att använda i klinik. Dock är det viktigt att i framtiden ta steget till människa och 
studera hur människokroppen reagerar, eftersom vi trots allt skiljer oss från möss.  
 
Den här avhandlingen påvisar skillnader i hur programmerad celldöd, apoptos, regleras 
i mastceller jämt emot andra celler i immunförsvaret. Detta inte bara ökar kunskapen 
om hur mastceller fungerar utan även belyser möjliga attackeringspunkter för framtida 
droger. Att cellspecifikt minska antalet mastceller har en klinisk relevans i behandling 
av mastcells-associerade sjukdomar som atopisk dermatit, MS, ledgångsreumatism, 
mastocytos men även vissa cancersjukdomar. 
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