
 
 

 

 

CHARLES UNIVERSITY IN PRAGUE 

Faculty of Science 

 

 
 

Dissertation 

 

 

Regulation of Mast Cell Activation at the Level of 
the High-affinity Receptor for IgE and STIM1 

 

 

 

 

 

 

 
Author: Mgr. Viktor Bugajev 

Supervisor: RNDr. Petr Dráber, DrSc. 

Study program: Immunology



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This thesis was prepared at the Institute of Molecular Genetics, Academy of Sciences of the 

Czech Republic, Laboratory of Signal Transduction. Experimental data were compiled into four articles 

(three original and one review with original data). One of the articles is submitted for publication in 

Journal of Immunological Methods.  
 

 I hereby declare that I have elaborated this thesis independently, and all the resources employed 

as well as co-authors are indicated. I further declare that I did not submit this thesis, or an essential part 

of it, to obtain other, or the same university degree. 

 
Prague, 29 April, 2013       Viktor Bugajev 



 
 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I would like to thank my supervisor Petr Dráber for giving me the opportunity to perform these 

studies. Without his encouragment and guidance this work could not have been accomplished.  

 

 I appreciated very much the collaborations and/or useful discussions with my former and 

current colleagues from the “lab No. 22“, namely with (in alphabetical order) Monika Bambousková, 

Romana Budovičová, Peter Dráber, Helena Dráberová, Lubica Dráberová, Jiří Eitler, Filip Franko, 

Ivana Hálová, Petr Heneberg, Lukáš Kocanda, Martin Machyna, Hana Mrázová, Anna Koffer, Pavel 

Lebduška, Dana Lorenčíková, Tomáš Paulenda, Iva Polakovičová, Gouse Mohidin Shaik, Daniel Smrž, 

Lucie Stegurová, Magda Tůmová, Petra Volná, Šárka Šilhánková, Michal Šimíček and Pavol Uťekal. I 

appreciated very much collaboration with "lab No. 26", namely with (in alphabetical order) Eduarda 

Dráberová, Pavel Dráber, Zuzana Hájková, Stanislav Vinopal. Collaboratrion with Jiří Janáček from 

Department of Biomathematics, Institute of Physiology, Czech Academy of Sciences and with Petr 

Matoušek and Petr Wagner from  department of Clinical Biochemistry, Regional Hospital Liberec is 

also highly appreciated.  

 

 Last but not least, I would like to thank my parents and family for the endless support.



 
 

 

 

INDEX 

	 	
ABSTRACT (EN) ..................................................................................................................................... 6 
 
ABSTRACT (CZ) ..................................................................................................................................... 7 
 
ABBREVIATIONS .................................................................................................................................. 8 
 
INTRODUCTION .................................................................................................................................. 12 
 

Mast cells and basophils – from history to the present ........................................................................ 12 
Mast cells subpopulations .................................................................................................................... 13 
Mast cells responses to stimuli ............................................................................................................. 14 

1) Mast cells degranulation ....................................................................................................... 14 

2) Arachidonic acid derived mediators ..................................................................................... 15 

3)  Production of cytokines, growth factors and chemokines .................................................... 16 
4)  Homeostatic events following mast cell degranulation ........................................................ 16 

Mast cells in immunological network .................................................................................................. 16 
Mast cell responses to pathogens ..................................................................................................... 16 
IgE-mediated immune responses ..................................................................................................... 18 
Mast cells in autoimmune diseases .................................................................................................. 19 
Mast cell as a partner in immune interactions ................................................................................. 20 

Mast cell signaling at the molecular level ............................................................................................ 22 
Mast cells associated receptors ............................................................................................................ 22 

High affinity receptor for immunoglobulin E (FcεRI) .................................................................... 22 

FcεRI signalosome ............................................................................................................................... 24 

Src family kinases involved in early FcεRI signaling ..................................................................... 24 

TRAPs ............................................................................................................................................. 26 
Store operated calcium entry ................................................................................................................ 27 

Stromal interaction molecule 1 ........................................................................................................ 28 
Orai1 ................................................................................................................................................ 29 
STIM-Orai1 interaction ................................................................................................................... 30 
The regulation of SOCE by cellular machinery ............................................................................... 30 
The regulation of SOCE by STIM1 ................................................................................................. 32 
STIM1-Orai1 complex in the context of plasma membrane organization....................................... 32 
STIM1 in mast cell signaling ........................................................................................................... 33 
The cross-talk of STIM1 with cytoskeleton .................................................................................... 33 



 

 
 

 

 
AIMS ....................................................................................................................................................... 35 
 
METHODS ............................................................................................................................................. 36 
 
PUBLICATIONS ................................................................................................................................... 40 
 

List of publications .............................................................................................................................. 40 
What precedes the initial tyrosine phosphorylation of the high affinity IgE receptor in antigen-
activated mast cell? .............................................................................................................................. 41 
STIM1-directed reorganization of microtubules in activated mast cells ............................................. 49 
1,2-propanediol-trehalose mixture as a potent quantitative real-time PCR enhancer .......................... 67 
Real-time PCR-based genotyping from whole blood using Taq DNA polymerase and a buffer 
supplemented with 1,2-propanediol and trehalose ............................................................................... 84 

 
GENERAL DISCUSSION ..................................................................................................................... 97 
 
CONCLUSIONS ................................................................................................................................... 106 
 
REFERENCES ..................................................................................................................................... 108 

 
 
 
 



ABSTRACT - EN 
 

 
6 

ABSTRACT (EN)	
 

This thesis is focused on two important gate-keepers of mast cell signaling. The first is the 

complex of the high-affinity receptor for immunoglobulin E (IgE) (FcεRI) associated with Lck/Yes-

related novel tyrosine kinase (Lyn), which is involved in acquired immune responses and the second is 
the stromal interaction molecule (STIM)1, which senses calcium levels in endoplasmic reticulum (ER) 
and upon depletion of ER Ca2+ stores participates in opening of the plasma membrane Ca2+ release-
activated Ca2+ (CRAC) channels.  

Although the structure of FcεRI is known for many years and numerous molecules associated 

with the receptor have been described, the exact molecular mechanism of initiation and termination of 

the FcεRI signaling is elusive. Therefore, we evaluated the current knowledge on the molecular 

mechanisms of FcεRI phosphorylation with emphasis on the newly described model according to which 

cross-talk between protein tyrosine phosphatases (PTPs) and protein tyrosine kinases (PTKs) sets the 

threshold for FcεRI tyrosine phosphorylation (PTK-PTP interplay model). Furthermore, we extended 

the knowledge about topography of active phosphatases which are prone to oxidation within the clusters 
of transmembrane adaptor proteins non-T cell activation linker (NTAL) and linker for activation of T 

cells (LAT) upon FcεRI triggering.  

Using bone marrow-derived mast cells BMMCs as a model, we obtained new data on 
colocalization of STIM1 with microtubule filaments and movement of STIM1 in microtubule-
dependent manner that reflected direct communication between STIM1 and microtubule plus-end 
tracking protein EB1. To determine whether STIM1 regulates EB1 movement and microtubules 
organization in calcium dependent manner we prepared BMMCs with reduced expression of STIM1. 
We found, as expected, that STIM1-deficient cells exhibited impaired calcium signaling upon activation 
and that this resulted in inhibition of de-novo reorganization of microtubules. Unexpectedly, treatment 
of BMMCs with the inhibitor of microtubules polymerization (nocodazole) failed to impaire 
translocation of STIM1 to ER/plasma membrane junctions and CRAC channels function. The cross-talk 
between microtubules and STIM1 was analyzed in detail by recording changes in reorganization of 
microtubules in BMMCs attached on fibronectin-coated slides after their activation with different 
stimuli (antigen, thapsigargin or pervanadate). BMMCs activated by all activators employed showed 
formation of distinct microtubule protrusions. This hitherto unknown mast cell function required co-
stimulatory signaling from integrins. STIM1 was localized in the plasma membrane protrusions 
suggesting that local calcium signaling plays a role in formation of such protrusions.  

Significant effort was also directed towards production of new monoclonal and polyclonal 
antibodies toward STIM1 and development of new real-time polymerase chain reaction (PCR) master 
mixes suitable for amplification of DNA fragments from whole blood and/or GC-rich templates. 
Outputs from these projects are either commercially available products (anti-STIM1 monoclonal 
antibody) or are in the processing for commercial use [new quantitative PCR (qPCR) master mixes]. 
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ABSTRACT (CZ)  
 
 

Tato disertační práce je zaměřena na dva důležité regulátory signalizace žírných buněk. Prvním 

z nich je komplex vysoce afinního receptoru pro imunoglobulin E (IgE) (FcεRI), který se podílí na 

získaných (adaptivních) imunitních odpovědí a druhý je stromální interakční molekula 1 (STIM1), která 
monitoruje hladiny vápníku v endoplasmickém retikulu (ER) a po uvolnění Ca2+ z ER se podílí na 
otevření vápníkovým uvolněním aktivovaných vápníkových (CRAC) kanálů. 

I když je struktura FcεRI známá již mnoho let a byla popsána řada molekul asociovaných s 

tímto receptorem, přesný molekulární mechanismus zahájení a ukončení FcεRI signalizace zůstává 

nejasný. V této studii jsme vyhodnotili dosavadní poznatky o molekulárních mechanismech iniciace 

fosforylace FcεRI s důrazem na nově popsaný model, podle kterého vzájemné interakce mezi protein 

tyrosin fosfatázami (PTPs) a protein tyrosin kinázami (PTKs) nastaví práh tyrosinové fosforylace FcεRI 

(PTK-PTP interakční model). Dále jsme rozšířili poznatky týkající se topografie fosfatáz citlivých k 

oxidaci po stimulaci FcεRI v rámci klastrů transmembrálních adaptorových proteinů: T buňky 

neaktivující „linker“ (NTAL) a „linker“ aktivovaných T lymfocytů (LAT).  
Žírné buňky původem z kostní dřeně (BMMC) jsme použili jako modelový systém pro získání 

nových poznatků o vzájemné lokalizaci STIM1 s mikrotubulovými filamenty a pohybu STIM1 závislém 
na pohybu mikrotubulů, který reflektoval přímou komunikaci mezi STIM1 a proteinem sledujícím plus-
konce mikrotubulů, EB1. Abychom určili, zda STIM1 reguluje organizaci mikrotubulů v závislosti na 
vápníku připravili jsme BMMCs se sníženou expresí STIM1. V souladu s očekáváním jsme zjistili, že 
buňky se sníženou expresí STIM1 mají po aktivaci narušenou vápníkovou signalizaci, a že de-novo 
reorganizace mikrotubulů byla inhibovaná. Překvapivě, v buňkách ovlivněných inhibitorem polymerace 
mikrotubulů (nocodazolem) nebyla narušena translokace STIM1 do oblastí přiblížení ER/plazmatické 
membrány a aktivace CRAC kanálů nebyla narušena. Vzájemná interakce mezi mikrotubuly a STIM1 
byla detailně analyzována sledováním změn v reorganizaci mikrotubulů BMMCs po jejich aktivaci 
různými podněty (antigenem, thapsigarginem nebo pervanadátem). Aktivace buněk přisedlých přes 
fibronektin na podložní sklíčka vedla k tvorbě mikrotubulových výčnělků. Tento doposud neznámý 
fenotyp žírných buněk vyžadoval integrínovou kostimulaci. Přítomnost STIM1 ve výčnělcích 
naznačuje, že lokální vápníková signalizace může hrát roli při tvorbě mikrotubulových výběžků.  

 Významné úsilí bylo také zaměřeno na přípravu nových monoklonálních a polyklonálních 
protilátek proti STIM1 a vývoji nových polymerázových řetězových reakčních (PCR) směsí vhodných 
pro amplifikaci DNA fragmentů z krve anebo GC-bohatých templátů. Výstupy z těchto projektů jsou 
buď komerčně dostupné produkty (anti-STIM1 monoklonální protilátka), nebo jsou v procesu přípravy 
pro komerční využití (nové kvantitativní PCR směsi). 
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ABBREVIATIONS 
 
AA   Arachidonic acid 
BaP   Basophil progenitor 
BCR    B cell receptor 
BMCP   Bipotent basophil/mast cell progenitor 
BMMCs   Bone marrow-derived mast cells 
BSA   Bovine serum albumin 
BSS   Buffered saline solution  
Btk    Bruton tyrosine kinase 
CAD   CRAC-activation domain 
CCL   Chemokine (C-C motif) ligand 
CD    Cluster of differentiation 

C/EBP α  CCAAT/enhancer-binding protein α  

CMP   Common myeloid progenitors 
CNS   Central nervous system 
CRAC   Ca2+ release-activated Ca2+   
CRACM  CRAC modulator 
CRACR2A  CRAC regulator 2A 
Cpa3   Carboxypeptidase 3A 
CTMCs   Connective tissue mast cells 
Csk    C-terminal Src kinase 
DAG    Diacylglycerol 
DNA   Deoxyribonucleic acid 
DNP   2,4-Dinitrophenyl  
DLN   Draining lymphoid node 
DRM    Detergent resistant membranes  
EAE    Experimental autoimmune encephalomyelitis 
EB1   End binding 1 
ECFP   Enhanced cyan fluorescent protein 
EGFP   Enhanced green fluorescent protein 
ER   Endoplasmic reticulum 
Erk    Extracellular-signal regulated kinase 
esRNA   Exosomal shuttle ribonucleic acid 
EYFP   Enhanced yellow fluorescent protein 

FcεRI    High-affinity receptor for IgE (Type I receptor for IgE)  

FcεRII    Low-affinity receptor for IgE  
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FcγRI    Fc-gamma receptor I 

FcγRIII   Low affinity IgG receptor 

FcR   Fc receptor 

FcR α   α subunit of FcεRI receptor 

FcR β   β subunit of FcεRI receptor 

FcR γ   γ subunit of FcεRI receptor 

FRET   Fluorescence resonance energy transfer 
Gab-2    Grb2-associated binder 2 
GMP   Granulocyte-macrophage progenitor 
GPI   Glycosylphosphatidylinositol 
GPI-AP   Glycosylphosphatidylinositol-anchored protein 
Grb2    Growth factor receptor-bound protein 2 
ICAM-1  Intercellular adhesion molecule 1  
ICRAC   Ca2+-selective calcium-release activated calcium current 
IgE   Immunoblobulin E 
IgG   Immunoglobulin G 
IL    Interleukin 

IFN- γ   Interferon γ 

IP3    Inositol 1,4,5-trisphosphate 
IP3R   Inositol trisphosphate receptor 
ITAM    Immunoreceptor tyrosine-based activation motif 
JNK    Jun N-terminal kinase 
kDa   Kilodalton 
LAT    Linker for activation of T-cells 
5-LO   5-lipoxygenase 
LT   Leukotrien 
Lyn    Lck/Yes-related novel tyrosine kinase 
MCP   Mast cell progenitor 
Mcpt   Mast cell protease 
MHC   Major histocompatibility complex 
MMC    Mucosal mast cell 
mMCP   Mouse mast cell protease 
MLCK   Myosin light chain kinase 
MPP   Multipotential cell progenitor 
mRNA   Messenger ribonucleic acid 

NFAT    Nuclear factor of activated T-cells 

NF-κB    Nuclear factor kappa-light-chain-enhancer of activated B cells 

NTAL    Non-T cell activation linker 
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OASF   Orai1 activating small fragment 
PAG    Phosphoprotein associated with glycosphingolipid-enriched microdomains 
PAMPs   Pathogen–associated molecular patterns  
PBS   Phosphate buffered saline 
PCR   Polymerase chain reaction 
PI3K    Phosphatidylinositol 3-kinase 
PIP2   Phosphatidylinositol 4,5,-bisphosphate   
PIP3    Phosphatidylinositol 3,4,5,-trisphosphate 
PLCγ    Phospholipase Cγ 
PTK   Protein tyrosine kinase 
PTP   Protein tyrosine phosphatase 
qPCR   Quantitative polymerase chain reaction 
RBL    Rat basophilic leukemia 
ROS   Reactive oxygene specious 
RNAi    RNA interference 
SAM   Single sterile alpha-motif 
SARAF  SOCE-associated regulatory factor 
SCF    Stem cell factor 

SDS   Sodium dodecyl sulfate 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SH    Src homology 
SHP    SH2-domain containing phosphatase 
SHIP-1   SH2-domain containing inositol polyphosphate 5-phosphatase 1 
shRNA   Short hairpin ribonucleic acid 
SOAR   STIM1-Orai1 activating region 
SOC   Store-operated channel 
SOCE   Store operated calcium entry 
SP   Signal-peptide 
Surf4   Surfeit locus protein 4 
STIM1   Stromal interaction molecule 1  
Syk    Spleen tyrosine kinase 
TCR    T cell receptor 
TGF-β    Transforming growth factor β 
Th   T helper 
+TIPs   Microtubule plus-end tracking proteins  
TNFα    Tumor necrosis factor α 
TNP    2,4,6-trinitrophenol 
TRPC   Transient receptor potential canonical 
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TRAP    Transmembrane adaptor protein 

ZAP-70   ζ −associated protein of 70 kDa 
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INTRODUCTION 
 

Mast cells and basophils – from history to the present 
Paul Ehrlich in his thesis (1878) described tissue-resident granular cell type based on staining 

with toluidine blue and other cationic aniline dyes. He called them in German “Mastzellen” (mast cells) 
and misleadingly hypothesized that their granules could nourish the surrounding tissue. In his other 
work, he described also eosinophiles, neutrophiles and blood mast cells, now known as basophils. From 
the current point of view mast cells and basophiles are critical effector cells in immunoglobulin E (IgE)-
associated immune responses to pathogens (parasites and some bacteria) as well as in allergic disorders, 
such as eczema, asthma, hay fever and anaphylaxis. Furthermore, mast cells are present at the sites of 
autoimmune inflammation and are able to modulate adaptive immune system [1].   

Mast cells and basophils belongs to the innate immune system and share a lot of common 
features, among them the most prominent is rapid release of preformed proinflammatory mediators to 

antigen challenge, presence of the FcεRI and c-Kit receptor for stem cell factor (SCF), and similar but 

not identical production of proinflammatory mediators. On the other hand, some morphological and 
physiological features are different: mature mast cells are long-lived (weeks to months) cells resident in 
almost all tissues including central nervous system (CNS) or testes; in contrast, short-lived (days) 
basophiles form a minority fraction of blood leukocytes and to the sites of inflammation are recruited 
[1].  

Mast cells are derived from cluster of differentiation (CD)34+ hematopoetic stem cells residing 
in bone marrow [2].  Recent works slightly lifted the fog over the basophile and mast cells relationship 
and several models have been proposed (Figure 1). Mast cell progenitor (MCP) derived from 
multipotential cell progenitors (MPP) was isolated from adult mouse bone marrow (Figure 1A) [3]. 
Arinobu et al. identified a bipotent basophil/mast cell progenitors (BMCPs) in mouse spleen. These 
progenitors are derived probably from common myeloid progenitors (CMP) or granulocyte-macrophage 
progenitors (GMP). BMCPs are characterized by expression of non-specific transcription factors 
GATA-1 (globin transcription factor 1), PU.1 and MITF1 (microphthalmia-associated transcription 

factor) and low level of CCAAT/enhancer-binding protein α (C/EBP α; Figure 1B). The up-regulation 

of C/EBP α plays a critical role in basophile lineage development. Overexpression of C/EBPα in mast 

cells leads to reprogramming them into basophils lineage whereas engraftment of mice lacking mast 
cells (KitW/Wv) with BMCPs leads to repopulation of the spleens and stomachs with mast cells. In this 
work, authors also isolated another mast cell progenitor from intestine and basophil progenitor residing 
in bone marrow [4]. It is obvious that mast cells rais from progenitors of a common hematopoetic origin 
and that the environmental milieu of the tissue influences their development. 
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Figure 1. Two current models decribing the development of mast cells in the context of development of 
other hematopoetic lineages. (A) According to Chen et al. mast cells progenitors (MCP; denoted in 
blue) are derived from multipotential cell progenitors (MPP). (B) In contrast, Arinobu et al. found a 
basophil/mast cell progenitors (BMCP; orange sphere) in mouse spleens. BMCP are derived from 
granulocyte-macrophage progenitors (GMP; green sphere) and give rise to both MCP and basophil 
progenitors (BaP; violet sphere; Arinobu et al., 2009). 
 

Mast cells subpopulations 
Rodent mast cells can be distinguished by histochemical staining on two main populations, 

safranin positive connective tissue mast cells (CTMCs) and safranin negative mucosal mast cells 
(MMCs). These two distinct populations differ both qualitatively and quantitatively in composition of 
mast cell granules, which depend on the local humoral microenvironment [5]. CTMCs are readily 
stained with safranin because of heparin presence; reside in skin, joints and in rodents also in peritoneal 
cavity. The MMCs convert arachidonic acid (AA) mainly to leukotriens (LT) via 5-lipoxygenase (5-LO) 
dependent pathway [6], while CTMCs preferentially exhibit cyclooxygenase activity leading to 
prostaglandins production [7]. Interestingly, in vitro differentiated BMMCs, which is a widely used 
research model cell strain, resemble some attributes of interleukin (IL)-3 dependent MMCs of jejunum 

[8]. It has been shown, that tumor growth factor β (TGF-β) induces in BMMCs expression of MMCs 

specific chymase: mouse mast cell protease (mMCP)1 [9].  
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Mast cells responses to stimuli 
FcεRI-induced response to antigen/pathogen is a multistep process which can be divided 

according to the timing of responses to the following step: 1) an immediate response leading to 
exocytotic release of secretory compartments 2) initiation of AA metabolism 3) de novo synthesis of 
cytokines, growth factors and chemokines 4) long-term homeostatic regulation after mast cells 
activation (Figure 2). 

 

 
Figure 2. The IgE-mediated effector functions of mast cells can be grouped according to the timing of 
responses to immediate responses: releasing of preformed proinflammatory mediators dependent on 
Fyn-Gab2 (Grb2-associated binder 2)-RhoA signaling axis and calcium mobilization;  delayed 
immediate responses: production of eicosanoids in calcium dependent manner; late responses: 
activation of transcription factors [e.g. nuclear factor of activated T-cells (NFAT) and nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB)] induces de novo synthesis of cytokines, 
chemokines or growth factors; delayed homeostatic responses: mast cells restore the secretory 
lysosomes, initiate the pro-survival  pathways, and despite being terminally differentiated, they can 
proliferate in response to appropriate signals (Abraham and St. John, 2010).  
 

1) Mast cells degranulation 
Degranulation is a Ca2+-depended process initiated with pathogen or allergen challenge. Relevancy 

of mast cells in host defense against pathogens highlights the fact that degranulation of 
heparine/tryptase complexes is an evolutionary conserved immune response first described in mast-cell-
like cells in lowly urochordates [10]. Mast cell granules are compartments of endocytic origin with dual 
function – secretory and degradative therefore are referred as secretory lysosomes. Many synthesized 

products targeted to secretion [at least 15 serine proteases, serotonin, histamine, tumor necrosis factor α 

(TNFα), cathepsin D or cathelin-related antimicrobial peptide] are stored in secretory lysosomes 

together with lysosomal enzymes such as β-glucuronidase, β-hexosaminidase, arylsulfatase and 

carboxypeptidases [5;11;12] . At the molecular level, two functionally distinct secretory lysosomes have 
been described. Secretory lysosomes bearing vesicle resident fusion v-SNARE (vesicle SNAP receptor) 

isoform VAMP-8 (vesicle-associated membrane protein 8) comprise histamine and TNFα but are 

devoid of serotonin and cathepsin D [13]. According to ultrastructural electron microscopy, granules 
can be distinguished into three types of compartments (I-III). Type I is characterized with internal 



INTRODUCTION 

 

 
15 

vesicles, type II are organelles with electron-dense core enriched in serotonin surrounded by vesicles 
and type III elecron-dense serotonin rich granules [12] .  

Internal vesicles, also called exosomes, are spherical particles (30-100 nm in diameter) formed 
by inward budding of the late endosome membranes. Such compartments are known as multivesicular 
bodies which can fuse with membranes and are released as membrane exosomes into cell environment 
[14]. It has been shown that 30% of mast cells and almost all basophils contain on the surface of 
exosomes major histocompatibility complex (MHC) clas II in the orientation enabling antigen 
presentation. MHC class II can be also exposed on the surface of basophils [12;15-17] and in some 
cases also on the surface of mast cells [12;16-18]. The exosomes play an important role in cell-cell 
communication [19]. It has been shown, that mast cells-derived exosomes contain also functional 
messenger ribonucleic acids (mRNAs) and microRNAs, which are transferable to other mast cells. This 
mRNA referred as exosomal shuttle RNA (esRNA) can be translated in the recipients cells [20]. Thus, a 
new mechanism of cell-cell communication mediated by esRNA was proposed. Recently, it has been 
shown that mouse mast cells exposed to oxidative stress have different composition of mRNA 
exosomes content in contrast to control cells. Subsequently, the exosomes have been capable of 
inducing protection against oxidative stress in recipient cells [21].  

Electron-dense granules contain negatively charged serglycin proteoglycans heparin and/or 

chondroitin sulfate that serve as an electrostatic scaffold for a range of proteases, serotonin and TNFα 

[5;12;22]. This macro-molecular complexes are released from mast cells as approximately 0.9 μm large 

spherical particles composed of many smaller ~60nm spheres and potentially are endocytosed by 
fibroblasts, macrophages or eosinophiles [5;22]. These mast cells-derived sub-micrometer particles 

comprising heparin bound TNFα can also enter lymphatic vessels and thus explain  fast accumulation of 

unstable TNFα in draining lymphoid nodes (DLN) without dilution to ineffective concentration or 

degradation during the way from the site of inflammation [22]. Mast cell-like heparin-chymosan 

particles loaded with TNFα were successfully used as potent adjuvants during mice immunization. On 

the other hand, artificial particles with encapsulated IL-12 promoted Th1 response. Thus, this newly 
described phenomena triggered by mast cell activation seem to be promising in clinical modulation of 
adaptive immune system because of the capacity to transfer the biological message to remote distances 
from the site of application [23].  
 

2) Arachidonic acid derived mediators 
Eicosanoid synthetic pathways initiate cytosolic phospholipase A2 which yields AA from membrane 
phospholipids including nuclear envelope phospholipids. AA is a substrate for cyclooxygenases, which 
catalyze conversion to prostanoids including prostaglandins and thromboxanes, and lipoxygenases, 
which converse AA into leukotriens and lipoxins [24]. 5-LO converts AA into unstable intermediator 
LTA4 which is further metabolized to LTB4 by LTA4 hydrolase in nucleus and cytoplasm or by 
endoplasmic reticulum (ER) transmembrane protein LTC4 synthase to LTC4 in cytoplasm [25]. 
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3) Production of cytokines, growth factors and chemokines  
A broad spectrum of stimuli induces expression of genes coding cytokines, growth factors and 

chemokines. The plethora of products is reviewed in Gali et al. [26], the expression of some of them is 

species and tissue dependent. Shortly, mouse BMMCs mostly express IL-3, IL-4, IL-6, IL-13 and TNFα 

cytokines; chemokine (C-C motif) ligand (CCL)2, CCL3, CCL5 and CCL8 chemokines and NGF 
(nerve growth factor), VEGF (vascular endothelial growth factor) and GM-CSF 
(granulocyte/macrophage colony stimulating factor) growth factors [26]. 

 
4) Homeostatic events following mast cell degranulation 
In comparison to some other cell types of the innate immune system, mast cells are able to survive 

activation, replenish granules and even further proliferate in the local tissues [23;26]. Crosslinking of 

FcεRI or aggregation of glycosylphosphatidylinositol-anchored proteins (GPI-APs) is accompanied by 

transient massive externalization of phosphatidylserine on the outer cytoplasmic membrane leaflet 
which is not recognized as an apoptotic signal [27]. Similarly, mast cells are resistant to Fas-mediated 
cell death in antigen-activated mast cells which increasingly express Fas receptor on the surface [28]. 

The most critical activation-induced survival factors upon FcεRI crosslinking depend on up-regulation 

of anti-apoptotic Bcl-2 (B-cell lymphoma 2) family member A1 or a human homolog Bfl-1 [29;30]. 
Interestingly, antigen-mediated expression of A1 is associated only with CTMCs which explains 
prolonged survival of this subpopulation in contrast to MMCs [31]. 
 

Mast cells in immunological network 

Mast	cell	responses	to	pathogens	
Mast cells are located mostly at the body interface with external environment, surrounding both 

blood and lymphatic vessels, and periferal nerves; in gastrointestinal and respiratory tract are in the 
close association with smooth muscles and mucus-producing glands; under physiological conditions 
reside in CNS mainly in the vicinity of meninges venules [26;32;33]. The positioning of mast cells in 
the blood venules vicinity is important for the IgE capturing from circulation because mast cells can 
dynamically surmount the venule walls with extended processes outstanding into the vascular 
compartment [34]. Tissue resident macrophages, dendritic cells and mast cells together with epithelial 
cells can recognize among the first invasive pathogens and inform the host immune system of a 
potential threat [35]. The expression of the innate immune-associated receptors enables mast cells to 
respond to pathogen–associated molecular patterns (PAMPs) and a tissue injury evoked damage-
associated molecular patterns [35;36].  Proteases released by mast cells [carboxypeptidase 3A (Cpa3) 
and mast cell protease 4 (Mcpt4)] play a central protective role to snakes, honeybea, Gila monster lizard 

or scorpions envenomation [37;38]. The exocytosis of stored histamine and TNFα rapidly enhances 

vascular permeability and the resulting edema is a physiological process accompanied with the local 
tissue enrichment in fluid and plasma proteins followed by appearance of blood leukocytes in the site of 
inflammation [39]. Changes in vascular permeability are further potentiated by cysteinyl LTs (LTC4, 
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LTD4 and LTE4) [40]. Histamine, LTC4 and LTD4 induce also releasing of the vascular endothelial 
cells specific granules known as Weibel-Palade bodies compraising among others preformed P-selectin. 
The externalization of P-selectin on the vascular endothelial cells contributes to the leukocytes rolling 

and their extravasation from the blood stream [41;42]. TNFα induces the expression of others molecules 

involved in leukocytes tissue-directed migration: intercellular adhesion molecule 1 (ICAM-1) and E-
selectin on the endothelial cells. These effects can be synergistically enhanced by histamine [43] and are 
important for a recruitment of dendritic cells into the tissues infected with bacteria [44]. Mast cell-

derived TNFα is also important in early recruitment of neutrophils to the CNS in experimental 

autoimmune encephalomyelitis (EAE). Neutrophils presence in CNS subsequently disturbs the integrity 
of blood brain barrier [33]. Cysteinyl LTs are responsible for bronchoconstriction [45;46] and potently 
contribute to the IgE-mediated pathophysiology to allergens. Recently, it has been shown that intact 
parasympathetic system and mast cells-derived serotonin are important for bronchoconstriction [47]. 
Mast cells ability to induce contraction of mucosal smooth muscle is behind their involvement in the 
expulsion of parasites from intestine [48;49]. Engrafment of mast cells into mast cell-deficient Ws/ws 
rats and kitWsh/Wsh mice revealed that mast cells play a role in the primery response to hookworm 
parasite (Nippostrongylus brasiliensis) but the second wave was mediated by basophils independently 
of Th2 cells and mast cells [49]. This mast cells – basophils interplay seems to be important in 
immunity against blood-feeding ectoparasite Haemaphysalis longicornis. The IgE-mediated acquired 
immunity to a secondary challenge with ticks is crucially dependent on basophiles as has been shown in 

mice lacking this cell type [50]. Furthermore, TNFα of mast cell origin preclude the onset of malaria in 

mice infected with Plasmodium berghei [51]. The list of parasites inducing mast cell-dependent defense 
includes also nematode Trichinella spiralis [52] or protozoa Leishmania major [53]. The numbers of 
mast cells enhance in DLN of mice infested with L. major [54] and kitW/W-v mice infected with L. major 
developed larger skin lesions with more parasites than control mice [53].   

Mast cells defence against bacteria could be divided on direct or indirect response. Direct 
response to Streptococcus pyogenes includes formation of mast cells extracellular traps; the mechanism 
of these phenomena was firstly recognized in neutrophils defence towards pathogens [55]. The 
extracellular traps are nets composing of a cell material bound to DNA released during specific type of 
cell death which depend on elastase and myeloperoxidase activity [56]. Because of presence of tryptases 
or cathelicidin antimicrobial peptide, the entraped bacterias S. pyogenes are effectively killed [55]. 
Phagocytosis is another direct mechanism of mast cells-mediated defence against bacteria. BMMCs 
recognize and phagocytose the type 1 fimbrated enterobacteria Escherichia coli, Enterobacter cloacae 
and Klebsiella pneumonia [57]. Human cord blood-derived mast cells can also bind and internalize 
different gram-negative and gram-positive bacteria [58]. On the other hand, the ability of 
Staphylococcus aureus to escape killing promoted by cellular machinery enables to S. aureus 
simultaneously survive a potent extracellular antimicrobial activity developed by mast cells, thus, long-
lived mast cells can serve as a refuge of S. aureus latent infection [59]. The interaction between mast 

cell and bacteria is followed by TNFα secretion [57-59]. This cytokine response indirectly recruits 

neutrophils to the sites of inflammation and is crucial for mice survival as was proved in studies of 
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experimentally induced peritonities in mice lacking mast cells [60;61]. The recruitment of neutrophils 
into peritonal cavity during peritonitis is also dependent on other mast cells derived mediators, such 
leukotrienes [62], mMCP-6 protease which promotes endothelial cells to induce IL-8-mediated long-
lasting attraction of neutrophils [63] and mast cells-derived IL-6 which enhances neutrophils-mediated 
killing of  K. pneumonie during intraperitoneal infection [64]. Mouse mast cells express cathelicidin 
peptide called cathelin-related antimicrobial peptide and human skin mast cells cathelicidin LL-37. 
Mice mast cells lacking cathelin-related antimicrobial peptide are not capable of efficient Streptococcus 
eradication comparing to mast cells derived from control littermates [65]. 

Mast cells promotion of the antiviral activity is less understood. Convincing data link dengue 
virus to degranulation of human, monkey and rodent mast cells and induction of anti-viral immunity 
genes transcription. Mice deficient in mast cells reveal impaired clearance of dengue virus because of 
diminished recruitment of naturel killer and natural killer T cells to the sites infested with dengue 
viruses [66].  
  

IgE‐mediated	immune	responses	
Mast cells are central effector cells in IgE-associated acquired immune responses which can be 

protective (anti-parasitic immunity) or deleterious (allergic disorders). In other words, the T helper 
(Th)2 cells-dependent immune responses are targeted against physiological antigens (parasites) or 
environmental antigens (allergens). IgE involvement in parasite clearance was well documented in mice 
infected with a nematode Trichinella spiralis, which is accompanied in humans and mice with the 
augmented production of IgE and a mastocytosis in the mucosa of the small intestine [67;68]. Infection 
of IgE-deficient mice with T. spiralis exhibit a similar mastocytosis and eosinophilia in jejunum 
comparing to wild type cells but spleen mast cells hyperplasia and serum levels of mMCP-1 (MCPT-1) 
were lowered in IgE-deficient mice. The expulsion of the nematode from the gut was slowly delayed in 
IgE-deficient mice [69]. This data are in corcordance with the study on mice mMCP1-deficient mice 
which exhibit a significant delay in T. spiralis expulsion from intestine (Knight 192:1849).  Moreover, 
in IgE-deficient mice the numbers of larval encystment in the tongue muscle was enumerated more than 
twice comparing to the control mice and the necrosis of larvae was in IgE-deficient mice diminished. In 
the control mice, IgE was associated with encysted larvae, thus, IgE is involved in immune responses to 
different development stages of T. spiralis [69]. 

IgE-mediated deleterious immune responses could be divided on immediate, late and delayed 
phases which develop in minutes, hours and days, respectively [70]. Persisting or repetitive exposure to 
allergen could mediate chronic allergy disorders such as asthma, allergic rhinitis and atopic dermatis 
which are accompanied with tissue remodelling and altered function of affected organs [71]. It has been 
shown that almost all IgE-dependent immediate and late hypersensitivity responses are directly 
dependent on mast cells humoral activity and that the basophils are responsible for some of the systemic 
anaphylaxis responses as well as delayed phases of IgE-mediated allergic inflammation. The later 
immune responses are promoted by the effector activity of other lymphocytes recruited into the sites of 
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inflammation [70;72]. Using mice lacking the expression of FcεRI or a low-affinity receptor for IgE 

(FcεRII) it has been shown that FcεRI is crucial for developing of the immediate, late and delayed phase 

of IgE-mediated immune responses and that FcεRII is dispensable [70]. Recently, it has been 

demonstrated, that the passive cutaneous and systemic anaphylaxis was completely abolished in a new 
model of mast cell-deficient mice. The expression of Cre recombinase from the mast cell specific 
carboxypeptidase A locus (Cre-Master mice) led to a selective depletion of MMCs and CTMCs 
lineages. Cre-Master mice exhibit no spontaneous onset of immune responses and thus seem to be a 
more suitable model for study of mast cells because previous models of mast cells deficiency relied on 
mutation of c-kit or its ligand, which influnced a wide scale of hematopoetic cell types. However, 
because basophils express low levels of Cpa3, their numbers in the spleens of Cre-Master mice were 
decreased about 40% [73].  

The involvement of distinct cell types in IgE-associated immune responses was studied in 
transgenic mice expressing 2,4,6-trinitrophenol-(TNP)-specific IgE. Single intradermal challenge with 
TNP-ovalbumin elicited a triphasic ear swelling response, which corresponded to the IgE-mediated 
immune responses. The authors referred to the third phase of ear swelling as an IgE-mediated chronic 
allergic inflammation accompanied with eosinophiles and neutrophils infiltration. Interestingly, they 
revealed that basophils infiltration is indispensable for developing of the third phase of ear swallowing 
and that this process is surprisingly based on basophils while independent of mast cells and other 
lymphocytes [70]. 
 

Mast	cells	in	autoimmune	diseases	
Mast cells contribution to autoimmune diseases remains controversial because of contradictory 

data obtained on different animal models. Rheumatoid arthritis and multiple sclerosis are two examples 
of serious human autoimmune diseases promoted by autoantibody-directed immune responses which 
are studied on animal models induced by immunization to elicit autoimmune response. Mast cells 
deficient mice are those with mutation in Kitlg, gene encoding c-kit ligand SCF or in c-Kit receptor 
(KitW/Wv or KitWsh/Wsh). It has been shown that administration of K/BxNserum elicits experimental 
arthritis in animal models. However, KitW/Wv mice are resistant to develop the experimental arthritis. 
KitW/Wv mice reconstituted with BMMCs from wild type C57Bl/6 mouse reverts the susceptibility to 

arthritis. Interestingly, BMMCs from IL-1α-deficient mice failed to develop arthritis and IL-1α 

administration together with arthritogenic K/BxN serum to mast cells deficient KitW/Wv reestablished the 
susceptibility to arthritis [74]. Similarly, involvement of mast cells in EAE has been documented by 
restoration of susceptibility to EAE in KitW/Wv mice immunized with myelin glycoprotein and complete 
Freund adjuvans after their engraftment with wild type BMMCs. EAE is accompanied with increase in 
blood-brain barrier permeability and infiltration of CNS with Th1 and Th17 cells. Moreover, EAE 

development was reverted in KitW/Wv engrafted with mast cells lacking TNFα. The authors suggest that 

mast cells-derived TNFα dependent recruitment of neutrophils in the early stages of the EAE is crucial 

for blood-brain barrier disruption and acceleration of CNS damage after immunization with myelin 
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glycoprotein [33]. The key role of neutrophils in EAE was corroborated by Carlsson and colleagues 
who suppressed EAE by genetic silencing or blockade of a chemokine receptor CXCR2 [chemokine C-
X-C) motif receptor 2] which is important for polymorphonuclears to be recruited into the sites of 
inflammation [75].  
 In contrast to these data, studies on KitWsh/Wsh mice failed to report impaired susceptibility to 
immunization-mediated arthritis [76] or even in the case of EAE the manifestations of disease 
exacerbate in these mice after administration of myelin [77]. As was mentioned in the previous chapter 
recently was established the Cre-Master mice model with eradicated mast cells and partially decreased 
numbers of basophiles [73]. Cre-Master mice after injection with K/BxN serum were fully susceptible 
to the disease but KitW/Wv mice were resistant, thus the authors proposed that unrecognized Kit signaling 
event, independent of mast cells, is responsible for susceptibility to arthritis [73]. Current animal models 
suffer from unnatural eliciting of autoimmune diseases which could mask the subtle contributory role of 
distinct cell types in the early stages of autoimmune diseases. Thus, further studies on more natural 
animal models which tend to develop autoimmune responses are desirable to reveal the role of mast 
cells in autoimmune diseases. 
 

Mast	cell	as	a	partner	in	immune	interactions	
Mast cells are potent modulators of adaptive immune system. They are capable of inducing 

dendritic cells migration towards the sites of inflammation and into the lymph nodes. There is strong 
evidence that mast cells influence other cell types by humoral activity, releasing of exosomes and cell-
cell interactions. Direct interactions of mast cells with dendritic cells have been observed [19]. The 

central role in this immunological synapses plays FcεRI and the transfer of mast cells-internalized 

material to dendritic cells has been documented [19]. Moreover, artificially immobilized antigen and 

even mobile monovalent antigen in lipid bilayers induce formation of signaling competent IgE-FcεRI 

synapses which resemble synapses triggered by T-cell receptor (TCR) and B-cell receptor (BCR) 
signaling  [78].  

Immunological synapses are formed also between T cells and mast cells. Co-incubation of 

human mast cell line 1 or BMMCs with activated T cells led to β-hexosaminidase and histamine 

release. This effect was not observed when transwell cell culture chambers were used indicating that 
direct contact of T-cells with mast cells is crucial for mast cells degranulation [79]. These data were 
extended by Inamura et al. who found out that antibody-mediated blocking of intercellular heterotypic 
aggregation based on leukocyte function-associated antigen-1 and ICAM-1 abolished in mast cells co-
cultured with T lymphocytes degranulation [80]. Finally, synapse formation has been shown between 
effector CD4+ T helper cells and isolated peritoneal mast cells or peritoneal cell-derived mast cells 

primed with interferon γ (IFN- γ) and IL-4 which induced surface expression of MHC class II and CD86 

costimulatory molecule on mast cells. These T cells-mast cells synapses were enriched in 
TCR/CD3/Lck (lymphocyte-specific protein tyrosine kinase) signaling complexes and the treshold for 
activation of mast cells cultivated with T helper lymphocytes was lowered [18]. 
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 Humoral activity of mast cells modulates dendritic cells function; mast cells-derived histamine 

and TNFα play a central role in dendritic cells recruitment to the sites of inflammation, maturation and 

mobilization to DLN. Histamine alone induces chemokine production and transient expression of co-
stimulatory molecules on human immature dendritic cells isolated from peripheral blood [81]. As was 

mentioned before, mast cells-derived TNFα elicited by bacterial infection induced endothelial surface 

E-selectin expression-dependent migration of dendritic cells to the sites of inflammation. Furthermore, 

mast cells-derived TNFα enhances DLNs-mediated production of a key chemokine CCL21 responsible 

for dendritic cells migration and therefore mobilize dendritic cells to the DLNs [44]. It has been shown 
that supernatant from activated MC/9 mast cell line exhibit a co-stimulatory effect to CCL21 induced 

dendritic cells chemotaxis [82]. As was discussed above, mast cells-derived TNFα is delivered to DLNs 

from the local tissue inflammation via lymphatic vessels as a large cargo [22]. Injection of mast cell-

derived particles originated from TNFα-/- mice revealed that TNFα is responsible for lymph nodes 

hypertrophy [22]. Two studies using new mice models of mast cells-deficiency reported that mast cells 
trigger irritant contact dermatitis which is a delayed type hypersensitivity response. In both studies the 
emigration of dendritic cells was impaired in the absence of mast cells and contact hypersensitivity was 
attenuated [83;84]. There is an evidence that mast cells degranulation in vivo can modulate balance 
between Th cells. Immunization of mice with simultaneous mast cells activation lowered the capacity of 
dendritic cells to develop Th1 response in favor of Th2 response as was measured by the shift in IL-

4/IFN-γ ratio [85]. Other group found that activated mast cells influence dendritic cells capacity to 

induce significant Th2 polarization in the presence of pro-inflammatory cytokine milieu. The authors 
proposed that such conditions in vivo could up-regulate allergic responses. In line with this hypothesis, 
skin with lesions of atopic dermatitis obtained by biopsy revealed anatomical apposition of mast cells to 
dendritic cells [86]. Contrary to these data, Dudeck et al. showed that peritoneal cultured mast cells-
driven maturation of dendritic cells polarize the immune responses to Th1 and Th17 as was determined 

by measuring the levels of released IFN-γ and IL-17. KitW-sh mice infested with L. major exhibit 

suppression of IFN-γ and IL-17 cytokines to the benefit of IL-4 and IL-10 cytokines. The authors 

speculate that the contradictory results could be explained by mast cells preactivation with strong 
proinflammatory stimuli (liposacharide) in previous studies [87]. 
 Maturation of dendritic cells can be forced by exosomes released from activated mast cells as 
was detected by up-regulation of MHC class II and co-stimulatory molecules on the surface of dendritic 
cells [88]. Mast cell exosomes containing MHC class II and CD86 can also activate B- and T-cells [89] 
and T-cell derived exosomes can stimulate mast cells [90]. Although the presence of MHC class II on 
mast cells exosomes is well documented [12;89;91], the convincing biological evidence of antigen 
presenting by mast cells-derived exosomes is still missing. 
 In spite of mast cells ability to locally express mature MHC class II and costimulatory molecule 

CD86 on the cell surface under IFN-γ and IL-4 cytokine pressure [18], three independent studies on the 

mice models determined basophils as the central professional antigen presenting cells inducing in vivo 
and in vitro Th2 responses by surface expression of mature MHC class II [15-17]. However, human 
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basophils failed to express on the surface MHC class II even in antigen-activated cells, moreover human 
basophils were unable to induce Th2 polarization [89]. 

Mast cell signaling at the molecular level - associated receptors 
There is a plenty of receptors expressed by mast cells which enable them to respond to 

environmental stimuli as well as to respond to autocrine and paracrine signals [1]. Most of the receptors 

are expressed on the mast cells surface; the most prominent receptor is FcεRI capable of triggering all 

three main effector functions (degranulation, eicosanoids synthesis and gene expression) but also other 

receptors can elicit the release of pro-inflammatory mediators on their own [FcγRI (Fc-gamma receptor 

I), c-Kit, PAMP associated receptors, complement receptor CA3R, or CCR1 receptor for chemokine 

MIP-1α (macrophage inflammatory protein 1α )]. In the figure 3 are depicted synergistic effects of 

distinct receptors enhancing the outcome of FcεRI signaling. 

 

 
 
Figure 3. The examples of costimulatory effects on responses to antigen either through FcεRI or, in the 
case of complement C3a, through FcγRI. Some of these costimulations enhance mainly degranulation 
while others enhance primarily cytokine production. Yellow boxes denote receptors to specific ligands, 
solid lines denote the responses to IgE and IgG antigen via FcεRI or FcγRI, respectively, and dashed 
lines indicate the potentiation to these responses. (Beaven, 2009).  
 

FcεRI	
Although mast cells also express FcεRII, FcεRI is an indispensable receptor for IgE-mediated 

immune responses [70]. Along with BCR and TCR, FcεRI belongs to the multichain immune 

recognition receptor family. In 1989 was proposed a model which described rodent FcεRI as a 

tetrameric receptor composed of one IgE-binding α subunit, one β subunit and a dimer of disulphide-
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linked γ subunits [92] A few years later the structure of the antibody-binding portion of the human IgE 

receptor was determined by crystalography [93]. Expression of the FcεRI differs in humans and rodent 

in compositions and cellular distribution. The tetrameric structure αβγγ is confined to human and rodent 

mast cells and basophils, while in mice is expressed also on non-T and non-B cells, in humans could be 

expressed also in eosinophiles and platelets. The trimeric αγγ form is expressed in human monocytes, 

Langerhans cells, and dendritic cells [94-96]. Surprisingly, functional tetrameric FcεRI was found at the 

protein level in murine superior cervical ganglion neurons. IgE-sensitized neurons activated by 
corresponding antigen induced strong calcium response which was successfully propagated to the 
neighboring cell bodies and neurites [97].  

The α subunit (FcRα) belongs to the immunoglobulin superfamily, contains two extracellular 

immunoglobulin-related domains capturing IgE, one transmembrane helix, and a short intracellular tail 

[95]. Extracellular part is heavily glycosylated to prevent misfolding and retention of α chain in the ER 

[98]. The crystal structure of dimeric IgE-Fc molecule with extracellular domains of the FcRα chain 

reveals that one dimeric IgE-Fc molecule is bound to one receptor asymmetrically through interactions 

at two sites, each involving one Cε3 domain of the IgE-Fc and thus IgE molecule is bent. This IgE-Fc-

FcεRI complex blocks the binding of a second receptor to bound IgE [99]. Moreover, the deletion of 

Cε2 domain from IgE Fc fragment lowered the binding affinity of FcεRI to IgE, because Cε2 domain 

stabilise the FcεRI-IgE complex [100]. The human FcRα chain was expressed on transfected cell line 

COS 7 (no expression of FcεRI) only if rat β and γ chains were co-expressed or in the presence of the γ 

chain alone [101] It has been thought that rodent FcRα subunit is expressed on surface only in the 

tetrameric form [95]; surprisingly, presence of the trimeric αγγ form of FcεRI was found also in rat 

eosinophiles and macrophages [102]. Later it has been shown, that FcRα chain comprises a dilysine ER 

retention motif which is hidden after assembly with the γ subunit [103].  

The β chain (FcRβ) is a common component of FcεRI and the low affinity IgG receptor 

(FcγRIII). It consists of four transmembrane domains and both N- and C-terminal tails faces into the 

cytoplasm [95]; as a non-obligatory component of FcεRI it is capable of amplifying the magnitude of 

calcium mobilization and spleen tyrosine kinase (Syk) phosphorylation 5- to 7-fold in cells expressing 

αβγγ complex in contrast to signaling triggered by αγγ FcεRI [104]. FcRβ contains one non-canonical 

immunoreceptor tyrosine-based activation motif (ITAM), which after phosphorylation, serves as a 

docking site for signaling molecules containing Src homology (SH)2 domain [95]. The FcRβ ITAM 

motif differs from a canonical ITAM because of a shorter spacing between the canonical tyrosine 
residues and it possesses a third tyrosine between the canonical tyrosines [105]. 

The γ chain (FcRγ) is a member of the γζη family of immunoreceptors subunits consisting of a 

transmembrane domain and a cytoplasmic tail. This family forms homo- or heterodimeric forms in 

many receptors, as FcγRIII, FcεRI, FcαR (Fc fragment of immunoglobulin A receptor), and the TCR 

depending on the cellular context. In FcεRI signaling, the dimer of disulfide-linked γ subunits, functions 

as an autonomous activation module because each γ chain contains the canonical ITAM motif [95;104]. 
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Reconstitution of FcRγ chain with or without functional mutation in ITAM in mice lacking FcRγ 

subunit revealed that FcRγ ITAM motif is essential for degranulation, cytokine production, and 

prostaglandins synthesis as well as for passive systemic anaphylaxis [106]. 

 The study on rat basophilic leukemia (RBL) cell line has shown that FcεRI is regulated by IgE 

serum levels. IgE bound to FcεRI has an effect on prolonged FcεRI surface survival and the numbers of 

FcεRI on the plasma membrane increase. Also the FcεRI-bound IgE has an extended half-time when 

compared with free IgE [107]. This work was extended in the study describing IgE-regulatory role in 

vitro and in vivo. Peritoneal mast cells lacking IgE exhibit robust down-regulation of FcεRI expression 

and IgE enhances markedly FcεRI expression on mouse peritoneal mast cells and BMMCs in a time- 

and dose-dependent manner. IgE-induced enhancement of mouse BMMCs FcεRI expression facilitates 

the cytokines and serotonin release in response to the specific antigen [108]. Mutation of tyrosines in 

the FcRγ-resident ITAM motif decreased IgE-mediated survival of mast cell but IgE-dependent up-

regulation of surface FcεRI expression was maintained [106]. 

 

FcεRI signalosome   
Cross-linking of IgE-FcεRI complex with multivalent antigen initiates a series of biochemical 

events starting with the Src family protein tyrosine kinase Lyn-dependent phosphorylation of the 

adjacent β nad γ chains associated ITAM motives within the aggregate [109]. Phosphorylated ITAM 

motives serve as a docking sites for proteins comprising SH2 domain, mainly additional Lyn molecules 

and Syk, a PTK of the Syk/ZAP-70 (ζ −associated protein of 70 kDa) family [95;110]. These activated 

kinases further propagate the signal through phosphorylation of many down-stream signaling targets: 

phospholipases C γ (PLC γ)1 and PLC γ 2, phosphoinositide 3-kinase (PI3K), VAV or transmembrane 

adaptor proteins (TRAPs). These events lead to activation of MAPK (mitogen-activated protein kinase 
kinases) [ERK (extracellular-signal regulated kinase), JNK (Jun N-terminal kinase), and p38], 
exocytosis of granules, and generation of LTs and cytokines [94-96].  
 

Src family kinases involved in early FcεRI signaling 
Src family tyrosine kinases share the common structure comprising the variable N-terminal tail, 

SH3 and SH2 domains, the kinase domain, and the C-terminal regulatory tail. Intramolecular 
interactions mediated by phosphorylation of the conserved tyrosines switch on/off their enzymatic 

activity. The N-terminal domain of Src family kinases involved in early FcεRI signaling (Lyn, Fyn, Hck 

and Fgr) contains signals for myristoylation and palmitoylation, both of which are responsible for the 
membrane association of the Src family kinases [111].  Negative regulation of Src family kinases is 
mediated by C-src tyrosine kinase (Csk) dependent phosphorylation of  highly conserved tyrosine 
residues close to their carboxyl termini [112]. 
 Lck/Yes-related novel tyrosine (Lyn) kinase is the most abundant Src family kinase in mast 
cells and exists as two alternatively spliced variants, Lyn A and Lyn B of 53 and 56 kDa, respectively. 
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Unlike Lyn B, Lyn A comprises in the unique N-terminal domain a 21-aa insert [113]. Both Lyn 
isoforms (p53/56lyn) have been coimmunoprecipitated with FcεRI and at least 3-4% of the non-

aggregated FcεRI was found to be directly associated with Lyn [114]. Restoration of distinct isoforms in 

Lyn-/- BMMCs revealed that Lyn A was more potent inducer of degranulation, inositol 1,4,5-
triphosphate (IP3) production and calcium mobilization whereas Lyn B more readily bound 
phosphorylated proteins, including SH2-containing Inositol 5′-Phosphatase 1 (SHIP-1) [115]. Mutation 
in the myristoylation, palmitoylation, or both acylation sites revealed that myristoylation is crucial for 
Lyn association with plasma membrane while palmitoylation for localization in membrane rafts [116]. 
The concept of the lipid raft membrane microdomains assumes that biological membranes possess 
microdomains having a lipidic structure with properties of lipid order phase surrounded by membranes 
with lipid structure resembling lipid disorder phase possessing phosphatidylinositols and a majority of 
the transmembrane proteins. The lipid raft membrane microdomains are rich in cholesterol and 
sphingomyelin, and comprise a specific set of proteins, including those anchored to the membrane via 
acyl groups (e.g. palmitoyl or myristoyl) or glycolipids [ e.g. glycosylphosphatidylinositol (GPI)], and 
also some acylated proteins with transmembrane domain (e.g. some of the TRAPs) [117]. Studies on 

BMMCs isolated from Lyn-/- mice yielded at first sight controversial results because FcεRI-mediated 

degranulation, accompanied by severally reduced tyrosine phosphorylation of the FcRβ and FcRγ 

chains was impaired [118], without changes [119], or increased [120-122]. These discrepancies could be 
explained by distinct genetic backrounds of cells derived from different mouse strains. The deficiency 
of the Lyn increased degranulation in 129/Sv BMMCs but impaired this response in BMMCs of 
C57BL/6 origin [123]. The second explanation is based on the fact that Lyn mediated both positive and 
negative regulation depending on the intensity of stimuli (e.g. valency of antigen) [124]. 

Src family kinase Fyn has been found in coimmunoprecipitates with FcRβ subunits and in spite 

of the lower expression in comparison with Lyn kinase, Fyn-/- BMMCs exhibited approximately 80% 

reduced degranulation [122]. In Fyn-/- BMMCs phosphorylation of FcRβ and Syk is normal, thus, it 

seems that FcεRI also utilizes a Fyn-mediated pathway leading to mast cell degranulation independent 

of Lyn kinase activity. Fyn kinase phosphorylates Grb2-associated binder 2 (Gab2)   and subsequent 
activation of PI3K is strongly impaired in Fyn-/- BMMCs [122]. These data are in conflict with Yu et al 
who showed that in Fyn-/- BMMCs phosphorylation of Syk kinase is reduced and that Gab2 
phosphorylation is Syk dependent [125]. Fyn/Gab2/RhoA signaling axis has been found as a central 
player in calcium-independent microtubule-dependent granule translocation to the plasma membrane 
which explain the impaired degranulation in Fyn-/- BMMCs whereas calcium responses are normal 
[126]. It has been shown that BMMCs deficient in Lyn exhibit the enhanced kinase activity of Fyn even 
in non-stimulated cells [120] and that the overexpression of Fyn in C57BL/6Lyn-/- BMMCs massively 
enhanced the impaired hexosaminidase release [123]. 

Other src family kinase, p56/p59hck, has been studied in BMMCs. The combined amount of 
these two isoforms is similar to the amount of Fyn [127]. Surprisingly, Hck deficiency leads to 

enhanced Lyn activity and enhanced Lyn phosphorylation targets (e.g. FcRβ and FcRγ subunits or 

LAT) but phosphorylation of Syk, Btk (Bruton´s tyrosine kinase), pp38 and Akt (protein kinase B) was 
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reduced. In summary, the histamine release in Hck-/- BMMCs is reduced when BMMCs are stimulated 
with high concentration of antigen which reflect the decreased Gab2 phosphorylation and impaired 
microtubule formation while calcium mobilization is unchanged [127]. Thus, Lyn activity is inhibited 
by Hck. 

Recently, association of Fgr src family kinase with FcεRI has been described. BMMCs or RBL-

2H3 cells with reduced Fgr levels exhibit decreased phosphorylation of Syk, Syk-dependent signals, 

degranulation, TNFα production and LTC4 synthesis after FcεRI aggregation. Moreover, knock-down 

of Fgr decreased association of Syk with FcRγ subunit as well as the phosphorylation of FcRγ ITAM 

[128]. 

In the mouse mast cell line PT-18 the association of p62c-yes with FcεRI has been documented, 

but there are no other studies extending this subject [129]. 
 

TRAPs	
In mast cells, TRAPs organizes macromolecular complexes associated with aggregated FcεRI by 

docking various molecules involved in the signal propagation to the plasma membrane. Five members 
of TRAPs family are expressed in mast cells: phosphoprotein associated with glycosphingolipid-
enriched membrane microdomains (PAG), NTAL, LAT, LAX (linker for activation of X cells) and 
GAPT [growth factor receptor-bound protein2 (Grb2)-binding adaptor protein, transmembrane]. 
General characteristic of these proteins is a short extracellular N-terminal part, transmembrane domain 
and an intracellular tail with various tyrosine-based binding motives [130]. Presence of CxxC 
palmitoylation site determines LAT, NTAL, and PAG for their interactions with lipids and localization 
in lipid-ordered regions [131;132]. Although we found that these protein are associated with detergent 
resistant membranes (DRM) fractiones isolated from BMMCs this DRMs are rather artificial because 
fine topography revealed the distinct sub-membrane compartmentalization of LAT and NTAL in 
quiescent and activated cells [132]. 

The LAT adaptor has been recognized as a secondary signaling domains organizer in RBL cells 

activated via FcεRI [133]. Fine topography of NTAL and LAT revealed that in resting cells both 

TRAPs, NTAL and LAT, were found in small clusters independently of FcεRI whereas aggregation of 

FcεRI induced formation of large distinct clusters of NTAL and LAT in the close neighborhood of 

aggregated receptors [132]. Tyrosine-based motives of both proteins, LAT and NTAL, are rapidly 

phosphorylated by Syk and Lyn after FcεRI aggregation. The proteins anchored to these adaptors can be 

common (e.g. adaptor protein Grb2 and SHIP1) or LAT specific (PLCγ1 and adaptor protein Gads). 

Grb2 and Gads are cytoplasmic adaptor proteins involved in shaping the signaling pathways [130].  
Experiments in vivo showed that mice deficient in LAT exhibited impaired passive systematic 

anaphylaxis; this implies that LAT has a positive regulatory role in mast cells signaling [134]. This 
conclusion was confirmed by in vitro studies comparing the properties of antigen-activated BMMCs 
derived from LAT-deficient or WT mice. LAT−/− BMMCs exhibited decreased phosphorylation of 
PLCγ1, PLCγ2, SLP-76, calcium mobilization, degranulation, cytokines production, and kinase activity 



INTRODUCTION 

 

 
27 

of Erk and JNK1 whereas phosphorylation of FcRβ, FcRγ, Syk or Vav was intact [134]. Moreover, 

LAT was found indispensable for peritoneal cultured mast cells [135]. The molecular dissection of LAT 
tyrosine motives showed that BMMCs require all four distal tyrosines to promote IgE- and IgG-induced 
signaling whereas Y136 is apparently sufficient in peritoneal cultured mast cells [135].  
 In contrast to LAT, NTAL was found to be a negative regulator of IgE-mediated passive 
systemic anaphylaxis and BMMCs effector functions. NTAL-deficient BMMCs exhibited augmented 
phosphorylation of LAT, PLCγ1, PLCγ2 and Erk, enzymatic activity of PI3K, calcium mobilization, 
cytokines production, and degranulation [132;136]. NTAL could function also as a positive regulator of 
BMMCs signaling, as was demonstrated in NTAL-/-/LAT-/- BMMCs which exhibit more impaired 
phenotype than BMMC deficient only in LAT [132;136]. Volná et al. proposed that the distinct clusters 
of NTAL and LAT compete for Syk in activated mast cells. This hypothesis could explain the increased 
phosphorylation of LAT in NTAL-/- BMMCs and Ca2+ responses initiated by enhanced anchoring of 
PLCγ1 and PLCγ2 via LAT to plasma membrane. Although human mast cells with NTAL knock-downs 

exhibited decrease in β-hexosaminidase release [137], these contradictory data were not confirmed in 

the RBL cells and BMMCs with reduced NTAL levels which provided similar results to thus obtained 
in NTAL-/- BMMCs ([138], Polakovičová in preparation). NTAL was surprisingly linked to calcium 
responses initiated with the blocker of SERCA (sarco/endoplasmic reticulum Ca2+ ATPase) pumps, 
thapsigargin. The magnitude of Ca2+ mobilization and 45Ca2+ uptake in RBL cells stimulated with 
thapsigargin corresponds to increased or decreased expression levels of NTAL independently of NTAL 
or LAT phosphorylation. Thus, it was proposed that NTAL could be involved in the direct or indirect 
regulation of CRAC channels [138].  
 PAG serves as a substrate for Lck, Fyn and probably Hck but not for ZAP70 and/or Syk 
[127;131]. Two proline-rich sequences of PAG serve as docking sites for proteins containing SH3 
domains; moreover phosphorylated YSSV tyrosine motif of PAG anchor Csk to the plasma membrane 

thus negatively regulating the activity of Src family kinases [131;139]. FcεRI aggregation induced rapid 

phosphorylation of PAG in RBL cells which was followed by recruitment of Csk to the plasma 
membrane. In line with these data, overexpression of PAG let to reduction of IgE-mediated 

degranulation, Ca2+ mobilization and phosphorylation of FcRβ and FcRγ subunits. Thus, enhanced 

recruitment of Csk to the plasma membrane in RBL cells with increased PAG expression levels 

inhibited the src family kinases-dependent FcεRI signaling [140].   

 

Store operated calcium entry  
As was mentioned above, phosphorylated LAT recruits PLCγ1, which yields diacylglycerol 

(DAG) and IP3. IP3 diffuses through the cytosol to bind to IP3 receptors (IP3R), particular Ca2+ 
channels in the ER membranes allowing the leak of Ca2+ from ER into the cytosol [141]. The concept of 
a capacitative regulation of Ca2+ release and Ca2+ entry was formulated by James Putney in 1986 but 
molecular mechanism remained almost 20 years elusive. This phenomena is now known as capacitative 
Ca2+ entry or store operated calcium entry (SOCE) [142]. In RBL cells was found a Ca2+-selective 
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calcium-release activated calcium current (ICRAC), this implied the existence of the CRAC channel 
[143]. A few hypotheses have been proposed to explain molecular mechanism of SOCE including a 
production of an elusive calcium influx factor upon depletion of ER Ca2+ stores but all these models 
were misleading [142].  

 

Stromal	interaction	molecule	1	
Breakthrough occurred in 2005, when two independent RNA interference (RNAi) screens 

targeted on proteins potentially relevant to calcium signaling identified STIM1 and STIM2 in HeLa 
cells or their homologue, dStim, in Drosophila S2 cells [144;145]. It should be noted that although the 
role of STIM1 in SOCE was discovered 8 years ago, a great number of publications have been drawn 
since this time. According to PubMed database it has been published to date 673 publications containing 
keyword STIM1.  

 STIM1, STIM2 and dStim proteins were already known as proteins with a conserved genomic 
organization, implicating that the vertebrate family of two STIMs genes most probably arose from a 
single ancestral gene, but the function of STIM1 was not associated with SOCE but rather with tumor 
suppression. STIMs are  characterized as a single spanning ER-membrane proteins which contain at the  
C-terminal part a single sterile alpha-motif (SAM) domain and conserved coiled-coil domains whereas 
at the N-terminal tail an unpaired EF-hand [146]. It has been shown that thapsigargin-mediated Ca2+ 
depletion from ER stores induces STIM1 aggregation to the distinct puncta near the plasma membrane 
because STIM1 senses ER Ca2+ depletion with its luminal EF-hand domain. The HeLa cells transfected 
with EF-hand mutant STIM1 (D76A) exhibited persistant STIM1 aggregates and constitutive active 
SOCE even in non-stimulated cells [144]. The reduction of ICRAC was documented by Roos et al. also in 
Jurkat T cells and HEK293 cells with STIM1 knock-downs; this suggested that STIM1 is a crucial 
regulator of CRAC channels across cell types and organisms [145].  

Moreover, mutations in EF hand motif or thapsigargin activation induced STIM1 translocation 
to the plasma membrane [147]. The presence of STIM1 on the plasma membrane of activated cells was 
controversial until it has been found that fluorescent tag on the N-terminus prevented cells to expose 
STIM1 on the surface [148]. This surface exposition of STIM1 is calcium dependent and is probably 
involved in sensing of extracellular calcium levels and in inactivation of SOCE by extracellular Ca2+-
dependent manner because antibody corresponding to the exposed EF-hand domain (25-139aa) blocked 
the inactivation of SOCE [149]. In spite of these studies, it is now generally accepted that ER-bound 
STIM1 is translocated to the ER-plasma membrane junctions after Ca2+ store depletion where induces 
the opening of plasma membrane CRAC channel via trans-interaction (Figure 4). This model was first 
proposed by Luik et al. who found that the regions of CRAC-mediated Ca2+ influx overlap with STIM1 
puncta and that STIM1 and CRAC channel subunit Orai1 (see below) form closely apposed clusters in 
the ER/plasma membrane junctions (Figure 4). The distance between ER and plasma membranes was 
estimated on 10-25nm [150]. 
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Figure 4. Aggregation of FcεRI on the surface of mast cells triggers activation of Src kinase Lyn (not 

depicted) and initiates signaling cascades which include activation of PLCγ and subsequent generation 

of IP3 and DAG. IP3 binds to IP3R (black dot) and mediates ER Ca2+ (magenta dot) store depletion. 
The levels of Ca2+ are sensed with ER-luminal EF-hand domain of STIM1 (purple box). In resting cells 
STIM1  is distributed evenly in ER  but upon ER Ca2+ store depletion STIM1 forms clusters close to the 
plasma membrane where directly interacts with the CRAC channels subunits (Orai1; green) and calcium 
can enter into the cells  
 

Orai1	
Drosophila Orai1, dOrai, known also as CRAC modulator (CRACM)1  or olf186-F was 

identified as a pore-forming subunit of the CRAC channel by three independent genome wide RNAi 
screens in Drosophila S2 cells. This plasma membrane protein comprises four transmembrane domains 
and both tails face into the cytosol [151-153]. Orai1 was also recognized by a genome-wide single 
nucleotide particles array screen as a genetic cause of a specific hereditary severe combined 
immunodeficiency disease in patients from two different families [151]. Vig et al. identified Drosophila 
CRACM2 (dOrai2) and a human ortholog of CRACM1, a protein encoded by gene FLJ14466 mapped 
in 12q24, as well as CRACM2 (Orai2) and CRACM3 (Orai3) [152;154]. The efficacies of this 
mamalian homologs of Orai1 to induce SOCE was in the order Orai1>Orai2>Orai3 [155]. Moreover, it 
has been shown that overexpression of dOrai in S2 cells increased the average ICRAC density 3-fold and 
although dStim by itself did not alter current density, co-transfection of dStim with dOrai exhibited a 
remarkable 8-fold gain [147]. Similarly, in HEK293 cells co-transfection of STIM1 with Orai1 resulted 
in ~20-fold enhancement in SOCE and ICRAC [155]. It has been shown that Orai1 forms homomultimers 
as well as heteromultimers with Orai2 and Orai3 [156] and that in resting cells Orai1, like Orai3 was 
found dimeric and mainly tetrameric when activated with truncated C-terminal part of STIM1 [157].  

 

activation  
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STIM‐Orai1	interaction	
The close association of STIM1 with Orai1 was confirmed by immunoprecipitation [158] or by 

fluorescence resonance energy transfer (FRET) studies [159;160]) and the intensity of this interaction 
reflected the Ca2+ store depletion. It has been shown that a soluble fragment of STIM1 cytosolic part, 
which contains a coiled coil domain 2, constitutively induced SOCE [159;161;162]. Various names 
denote this domain as three independent groups of researchers identified this region: CRAC-activation 
domain (CAD), STIM1-Orai activating region (SOAR) or Orai1 activating small fragment (OASF). 
This CAD/SOAR/OASF region with basic amino acid residues directly binds to Orai1 and activates 
SOCE [159;161;162]. Moreover, when the whole part of cytosolic STIM1 was co-expressed with Orai1, 
no interaction was detected. Thus, this data indicate that conformational changes in STIM1 result in 
allosteric activation of Orai1 channels [161]. Indeed, this scenario was extended in further studies and a 
current model of STIM1 activation was proposed [159;163]: in resting cells STIM1 preferentially forms 
dimer; depletion of ER Ca2+ store induces aggregation of STIM1 into clusters. This clustering is 
accompanied with an intra-molecular transition into stretching conformations which is accessible to 
Orai1. 

The role of STIM2 is different from STIM1 because STIM2 is more sensitive to even small 
decreases in ER Ca2+ levels compared to STIM1. STIM2 moves to ER-plasma membrane junctions 
upon small changes in ER Ca2+ stores and subsequently regulates Orai1 to maintain the basal Ca2+ levels 
in narrow limits. Thus, it was proposed that STIM2 is the important regulator of basal Ca2+ [164]. 

 

The	regulation	of	SOCE	by	cellular	machinery	
There is no doubt that the macromolecular complex of STIM1 and Orai1 is controlled and 

modulated at many levels, including phosphorylation, Orai1 internalization and/or interaction with other 
proteins. These proteins are involved in regulation of STIM1 aggregation, stabilizing the STIM1-Orai1 
complex or in the termination of SOCE. The most prominent positive regulator is CRAC regulator 2A 
(CRACR2A) [165]; negative regulators associated with SOCE complexes involve: stanniocalcin 2 
[166], calmodulin [167], surfeit locus protein 4 (Surf4) [168] and SOCE-associated regulatory factor 
(SARAF) [169]; junctate was described in Jurkat T-cells as both negative and positive regulator [170].  

CRACR2A seems to be the crucial regulator of STIM1-Orai1 interactions because in cells with 
reduced CRACR2A levels the SOCE is impaired and the clustering of STIM1 with Orai1 in 
subplasmalemmal region was abolished. CRACR2A is a cytosolic protein which comprise EF-hand 
motif. When STIM1 aggregates and forms complexes with Orai1, CRACR2A probably stabilizes this 
complex. Increasing of Ca2+ concentrations leads to binding of Ca2+ by EF-hand domain, thus 
CRACR2A dissociates complex which is subsequently prone to disaggregation [165]. 

On the other hand, the dissociation of CRAC channels is Ca2+ dependent and two modes of 
negative feedback were described. Fast inactivation depends mainly on calmodulin binding to STIM1 
and Orai1. Calmodulin binds in a Ca2+-dependent manner to N-terminal domain of Orai1 and induces a 
Ca2+-dependent inactivation of SOCE. The mutation of Orai1 which blocks calmodulin binding also 
prevents SOCE inactivation [167]. The slow Ca2+-dependent dissociation of STIM1 and STIM2 clusters 
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is based on a single-spanning ER membrane protein SARAF which responds to the cytosolic elevation 
of Ca2+ after ER Ca2+ refilling by the dismantling of STIM1 and STIM2 aggregates via direct interaction 
to efficiently turn off SOCE. Moreover, it has been shown that basal Ca2+ levels in ER and cytosol are 
changed when SARAF expression is enhanced or reduced. It was suggested that SARAF plays a similar 
role as STIM2 in homeostasis of Ca2+ levels in intracellular stores [169].  

Deletion of Surf4 exhibits an enhancement of SOCE and facilitates STIM1 clustering upon 
store-depletion [168;170]. Junctate was found in rodent sperm as a component of a macromolecular 
complex comprising IP3R and some of the transient receptor potential canonical (TRPC) channels 
[171]. Interestingly, junctate deletion plays a role in inhibition of SOCE but mutation of junctate ER-
luminal EF-hand domain facilitates aggregation of STIM1 independently of Ca2+ store depletion and 
partially activates SOCE [170].  
 Recently, cAMP (cyclic adenosine 3',5'-monophosphate) has been unravelled as an inducer of 
STIM1 aggregation at the subplasmalemmal region independently of Orai1 clustering and SOCE. 
Apparently, other factors in addition to formation of STIM1 puncta are important for the clustering of 
Orai1 channels and activation of SOCE [172]. 
 Phosphorylation of the SOCE components is important to link the depletion of ER stores to 
ICRAC activation as well as deactivation. Interestingly, activation of B lymphocytes DT40 cell line 
genetically manipulated to suppress the expression of Lyn, Syk or both kinases Lyn and Syk, with 
thapsigargin or through IP3 exhibits impaired SOCE and ICRAC only in double deficient Lyn/Syk-/- cells. 
This means that release of ER Ca2+ stores is not sufficient to provoke SOCE and that some undefined 
processes are dependent on the simultaneous activity of Lyn and Syk in DT40 cell line. Thapsigargin 
stimulation bypasses the receptor-mediated phosphorylation of Syk and Lyn and the process of SOCE 
regulation is at least at the Lyn level associated with the plasma membrane [173]. In platelets the 
additional role of Src/Abl subfamily of the Src family kinases in tyrosine phosphorylation of STIM1 
was defined. Interestingly, the maximal tyrosine phosphorylation of STIM1 occurred 2.5s after 
activation of platelets with thapsigargin [174]. It has been shown that ERK1/2 phosphorylates STIM1 in 
vitro and in vivo. Mutation of the ERK1/2 sites which were identified using mass spectrometry reduced 
significantly calcium mobilization [175].  

Both cell types of divisions, meiosis and mitosis, exhibit strongly suppressed SOCE because 
Ca2+ depletion is uncoupled from the activation of Ca2+ influx [176;177]. Smyth et al. identified Ser-486 
and Ser-668 as mitosis-specific phosphorylation sites. Mutation of these sites significantly rescued 
mitotic SOCE [176]. During meiosis, interaction between STIM1-STIM1 is inhibited and Orai1 
internalized into an intracellular vesicular compartment. Interestingly, both serines described in mitosis 
study are not involved in SOCE deactivation during meiosis. The mechanism of abrogation of STIM1-
STIM1 interaction was not found and is probably independent of phosphorylation [177]. In this context 
we should mention the study in which ML-9 inhibitor of myosin light chain kinase (MLCK) prevented 
formation of STIM1 clusters and melted the thapsigargin induced puncta as well as puncta of 
constitutively active STIM1 (with mutation in EF-hand D76N/D78N). These effects seem to be 
independent of MLCK because cells with reduced levels in MLCK lacked the STIM1 puncta dissolving 
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[178]. PKC (Protein kinase C) was linked also to SOCE inactivation by phosphorylation of Ser-27 and 
Ser-30 [179]. 
 

The	regulation	of	SOCE	by	STIM1		
As already mentioned, CRAC channels are composed of Orai family proteins and generate ICRAC 

when activated through STIM1. Of note, STIM1 is able to regulate various TRPC channels to form the 
store-operated channels (SOCs). SOCs in contrast to highly selective CRAC channels are non-selective, 
Ca2+ permeable channels. Various TRPC channels can interact with STIM1 and the STIM1-mediated 
regulation modulates TRPC in response as SOCs channels [180]. TRPC1 can associate with other 
TRPCs and thus generate SOCs with different properties. The ternary complex composed of 
TRPC1/STIM1/Orai1 was also described [181].  Although the STIM1 CAD/SOAR/OASF region is 
responsible for binding of STIM1 to both types of channels, Orai and TRPC, CAD/SOAR/OASF region 
is sufficient to open the Orai but the STIM1 polylysine region mediates opening of the TRPC 
channels [182]. The direct interaction was also found between STIM1 and the L-type voltage-gated Ca2+ 
channel CaV1.2. The region CAD/SOAR/OASF directly suppressed depolarization-induced opening of 
CaV1.2. STIM1 without CAD/SOAR/OASF region failed to inactivate CaV1.2 [183]. Furthermore, it 
has been shown that STIM1 exposed on the plasma membrane can regulate AA-regulated Ca2+-selective 
channels [184].   
 

STIM1‐Orai1	complex	in	the	context	of	plasma	membrane	organization	
The combine data indicate that STIM1 and Orai1 form dynamic macromolecular complexes that 

are linked to the molecules involved in the proximal signaling (Lyn and Syk) and that even in resting 
state is STIM1 associated with some signaling proteins because its phosphorylation is detected in the 
first seconds upon stimulation with thapsigargin. The presence and function of STIM1 exposed on the 
plasma membrane has already been mentioned in subchapter STIM1.  

The inhibition of PI3K activity reduced formation of STIM1 puncta. This effect was dependent 
on the presence of phosphatidylinositol 4,5-bisphosphate (PIP2) and phosphatidylinositol 3,4,5-
trisphosphate (PIP3) [185]. The study made in mast cells proved that in ER-plasma membrane 
junctions, STIM1 binds first to PIP2 in the liquid ordered domains in the plasma membrane, followed 
by the redistribution of Orai1 from the liquid disordered regions of the plasma membrane to its 
association with STIM1 in the liquid ordered lipid domains [186]. Enzymatic activity of inositol 5-
phosphatase L10-Inp54p resident in lipids ordered domains reduced PIP2 in DRM, resembling the lipid 
ordered regions, and blocked the STIM1-Orai1 association in RBL cell line, while 5-phosphatase S15-
Inp54p resident in disordered lipids domains reduced PIP2 in these regions and enhances STIM1-Orai1 
interaction. 
 The STIM1-Orai1 macromolecular complex was found in the immunological synapse between 
primary human T cells and autologous dendritic cells measured by its colocalization with CD3. 
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Detection of Ca2+ influx in living cells was found to be most prominent in the area of immunological 
synapse [187].  
  

STIM1	in	mast	cell	signaling	
Both, STIM1 and Orai1, are ubiquitously expressed proteins and play a major role in Ca2+ entry 

pathway in the non-excitable cells including mast cells (Figure 4). Calcium is a second messenger that 
triggered many of signaling pathways therefore the tight regulation of calcium entry is of importance. 

The resting Ca2+ levels in cytosol are low (0.1 μM) but after FcεRI triggering the cytosolic 

concentration increases to > 1.0 μM [143].  

Mice lacking STIM1 or Orai1 exhibit increased perinatal lethality and surviving mice suffered 
from marked growth retardation. In vivo studies in mice STIM1+/- or Orai1-/- indicate that passive 
cutaneous anaphylaxis is strongly inhibited in these mice. Mast cells derived from these knock-out mice 
showed defective degranulation, cytokine secretion, LTC4 production and calcium mobilization 
[188;189]. Some of these data were corroborated by our study on BMMCs with STIM1 reduced levels 
[190]. Interestingly, T cells isolated form Orai1-/- mice exhibit no changes in SOCE but reduced 

cytokines production [189]. In STIM-/- fetal liver mast cells the phosphorylation of FcεRI proximal 

molecules was unaffected, but the translocation of NF-κB and NFAT into the cell nucleus was 

impaired. 
 

The	cross‐talk	of	STIM1	with	cytoskeleton	
Inhibitors of actin polymerization, cytochalasin D and latrunculin A, induced coalescence of 

STIM1 and Orai1 puncta into larger aggregates in the subplasmalemmal region of Jurkat T cells 
whereas ICRAC and SOCE were unchanged [150]. It has been found that treatment with cytochalasin D 
reduced ICRAC and SOCE in platelets or pancreatic acinar cells but not in RBL, smooth muscles, and 
corneal epithelial cells [191]. On the other hand, depolymerization of microtubules by nocodazole 
reduced the Ca2+ influx in RBL and BMMCs indicating that microtubules play a facilitive role in 
formation of STIM1 puncta [190;192].  

In some tissues (mainly skeletal muscles or CNS) was identified the actin binding splice variant 
of STIM1 (90 kDa), STIM1L (115 kDa), that forms permanent clusters colocalizing with Orai1 in ER-
PM junctions even in resting cells. This constitutive association of STIM1L and Orai1 enables them to 
activate SOCE almost immediately and generate repetitive Ca2+ signals within seconds. Disruption of 
actin fibers led to the uncoupling of STIM1L from Orai1, and SOCE was delayed [192;193]. 
 Baba et al. were the first who drew attention to the fact that STIM1 is dynamically moved in 
microtubule-dependent manner but treatment of B-cells with nocodazole failed to exhibit reduced 
SOCE [192;194]. Indeed, in resting HEK293 cells STIM1 exactly matched the microtubules filament as 
was determined by confocal microscopy. In these cells SOCE was impaired after treatment with 
nocodazole [195]. It has been found that STIM1 interacts with protein end binding 1 (EB1) [member of 
microtubule plus-end tracking proteins (+TIP)] and tracks its comet-like behavior. However, depletion 
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of EB1 or the inhibition of microtubule dynamics by taxol had no significant influence on SOCE in 
HeLa cells [196] but STIM1 mRNA silencing prevented changes in microtubule dynamics in 
thapsigargin-activated mast cells [190]. Later it has been shown that STIM1 comprises a newly 
described short polypeptide motif, Ser-x-Ile-Pro which is responsible for EB1 binding [197]. 
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AIMS 
 

This thesis is focused on two separate but related questions. First, to understand early signaling 

pathways (events) induced by FcεRI aggregation and second, to comprehend the biological significance 

of STIM1-microtubules cross-talk in mast cells. Experimental data leading to development of improved 
PCR, which was used in this study, are also included. Specific aims of this thesis are: 

 

1. To analyze the current models of initial stages of FcεRI phosphorylation and to propose a 

new model, which includes current knowledge about fine topography of signaling 

molecules and the role of oxidized PTPs involved in the FcεRI signaling.  

 

2. To contribute to elucidation of STIM1-directed microtubules reorganization in activated 
mast cells, with the following sub-aims. 

2.1 To produce monoclonal and polyclonal antibodies specific for STIM1. 
2.2 To prepare mCherry-STIM1 construct for expression in mast cells. 
2.3 To induce knock-down of STIM1 by transducing BMMCs by distinct lentivirus-based 

vectors comprising short hairpin RNA (shRNA) constructs. 
2.4 To determine degranulation and calcium response in BMMCs with down-regulated 

expression of STIM1. 
2.5 To determine relationship between formation of microtubules protrusions and mast cells 

degranulation. 
2.6 To reconstitute the microtubule formation and Ca2+ mobilization by nucleofection of 

hSTIM1 into BMMCs with STIM1 knock-down. 
2.7 To determine degranulation in cells pretreated with a microtubule depolymerization agent 

nocodazole. 

 
3. To develop new PCR master mixes for amplification of templates which are difficult to 

amplify. 
 
 
 
 
 
 
 



METHODS 
 

 
36 

METHODS 
 

To fulfil the particular aims of this work, the following biochemical, immunochemical and 
molecular biology methods were used. All these methods are described in detail in the corresponding 
papers/manuscript in the Results section with exception of FRET assay and detection of mast cell 
spreading, which are described here. 

 
 
BMMCs isolation and cultivation 

Bone marrow cells were isolated form femurs and tibias of 6-8 weeks old mice. The cells were 
then kept in suspension culture for 4-8 weeks in complete medium IMDM supplemented with 15% fetal 
calf serum in the presence of IL-3 (20 or 36 ng/ml) and SCF (36 or 40 ng/ml). 
 

Degranulation assay – detection of β-glucuronidase activity 

BMMCs (6 × 106/ml) were sensitized with anti-2,4-dinitrophenyl (DNP) IgE (1 μg/ml) at 37°C in 

culture medium supplemented with 10% FCS, but devoid of SCF and IL-3. After 4 hours, the cells were 

washed in buffered saline solution (BSS), supplemented with 0.1% BSA (bovine serum albumin), and 

challenged with various concentrations of antigen (DNP-albumin; 30–40mol of DNP per mole of 

albumin) or thapsigargin. 20 μl aliquots of the supernatant were mixed with 50 μl of 40 μM 4-

methylumbelliferyl  β-D-glucuronide as a substrate. After 1h incubation at 37oC, the reaction was 

terminated by addition of 200 μl cold glycine buffer (pH 10), and amount of fluorescent product was 

assessed by reading the plate with Infinite 200M instrument at excitation and emission wavelength 355 

nm and 460 nm, respectively. Effect of nocodazole on degranulation was tested in BMMCs exposed to 

nocodazole (10 mM) for 30 min and then exposed to thapsigargin (2 μM) or BSS-BSA alone. 

 
Flow cytometry  

Flow cytometry was used for detection of surface expression of FcεRI on BMMCs. Cells were 

probed by incubation for 30 min at 4°C with IgE diluted in PBS followed by washing and subsequent 
incubation with secondary antibody conjugated to fluorescein isothiocyanate. Flow cytometry was also 
used for detection of calcium mobilization and FRET (see below). 

  
Transfection of BMMCs 

BMMCs are difficult to transfect, therefore nucleofection by AMAXA was used. The 
nucleofection was carried out according to the manufacturer's instructions using specific mouse 
macrophage cell line nucleofector kit and program Y-001.  
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Preparing of monoclonal and polyclonal antibodies 
To prepare monoclonal antibodies specifc for STIM1, BALB/c mice were immunized with 29-

aa oligopeptide corresponding to the C-terminal sequence of STIM1. The oligopeptide was covalently 
coupled to the carrier proteins, maleimide-activated keyhole limpet hemocyanin via cystein added at the 
N terminus of the oligopeptide. Sera from immunized mice were monitored for antibody activity by 
ELISA on the corresponding oligopeptide-BSA conjugate. Splenocytes were fused with mouse 
myeloma cells Sp2/0 and screening by ELISA was used for selection of positive clones. The detection 
of antibody class was done using IsoStrip Isotyping kit. Two selected hybridoma cell lines ST-01 
produced specific antibodies of the IgG1 class. Ascitic fluids were produced in BALB/c mice. 
Polyclonal antibodies specific for STIM1 were obtained from rabbits immunized with the same 
oligopeptide-BSA conjugate as described above. Serum from immunized rabbits was tested by 
immunoblotting. To gain the required specificity, the crude serum was affinity purified on immobilized 
STIM1 oligopeptide. 
 
Western blotting and protein immunodetection on nitrocellulose membrane 

Whole-cell extracts were prepared by washing the cells in cold phosphate buffered saline (PBS), 
solubilizing them in hot sodium dodecyl sulfate (SDS)-sample buffer, and boiling for 5 min. For size 
fractionation 7.5% acrylamide gel was used for sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). After electrophoretic separation the proteins were than electrophoretically 
transfered onto nitrocellulose. Antibodies against STIM1 and actin (Sigma-Aldrich) were diluted 1:2000 
and 1:3000, respectively. Bound primary antibodies were detected after incubation of the blots with 
horseradish peroxidase-conjugated secondary antibodies diluted 1:10.000. 

 
Generation of lentiviral particles and cells transduction 

To generate lentiviral particles for stable and effective BMMCs transduction, cells of the 
production cell line HEK-293 FT were transfected with pLKO.1 vector alone or with a set of five 
murine STIM1 shRNA constructs cloned into the pLKO.1 vector. Aliquots of 1.4 ml Opti-MEM 

medium were mixed with 21 μl ViraPower Lentiviral Packaging Mix (Invitrogen), 14 μg STIM1 

shRNA constructs, and 82 μl Lipofectamine 2000. This mixture was added to semiconfluent HEK-

293FT packaging cells in 150 cm2 culture flask. After 3 days, viruses in culture supernatants were 
concentrated by centrifugation at 25,000 rpm (JA-25.50 rotor) for 2 h. Supernatant was discarded and 
viral particles were resuspended in 1 ml of culture medium. BMMCs (5× 107/ml) were then transduced 
in complete medium without antibiotics and cells were incubated for 2 days. Medium was then replaced 
with complete medium supplemented with puromycin (5 µg/ml) and transduced cells were selected for 
1 weak. The stable transductants were regularly passaged with complete medium containing puromycin 
(3 µg/ml). 

 
 
Calcium assays 
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Cultivation and sensitization procedure of BMMCs before experiment was described in 
degranulation assay (see above). Cells were washed with BSS-BSA and resuspended in BSS-BSA 
supplemented with 2.5 mM probenecid and 1 µg/ml Fluo3 as a reporter; final concentration of the cells 
was 6 × 106/ml. After 30 min incubation at 37°C, the cells were washed and resuspended in BSS-BSA 
containing probenecid and cooled on ice for 10 min. The cells (5 x 105) were subsequently centrifuged, 

resuspended in 200 μl BSS-BSA, and preincubated for 4 min at 37°C. Cells were activated by exposure 

to 100 ng/ml DNP-BSA or 2 μM thapsigargin. Calcium mobilization was determined in the FL1 

channel of a FACSCalibur Flow Cytometer. In the rescue experiments, enhanced yellow fluorescent 
protein (EYFP) alone or EYFP-STIM1 were transfected into BMMC using AMAXA (see above). 
Calcium responses were measured 48 hours after nucleofection. The experimental procedure was 
similar to that described above with some differences. Cells were loaded with the calcium reporter Fura 

Red (5 μg/ml), and changes in fluorescence intensity were monitored on an LSRII flow cytometer. 

EYFP positive cells were gated based on fluorescence in the FL1 channel. Fura Red was excited with 
406- and 488-nm lasers, and data were collected separately using 675/45 BP and 675/20 BP filters, 
respectively. 

 
FRET 
The kinetics of the Orai1-STIM1 interactions was measured by flow cytometry based FRET in living 
HEK293 FT cells during activation with thapsigagin. This method described by Banning et al. [198] 
was modified. The standard FRET pair (enhanced cyan fluorescent protein) ECFP/EYFP under 
cytomegalovirus (CMV) promoter was used and EYFP fluorescence was measured after 488 nm 
excitation; emission was taken with a 529/24 filter by LSRII flow cytometer. To measure ECFP and 
FRET, cells were excited with a 405 nm laser and fluorescence was collected in the ECFP channel with 
a standard 450/40 filter, while the FRET-signal was measured with a 529/24 filter. Cells expressing 
pEYFP/ECFP and non-ligated pEYFP with pECFP were used to set the threshold for analysis of FRET. 
The interaction between STIM1 and Orai1 was detected in HEK293 cells coexpressing STIM1-EYFP 
with Orai1-ECFP in time.  
 
Vector construction 

The signal-peptide (SP) region (1–23 aa) of human STIM1 (hSTIM1) was amplified by PCR 
and this PCR fragment was inserted into pmCherry_N1 upstream of mCherry, using EcoRI and AgeI 
restriction sites that were involved in primers. The remaining part of hSTIM1 was also amplified by 
PCR and cloned downstream of mCherry into the BsrGI site (restriction site for BsrGI was in forward 
and reverse primers). The correct orientation of the remaining part of hSTIM1 after insertion into SP-
mCherry was detected directly from bacterial colonies (JM109) using PCR. All constructs were 
sequenced to prove correct insertions. 
 
 
 



METHODS 
 

 
39 

Bacterial transformation, plasmid production 
Competent Escherichia coli cells (JM109) were transformed by electroporation with different plasmids 
(pLP1, pLP2, VSVG, pLKO.1, pEYFP-hSTIM1, SP-mCherry and SP-mCherry-STIM1). A set of five 
shRNA STIM1 specific constructs in pLKO.1 vector was purchased as bacterial glycerol stocks. 
Plasmids were isolated from bacteria using commercial DNA Lego kit (Top-Bio) according to 
manufacturer’s protocol or by separation on CsCl gradient. 
 
PCR and DNA mobility assay 

Different PCRs were performed using PCR mixes supplemented with various additives, 
including various concentrations of 1,2-propanediol and trehalose . DNA mobility assay was done with 
PCR mixes supplemented with 1,2-propanediol and 0.2 M trehalose  or without these additives. Mix of 
DNA fragments was used to analyze the changes in mobility of DNA by fractionation on agarose gel in 
the presence of various additives at different temperatures. 
 
Mast cell spreading 

Eight-well multitest slides (ICN Biomedicals, OH, USA) were coated overnight at 4oC with 20 μL of 

the solution containing 50 μg/ml fibronectin in PBS. Coated wells were washed with BSS-BSA and 

cells was added per well. Cells were allowed to attach for 1 h at 37oC, washed and then activated with 
antigen, thapsigargin or with combination of both activators. After 30 min, the cells were fixed for 15 
min at room temperature with 3% paraformaldehyde in PBS. For F-actin staining, cells were washed 
with 50 mM glycine in glutamate/EGTA buffer (137 mM K-glutamate, 2 mM MgCl2, 3 mM EGTA and 
20 mM NaOH-PIPES, pH 6.8) and then exposed to phalloidin conjugated with Alexa Fluor 488 diluted 

1:250 in PBS supplemented with L-α-lysophosphatidylcholine (120 μg/mL). After 30 min, cells were 

washed, mounted with MOWIOL and examined with Olympus ScanR system. Cell area was determined 
and normalized to non-activated cells and the statistic was calculated from ~500 cells in each 
experiments. 
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GENERAL DISCUSSION 
 

Although the role of FcεRI in IgE-associated acquired immune responses is well known, the 

exact molecular mechanism of initiation and termination of the FcεRI signaling is still elusive. 

Obviously, understanding of these events has a therapeutic significance in treatment of life threating 
IgE-mediated responses such as anaphylaxis. It is widely accepted that Src kinase family Lyn functions 

as the central molecule responsible for both processes initiation and termination of the FcεRI signaling. 

Especially the role of Lyn in FcεRI desensitization can be at first sight surprising but the importance of 

a tight regulation of proinflammatory mediators release may explain the ambiguous role of this kinase 

in the regulation of mast cell signaling at the very beginning [199]. The kinetics of FcεRI-mediated 

degranulation is characterized by dose-dependent bell-shaped curve when sub-optimal concentration of 
antigen exhibits not fully developed response whereas supra-optimal concentrations of antigen has an 

inhibitory effect on degranulation (Figure 5) [200]. The canonical ITAMs of FcRβ subunits serve as the 

amplifiers of the FcεRI signaling whereas the non-canonical ITAM is involved in the suppression of 

IgE-mediated responses [105;201]. Xiao et al. showed that stimulation of the FcεRI with monomeric 

IgE, IgE plus anti-IgE, or IgE plus low valency antigen positively regulated degranulation. However, 

when FcεRI signaling was triggered with high concentration of multivalent antigen Lyn functioned as a 

negative regulator. The association of Lyn with FcRβ was markedly increased when activated with high 

concentration of multivalent antigen and subsequent phosphorylation of FcRβ was enhanced. Negative 

regulatory molecules SHP-1 and SHIP have been found to be associated with FcRβ even in quiescent 

cells. These phosphatases were phosphorylated by Lyn and their subsequent association with FcRβ was 

increased in cells stimulated with high concentration of the multivalent antigen [124]. Thus, massive 

stimulus suppresses the FcεRI signaling via increased association of SHP-1 and/or SHIP with the FcεRI 

aggregates. Indeed, it has been shown that Lyn-/- BMMCs activated with high concentrations of 
multivalent antigens exhibited saturation of the response but not dose-dependent bell-shaped curve-
dependent inhibition of the response (Figure 5) [120].  

Signaling molecules specific for mast cells are very limited, if any. Therefore, new molecular 
targets are still searched  for treatment of allergic disorders  On the other hand it has been shown that 

allergy can be also treated via desensitization of FcεRI signaling using inhibitors of Syk or PI3K 

activity [202]. This let us to evaluate current models explaining the initial stages of FcεRI.  
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domains in quiescent cells are highly dynamic and small in size (less than 10 nm). They can transiently 
coalesce after ligand-induced aggregation of membrane proteins and form larger domains [210]. In 

antigen-stimulated mast cells, transient association of IgE-FcεRI in specialized cholesterol-rich domains 

within ~4 nm proximity, peaking at 5 min after receptor aggregation has been described [211]. It 

remains to be determined whether these changes reflect either an association of FcεRI with cholesterol-

enriched lipid rafts possessing sequestered Lyn, or rather changes leading to removal of aggregated 

FcεRI. In fact, experiments with N-palmitoylation-site deficient Lyn show that anchor of the Lyn to the 

plasma membrane but not to DRMs is important for proper tyrosine phosphorylation of the FcεRI [116]. 

Thus, lipid raft localization of Lyn is not sufficient for its interaction with aggregated FcεRI and 

initiation of phosphorylation occurs outside the lipid rafts. 
The PTK–PTP interplay model was coined to explain some conflicting experimental data which 

were inconsistent with lipid raft model. PTK-PTP interplay model is based on the fact that the extent of 
phosphorylation of the immunoreceptors and other substrates depends not only on enzymatic activity of 
the PTKs, but, at least partly, also on the activity of PTPs. Initially, the model was elaborated in studies 
of immunoreceptor signaling in B cells. Reth and co-workers showed that the B cell receptor forms a 
complex with PTKs and PTPs; this complex is indispensable for reactive oxygen species (ROS)-
induced phosphorylation [212]. One possible way of regulation of the PTP activity is reversible 
oxidation of Cys residue in a conserved signature motif (I/V)HCxxGxxR(S/T) in the catalytic domain of 
some of the PTPs at physiological pH (pKa <6.0). ROS are produced under physiological conditions by 
the activity of specialized enzymes such as nicotinamide adenine dinucleotide phosphate oxidase [213]. 
It has been shown that ROS encompassing superoxide or hydrogen peroxide are known inhibitors of 

PTPs and are capable of initiating early FcεRI-induced signaling events in mast cells. Despite a growing 

list of confirmed PTPs present in mast cells, their contribution to cell signaling regulation is still poorly 
understood [153;214]. Strong oxidants like pervanadate (a mixture of vanadate and H2O2) irreversibly 
inactivated PTPs by the formation of Cys-sulphonic acid residues [215]. It has been shown that 
solubilization of the cells with detergents destroys preformed signaling assemblies containing PTKs, 
PTPs, and their substrates because most of PTK substrates are not phosphorylated if pervanadate is 
added to cell lysates instead of intact cells [212]. Exposure of mast cells to pervanadate leads to 
activation events which resemble those induced by physiological activators [216;217]. Moreover, 

association of FcεRI with DRMs and enhanced receptor clustering are not required for receptor 

phosphorylation in cells stimulated with pervanadate or H2O2 [216]. Using a monoclonal antibody 
(oxPTP) recognizing oxidized Cys residue in catalytic domain of PTPs, enzymatically inactive PTPs 
were detectable in a time- and dose-dependent manner in mast cells activated with pervanadate, H2O2 or 
antigen [216].  

In our study we extended current knowledge of topography of signaling molecules involved in 

FcεRI signaling. We have found that TRAPs, LAT and NTAL, are increasingly colocalized with 

oxidized PTPs in antigen and pervanadate activated cells [218]. Nevertheless, oxidized phosphatases 

have not been found in DRMs [216]. Similarly, Syk was detected in FcεRI clusters on plasma 
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membrane sheets isolated from activated mast cells [204], in spite of the fact that only FcεRI, was 

associated with DRMs [219]. Moreover, experiments with disaggregated FcεRI clusters showed that the 

rate of their dephosphorylation was the same as that of other proteins [219]. These data indicate that 
proteins in DRMs are not protected from phosphatase activity and that even typical DRMs proteins 
could be phosphorylated as proposed by the PTK–PTP interplay model. 

Recently, the association of BCR with voltage-gated proton channel HVCN1 was shown to be 
important for ROS production in B cells. HVCN1-deficient B cells exhibited reduce ROS production 
and subsequent attenuation of BCR signaling via impaired BCR-dependent oxidation of the SHP-1 

[220]. The role of ROS in FcεRI regulation under physiological conditions is, however, questionable 

[213;221]. Therefore, we also considered an alternative explanation how PTPs could be involved in 

FcεRI activation and we came to a model of antigen-induced conformational changes in aggregated 

FcεRI. According to this model, the expected changes in microenvironment of FcεRI may impair the 

access of PTPs to their substrates. Conformational changes upon activation in the BCR and TCR have 

already been described [222;223]. It is possible that the expected change in topography of FcεRI could 

lead to a shift in access of PTK and PTP to FcεRI, in favor of PTK, and thus enhance phosphorylation 

of FcεRI after mast cells triggering. The association of FcεRI with SHP-1, SHP-2 and SHIP-1 has been 

found in resting cells [124;216;224]. It should be mentioned that SHIP-1 is constitutively active and 
regulated mainly by phosphorylation-mediated translocation to the plasma membrane [199]. BMMCs 

lacking SHIP-1 exhibit massive degranulation even when IgE alone was bound to FcεRI. Thus, the 

interaction of FcRβ with SHIP-1 in non-activated cells may set a treshold for mast cells degranulation 

[225]. These data imply that the addition of IgE alone to the mast cells stimulates multiple cascades, 
which are prevented from progressing to degranulation by SHIP-1 [225]. Indeed, Carroll-Portillo et al. 

showed that FcεRI cross-linking is not an obligatory step in triggering mast cell signaling and suggest 

that dense populations of mobile receptors are capable of initiating low-level degranulation upon ligand 
recognition [78].  

These models are still incomplete, because other factors play a role in the early FcεRI signaling. 

Surprisingly, mast cells with low expression of Fyn, Hck and Fgr exhibit significant changes in FcεRI 

signaling [122;127;128]. Fgr is important for phosphorylation of FcRγ and Syk. Mice with decreased 

levels of Fgr exhibit impaired passive cutaneous anaphylaxis [128]. Moreover Hck seems to be 
upstream of Lyn signaling [127]. Thus, it is possible that other kinases from Src kinase family are 

involved at the very beginning of the FcεRI signaling. The PTK-PTP interplay model fits to this 

situation as well. On the other hand BMMCs isolated from mice with targeted disruption of the GPI 
biosynthesis gene PigA lack expression of GPI-APs. These cells exhibit reduced degranulation and 
knock-out mice are resistant to passive cutaneous anaphylaxis. Interestingly, BMMCs deficient in GPI-

APs exhibit impaired association of FcRβ and FcRγ with FcRα after mast cells activation with antigen. 

Association of active Lyn in resting cells with FcεRI was enhanced whereas in activated cells was 

decreased. These data imply that some GPI-AP competes with Lyn for association with FcεRI in 

quiescent cells. Interestingly, phosphorylation of FcRβ upon FcεRI aggregation was normal but 



GENERAL DISCUSSION 
 

 
101 

phosphorylation of FcRγ was impaired [226]. Thus, so far not yet identified GPI-APs seem to be 

responsible for stabilization of aggregated FcεRI complex and increased association of active Lyn with 

resting FcεRI. An important factor involved in early signaling is calcium. Basal phosphorylation 

detected in lysates of quiescent B cells as well as phosphorylation pattern of activated B cells is 
dependent on cytosolic Ca2+ levels. The basal levels of calcium and Ca2+ released from the ER stores 
were sufficient for initiation of BCR signaling. Surprisingly, BCR signaling in the absence of free Ca2+ 
(EDTA or BABTA treatment) exhibit impaired phosphorylation of Lyn and ZAP70 after BCR 
triggering [227].  

It has been mentioned in introduction that STIM1 is a sensor of Ca2+ levels in ER and that it is 
responsible for ICRAC and SOCE. The SOCE occurs almost immediately after mast cells activation with 

antigen or thapsigargin [190]. It takes seconds from initial FcεRI phosphorylation mediated by Src 

family kinase Lyn to initiate formation of LAT-dependent docking sites for PLCγ which yields IP3 and 

DAG. IP3 diffuses through the cytosol to bind to IP3R and thus fastly depletes the ER Ca2+ stores. The 
dynamics of STIM1 translocation to the ER/plasma membrane junctions was studied in Jurkat T cells 
upon TCR cross-linking. Accumulation of STIM1 near the plasma membrane begins in seconds after 

FcεRI triggering and precedes the ICRAC [228]. Complexes of STIM1 with CRAC channel component 

Orai1 are involved in TCR-dependent immunological synapse [187]. As was mentioned in introduction 
STIM1 is the essential regulator of CRAC channels. Upon depletion of Ca2+ ER stores, STIM1 
physically interacts with Orai1 channels. This direct interaction can be dynamically traced in vivo using 
flow cytometry based FRET after store depletion mediated by cells treatment with thapsigargin. The 
data presented in Figure 6 indicate that STIM1-EYFP increasingly interacts with Orai1-ECFP after the 
ER stores depletion with thapsigargin.  

STIM1 in quiescent cells colocalizes with the microtubule filaments [195] and dynamically 
moves in microtubule-dependent manner [194]. The direct association of STIM1 with microtubule +TIP 
protein EB1 explains the comet-like movement of STIM1 [196]. In our study we focused on the 
dynamic of microtubules in mast cells and the role of STIM1 in microtubule reorganization after cells 
activation with different stimuli as well as on the role of microtubules in STIM1 translocation into the 
subplasmalemmal region. This cross-talk between STIM1 and microtubules is taking place at multiple 
levels (direct interaction with EB1 and calcium signaling) and thus the question whether microtubules 
affect STIM1 translocation to the ER/plasma membrane junctions and conversely whether STIM1 
influences microtubules dynamics in resting cells via interaction with EB1 or in activated cells via 
calcium mobilization, is of importance. 
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contrast to these data, our observation indicate, that reorganization of microtubules in BMMCs with 
reduced STIM1 levels was impaired. It has been shown that both Ca2+ and STIM1 expression in 
BMMCs are indispensable for formation of microtubule protrusions. Moreover, the microtubule 
dynamic in the cell periphery of activated BMMCs with STIM1 knock-downs was impaired but the 
dynamic of EB1 movement in resting cells was without significant changes. It implies that STIM1-
dependent Ca2+ levels in cytosol after activation are important for microtubules reorganization but in 
quiescent cells the comet-like interaction of EB1 with STIM1 alone does not change the dynamics of 
microtubules polymerization. We were capable of reverting the formation of microtubule protrusions 
and calcium mobilization in the activated cells with reduced STIM1 levels nucleofected with mCherry-
hSTIM1 and EYFP-hSTIM1, respectively [190].  
 STIM1 puncta are formed several seconds before the opening of calcium channels [228], and 
one could expect that microtubules are involved in this process. However, our data demonstrate that 
although microtubule disruption by nocodazole abolished the comet-like movement of STIM1, it had no 
effect on puncta formation in activated cells. This finding is in line with our observation that the uptake 
of extracellular Ca2+ was only partially inhibited in nocodazole-pretreated and thapsigargin-activated 
BMMCs. This suggests that STIM1 aggregation beneath the plasma membrane and subsequent opening 
of CRAC channels does not require intact microtubules in activated mast cells. Previous studies often 
reported discordant effects of nocodazole treatment on SOCE or ICRAC (see chapter STIM1 in 
Introduction). It appears that different factors, including cell type, treatment protocol and the way of 
Ca2+ depletion might modify the results of the experiments. It is also possible that microtubules play a 
supporting role in SOCE signaling by optimizing the location of ER containing STIM1 before cell 
activation [195]. The presence of aggregated STIM1 in protrusion could help to organize CRAC 
channels [230] and open locally these channels to cause SOCE. Our finding that BMMCs with STIM1 
knock-down exhibited defective chemotaxis toward antigen supports previous data on the role of Ca2+ 
in chemotaxis [231;232]. Based on these data we proposed that microtubule protrusions might be 
involved in sensing external chemotactic gradients of antigen or other signals reaching mast cells at 
inflammatory sites. Recently, it was found that mast cells are capable of surmounting blood vessels to 
capture serum IgE with extended processes [34]. The direct contact with endothelial cells is required, 
thus the interaction with integrins is expected and the protrusions that we observed in vitro can be the 
non-directional response of mast cells to ubiquitous stimuli which in vivo may be important for IgE 
capturing from blood stream. Interestingly, although the migration of mast cells towards antigen was 
impaired, cells spread normally when compared to control cells in the presence of antigen (Figure 7 A 
and B). Spreading of cells reflects the reorganization of actin filaments. Moreover, STIM1 knock-downs 
cells were capable of spreading when activated with antigen and thapsigargin, in contrast to control 
cells, but not after activation with thapsigargin alone (Figure 7B). These data suggest that sustained 

levels of calcium inhibit spreading of BMMCs but the FcεRI-mediated signaling is important for cells 

to spread. These data are in accord with  our previous observation that NTAL-deficient BMMCs exhibit 
increased calcium signaling [132] and spreading [233] but migration of these cells toward antigen was 
enhanced [233]. 
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Figure 7. Negative regulation of cell spreading by STIM1 in antigen and thapsigargin activated cells. 
(A) IgE-sensitized BMMC were attached to fibronectin-coated glass surface and then stimulated with 
antigen (TNP-BSA), thapsigargin or antigen plus thapsigargin (only cells activated with antigen alone 
or together with thapsigargin are shown). After 30min, cells were fixed and stained for F-actin. (B) Cell 
area was determined and normalized to nonactivated cells. Means and SE were calculated from two 
independent experiments. Significance of differences between control BMMCs and STIM1 knock-down 
(KD) BMMCs cells is shown (p<0.01; Student’s t-test).  
 

Cell membranes serve as the docking sites for many signaling events. It is obvious that some of 
the proteins residing in the membranes can serve as sensors transferring the signal between distinc 

compartments. IgE-FcεRI complex and STIM1 sense the antigen and Ca2+, respectively. Although their 

function is distinct, both of them require to be phosphorylated and both of them show changes in 

membrane topography after cell triggering. Interestingly, the initiation of signaling termination of FcεRI 
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or STIM1 aggregates-dependent signaling is mediated by the associated sensor (Lyn) or sensing object 
(calcium). It has been shown that refilling of ER with Ca2+ is not sufficient for dis-aggregation of 
STIM1 [234] but some proteins, probably CRACR2A and SARAF are involved in this process (see 
Introduction).   

The peak of STIM1 phosphorylation occur 2.5 s after platelets treatment with thapsigargin; 
thus, STIM1 is probably associated in resting cells with other molecule/s [174]. ERK1/2 were identified 
as kinases phosporylating STIM1 and thus important for SOCE [175]. Association of STIM1 with the 
liquid ordered lipid domains initiates redistribution of Orai1 from the liquid disordered regions of the 
plasma membrane to lipid ordered domains [186]. Our preliminary data suggest that incubation of mast 
cells with 2-bromo-palmitate reduces calcium mobilization. 2-bromo-palmitate blocks proteins 
palmitoylation and thus the association of some proteins with lipid ordered domains can be disrupted. In 
this connection the inhibition of SOCE after mast cells treatment with 2-bromo-palmitate is of 
importance. Therefore we established the flow cytometry based FRET to detect the changes between 
EYFP-STIM1 and ECFP-Orai1 in living cells. As the process of STIM1 aggregation can be influenced 
by reduced early signaling we will measure this event also in cells expressing EYFP-STIM1 and ECFP-
STIM1. Until now, this system is working in HEK 293 cells and we plan measure flow cytometry based 

FRET during FcεRI signaling in mast cells or basophiles.  

Currently, we are engaged also in the research of a complex organizing metabolism of AA 
(membrane-associated proteins in eicosanoid and glutathione signaling). This multimolecular complex 
recruits 5-LO in calcium dependent manner and according to our results is also involved in unfolded 
protein response in mast cells. 
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CONCLUSIONS 
 
1. We evaluated current models explaining the initial stages of FcεRI. We found that the best 

model explaining various experimental findings fulfils PTK-PTP interplay model. We propose 
that shift in balance in favor of PTKs could be the signal leading to initial phosphorylation of 

the FcεRI. This model is supported by our findings of the presence of irreversibly oxidized, 

and therefore inactivated, PTPs in the vicinity of FcεRI complexes. 

 
2. We found that activated mast cells attached to fibronectin-coated slides form microtubule 

protrusions after activation with different stimuli. STIM1 was essential for formation of the 
protrusions and mast cells migration towards antigen. Moreover, in activated BMMCs with 
STIM1 knock-down the changes in microtubule dynamics were prevented. 

 
2.1 We used a 29-aa oligopeptide which corresponded to the C-terminal part of STIM1 

(conjugated to protein carrier) for immunization of mice and rabbits. From immunized 
rabbits we obtained polyclonal antibodies and from immunized mice we generated two 
hybridoma clones which produced highly specific monoclonal antibodies against STIM1. 
All of these antibodies were usefull for immunoprecipitation and immunoblotting. We used 
the antibodies for quantification of STIM1 in BMMCs with STIM1 knock-downs by 
immunoblotting. Antibody produced by one of the hybridoma clones is at present 
commercially avaliable from Exbio Praha, a.s. 
 

2.2 hSTIM1 complementary DNA was cloned into the mammalian expression vector coding 
mCherry so that sequence 1-23 aa corresponding to the SP of hSTIM1 was placed at the 
beginning of mCherry and the remaning part of hSTIM1 was cloned on the C-terminus of 
mCherry. The construct was used in STIM1 rescue experiments. 

 
 

2.3 Cells with reduced STIM1 expression were prepared by transduction of BMMCs with 
lentivirus vectors bearing STIM1 specific shRNAs; control cells were transduced with 
empty vector. The efficiency of knock-downs was tested at the protein level by 
immunobloting. Subsequently, cells with STIM1 knock-down were used to evaluate 
hypothesis that STIM1 is crucial for activation-induced changes in microtubule dynamics. 
 

2.4 BMMCs with STIM1 knock-down exhibited impaired degranulation, calcium mobilization 
and other markers of mast cells activation. These changes could not be explained by 

reduced expression of FcεRI as determined by flow cytometry.  
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2.5 We have found that in activated cells there was close correlation between the formation of 

microtubule protrusions and degranulation as measured by β-glucuronidase release. 

 
2.6 Cells with STIM1 knock-down were nucleofected with human EYFP-hSTIM1 or mCherry-

hSTIM1. Detailed analysis showed that in the transfectants the phenotype was reverted as 
refected by restauration of microtubule protrusions formation and enhanced calcium 

mobilization after FcεRI trigering. The data indicate that formation of microtubule 

protrusions is dependent on the presence and activity of STIM1. 
 

2.7 Induction of microtubule depolymerization by nocodazole decreased mast cell 
degranulation but 45Ca2+ uptake was only slightly reduced. These data corroborate the 
microscopic observation that microtubules are not essential for initial STIM1 aggregation. 

 

3 In search for a new universal PCR master mix suitable for amplification of DNA fragments 
from whole blood and/or GC-rich templates, we modified PCR mixture by inclusion 1 M 1,2-
propanediol and 0.2 M trehalose. We found that the additives allowed amplification of GC-
rich DNA fragments and amplification in the presence of PCR inhibitors such as hemoglobin.   
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