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Abstract 

In T cells, signalling events initiated at the immunological synapse by T cell receptor 

(TCR) have been already thoroughly studied. In contrast, signalling pathways involved 

in MHCII-mediated signal transduction on the APC side of this structure are still rather 

poorly understood. Transmembrane adaptor proteins (TRAPs) are a class of proteins 

with an essential role in signalling triggered by TCR and other immunoreceptors. So far 

no TRAPs involved in MHCII signalling have been identified. In this work a new 

TRAP, highly enriched in the immunological synapse in APCs is described and termed 

Nvl.  

Nvl is expressed exclusively in professional antigen presenting cells – B cells, 

monocytes/macrophages and dendritic cells, and the level of its expression positively 

correlates with the expression of MHCII. Nvl is present in tetraspanin microdomains 

and together with tetraspanins it is localized to the polarized structures of the cell, 

including uropod, cleavage furrow, and, most interestingly, the immunological synapse. 

The presence in the immunological synapse indicates possible role for Nvl in MHCII-

mediated signal transduction. Indeed, Nvl becomes tyrosine-phosphorylated after 

stimulation via MHCII, although strong phosphorylation has also been observed after 

FcγR stimulation or treatment with phosphatase inhibitor pervanadate. Nvl 

constitutively binds SFK Lyn and after phosphorylation it also interacts with Csk, and 

SLP-76/65 and Grb2 complex, a mixture of molecules with inhibitory and activatory 

functions. siRNA-mediated depletion of Nvl in dendritic cells resulted in increased ERK 

phosphorylation and accelerated TNFα production after FcγR and/or MHCII ligation, 

suggesting that at least in dendritic cells the negative regulatory function of Nvl 

prevails. 

 

Key words: Nvl protein, transmembrane adaptor proteins, tetraspanin webs, MHCII 

signalling, FcγR signalling 
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Abstrakt 
Signalizační dráhy spouštěné v imunologické synapsi z T buněčného receptoru (TCR)  

již byly v minulosti podrobně studovány. Oproti tomu o dráhách účastnících se přenosu 

signálů spouštěných v této struktuře z MHCII na profesionálních antigen prezentujících 

buňkách (APC) se toho ví stále velmi málo. Transmembránové adaptorové proteiny 

(TRAP) jsou  rodinou proteinů, která hraje důležitou roli v signalizaci iniciované T 

receptorem a jinými imunoreceptory. Dosud však nebyl popsán žádný TRAP účastnící 

se signalizace přes MHCII. Tato práce popisuje nový TRAP nazvaný Nvl, který je 

vysoce obohacen v imunologické synapsi na straně antigen prezentujících buněk 

a účastní se regulace přenosu signálu z MHCII a FcR. 

Nvl je přítomný výlučně v profesionálních antigen prezentujících buňkách – 

B buňkách, monocytech/makrofázích a dendritických buňkách, a míra jeho exprese 

pozitivně koreluje s expresí MHCII. Nvl se nachází v tetraspanových mikrodoménách a 

spolu s tetraspany je lokalizován v polarizovaných buněčných strukturách, včetně 

uropodu, zaškrcení při buněčném dělení (cleavage furrow) a též do imunologické 

synapse. Přítomnost Nvl v imunologické synapsi naznačuje možnou účast Nvl 

na přenosu signálů spouštěných z MHCII. Nvl je skutečně fosforylován po stimulaci 

přes MHCII, avšak silná fosforylace Nvl byla pozorována také po stimulaci přes FcR 

či po působení pervanadátu, inhibitoru tyrosinových fosfatáz. Nvl konstitutivně váže 

kinázu z rodiny Src Lyn a po fosforylaci interaguje rovněž s Csk, a komplexem 

SLP-76/65 a Grb2 proteinů, tedy se skupinou molekul s aktivačními a inhibičními 

funkcemi. Odstranění Nvl pomocí siRNA vedlo v dendritických buňkách k zvýšené 

fosforylaci ERK a zrychlené produkci cytokinu TNF po stimulaci přes FcγR a/nebo 

MHCII. Z toho lze usuzovat, že alespoň v dendritických buňkách převažuje negativně 

regulační funkce Nvl. 

 

Klíčová slova: protein Nvl, transmembránové adaptorové proteiny, tetraspanové sítě, 

MHCII signalizace, FcR signalizace 
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List of abbreviations 

AA amino acid 
Akt1 serine-threonine kinase; human homolog of viral oncogene isolated 

from AKR mouse strain 
APC  antigen presenting cell; when connected with the name of the antibody 

APC can also mean allophycocyanin 
BC buffy coat 
BCR B cell receptor  
BM bone marrow 
BMDM bone marrow derived macrophages 
BSA bovine serum-albumin 
Cbl Casitas B-lineage lymphoma 
CD  cluster of differentiation 
CHAPS  3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate 
Csk carboxy (C)-terminal Src kinase 
DAG diacylglycerol 
DABCO 1,4-diazabicyclo[2.2.2]octane 
DC  dendritic cell  
DDAO dodecyldimethylamine oxide 
DNA deoxyribonucleic acid 
DTT dithiothreitol 
ECM  extracellular matrix 
EDTA  ethylenediaminetetraacetic acid 
ERK extracellulary regulated kinase 
ERM  ezrin-radixin-moesin 
FACS fluorescence-activated cell sorting 
FAK focal adhesion kinase 
FCS foetal calf serum  
FcR Fc receptor 
FITC  fluorescein isothiocyanate 
Fyn Fgr/Yes-related novel protein tyrosine kinase 
GAB1   Grb2-associated binding protein 1 
Gads   Grb2-related adaptor protein  
GAPDH  glyceraldehyde 3-phosphate dehydrogenase  
GDP  guanosine diphosphate 
GEF  guanine nucleotide exchange factor 
GEM  glycolipid enriched membrane microdomain 
GFP  green fluorescent protein 
GM-CSF granulocyte-macrophage colony-stimulating factor 
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GPI glykosylfosfatidylinositol  
Grb2  growth-factor-receptor bound protein 2 
GTP  guanosine triphosphate 
GTPase  enzymes that can bind and hydrolyze guanosine triphosphate 
Hck hematopoietic cell kinase 
HLA human leukocyte antigen 
HPK1  hematopoietic progenitor kinase 1 
IC  immunocomplex 
ICAM intercellular adhesion molecule 
IFNγ  interferon γ  
Ig imunoglobuline 
IL  interleukine 
IP  immunoprecipitation 
IS  immunological synapse 
ITAM  immunoreceptor tyrosine-based activation motif 
ITIM  immunoreceptor tyrosine-based inhibition motif 
Itk  IL-2-iducible T-cell kinase 
JNK  c-Jun N-terminal kinase 
LAT  linker for activation of T-cells 
LAX  linker for activation of X cells 
Lck  leukocyte-specific protein tyrosine kinase 
LIME  Lck interacting molecule 
LM  laurylmaltoside, n-dodecyl-β-D-maltoside 
LPS lipopolysacharide 
Lyn  Lck/Yes-related novel protein tyrosine kinase 
MACS  magnetic-activated cell sorting 
MAPK  mitogen activated protein kinase 
MHCII major histocompatibility complex class II 
mRNA  messenger ribonucleic acid 
NFAT  nuclear factor of activated T cell 
NK  natural killer 
NTAL  non-T-cell activation linker  
PAG  phosphoprotein associated with glycosfingolipid-enriched 

microdomains 
PBMC  peripheral blood mononuclear cells 
PBS phosphate buffered saline 
PE  phycoerythrin 
PI4K  phosphatidylinositol-4-kinase  
PKC protein kinase C 
PLCγ phospholipase C γ  
PRD  proline-rich domain 
PTK protein tyrosin kinase 



 10

PV pervanadate 
PVDF  polyvinylidene fluoride 
Raf proto-oncogene serine/threonine-protein kinase 
Ras rat sarcoma, G-protein 
RasGAP  Ras GTPase activating protein 
RasGRP  Ras guanyl-releasing protein 
RBC  red blood cell 
RNA  ribonucleic acid 
Rho Ras homology, G-protein 
RT  room temperature 
SDS  sodium dodecyl sulfate 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEE   staphylococcal enterotoxin E  
SFK SRC family kinase 
SH2  SRC homology 2 domain 
SH3  SRC homology 3 domain 
SHIP  SH2-domain containing inositol polyphosphate 5´-phosphatase 
SHP  SH2-domain containing PTP 
siRNA  Small interfering RNA 
SIT  SHP2 interacting TRAP 
SLP-65  SH2-domain-containing leukocyte protein of 65 kDa 
SLP-76  SH2-domain-containing leukocyte protein of 76 kDa 
Sos  son of sevenless 
Src short for sarcoma; protooncogenic protein tyrosine kinase family 
Syk spleen tyrosine kinase 
TBS  TRIS-buffered saline 
TCR  T cell receptor  
Tec  tyrosine kinase expressed in hepatocellular carcinoma 
TEM  tetraspanin enriched microdomain 
TNFα  tumor necrosis factor α 
TRAP  transmembrane adaptor protein 
TREM-1 triggering receptor expressed on myeloid cells 1 
TRIM  T-cell receptor interacting molecule 
Vav product of oncogene vav; GEF in hematopoietic cells 
ZAP-70 zeta-chain-associated protein of 70 kDa 
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1. Introduction 

The ability to protect themselves against pathogens or to recognize damaged cells 

of their own body is necessary for survival of many organisms. A key role in these 

processes is played by the immune system. Immune systems of variable complexity 

have been found across entire group of metazoa. The immune system of mammals is 

a complicated network consisting of many cell types. Each cell type fulfils specific roles 

and the precise communication among all cell types is critical for proper functioning 

of the whole system. There are two major ways of communication among the cells 

of the immune system, via soluble molecules or by cell-cell contact. In both cases 

specialized receptors present on the cell surface and signals triggered from these 

receptors determine the cell response.  

In order to have any effect on the cell behaviour, signals from the surface receptors 

must be transduced to the cytoplasm and finally to the number of cell compartments, 

including nucleus. For this purpose various signalling pathways consisting of many 

downstream effectors exist in a cell and proper organization of all proteins involved is 

crucial for successful signal transduction. Disruptions of such signalling pathways can 

result in immunodeficiencies, autoimmune diseases and other pathological conditions. 

Within the past decade a group of important players in the organization of signalling 

pathways in immune cells was discovered. They are called transmembrane adaptor 

proteins. These proteins are localized at the plasma membrane and after receptor ligation 

they are phosphorylated and then serve as scaffolds for other proteins nucleating 

the assembly of multiprotein signalosomes in a close proximity to the plasma 

membrane. Hence, transmembrane adaptor proteins connect surface receptors with 

downstream effectors involved in signalling pathways transducing signal triggered from 

these receptors. 

The goal of this thesis is to describe a new transmembrane adaptor protein, found by 

bioinformatic search in public protein sequence databases, and describe signalling 

pathways in which this new protein could be involved with the emphasis on its function 

in the cells of myeloid lineage. 
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2. Review of relevant literature 

2.1 Cell lineages of the immune system 

Functions of immune system are supported by many kinds of specialized immune cells. 

Based on their development they can be divided into two major lineages, lymphoid and 

myeloid. While majority of lymphocytes are part of the adaptive immune system, 

myeloid cells provide both immediate defence against foreign agents and assistance 

during the development of adaptive immune response.  

2.2 Myeloid cells 

Cells of myeloid lineage differentiate from the common progenitor into many different 

cell types (Fig.1). They include monocytes, macrophages, dendritic cells and other types 

of cells not discussed here. Monocytes initiate their development in the bone marrow 

where they derive from CD34+ myeloid progenitor cells. Later on they circulate in the 

bloodstream and finally enter the peripheral tissues where they mature into different 

types of resident macrophages (Ogawa, 1993). Macrophages can be phenotypicaly 

polarized by the microenvironment to mount specific functional programs. They 

collaborate with T and B cells via cell-to-cell interactions and also by secretion of 

cytokines, chemokines, enzymes or reactive radicals (Duffield, 2003; Gordon, 2003). 

Their activation could be both pro-inflammatory and anti-inflammatory. As a result, 

macrophages play important roles in triggering, instructing and terminating the adaptive 

immune response depending upon the functional phenotypes they acquire as a 

consequence of tissue derived signals (Mantovani et al., 2005). However, their main 

function probably is to clear the interstitial environment of extraneous cellular material. 

They are involved in the removal of cellular debris generated during tissue remodelling 

and rapidly clear apoptotic cells. These processes occur independently of immune-cell 

signalling (Kono and Rock, 2008). It seems that macrophages rather contribute to the 

balance between antigen availability and clearance through phagocytosis and 

subsequent degradation of apoptotic cells, microbes and possibly neoplastic cells 

(Gordon, 2003).  

Dendritic cells (DCs) are sparsely distributed migratory cells specialized for uptake, 

processing and presentation of antigen to T cells. Depending on the type and activation 

state of DC, the interaction of DC with naive T cells can lead to different immune 
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responses or to T cell tolerance (Shortman and Naik, 2007). DCs are rare cells, divided 

into many subtypes with specific localizations and functions. Nevertheless, two main 

groups of DCs can be distinguished – migratory and lymphoid-tissue-resident DCs. 

Migratory DCs are localized in the peripheral tissues where they sample antigens. 

In response to antigen uptake they become activated and migrate through the lymph to 

the lymph nodes, where they present the antigens to T cells. When the migratory DCs 

enter the lymph node, they have a mature phenotype with a limited antigen uptake. 

In contrast, lymphoid-tissue-resident DCs do not migrate, but collect and present 

antigens in the lymphoid organ itself (thymus, spleen, lymph node) (Shortman and 

Naik, 2007).  

 

 
Fig. 1 Development of hematopoietic cells 

(Alberts et al., 2007) 
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2.3 Antigen uptake and presentation 

Monocytes, macrophages and dendritic cells together with B cells belong among so 

called professional antigen presenting cells (APCs). These cells are able to ingest 

extraneous antigen, cleave it into peptides and present these peptides on their surface 

in complex with MHCII molecules, the specific marker of APCs. MHCII molecules 

loaded with peptide are recognized by CD4+ T cell via antigen-specific receptor (TCR – 

T cell receptor) and co-receptor (CD4).  

 

2.3.1 Phagocytosis and FcR signalling 

APCs can acquire antigen by several ways from non-specific capture by constitutive 

macropinocytosis to specific uptake via receptor-mediated endocytosis and 

phagocytosis (Trombetta and Mellman, 2005). Receptors for Fc part of 

immunoglobulins (FcR) are among the key players in receptor-mediated endocytosis 

and phagocytosis. FcRs, specific for IgG class of immunoglobulins, are widely 

expressed on cells of immune system. Monocytes/macrophages and DCs express all 

classes of FcRs: in rodents these are the high affinity FcRI (CD64) and the low 

affinity FcRIIB, FcRIII, and FcRIV, while in humans they include FcRI (CD64), 

FcRIIA/B/C (CD32), FcRIIIA/B (CD16). In contrast, on B cells only inhibitory 

FcRIIB can be found. The individual activating FcRs have a differential affinity for 

different antibody isotypes (Nimmerjahn and Ravetch, 2007). Activatory FcRs (FcRI, 

FcRIIA/C, FcRIIIA, FcRIV) share structural and functional homologies with B of T 

cell receptors (BCR, TCR). With the exception of human FcγRIIA and FcγRIIC, they 

are multichain complexes composed of a ligand binding domain, which determines the 

specificity of antigen recognition, and of a signal-transducing module composed of a 

dimer of transmembrane proteins bearing a conserved immunoreceptor tyrosine-based 

activation motif (ITAM) (Cambier, 1995). In addition, humans have a 

glycosylphosphatidylinositol (GPI)-linked receptor that is exclusively expressed by 

neutrophils, called FcγRIIIB. Inhibitory FcRIIBs are single-chain receptors containing 

in their own cytoplasmic tail an immunoreceptor tyrosine-based inhibitory motif (ITIM) 

(Cambier, 1997)(Fig. 2). 

In monocytes/macrophages and DC activatory and inhibitory FcR are co-expressed 

on the same cell and thus binding of immunocomplexes (IC), which are the predominant 
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form of an antigen during an immune response, trigger both activating and inhibitory 

signalling pathways, thereby tuning a threshold for cell activation. Binding of ICs to 

FcR facilitates their phagocytosis and processing for presentation of antigenic peptides 

on MHC molecules, and also trigger signalling pathways by cross-linking FcR 

(Nimmerjahn and Ravetch, 2007).  

 
Fig. 2 Structure of the human Fc receptor (FcgR) family members.  

Ellipses represent immunoglobulin-like extracellular domains that mediate binding to IgG. 

The cytoplasmic domains of FcR or their associated subunits are responsible for signal 

transduction and contain immunoreceptor tyrosine-based activation motif (ITAM; black 

cylinders) or immunoreceptor tyrosine-based inhibitory motifs (ITIMs; white cylinders) in their 

cytoplasmic tails. 

(Salmon and Pricop, 2001) 

 

An initial event in signal transduction by activating FcR is the activation of Src-

family protein tyrosine kinases, predominantly Lyn, which phosphorylate ITAM 

sequences and thus create SH2 binding sites for docking and activation of Syk kinases. 

Syk then phosphorylates tyrosines in multiple molecules, including adaptor protein 

SLP-76 that than contribute to activation of PLC, a key player in triggering calcium 

response, and activation of MAP kinases (ERK1/2, JNK, p38) and other signalling 

pathways (Daeron and Lesourne, 2006). As a consequence of FcR stimulation, IC is 

phagocytosed and the cell is activated, which can result in the upregulation of 

costimulatory molecules and/or release of inflammatory cytokines or triggering of other 

effector functions. Signalling via the inhibitory FcR is initiated by phosphorylation of 

ITIMs that recruit 5’ inositol phopshatase SHIP or possibly also the protein tyrosine 
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phosphatases SHP1 or SHP2 that in a number of ways inhibit intracellular signalling 

cascades (Amigorena and Bonnerot, 1999).  

Phagocytosed antigens reach the endocytic compartments where antigenic peptides are 

generated and may be loaded onto MHCII molecules and subsequently presented to 

T cells (Amigorena and Bonnerot, 1999). 

 

2.3.2 Immunological synapse formation and MHCII signalling 

 During the contact between APC 

and T cell a highly organized 

structure forms at the interface 

between the two cells known as 

immunological synapse (IS). It is 

highly enriched in TCR molecules 

which make contact with antigen-

loaded MHCII glycoproteins. 

However, for proper T cell 

activation other interactions are 

also essential. Prominent among 

these is the interaction of CD28 

on T cell with CD80/CD86 (also 

known as B7.1/B7.2) on APC. The 

expression of these co-stimulatory molecules is increased after APC activation. The 

structure of one of the key players in this process, the MHCII glycoprotein, is rather 

simple. It consists of a dimer of  and  chain with large extracellular part that binds 

peptide and is recognized by both TCR and CD4, followed by a transmembrane domain 

and a short cytoplasmic part (Fig. 3).  

For a long time MHCII molecules have been thought of just as a structure that presents 

antigens. However, MHCII molecules also play a role in signal transduction that 

influences activity and fate of APCs. It was shown that MHCII signals lead to increased 

delivery of MHCII-peptide complexes to the surface of DCs (Boes et al., 2002) and play 

important role in DCs maturation (Lokshin et al., 2002). Ligation of MHCII molecules 

also regulates the proliferation and differentiation of B cells, and cytokine production by 

both monocytes and B cells (Charron et al., 1991). On the other hand, MHCII signalling 

 
Fig. 3 Scheme of key molecules of immunological 

synapse between APC and CD4+ T cell 

(modified according to Miller et al., 2007) 
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also contributes to induction of cell death in DCs as well as B cells. For example, 

ligation of MHCII on mature, but not on immature, DCs induces a caspase independent 

form of cell death (Bertho et al., 2000). Since mature DCs and differentiated monocytes 

are resistant to the Fas death pathway, the MHCII mediated cell death could by 

alternative pathway for the removal of activated cells and termination of the immune 

response (McLellan et al., 2000). In spite of the fact that MHCII signalling has clear 

impact on APCs, particular signalling pathways triggered by this molecule are sill rather 

poorly understood. Initial studies in B cells and monocytes demonstrated that MHCII 

stimulation activates intracellular tyrosine phosphorylation induced mainly by Src 

family protein kinases (SFK) and subsequent activation of Syk protein kinases leading 

to cytokine and Ig production (Charron et al., 1991; Tabata et al., 2000). Syk is also 

activated after ligation of MHCII in immature DCs and this event seems necessary for 

DC maturation (Andreae et al., 2003). Downstream components of MHCII mediated 

activation are not well defined, but likely include the activation of PLC (Andreae et al., 

2003). Another important pathway downstream of MHCII, demonstrated in both B cells 

and mature DC, is activation of protein kinase C (PKC) (Bertho et al., 2002; Brick-

Ghannam et al., 1991). This pathway is probably involved in MHCII induced cell death 

(Bertho et al., 2002; Guo et al., 2003), and possibly also in actin polymerization and 

reorganization of the cytoskeleton (Partida-Sanchez et al., 2000; Setterblad et al., 2003). 

In addition to protein tyrosine kinases (PTK) and PKC, MHCII signalling also regulates 

the activity of the mitogen activated protein kinases (MAPKs), such as ERK and p38 

(Leveille et al., 2002; Matsuoka et al., 2001). It was shown that formation of IS 

in dendritic cells induces also translocation of Akt1 kinase to this region, which is 

followed with triggering of pro-survival signals. Via this mechanism, contact between 

DCs and T cells prolongs the survival of DCs by preventing them from apoptosis (Riol-

Blanco et al., 2009).  

The fact that the short cytoplasmic tail of MHCII molecules lacks any known 

signalling motif raises the question of how these molecules transduce their signals. 

It was suggested that MHCII molecules use for this purpose distinct receptor such as 

CD20 with its associated effector molecules (Leveille et al., 2002) or signalling subunits 

of BCR Ig/Ig dimer (Lang et al., 2001) in B cells. MHCII molecules were shown to 

associate also with molecules of the tetraspanin family (Engering and Pieters, 2001). 

MHCII together with tetraspanin molecule CD81 redistribute to the contact area 

between APC and T cell during immunological synapse formation (Mittelbrunn et al., 
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2002). It seems that via tetraspanins MHCII associates with CD19 in B cells that 

couples MHCII to signalling pathways (Leveille et al., 2002). In monocytes complexes 

of 2-integrin CD18 and MHCII were identified and shown to be involved in MHCII 

mediated cell death via PKC activation (Castaigne et al., 2002). However, the question 

how MHCII molecules associate with other receptors to control signalling and APC 

activity is still unclear and remains to be determined. 

Glycolipid enriched membrane microdomains (GEMs), also known as lipid rafts, are 

thought to act as a platforms for immune receptor signalling. The proportion of MHCII 

molecules was shown to localize to this microdomains and it was suggested that this 

relocalization plays an important role in SFKs and PKC activation (Becart et al., 

2003). The activation of SFKs as well as the association of MHCII molecules with lipid 

rafts was independent of cytoplasmic domains of MHCII, but these domains seemed to 

be critical to PKC activation (Becart et al., 2003). However, signalling through MHCII 

is not exclusively raft-dependet event. MHCII mediated activation of PKC as well as 

ERK1/2 was unaffected by cholesterol depletion, a treatment known to disrupt lipid 

rafts (Bouillon et al., 2003; Guo et al., 2003). It could be that localization of these 

molecules within different membrane compartments leads to different modes of 

signalling and thus differential outcome. 

 

2.4 Cell polarization 

The acquisition of a cell polarity is a crucial element of many cell events from cell 

division, through migration to apoptosis. Leukocytes develop polarized morphology 

especially when they undergo migration, activation and cell-to-cell interaction. 

The polarization of leukocytes involves the formation of two distinct cell poles on the 

opposite sides of the cell – in the migrating cells it is the leading edge and the uropod. 

Leading edge serves to attach the cell to the substrate allowing directional movements, 

while uropod is mostly involved in cell-to-cell interactions and in cell activation and 

apoptosis (Fais and Malorni, 2003). Uropod is a typical polarized structure of 

lymphocytes, monocytes and DCs, with the fast and reversible formation. It is a large 

pseudopod-like cell protrusion “scanning” the surrounding environment with important 

motility, adhesive, and signalling functions (Fais and Malorni, 2003). A complex 

system of signal transduction molecules, including PTKs, lipid kinases, second 
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messengers and members of the Rho family of small GTPases is thought to regulate the 

cytoskeletal rearrangements underlying leukocyte polarization and migration. 

Cell polarization is determined by specific interaction between the plasma membrane 

and the actin cytoskeleton through the actin/membrane-bridging proteins like ezrin, 

radixin and moesin (ERM), which reversibly bind actin through their C-terminal region 

and by their N-terminal part interact with the cytoplasmic tails of membrane proteins 

(Tsukita and Yonemura, 1997). Actin and ERM have a major role in polarization which 

mostly involves the recruitment of adhesion molecules, like ICAMs or integrins 

(del Pozo et al., 1995), but also some signalling molecules like FcR or TCR with its co-

receptors to the uropod (Krummel et al., 2000; Petty et al., 1989). This suggests that 

uropod is an important adhesive structure that may anchor the cell to the ECM fibres or 

support the binding of other cells, but it could play a role also in signalling. Cell polarity 

is important during formation of immunological synapse. It was shown that majority of 

calcium release is first located in the uropod of T cells (Krummel and Davis, 2002), 

which corresponds with the observation that crawling T cells recognize and bind to 

large protrusions of DCs through their uropods (Atzpodien and Dittmar, 1999). 

However, there are also studies claiming that the first contact between T cell and APC 

takes place via leading edge of T cell (Kupfer and Singer, 1989). It is probable that 

in the first minute or so of contact with an APC, T cells probably utilize a variety of 

molecules, like integrins, to temporarily adhere to cells while the TCR begins to scan 

for the appropriate peptide–MHC complexes (Krummel and Davis, 2002). DCs also 

actively polarize their actin cytoskeleton during interaction with T cells and this 

cytoskeletal rearrangement is critical for the clustering and the activation of resting 

T cells (Al-Alwan et al., 2001).  

 

2.5 Tetraspanins and tetraspanin webs  

 A common feature of many polarized cell structures like cleavage furrow, uropod or 

immunological synapse is their enrichment in tetraspanin proteins (Mittelbrunn et al., 

2002; Sala-Valdes et al., 2006; Ziyyat et al., 2006).  Tetraspanins are a large family of 

evolutionary conserved cell-surface proteins that are expressed in a wide range of 

organisms. They are characterized by four transmembrane domains and several 

conserved amino acids including an absolutely conserved CCG motif and two other 

cystein residues that contribute to two crucial disulphide bonds within the second 



 20

extracellular loop. Almost all tetraspanins are modified by post-translational addition of 

palmitate to the membrane proximal cystein residues. Tetraspanin family contains at 

least 32 members in mammals. Some tetraspanins, like CD81 or CD151, are widely 

expressed, while others are more restricted, for example CD37 and CD53 on lymphoid 

cells (Hemler, 2005). In spite of the fact that tetraspanins have no intrinsic enzymatic 

activity they contribute to regulation of cell migration, fusion and signalling events. 

Tetraspanins are master organizers of specialized membrane microdomains – 

tetraspanin enriched microdomains (TEMs) (Rubinstein et al., 1996). Crucial elements 

in their formation are lateral interactions between different members of tetraspanin 

family resulting in their organization into a web-like structure. TEMs show some 

commone features with another type of signalling platforms, known as lipid rafts. Lipid 

rafts are plasma membrane regions enriched in sphingolipids and cholesterol, where 

lipid- or fatty acyl-modified molecules (GPI-anchored, palmitoylated) could be found. 

In contrast to lipid rafts, TEMs are not disrupted following cholesterol depletion. TEMs 

are resistant to solubilization by milder detergents (1% Brij or CHAPS), but unlike the 

lipid rafts they are mostly soluble in stronger non-ionic detergents (1% Triton X-100 or 

Brij-96) (Claas et al., 2001). Lipid rafts often contain GPI-linked proteins and caveolin, 

but these proteins have not been found in TEMs (Hemler, 2005). Furthermore, 

a comparison of MHCII molecules in TEMs and in lipid rafts has uncovered marked 

differences in antigen presentation (Kropshofer et al., 2002). The tetraspanine web is 

cell-type specific. In each cell type, it is composed of different tetraspanins and different 

associated partners that participate in functions that are unique to the cell type (Levy 

and Shoham, 2005). 

 

2.5.1 Role of tetraspanins in signal transduction 

The tetraspanin web provides a scaffold by which membrane proteins are laterally 

organized to coordinate the transmission of external stimuli. Moreover, tetraspanins 

could also modulate signalling by localizing associated proteins to the certain part of the 

cell during cell polarization (Mittelbrunn et al., 2002; Sala-Valdes et al., 2006; 

Ziyyat et al., 2006). The interactions in the tetraspanin web are not limited to lateral 

interactions in the membrane. Cooperation and association of tetraspanins with 

intracellular signalling and cytoskeletal components was also observed (Levy and 

Shoham, 2005). There are two possible ways how could tetraspanins influence signal 
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transduction. They could bring receptors and other signalling molecules into the close 

proximity to each other and thus facilitate the signal transduction, or they might act as a 

barrier to segregate some of these molecules and thus prevent inappropriate signalling 

(Tarrant et al., 2003).  

It was shown that some of the key immune molecules including CD19, CD21, FcRs 

and MHCI and II interact with TEMs, and thus tetraspanins can contribute to the signal 

transduction through these molecules (Tarrant et al., 2003). Indeed, cross-linking of 

tetraspanins at the cell surface can result in tyrosine phosphorylation, calcium fluxes 

and inositol phosphate turnover (Tarrant et al., 2003), and various tetraspanins were 

shown to associate with signalling enzymes including SFK Hck and Lyn, protein 

phosphatases, conventional PKC and type II phosphatidylinositol 4-kinase (PI4K) 

(Berditchevski, 2001; Tarrant et al., 2003). In B cells, expression of tetraspanin CD81 is 

crucial for normal level of CD19 expression (Shoham et al., 2003). CD81 associates 

with CD19 and CD21 co-receptor complex, and is important for stabilization of 

signalling complexes in response to stimulation of B cells via BCR (Bradbury et al., 

1992). However, in B cells association of MHCII with a number of tetraspanins, namely 

CD9, CD37, CD53, CD63, CD81 and CD82, was also reported (Angelisova et al., 1994; 

Rubinstein et al., 1996). On the surface of DCs MHCII molecules associate with CD9, 

CD53 and CD81 tetraspanins, and with CD63 in cytoplasmic compartments (Engering 

and Pieters, 2001). Tetraspanin-MHCII complexes have been shown to form 

microdomains which carry a restricted peptide repertoire and are enriched in the CD86 

co-stimulatory molecule and peptide editor HLA-DM (Kropshofer et al., 2002). These 

microdomains are suggested to play important role in antigen presentation, because 

immature DCs which are poor stimulators of T cells target reduced amount of MHCII to 

these microdomains (Kropshofer et al., 2002). The fact that CD81 is localized to the site 

of MHCII-TCR interaction in DCs supports the idea that tetraspanins could regulate 

MHCII clustering necessary to effectively engage clustered TRCs on T cell surface 

(Mittelbrunn et al., 2002). Moreover, other tetraspanins also influence efficiency of 

antigen presentation. It was shown that tetraspanin CD151 regulates co-stimulation and 

tetraspanin CD37 regulates peptide-MHCII presentation in DCs (Sheng et al., 2009). 

Alternatively, tetraspanins could function in the endocytosis and/or trafficking of 

MHCII glycoproteins, or other molecules (Stipp et al., 2003).  
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2.6 Transmembrane adaptor proteins 

The signals triggered from membrane receptors must be transduced to the cytoplasmic 

downstream effectors for successful induction of appropriate cell response. First and 

crucial step of the signal transduction is recruitment of downstream effectors to the 

close proximity of plasma membrane and the receptor, where these effectors form a 

multiprotein complex, so called signalosome, which can propagate signal further to the 

cytoplasm and other cellular compartments. The many molecular interactions that occur 

in the signalosome are organized by tyrosine containing molecules that, after 

phosphorylation of these tyrosines, function as scaffold proteins. These proteins are 

called adaptors and are localized either in cytoplasm (cytosolic adaptors), or 

constitutively associate with plasma membrane (transmembrane adaptor proteins - 

TRAPs).  

Transmembrane adaptor proteins, like all adaptor proteins in general, have no intrinsic 

enzymatic function. They consist of short extracellular domain, unlikely to bind any 

extracellular ligands, a single transmembrane domain followed in some cases with 

palmitoylation site, and a long cytoplasmic part rich in tyrosine residues. These tyrosine 

residues when phosphorylated, usually as a consequence of triggering a signalling 

through some plasma membrane receptor, function as inducible docking site for 

cytosolic molecules possessing SH2 domains. Depending on the association with lipid 

rafts, TRAPs can be divided into two groups – lipid raft-associated TRAPs (LAT, 

NTAL, PAG, LIME) and TRAPs localized outside of these membrane microdomains 

(LAX, TRIM, SIT) (Horejsi et al., 2004).  

The structute of TRAPs is similar to the immunoreceptor-associated signal-

transducing ζ-chain and γ-chain (TCR, FcR). However, unlike these chains none of the 

known TRAPs possess classical ITAMs nor does associate directly with 

immunoreceptors. Despite of this, TRAPs can be substantially involved 

in immunoreceptor-mediated signalling. For example the first discovered TRAP, LAT 

(linker for activation of T cells) (Zhang et al., 1998), is the key regulator of T cell 

activation. LAT is able to organize signalling complex that couples the TCR to the main 

intracellular signalling pathways regulating IL-2 production. After TCR engagement, 

TCR is probably via an unknown mechanism relocalized into the lipid rafts or at least to 

their close proximity (Lillemeier et al., 2010), where Src kinases are localized. Further 

on, SFKs phosphorylate ITAMs of the CD3 complex and ζ-chains that subsequently 
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serve as binding sites for Syk family kinase ZAP-70. This results in the recruitment of 

ZAP-70 to the engaged TCR and SFK-mediated activation of ZAP-70, which then 

phosphorylates many substrates, among these also tyrosine residues of LAT. 

Phosphorylated LAT binds adaptor protein Grb2 that then associates with GEF protein 

Sos activating Ras-Raf pathway resulting in activation of ERK. Other binding partners 

of phosphorylated LAT include PLC1 and adaptor protein Gads. These proteins form 

signalling complex together with adaptor protein SLP-76 and Tec family kinase Itk that 

leads to PLC1 activation and consequently to calcium flux and translocation of 

transcription factor NFAT to the nucleus. LAT is also involved in regulation of Ras and 

ERK activity via RasGRP which is activated by DAG, the product of PLC1 activity. 

Accordingly, the LAT-deficient variants of Jurkat T cell line have abrogated TCR-

mediated signalling cascades, including calcium flux, ERK activation, expression of 

CD69 and activation of transcription factor NFAT (Finco et al., 1998) as well as IL-2 

gene expression. Moreover disruption of the Lat gene in mice results in an early block 

in thymocyte development without reaching the double-positive stage, where selection 

processes occurs in normal mice (Zhang et al., 1999). This indicates that LAT is 

important not only for the activation of peripheral T cells, but it is also essential for T 

cell maturation in the thymus. LAT is also involved in other immunoreceptor-mediated 

signalling pathways like FcRIII in NK cells (Jevremovic et al., 1999), FcRI in mast 

cells (Saitoh et al., 2000) and even pre-BCR in pre-B cells (Su and Jumaa, 2003). 

However, the LAT deficiency is not so fatal in these cell types, and thus it was proposed 

that there could be some other TRAP functionally substituting for LAT.  

One possible candidate was NTAL (Brdicka et al., 2002). NTAL is mainly expressed 

by B cells, NK cells, myeloid cells, and activated T cells. Its cytoplasmic domain 

contains eight conserved tyrosine-based signalling motifs that are phosphorylated after 

BCR or FcR ligation. Phosphorylated NTAL associates with Grb2, GAB1 and Cbl but, 

in contrast to LAT, it does not bind PLC or SLP molecules (Brdicka et al., 2002). 

It was shown that NTAL can substitute for LAT to some extent (Brdicka et al., 2002), 

mostly with respect to functions that are independent of PLC activation (Janssen et al., 

2004). However its overall function is probably inhibitory since mice with disrupted 

gene for NTAL develop autoimmune-like syndrome (Zhu et al., 2006a). 

Another inhibitory TRAP is PAG. Expression of PAG is not restricted to immune 

cells, but it is almost ubiquitous (Brdicka et al., 2000). PAG functions as a membrane 
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anchor for Csk, the most important negative regulator of SFKs. Csk phosphotylates the 

inhibitory tyrosine on SFKs that leads to folding of SFKs into the inactive closed 

conformation. Binding of Csk to PAG localized in lipid rafts, where also SFKs are 

constitutively present, brings this negative regulator to the close proximity with its 

substrate. PAG is in resting T cells heavily phosphorylated by SFKs. Thus it organizes a 

negative-feedback loop controlling SFKs activation. Immediately after stimulation 

through TCR, PAG becomes rapidly dephosphorylated which results in the release of 

Csk from the membrane and weakening of SFK inhibition (Brdicka et al., 2000). It was 

also observed that PAG negatively regulates Ras by recruiting RasGAP to the 

membrane (Smida et al., 2007). 

LIME is another TRAP binding Csk, but in contrast to PAG, LIME simultaneously 

associates with Csk and SFKs Lck and Fyn (Brdickova et al., 2003). LIME is expressed 

in T cells and becomes phosphorylated only after ligation of co-receptors CD4 and CD8 

that constitutively associate with Lck. In spite of the interaction of Lck with the 

complex containing its negative regulator Csk, Lck associated with LIME is 

paradoxically more active than the total pool of Lck. It seems that Lck bound on LIME 

cannot assume the inactive closed conformation despite the phosphorylated inhibitory 

tyrosine, because the critical SH2 domain is engaged by phosphorylated LIME. 

After some time Lck can dissociate from LIME, and immediately transit to the closed 

conformation which limits the range where Lck is active to only a close proximity of 

LIME (Brdickova et al., 2003). 

SIT, TRIM and LAX are transmembrane adaptor proteins that are not palmitoylated 

and so not localized in lipid rafts. All of them seem to be involved to some extent 

in regulation of TCR signalling (Bruyns et al., 1998; Marie-Cardine et al., 1999; 

Zhu et al., 2002). SIT and TRIM probably function in a cooperative manner as 

suppressors of signal amplification. SIT/TRIM double-deficient mice have altered 

thymic selection. Hence, these two adaptors seem to be important regulators of central 

tolerance (Koelsch et al., 2008). LAX functions as a negative regulator in lymphocyte 

signalling in both T cells and B cells (Zhu et al., 2005) and also in FcRI signalling 

in mast cells (Zhu et al., 2006b).  
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2.7 Nvl the new TRAP  

First transmembrane adaptor proteins were described a little more than a decade ago, 

and by now their important role in modulation of signalling triggered via 

immunoreceptors became evident. The expression of single TRAPs is to a large extent 

overlapping and they are often able to substitute for each other. This may be one of the 

reasons why no distinct robust phenotype of knock-out mice lacking single TRAP 

proteins was observed, with the remarkable exception of LAT (Dobenecker et al., 2005; 

Gregoire et al., 2007; Wang et al., 2005; Zhang et al., 1999). Most of TRAPs discovered 

so far are expressed in lymphocytes (T and B cells) with some of them also involved 

in receptor-mediated signalling in NK cells or mast cells, like NTAL. However, up to 

now only LAT and NTAL were described to play some important role 

in monocytes/macrophages, where LAT is involved in regulation of efficiency of Fcγ 

receptors-mediated phagocytosis (Tridandapani et al., 2000) and NTAL serves as 

negative regulator of TNF and IL-8 production after stimulation via TREM-1 (Tessarz 

et al., 2007). In this work I am describing new candidate on this position – the TRAP 

that is beside B cells present also in monocytes/macrophages or DCs. 

 We found this new TRAP by searching Uniprot protein database for proteins 

containing various consensus SH2 binding motifs using ScanProsite tool at ExPASy 

Proteomics Server (http://www.expasy.org/tools/scanprosite/). Resulting list of 

candidates was further submitted to TMHMM Server 

(http://www.cbs.dtu.dk/services/TMHMM-2.0/) to detect putative transmembrane 

domains. This step was then followed by manual 

selection of potentially interesting proteins for 

further analysis. All this work was carried out by 

my supervisor Tomáš Brdička, who finally 

identified an unknown polypeptite of 145 

aminoacids termed c17orf87 (DTFT5783, 

UNQ5783). According to domain prediction it is 

evident that this new protein possesses typical 

features of a transmembrane adaptor protein, i.e. 

very short extracellular part (18 aminoacids), 

transmembrane domain followed by CxC motif, 

closely resembling palmitoylation sites in other 
 

Fig. 4 Predicted structure of Nvl 
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transmembrane proteins, and much larger cytosolic tail. In addition, the cytoplasmic 

part contains four tyrosine residues within potential SH2 domain binding consensus 

sequences – Y69ENV motif, a typical binding site for Grb2 family adaptor proteins, 

Y107SLV, a possible binding site for Csk, Y124IEP with no clearly predictable binding 

partner, and Y131DDV a typical binding site for SLP-76/SLP-65 family of adaptor 

proteins; and proline-rich sequence, a likely binding site for SH3 domains 

(Brdickova et al., 2003; Gram et al., 1997; Raab et al., 1999) (Fig. 4). We named this 

protein Nvl. 

 Nvl has its homologs in several mammal species as well as in Danio rerio, 

as identified with the use of Basic Local Alignment Search Tool (BLAST) at NCBI 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). No Nvl-like sequence was found in available 

genomes of any bird species. According to the alignment of the representative Nvl 

sequences generated using ClustalW algorythm Nvl kept the typical domain 

organization of a transmembrane adaptor protein throughout the evolution with some 

very well conserved motifs, including potential palmitoylation, proline-rich sequence 

(starting with P81) and last tyrosine-based binding site (Fig. 5). This suggests that these 

are probably the regions of major importance.  

The goal of the thesis was to characterize the biochemical properties of this new 

TRAP and describe its specific function. 

 

 
Fig. 5 Alignment of the representative Nvl sequences with highlighted conserved sequences 
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3. Material and Methods 
 

3.1 Material 

3.1.1 Cells, mice and bacterial strains  

 Cell lines 

Derived from monocytes: J774.2 P6 (mouse), THP-1 (human) 

Derived from B cells: Ramos (human) 

Derived from human embryonic kidney (HEK):  Phoenix-Eco, Phoenix-Ampho 

(packaging cell lines for retroviral transfection) 

- Cell line collection of Laboratory of Molecular Immunology, IMG AS CR 

 Mouse strain C57BL/6  

- obtained from animal facility of IMG AS CR  

 buffy coats from healthy donors 

- Teaching Thomayer Hospital, Prague 

 Escherichia coli, strain TOP 10 

- Invitrogen, Carlsbad, CA, USA 

 

3.1.2 Enzymes 

 Restriction enzymes: Bam HI, Xho I, Bgl II, Sal I, Not I, 

 T4 DNA ligase 

- Fermentas, Burlington, Canada 

 

3.1.3 Plasmids and constructs 

 Nvl-GFP/pcDNA3  

- Invitrogen, Carlsbad, CA, USA 

 Nvl-myc/pcDNA3; full length form of Nvl-myc and mutated forms – Y69F, 

Y107F, Y124F, Y131F, mutant form lacking PRD (ΔPRD) all in pcDNA3  

-  prepared by Mgr. Peter Dráber 
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3.1.4 siRNA oligonucleotides 

 Silencer® Select Pre-designed siRNA s116110, specific siRNA oligonucleotides 

against mRNA of mouse Nvl (A430084P05Rik)  

 Silencer® Select Non-targeting siRNA (negative Control) 

 Silencer® Select GAPDH siRNA (positive control) 

- Ambion, Applied Biosystems Inc, Foster City, USA 

 ON-TARGETplus SMARTpool siRNA L-032000-02-0005, mix of four siRNA 

oligonucleotides specific against mRNA of human Nvl (C17orf87) 

 ON-TARGETplus Non-targeting Pool (negative control) 

- Dharmacon, Thermo Scientific, Colorado, USA 

 

3.1.5 Media 

 RPMI 1640 media, DMEM media 

- Tissue culture media facility IMG AS CR, Prague, CR 

 (complete media means media supplied with 10% FCS and antibiotics) 

 Opti-MEM media 

- Invitrogen, Carlsbad, CA, USA  

 LB media (LB Miller Broth) 

- Amresco, Solon, Ohio, USA 

 

3.1.6 Commercial kits  

 Zymoclean Gel DNA Recovery Kit 

- Zymo Research, Orange, USA 

 JETquick Plasmid Purification Kit 

- Genomed GmbH, Löhne, Německo 

 ABI PRISM® BigDyeTM Terminator Cycle Sequencing Kit 

- Applied Biosystems, Foster City, CA, USA 

 Fixation/Permeabilization Kit (Fixation/Permeabilization Concentrate, 

Fixation/Permeabilization Diluent, 10x Permeabilization Buffer) 

- eBiosciences, San Diego, California USA 
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3.1.7 Chemical reagents 

 foetal calf sera (FCS) 

- Gibco BRL®, Paisley, UK 

 ECL Western blotting detection reagens  

- Amersham Life Science Ltd., Little Chalfont, UK 

 Ficoll PaqueTM PLUS 

- GE Healthcare Bio Sciences AB, Uppsala, Sweden  

 Agarose, bromphenol blue, Tris 

- Amresco, Solon, Ohio, USA 

 SDS-PAGE markers 

- Bio-Rad Laboratories, Richmond, CA, USA 

 DNA electrophoresis markers, loading dye 

- Fermentas, Burlington , Canada 

 n-dodecyl-β-D-maltoside (laurylamaltoside, LM), Mowiol® 4.88, PP2 

- Calbiochem, San Diego CA, USA 

 TEMED 

- USB Corporation, Cleveland, USA 

 Lipofectamine™2000, DDAO 

- Invitrogen, Carlsbad, CA, USA 

 sodium dihydrogen phosphate, disodium hydrogen phosphate, sodium 

diphosphate, potassium bicarbonate, hydrochloric acid, potassium acetate, 

ammonium chloride 

-  Lachema, Prague, CR 

 isopropanol, methanol, acetic acid, isobutanol, glycerol, sodium hydroxide 

-  Penta, Prague, CR 

 sodium chloride 

- Lachner, Prague, CR 

 ethanol, sodium-n-dodecyl sulfate (SDS), potassium chloride, magnesium chloride 

- Merck, Darmstadt, Germany 

 dried fat-free milk 

- Promil, Nový Bydžov, CR 

 agarose, 30% Acrylamide – Bis solution (29:1) 

- Serva, Heidelberg, Germany 
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 ampicillin, sodium azide, Brij-98, bovine serum albumine (BSA), 

dimethylesulfoxide (DMSO), EDTA, ethidiumbromide, glycine, sodium fluoride, 

Hoechst 33258, Hoechst 34580, HEPES, Pefabloc, hydrogen peroxide, 1,4-dithio-

D,L-treitol (DTT), Tween 20, gelatine, sodium orthovanadate (vanadate), 

iodacetamide, Histopaque®1119, CHAPS, Triton X100, DABCO, LPS 

(Salmonella enterica), SEE, mouse sera, glucose 

- Sigma, St. Louis, MO, USA 

 Polybrene 

- Aldrich, Steinheim, Germany 

 DharmaFECT4® siRNA Transfection reagent 

- Dharmacon, Thermo Scientific, Colorado, USA 

 16% formaldehyde, UltraLink® Immobilized Protein A Sepharose 

- Thermo Scientific, Rockford, USA 

 hIL-4, hIFNγ, mIL-4, mIFNγ, mGM-CSF 

- PeproTech, Rocky Hill, New Jersey, USA 

 rhGM-CSF 

- Leukomax (Novartis), Basel, Switzerland 

 Recombinant human complement C5a (His-Tag) 

- BioVision, Mountain View, California, USA 

 Human AB sera 

- Exbio, Prague, CR 

 

3.1.8 Antibodies 

 GAM G Px – goat anti mouse anti-IgG, conjugated with horse radish peroxidase 

 GAM M Px – goat anti mouse anti-IgM, conjugated with horse radish peroxidase 

 MAR l.c. Px – mouse anti rabbit, light chain specific, conjugated with horse radish 

peroxidase 

 GAR Px – goat anti rabbit, conjugated with horse radish peroxidase 

- Bio-Rad Laboratories, Richmond, VA, USA  

 4G10 – mouse monoclonal antibody against phosphotyrosine 

- Upstate Biotechnology, Waltham, MA, USA 

 GAM H+L F(ab)2 – goat anti mouse, specific for both heavy and light chain, 

F(ab)2 fragment  
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 Chrompure mouse IgG – mixture of purified mouse IgG 

 SA – Streptavidin 

- Jackson Immunoresearch, Soham, UK  

 GAM-FITC – goat anti mouse, conjugated with FITC 

 anti-Thy1.1-FITC - anti-rat/mouse CD90.1 (Thy1.1) conjugated with FITC 

 CD11c APC – Armenian hamster antibody against mouse CD11c, conjugated with 

fluorescent dye APC 

 TNFα PE – rat antibody against mouse TNFα, conjugated with fluorescent dye PE 

- eBiosciences, San Diego, California USA 

 GAM A568 – goat anti mouse, conjugated with fluorescent dye Alexa567 

- Invitrogen, Carlsbad, CA, USA 

 GAPDH – rabbit polyclonal antibody against GAPDH protein (human, mouse) 

- Sigma, St. Louis, MO, USA 

 pERK – rabbit polyclonal antibody against phosphoryltated ERK kinase 

(T202/Y204) 

 -myc (9B11) – mouse monoclonal antibody against myc  

 -myc (71D10) – rabbit monoclonal antibody against myc 

- Cell Signaling, Danvers, Massachusetts, USA 

 Grb2 – rabbit polyclonal antibody against Grb2 protein (human, mouse) 

 Csk – rabbit polyclonal antibody against Csk kinase  

 ERK – rabbit polyclonal antibody against ERK kinase (human, mouse)  

 SLP-65 (2B11) – mouse mouse polyclonal antibody against SLP-65 protein 

- SantaCruz, California, USA 

 2.4G2 - rat anti-CD16/CD32 monoclonal antibody 

- BD Biosciences, San Jose, California, USA 

 MHCII I-A/I-E-biotin – rat anti-mouse MHC class II (I-A/I-E isotype) conjugated 

with biotin 

- BioLegend, San Diego, California USA 

 anti-CD14-FITC – mouse monoclonal antibody against CD14, conjugated with 

FITC 

- Exbio, Prague, CR 

 Nvl-07/C4 – mouse monoclonal antibody against human Nvl protein 

 Ra hNvl – rabbit polyclonal antibody against human Nvl protein 

 Ra1 mNvl – rabbit polyclonal antibody against mouse Nvl protein 
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 Ra2 mNvl – rabbit polyclonal antibody against mouse Nvl protein 

note: All antibodies against Nvl were prepared by the team led by Pavla 

Angelisová. These antibodies could be successfully used for detection of Nvl 

on western blots and for Nvl immunoprecipitation, however they are not 

suitable for microscopy or FACS analysis. 

 SLE-01 – chicken polyclonal antibody against human MHCII 

 NAP-04 – mouse monoclonal antibody against NTAL protein 

 MEM-11 (E11) – mouse monoclonal antibody against human MHCII  

 MEM-11 F(ab)2 (E11 F(ab)2) – mouse monoclonal antibody against human 

MHCII, F(ab)2 fragment 

 MEM-38  (E138) – mouse monoclonal antibody against human CD81 

 MEM-53 – mouse monoclonal antibody against human CD53 

 MEM-57 – mouse monoclonal antibody against human CD3 (isotype control 

IgG1) 

 MEM-62 – mouse monoclonal antibody against human CD9 

 MEM128 – mouse monoclonal antibody against human CD45 

 MEM-138 – mouse monoclonal antibody against human MHCII 

 MEM-146 – mouse monoclonal antibody against human CD8 (isotype control 

IgG2a) 

 MEM-188 – mouse monoclonal antibody against human CD56  

 SLP76/3 – mouse monoclonal antibody against SLP-76 protein 

-  Laboratory of Molecular Immunology, IMG AS CR 

 ezrin (3C12) – mouse monoclonal antibody against ezrin protein  

- kindly provided by A.Vaheri, Department of Pathology, University of 

Helsinki, Finland 

 CD19 (B-d3) – mouse monoclonal antibody against human CD19 protein 

- Kindly provided by J. Wijdenes, Innotherapie, Besançon, France 

 Lyn – mouse monoclonal antibody against human Lyn 

- Kindly provided by Petr Dráber, Laboratory of Signal Transduction, IMG 

AS CR, Prague, Czech Republic 
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3.1.9 Solutions 

 hypotonic buffer 

 42 mM KCl, 10 mM HEPES, 5 mM MgCl2, 1 mM Pefabloc, 1 mM Na3VO4, 

pH 7.4 

 TBS – TRIS-buffered saline 

 10 mM Tris, 150 mM NaCl, pH 7.5 

 TBS-Tween  

 10 mM Tris, 150 mM NaCl, pH 7.5, 0,05% Tween 20 

 PBS - phosphate buffered saline 

 1.9 mM NaH2PO4, 8.1 mM Na2HPO4, 154 mM NaCl, pH 7.2 

 Tris-HCl buffer 

 0.1 M Tris, 0.5M NaCl, pH 8 

 SDS-PAGE sample buffer, 2x concentrated, nonreduced 

 100 mM Tris-HCl pH 6.8, 20% glycerole, 4% SDS, 0.02% bromphenol blue 

 SDS-PAGE running buffer 

 250 mM glycine, 10 mM Tris, 0.1% SDS, pH 8.3 

 SDS-PAGE Separating gel solution 

 7.5% or 10% or 12% acrylamide – bis solution (29:1), 0.375 M Tris-HCl, 0.1% 

SDS, pH 8.8 

 SDS-PAGE Stacking gel solution 

 3.3% acrylamide – bis solution (29:1), 0.125M Tris-HCl, 0.1% SDS, pH 6.8 

 Western blotting buffer 

 48 mM Tris, 39 mM glycine, 20% methanol 

 Lysis buffer 

 20 mM Tris pH 7.5, 100 mM NaCl, 50 mM NaF, 10 mM Na4P2O7, 10 mM 

EDTA, 1 mM Pefabloc, 1 mM Na3VO4, 5mM iodoacetamide 

 Washing buffer 

 Lysis buffer with 0.1% detergent 

 Sol I  

 50 mM glucose, 25 mM Tris, 10 mM EDTA, pH 8.0 

 Sol II 

 1% SDS, 0.2 M NaOH 

 



 34

 Sol III  

 60 ml 3 M potassium acetate, 11.5 ml acetic acid, 28.5 ml H2O 

 TAE  

 40 mM Tris, 20mM acetic acid, 1 mM EDTA, pH 8 

 LB-Amp agar 

 LB media containing 100 µg/ml ampicillin + 1.5% agar 

 LB-Amp media 

 LB media containing 100 µg/l ampicillin 

 ACK buffer 

 4.145 g NH4Cl, 0.5 g KHCO3, 100 µl 0.5 M EDTA to 500 ml H2O 

 MACS buffer 

 PBS, 0.5% BSA, 2 mM EDTA 

 FACS buffer 

 PBS, 0.5% BSA, 0.1% NaN3 

 Blocking solution for microscopy (fixed samples) 

 PBS, 0.5% BSA 

 

3.1.10 Other material  

 microtubes safe lock 1,5 ml 

- Eppendorf, Hamburg, Germany 

 microtubes 1,5 ml 

- Axygen Scientific, Union City, Kalifornia, USA 

 tubes: 15 ml, 50 ml 

 Petri dishes  20 cm, 10 cm and 6 cm  

 tissue culture flasks: 25 cm2, 75 cm2, 150 cm2 

 tissue culture plates (6, 12, 24, 96 wells) 

- TPP, Trasadingen, Switzerland 

 bacterial plastic: Petri dishes  10 cm, plates (6, 12, 24 wells) 

 plastic Cell Strainer (70 µm) 

- BD Falcon, Franklin Lakes, New Jersey, USA 

 ultracentrifuge microtubes 1,5 ml 

- Beckman Instruments, Palo Alto, CA, USA 
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 Micro Bio-Spin column 

- Bio-Rad Laboratories, Richmond, VA, USA  

 Lab-Tek™ Chambered Coverglass 

- Nunc, Thermo Fisher Scientific, Rochester, New York, USA 

 Marienfeld Superior microscopic glass slide and cover glass  10 mm 

- Paul Marienfeld, Lauda-Koenigshofen, Germany  

 Saran foil 

- Dow Chemical, Midland, MI, USA 

 Chromatography paper Whatman 17 CHR 

- Whatman, Maidstone, England 

 PVDF Immobilon-P 

- Millipore, Bedford, USA 

  MXB Film Kodak 

-  Kodak, Rochester, NY, USA 

 Protein A Sepharose Fast Flow, Protein G Sepharose Fast Flow, Protein A 

Sepharose CL4B 

- GE Healthcare Bio Sciences AB, Uppsala, Sweden  

 anti-FITC microbeads, CD14 microbeads human 

- Miltenyi Biotec, Bergisch Gladbach, Germany 

 

3.1.11 Laboratory devices 

 Vortex Genie 2 

- Scientific Industries, New York, USA 

 OptimaTM MAX-E Ultracentrifuge 

- Beckman Instruments, Palo Alto, CA, USA 

 spectrophotometer Eppendorf Biophotometer plus, centrifuges Eppendorf 5810R, 

5415D, 5417R, Thermomixer 5436, Thermomixer comfort 

- Eppendorf, Hamburg, Germany 

 Bioer XP cycler 

- Bioer, Hangzhou, China 

 SDS-PAGE device Mighty Small II; Transblot device for Western blotting 

- Hoefer Scientific Instruments, San Francisco, CA, USA 
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 SDS-PAGE device Biorad Mini Protean III apparatus 

- Bio-Rad Laboratories, Richmond, VA, USA  

 Confocal microscope Leica TCS SP5, microscope Leica DMI6000 with TIRF 

- Leica Microsystems Heidelberg GmbH, Mannheim,Německo 

 Transluminator 

-  Herolab, Wiesloch, Německo 

 Flow cytometer BDTM FACSCalibur and BDTM LSRII 

- BD Biosciences, San Jose, CA, USA 

 developer device FOMEI Optima 

- Fomei, Hradec Králové, CR 

 Fujifilm LAS-3000 Imager 

- Fujifilm, Tokyo, Japan 

 Ultrasonic Homogenizer – 4710 Series 

- Cole – Parmer Instrument Co, Vernon Hills, IL, USA 

 Electrophoresis Power Supply 

- Amersham pharmacia bitech, Uppsala, Sweden 

 set of pipets 

- Gilson, Middleton, USA 
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3.2 Methods 

3.2.1 Cell culture 

Primary cells and cell lines of human origin (THP-1, Ramos) were cultured in RPMI, 

while mouse cells (primary cells and cell lines J774.2 P6, Phoenix-Eco and Phoenix-

Ampho) were kept in DMEM, both supplemented with 10% FCS (foetal calf sera) and 

antibiotics (penicillin 100 U/ml, streptomycine 100 µg/ml) (complete media). In some 

particular cases, such as differentiation of DCs or stimulation and maturation of cells, 

cytokines or other stimulants were added into the media. Adherent cells were removed 

from the supporting plastic with 2mM EDTA in PBS before using for an experiment.  

 

3.2.2 SDS-PAGE – Electrophoretic protein separation 
in polyacrylamide gel in presence of sodium-n-
dodecylsulfate 

Electrophoretic separation of proteins in polyacrylamide gel in reducing media is 

method of protein separation according to their molecular weight (MW). 

Samples were prepared by mixing cell lysates with 2x concentrated SDS-PAGE 

sample buffer (4x 2N SDS sample buffer) in volume ratio 1:1, reduced by adding 

1% DTT (dithiothreitol) or left nonreduced and boiled for 2 minutes at 95°C. 

Electrophoretic separations were carried out in Hoefer Mighty Small or Biorad Mini 

Protean III aparatus. According to expected molecular weight of analysed proteins, 10 

to 12% separating polyacrylamide gel (approximately 5 cm long) and stacking 

polyacrylamide gel (approximately 1.5 cm long) were used. Constant voltage of 120V 

was used for stacking gel and 140V for separating part of the gel.  

 

3.2.3 Western-blotting – electrophoretic transfer of proteins 

from polyacrylamide gel after SDS-PAGE to the PVDF 
membrane 

PVDF membrane (8.5 x 5 cm) was washed 10 minutes in methanol followed by 

10 minute incubation in solution for electrophoretic transfer of proteins (blotting 
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solution). Transfer itself took place in Transblot aparatus (Hoefer Scientific Instruments) 

in following arrangement - from cathode to anode: chromatography paper – PVDF 

membrane – gel – chromatography paper. The transfer was carried out under constant 

current 0.8 mA per cm2 of the gel for 75 minutes. 

 

3.2.4 Detection of proteins immobilized on PVDF membrane 

with specific antibody 

The entire procedure was performed at room temperature (RT). First, membrane was 

blocked 30 minutes by incubating in 5% milk or 5% bovine serum-albumin BSA in 

TBS-Tween – to block any areas on the membrane still available for non-specific 

adsorbtion. Next step was 35 minute incubation of the membrane in the solution of 

primary antibody, usually dissolved in ratio 1:200 to 1:2000 (depending on particular 

Ab) in 1% milk or 1% BSA (in case of 4G10 Ab) in TBS-Tween. Subsequently, 

membrane was briefly rinsed 3 times and then washed 2 times for 5 to 10 minutes with 

TBS-Tween. Incubation in the secondary antibody conjugated with horse-radish 

peroxidase, diluted in ratio 1:5000 to 1:20000 in 1% milk or 0.5% BSA in TBS-Tween, 

was carried out for next 30 minutes. Finally, membrane was again briefly rinsed 3 times 

and then washed 2 times for 15 minutes with TBS-Tween. Specifically bound antibody 

was detected via chemoluminiscence reaction followed by exposure with X-ray film 

(Kodak Medical X-ray General Purpose Blue, 13 x 18 cm). 

 

3.2.5 Fluorescence-activated cell sorting (FACS) 

Flow cytometry is a technique for sorting and counting small particles, like cells, by 

suspending them in a stream of fluid and passing them through an electronic detection 

apparatus. It allows simultaneous multiparametric analysis of the physical and/or 

chemical characteristics of up to thousands of particles per second. Differences in size, 

granularity and also fluorescence are detected. In this work, FACS was used mostly for 

analysis of expression of particular cell developmental markers or proteins of interest, 

and also for measuring of calcium response in leukocytes. 
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3.2.5.1 Sample preparation for FACS analysis 

Cells were collected, washed two-times in PBS, placed on ice and resuspended in 

suitable amount of 20% human AB sera, or 20% mouse sera or 2.4G2 Fc receptor 

blocking antibody in FACS solution, for human or mouse cells, respectively. After 

5 minutes incubation on ice primary antibody was added for 20 minutes. Subsequently, 

cells were washed two-times with FACS solution. When non-labelled primary antibody 

was used staining with fluorescently-labelled secondary Ab followed under the same 

conditions. Multi-colour staining with antibodies labelled with different fluorescence 

dyes was also used. When cells expressing constructs tagged with fluorescent proteins 

were analyzed, two washes in PBS were directly followed by the measurement Samples 

were analyzed on flow cytometer (BD FACSCalibur or BD LSRII). 

  

3.2.6 Magnetic-activated cell sorting (MACS) 

MACSTM is a method for separation of various cell populations depending on 

differential expression of their surface antigens. Magnetic microbeads coated with 

specific antibody bind to cells expressing given surface molecule. Next, magnetically 

labeled cells are separated from non-labeled cells on magnetic column. 

Cell mixture resuspended in sterile MACS solution (0.5% BSA, 2 mM EDTA in PBS) 

was incubated with antibody-coated magnetic microbeads (Miltenyi Biotec, 10 l of 

beads per 106 cells in 100 l) in the fridge 6°C/15 minutes (for primary cells double 

amount of beads was used). In some cases, cells pre-coated with FITC-labelled primary 

antibody were used in combination with anti-FITC microbeads (Miltenyi Biotec). Cells 

were subsequently washed two-times in cold MACS solution, resuspended in suitable 

amount of MACS solution and sorted on Miltenyi AutoMACS magnetic sorter (Miltenyi 

Biotec). 

 

3.2.7 Plasma membrane isolation  

Separation of particular cellular components (membrane, cytoplasm, nuclei) is used for 

detection of precise subcellular localization of a protein. Cells (9 x 107) were washed 

with cold PBS and resuspended in 500 l of cold hypotonic buffer. Subsequently cells 

were mechanically disintegrated by repeated (10x) passing of the cell suspension 



 40

through injection needle (25G). In the next step the suspension was centrifuged at low 

speed (400 x g, 10 minutes, 2°C), this led to the sedimentation of the nuclei-enriched 

fraction to the pellet. The supernatant was transferred to the new microtube and 

centrifuged at high speed (25000 x g, 10 minutes, 2°C). After this step the pellet 

contained large fragments of plasma membrane, while cytoplasmatic molecules, small 

organelles and small fragments of intracellular membranes remained in the supernatant. 

The supernatant was mixed 1:1 with 2x nonreduced SDS sample buffer. The pellets 

were resuspended in the same solution (the pellet of nuclear fraction had to be 

sonicated). All samples were reduced by adding 1% DTT, boiled (95°C/2’) and analysed 

by SDS-PAGE. 

 

3.2.8 Preparation of lysates from mouse tissues  

One month old mouse was sacrificed by cervical dislocation. Following tissues and 

organs were excised or separated by other methods described below and used to 

generate the lysates: lungs, brain, kidney, heart, liver, skin, thymus, skeletal muscle, 

small intestine, colon, testes, lymph nodes, spleen, stomach, bone marrow (BM), 

peripheral blood leukocytes (PBL). All organs except spleen, bone marrow and PBL 

were snap-frozen in liquid nitrogen and one after another moved into pre-cooled 

grinding mortar for homogenization. The resulting powder was moved into new 

microtubes and lysis buffer (TBS with 2% SDS) was added. Next, samples were 

incubated in Eppendorf Thermomixer 10-15’ at 99°C with concomitant mixing.  

Spleen was firstly passed through a plastic microsieve (BD Falcon Cell Strainer, 

70 µm) to gain a single cell suspension. Erythrocytes contaminating the sample were 

lysed with hypotonic buffer (1x ACK) (3 minutes/RT). The sample was diluted with 

PBS and centrifuged. After a single wash with PBS cells were lysed with TBS with 

2% SDS.  

Bone marrow was isolated from femurs as described in 3.2.10. Contaminating 

erythrocytes were not lysed to keep as many precursor cells as possible. Cells were 

washed with PBS and lysed in TBS with 2% SDS.  

PBL were isolated from blood. Blood was removed from heart immediately after 

sacrificing the mouse. Blood was spun down and mixed with hypotonic buffer 

(1x ACK) (10 minutes/RT). PBS was added to the cells and the resulting mixture was 

centrifuged. The pellet was then lysed in TBS with 2% SDS. 
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All lysates were centrifuged in ultracentrifuge (70000 x g/30 minutes/20°C). 

The supernatant was placed into a fresh microtube. Concentration of proteins in each 

sample was measured by spectrophotometer at 280 nm and then the lysates were diluted 

with lysis buffer to achieve equal protein concentration in all samples. Finally, samples 

were mixed 1:1 with SDS sample buffer and reduced with 1% DTT. 

 

3.2.9 Separation of human blood cell populations 

The centrifugation in density gradient of polysaccharide Ficoll-Paque is a standard 

method for isolation subpopulations of human blood cells (granulocytes, thrombocytes, 

mononuclear leukocytes – lymphocytes and monocytes). Human blood cells were 

acquired from “buffy coats” (BC) – part of blood preserve depleted of most of 

erythrocytes, enriched in leucocytes. Granulocytes must be isolated from fresh blood, in 

our experiment we used granulocytes from 15 ml of blood from a healthy donor.  

Whole procedure must be performed under the sterile conditions, using of rubber 

gloves and manipulation in sterile flow box. Outlet of blood preserve, as well as scissors 

used for opening of preserve, were sterilised with 70% ethanol. One BC was divided 

into two 50 ml tubes at approximately 25 ml. Blood in each tube was mixed with warm 

PBS to a final volume of 40 ml and overlaid over 10 ml of Ficoll PaqueTM PLUS in new 

50 ml tube. In case of granulocyte separation gradient of two separation media with 

different density was needed. The gradient consisted of (bottom to top) - 12 ml of 

Histopaque-1119, 12 ml of Ficoll-Paque PLUS, and 15 ml of fresh whole blood mixed 

with warm PBS. Tubes were then centrifuged (900 x g/30 minutes/RT) with reduced 

acceleration and deceleration. 

At the interface between the top two phases (Ficoll/plasma with PBS) an opalescent 

ring formed by a mixture of monocytes and lymphocytes was generated. Erythrocytes 

formed the pellet at the bottom of the tube. Granulocytes were recovered from the ring 

at the interface between Histopaque and Ficoll layers. Cells from each interface were 

carefully transferred into a new 50 ml tube and mixed with pre-warmed PBS. In this step 

cells from a single BC were pooled together in one 50 ml tube. Subsequently cells were 

centrifuged (650 x g/10 minutes/RT). After centrifugation of the cells from the upper 

interface (Ficoll/PBS) a pellet consisting of two phases was generated - lower layer 

formed by cells and upper layer of thrombocytes. Supernatant, together with 

thrombocytes, was removed and cells were resuspended in 50 ml of warm PBS and 
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centrifuged (400 x g/10 minutes/RT). The supernatant was used as a source of purified 

thrombocytes. The pellet acquired after the last spinning contained only monocytes and 

lymphocytes; this fraction is usually called peripheral blood mononuclear cells (PBMC).  

There are two ways how to separate monocytes and lymphocytes from PBMC, for our 

experiments we used both of them. The first one is adherence of monocytes on a plastic. 

PBMC from one BC resuspended in 40 ml warm complete RPMI media (with 10% FCS 

and antibiotics) were divided into two 15 cm Petri dishes (20 ml each). This large 

surface is important for proper adherence of monocytes, because they adhere most 

effectively in a single layer. Cells were left to adhere for 4 hours/37°C/5% CO2 in the 

incubator. Subsequently, non-adherent cells were removed by 3 washes with warm 

complete RPMI media and transferred into 50 ml tube. This fraction contained 

lymphocytes (approximately 70% T cells, the rest consisted of B cells and also NK 

cells). Monocytes remained attached to the bottom of the Petri dishes. 20 ml of warmed 

complete RPMI media were added to each Petri dish and the adherent cells were 

cultured 3 days. The third day the cells detached from the surface and could be used for 

and experiment. 

The second approach uses MACS separation. One BC was used for isolation of each 

cell subpopulation of human blood. PBMC from one BC were resuspended in 1 ml 

20% human AB sera in MACS solution and incubated 5 minutes on ice. Next, primary 

antibody was added – CD19 for isolation of B cells, CD3 for T cells, CD56 for NK cells 

and CD14 for monocytes. After 30 minutes incubation on ice cells were washed 2x with 

PBS and resuspended in 1 ml 20% human AB sera in MACS solution. Secondary 

antibody labelled with FITC was added and incubated 30 minutes on ice. Cells were 

washed 2x with PBS and from each tube a small sample was taken for FACS analysis of 

staining efficiency. The rest of the cells was resuspended in 1 ml of MACS solution 

(with 20% human AB sera if monocyte contamination had to be avoided) and anti-FITC 

magnetic microbeads were added. After 15 minutes incubation at 6 °C in the fridge the 

cells were washed 2x with MACS solution and each sample resuspended in 1.5 ml 

MACS solution. Labeled cells were separated by positive selection on Miltenyi 

AutoMACS magnetic sorter. The effectivity of sorting and the purity of each population 

were analysed by FACS. Usually the purity of isolated cells was around 90%. After 

sorting, cells were placed into warm complete RPMI media, ready for an experiment. 

Dendritic cells (DCs) were obtained by differentiation of MACS isolated monocytes 

in complete media containing IL-4 (10 ng/ml) and GM-CSF (100 ng/ml) for 8 days, 
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every two days half of the old media was replaced with the same amount of the fresh 

one. 

Thrombocytes were isolated from thrombocyte-enriched supernatant described above. 

First, the suspension was centrifuged at low speed (400 x g/10 minutes) to remove 

contaminating cells into the pellet. Supernatant was subsequently spun down at high 

speed (600 x g/10 minutes) to pellet thrombocytes. 

Erythrocytes were obtained from the pellet generated after Ficoll centrifugation. 

Erythrocytes contain large amounts of haemoglobin that causes complications to SDS-

PAGE separation as well as to the chemiluminiscence detection (due to its peroxidase 

activity). To avoid this problem for our biochemical experiments we used only purified 

erythrocyte membranes (red blood cell ghosts – RBC ghosts). One millilitre of 

erythrocytes was diluted with warm PBS and washed 2x with PBS (centrifuged at 

700 x g/10 minutes). Pellet was resuspended in 10 ml of 0.04% acetic acid and lysed 

3 minutes on ice. The ruptured erythrocytes were than washed with 0.04% acetic acid 

and 2x with PBS. Final pellet consisted of erythrocyte membranes. 

 

3.2.9.1 Preparation of lysates from human blood cell 

populations 

Human blood cell subpopulations were acquired as described above. Lysates were 

prepared by cell lysis in 1% SDS in TBS. In case of granulocytes special attention had 

to be paid, because they tend to degranulate easily. After removing granulocytes from 

interface of two ficolls they were placed immediately on ice. Cells were washed 2x with 

cold PBS, resuspended in 1 ml of distilled water and incubated 1 minute on ice. 

Suspension was then mixed with 10 ml of cold PBS and centrifuged. Cells were 

resuspended in 50 l of TBS and mixed with the same amount of 2% SDS in TBS 

heated to 99°C. The lysis must be very quick to avoid protein degradation. 

All lysates were spun down in ultracentrifuge (70000 x g/30 minutes) to remove any 

insoluble material. Protein concentration in each sample was measured on 

spectrophotometer at 280 nm. The samples were then diluted with 1% SDS in TBS to 

achieve the equal protein concentration, mixed 1:1 with SDS sample buffer and reduced 

with 1% DTT. 

 



 44

3.2.10 Isolation of mouse bone marrow cells and their 

differentiation into macrophages or DCs 

Mouse was sacrificed by cervical dislocation and washed with 70% ethanol. Both 

femurs and tibias were removed and placed into a PBS. All next steps were done in 

sterile flow box. Remaining muscles were carefully removed from the bone surface with 

sterile piece of gauze. Bones were then moved into 70% ethanol for 2 minutes to 

sterilize them and after that placed into sterile PBS to wash out remaining ethanol that 

could be toxic to isolated cells. Each bone was opened on both sides by cutting off caps 

by scissors and bone marrow cells were flushed out with complete media (RPMI or 

DMEM with 10% FCS and antibiotics) with injection needle (25G). Isolated cells were 

spun down and resuspended in hypotonic buffer (1x ACK) to lyse erythrocytes 

(5 minutes/37°C). The suspension was than mixed with PBS and centrifuged. Cells were 

resuspended in complete media and placed at four 10 cm bacterial Petri dishes into 

10 ml of media.  

Differentiation of cells into macrophages took place in complete DMEM media 

supplied with 20% supernatant containing M-CSF produced by L929 cells. 

For differentiation into dendritic cells complete RPMI media with 2% supernatant 

containing GM-CSF produced by LUTZ cells was used. In both cases, cells were 

differentiated for 6-10 days (5 days is enough for gaining already differentiated cells, 

but longer cultivation reduces contaminations with other cell types). Every 2 days the 

media was replaced by a fresh one – for the first time a fresh media of the same volume 

as already present in a Petri dish was only added, for all other cases half of the old 

media was replaced with the same amount of the fresh one. 

 

3.2.11 Isolation of human monocytes and their differentiation 
into DCs  

For some experiments human dendritic cells were used. They were prepared by 

differentiation of monocytes isolated from buffy coats by MACS separation as described 

previously (3.2.9).  
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3.2.12 Methods of molecular biology  

All constructs used for our experiments were prepared previously by Peter Dráber 

in pcDNA3 vector. However it was necessary to clone them into different vector 

suitable for retroviral infection (MSCV-IRES-Thy1.1). 

 

3.2.12.1 Restriction cleavage of DNA 

Restriction was carried out in reaction mixture containing 2-5 µg of DNA in final 

volume 30 l. Suitable buffers for restriction enzymes used for reaction were chosen 

according to manufacturer recommendation and whole restriction ran overnight at 37°C. 

 

3.2.12.2 DNA electrophoresis in agarose gel 

Agarose electrophoresis is used for separation of DNA fragments according to their 

length and allows their isolation from gel. 1% agarose gel prepared by boiling of 

agarose in TAE buffer and supplied with ethidiumbromide (0.5 µg/ml of the gel). 

Samples mixed with loading dye (Fermentas) were loaded onto stiff agarose gel and 

separated under constant voltage 100 V. Bands of separated DNA were visualised under 

UV light by fluorescence of DNA intercalated ethidiumbromide.  

 

3.2.12.3 Isolation of DNA from agarose gel 

Bands of appropriate size were cut out of the gel and recovered using commercial kit 

Zymoclean Gel DNA Recovery Kit (Zymo Research) according to the manufacturer’s 

instructions. 

 

3.2.12.4 DNA ligation 

Ligation serves to connect DNA fragments together, in our case short DNA constructs 

with linearized DNA vector. For this purpose, T4 DNA ligase, which catalyses 

formation of phosphodiester bond between phosphate on 5’ end and –OH group on 

3’ end of next nucleotide, is used. Ligation mixture (20 µl) contained short DNA 

constructs and linearized DNA vector in the ratio 10:1, commercial ligation buffer and 
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T4 ligase (1U/ µl, Fermentas). Mixture was incubated 2 hours at RT or overnight at 

16°C. Samples were than stored in - 20°C. 

 

3.2.12.5 Bacterial transformation 

Competent bacteria (Top 10) stored in suspension in - 80°C were slowly thawed on ice. 

50 µl of bacterial suspension per sample were supplied with 1 µl of the mixture resulting 

from the ligation reaction, gently mixed and incubated 30 minutes on ice. Next, bacteria 

were exposed to heat shock - 42°C for 45 seconds and immediately placed on ice for 

3 minutes. Subsequently bacteria were diluted in 1 ml LB media and incubated for 

30 minutes at 37°C under concomitant mixing (850 rpm). Volume of bacterial 

suspension was reduced by centrifugation to approximately 100 µl and spread out on the 

surface of LB agar supplied with suitable antibiotic on 10 cm Petri dish. Bacteria in Petri 

dish were cultivated at 37°C overnight bottom side up. 

 

3.2.12.6 Minipreparative isolation of plasmid DNA 

Selected bacterial colonies from Petri dishes were placed into 2 ml LB media supplied 

with particular antibiotics and incubated overnight at 37°C under concomitant mixing. 

Plasmids were isolated from bacteria using commercial kit JETquick Plazmid 

Purification Kit (Genomed) or by alkaline lysis.  

In case of isolation via alkaline lysis, bacterial suspension was centrifuged and pellet 

was resuspended in 100 µl SOL I solution, 200 µl of SOL II was added, mixed gently by 

rotating the tube and incubated 5 minutes/RT. Next, 150 µl of SOL III was added, again 

mixed gently by rotating the tube and incubated 5 minutes on ice. Subsequently, 

suspension was centrifuged at 25 000 x g for 5 minutes at 2°C. The supernatant was 

transferred into a fresh microtube and mixed with isopropanol (in ratio 1:1), incubated 

10 minutes in RT to precipitate DNA. Supernatant was then centrifuged at 25 000g for 

5 minutes/RT, pellet was resuspended in 200 µl of 75% ethanol and centrifuged again. 

Ethanol was removed, pellet was air-dried and then resuspended in 20 µl distilled water. 

Samples were stored in – 20°C. 
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3.2.12.7 DNA sequencing 

For sequencing commercial kit ABI PRISM® BigDyeTM Terminator Cycle Sequencing 

Kit (Applied Biosystems) was used. Whole procedure was carried out according to 

manufacturer recommendation followed by analysis of the mixture resulting from the 

sequencing reaction at the sequencing facility of IMB AS CR.  

 

3.2.13 Cell transfection  

Transfection is a procedure used to introduce an exogenous DNA construct into the 

target cells. Out of the available methods, in our experiments we used mainly lipofection 

and infection with retroviruses. 

  

3.2.13.1 Lipofection 

Cell transformation via lipofection is preferably used for adherent cells. For our 

experiments we used LipofectamineTM 2000 (Invitrogen). Transfections were performed 

according to manufacturer’s instructions.  

cDNA cloned into a suitable expression vector was diluted in serum-free DMEM 

without antibiotics (SF-DMEM, 12 g in appropriate volume in eppendorf tube). 

In another tube recommended amount of LipofectamineTM 2000 was diluted in the same 

volume of SF-DMEM. After 5 minutes incubation the entire contents of both tubes were 

combined and incubated for 20 minutes in the room temperature. During this time 

complexes of DNA and Lipofectamine were spontaneously formed. Meanwhile, 

complete media from adherent cells was replaced with fresh DMEM with 10% FCS 

without antibiotics in a volume that represented four times bigger amount than used for 

formation of complexes. After that media with complexes was added dropwise into 

media with cells and mixed by gently pushing the dish or plate back and forth. Cells 

were incubated 18 to 24 hours in CO2 incubator (37°C, 5% CO2). Next day, media was 

replaced with fresh complete media. 
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3.2.13.2 Retroviral infection 

Retroviral infection is quick and relatively easy way how to get stable transfected cells. 

Retroviruses are able to integrate its genetic information into the genome of infected 

dividing cell. This feature is exploited in method of retroviral infection. Special vector 

mimicking retroviral genetic information, but without genes encoding proteins that form 

viral capsula, is used (MSCV-IRES-Thy1.1 in our experiments). The viral proteins are 

produced in special cell line called packaging cells. We used this method for 

transfection of THP-1 cells (human myeloid cell line) and Ramos cells (human B-cell 

line), J774 cells (mouse myeloid cell lines) and for primary mouse cells (macrophages). 

Appropriate cDNA cloned into MSCV-IRES-Thy1.1 vector was firstly introduced into 

packaging cells (NX-Eco when we wanted to infect mouse cells, or NX -Ampho for 

human cells) via lipofection as described above (3.2.13.1). Day after lipofection media 

was replaced with fresh complete media – type of media was chosen according to the 

cells to be infected and NX cells were allowed to produce viral particles till the next 

day. Second and third day after lipofection packaging cells produced the highest amount 

of viral particles. The media collected from NX cells at these days was directly used to 

infect target cells. The media containing viral particules was collected and centrifuged at 

300 x g/5 minutes to remove the cell debris. The virus-containing supernatant was 

mixed with Polybrene (concentration depended on the cells to be infected; usually 4-10 

g/ml) and added carefully dropwise onto adherent cells or used to resuspend pellet of 

cells in suspension. Polybrene improves the infection efficiency, because it neutralizes 

the charge repulsion between virions and sialic acid on cell surface. All manipulations 

were carried out under sterile conditions, and, especially in case of amphotropic virus 

that infects human cells, in a special flow box wearing special gloves and coat. After 

addition of the viral supernatant, cells in the dishes or plates were centrifuged 

(2500 rpm/90 minutes/30°C) and then placed into CO2 incubator. In case of primary 

cells, equal amount of fresh complete media supplied with grow factors was added to 

the viral supernatant after centrifugation. To obtain the best results, the whole procedure 

was repeated with viral supernatant collected from packaging cells third day after 

lipofection. Day after the last round of infection, viral supernatant was replaced with 

fresh complete media and cells were cultivated for next 3 days. The efficiency of 

infection was measured on FACS. In case of GFP – tagged construct expression of GFP 

was measured, for other constructs expression of marker Thy1.1 was detected using 



 49

anti-Thy1.1 antibody. Positive cells, approximately 30%, were isolated via MACS 

separation by using anti-Thy1.1-FITC antibody and anti-FITC beads and further 

propagated as stable-expressing cell lines. Infected primary cells were not sorted and 

used immediately for experiments.   

 

3.2.14 Preparation of samples for microscopy 

Localization of proteins on single cells under specific conditions was detected by 

fluorescent microscopy. For our experiments we used fixed cells as well as live imaging. 

 

3.2.14.1 Fixed cell samples 

The first step in preparing specimen of fixed cells is adhering cells on a cover glass. 

For adherent cells like macrophages overnight cultivation in a well of a 24-well plate 

together with sterile cover glass was sufficient. For cells grown in suspension 

modification of cover glass with poly-L-lysine or fibronectin to induce adhesion of these 

cells to the glass surface was used. These modifications can be used also for adherent 

cells. For precoating cover glass with fibronectin we used fibronectin (50 g/ml) diluted 

in PBS, 100 l of solution per glass was dropped onto 10 mm cover glass and allowed to 

dry (37°C/ 2 hours). Crystals of salt were then washed away with PBS. For coating with 

poly-L-lysine, 100 l of poly-L-lysine solution (50 g/ml in distilled water) was spread 

over each cover glass. After one hour cover glasses were washed 3x with distilled water 

and air-dried. 

Cover glasses were placed into wells of 24-well plate and washed 2x with PBS. 

3 x 105 cells in 500 l complete media were added into each well and allowed to adhere 

for 1 hour/37°C. Subsequently, media was removed and cells were immediately fixed 

with 4% paraformaldehyde (15 minutes/RT). Cover glasses were then washed 3x with 

PBS. For intracellular staining, cells were permeabilized with 0.1% Triton X-100 

in 0.2% BSA in PBS (5 minutes/RT) and washed again 3x with PBS. Blocking solution 

(0.5% BSA in PBS) supplied with 10% mouse or human AB sera was added to the wells 

with cover glasses and incubated 10 minutes/RT. Blocking solution was then replaced 

with primary antibody (100x diluted in 0.5% BSA in PBS) and incubated 

30 minutes/RT. Next the samples were washed 3x with 0.5% BSA in PBS and incubated 
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with secondary antibody labelled with fluorescent label (1000x diluted in 0.5% BSA 

in PBS) 30 minutes/RT. After washing 3x 3 minutes with 0.5% BSA in PBS the samples 

were mounted in moviol solution supplied with 2% DABCO and Hoechst (34580) and 

allowed to dry overnight. Next day, specimens were used for microscopic analysis 

on fluorescent microscope. 

 

3.2.14.2 Live imaging 

For observing live cells (e.g. J774 cells) transfected with Nvl-GFP, we used Lab-Tek™ 

chambered coverglass (Nunc, Thermo Fisher Scientific). Cells in complete media were 

allowed to adhere on the surface of LabTech wells for 2 hours/37°C. LabTech wells 

with cells were then moved to the fluorescent microscope. In some experiments a 

chemoattractant to induce migratory phenotype (fragment of complement protein C5a, 

10 nM) was added into the wells and changes in Nvl localization during cell migration 

were monitored by acquiring images of cells in 30 second intervals.  

 

3.2.14.3 Superantigen-induced immunological synapse 
between APCs and T cells  

Superantigens (usually staphylococcal enterotoxin E (SEE) or A (SEA)) are used to 

induce formation of strong immunological synapse (IS) between APC and T cell. 

Superantigens work as a “glue” between MHCII on APC and TCR independently of 

bound peptide and irrespective of TCR specificity. We used this approach to observe IS 

between THP-1 cells trasfected with Nvl-GFP (APC) and Jurkat cells (T cell).  

THP-1 cells were incubated 3 days in 50% supernatant from CD3/CD28 activated 

PBL in complete media to induce increased expression of MHCII on the cell surface. 

2 x 106 cells were then spun down and resuspended in complete RPMI media. 

Superantigen SEE in concentration 1 g/ml was added and cells were incubated 

40 minutes/37°C. The same amount of cells was incubated without superantigen and 

used as a control. Meanwhile, 10 x 106 Jurkat cells were washed 2x with PBS, 

resuspended in PBS with DDAO stain (1 g/ml) and incubated 15 minutes/RT. DDAO 

is used for whole cell labelling, because it binds non-specifically to cellular proteins. 

Both cell types, THP-1 and Jurkat, were washed 2x and resuspended in complete RPMI 

media. Cells were mixed together in volume ratio 1:1 (cell ratio THP-1: Jurkat was 
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approximately 1:2), centrifuged (100 x g/3 minutes) and kept in pellet 

for 10 minutes/RT to facilitate intercellular contact formation. Subsequently, cells were 

gently resuspended and mixed with complete media in LabTech wells. Formed 

immunological synapses were observed in fluorescent microscope – Nvl-GFP in GFP 

channel, DDAO in Cy5 channel. 

 

3.2.15 Immunoprecipitation, co-immunoprecipitation  

Immunoprecipitation is a method for isolation of a particular protein from the whole cell 

lysate using specific antibody. It is also possible to co-immunoprecipitate proteins that 

associate with the protein of interest. For successful immunoprecipitation either specific 

antibodies, against precipitated protein, or antibodies against a peptide tag fused to the 

protein of interest (e.g. myc, FLAG, His tag), are added to the cell lysate. Proteins 

labelled with an antibody are then isolated form the whole cell lysate on sepharose beads 

conjugated with Protein A (for rabbit antibodies and mouse IgG2a) or Protein G (for 

mouse IgG1) that specifically bind Fc parts of antibodies. In our experiments we used 

specific antibodies against mouse and human form of Nvl produced in our lab, and anti-

myc antibodies for isolation of Nvl fused with myc-tag. 

Whole procedure was carried out on ice and/or in the cold room (4°C). In the first step 

cells were centrifuged and the pellet was resuspended in the lysis buffer containing mild 

detergent, usually in 1% laurylmaltoside (LM). For some experiments 1% Brij 98 or 1% 

CHAPS were also used. Lysis solution contained a set of inhibitors (1 mM Pefabloc – 

inhibitor of serine proteases, 5 mM iodoacetamide – alkylation reagent, inhibitor of 

phosphatases, cysteine proteases and some other enzymes, and 1 mM sodium 

orthovanadate – inhibitor of tyrosine phosphatases) to avoid protein degradation and 

dephosphorylation. Cells were lysed 30 minutes (for 1% LM; for milder detergents 

45 minutes) on ice. The resulting lysate was centrifuged (25000 x g/10 minutes/2°C) to 

remove insoluble debris and the supernatant was transferred to the new microtube. 

When preclearing procedure was used, Protein A or G beads were added to the 

supernatant, and then treated as described below for beads precipitating specific protein. 

This procedure served to remove at least part of the non-specifically binding proteins as 

well as to detect these proteins. The sample obtained from these beads thus served as 

one of negative controls. After removal of preclearing beads, the specific antibody was 

added to the rest of the supernatant followed by 15 minutes incubation on the rotating 
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platform in the cold room. Subsequently, Sepharose beads (15-20 l) coated with 

Protein A or G (the same kind as used for preclearing procedure) were washed 2x in 

PBS, resuspended in a small amount of the lysis solution, and added to the samples. For 

1% LM lysates, Ultralink Protein A Sepharose or Protein A Sepharose Fast Flow were 

used. For lysates prepared with the other detergents Protein A/G Sepharose Fast Flow or 

Protein A Sepharose CL4B were used. Lysates with sepharose beads were rotated in the 

cold room for approximately 1.5 hour. Next, the mixture was centrifuged to pellet the 

beads, small sample of supernatant (30-40 l) was put in separate microtube (flow 

through fraction) and the rest of the supernatant was discarded. Sepharose beads were 

then resuspended in 0.5 ml washing buffer and transferred to Micro Bio-spin column 

(Bio-Rad). Columns were inserted into 2 ml microtubes and centrifuged 

(5000 rpm/1 minute/2°C). The liquid that flew through was discarded and 0.5 ml 

washing buffer was again loaded on the spin column to wash the beads. This step was 

repeated 5x with the last centrifugation prolonged to 2 minutes. To elute the precipitated 

protein, 65 to 85 l of SDS sample buffer was loaded onto the column, incubated 

5 minutes/RT and spun down (7500 rpm/2 minutes/RT). Samples of whole lysate (lys) 

preserved throughout the experiment and flow through fraction (FT) were mixed 1:1 

with SDS sample buffer. All samples were then reduced with 1% DTT and boiled 

2 minutes/95°C.  

 

3.2.16 Activation of the cells   

3.2.16.1 Pervanadate treatment 

The principle of this method is artificial activation of the cells via strong induction of 

protein tyrosine phosphorylation. This non-specific phosphorylation is achieved by 

nearly complete inhibition of activity of protein tysosine phosphatases by pervanadate 

(PV) that is generated in reaction of vanadate with hydrogen peroxide. Inhibition of 

phosphatases disturbs the balance between kinases and phosphatases in favour of 

kinases.  

Cells were washed and resuspended in media without FCS and antibiotics. 

10x concentrated PV was generated by mixing 150 l 0.1 M sodium orthovanadate with 

15 l 30% hydrogen peroxide and 1350 l distilled water to a final volume 1.5 ml. This 

mixture was incubated 10 minutes/RT. Cells in microtubes were placed into 37°C and 
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150 l of 10x PV was added to each 1.5 ml of cell suspension (10x diluted) and 

incubated 20 minutes/37°C. Microtubes were then placed for 1 minute on ice-water bath 

to cool the cell suspension down and stop the reaction. Subsequently, cells were 

centrifuged in cold centrifuge and lysed as described above (3.2.15). 

 

3.2.16.2 Activation of cells via specific receptors 

This kind of activation is more physiological then the previously described one 

(3.2.16.1), because it leads to specific triggering of particular surface receptors in a 

manner closely resembling the physiological situation. 

Cells could by activated in one step by simple adding of specific antibody against the 

receptor and incubated for given time at 37°C, or in two steps when cells were initially 

stained with specific primary antibody for 20 minutes on ice, then washed 2x with ice-

cold media (without FCS and antibiotics) and resuspended in warm media supplied with 

secondary antibody to cross-link primary antibody pre-bound to the cell surface, and 

incubated again for given time at 37°C. Activation was stopped by placing cells for 

1 minute in ice-water bath followed by centrifugation and lysis in particular detergent, 

or by adding SDS sample buffer in a volume equal to the volume of the cell suspension.  

 

3.2.16.3 Activation of cells after treatment with SFKs inhibitor 

The activation itself was carried out as described above (3.2.16.2), but cells were before 

adding activational antibody incubated for 5 minutes/37°C in SFKs inhibitor PP2 

(Calbiochem). The inhibitor was then present in cell suspension during whole procedure 

of activation. 

 

3.2.17 Nvl depletion via RNA interference 

This method is used to achieve significant reduction in the amount of a particular protein 

in the cell by depleting its corresponding mRNA via mechanism known as RNA 

interference. In principle, specific siRNA complementary to mRNA coding for protein 

of interest targets specialized protein machinery to degrade mRNA of this protein. As a 

result this mRNA is not available for translation and production of target protein 
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decreases. siRNA can be introduced into the cells in the form of oligonucleotides or as a 

hairpin that is further processed in the cytoplasm. 

In our experiments we carried out knock-down experiments in primary dendritic cells, 

mouse (differentiated for 5 days) as well as human (differentiated for 8 days). We used 

two specific oligonucleotides against mouse form of Nvl obtained from Ambion, as well 

as the mixture of four specific oligonucletotides against human Nvl obtained from 

Thermo Scientific Dharmacon (ON-TARGETplus SmartPool). RNA oligonucleotides 

were introduced into cells via lipofection using Lipofectamine RNAiMAX (Invitrogen) 

for mouse cells, or DharmaFECT4® siRNA Transfection reagent (Thermo Scientific 

Dharmacon) for human cells. Lipofection was carried out as described above (3.2.13.1) 

with siRNA oligonucleotide concentrations 18 pmol for mouse cells, and 100 nM ON-

TARGETplus SmartPool for human cells. Complexes of RNAi and lipofection solution 

were prepared in Opti-MEM media (Invitrogen) and cells were transfected in DMEM 

media with 10% FCS without antibiotics supplied with growth factors (2% supernatant 

containing GM-CSF produced by LUTZ cells for mouse cells; IL-4 (10 ng/ml) and GM-

CSF (100 ng/ml) for human cells). Cells were used for experiments three days after 

lipofection. 

 

3.2.18 Measurement of cytokine production by intracellular 
staining 

The 24-well non-tissue culture treated plates pre-coated with specific antibodies were 

prepared day before. All antibodies used – anti I-A/I-E-biotin, isotype control (SLP76/3 

IgG2b) and Chrompure mouse IgG, were diluted separately in PBS at concentration of 

10 µg/ml. Subsequently, this solution was placed into the wells, 200 µl per well. The 

antibody was allowed to adhere on plastic o/n in a fridge. Next day, unbound antibody 

was washed away by fresh PBS. Mouse primary dendritic cells were washed and 

resuspended in complete RPMI media supplied with Brefeldin A (1 µg/ml). Brefeldin A 

inhibits transport of proteins from endoplasmatic reticulum to Golgi and induces 

retrograde protein transport from the Golgi apparatus to the endoplasmic reticulum that 

leads to protein accumulation in this organelle and inhibition of secretion. Cell 

suspension was than distributed into all wells with pre-coated antibodies, 8 x 104 cells in 

500 µl media per well. At the indicated time-points (4 and 6 hours) adherent cells were 

removed from plastic with EDTA, washed in PBS and fixed by 
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Fixation/Permeabilization solution (Fixation/Permeabilization, eBiosciences) for 

20 minutes on ice. Cells were than washed again by PBS and stored in PBS o/n in 

fridge. Third day, all samples were placed on 96 well plate on ice, washed in 

Permeabilization buffer, followed by 30 minutes staining with specific fluorescently 

labelled antibodies against TNFα (TNFα-PE) and CD11c (CD11c-APC) diluted in 

Permeabilization buffer. Non-specific binding was prevented by pre-incubation of cells 

with FcR blocking antibody 2.4G2. Subsequently, cells were washed 3x with 

Permeabilization buffer and fluorescence intensity was measured on BD LSRII flow 

cytometer.  

 

3.2.19 Densitometric quantification of band intensities on 
immunoblots 

Samples separated by SDS-PAGE (3.2.2) were transferred to PVDF membrane (3.2.3). 

Proteins of interest were labeled by specific antibody and visualized via 

chemoluminiscence reaction (3.2.4) followed by detection on LAS-3000 Imager 

(Fujifilm). The intensity of particular bands was than analysed by AIDA Image analyser 

software (Raytest - Isotopenmessgeraete). 

 

3.2.20 Statistical analysis  

Results from RNA interference experiments were subjected to statistical analysis. The 

data from three independent experiments were collected and analysed using Microsoft 

Excel one-tailed T-test for two selections with the same variance. Obtained p-values 

determined the statistical relevance. 
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4. Results 

4.1 Membrane localization of Nvl 

Analysis of Nvl amino acid sequence found in public databases suggested that Nvl is a 

transmembrane protein. In order to confirm this for the real protein we applied two 

independent approaches. First one was biochemical proof of Nvl presence in cellular 

membranes. We used Ramos cells, a human B cell line previously tested for Nvl 

expression, lysed them in hypotonic buffer and separated cytoplasmatic, nuclear and 

membrane fractions by differential centrifugation. Nvl was detected only in the 

membrane fraction (Fig. 6A).  

For detection of Nvl localization on the cellular level fluorescent microscopy was 

used. Since our antibodies against Nvl are not suitable for microscopy, we transfected 

the cells of myeloid cell line J774 with Nvl-GFP fusion protein and followed its 

localiztion by fluorescence microscopy. As shown in Fig. 6B Nvl-GFP fusion protein 

was found mostly at the cell surface. These data strongly suggest that Nvl is a 

transmembrane protein localized mainly to the plasma membrane. 

 

 

 
 
 

Fig. 6 Membrane localization of Nvl 

A. Ramos cell lysates prepared by hypotonic lysis were separated into cytoplasmic (Cytopl), 

nuclear (Nuc) and membrane (Mem) fraction and analyzed by immunoblotting with specific 

antibodies against Nvl, NTAL and ERK.  

B. J774 cells stably transfected with Nvl-GFP were observed on confocal microscope - Nvl 

(red), nucleus (blue).  
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4.2 Nvl expression profile 

Based on the data from Gene Atlas (http://biogps.gnf.org) expression of the gene coding 

for human Nvl (gene name C17orf87) was on mRNA level detected in monocytes and 

myeloid cells, B cells and to a very low extent also in NK cells (Fig. 7).  

 
 

Fig. 7 Expression profile of the gene coding for human Nvl  

Data from Gene Atlas (http://biogps.gnf.org), gene name C17orf87 
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We wanted to verify this prediction also at the protein level. For this purpose we 

prepared lysates from different mouse organs and tissues and checked for Nvl protein in 

these samples on western blot. We found that Nvl is present almost exclusively in 

tissues and cells of the immune system including PBL, spleen, lymph nodes, thymus, 

bone marrow and bone marrow-derived macrophages and dendritic cells (Fig. 8A). 

In contrast, very little Nvl could be detected in all the other tissues with the exception of 

lung. We think it’s because of presence of large amount of macrophages in this tissue 

that is in a close contact with potential pathogens from the air and accordingly must be 

well defended. Collectively, all the available expression data suggest that Nvl is 

expressed predominantly, if not exclusively, in the cells of the immune system.  

In the next step we wanted to find out in which type of immune cells Nvl is exactly 

present. For this we decided to separate particular leukocyte populations from human 

blood. Cells were isolated from buffy coats or whole fresh blood of healthy donors. 

Presence of Nvl in the cell lysates was again checked on western blot. In agreement with 

the data from Gene Atlas, Nvl was detected in samples of B cells, monocytes and 

surprisingly to the highest extent in dendritic cells derived from monocytes (Fig. 8B). 

No significant presence of Nvl was observed in T cells, granulocytes, NK cells, 

erythrocytes and platelets. Moreover, the expression of Nvl nicely correlated with the 

expression of MHCII molecules leading to the conclusion that Nvl is expressed only in 

professional antigen presenting cells (APCs). This strictly limited expression gave us a 

good reason to speculate that the role of Nvl could be connected to some specialized 

function of APCs, like collecting antigens from outside of the cell, antigen processing 

and/or presenting on the cell surface. This work is mainly dedicated to Nvl 

characterisation and describing its possible function in professional antigen presenting 

cells of the myeloid lineage. 
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Fig. 8 Expression profile 

A. Lysates from mouse tissues and B. 

Lysates from different populations of 

human blood cells were analyzed by 

immunoblotting with specific antibodies 

against Nvl, GAPDH and MHCII. 

 

4.3 Changes in Nvl expression 

Similar to other cells of the immune system, myeloid cells are known to pass through 

several different stages during their development, differentiation and activation. 

Transition from one stage to another often depends on stimulation of the cell with 

soluble factors and/or contact with other cells. First, we wanted to test whether Nvl 

expression changes in differentially stimulated cells. For stimulation of cells we selected 

IL-4, IFN, LPS (all in concentration 10 ng/ml), GM-CSF (100 ng/ml) and their 

combinations, all of them well described stimulants of myeloid cells that induce their 

activation and/or differentiation. Human monocytes isolated from a fresh buffy coat 

were treated with these stimulants for two days, except LPS that was added for one day 

only. The same experiment was done also with mouse macrophages differentiated from 

the bone marrow for 7 days in the presence of M-CSF (BMDM). We found out that Nvl 

expression in human cells significantly increased after treatment with IL-4, IL-4 

combined with GM-CSF, and to a lesser extent after incubation with IFN. In mouse 

macrophages Nvl expression increased mostly after treatment with GM-CSF or 

combination of GM-CSF and IL-4 (Fig. 9A). Moreover, in human cells the increased 

expression of Nvl well correlated with specific increase in the expression of MHCII. We 

could not prove this also for mouse cells, because of the lack of the antibody against 

mouse MHCII suitable for immunoblotting. In agreement with higher amount of MHCII 
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protein levels in the cell lysates, its presence at the cell surface also increased in cells 

treated with IL-4, or IL-4 with GM-CSF as detected by flow cytometry (Fig. 9B).  

It seems that Nvl expression increases after stimulation of cells with cytokines that 

induce differentiation into dendritic cells in both human and mouse cells. In human 

cells, it is IL-4 that is mainly responsible for this effect, while in mouse cells GM-CSF 

seems to be more important. 

  

 
  
Fig. 9 Changes in Nvl expression after incubation with stimulants 

Human monocytes and murine bone marrow derived macrophages (BMDM) were incubated 

for two days with IL-4, IFN (both 10 ng/ml), and GM-CSF (100 ng/ml); LPS (10 ng/ml) was 

added one day later.  

A. Cells were lysed and samples were separated on SDS-PAGE. Specific bands were 

visualised with antibodies against Nvl, MHCII, FcR and Erk.  

B. Surface expression of MHCII on human monocytes was analyzed by flow cytometry. Red 

line – nontreated cells, blue line – cells treated with a particular stimulant. 

 

4.4 Changes in Nvl localization after cell polarization 

Ability to phagocytose is one of characteristics of professional APCs. Hence, we wanted 

to know whether Nvl could be involved in this process. To test this, we generated J774 
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cells stably transfected with Nvl-GFP via retroviral infection. In our experiments, we 

were not able to observe any specific translocation of Nvl during multiple kinds of 

phagocytosis (data not shown). However, during these experiments we observed that in 

some cells Nvl was localized to the one pole of the cell. These cells typically showed 

polarized morphology of migrating cells with well distinguished leading edge and 

uropod with Nvl localized to the uropod. To increase the number of polarized cells in 

our sample we tried to polarize the majority of cells with the chemo-attractant C5a (the 

fragment of the complement protein C5) and observed these cells on the fluorescent 

microscope (live imaging). After adding a chemo-attractant some cells started to move, 

in these migrating cells Nvl relocalized into the trailing edge of the cell to uropod 

(Fig. 10).  
 

 
 
Fig. 10 Localization of Nvl in migrating cells 

J774 cells stably transfected with Nvl-GFP were incubated with chemo-attractant (C5a). 

Migration was monitored by acquiring images of cells in 30 second intervals. In polarized cells 

Nvl was relocalized into the basal part of the cell in the uropod. Upper panel – GFP signal, 

lower panel – bright field. 
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Another remarkable relocalization of Nvl was observed in dividing cells. Before 

division Nvl was evenly distributed on the cell surface, when the division proceeded, 

Nvl started to concentrate into a cleavage furrow between the two newly formed cells. 

When separation of both cells was nearly completed, Nvl again spread evenly over the 

entire cell surface (Fig. 11). 

Both cell migration and division are examples of cell polarization. Nvl present in 

plasma membrane changes its localization during these events. However it is still a 

question how this is related to specific Nvl function. 

 

 
 
Fig. 11 Localization of Nvl in dividing cell 

Spontaneous division of J774 cells stably transfected with Nvl-GFP was monitored by 

acquiring images in 30 second intervals. Nvl relocalized into the cleawage furrow. Upper panel 

– GFP signal, lower panel – bright field. 

4.5 Colocalization with tetraspanins 

To get better idea about the interactions that are responsible for Nvl polarization we 

searched the available literature for proteins with similar behaviour. Among these 
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proteins we found several members of tetraspanin family (Sala-Valdes et al., 2006; 

Ziyyat et al., 2006). Tetraspanins form large family of cell surface membrane proteins 

characterized by four transmembrane domains and several other conserved features. In 

spite of the fact that tetraspanins are palmitoylated, the feature typical for proteins 

localized in lipid rafts, they are not present in classical rafts. In contrast, they were 

shown to organize a different type of cell surface membrane microdomains – tetraspanin 

enriched microdomains (TEM). Nvl also contains palmitoylation motif in its sequence 

and we experimentally proved that it is palmitoylated (data of P. Otáhal). Strikingly, our 

data from gel filtration and flotation in sucrose gradient showed that Nvl is not present 

in classical lipid rafts. Instead, behaviour of Nvl on gel filtration and flotation in sucrose 

gradient was very similar to the distribution observed for tetraspanins (experimental data 

of T. Brdička). Hence, there was a reasonable possibility that Nvl could be present in 

TEMs.  

First, we analyzed colocalization of Nvl with tetraspanins in the uropod. THP-1 cells 

stably transfected with Nvl-GFP placed on cover glass precoated with fibronectin were 

fixed and stained with specific antibodies. Spontaneously polarized cells were observed 

on fluorescent microscope. Nvl colocalized in uropod with tetraspanin molecule CD9, 

whereas CD45, a negative control, was distributed over the entire surface of the cell 

(Fig. 12A). As a positive control we used ezrin, a protein well known to localize in the 

uropod. 

In the next step we wanted to find out, if Nvl directly associates with tetraspanins. 

It was shown that TEMs are resistant to mild detergents like Brij 98 or CHAPS. We 

isolated monocytes from 4 buffy coats and differentiated them to dendritic cells. 

Subsequently, the cells were lysed in 1% CHAPS to keep TEMs intact and specific 

antibodies against several tetraspanins (CD9, CD53, CD81) were used for precipitation. 

To control for non-specific binding irrelevant antibodies of the same isotype were used 

(anti-CD8 (IgG1), and anti-CD3 (IgG2a)). Nvl specifically co-precipitated with CD53 

and CD81 (Fig. 12B) while NTAL, typical transmembrane adaptor protein present in 

lipid rafts, did not interact with any tetraspanin included in the test. On the other hand 

we were able to co-precipitate MHCII molecule with tetraspanin CD81. The presence of 

MHCII in TEMs has been already described (Angelisova et al., 1994; Engering and 

Pieters, 2001; Rubinstein et al., 1996), so MHCII served as a positive control in our 

experiment confirming its specificity. 
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We could conclude that Nvl is localized on cell surface in TEMs with direct 

association with at least some members of tetraspanin family (CD53, CD81). 

 

 
 
 
Fig. 12 Nvl as a part of tetraspanin enriched microdomains 

A. Colocalization of Nvl with tetraspanins in the uropod of spontaneously polarized THP-1 

cells stably transfected with Nvl-GFP. Localization of CD9, ezrin (positive control) and CD45 

(negative control) was detected with specific antibodies and common secondary antibody 

(GAM-A568).  

B. Direct association of Nvl with tetraspanins. Human DCs were lysed in 1% Brij 98 and 

antibodies against tetraspanins CD53, CD9 and CD81 and also isotype controls (IgG1 and 

IgG2a) were used for immunoprecipitation. Specific bands were visualised by immunoblotting 

with antibodies against Nvl, CD81, CD53, MHCII and NTAL. 

 

4.6 Localization of Nvl into immunological synapse between 
APC and T cell 

As mentioned earlier, Nvl changes its localization during cell polarization. A specialized 

type of cell polarization that occurs in APCs is formation of immunological synapse (IS) 

between APC and T cell. Both tetraspanins and MHCII molecules were shown to 

localize into immunological synapse (Mittelbrunn et al., 2002). In order to find out 

whether localization of Nvl changes also during IS formation we created artificial IS 

between superantigen (SEE) loaded THP-1 Nvl-GFP cells and Jurkat T cells stained 
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with DDAO. We observed that Nvl is recruited almost quantitatively to the interface 

between APC and T cell after IS formation (Fig. 13).  

Nvl, together with MHCII, is present in TEMs and both localize to the APC side of IS. 

Hence, it is possible that Nvl plays some role in the formation of IS or in signalling 

triggered at the IS on the side of APC. 

 
 

 
 
Fig. 13 Localization of Nvl into immunological synapse 

THP-1 cells stably transfected with Nvl-GFP were incubated for two days in 50% supernatant 

from CD3/CD28 activated PBL to induce higher expression of MHCII. Cells were then loaded 

with superantigen (SEE) and incubated with Jurkat cells pre-stained with DDAO. Formed 

immunological synapses were observed in fluorescent microscope. Green – Nvl, red – Jurkat 

cells. 

 

4.7 Phosphorylation of Nvl after pervanadate treatment 

Early signalling events downstream of many diverse receptors are accompanied by the 

increase in tyrosine phosphorylation of proteins involved in downstream signalling 

pathways.  Our analysis of Nvl sequence showed that it contains four tyrosine residues 

within potential tyrosine phosphorylation motifs. The question was, if these tyrosines do 

have a potential to be phosphorylated. To find an answer to this question we treated 

primary mouse BMDMs with strong inhibitor of tyrosine phosphatases pervanadate 

(PV) that led to strong increase in tyrosine phosphorylation of a large number of 

proteins without any receptor stimulation. We found that Nvl is phosphorylated after PV 

treatment of BMDMs (Fig. 14A). This result was confirmed also on murine dendritic 

cells (Fig. 14B). 
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Fig. 14 Nvl phosphorylation after PV 

treatment 

A. Murine bone marrow derived 

macrophages (BMDMs) and B. Murine 

DCs, were both treated with PV and Nvl 

was immunoprecipitated.  

The immunoprecipitates were analyzed by 

immunobloting with specific antibodies to 

phosphotyrosine and Nvl. 

 

4.8 Proteins interacting with Nvl 

Three of four tyrosine motifs in Nvl sequence are very well conserved in mammals and 

some of them even in zebrafish (Danio rerio) (see Review of relevant literature, Fig. 5). 

At the same time these conserved tyrosine motifs represent typical binding sites for 

specific SH2 domains. Grb2 family proteins are predicted binding partners of the first 

tyrosine motif Y69ENV of Nvl, second tyrosine motif Y107SLV represents predicted 

binding site for protein tyrosine kinase Csk and fourth tyrosine motif Y131DDV is 

known as a typical binding site for SLP-76 family proteins. Binding of all these proteins 

depends on previous phosphorylation of tyrosine present in the predicted binding site. In 

order to find out if these proteins really bind to phosphorylated Nvl we used THP-1 cells 

stably transfected with Nvl with myc-tag and as a control wild type THP-1 cells, and 

after pervanadate activation we immunoprecipitated Nvl-myc from these cells. 

In THP-1, Nvl was also phosphorylated after pervanadate treatment. Moreover, we 

observed that phosphorylated Nvl specifically bound all predicted binding partners – 

Grb2, Csk, and SLP-76 (Fig. 15A). These results were confirmed on B cell line Ramos 

also stably transfected with Nvl-myc (wild type Ramos served as a control). In B cells 

another member of SLP-76 family of proteins SLP-65 is present. It was described that 

SLP-65 exists in cells in two different splice forms – long (pp70) and short (pp68) form 

(Fu et al., 1998). The short form differs from long one only in 24 AA in its proline rich 

domain which are absent in the short form. For that reason SLP-65 forms a double band 

when separated on SDS-PAGE gels. This was also observed in our experiments. 
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Interestingly, only the long form of SLP-65 was able to specifically associate with 

phosphorylated Nvl (Fig. 15B).  

 

 
 
Fig. 15 Proteins associated with phosphorylated form of Nvl 

A. THP-1 cells stably transfected or not with Nvl-myc and B. Ramos cells stably transfected or 

not with Nvl-myc were treated with PV and Nvl was immunoprecipitated via specific antibody 

against myc-tag. Co-immunoprecipitated proteins were visualized with specific antibodies. 

 

 

To find out, if these associated proteins bind Nvl via their predicted binding sites, 

mutant forms of Nvl where individual tyrosines were replaced with phenylalanines 

(Y69F, Y107F, Y124F, Y131F), and also deletion mutant that lacks entire proline rich 

domain (PRD) were created. These mutant forms of Nvl fused with myc-tag were 

transfected to THP-1 cells, as well as to Ramos cells, via retroviral infection. Cells were 

treated with PV and myc antibody was used to immunoprecipitate Nvl-myc, as in 

previously described experiments. As expected, when tyrosine from the predicted Csk 

binding site was mutated (Y107F), Csk failed to bind to Nvl (Fig. 16A). However, the 

situation with SLP-76 and Grb2 was somewhat different. SLP-76 ceased to bind to Nvl 

not only in the case of the mutation of tyrosine in its predicted binding site (Y131F), but 

also when tyrosine in predicted binding site for Grb2 (Y69F) was mutated. Moreover, 

the same was observed for Grb2 (Fig. 16A). These results suggest that SLP-76 and Grb2 

bind to Nvl cooperatively forming a trimolecular complex in which stability of the 

interaction between Nvl with Grb2 is dependent on the interaction of both proteins with 

SLP-76 and conversely stability of Nvl-SLP-76 complex is dependent on the interaction 

of these proteins with Grb2. 
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Proline rich domain (PRD) of Nvl is also highly conserved. We observed, when milder 

detergent (1% Brij 98) was used, that through this motif Nvl associate with SH3 domain 

of Src family kinase Lyn. This binding was independent of any phosphorylation, 

therefore constitutive. In deletion mutant that lacks PRD (PRD) the association of Nvl 

with Lyn was lost (Fig. 16B).  

We conclude that Nvl constitutively associates with SFK Lyn, and after 

phosphorylation Nvl binds Csk, and co-operatively Grb2 and SLP-76. All these results 

were confirmed on B cells (Ramos cell line - stable transfectants, data not shown). 

 
 

 
 
 
Fig. 16 Mapping of binding sites with mutant forms of Nvl 

A. THP-1 cells were stably transfected with Nvl-myc full length (F.L.), Nvl tyrosine mutants 

(Y69F, Y107F, Y124F, Y131F) or PRD deletion mutant (PRD). Cells were treated with PV 

and Nvl was precipitated with antibody against myc-tag.  

B. THP-1 cells stably transfected with Nvl-myc full length (F.L.) or deletion mutant that lacks 

PRD (PRD) together with nontrasfected cells were lysed in mild detergent and Nvl was 

precipitated with antibody against myc-tag. 

In both cases (co-)immunoprecipitated proteins were visualized with specific antibodies.  
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4.9 Activation of Nvl via MHCII and FcR 

Nvl was strongly phosphorylated after PV treatment. However the question remained 

what is the physiological stimulus that could trigger Nvl phosphorylation under more 

natural conditions. Since Nvl is expressed only in professional APCs we concentrated 

on stimuli that are specific for this specialized kind of cells. First possibility was 

activation via MHCII. We isolated human monocytes from peripheral blood and 

activated them by cross-linking of MHCII with a specific antibody. After this treatment, 

phosphorylation of Nvl, precipitated with specific antibody, was significantly increased 

(Fig. 17C). This result was also confirmed on B cells (experimental data of P. Dráber). 

In addition to MHCII, APCs of myeloid lineage also express wide range of Fc receptors. 

We observed, that Nvl phosphorylation could be induced after stimulation of these cells 

with either blocking antibody against FcR 2.4G2 or by cross-linking purified mouse 

IgG pre-bound to high-affinity Fc receptors on their surface, with secondary antibody 

(goat anti mouse, GAM). This was observed for both human and mouse cells (Fig. 17).  

 

 

 
 
 

Fig. 17 Phosphorylation of Nvl after FcR or MHCII activation 

A. Murine bone marrow derived macrophages and 

B. Murine dendritic cells, both activated by cross-linking of purified mouse IgG pre-bound 

to FcR, or by treatment with FcR-specific antibody (2.4G2) and 

C. Human dendritic cells activated by anti-MHCII antibody  

were lysed, Nvl was precipitated and the resulting samples were analyzed by immunoblotting 

with antibodies to Nvl and phosphotyrosine. 
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Nvl phosphorylation after these activations is dependent on Src-family kinses, because 

pretreatment of the cells with SFK inhibitor PP2 abrogated increase in phosphorylation 

of Nvl, moreover it even led to the elimination of basal tyrosine phosphorylation of Nvl 

(Fig 18). 

Thus, Nvl could be phosphorylated after activation via MHCII in B cells and also 

in myeloid cells. However, in the case of myeloid cells, Fc receptors play an important 

role in triggering this phosphorylation as discussed later. The kinase responsible for Nvl 

phosphorylation is probably Lyn, the most abundant member of SFKs in myeloid cells 

that is present also in B cells. This possibility is also supported by the fact that Lyn 

kinase constitutively associates with Nvl (see 4.8 and Fig. 16B). 

 

 

 
 

Fig. 18 Nvl dephosphorylation after PP2 treatment 

Murine DC pretreated or not with PP2 for 5 minutes and than activated or not via FcR (left) or 

MHCII (right) for 5 minutes were lysed, Nvl was immunoprecipitated and the resulting samples 

were analyzed by immunoblotting with antibodies to Nvl and phosphotyrosine. 

 
 

4.10 Activation of dendritic cells treated with Nvl siRNA 

In order to better understand specific function of Nvl we decided to prepare cells where 

the expression of Nvl was reduced by means of RNA interference. We selected DCs for 

these experiments because they express high amounts of Nvl and so the lack of Nvl 

expression could have larger effect. We tested several ways how to achieve Nvl knock-

down in these cells. The only successful approach was based on the introduction of 

specific siRNA oligonucleotides via transfection with the use of specialized lipofection 

reagents (Lipofectamine RNAiMAX for mouse cells, DharmaFECT4 for human cells). 

We were able to successfully induce substantial decrease of Nvl expression in both 

human and mouse DCs (Fig. 19A). When we activated these cells via FcR and MHCII, 

after both types of activation we observed increased phosphorylation of ERK kinase in 
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cells with reduced Nvl expression compared to cells transfected with control non-

specific siRNA oligonucleotides (siKO) (Fig. 19B). This difference was statistically 

significant mainly for activation via FcR (for both 2 minutes and 5 minutes activation, 

p < 0.01) and for MHCII activation with pre-blocked FcR (2 minutes, p < 0.04) (Fig. 

14 C). 

We also tested the production of TNFα after MHCII and FcR stimulation. Mouse 

primary dendritic cells were activated by immobilized antibodies coated on plastic 

(I-A/I-E biotin for MHCII activation, purified mouse IgG for FcγR activation) and the 

TNFα production after 4 and 6 hours of activation was measured by intracellular 

staining of TNFα with specific fluorescent antibodies followed by FACS analysis. We 

observed that in both cases of activation the production of TNFα by cells treated with 

Nvl siRNA was accelerated, with higher percentage of TNFα-producing cells (Fig. 20). 

At 4 hour time point the difference between TNFα-production in knock-down cells 

compared to cells with normal level of Nvl were highly statistically significant (in case 

of MHCII activation p < 0.0003, in case of FcR p < 0.02). There were not just higher 

percentages of TNFα-producing cells, but these cells were also more potent cytokine 

producers, as demonstrated by statistically significant differences between medians of 

fluorescence intensity in PE channel, corresponding to the level of TNF production, 

between knock-down and control cells (in case of MHCII activation p < 1.23 x 10-5 for 

4 hours and p < 0,05  for 6 hours, in case of FcR p < 0.02 for 4 hours and p < 0,03 for 

6 hours). 

Altogether, these data indicate a negative regulatory role of Nvl, since its removal 

results in higher activation of ERK and acceleration of cytokine production by mouse 

DCs. 
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Fig. 19 Effects of reduced expression of Nvl on ERK phosphorylation after stimulation 

of FcR and MHCII in DCs. 

A. Both murine and human dendritic cells (DC) were transfected with specific siRNA 

against Nvl - A110 oligo for murine cells, SmartPool (SmPool) for human cells, or with 

control siRNA oligo (ctrl siRNA, siKO). Level of Nvl expression in these cells was 

measured by immunoblotting with specific antibodies. 

B. Murine DCs were transfected with specific oligo (A110) or with control siRNA (siKO). 

Three days after transfection cells were activated 2 and 5 minutes via FcR (FcR), MHCII 

(MHCII) or MHCII with pre-blocked FcR (MHCII block). The level of ERK activation 

was assessed by immunoblotting with antibody specific to active ERK (phosphorylated at 

T202/Y204) 

C. Experiment described in B. was repeated three times and basic statistics (T-test) was 

used for evaluating the results. (* p < 0.01, ** p < 0.04, *** p < 0.08). 

 

 

 



 73

 
Fig. 20 TNF production after FcR and MHCII activation in DCs after siRNA-mediated 

depletion of Nvl  

Murine DCs were transfected with specific oligo (A110) or with control siRNA (ctrl siRNA). 

Three days after transfection cells were activated by immobilized antibodies against FcR 

(IgG), MHCII (MHCII) and by non-specific antibody serving as an isotype control (isotype 

ctrl) for anti-MHCII antibody, or left nonactivated. After 4 and 6 hours samples were collected 

and TNF production was measured by FACS intracellular staining. All samples were 

in triplicates and basic statistics (T-test) was used for evaluating the results (* p < 0.0003, 

** p < 0.02). 
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5. Discussion 

The goal of this thesis was to characterize the biochemical and functional properties of a 

new transmembrane adaptor protein Nvl found by bioinformatic search. According to 

the protein sequence analysis Nvl has typical features of TRAPs with short extracellular 

part followed by transmembrane domain and much larger intracellular tail. Here we 

confirmed its exclusive membrane localization.  

The bioinformatic search also suggested that at the mRNA level Nvl is expressed 

predominantly in tissues of the immune system. To extend this observation, we directly 

analyzed the level of Nvl protein in multiple mouse and human tissues and cell 

populations. Indeed, presence of Nvl was detected only in tissues containing high 

amount of immune cells. When we analyzed immune cell populations in more detail, we 

observed exclusive expression of Nvl only in professional APCs - B cells, 

monocytes/macrophages and DCs. This limited expression could indicate some specific 

function of Nvl in pathways typical for this kind of cells. Main function of professional 

APCs is collecting extraneous antigens, their processing and presenting via peptide-

MHCII complexes to CD4+ T cells. The possibility that Nvl could participate in these 

events is strongly supported by fact that expression of Nvl is highest in dendritic cells, 

the most potent antigen presenting cells. Consistently, in human monocytes as well as in 

mouse bone marrow derived macrophages the expression of Nvl increases after 

treatment with IL-4, or GM-CSF respectively, the treatments that induce the 

differentiation into dendritic cells. In human monocytes elevated Nvl expression was 

also observed after treatment with IFN, the cytokine activating myeloid cells. 

Moreover, increased expression of Nvl well correlated with increased overall expression 

of MHCII as well as with its elevated cell surface localization. The differences in 

cytokine-induced Nvl expression between human and mouse cells can be either 

explained as differences between the species used as a source of these cells or by 

different cell types used in each experiment (monocytes vs. macrophages). 

The amino acid sequence of Nvl contains several highly conserved motifs, some of 

them even identical between such evolutionarily distant species as human and fish 

Danio rerio. Such a high sequence similarity indicates important function that could be 

disrupted by the slightest change. No Nvl-like sequence was detected in any non-

vertebrate species, suggesting that Nvl could play a role in the adaptive immune system 

rather than in the innate one.  
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Cytoplasmic part of Nvl contains four tyrosine motifs representing typical binding 

sites for specific SH2 domains. We proved that Nvl is phosphorylated on these tyrosines 

after pervanadate treatment and that phosphorylated Nvl specifically associates with 

SLP-76/65, Grb2 and Csk. All these binding partners associate with Nvl via the 

predicted binding sites. Interestingly, SLP-76/65 and Grb2 seem to bind to Nvl 

cooperatively with strong association with Nvl only when both of these proteins can 

bind simultaneously. This observation is supported by the fact that in B cells Nvl binds 

only long form of SLP-65 containing the whole proline-rich domain responsible for 

association between SLP-65 and Grb2. The specific reason for this cooperative binding 

of SLP-76/65 and Grb2 to Nvl remains unclear. We have an evidence that both these 

binding partners can associate with Nvl independently of each other, however with 

much less efficiency compared to the binding in complex (data not shown). Possibly, 

the cooperative binding could serve as a kind of threshold, when the signalosome 

sufficient for full and successful signal transduction can be formed only after 

concomitant recruitment of both SLP-76/65 and Grb2, which can be regulated via some 

other mechanisms. However, it can also simply serve to achieve a high stability of the 

complex. Besides the binding partners associating with Nvl after phosphorylation, Nvl 

constitutively associates via its proline-rich domain with SH3 domain of Src-family 

kinase Lyn. 

When we looked for the physiological stimuli inducing Nvl phosphorylation, we 

observed that FcR cross-linking in myeloid cells leads to increase in phosphorylation 

of Nvl compared to the basal level. In addition, MHCII ligation has the same effect, 

especially in B cells. In myeloid cells, the contribution of MHCII cross-linking to Nvl 

phosphorylation was hard to assess exactly, because of problems with separating pure 

signal triggered via MHCII from non-specific stimulation of FcR by co-cross-linking 

of MHCII with FcR by specific whole IgG antibody against MHCII. When the only 

available F(ab)2 fragment of the specific antibody was used, the activation of cells was 

not induced at all. It is possible that this particular antibody recognized the epitope not 

able to trigger appropriate signalling pathways and we could not use other antibodies to 

validate this result. Despite of the effect of FcR and/or MHCII cross-linking on Nvl 

phosphotylation, Nvl probably does not directly associate in the plasma membrane with 

either of these two receptors, because we were not able to co-precipitate either of them 

with Nvl. 
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Kinases responsible for Nvl phosphorylation most likely include Src family kinases. 

Preincubation of cells with specific SFKs inhibitor PP2 abrogated FcR and/or MHCII-

induced as well as basal tyrosine phosphorylation of Nvl. Since Nvl constitutively 

associates with SFK Lyn, it is reasonable to consider this kinase as the key kinase 

phosphotylating Nvl. This possibility was confirmed also by co-transfection 

experiments in HEK293 cells, where Nvl was strongly phosphorylated when co-

transfected with Lyn, although some other kinases including FAK and Tec-family 

kinases were able to phosphorylate it as well (experimental data of T. Brdička). 

The precise activation state of Lyn constitutively associated with Nvl is still uncertain. 

The basal phosphorylation of Nvl observed in many experiments supports the 

possibility that the Lyn kinase is at least partialy active. Since its SH3 domain is 

engaged in interaction with Nvl, Lyn most likely cannot assume completely closed 

autoinhibited conformation.  

Increase in Nvl phosphorylation after FcR or MHCII cross-linking followed by 

binding of other binding partners indicates the involvement of Nvl in signalling 

pathways triggered from these two receptors. Based on the binding partners of Nvl two 

different assumptions can be made. SLP-76/65 and Grb2-family members are known to 

be involved in triggering of calcium flux and MAPKs activation after for example TCR 

or BCR ligation. Thus, Nvl could serve as a positive regulator of FcR or MHCII-

mediated calcium response and/or MAPKs activation via enabling the formation of the 

signalosome containing SLP-76/65 and Grb2 which would further activate PLCγ and 

other downstream signalling molecules.  

However, beside SLP-76/65 and Grb2 phosphorylated Nvl is also able to bind Csk 

kinase, well known negative regulator of SFKs. Nvl is not the first TRAP binding Csk 

together with its substrate SFK. The same has been already shown for LIME (Brdickova 

et al., 2003) and PAG (Brdicka et al., 2000). In case of LIME it was sugested that Csk is 

not able to inhibit activity of LIME bound Lck, because of inaccessibility of SH2 

domain of Lck that is in closed inactive conformation normaly occupied with 

phosphorylated inhibitory tyrosine. Contrary, it was proposed that phosphorylated 

inhibitory tyrosine of Lck could serve under these conditions as a binding site for some 

associated protein like Fyn (Horejsi et al., 2004). Another possible explanation of this 

parallel binding of Csk together with its substrate Lyn to Nvl could be some negative 

feedback loop regulating the signalling process. According to this scenario (see also 
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Fig. 21), two molecules of Nvl constitutively associated with Lyn get to the close 

proximity, probable after cross-linking of FcR or MHCII, subsequently Lyn kinases get 

activated and transphosphorylate tyrosines in tyrosine-based binding motifs of Nvl 

molecules. The phoshoryation is followed by cooperative binding of SLP-76/65 with 

Grb2 that via association with their binding partners enable signal transduction from the 

signalosom to the downstream effectors. Phosphorylated Nvl binds also Csk, very close 

to the binding site of constitutively associated kinase Lyn. Csk via phosphoryalation of 

the inhibitory tyrosine of Lyn allows for rapid Lyn inactivation when it dissociates from 

Nvl thus limiting the active range of this kinase and maybe even parial Lyn inhibition 

when still bound to Nvl.  

 

 
Fig. 21 Model of Nvl function 

 

Second possibility is that Nvl plays entirely inhibitory role. Binding of Csk leads to 

SFKs inhibition and the association of Nvl with SLP-76/65 and Grb2 could serve just 

for sequestering these molecules and thus preventing them from the involvement in 

other signalling pathways. Based on the experiments with cells where we reduced Nvl 

expression using specific siRNA the inhibitory function of Nvl seems to be very 

important. Removal of Nvl in mouse DCs leads to increased ERK phosphorylation and 

accelerated TNF production after activation via FcR and/or MHCII. However, the 

possibility that Nvl is purely inhibitory molecule is improbable, because cross-linking 

of Nvl itself leads to significant calcium response as well as ERK phosphorylation 

(experimental data of P. Dráber). Altogether, these data support the hypothesis that Nvl 
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could play a dual role. Ligation of FcR or MHCII triggers calcium response and 

MAPKs activation, these events seems to lead at least partially through signalosome 

organized by Nvl. Simultaneously, Nvl via its association with Csk also contribute to 

quite quick termination of this signal transduction, thus protecting the cell from 

overactivation and its concomitant harmful effects. When Nvl is removed, other 

pathways may compensate for its activatory function, but the inhibitory function may 

remain missing resulting in stronger and/or longer signal transduction. Nvl would not be 

the first TRAP with dual function. Similar behaviour has been already described for 

LAT (Mingueneau et al., 2009).  

 Another important feature of Nvl protein is its association with tetraspanin enriched 

microdomains. Several other proteins have been already shown to be part of these 

membrane microdomains, including MHCII and FcR. Tetraspanins were shown to co-

localize with MHCII in immunological synapse and we have shown that also Nvl did so 

during the formation of this structure. Formation of the immunological synapse is a 

complex and highly organised process. One important prerequisite for successful 

immune synapse formation is reorganization of actin cytoskeleton. The members of the 

Rho family of small GTPases are key regulators of cytoskeletal rearrangements. These 

proteins are activated by binding GTP and after its hydrolysis to GDP switch again to 

inactive form. For reactivation GDP, still bound to the inactive protein, must be 

replaced with GTP. GTPases are unable to exchange GDP for GTP by themselves, and 

this function is carried out by specialized enzymes called GEFs (guanine nucleotide 

exchange factors). SLP-76/65 proteins after phosphorylation bind one of GEFs for Rho 

family of small GTPases, protein Vav (Bustelo, 2001). The association of SLP-76/65 

with Vav seems to be important for activation of Vav via phosphorylation which results 

in transition to open active conformation. Through its association with SLP-76/65 

complex Nvl could potentially be, involved in Vav activation and remodelling of actin 

cytoskeleton. This may also be the reason why Nvl relocalizes to other polarized 

structures besides immunological synapse, such as uropod or cleavage furrow. 

However, the presence of Nvl in polarized structures could be still no more than a 

secondary effect of association of Nvl with TEMs that show similar bahavior. 

Moreover, cell polarization is nothing specific just for professional APCs. On the other 

hand, we observed that in contrast to tetraspanins which are localized into 

immunological synapse on both, the APC and T cell side (Mittelbrunn et al., 2002), Nvl 

translocates into the interface between APCs and T cells exclusively on the side of 
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APCs and does not translocate there when force-expressed in T cells. Thus at least in 

the case of the immunological synapse formation the translocation of Nvl into this 

structure is not simply an accidental side-effect. It is very well possible, that cell 

polarization could be, at least in some specific cases such as immunological synapse, 

regulated differently in APCs than in other cell types. The strongest expression of Nvl 

was detected in DCs. These cells were shown to play a more active role than other 

APCs in antigen-presentation and immunological synapse formation. 

And simultaneously, this process was shown to be absolutely dependent on functional 

cytoskeletal rearrangements (Al-Alwan et al., 2001). T cell-APC contacts can last for 

several hours, but they can also be relatively brief, in order of minutes (Gunzer et al., 

2000). Thus the dynamic of immune synapse formation and also disintegration must be 

very flexible. According to our very preliminary data (not shown), mouse DCs depleted 

of Nvl are more potent stimulators of T cells, which could be the result of prolonged 

T cell-DC contact. The involvement of Nvl in regulation of immune synapse integrity 

has not been studied yet, but it is not so improbable. Testing this hypothesis could be 

the topic of further studies.  

Well-timed termination of immune cell activation is indivisible part of each immune 

reaction, because over-stimulated immune system can cause a severe damage to the 

organism. The time period when professional APCs present antigen to T cells, and thus 

activate them, must be also limited. The elimination of cells that have already presented 

antigen to T cells is the best way how to achieve this. It was shown that the ligation of 

MHCII indeed induces apoptosis of APCs, but the signalling pathway leading to this 

programmed cell death is still poorly understood. HPK1 kinase, a hematopoietic cell-

restricted member of the Ste20 kinases involved in many cellular pathways like antigen-

receptor signalling, MAPK activation, cytokine production and apoptosis, is another 

binding partner of SLP-76/65 proteins. HPK1 interacts with the SH2 domain of SLP 

proteins, and it also binds to the SH3 domain of Grb2. Cooperation of both these 

adaptors is important for proper activation of HPK1 (Tsuji et al., 2001). Interestingly, 

the SH2 domain of SLP proteins also binds to Nvl. Thus, Nvl could compete with 

HPK1 for binding to SLP-76/65 and also modulate its binding to Grb2 and so regulate 

its pro-apoptotic function. This competitive displacement of HPK1 from binding to 

SLP76/65 and Grb2 could be one possible explanation for association of SLP76/65 and 

Grb2 wih Nvl as a single complex, because in this case both binding domains, the SH2 

domain of SPL76/65 as well as SH3 domain of Grb2, are inaccessible to HPK1. 
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Discovering some relations between Nvl and HPK1, as well as the possible involvement 

of Nvl in the regulation of apoptosis in APCs, could be another challenging topic for 

further studies.  

As mentioned above, Nvl interacts with activatory molecules (SLP76/65, Grb2) as 

well as with inhibitory (Csk) or dual function molecules (Lyn). According to the data 

obtained from experiments with cells where Nvl was depleted via RNA interference it 

seems that at least in DCs the inhibitory character of Nvl prevails. However we still do 

not know how the interplay between the inhibitory and activatory function of Nvl is 

regulated. It is not entirely clear which tyrosine motifs of Nvl are phoshorylated after 

FcR and/or MHCII cross-linking, or the exact order or kinetics of their 

phosphorylation. The differential phosphorylation could determine the character of the 

signal outcome. And last but not least, the approach using knock down to remove the 

target protein has its limitation, for example the elimination of the protein is never 

complete, moreover there could be different levels of knock down in each cell, and thus 

the final and clearer answers can be obtained by a future studies of Nvl knock out mice. 
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6. Conclusions 

In this thesis, a novel transmembrane adaptor protein Nvl, identified by bioinformatic 

search, was studied. Basic biochemical properties of this protein were described 

together with first findings indicating its possible function. 

Nvl is present exclusively in professional APCs and the level of Nvl expression 

correlates with the expression of MHCII. We showed that Nvl is localized at the plasma 

membrane, associated with TEMs. The cytoplasmic part of Nvl contains four well 

conserved tyrosine-based binding motifs which after phosphorylation mediate 

interaction of Nvl with Csk kinase and cooperative binding of SLP-76/65 and Grb2. 

In addition, Nvl constitutively associates with SFK Lyn via proline-rich domain of Nvl. 

Nvl is likely phosphorylated by SFKs, most probably Lyn, and the phosphorylation 

increases markedly after FcγR and/or MHCII cross-linking. Nvl is localized in the 

polarized structures of the cell, including uropod and cleavage furrow. Moreover, Nvl is 

rapidly and almost quantitatively translocated to the APC side of the immunological 

synapse. Since Nvl binds a collection of inhibitory as well as activatory molecules or 

molecules with dual function, it is hard to predict Nvl function in vivo. When Nvl 

expression was suppressed via RNA interference increased ERK phosphorylation and 

accelerated TNFα production in FcγR and/or MHCII stimulated dendritic cells was 

observed. This indicates a negative regulatory role for Nvl in pathways triggered by 

FcγR and/or MHCII. 

To definitely answer the question of the physiological role of Nvl protein, further 

studies, including generation of Nvl-deficient mice will be required. It is very likely that 

better understanding of Nvl function will also enhance our knowledge about the role of 

MHCII and FcγR signalling in the antigen presenting cells in general.  
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