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ABSTRACT (EN) 

This thesis focuses mainly on understanding of the regulatory roles of the transmembrane 

adaptor proteins, non-T cell activation linker (NTAL) and phosphoprotein associated with 

glycosphingolipid-enriched microdomains (PAG), in murine mast cell signaling. There are 

conflicting reports on the role of NTAL in the high affinity immunoglobulin E receptor (FcεRI) 

activation pathways in mast cells. Studies carried out on mast cells prepared from NTAL knock-

out mice have indicated that NTAL is a negative regulator of FcεRI signaling, whereas 

experiments performed on human mast cells and rat basophilic leukemia cells with silenced 

NTAL expression have suggested its positive regulatory role. To thoroughly examine the 

involvement of NTAL in FcεRI-mediated signaling events in mouse mast cells and to determine 

whether different methodologies of NTAL ablation have different physiological consequences, 

we utilized a broad range of assays. Using bone marrow-derived mast cells (BMMCs) as a 

model, we obtained cells from NTAL wild type and knock-out cells and using lentiviral delivery 

approach we transduced part of the wild type cells, with vector bearing NTAL shRNA or empty 

vector to generate NTAL knock-down cells and control cells, respectively. Comparison of all 

four groups of generated cells in our assays revealed that both types of NTAL-deficient 

BMMCs exhibited enhanced degranulation, calcium mobilization, chemotaxis, tyrosine 

phosphorylation of linker for activation of T cells (LAT) and ERK and depolymerization of 

filamentous actin. These data provide evidence that NTAL is a negative regulator of FcεRI 

activation events in murine BMMCs, independently of possible compensatory developmental 

alterations. 

To gain further insight into the downstream signaling activity of NTAL, we examined the 

resting and antigen-activated transcriptome profiles of all four types of generated BMMCs. 

Through this analysis we identified several genes that were differentially regulated in 

nonactivated and antigen-activated control and NTAL-deficient cells. Interestingly, a subset of 

these genes was involved in regulation of cholesterol-dependent events in antigen-mediated 

chemotaxis. The combined data indicate multiple regulatory roles of NTAL in gene expression 

and mast cell physiology. 

We have also shown that another transmembrane adaptor protein, PAG, has both positive and 

negative role in mast cell FcεRI-mediated activation depending on the signaling pathway 

involved. 

Since both studies demanded numerous quantitative real-time PCR examinations, part of the 

focus was also dedicated to development of new PCR master mixes suitable for amplification 

of difficult-to-amplify DNA fragments. We found excellent performance of a PCR mix 

supplemented with 1 M 1,2-propanediol and 0.2 M trehalose. This master mix is now also 

commercially available. 
Lastly, we have reviewed recent approaches towards inhibiting mast cell mediated events in 

diseases or with mast cell related pathology, with the main focus being on recently developed 

inhibitors of intracellular signaling pathways and their relevance to clinical trials. 
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ABSTRACT (CZ) 

Tato dizertační práce se zaměřuje především na pochopení regulačních úloh 

transmembránových adaptorových proteinů NTAL („non-T cell activation linker“) a PAG 

(„phosphoprotein associated with glycosphingolipid-enriched microdomains“) v aktivaci 

myších žírných buněk. V odborné literatuře existují protikladné studie o úloze proteinu NTAL 

v aktivační dráze vysoce afinního receptoru pro imunoglobulin E (IgE) (FcεRI). Studie 

prováděné na žírných buňkách připravených z myší s genovým knockoutem NTALu naznačují, 

že NTAL je negativní regulátor FcεRI signalizace, zatímco experimenty provedené na lidských 

žírných buňkách a buňkách bazofilní leukemie potkana s potlačenou expresí proteinu NTAL 

mu připisují pozitivní regulační roli. 

Abychom pochopili zapojení proteinu NTAL v FcεRI zprostředkované signalizaci v myších 

žírných buňkách a určili, zda různé metodiky delece NTALu mají různé fyziologické následky, 

použili jsme široké spektrum testů. Jako model jsme použili žírné buňky odvozené z kostní 

dřeně (BMMC) a připravili jsme BMMC z myší NTAL divokého typu („wild type“) a myší 

s genovým knockoutem NTALu. Pomocí lentivirových vektorů jsme transdukovali část buněk 

divokého typu vektorem nesoucím NTAL shRNA („short hairpin RNA“) pro generování buněk 

s potlačenou expresí NTALu („knockdown“) nebo prázdným vektorem pro přípravu negativní 

kontroly. Srovnání všech čtyř skupin připravených buněk v našich testech ukázalo, že oba typy 

NTAL-deficitních BMMC vykazovaly zvýšenou degranulaci, mobilizaci vápníku, chemotaxi, 

fosforylaci tyrosinu molekul LAT („linker for activation of T cells“) a ERK a depolymeraci 

filamentárního aktinu. Tyto výsledky prokazují, že NTAL je negativní regulátor FcεRI 

zprostředkovaných aktivačních dějů v myších BMMC a to nezávisle na případných 

kompenzačních mechanizmech během vývoje. 

Abychom získali další pohled na navazující signalizační děje související s proteinem NTAL, 

zabývali jsme se transkripčními profily získanými z aktivovaných a neaktivovaných všech čtyř 

typů připravených BMMCs. Prostřednictvím transkripční analýzy jsme identifikovali několik 

genů, které byly rozdílně regulované v neaktivovaných a antigenem aktivovaných kontrolních 

a NTAL-deficitních buňkách. Další rozbor ukázal, že se část těchto genů účastní regulace dějů 

závislých na cholesterolu v chemotaxi zprostředkované antigenem. Získaná data naznačují 

multiregulační úlohu proteinu NTAL v genové expresi a fyziologii žírných buněk. 

Dále jsme ukázali, že transmembránový adaptorový protein PAG má pozitivní i negativní 

regulační úlohu při aktivaci žírných buněk v závislosti na regulované signalizační dráze. 

Protože obě studie vyžadovaly provedení řady analýz genové exprese pomocí kvantitativní 

polymerázové řetězové reakce (qPCR), část experimentů byla věnována také vývoji nových 

reakčních směsí (tzv. master mixů) s akcentem na amplifikaci obtížně amplifikovatelných 

fragmentů DNA. Zjistili jsme, že zásadního zlepšení lze dosáhnout u směsí s přídavkem 1 M 

1,2-propandiolu a 0,2 M trehalózy. Tato reakční směs je nyní komerčně dostupná. 

Na závěr jsme provedli recenzi nových přístupů k potlačení onemocnění zprostředkovaných 

žírnými buňkami nebo s nimi souvisejícími patologiemi. Hlavním zaměřením byly nedávno 

vyvinuté inhibitory intracelulárních signálních drah a jejich význam pro klinické studie. 
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ABBREAVIATIONS 

BMPCs basophil/mast cell progenitors 

BSA  bovine serum albumin 

BSS  buffered salt solution 

C/EBPα  CCAAT/enhancer binding protein α 

CLPs  common lymphoid progenitors 

CMPs  common myeloid progenitors 

CRAC  Ca2+ release-activated Ca2+ 

CSK  C-terminal Src kinase 

cysLTR cysteinyl leukotriene receptor 

DAG  1,2-diacylglycerol 

DOK1  downstream of tyrosine kinase 1 

ER  endoplasmic reticulum 

FCS  fetal calf serum 

FDR  false discovery rate 

FLAP  5-lipoxygenase–activating protein 

GAB2  GRB2-associated binding protein 2 

GADS  GRB2-related adaptor protein 

GAPT  GRB2-binding adaptor protein, transmembrane 

GEO  Gene Expression Omnibus 

GM-CSF granulocyte/macrophage colony stimulating factor 

GMPs  granulocyte/monocyte progenitors 

GRB2  growth factor receptor-bound protein 2 

HR  histamine receptors 

IL  interleukin 

IP3  inositol-1,4,5-trisphosphate 

ITAM  immunoreceptor tyrosine-based activation motif 

ITIM  immunoreceptor tyrosine-based inhibitory motif 

LAT  linker for activation of T-cells 

LAT  linker for activation of T-cells 

LAX  linker for activation of X cells 

LTC4  leukotriene C4 

MAPK  mitogen-activated protein kinase 
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MCp  mast cell progenitors 

MEPs  megakaryocyte/erythrocyte progenitors 

MMPs  multipotent progenitors 

NFAT  nuclear factor for T cell activation 

NGF  nerve growth factor 

NTAL  non-T-cell activation linker 

PAG  phosphoprotein associated with glycosphingolipid-enriched microdomains 

PCA  principal component analysis 

PGD2  prostaglandin D2 

PI(3,4,5)P3 phosphatidylinositol-3,4,5-trisphosphate  

PI(4,5)P2 phosphatidylinositol-4,5-bisphosphate  

PI3K  phosphatidylinositol 3-kinases 

PKC  protein kinase C 

PLCγ  phopholipase Cγ 

PTEN  phosphatase and tensin homologue deleted on chromosome ten 

RasGAP  Ras GTP-binding protein-activating protein 

S1P  sphingosine-1-phosphate 

SCF  stem cell factor 

SH  Src homology 

SHIP  SH2-containing inositol 5’ phosphatase 

SHP  SH2-domain-containing protein tyrosine phosphatase 

SLP-76 SH2-domain-containing leukocyte protein of 76 kDA 

STIM  stromal interaction molecule 1 

SYK  spleen tyrosine kinase 

TNF  tumor-necrosis factor 

TNP  trinitrophenyl 

TRAP  transmembrane adaptor protein 

VEGF  vascular endothelial growth factor 
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INTRODUCTION 

Introduction to mast cells 

Mast cell discovery 

The name mast cell originates from the German word “Mastzellen”. This name was given to 

these cells by a German scientist Paul Ehrlich in 1878 who was the first person to describe 

them. In his doctoral thesis “Beiträge zur Theorie und Praxis der histologischen Färbung” 

(“Contributions to theory and practice of histological coloring") he discussed the chemical and 

histological properties of the basic aniline dyes and he described aniline-positive cells in human 

connective tissues. He believed they had a nutritional function because they were full of 

granules and thus gave them a name related with the “fattening” or “suckling” function [1, 2]. 

In his other studies he also described neutrophils, eosinophils and basophils which he 

misleadingly described as blood mast cells [2]. 

For a long time the real function of mast cells remained unknown. The attention was drawn 

back to them in the 1950s when they were found to be the main repository of histamine and a 

key participant in anaphylactic reactions [1]. A polymeric compound known as compound 

48/80 was found to induce degranulation of mast cells [3] and became the mainstay for 

subsequent studies. 

In the late 1990s the view on mast cells has changed, from being primarily the mediators of 

allergic reactions and combatants of parasite infestation, they started to be seen also as 

important effector cells in innate, as well as acquired, immune responses. They were shown to 

help to initiate and orchestrate inflammatory responses at sites of pathogen invasion and to 

function as sentinel cells located in serosal cavities and immediately beneath epithelial surfaces 

as well as near blood vessels, nerves and glands [4]. 

Nowadays we look at mast cells as multifunctional cells that do not only play role in initiation 

of IgE-dependent allergic diseases but also in adaptive and innate immune responses, as well 

as inflammatory autoimmune diseases. Additionally, mast cells participate in inflammatory 

responses to tumors where they may function either in facilitating tumor or help suppress the 

tumor growth depending on the type of cancer. Mast cells function also in promoting 

angiogenesis, wound healing and tissue remodeling [5]. 

 

Origin and development of mast cells 

The origin of mast cells remained unclear until the late 1970s when the adaptive transfer of wild 

type bone marrow cells into mast cell-deficient mice demonstrated that mast cells are of 
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hematopoietic origin [6]. In contrast to most hematopoietic cells that are released into the blood 

in an identifiable mature state, mast cell progenitors (MCp) residing in bone marrow enter the 

blood circulation and home to the tissues in an immature state, where they give a rise to mature 

mast cells. This process from MCp till mature mast cell residing in tissue is still not fully 

understood. The migration of MCp to tissues is a regulated process that is stimulated by 

inflammation and leads to an increase in tissue MCp [7]. 

Human mast cells are derived from CD34+ pluripotent progenitor cells residing in the bone 

marrow [8]. However CD34+ cannot be used as a universal specific marker of mast cell 

precursors. Recently, several studies shed more light onto mast cell development. Results of 

these studies were recently summarized in a review by Dahlin and Hallgren [7] where they also 

proposed a model for the development of MCp (Figure 1). 

Bone marrow-derived hematopoietic stem cells lose their self-renewing capacity when they 

develop into multipotent progenitors (MPPs) that further give a rise to either common lymphoid 

progenitors (CLPs) or common myeloid progenitors (CMPs), to which belong mast cells. CMPs 

further branch into megakaryocyte/erythrocyte progenitors (MEPs) and granulocyte/monocyte 

progenitors (GMPs) during their development. Single cells giving rise to neutrophils, basophils 

and mast cells were found within the classically defined GMP population, verifying that mast 

cells belong to the granulocyte/monocyte lineage [9]. Moreover, Arinobu et al. identified 

bipotent basophil/mast cell progenitors (BMCPs) in mice spleen, suggesting a close 

developmental relationship between the basophil and the mast cell lineage. In agreement with 

these data, Qi et al. recently isolated within the GMP fraction single progenitors capable of 

giving rise to both basophils and mast cells [10]. These results and data from others suggest 

that committed MCp originate from bipotent progenitors with both mast cell and basophil 

capacity within the GMP population [7]. The process of differentiation of hematopoietic stem 

cells into mast cells is highly regulated by a complex network of transcription factors. The 

differentiation from GMPs into mast cells is controlled by CCAAT/enhancer binding protein α 

(C/EBPα), MITF and GATA-2. C/EBPα, the transcription factor essential for granulocyte 

development, plays a critical role in their fate decision [9]. 

After the commitment, the MCp enter blood circulation and reside into peripheral tissues where 

they undergo maturation under the influence of local factors. Mast cells reside in most tissues, 

but are especially rich in those exposed to the external environment, including the skin, 

respiratory, and gastrointestinal tract and thus are likely to be one of the first inflammatory 

cells, along with dendritic cells, to encounter allergens, pathogens, and other proinflammatory 

and toxic agents [4]. 
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(Dahlin and Hallgren, 2014) 

Figure 1. Proposed model for the development of MCp. Mast cells originate from the bone 
marrow where they develop from the hematopoietic stem cells (HSC) via multipotent 
progenitors (MPP), common myeloid progenitors (CMPs) and granulocyte/monocyte 
progenitors (GMPs). The majority of these progenitors is found among the FcɛRI+ GMPs. 
However, progenitors that give rise to mast cells and basophils are also found within the FcɛRI− 
GMPs. Bipotent basophil/mast cell progenitors (BMCPs) in the spleen are largely negative for 
FcɛRI expression in mice, consistent with the FcɛRI− GMPs in bone marrow. Therefore, mast 
cells likely develop from both FcɛRI− and FcɛRI+ GMPs. MCp exit the bone marrow as FcɛRI− 
and FcɛRI+ cells that can be found in the blood in mice as committed MCp. In the peripheral 
tissues in mice MCp express FcɛRI at low levels. The numbers in superscript at each progenitor 
stage is repeated in the yellow box to describe the surface markers used to define the particular 
progenitor stage. 
 

 

Mast cell subpopulations 

In peripheral tissues, the progenitors differentiate into one of two types of mast cells, connective 

tissue or mucosal tissue mast cells. These types differ in many properties and can be 

characterized by mediators they release and by staining [11]. Safranin positive cells are 

connective tissue mast cells and their granules contain heparin and large amount of histamine 

and serotonin. They are found in the skin, joints, around blood vessels, and in rodents also in 

peritoneal cavity. The granules of safraninin negative mucosal mast cells contain chondroitin 

sulfate and little histamine. These cells are localized in the lamina propria of the respiratory 

tract and in the mucosa of the gastrointestinal system [12]. 
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The bone-marrow derived mast cells, that are widely prepared and used for in vitro experiments, 

resemble more the properties of mucosal mast cells [13]. These cells are prepared from isolated 

bone-marrow by culturing in the presence of interleukin (IL)-3 and stem cell factor (SCF) for 

several weeks. 

 

Mast cell function 

Mast cell degranulation 

After receiving proper activation signals, mast cells degranulate – release mediators from their 

cytoplasmic granules into exterior area. Mast cells produce three main types of mediators: 

preformed mediators stored in the granules, newly generated lipid mediators, and various 

cytokines and chemokines or growth factors. 

The secretory granules can be released within minutes after cell activation and these granules 

contain serine proteases tryptase and chymase, carboxypeptiase A, vasoactive amines, such as 

histamine, and proteoglycans heparin or chondroitin sulfate E.  

The de novo synthesis involves eicosanoids such as prostaglandin D2 (PGD2) and leukotriene 

C4 (LTC4). Their synthesis is initiated after activation of cytosolic phospholipase A2, which 

catalyzes the production of arachidonic acid, the eicosanoid precursor. LTC4 causes 

bronchoconstriction and increases vascular permeability [14, 15]. 

Mast cells produce pro-inflammatory cytokines, such as tumor-necrosis factor (TNF)-α and IL-

1β. They can also produce cytokines associated with anti-inflammatory responses, such as IL-

10 and transforming growth factor β. TNF-α is the major cytokine of mast cells and they are 

the only known cells able to store this cytokine and are able to release it immediately after their 

activation [16]. The production of cytokines and chemokines may vary among species and is 

also dependent on the obtained stimuli. Other cytokines produced by mast cells are IL-4, IL-5, 

IL-6, IL-10, IL-13 and others. Mast cells are also source of chemokines, such as CCL5, CXCL8 

(IL-8) and CXCL10. They also produce some growth factors such as vascular endothelial 

growth factor (VEGF), nerve growth factor (NGF) or granulocyte/macrophage colony 

stimulating factor (GM-CSF) [4]. 

 

Mast cell chemotaxis 

The migration of mast cells is essential for their localization within the target tissues where they 

can execute their immunologic functions. Mast cells express various surface receptors that 

enable them to recognize appropriate chemotactic stimuli that can navigate them to the place of 
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residing. These receptors bind chemoattractants and chemokines, among them some can be 

produced by activated mast cells themselves and thus recruit other mast cells. The receptors 

playing role in chemotaxis include KIT, FcεRI, and group of G protein-coupled receptors. The 

main chemoattractants are SCF, antigen, sphingosine-1-phosphate (S1P), prostaglandin E2 and 

D2, leukotrienes, chemokines, and many other compounds [17]. 

The expression pattern of the surface receptors involved in chemotaxis depends on the species 

and tissue origin of mast cells and also on the conditions of their maturation [7]. Several 

methods to study mast cell chemotaxis in vivo and in vitro have been developed and in the 

recent years more attention is being focused on chemotaxis. 

 

Cross-talk with other immune cells 

Benefiting from their localization, mast cells can directly or indirectly sense the presence of 

pathogens and rapidly respond by releasing proinflammatory and immunoregulatory mediators 

and cytokines that can attract other cells and further lead to activation of innate and adaptive 

immune responses [18] The full regulatory role of mast cells and their interactions with other 

cells of immune system are still not fully understood and are under intense investigation. 

Mast cells are able to induce migration of dendritic cells into inflamed tissue and into lymph 

nodes. Also a direct interaction with dendritic cells was observed [19]. Dendritic cells are 

important antigen presenting cells and function as a link between the innate and adaptive 

immunity. Together they are potential partners capable of modulation of immune responses to 

environmental changes. 

Mast cells produce various cytokines and chemokines and other mediators. Recruitment of 

various cells can be mediated due to production of IL-1 [20], MIP-1α [21], histamine [22] or 

TNF-α. LTC4 and TNF-α produced by mast cells were shown to play role in neutrophil 

recruitment in bacterial infections [23]. Production of MIP-1α can promote migration of T cells 

[21]. They also promote migration of peripheral lymphocytes, Langerhans cells, and dendritic 

cells [5]. 

Mast cells are also known to form immunological synapse with T cells. They can also express 

ligands for T cell costimulatory molecules, such as OX40L, and enhance T cell activation [24]. 

Actions of mast cells can subsequently lead to promoting interactions of antigen presenting 

cells with T helper cells or to activation of cytotoxic T cells. 

Figure 2 illustrates some of the actions of mast cells, the consequences of mediator release and 

the action on other cells. 
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(Gilfillan and Beaven 2011) 

 
Figure 2. Mast cell mediators and their actions in inflammatory and immune responses. 
Secretion of granules leads to release of histamine and mast-cell specific proteases. Histamine 
acts through its various receptors to induce smooth muscle contraction or relaxation, enhanced 
permeability across vascular endothelial cells, and itching or pain by activating sensory 
neurons, which account for some symptoms of acute allergic reactions. The proteases degrade 
endogenous and pathogenic proteins and contribute to innate immune responses and tissue 
remodeling. The lipid mediators are rapidly synthesized and include the arachidonyl-derived 
prostaglandins and leukotrienes. These compounds also contribute to allergic symptoms such 
as bronchial constriction, increased vascular permeability, and recruitment of granulocytes and 
macrophages to facilitate innate and adaptive immune responses. The subsequent production of 
a wide range of cytokines and chemokines promotes not only the classic delayed allergic 
reaction but also processes essential for adaptive immune responses and possibly 
immunosuppression as shown.  
 

 

The high-affinity IgE receptor (FcεRI) 

FcεRI is the most studied receptor on mast cells and its expression on the surface of mast cells 

together with KIT, a receptor for SCF, is a hallmark for defining mast cell population. FcεRI is 

expressed also on the surface of basophils. It belongs to the multichain immune receptor family 

that includes also the T and B cell receptor. The tetrameric structure is composed of one IgE-

binding α subunit, one membrane-tetraspanning β subunit and a dimer of disulphide-linked γ 
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subunits [25]. FcεRI can exist also in a trimeric form lacking the β subunit and is expressed in 

monocytes, Langerhans cells and dendritic cells [26]. The extracellular α chain belongs to the 

immunoglobulin superfamily and is responsible for binding the Fc part of IgE at 1:1 ratio [27]. 

The β chain amplifies the signal of calcium mobilization and spleen tyrosine kinase (SYK) 

phosphorylation while the γ dimmer functions as an autonomous activation module [28]. The β 

and γ chains have no role in ligand binding, each contains one immunoreceptor tyrosine-based 

activation motif (ITAM) located in the cytoplasmic tails. These ITAMs are responsible for 

signal transduction and after phosphorylation serve as docking sites for molecules containing 

Src homology (SH) 2 domain [26, 29]. The β and γ chains are shared with other Fc receptors. 

 

FcεRI-mediated signaling 

The binding of multivalent antigen to IgE-FcεRI complex on the cell surface causes its 

crosslinking and triggers a series of activation events starting with the activation of the Src 

family kinase LYN that is weakly associated with the β chain (Figure 3). The protein tyrosine 

kinase LYN phosphorylates the aggregated ITAM motives of the adjacent β and γ chains, 

activates the kinase SYK that is recruited to the γ chain and consequently, additional LYN is 

recruited to the β chain and enhances the phosphorylation. 

Binding of SYK to phosphorylated ITAMs through its SH2 domain enables the kinase a 

conformational change leading to its increased enzymatic activity [30]. The tyrosine 

phosphorylation of SYK leads to downstream signal propagation and phosphorylation of many 

substrates, among them the adaptor proteins linker for activation of T-cells (LAT), non-T-cell 

activation linker (NTAL) and SH2-domain-containing leukocyte protein of 76 kDA (SLP-76). 

The adaptors enable the assembly of large signaling complexes that contribute to both 

degranulation and cytokine production. 

A complementary pathway of FcεRI signaling is initiated by the SRC family kinase FYN that 

also associates with the β chain as LYN. After FcεRI aggregation, FYN phosphorylates the 

adaptor GRB2-associated binding protein 2 (GAB2) and AKT. Phosphorylated GAB2 serves 

as a docking site for additional FYN and promotes degranulation by its subsequent association 

with phosphatidylinositol 3-kinases (PI3K) [31]. PI3K then phosphorylates 

phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) to phosphatidylinositol-3,4,5-trisphosphate 

(PI(3,4,5)P3). FYN is required for normal mast cell degranulation and maintenance and/or 

amplification of Ca2+ signal while LYN is crucial for Ca2+ signaling [31-33]. 
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(Draber et al. 2012)  

 
Figure 3. Scheme of FcεRI-mediated signaling. Aggregation of the receptors by multivalent 
antigen leads to rapid phosphorylation of tyrosine residues in ITAMs by LYN kinase and 
recruitment of SYK to FcεRI through the interaction of its SH2 domains with the 
phosphorylated ITAMs. SYK then phosphorylates NTAL and LAT to create binding sites for 
various SH2-containing proteins. Phosphorylated LAT binds PLCγ1, GRB2, GADS, and 
SHIP1. GBR2 and GADS enable binding of SLP-76, VAV, and SOS. Activity of PLCγ1 leads 
to enhanced production of IP3 and DAG, followed by increased Ca2+ influx, degranulation, and 
production of transcription factors. Phosphorylated NTAL also binds GBR2 and other signaling 
molecules but not PLCγ1. However, NTAL can modulate Ca2+ signaling, degranulation, and 
cell survival through indirect cross-talk with PI3 activation pathway. 
 

 

The transmembrane adaptor protein LAT, phosphorylated by SYK, recruits cytosolic adaptors, 

such as GRB2-related adaptor protein (GADS), growth factor receptor-bound protein 2 

(GRB2), and SLP76, guanosine triphosphate exchangers VAV and SOS, and the signaling 

enyzymes phopholipase Cγ (PLCγ)1 and PLCγ2. Assembly of this complex and recruitment of 

PI3K enables PLCγ activation. PLCγ is phosphorylated by SYK and the Tec family kinase 

Bruton´s tyrosine kinase BTK. BTK recruitment to the membrane is regulated via its pleckstrin-

homology domain-mediated binding to PI(3,4,5)P3, generated by activated PI3K. Activated 

PLCγ catalyzes the hydrolysis of membrane bound lipid, PI(4,5)P2, to generate two important 

second messengers, 1,2-diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). DAG 
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activates conventional protein kinase C (PKC) isoforms that, together with the free Ca2+ 

released via the action of IP3, initiates the degranulation event and its maximum is reached by 

sustained high levels of PI(3,4,5)P3 and Ca2+ [34-36]. 

 

Calcium signaling 

IP3 diffuses through the cytosol and induces cytosolic calcium mobilization via binding to its 

receptors located in the membrane of the endoplasmic reticulum (ER). IP3 receptors are Ca2+ 

channels allowing the release of Ca2+ from the ER stores to the cytoplasm. The depletion of 

Ca2+ from intracellular stores, regardless of how stores are depleted, leads to opening of plasma 

membrane store-operated Ca2+ release-activated Ca2+ (CRAC) channels that allow a strong Ca2+ 

influx into the cytoplasm. The molecule stromal interaction molecule 1 (STIM1) located on the 

ER is a Ca2+ sensor detecting the ER Ca2+ concentration. After ER Ca2+ depletion STIM1 forms 

clusters in the ER membrane which move in the close proximity of the plasma membrane and 

directly interact with CRAC channel subunit ORAI1 and enable entering of Ca2+ into the cells 

[37]. Mast cell degranulation is critically dependent on increased intracellular calcium and 

activation of PKC [38]. The Ca2+ influx triggers the fusion of mast cell granules to the 

membrane and is essential for actin cytoskeleton reorganization [39, 40]. 

Another second messenger for mast cell activation and calcium mobilization is S1P. LYN and 

FYN kinases also activate sphingosine kinases SPHK1 and SPHK2, which induce conversion 

of sphingosine into S1P. S1P works as a ligand for a subset of G protein-coupled S1P receptors, 

which are known to regulate variety of cellular responses including motility, cytoskeletal 

reorganization, formation of adherent junctions, proliferation, angiogenesis, and the trafficking 

of immune cells [41]. Mast cells activated via the FcεRI secrete S1P from the cells through 

transporter ABCC1 (a member of the ATP-binding cassette transporter family) and the 

extracellular S1P binds to S1P1 and S1P2 receptors [42]. In contrast to murine mast cells, S1P 

induced degranulation of human mast cells and SPHK1, but not SPHK2, has been shown to 

play a critical role in antigen-induced degranulation [43]. Direct interaction of SPHK1 with 

tyrosine kinase LYN but not with SYK causes SPHK1 recruitment to membrane rafts and to 

FcεRI [43, 44]. The sphingosine kinase activity induced by FcεRI crosslinking plays a role in 

maintaining the balance between sphingosine and S1P. While high levels of sphingosine are 

associated with apoptosis, high levels of S1P with cell proliferation [45]. 

Calcium mobilization has an impact on activation of many adaptors including VAV, GRB2, 

and SOS, activation of Rho GTPases, ERK, JNK, and the mitogen-activated protein kinase 

(MAPK) pathway. Phosphorylated adaptor LAT allows direct binding of PLCγ1, GRB2, and 
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GADS via their SH2 domains. Guanine nucleotide factors VAV and SOS associate with this 

complex and activate the RAS and Rho family GTPases and thus modulating cytoskeletal 

rearrangement and vesicle movement as well as initiating MAPKs activation. Activated RAS 

positively regulates the RAF-dependent pathway and activates the ERK, JNK, and p38 MAPK 

pathways leading to activation factors FOS and JUN, NFAT, NFκB, ATF2, and ELK1 [5]. 

The increase in intracellular calcium activates calcineurin by binding a regulatory subunit and 

activating calmodulin binding. Calcineurin dephosphorylates the nuclear factor for T cell 

activation (NFAT) and the association between calcineurin and NFAT results in relocalization 

of NFAT to the nucleus, where it regulates the transcription of several cytokine genes [46].  

 

Regulation of FcεRI-mediated signaling 

Mast cells also express inhibitory cell-surface receptors to control the effector functions. These 

receptors contain in their cytoplasmic part an immunoreceptor tyrosine-based inhibitory motif 

(ITIM). They use the ITIMs to suppress the activation by promoting the dephosphorylation 

carried out by the phosphatases of the SH2-domain-containing protein tyrosine phosphatase 

(SHP) or the SH2-containing inositol 5’ phosphatase (SHIP) family. SHIP binds to the low-

affinity receptor for IgG, FcγRIIB, and to β and γ subunits of the FcεRI and inhibits the 

degranulation. Through the ITIMs on inhibitory receptors, the lipid phosphatase SHIP is 

recruited to the plasma membrane where it degrades PI(3,4,5)P3 to PI(4,5)P2 which leads to 

reduced BTK activation and PLCγ-mediated Ca2+ mobilization. Phosphatase and tensin 

homologue deleted on chromosome ten (PTEN) opposes PI3K activity. PTEN catalyzes the 

hydrolysis of PI(3,4,5)P3 to PI(4,5)P2 functioning as a negative regulator of FcεRI-induced 

calcium flux, degranulation and cytokine production [47]. 

Reversible phosphorylation of signaling proteins is important in balancing the protein activity 

and is mediated not only by protein tyrosine phosphatases but also by protein tyrosine kinases. 

Some molecules may play role not only in initiation of signaling events but also in its 

termination. LYN, that starts the signaling cascade, negatively regulates the activity of the 

kinase FYN and thus inhibits the phosphorylation of the GAB2 adaptor. LYN also suppresses 

signaling by recruiting C-terminal Src kinase (CSK) [48]. 

Recent study reports that overexpression of β chain of FcεRI in mast cells mainly increased its 

cytoplasmic expression and slightly up-regulated cell surface FcεRI expression. Some of the β 

chain in cytoplasm appeared not to be co-localized with α chain of FcεRI. The overexpression 

of β chain resulted in down-regulation of SYK activation and reduction in Ca2+ influx soon after 

FcεRI aggregation and down-regulation of degranulation, PGD2 synthesis, and production of a 
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set of cytokines, including TNF-α. The cytoplasmic β chain can capture LYN preventing its 

association with functional surface FcεRI tetramers and may thus function as a negative 

regulator [49]. 

Negative regulatory function can be also performed by adaptor molecules. The adaptor 

downstream of tyrosine kinase 1 (DOK1) interacts with negative regulators of FcεRI-mediated 

signaling. DOK1 is constitutively associated with the Ras GTP-binding protein-activating 

protein (RasGAP). After SHIP recruitment to the ITIM in a LYN-dependent manner, DOK1 

associates with SHIP and the negative regulatory complex SHIP/RasGAP/DOK1 

downregulates the IP3 levels and inhibits RAS activation via RasGAP [50, 51]. 

Recent study by Suzuki et al. [52] reveals how FcεRI modulates the response in mast cells to 

high- and low-affinity stimulus. The low-affinity stimulation leads to decreased degranulation, 

reduced leukotriene B4 and cytokine production but enhanced chemokine production. It shows 

that the differences are not due to variable receptor phosphorylation but the size of receptor 

clusters, mobility, and distribution. In the low-affinity stimulation bigger and less mobile 

receptor clusters are formed. While in high-affinity stimulation LAT, PLCγ1 and PLCγ2 are 

phosphorylated, in the low-affinity stimulation the signal is shifted to NTAL that is more 

phosphorylated and colocalizes with FcεRI to higher extend. Also the association of Src family 

kinase FGR with the receptor is increased. 

 

KIT-mediated signaling 

An important receptor localized on the plasma membrane of mast cells is KIT (CD117), a 

growth factor receptor for SCF. KIT activation is crucial for growth, survival, differentiation 

and homing of mast cells into target tissues. SCF, existing in two isoforms, soluble and 

membrane bound, that arise by alternative splicing of one RNA, is produced by different cell 

types including fibroblasts and endothelial cells. Not only IgE, but also SCF, can be a potent 

activator of mast cells [53]. In the presence of antigen, SCF markedly increases mast cell 

degranulation and potentiates and prolongs calcium signal. It also influences mast cell 

chemotaxis and adhesion [54]. KIT is a single chain receptor with protein-tyrosine kinase 

activity. Its extracellular part comprises of five immunoglobulin-like domains, from which the 

first three bind SCF and the fourth is important for the receptor dimerization. The intracellular 

part has two catalytic domains. SCF binding to KIT leads to dimerization and 

auto/transphosphorylation at tyrosine residues resulting in the recruitment of various molecules. 

Phosphorylated residues serve as docking sites for SH2 domain-containing molecules [55, 56]. 
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Signaling pathways elicited by KIT share several similar features with the FcεRI mediated 

events such as activation of Src kinases, PLCγ1, PI3K, calcium mobilization and MAPK-

cascade activation. Though activated KIT does not recruit or activate SYK or phosphorylate 

LAT. The ability of KIT to potentiate FcεRI dependent degranulation is due to NTAL and BTK 

and their ability to regulate PLCγ1-dependent calcium mobilization and PKC activation [5]. 

KIT can directly phosphorylate NTAL and it phosphorylates other tyrosines than SYK when 

activated in the FcεRI manner [57]. 

After KIT dimerization and activation of its intrinsic kinase activity, phosphorylated tyrosine 

residues recruit SH2-domain containing molecules, including cytosolic adaptors SHC and 

GRB2, kinases LYN and FYN, PLCγ, and PI3K and create signaling complex that further 

propagates the downstream signaling leading to activation of other signaling molecules. Among 

them the molecules from the JAK-STAT pathway and RAS-RAF-MAPK pathway are activated 

and it leads to mast cell growth, differentiation, survival, adhesion and chemotaxis. Other 

molecules activated include the Tec kinase BTK and the adaptor molecule NTAL, that play role 

in enhancement of antigen-mediated degranulation and cytokine production. KIT receptor can 

directly bind the p85α subunit of PI3K which causes subsequent generation of membrane 

associated PI(3,4,5)P3 [39, 53]. PI3K and BTK were shown to play crucial role in amplification 

of FcεRI-mediated mast cell signaling and cytokine production by KIT [58, 59]. 

 

Transmembrane adaptor proteins  

The adaptors play important role as scaffolds enabling the assembly of large temporary 

signaling complexes that contribute to both degranulation and cytokine production. 

Organization of activated signaling molecules and directing them to specific cellular 

compartments is essential for activation of immune cells including mast cells. Adaptors are 

proteins without intrinsic enzymatic function composed of multiple protein-protein or protein-

lipid interacting domains to be able to link molecules to each other. The formation of 

multimolecular complexes, termed signalosomes, brings together molecules of various activity 

and creates the necessary machinery to regulate downstream signaling events. These 

signalosomes must be localized to specific regions to allow interactions with particular 

molecules and this is mediated by adaptor molecules. 

The transmembrane adaptor proteins (TRAP) are anchored scaffolds that provide docking sites 

through phosphorylation of tyrosine residues. In mast cells five TRAPs have been identified: 
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LAT, NTAL, PAG, linker for activation of X cells (LAX), and GRB2-binding adaptor protein, 

transmembrane (GAPT) [60]. 

TRAPs usually contain a short extracellular domain, a single transmembrane domain, and a 

long cytoplasmic tail where are localized various tyrosine containing motifs and domains that 

can be phosphorylated. The hydrophobic transmembrane part anchors the proteins into plasma 

membrane. Some TRAPs have also juxtamembrane palmitoylation motif, CXXC, for their 

localization in detergent-resistant membranes. The phosphorylation of the tyrosine residues in 

the cytoplasmic tail causes the recruitment of downstream effector molecules [61]. The 

schematic structures, tyrosine motifs, and other domains of all five TRAPs expressed in human 

and mouse mast cells are illustrated in figure 4. 

Cytosolic adaptors usually possess more motifs that allow them to bind other molecules. The 

cytosolic adaptor proteins lack the hydrophobic transmembrane domain that would anchor them 

into the plasma membrane; instead they can be associated with cytoskeleton or organelles. They 

can also be recruited to TRAPs, mainly to LAT and NTAL. LAT brings together two cytosolic 

adaptors SLP-76 and GADS. Other cytosolic adaptors important in mast cells signaling are 

GAB2, GRB2, and DOK1 that possesses negative regulatory function [34]. 

 

LAT 

LAT was the first adaptor described in T-cells playing an important role after T-cell receptor 

engagement. Because of its crucial role in immunoreceptor signaling it belongs to the most 

studied adaptor in mast cells. It has the typical TRAP structure and a size of 36-38 kDa. Next 

to mast cells and T cells, it was found to be expressed also in nature killer cells, megacaryocytes, 

platelets, and immature B cells [61, 62]. 

LAT is phosphorylated by SYK in mast cells or ZAP-70 in other cells and associates with 

GRB2, PLCγ1, VAV, SPL-76, CBL and GADS [60]. LAT-deficient mice are viable and grow 

normally. LAT deficiency in mast cells causes impaired degranulation, reduced 

phosphorylation of PLCγ1 and SPL-76, decreased MAPK activity and calcium signaling [63]. 

Studies with LAT mutants transfected into LAT-deficient cells revealed the key tyrosines in 

LAT and helped to identify which tyrosines are responsible for docking of other molecules [64]. 
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(Draber et al. 2012) 

 
Figure 4. Human and mouse TRAPs in mast cells. Schematic model of TRAPs showing a 
short extracellular domain, transmembrane domain (green), and cytoplasmic domain with 
various motifs. After phosphorylation, tyrosine-based motifs serve as binding sites for SH2-
containing proteins. The proline-rich domains in PAG serve as anchor for SH3-containing 
proteins. LAT, NTAL, and PAG possess juxtamembrane CxxC palmitoylation site for their 
localization in detergent-resistant membranes. 
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NTAL 

NTAL, also termed as LAB or LAT2, was discovered in search for molecule similar to LAT in 

B cells. It is an adaptor structurally and evolutionary related to LAT but it lacks the PLCγ1 

binding motif [65]. The cytoplasmic domain contains 10 tyrosines which are potential targets 

for tyrosine kinases. Similar to LAT, it has a palmitoylation site adjacent to transmembrane 

domain but electron microscopy showed that both adaptors occupy different microdomains in 

the plasma membrane [66]. NTAL is a 30-kDa molecule in humans and 25-kDa in mice. It is 

expressed in B cells, natural killer cells, monocytes, and mast cells. NTAL is rapidly 

phosphorylated by SYK and LYN (Iwaki 2008) and it associates with the cytoplasmic signaling 

molecules GRB2, SOS, VAV, and CBL. Mutation studies to map the phosphorylation and 

GRB2-binding sites revealed three membrane-distal tyrosines that are primarily phosphorylated 

in NTAL [67].  

The functional similarity between LAT and NTAL was demonstrated by an adoptive transfer 

of NTAL into LAT-deficient mice. NTAL was able to rescue the thymocyte development but 

not normal T cell activation [68]. NTAL expressed in the LAT-deficient T cell line became 

tyrosine phosphorylated and partially rescued the T cell receptor-mediated signaling [65]. 

There are conflicting results about the function of NTAL in mast cells. NTAL deficiency in 

mouse mast cells causes enhanced degranulation, calcium mobilization, and phosphorylation 

of LAT, PLCγ1, and ERK. NTAL-deficient mice exhibit increased IgE-mediated passive 

systemic anaphylaxis [66, 69]. This is in contrast with results obtained in human mast cells [70]. 

Using RNA silencing techniques Tkaczyk at al. prepared mast cells with diminished NTAL 

expression and demonstrated inhibition of degranulation. BMMCs derived from NTAL and 

LAT null mice exhibit even more decreased degranulation than LAT deficiency alone, 

suggesting that under certain circumstances NTAL can have also positive regulatory role in 

mice [66, 69]. 

Recently, potential developmental alterations of signal transduction pathway in NTAL knock-

out mice we excluded by preparing mouse mast cell with silenced NTAL expression. When 

examining signaling properties of these cells, no differences were found in comparison of these 

cells to knock-out cells [71]. 

 

PAG 

PAG, also termed Csk-binding protein, was first described by two parallel studies and each 

study gave it different name [72, 73]. PAG shows structural similarity with LAT and NTAL 

and also possesses the palmitoylation motif. PAG was found to be ubiquitously expressed and 
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is not specific only for hematopoietic cells such as LAT and NTAL. In resting T cells, PAG 

associates with FYN kinase which constitutively phosphorylates PAG to create a docking site 

for the CSK SH2 domain. Enhanced CSK catalytic activity leads to phosphorylation of the LCK 

inhibitory tyrosine. Upon T cell receptor activation, PAG is rapidly dephosphorylated, CSK 

released from PAG, and LCK dephosphorylated. This increases the activity of LCK, leading to 

increased phosphorylation of T cell receptor subunits and other substrates.  

In mast cells, PAG is phosphorylated by LYN kinase, and following FcεRI triggering, the 

decrease in PAG phosphorylation is replaced by an increase. Rat basophilic leukemia cells with 

enhanced PAG expression exhibited lower FcεRI-mediated degranulation and reduced calcium 

levels [74]. BMMCs derived from PAG-deficient mast cells exhibit impaired degranulation, 

calcium mobilization, tyrosine phosphorylation of FcεRI subunits and PLCγ (Draberova et al. 

submitted). 

 

LAX  

LAX is another TRAP that was originally found to be expressed in T cells [75], later in B cells 

[76] and mast cells [77]. LAX does not have significant sequence homology with LAT but it 

displays similar structural organization. Unlike LAT and NTAL it lacks palmitoylation motif 

and thus is soluble in non-ionic detergents. LAX is phosphorylated by Src and SYK kinases 

and it interacts with adaptors GRB2 and GADS. It was suggested that it plays role in negative 

regulation of PI3K pathway. However, BMMC derived from LAX-deficient mouse exhibited 

enhanced degranulation, increased phosphorylation of p38 MAPK and AKT but surprisingly 

no alterations in calcium mobilization. Also modest increase in production of several cytokines 

was observed. Decrease in NTAL expression on protein and mRNA level was also observed in 

these cells, suggesting that the ratio of NTAL and LAT is shifted to LAT. 

 

GAPT 

Search for other adaptors in human genome database lead also to discovery of GAPT [78]. This 

adaptor in expressed mainly in B cells and total bone marrow. It was found also in dendritic 

cells, mast cells and natural killer cells but not in T cells and macrophages. GAPT contains four 

GRB2-binding motifs. Mast cells generated from GAPT null mice do not show any alterations 

in degranulation. GAPT was found not to be phosphorylated after FcεRI triggering. 
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Pharmacological targeting of mast cells 

Mast cells in health and disease 

Recent research has shown that mast cells can play a key role in innate and adaptive immune 

responses, autoimmune diseases, and possibly also in tissue homeostasis by producing a range 

of biologically active products and expressing a variety of receptors. In addition, the 

responsiveness of mast cells to immunological and pathological stimulants is highly modulated 

by the tissue cytokine environment and by synergistic, or inhibitory, interactions among the 

various mast cell receptors. Disrupting this homeostasis can lead to pathology related to mast 

cells and development of allergies and asthma, contribute to autoimmune diseases, chronic 

innate immune responses and other mast cells related diseases.  

 

Soluble mediators as targets 

Two of the key soluble mediators released by mast cells by different stimuli are histamine and 

leukotrienes. Both are commonly targeted in clinical practice by various drugs. Other soluble 

mediators that could possibly be target are β-typtase and chymase, but even though studies in 

animal models showed promising results none inhibitor has made it to clinical trials.  

Histamine is a preformed mediator released from the mast cell granules after activation. There 

are four known histamine receptors (HR).  HR1 is the most targeted in allergies. H1-

antihistamines are inverse agonists and are currently the most used antiallergic drugs to treat 

asthma, urticaria, atopic dermatitis, allergic rhinitis, and conjunctivitis [79]. Recent study 

reported that a combination of antihistamines targeting H1R and H4R has synergistic 

therapeutic effects in a mouse model of chronic dermatitis [80]. 

LTC4 is a potent bronchoconstrictor and is synthesized de novo from arachidonic acid. LTC4 

binds to cysteinyl leukotriene receptor (cysLTR) 1 and 2. Zafirlukast, pranlukast, and 

montelukast are cysLTR1 specific antagonists and are in clinical use to treat asthma [81, 82]. 

Inhibitors targeting the synthesis pathway LTC4 are under investigation. GSK2190915 is an 

inhibitor of 5-lipoxygenase–activating protein (FLAP), a protein that facilitates the transfer of 

arachidonic acid to 5-lipoxygenase. Results from patients with mild asthma, show that the drug 

is well tolerated and effective in inhibiting early and late responses to inhaled allergen [82, 83]. 

Mast cells produce a variety of cytokines and chemokines but their targeting is not exclusive to 

mast cells since the same molecules can be produced by other cells too. TNF-α is probably the 

most proinflammatory cytokine produced by mast cells [84]. Several drugs targeting TNF-α are 

used in the therapies to treat patients with psoriasis, rheumatoid arthritis, and other serious 
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chronic inflammatory conditions. Other cytokine under clinical investigations is IL-17 that is 

predominantly produced by mast cells in patients with inflammatory skin and joint diseases 

[85]. 

Use of drugs targeting the soluble mediators is generally seen as a success. But it has to be 

considered that only the product not the de novo synthesis is targeted. Patients with certain 

diseases do not obtain sufficient relief of their symptoms, not even after administration of high 

doses. Thus it is desired to target also the production of these mediators. 

 

Intracellular signaling molecules as targets 

Activation of mast cells can be blocked by inhibitors that act on signaling pathways transduced 

from plasma membrane receptors to cytoplasmic effectors. To prevent mast cell activation and 

production of the mediators released after degranulation, it is possible to inhibit key enzymes 

involved in signaling pathways leading from the plasma membrane receptors to the cytoplasmic 

effectors. Most of the signaling pathways used by mast cells are not found exclusively in these 

cells, and therefore it is a demanding task to find drugs specifically inhibiting the activation of 

mast cells. 

After receiving promising result in mouse model, fostamatinib, an oral SYK inhibitor, has been 

successfully used in phase II clinical trial for treatment of patients with rheumatoid arthritis 

[86]. Directly or indirectly, through SYK, the PI3Ks are activated. PI3Ks are used for various 

signaling pathways in many cell types and are upregulated in cancers and therefor seem not to 

be ideal targets. However, compounds such as IC87114, its chemical derivate CAL-101, and 

CAL-263, are highly selective inhibitors of PI3Kδ and have clinical potential to treat allergic 

rhinitis [87], asthma [88] or rheumatoid arthritis [89]. IPI-145, a small-molecule inhibitor of 

PI3K-δ and PI3K-γ, showed potent activity in collagen-induced arthritis, ovalbumin-induced 

asthma, and systemic lupus erythematosus rodent models. IPI-145 was also reported to block 

neutrophil migration, lymphocyte proliferation, and reduce basophil and mast cell activation 

[90]. It is in clinical trials for hematologic malignancies and inflammatory diseases, such as 

asthma and rheumatoid arthritis. 

BTK is activated downstream of FcεRI and can be selectively inhibited by ibrutinib that, via its 

binding to the active site, disables its phosphorylation and thus causes inactivation. It forms a 

specific covalent bond with a cysteine residue in BTK and abrogates its full activation by 

inhibiting its tyrosine autophosphorylation [91, 92]. Also the drug AVL-292/CC-292 is 

designed on the same principle and is under investigation in clinical trials to treat rheumatoid 

arthritis [93]. 



28 
 

Enhancing the negative regulation of degranulation and termination of the activation events can 

be achieved by stimulating the phosphatase SHIP. Study with AQX-1125, a novel oral SHIP1 

activator, reports significantly reduced late response to allergen challenge, with a trend to 

reduce airway inflammation and claims AQX-1125 a safe and well tolerated drug that merits 

further investigation in inflammatory disorders [94]. 

Several diseases including mastocytosis or recurrent anaphylaxis are associated with a gain of 

function mutation (D816V) in KIT [95]. The known KIT inhibitors are not specific and inhibit 

also other molecules with tyrosine kinase activity. Inhibition of KIT is mainly desired in 

myeloid leukemia but would be also desirable for treatment of systemic mastocytosis or arthritis 

and allergen-induced asthma. Several KIT inhibitors varying in their inhibitory specificity and 

sensitivity to the activating mutation are available: dasatinib, nilotinib, imatinib, and masitinib 

[79]. 

 

Surface receptors as targets 

Third class of drugs focuses on inhibiting mast cell activating receptors or the inhibitory 

receptors that, after activation, are able to downregulate the stimulatory signaling derived from 

activating receptors. Blocking FcεRI is already being used as a treatment. However, there are 

other receptors, such as CD300a, FcγRIIB, and Siglec-8, that might be promising targets for 

therapy. 

The inhibitory receptors CD300a, FcγRIIB, and Siglec-8 contain ITIMs in their cytoplasmic 

tails and via their activation they can negatively regulate the activation of mast cells. Selective 

targeting of CD300a receptor with bispecific antibody anti-IgE/anti-CD300a showed promising 

results in mouse models [96, 97]. Siglec-8 was shown to function not only on human mast cell 

but also on eosinophils and eosinophiles and is a candidate for further investigation to treat 

allergy [98, 99]. Bispecific antibodies or fusion proteins targeting FcγRIIB and FcεRI are under 

development and are tested in mouse models [100-102]. 

Among the activating receptors only FcεRI is targeted in clinical use. The humanized mAb 

omalizumab (Xolair) blocks the interaction of IgE with FcεRI by targeting IgE. It binds to IgE 

in a specific manner that overlaps with receptor binding and thus by itself does not have any 

activating effect. This antibody has been approved for the treatment of moderate and severe 

asthma with proven efficacy and safety [103]. 

Modulating the activity of CD48, a CD2-like molecule expressed on the surfaces of 

hematopoietic cells, and TSLPR, a thymic stromal lymphopoietin receptor involved in 

promoting TH2-type immune responses, is currently under investigation in animal models.
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AIMS 

The main focus of this thesis was to shed light on the role of the transmembrane adaptor protein 

NTAL in murine mast cells and to clarify the discrepancy in results obtained in mast cells 

isolated from NTAL knock-out mice and human mast cells with diminished NTAL expression. 

The second aim was to understand the role of another important transmembrane adaptor protein 

PAG in mast cell signaling by isolating and studying mast cells from PAG knock-out mice. 

Furthermore, we attempted to improve the PCR performance, a method widely used in both 

studies, and to summarize recent approaches in pharmacologic targeting of intracellular 

signaling pathways in mast cells. 

The specific aims were: 

1. To examine the regulatory roles of NTAL in murine mast cells signaling and to test the 

contribution of compensatory developmental alterations in mast cells generated from NTAL 

KO mice with the following sub-aims: 

1.1. To prepare NTAL knock-down in murine mast cells using the lentiviral delivery of 

shRNA. 

1.2. To compare lentivirally transduced cells with diminished NTAL expression with mast 

cells isolated from NTAL knock-out mice and determine degranulation, calcium 

response, and phosphorylation of several molecules involved in signaling pathway in 

the course of FcRI-induced activation. 

1.3. To determine actin polymerization, cell spreading and cell migration in both types of 

NTAL-deficient cells. 

1.4. To obtain gene expression profiles using the microarray approach.  

1.5. To analyze the microarray data in order to identify differentially-expressed genes in 

NTAL-deficient cells. 

1.6. To verify the identified genes by real-time PCR. 

1.7. To investigate the role of cholesterol in mast cell migration. 

2. To participate in characterization of the role of PAG in murine mast cell immune response 

by genotyping the mice, analyzing the expression profiles in PAG WT and KO mice and 

reconstituting expression of PAG in PAG-deficient cells. 

3. To contribute to development of new PCR master mixes for amplification of templates 

which are difficult to amplify and that are also suitable for routine real-time PCR. 

4. To review recent pharmacological approaches focused on targeting the intracellular 

signaling pathways in mast cells with emphasis on clinical trials.  
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METHODS 

Methods used to solve the particular aims of this study are briefly described below. They are 

described in more details in the result sections in the corresponding publications.  

 

BMMCs preparation 

Bone marrow cells were isolated from femurs and tibias of 8-12 week-old mice. The cells were 

cultured for 6-8 weeks in Iscove's medium supplemented with 10% fetal calf serum (FCS), 

penicillin, streptomycin, 2-mercaptoethanol, IL-3 (20 ng/ml), and SCF (40 ng/ml). In some 

experiments BMMCs were cultured for the indicated time intervals in mast cell medium 

supplemented with 10% cholesterol-depleted FCS instead of FCS. 

 

Mast cell sensitization and degranulation 

BMMCs (6 x 106/ml) were sensitized in medium without SCF and IL-3, but supplemented with 

trinitrophenyl (TNP)-specific IgE (1 µg/ml). After 4 hours the cells were washed in buffered 

salt solution (BSS; 20 mM HEPES, pH 7.4, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 5.6 mM 

glucose, and 1 mM MgCl2) supplemented with 0.1% bovine serum albumin (BSA) and 

stimulated with various concentrations of antigen (TNP-BSA conjugate) and/or SCF. Degree 

of degranulation was determined by measuring the release of β-glucuronidase from the 

activated cells in the supernatant. 4-methylumbelliferyl β-D-glucuronide was used as a 

substrate and the amount of fluorescent product was measured by a plate reader using 365 nm 

excitation and 460 nm emission filters. 

 

Cholesterol determination  

Concentration of cholesterol in cholesterol-depleted FCS and cell samples was determined by 

the Amplex Red Cholesterol Assay kit (Life Technologies) according to the manufacturer´s 

instruction. Using this kit, no remaining cholesterol was detectable in delipidated serum. This 

indicates that cholesterol concentration was reduced from ~80 µg/ml to <15 ng/ml.  

 

Immunoblotting 

Cells were solubilized for 30 minutes in ice-cold lysis buffer containing 50 mM Tris-HCl, pH 

7.4, 150 mM NaCl, 2 mM EDTA, 10 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM PMSF, 

1 μg/ml aprotinin, 1 μg/ml leupeptin, 0.2% Triton X-100, 1% Nonidet P-40 and 1% n-dodecyl-

β-D-maltoside. After centrifugation (15 minutes at 7.000 x g at 4oC), proteins in postnuclear 
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supernatants were size fractionated by SDS-polyacrylamide gel electrophoresis and analyzed 

by direct immunoblotting. Immunoblots were quantified by Luminiscent Image Analyzer LAS 

3000 and further analyzed by AIDA image analyzer software. 

 

Measurement of free cytoplasmic Ca2+ 

Concentration of free intracellular Ca2+ was determined using cells labeled with Fura-2-AM. 

Cells were incubated for 30 minutes with the dye in the presence of probenecid to prevent 

leakage of the dye from the cells. After proper washing of the cells, Ca2+ levels were monitored 

by means of fluorescence reader Infinite M200 with excitation wavelengths of 340 and 380 nm, 

and emission wavelength of 510 nm. 

 

Lentiviral vectors and gene transduction 

To prepare BMMCs with stable NTAL knock-down in mast cells a set of 5 NTAL shRNA 

constructs cloned into the pLKO.1 vector was purchased.  From these five shRNA constructs 

two shRNAs that showed reproducibly the highest reduction of NTAL protein expression in 

mast cells were used in most experiments and produced similar results. Only for microarray 

gene expression analysis and related qPCR validation, cells with transduced only with one 

shRNA were used. 

Lentiviral transduction was performed accordingly: 21 µl ViraPower lentiviral packaging mix 

and 14 µg NTAL shRNA or pLKO.1 empty vector  as a negative control (in 1.4 ml medium 

Opti-MEM) were co-transfected into 293T17 packaging cells in the presence of 84 µl 

Lipofectamine 2000 or 105 µl polyethylenimine (25 kD, linear form; 1 μg/ml). After 2-3 days, 

the culture supernatants were centrifuged to pellet the viruses, which were then used to infect 

BMMCs. Stable transfectants were selected in puromycin (5 μg/ml). After one week of 

selection, cells were analyzed for NTAL expression by immunoblotting. Before the tests, cells 

were transferred for 2-3 days into fresh media without puromycin. 

For rescue experiments in PAG-deficient cells, viruses with Myc-Pag1 cDNA cloned into 

pCDH-CMV-MCS-EF1-Puro plasmid or empty pCDH-CMV-MCS-EF1-Puro plasmid were 

produced as described above. Medium with virus was filtered through 0.22 µm filter and 

divided into two aliquots. The first aliquot was used to transduce the wild type or PAG-deficient 

cells at day zero, the second one for the repeated transduction at day 3. Stable selection was 

achieved by culturing the cells for 7 days in the presence of puromycin (2 µg/ml), added 5 days 

after the first transduction. 
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F-actin assay 

Total amount of F-actin in cells was determined by flow cytometry.  Cells in 96-well plates 

were exposed to various stimuli, fixed with 3% paraformaldehyde in phosphate buffered saline 

and then permeabilized and stained in a single step by a mixture of lysophosphatidylcholine 

(200 µg/ml) and 1000x diluted Alexa Fluor 488-phalloidin in phosphate buffered saline. 

Fluorescence intensity was measured with the help of LSRII flow cytometer. 

 

Cell spreading 

8-well multitest slides were coated with fibronectin and Cell-Tak overnight. IgE-sensitized 

BMMCs were seeded on coated wells and allowed to attach for 1 hour, washed and  activated 

for 30 minutes at 37°C with antigen and/or SCF, fixed with 3% paraformaldehyde in glutamate 

buffer-EGTA supplemented with 4% polyethylene glycol, and then permeabilized and stained 

with lysophosphatidylcholine (200 µg/ml) and 100x diluted Alexa Fluor 488-phalloidin. After 

mounting in Mowiol 4-88 containing Hoechst 33258 (3 μg/ml), fluorescent images were 

automatically collected using Olympus IX70 inverted microscope equipped with motorized 

stage and ScanR acquisition software. Cell area was analyzed using ScanR analysis software. 

At least 500 cells were evaluated in each test. 

 

RNA preparation for microarray and qPCR analysis 

Total RNA was isolated from 3 x 106 antigen-activated or resting BMMCs using the RNeasy 

mini kit according to the manufacturer´s protocol. For the NTAL study, three biological 

replicates were carried out with each cell type: NTAL knock-out, wild type, NTAL knock-

down, and control wild type cells infected with empty vector. Cells in each group were cultured 

in parallel for 24 hours in complete media deprived of SCF and then sensitized with TNP-

specific IgE in IL-3- and SCF-deprived medium for 4 hours. After washing, cell suspensions 

were divided into 2 aliquots; one activated for 2 hours with antigen and the other incubated 

without. RNA was isolated from all 24 samples and processed under identical conditions. In 

the case of PAG the process was slightly modified; two biological replicates were carried out 

with each cell type: wild type and knock-out. Sensitized cells were dived into 3 aliquots; one 

activated for 2 hours with antigen, second with SCF, and third incubated without. RNA was 

isolated from all 12 samples. 
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Microarray gene-expression profiling and data analysis 

For the NTAL study, preparation of cRNA, hybridization and gene expression profiling was 

done by an Affymetrix authorized service provider (AROS Applied Biotechnology A/S) using 

the Affymetrix GeneTitan HT MG-430 PM 24-array plate with the 3’ IVT express labeling kit 

according to the manufacturer´s protocol. Data analysis was carried out by importing raw data 

CEL files into Genomic Suite Software Partek 6.4, the Robust Multichip Analysis was applied 

for background correction, and principal component analysis (PCA) of the normalized 

microarray expression values was performed as a visualization technique to determine the 

similarity in the data. Lists of significantly upregulated or downregulated gene transcripts were 

created based on setting the fold change and false discovery rate (FDR) treshholds. Data were 

uploaded in the NCBIs Gene Expression Omnibus (GEO) database and are available under the 

accession number GSE40731. 

The expression profiles of wild type and knock-out cells study were obtained in similar manner 

with some alterations. The profiling was done by a Genomics and Bionformatics core facility 

at IMG using 12 Affymetrix Mouse Genome 430 2.0 Arrays. The analysis and gene lists were 

created similarly, but the data were not yet uploaded in GEO. 

 

Reverse transcription quantitative PCR 

cDNA was synthesized using M-MLV reverse transcriptase according to manufacturer's 

instructions. For reverse transcription, 0.3 µg aliquots of total RNA were used from the same 

samples, which were used for microarray analysis. qPCRs were performed using a PCR 

mastermix supplemented with 0.2 M trehalose, 1 M 1,2-propanediol and SYBR green I as 

described in the publication [104]. 10 μl reaction volumes in 384-well plates were processed in 

LightCycler 480 under the following cycling conditions: initial 3 minutes denaturation at 95°C, 

followed by 50 cycles at 95°C for 10 s, 60°C for 20 s and 72°C for 20 s. Melting curve analysis 

was carried out from 72°C to 97°C with 0.2°C increments; Ct values for each sample were 

determined by automated threshold analysis. Data were normalized to a housekeeping GAPDH 

mRNA. The qPCRs for each of the biological triplicates was performed in quadruplicates. 

 

DNA polymerase fidelity assay 

The fidelity assay was based on streptomycin resistance of rpsL mutants. Standard PCRs (50 

μl) containing master mixes of different composition (salt concentration, additives, DNA dyes) 

were performed with template DNA (pMOL21 plasmid linearized with ScaI). One of the 

primers used for template amplification was biotinylated and carried MluI restriction site. The 
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control high-fidelity PCR reaction with KOD hot start polymerase was performed according to 

the manufacturer's instruction. The standard PCR conditions were: 94°C for 2 min, followed by 

25 cycles at 94°C for 15 s, 58°C for 30 s and 68°C for 5 min. The PCR products were collected 

using streptavidin magnetic beads (Dynabeads M-280 Streptavidin) under gentle rotation at 

22°C. After 30 min, the beads were washed and treated with MluI at 37°C with gentle rotation 

overnight. Beads were collected and the supernatant was fractionated by electrophoresis in 

0.8% agarose gel. The DNA fragment was isolated using TaKaRa Recochi, purified by ethanol 

precipitation and dissolved in sterile water. After self-ligation with T4 DNA ligase, it was 

transformed into MF101 competent cells. Half of the transformants was plated on plates with 

ampicillin (100 μg/ml) to determine the total number of transformed cells; the remaining half 

on plates with ampicillin and streptomycin (100 μg/ml each) to determine the total number of 

rpsL mutants. The mutation frequency was determined by dividing the total number of mutants 

by the total number of transformed cells. The error rate was calculated by dividing the mutation 

frequency by 130 (the number of amino acids that cause phenotypic changes in rpsL), and the 

number of template doublings. 
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DISCUSSION 

Mast cells are known as key effector cells in allergic disorders, asthma and other IgE-associated 

disorders. FcεRI has been studied intensely and even though its structure is well known for 

several decades, some of the signaling mechanisms of FcεRI-mediated signaling pathway are 

still not fully understood. There are still molecules whose exact function, activation and 

involvement in the pathway remains unclear and deeper understanding could have a therapeutic 

significance. To fully understand the activation machinery and to know exactly which 

molecules and in what manner they are involved might benefit in the search for new strategies 

of targeting and regulating mast cell activation in IgE-associated acquired immune responses. 

The role of transmembrane adaptor protein NTAL in mast cell signaling after FcεRI 

engagement still raises questions because of conflicting reports being published about its 

function. When NTAL was first described [65], it was suggested that it is similar to another 

structurally related adaptor protein LAT and instead of activation of T cells it functions in 

activation of B cells. However LAT expression is not exclusive only to T cells and NTAL 

expression to B cells, and mast cells were found to express both adaptors.  

NTAL-deficient mice do not show a notable phenotypic alteration, mice are born viable and 

healthy and no defect in the development of bone marrow or splenic B cells is observed. Two 

groups, one in Prague [66] and another one in Durham, NC [69] simultaneously described 

properties of mast cells isolated from NTAL knock-out mice. These mast cells did not show 

any developmental abnormalities, expressed normal levels of FcεRI and KIT, and their numbers 

in the peritoneum did not differ from wild-type mice. Interestingly, mice lacking NTAL 

developed enhanced anaphylactic reaction. The consequence of genetic deletion of NTAL in 

mast cells resulted in increased mast cell degranulation and calcium mobilization after FcεRI 

activation. Also phosphorylation of LAT and ERK was increased and production of several 

cytokines was enhanced. In contrast to these findings Tkaczyk et al. [70] described opposite 

results when examining human mast cells with reduced NTAL expression using siRNA. In 

another study, the authors used the lentiviral transduction system to stably knock down NTAL 

expression in human mast cells. They found that NTAL is required for optimal antigen-induced 

and SCF-potentiated degranulation in human mast cells [57]. Reduced expression of NTAL by 

siRNA in rat basophilic leukemia cells also inhibited calcium mobilization and secretory 

response [105] led to conclusion that NTAL could have both positive and negative regulatory 

roles in FcεRI signaling. 
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In contrast to NTAL-deficient mice, LAT knock-out mice are resistant to IgE-mediated passive 

systemic anaphylaxis. Whereas LAT deficiency completely blocks T cell development [106], 

it has no effect on mast cell development in mice and BMMC isolated from these mice grow 

and develop normally. After FcεRI engagement LAT-deficient BMMCs showed normal FcεRI 

and SYK phosphorylation but dramatic decrease in phosphorylation of SLP-76 and PLCγ, 

molecules that bind to LAT. LAT-deficient BMMCs exhibited profound defects in 

degranulation, calcium mobilization and of MAPK activation [63]. Interestingly, loss of both 

NTAL and LAT caused even stronger inhibitory effect on FcεRI-mediated degranulation than 

loss of LAT alone. This suggested that NTAL could also have a positive regulatory role in 

FcεRI signaling, manifested only in the absence of LAT [66, 69]. 

The above mentioned discrepancies in NTAL-deficient cells could reflect different 

methodological approaches used for NTAL down-regulation; the generation of NTAL knock-

out in mice and the RNA silencing techniques used for NTAL knock-down in human and rat 

mast cells. Or it could be due to developmental alterations in knock-out mice as described in 

other systems where absence of a given gene is compensated for by enhanced transcriptional 

activity of other genes [107-109]. 

To rigorously examine the regulatory role of NTAL in murine mast cells and to test possible 

contribution of compensatory mechanisms in genetic deletion of NTAL in mice, we prepared 

BMMCs with NTAL knock-out or knock-down and the corresponding controls and investigated 

for the first time the properties of mouse BMMCs with silenced NTAL expression and 

compared them with BMMCs from mice with NTAL knock-out. The results obtained in both 

type of NTAL-deficient cells were highly similar in most assays and support the concept that 

NTAL is mostly a negative regulator of FcεRI signaling, independently of possible 

compensatory developmental alterations. 

FcεRI-mediated degranulation was increased to the same extent in both NTAL-deficient cells 

and compared to control cells showed the highest increase in degranulation at suboptimal 

concentrations of antigen. At optimal and supraoptimal antigen concentrations the differences 

were less pronounced. Interestingly, activation through KIT was not potentiated by the absence 

of NTAL, even though NTAL is tyrosine phosphorylated in KIT-activated mast cells [57, 70]. 

The simultaneous activation through KIT enhances degranulation of antigen-activated mast 

cells, and even more so of NTAL-deficient cells. 

The Ca2+ response of antigen-activated BMMCs with NTAL knock-down was significantly 

higher when compared to its corresponding control cells, but lower when compared to NTAL 

knock-out cells. And again, no significant difference in Ca2+ response between NTAL-deficient 
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cells and controls was observed after KIT triggering, even though KIT activation accelerated 

Ca2+ response in antigen-activated control cells, and the enhancement was again stronger in 

NTAL-deficient cells. 

The FcεRI phosphorylation in antigen activated mast cells is followed by phosphorylation of 

numerous molecules, including ERK and LAT [110, 111]. Theoretically, the enhanced tyrosine 

phosphorylation of LAT and some other substrates in NTAL knock-out cells could possibly 

reflect a better accessibility of kinases to LAT in the absence of competition between NTAL 

and LAT as substrates [66] and thus this mechanism could be subjected to compensatory 

developmental alterations. We therefore compared antigen activated wild type BMMCs with 

NTAL knock-down and knock-out cells and observed enhanced tyrosine phosphorylation of 

ERK and LAT in NTAL-deficient cells. These data support the hypothesis that competition 

between NTAL and LAT as kinase substrates could attenuate the response in WT cells through 

decreased tyrosine phosphorylation of LAT, followed by decreased binding and activation of 

phospholipase Cγ1 and subsequent events [60, 66, 112] and that developmental compensation 

mechanisms are unlikely to be responsible for enhanced phosphorylation of the targets.   

In FcεRI-activated mast cells, NTAL was shown to be important to obtain full-value spreading 

on fibronectin [113]. In cells with NTAL knock-down antigen-mediated spreading was 

significantly decreased in the same manner as in NTAL knock-out cells, but was similarly 

unaffected after SCF triggering. Parallel activation with both antigen and SCF also reduced the 

spreading of both types of NTAL-deficient cells. These data suggest that positive regulatory 

role of NTAL on antigen-mediated spreading is not the result of developmental compensatory 

events. Rather, spreading could be related to transient actin depolymerization which was 

observed in antigen-activated wild type cells and even more in NTAL-deficient cells, but not 

in SCF-activated control or NTAL-deficient cells. 

We also tested the chemotactic response of NTAL-deficient cells in comparison to control cells 

and observed comparable migration towards antigen in both types of NTAL-deficient cells. 

Their migration was significantly higher than the migration of control cells. Recent study on 

NTAL knock-out BMMCs reported that the level of active RhoA in resting cells is at least twice 

as high as in wild type cells [113]. Although active RhoA transiently decreased after FcεRI 

triggering, more in NTAL knock-out cells than in wild type cells, it is likely that differences in 

regulation of RhoA activity in NTAL-deficient cells and WT cells are responsible for the 

enhanced NTAL-regulated chemotaxis. RhoA was already shown to regulate chemotaxis in 

other cell types, such as lymphocytes [114], neutrophils [115], dendritic cells [116], and 

macrophages [117]. 
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FcεRI-induced activation of BMMCs is accompanied by rapid F-actin depolymerization [118]. 

Antigen mediated activation of NTAL-deficient cells showed increased F-actin 

depolymerization when compared to control cells. And again, the decrease in F-actin content 

was enhanced even more after simultaneous triggering with both antigen and SCF. We also 

observed that SCF activation induced clear increase in F-actin formation, rather than actin 

depolymerization, and no difference between NTAL-deficient cells and control cells was 

noticed. F-actin depolymerization precedes degranulation [118, 119] and the observed decrease 

in amount of F-actin could account for the observed higher degranulation in NTAL-deficient 

cells than in control cells after simultaneous activation with the combination of antigen and 

SCF. 

These data, together with those from the previously published studies on NTAL-deficient mice 

and BMMCs derived from these mice [66, 69], support the concept that NTAL functions as a 

negative regulator of FcεRI-mediated signaling in mouse mast cells. Where as in human and 

rat mast cells NTAL seems to have a positive regulatory role in mast cell signaling [57, 70, 

105]. The observed differences could have several causes. And thus, NTAL could play different 

roles in mast cells of different species origin. Human mast cells differ from mouse mast cells 

in production of several cytokines, expression of types of immunoglobulin receptor, and in the 

ability of different stimuli to cause degranulation and release of mediators [120]. It has to be 

taken in consideration that rat basophilic leukemia cells are an immortalized cell line of tumor 

origin and this could be responsible for the observed properties of NTAL. Furthermore, when 

total tyrosine phosphorylated proteins were compared between this cell line and freshly isolated 

peritoneal and pleural rat mast cells, dramatic differences were observed. Importantly, mouse 

and human mast cells were obtained after differentiation under different cell culture conditions, 

which could modify their responsiveness. Mouse BMMCs were obtained by culturing bone 

marrow precursors in the presence of IL-3 and SCF (this study; [66]) or IL-3 alone [69], whereas 

human mast cells were derived from CD34+ pluripotent peripheral blood progenitors cultured 

in the presence of human SCF, IL-6 and IL-3 [57, 70]. Previous study showed that 

differentiation of mast cells from their precursors in the presence of various cytokines could 

result in different responsiveness of the cells to various activators [121]. Finally, one cannot 

exclude the possibility that silencing vectors used for generation of NTAL knock-down in 

human and/or RBL-2H3 mast cells exhibited off-target effects, which modified responsiveness 

of the cells to FcεRI triggering. 

In our study we focused on elimination of possible off-target effects on several levels. In the 

beginning we tested a set of five shRNA hairpins and selected two that exhibited the strongest 
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silencing potential. These were used in most of the experiments and similar results were 

obtained for both of them. In parallel negative control of silencing procedure was prepared by 

transducing wild type cells with empty lentiviral vector bearing no shRNA sequence. No 

decrease in NTAL expression was observed in cells infected with empty vector. Flow cytometry 

analysis of both type of the transduced cells showed similar levels of expressed FcεRI and KIT 

compared to those in wild type cells and knock-out cells. Additionally, to exclude off-target 

effect of the hairpins on mast cell degranulation, we also transduced NTAL knock-out cells 

with the shRNA hairpins and observed no alterations in degranulation. Wild type cells 

transduced with empty vector did not show any significant alterations from wild type cells in 

the performed assays thus excluding the lentiviral approach to modulate the signaling in 

activated mast cells. Results obtained later from comparison of expression profiles of activated 

wild type cells and wild type cells transduced with empty vector also supported this notion. 

Comparing to the other studies utilizing the RNA interference approach where the NTAL 

expression was suppressed from about 70%; in our study we were able to obtain very strong 

permanent knock-down of NTAL. The protein expression was diminished from over 90%, in 

some cases reached even up to 98%, thus the remaining small amount of NTAL left in the mast 

cells could likely not significantly influence our data. 

To gain a better understanding of the role of NTAL in FcεRI mediated signaling and to find out 

of the genes regulated through NTAL-dependent pathways, we further examined the gene 

expression profiles of resting and antigen-activated BMMCs with NTAL knock-out or knock-

down and the corresponding controls. The detailed analysis of these profiles surprisingly 

revealed mainly those genes that were not related to known immunoreceptor signaling pathways 

in mast cells. Interestingly, NTAL-dependent changes in the expression revealed a number of 

genes related to metabolism and biosynthetic processes, and a subgroup of these genes was 

involved in lipid metabolism, including synthesis of cholesterol. The exact mechanisms and 

pathways through which NTAL causes changes in transcription of these genes remain to be 

determined. 

An unexpected finding was the relatively small overlap between the genes differentially 

regulated in NTAL knock-out cells and NTAL knock-down cells obtained by intersection of 

two gene lists based of comparisons of NTAL knock-out cells versus wild type cells and NTAL 

knock-down cells versus their control cells. The degree of the overlap was independent of 

antigen-mediated activation. Some of the overlapping genes showed differential expression in 

resting as well as activated cells. Even when applying weaker selection criteria regarding fold 

change and FDR to generate the gene list, the number of genes in the intersection increased 
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only slightly. The limited overlap could be due to methodological differences in production of 

NTAL-deficient cells. However, as mentioned before, comparison of the activated wild type 

cells and cells used as control of infection did not show differences in expression of genes. 

Though some differences were obtained in comparison of resting cells, it can be concluded that 

in activated mast cells lentiviral infection itself and puromycin selection do not affect the 

expression of genes. 

The most dramatic changes in gene expression were observed between the antigen-activated 

and resting cells, no matter if NTAL was present or diminished, suggesting that activation of 

mast cells itself is a very robust process leading to a wide range of changes in gene regulation. 

Based on the results of transcriptional analysis, we decided to focus on several molecules that 

were differentially regulated in both types of NTAL-deficient cells. The first choice was dual 

specificity phosphatase 5 (DUSP5) that was up-regulated in the absence of NTAL in resting 

cells. DUSP5 negatively regulates MAPK pathway by inactivating ERK1 in the nucleus and 

because of the altered ERK phosphorylation in the absence of NTAL, it was an interesting 

molecule to investigate closer. Even though real-time PCR confirmed its up-regulation on 

mRNA level, immunoblotting using DUSP5 specific antibody to show difference in protein 

level expression failed mainly due to poor performance of the only commercially available 

antibody. 

Second focus was targeted on APPL2 (adaptor protein, phosphotyrosine interaction, PH domain 

and leucine zipper containing 2) because of its possible involvement in signal transduction 

pathways and overexpression in NTAL-deficient cells. The assessed amount of mRNA level 

was reproducibly higher in cells lacking NTAL; however the protein level assessed by 

immunoblotting and flow cytometry did not reveal any differences in expression between 

NTAL-deficient and control cells. 

Last but not least, the attention was directed to the identified group of genes involved in lipid 

metabolism, including synthesis of cholesterol and the involvement of cholesterol regulation in 

chemotaxis towards antigen. Although decreased transcription of several genes involved in 

cholesterol synthesis was confirmed by real-time PCR, no significant difference in total amount 

of cellular cholesterol was detected between wild type cells and NTAL-deficient cells. The 

pretreatment of BMMCs with methyl-β-cyclodextrin had different effect on NTAL knock-out 

and wild type cells. In NTAL knock-out cells it caused significant inhibition of chemotaxis at 

all tested concentrations, whereas in wild type cells methyl-β-cyclodextrin either slightly, but 

reproducibly increased chemotaxis at a low concentration or had no significant effect at higher 

concentrations. Methyl-β-cyclodextrin is known to remove cholesterol from cells [122, 123] 
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and thus the enhanced chemotaxis in NTAL-deficient cells could possibly be regulated in part 

by plasma membrane cholesterol distribution. Molecular mechanism of the cholesterol-

dependent regulations of chemotaxis is poorly understood, but could be related to differences 

in synthesis and/or distribution of cholesterol into plasma membrane sheets.  Molecular 

mechanisms of the cross-talk between NTAL and cholesterol remain to be determined. 

Mast cells also possess another transmembrane adaptor protein PAG that after tyrosine 

phosphorylation serves as an anchor for CSK, an inhibitor of Src family kinases [72]. A 

negative regulatory role of PAG in T cell signaling was confirmed in experiments with PAG 

knock-downs [124], but not with PAG knock-downs [125, 126], suggesting that developmental 

compensatory mechanisms are involved. Overexpression of PAG inhibited FcεRI-mediated 

degranulation in rat basophilic leukemia (RBL) cells [74]. 

We prepared BMMCs derived from PAG knock-out and wild type mice and to minimize the 

possible effects of compensatory developmental alterations in PAG knock-out cells, we also 

prepared BMMCs with PAG knock-down and corresponding control cells. Several lines of 

evidence indicated that PAG has positive as well as negative regulatory roles in FcεRI- and/or 

KIT-mediated signaling in mice. 

We examined the role of PAG in cells activated through FcεRI and showed that PAG-deficient 

BMMCs exhibit impaired antigen-induced degranulation, extracellular calcium uptake, 

tyrosine phosphorylation of several key signaling proteins, production of several cytokines and 

chemokines, and chemotaxis. Activation of PAG-deficient mast cells via the receptor KIT lead 

to enhanced degranulation and tyrosine phosphorylation of the receptor itself. The combined 

data indicate that PAG functions as a positive or negative regulator of mast cell signaling 

depending on the receptor triggered and the particular signaling pathway involved. We 

suggested that through the interaction with CSK, PAG serves as a negative regulator of Src 

family kinases, which are involved in both positive and negative regulatory events in mast cell 

activation. 

We also decided to examine the expression profiles of BMMCs prepared from PAG knock-out 

and wild type cells and looked at the differentially expressed genes after antigen or SCF 

activation. The analysis of these expression profiles revealed very different list of up-/down-

regulated genes when compared to the analysis of NTAL-deficient and control cells. There was 

no large group of genes involved in metabolism and biosynthetic processes. Instead the list 

contained genes involved in signal transduction, protein phosphorylation, and cell adhesion. 

And again, principal component analysis (PCA) showed that the most robust process was the 

antigen activation followed by SCF activation and not the deletion of PAG (Figure 5A). The 
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differences between knock-out and wild type cells were more restrained after SCF activation 

which supports our data showing more differences in signaling in cells after activation through 

FcεRI than KIT (Figure 5B). 

 

 

 

Figure 5. Principal component analysis of the microarrays. Each colored circle represents 
different treatment of cells: antigen activation (blue), SCF activation (red), and resting (green). 
The BMMCs isolated from wild type mice are pictured in blue shapes and from knock-out in 
red shapes. The arrays cluster according to the treatment groups showing separation along 
(principal component) PC #1 (antigen) and PC #2 (SCF). The percentage values indicate the 
proportion of total variance described by each PC; PC #1 (X-axis), PC #2 (Y-axis), and PC #3 
(Z-axis). 
 

 

We created three gene lists by comparison of knock-out cells versus wild type cells for all three 

conditions of cell treatment: antigen, SCF, and none. These gene lists show a large overlap of 

18 genes meaning that most of the differentially regulated genes are already up- or down-

regulated even in the resting state of cells when PAG is deleted. The overlap of the gene lists is 

presented in Figure 6. Several of these genes function in signal transduction and protein 

phosphorylation. Importantly, functions of some of the genes have not been described yet. 

When searching for more information of these genes in BIOGPS, the expression profiles 

uploaded in the database show high expression of some of these genes in murine mast cells. 

The expression of the genes was also verified by real-time PCR and most of the obtained results 

were in accordance with the microarray data analysis. These genes will be a subject of further 

investigation. 
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Figure 6. Venn diagram of gene list comparison 
The Venn diagram illustrates the numbers of genes 
that are significantly differentially up- or down-
regulated (fold change >1.8; FDR <0.1) when PAG 
wild type and knock-out profiles are compared. 
Each colored circle represents different treatment of 
the cells: antigen activation (blue), SCF activation 
(red), and resting (green). 18 genes showed overlap 
among all 3 types of treatment 

 

 

Comparison of the gene lists obtained in both transcriptional studies, in which NTAL- and 

PAG-deficient cells were used, showed no overlap. This suggests that different genes are 

regulated by these adaptors. Based on our results we conclude that in mouse mast cells PAG 

and NTAL play different regulatory roles in transcription and thus regulate different pathways. 

Our data also show that NTAL may be involved in regulation of some metabolic or biosynthetic 

processes while PAG mostly in immunomodulatory pathways. 

When looking at mast cells from a different angle, focusing on their role in innate and acquired 

immunity, it is likely that other functions of the transmembrane adaptor proteins will be 

revealed. First findings in this direction have been published recently by Rivera’s group [52]. 

They investigated how FcεRI discriminates high- from low-affinity stimulation and modulates 

the response. The receptor phosphorylation was similar after exposure of the cells to the high- 

or low-affinity stimuli, but the size of FcεRI clusters, their mobility and distribution was 

decreased after low-affinity stimuli. Interestingly, after low-affinity stimuli, FcεRI associated 

with the Src family kinase FGR and the activation signals were shifted to NTAL instead of 

LAT. The events included enhanced phosphorylation of NTAL and its colocalization with 

FcεRI, but reduced phosphorylation of LAT and PLCγ. This resulted in decreased LAT-

dependent calcium signaling important for mast cell degranulation and, on the other hand, 

enhanced NTAL-dependent production of chemokines. Consistent with these findings was also 

the decrease in passive cutaneous anaphylaxis in mice after low-affinity stimuli. This study 

shows, for the first time, that triggering of the FcεRI and probably other immunoreceptors, by 

stimuli of different strength results in engagement of different signaling pathways. In this 

process transmembrane adaptor proteins could play a key role. 
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CONCLUSIONS 

1. Using a wide array of assays, we found that murine BMMCs with silenced expression of 

NTAL share similar properties with those prepared from NTAL knock-out mice. Our results 

thus support the notion that in murine mast cells NTAL is predominantly a negative 

regulator of FcεRI signaling and that compensatory developmental alteration do not 

contribute to this phenotype. 

1.1. Mast cells with NTAL knock-down were prepared by lentiviral delivery of vectors 

bearing NTAL specific shRNAs into wild type cells and corresponding controls were 

transduced with empty vectors. Immunoblotting with NTAL-specific monoclonal 

antibody confirmed very strong inhibition of NTAL expression on protein level. Thus 

these cells were suitable for further experiments. 

1.2. For functional comparison of mast cells with NTAL knock-out or knock-down we 

examined several parameters characteristic for FcεRI signaling including antigen-

mediated degranulation, calcium mobilization, and tyrosine phosphorylation of LAT 

and ERK. The results obtained with the NTAL knock-down mast cells were very 

similar to those of NTAL knock-out cells confirming the negative regulatory role of 

NTAL in these events. In both cells types, combination of antigen and SCF even 

enhanced degranulation and calcium mobilization. 

1.3. Using both types of NTAL-deficient cells we confirmed that full mast cells spreading 

is dependent on NTAL, and that F-actin depolymerization and chemotaxis are 

increased in cells lacking NTAL. In case of F-actin depolymerization, this effect was 

again even more pronounced when simultaneously activated by both antigen and SCF. 

1.4. To better understand the role of NTAL in mast cells, we isolated RNAs from 

nonactivated and antigen-activated NTAL-deficient mast cells and the corresponding 

controls and examined gene expression profiles. 

1.5. The obtained gene expression analysis interestingly revealed NTAL-dependent 

changes in the expression of a number of genes related to metabolism and biosynthetic 

processes but only a small group of genes that were similarly regulated in both types 

of NTAL-deficient cell either resting or antigen-activated. Among those identified 

genes were also few genes related to cholesterol metabolism. 

1.6. The data obtained from the microarray approach were verified by real-time PCR and 

confirmed the differential expression of most of the selected genes in accordance with 

the microarray data analysis. 
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1.7. Further analysis showed that some of the genes could be involved in regulation of 

cholesterol-dependent events in chemotaxis towards antigen. Chemotaxis of 

cholesterol depleted cells lead us to hypothesis that enhanced chemotaxis in NTAL-

deficient cells can be regulated in part by plasma membrane cholesterol distribution. 

 

2. Using mast cells isolated from PAG knock-out mice we investigated the regulation of mast 

cell signaling by PAG adaptor. We showed that PAG functions as both a positive and 

negative regulator of mast cell signaling, depending on the signaling pathway involved. We 

proposed that through interaction with CSK, PAG serves as a negative regulator of Src 

kinases involved in both positive and negative regulatory events in mast cell activation. We 

also obtained gene expression profiles from nonactivated and antigen-activated PAG knock 

out and wild type cells and the gene expression analysis revealed genes that can be involved 

in immunological signaling. 

 

3. To improve the performance of real-time PCR routinely used in our laboratory and to cut 

the costs, we optimized PCR master mixes. In our search we compared performance of 

various dyes in buffers of different salt composition and additives. Using a unique fidelity 

assay we demonstrated that the observed differences were not due to changes introduced by 

induction of mutation frequencies of Taq DNA polymerase in PCR mixes. We found 

excellent amplification of DNA fragments from whole blood and/or GC-rich templates in 

PCR master mix supplemented with 1 M 1,2-propanediol and 0.2 M trehalose. This master 

mix was suitable for our real-time PCR experiments and when compared to several 

commercially available real-time PCR master mixes it proved to be more efficient. 

 

4. To summarize the recent progress that has been made in developing new drugs to treat 

illnesses where mast cells play key roles, we focused on recently developed inhibitors 

directed against key intracellular enzymes involved in mast cell signal transduction. Based 

on literature data, and the fact that mast cells share most of the signaling pathways with 

other cell types, we propose that the best therapeutic results would be obtained with 

multicomponent drugs that inhibit certain proinflammatory pathways and at the same time 

enhance the activity of enzymes involved in the termination of signaling pathways. 
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