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1. Introduction  

1.1. Measles virus 

1.1.1. Pathogenesis  

Measles is a highly contagious disease characterized by induction of lifelong immunity but 

associated with profound and transient immune suppression and ranks amongst the major 

causes of children’s death in developing countries (Kerdiles et al., 2005). Immune 

suppression during measles starts at the onset of the rash, may last for weeks to months 

after recovery, and leads to increased susceptibility to secondary infections and 

reactivation of persistent infections. Paradoxically, MV-induced immune suppression 

occurs in the context of substantial immune activation (Griffin et al., 1989), which is 

associated with induction of a specific immune response allowing both virus clearance and 

induction of long-term immunity.  

MV is airborne and initially replicates within tracheal and bronchial epithelia. The virus is 

subsequently transported through mononuclear cells to the draining lymph nodes, leading 

to the formation of giant multinucleated lymphoid or reticuloendothelial cells (Warthin et al., 

1931). The syncytia identified in the submucosal areas of tonsils are thought to be a major 

source of virus spread to other organs. MV-specific RNA and proteins can be detected in a 

minor proportion of lymphocytes and monocytes during, and for a few days after, the rash 

(Esolen et al., 1993; Schneider-Schaulies et al., 1991). The rash clearly marks the onset of 

immune responses as determined by the appearance of virus-specific T cells and antiviral 

antibodies. A marked infiltration of mononuclear cells into local areas of viral replication is 

seen and virus-specific T cells appear in the blood. Plasma levels of the soluble T cell 

surface molecules CD4, CD8, IL-2R and β2 - microglobulin are elevated, as are IL-2, IL-4 

and INFγ. During measles, a switch from an initial T helper1(Th1) to a long-lasting Th2 
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response is observed (Griffin et al., 1995). Whether generation of Th1 responses is less 

efficient after vaccination than after natural infection has not been clearly resolved 

(Schnorr et al., 2001; Ward et al., 1993). 

Complications of acute measles are frequent and are especially severe in children under 

two years of age (Katz et al., 1995). Complications are common in the first four to six 

weeks after infection by MV. They affect mainly the respiratory and intestinal tract. In 

industrialised countries, more than 10% of MV cases present with otitis, pneumonia, 

diarrhoea or encephalitis. Central nervous system (CNS) complications can occur early 

(post-infectious measles encephalitis, which is thought to be a virus-induced autoimmune 

disease) or very infrequently, months to years after the acute disease, late complications -  

subacute sclerosing panencephalitis (SSPE) and measles inclusion body encephalitis 

(MIBE) develop as a result of a persistent MV infection of neuronal and macroglial cells.  
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1.1.2. MV organization 

MV belongs to the Morbillivirus genus of the Paramyxoviridae family. It is an enveloped 

virus containing a non segmented negative stranded RNA genome encoding six structural 

and three non-structural proteins. The virus envelope consists of a lipid bilayer, derived 

from the cellular plasma membrane, with two inserted virus-encoded glycoproteins: 

hemagglutinin (H) protein and fusion (F) protein. The H protein is a type 2 glycoprotein (80 

kD) which mediates virus attachment to susceptible cells, and is responsible together with 

the F protein for fusion with the cell membrane (Wild et al., 1995) Fig.1. The F protein is a 

type I glycoprotein, synthesised as a precursor protein (Fo) and activated after proteolytic 

cleavage by furin in the trans-Goldgi compartment into a disulphide-linked heterodimer, 

consisting of the F1 (40 kD) and F2 (20 kD) subunits. The matrix protein (M, 37 kD) links 

the RNP to the lipid envelop. M is thought to interact with the cytoplasmic tails of the 

Fig.1 Schematic representation of measles virus organisation 
(Abt et al., 2005) 
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envelope glycoproteins. Virion RNA is packaged into a helical nucleocapsid by the 

nucleoprotein (N, 60 kD). The association between RNA and N is very stable and the 

function of N protein appears to be protection of the viral genomic nucleic acid and 

participation in the formation of a replication complex. The second component of the 

replication complex is a virus-encoded RNA-dependent RNA polymerase, which consists 

of two subunits: the phosphoprotein (P, 70 kD) and the large protein (L, 250 kD) (Horikami 

et al., 1995). L is the catalytic component of the viral polymerase. The P gene of MV 

encodes, in addition to P, three other accessory non-structural proteins: C (21 kD), V (46 

kD) and R (40 kD). The C protein (186 aa) is encoded by an open reading frame that 

begins 22 nucleotides downstream of the P gene start codon. MV V protein is expressed 

from an edited mRNA. MV R protein is produced by ribosomal frameshifting (Liston et al., 

1995; Bellini et al., 1994).  

Two different cellular receptors have been identified to date: CD46, a complement 

regulatory glycoprotein expressed on all human nucleated cells (Naniche et al., 1993) and 

CD150, a glycoprotein belonging to the immunoglobulin superfamily, expressed on 

haematopoietic cells (Tatsuo et al., 2000). While vaccine MV strains can use CD46 and 

CD150, the wild type MV strains, preferentially use CD150, although low affinity binding to 

CD46 has been observed (Manchester et al., 2000; Masse et al., 2002). 
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1.2. Dendritic cells  

1.2.1. Dendritic cell biology: differentiation, migration and functions 

 of binding to major histocompatibility complex (MHC). In response to danger signals like 

tissue damage, pathogen derived products or inflammatory products from neighbouring 

Fig.2 Schematic representation of immune reaction (in vivo). Dendritic cells in the 
periphery capture and process antigens, express lymphocyte co-stimulatory molecules, 
migrate to lymphoid organs and secrete cytokines to initiate immune responses. They not 
only activate lymphocytes, they also tolerize T cells to self-antigens.  
(Banchereau and Steinman, 1998) 
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tissue cells, DCs cease their endocytic activity (Salluso et al., 1995), increase their surface 

expression of MHC class II molecules (Cella et al., 1997) and produce high levels of 

cytokines such as IL-12, TNF-α, IL-6 and IL-1α/β (Salluso et al., 1999). These changes 

called maturation occur while DCs migrate to lymphoid organs where they interact with B 

cells and antigen-specific CD4 T cells to initiate immune responses (Fig.2). 

T cell scanning is facilited by extensive morphing of the maturing DCs which provide large 

contact planes. As they are the only APC subset licensed to activate naive T cells, DCs 

not only initiate clonal selection, they also shape the quality of the ensuing response by 

regulated expression of co-stimulatory molecules and directed release of cytokines. 

Mature DCs do not leave but rather die in lymphoid tissues thereafter and are not found in 

the efferent lymph (Pohl et al., 2007).  

DCs can be generated in vitro from different precursors (Inaba et al., 1992; Caux et al., 

1992; Szabolcs et al., 1995; Romani et al., 1996; Sallusto et al., 1995; Reddy et al., 1997). 

Their immature phenotype is characterised by low to intermediate expression levels of 

MHC class II and costimulatory molecules such as CD80 and CD86. These cells have a 

low capacity to stimulate allogenic T-cell proliferation in mixed lymphocyte reaction (MLR) 

in vitro. The major criteria for DC maturation are high expression levels of costimulatory 

molecules, which mediate adhesion and signalling to T cells and a high MLR stimulatory 

activity. DCs stimulate T-cell responses by displaying MHC-peptide complexes, together 

with costimulatory molecules, to naive and resting antigen-specific T cells. Activated T 

cells induce terminal DC maturation by CD40 ligation. 
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1.2.2. MV and DCs  

1.2.2.1. Infection of dendritic cells by MV  

Uptake of MV by DCs and subsequent transport into the local lymphatics probably occurs 

after infection of the respiratory tract epithelium. The interaction of MV with DCs has been 

studied in tissue culture with Langerhans cells, DCs isolated from blood or generated in 

vitro from monocytes or CD34+ precursor cells. Immature and mature DCs are readily 

infected with MV and extensive formation of syncytia both in pure DCs and mixed DC-Tcell 

cultures is seen (Grosjean et al., 1997; Klagge et al., 2000; Schnorr et al., 1997; Servet-

Delprat et al., 2000). In addition to cellular fusion, apoptosis of both DCs and T cells has 

been noted in mixed cultures (Fugier-Vivier et al.1997) and  there is evidence that 

expression of tumour necrosis factor (TNF)-related apoptosis-inducing ligand (TRAL) by 

DCs and expression of Fas ligand (FasL) by T cells might play a role in this process 

(Servet-Delprat et al., 2000). Production of infectious virus from DC cultures is usually low, 

but can be enhanced by CD40 ligation (Servet-Delprat et al., 2000). MV glycoproteins are 

important for DC tropism (Kardiles et al., 2006).  
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1.2.2.2. Activation of DCs by MV 

MV infection induces phenotypic maturation of immature DCs since expression levels of 

MHC classII and CD40 are enhanced and costimulatory molecules such as CD80, CD86, 

CD83 and CD25 are induced (Klagge et al., 2000; Schnorr et al., 1997; Servet-Delprat et 

al., 2000) (Fig.3).   

Although DC maturation was induced by all MV strains (Schnorr et al., 1997). MV infection 

triggers the release of type I IFN from monocyte-derived DCs, which contributes to DC 

maturation (Klagge et al., 2000). Consistent with DC activation, induction of low levels of 

transcripts for IL-12p40, IL-12p35, IL-1α/β IL-1 receptor antagonist and IL-6 were detected 

in MV-infected DCs (Servet-Delprat et al., 2000). Induction of these transcripts depends on 

Fig.3 Schematic representation of measles virus interaction with DC   
(Abt et al., 2005) 
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activation of NF-kB, which has been shown to occur after MV infection in a variety of cell 

types (Dhib-Jalbut et al., 1999; Helin et al., 2001). 

1.2.2.3. Impairment of DC function by MV 

Despite their mature phenotype, MV-infected DCs fail to stimulate and even actively 

suppress, allogenic, T cell proliferation stimulated in vitro (Grosjean et al., 1997; Klagge et 

al., 2000; Schnorr et al., 1997; Servet-Delprat et al., 2000). Although MV infection of T 

cells causes proliferative arrest (Naniche et al. 1999; Yanagi et al., 1992), this might not 

play a major role in these systems, since transmission of infectious MV to T cells by DCs is 

very inefficient (Grosjean et al., 1997). Fusion and/or apoptosis observed in DC-Tcell 

cultures will certainly reduce the number of T cells, but is not likely to contribute to Tcell 

unresponsiveness (Vidalain et al., 2000). Similarly, although inhibitory soluble mediators 

have been suggested to be released by MV infected T or B cells (Sun et al., 1998; 

Fujinami et al., 1998), these have not been detected in supernatants of MV infected DC 

cultures (Klagge et al., 2000). It is more likely that the MV glycoproteins expressed at high 

levels on the surface of infected DCs account to a longer extent for the inhibition of T cell 

proliferation. Thus, DCs infected with a recombinant MV that contains the G protein of 

vesicular stomatitis virus (VSV) instead of the MV glycoproteins reveal a high 

allostimulatory activity and do not inhibit mitogen-driven T cell proliferation (Klagge et al., 

2000). Furthermore, studies with CD46-transgenic mice have demonstrated a direct effect 

on DC functions by the MV N protein, as well as the glycoproteins of CD46-adapted MV 

strains (Marie et al., 2001)  
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1.2.2.4. MV induced immunosupprassion 

 MV glycoproteins expressed on the surface of infected cells and /or virus particles have 

been shown to inhibit mitogen-induced proliferation of uninfected peripheral blood 

lymphocytes (PBL) (Schlender et al., 1996). Direct involvement of MV envelope 

glycoproteins was confirmed by the inhibitory activity of fibroblasts transfected to express 

the MV F-H complex in vitro. This inhibition occurred independently of soluble mediators, 

complex glycosylation and the fusogenic activity of the effector F-H complex, but required 

proteolytic processing of the F protein (Weidmann et al., 2000). Neither CD46 nor CD150 

appeared to be required for the induction of T-cell proliferative arrest (Erlenhoefer et al., 

2001). Membrane contact of the F-H complex did not induce apoptosis but rather an 

accumulation of cells at the G1-S-phase restriction point (Schnorr et al., 1997). Although 

the F-H complex did not interfere with IL-2- dependent activation of the JAK1/3-STAT3/5 

pathway, IL-2-dependent activation of Akt kinase was shown to be disrupted after F-H 

contact. MV directly interacts with T-cell lipid rafts, thereby causing profound alterations in 

their ability to recruit and segregate proteins central to TCR activation, such as the 

activated Akt kinase and Vav. As another MV-induced early event, CD28-dependent 

proteosomal degradation of Cbl-b is prevented (Avota et al., 2004). The binding of MV 

interferes with CD3/CD28 coligation induced GTP-loading of the Rho GTPases, Cdc42 

and Rac1. GTP-loading of RhoA was not impaired after MV treatment (Müller et al., 2006). 

Rather, RhoA was slightly activated by MV alone and this was enhanced upon CD3/CD28 

ligation. Consisting with the failure of CD3/CD28 ligation to induce GTP-loading of Cdc42 

and Rac1, polymerization of F-actin and morphological changes such relaxation, flattening 

required for the formation of a contact plane did not occur in MV treated T cells. MV 

treatment also efficiently interfered with the ability of T cells to adhere to ECM components 
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(Müller et al., 2006) and the majority of MV exposed T cells failed to aquire a polar front-

rear organization. Thus, MV induced signaling efficiently impairs stimulation dependent 

reorganisation of the F-actin cytoskeleton and adhesion in T cells. Scanning electron 

microscopy data show that exposure of T cells to MV induced an almost complete 

breakdown of microvillar structures associated with reduced phosphorylation levels of 

cofilin and ERM proteins (Müller et al., 2006). The ability of MV exposed T cells to interact 

with DCs and form DC/T-cells conjugates is not affected. MV signaling to T cells interfered 

with clustering and recruitment of CD3 into the central supramolecular activation cluster of 

the IS. MV also prevents their redistribution of the MTOC in T cells towards the synapse 

(Müller et al., 2006). 

1.3. DC/T Cell interaction  

 

1.3.1. Adhesion, signaling and integrins  

Adhesion appears to involve active cellular processes involving the plasma membrane and 

the cytoskeleton. Cytoskeletal strengthening of adhesions can produce enormous 

increases in attachment strength and is related to the formation of multimolecular 

complexes in adhesion structures containing a variety of cytoskeletal and signal 

transduction proteins (Burridge et al., 1997; Yamada and Geiger, 1997). There are more 

than 20 distinct integrin subunits, which form heterodimers that consist of one αand one 

β  subunit (Fig.4).  
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Humans have at least 24 integrins, and several bind to components of the extracellular 

matrix (ECM), often to the same component. Integrin molecules have a head domain 

containing a ligand-binding site, two spindly legs, and usually short cytoplasmic domains. 

Despite surface expression of both β1 and β2 integrin families, DC plated on fibronectin (a 

ligand for both families) selectively recruit CD18, CD11b, and CD11c to podosomes. For 

CD18 and CD11c (Burns et al., 2004) was demonstrated that recruitment was localized to 

rings around the F-actin podosome core, maintained on surfaces coated with serum, 

laminin, collagen 1, VCAM-1 and ICAM-1, suggesting that the integrin components of DC 

podosomes were conserved irrespective of the binding ligand. In part, this observation 

reflected the wide range of extracellular matrix proteins and intracellular adhesion 

molecules to which β2 integrins could bind (Plow et al., 2000). Cross-talk arised from 

activation of alternative integrins – β1 family could result in recruitment of β2 family 

Fig.4  Integrins-Receptor-Family: 
 RGD receptors (in blue); Collagen receptors (in gray); Leukocyte-specific receptors  
(in yellow) and Laminin receptors (in violet).  

(Hynes, 2002) 
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members (van Berg et al., 2001) and suggested an important role in the rapid attachment 

and detachment of DC protrusions during migration. 

 The functions of cell adhesion molecules and their receptors are important for attachment 

to other cells or extracellular matrix molecules and traction during cell migration. Adhesion 

proteins can mediate outside-in transfers of signalling information, such as cellular 

responses after binding to specific extracellular matrix proteins, but they can also mediate 

inside-out information in which intracellular signals modulate the activity of integrins 

(Yamada and Miyamoto, 1995).  

The adhesion of T cells to their cellular partners is a tightly regulated and dynamic 

process. At various time, the T cell must adhere firmly to endothelial cells within the 

vasculature and to antigen-presenting cells in the lymph nodes. For each of these 

interactions, the primary adhesion molecule pair consists of T cell αLβ2 integrin (CD11a-

CD18), known as leukocyte function-associated antigen-1 (LFA-1), and its ligand 

intracellular adhesion molecule-1 (ICAM-1) (Cairo et al., 2006). Changes in receptor 

conformation are known to be responsible for changes in receptor affinity (Shimaoka et al., 

2003). The high-affinity forms of the integrins are necessary for adhesion (Lu et al., 

2001b), both receptor and ligand must become engaged and aligned at the site of 

adhesion (Dustin et al., 1997). 

 Recognition of MHC-peptide complexes on DCs by Ag-specific TCRs is a first important 

signal in DC/ Tcell interaction (Banchereau et al., 2000).  DC/Tcell clustering is mediated 

by several adhesion molecules (Hart et al., 1997). The crucial factor, that constitutes the 

second important signal, required to sustain T cell activation, is the interaction between co-

stimulatory molecules expressed by DCs and their ligands expressed by T cells. CD86 on 
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DCs is so far the most critical molecule for amplification of T cell responses (Caux et al., 

1994; Inaba et al., 1994) 

1.3.2. Cytoskeletal rearrangements in DCs and T cells  

patients with Wiskott-Aldrich Syndrome (WAS), where there is a genetic defect in the 

actin-binding protein WASp, which is normally regulated by the activity of Cdc42 (Binks et 

al., 1998 Morphological changes accompanying DC maturation include a loss of adhesive 

structures, cytoskeletal reorganization and acquisition of high cellular motility (Winzler et 

al., 1997). An important controller of cytoskeletal remodeling may be the actin-bundling 

protein Fascin, expressed at high level in blood DCs and in interdigitating DCs located in T 

cell areas of lymph nodes (Mosialos et al., 1996). The formation and retraction of 

membrane processes in DCs is driven by reorganization of the actin cytoskeleton, and is 

controlled by the Rho family of GTPases, including RhoA, Rac1 and Cdc42. This 

reorganization has been shown to be important in cell motility, phagocytosis and cell 

division (Ridley et  al.1992; Carlier et al. 1998). RhoA regulates the release of adhesions 

to the substratum and associated cellular contraction. A recent study reported that down 

regulation of Cdc42 activity provided a master switch for suppression of DC endocytosis, 

which is an important feature of maturation (Garrett et al., 2000). It was allso previously 

shown that podosome assembly can not by restored by microinjection of mature DC with 

constitutively active V12Cdc42 or V12Rac1, or a combination of two, suggesting that 

temporal regulation of podosome distribution is more complex (Burns et al., 2001). RhoA-

GTPase is low at the leading edge and higher at the rear and sides of the DC. RhoA-

GTPase activation can be modulated by local activation of Cdc42 and Rac. 

 A specific illustration of the importance of Rho GTPases in regulating the cytoskeleton of 

DC is that morphology and dendrite formation is abnormal when the DC are derived from 
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patients with Wiskott-Aldrich Syndrome (WAS), where there is a genetic defect in the 

actin-binding protein WASp, which is normally regulated by the activity of Cdc42 

(Aspenström et al., 1996). The Cdc42/Rac binding of WASp can control cytoskeleton 

rearrangement and may be of importance during DC capture of pathogens and 

establishment of DC-T cell contacts. The process of T cell-DC conjugation was first 

observed in vitro using dynamic imaging techniques (Stoll et al., 1994), which showed that 

on contact with a cell surface bearing appropriate antigen receptor ligands, naive T 

lymphocytes rapidly extend lamellipodia that spread along the surface membrane of the 

opposite cell (Negulescu et al., 1996). The modified shape of the T cell is then maintained 

as long as the T cell-DC conjugate exists (Delon et al., 1998). These T cell morphological 

alterations visualized after antigen-driven interactions with DCs involve substantial 

cytoskeletal changes. The most typical of these alterations is an increase in the cell’s 

content of filamentous actin, especially in the region of cell-cell contact. A family of 

cytoskeletal proteins called the ezrin-radexin-moesin (ERM) proteins are involved in T cell 

activation (Allenspach et al., 2001; Roumier et al., 2001) 

1.3.3. Immunological synapse (IS) 

1.3.3.1. Organisation of IS 

The immunological synapse (IS) between T cells and DCs is a specialized cell-cell 

adhesive junction characterized by stability and directed secretion (Dustin et al., 2002). 

The classical definition of the IS is based on a cell-cell interface in which leukocyte 

function-associated antigen 1(LFA-1) and intercellular adhesion molecule 1(ICAM-1) 

interactions as well as talin form a ring around a central cluster of TCR-MHCp (T-cell 

receptor-major histocompatibility complex molecule-peptide complex) interactions  (Monks 

et al., 1998; Dustin et al., 1998).These structures were defined as supramolecular 
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activation clusters (SMACs). The TCR cluster marke the central (c) SMAC, whereas the 

LFA-1 ring marke the peripheral (p) SMAC (Fig.5). 

It has been proposed that the DC cytoskeleton plays an active role in shaping the T cell-

DC immunological synapse, and there is direct evidence that the antigen-presenting cell 

(APC) cytoskeleton can modify the location of key molecules (Al-Alwan et al., 2003). 

1.3.3.2. Different types of IS  

Different types of APC not only differ in their morphology and in the structure of their actin 

cytoskeleton but also in their molecular properties, such as patterns of cell-surface 

adhesion-molecule expression and chemokine secretion. The impact of the type and 

activation status of the APC on the type and duration of cell-cell interaction seems to be 

inversely correlated with the co-stimulatory capacity and activation potency of the APC 

(Gunzer et al., 2004). For example, interactions between naive CD4+T cells and resting B 

cells usually last for several hours and are mainly of the stable type; however, although 

Fig.5:  View of T-cell / APC conjugate. Localization of adhesion and adaptor molecules after antigen 
recognition of peptide-MHC complex by the TCR/CD3 
(Montoya et al., 2002) 
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these are the longest lasting interactions, they lead to efficient T-cell activation (Monks et 

al., 1998). By contrast, interactions between naive T-cells and activated B cells or DCs are 

less stable (lasting only minutes), more commonly involve dynamic phases and have a 

higher efficiency of T-cell activation (Gunzer et al., 2004). In addition, the stability and 

duration of T-cell-APC interactions seem to be inversely correlated with the morphological 

complexity and cytoskeletal activity of the APC, and they might further depend on cell-

surface-receptor numbers and distribution (that is, their pre-clustering state at the surface 

of the APC). 

 According to diversity of molecular-interaction zone of the immunological synapse, four 

types of molecular arrangement at the immunological synapse are described (Friedl et al., 

2002): 

A monocentric immunological synapse has a stably adhesive junction with a fully 

segregated central supramolecular activation cluster (cSMAC) and peripheral SMAC 

(pSMAC), which lead to T-cell priming, T-cell receptor (TCR) downregulation and 

sustained signalling (Bromley et al., 2001)  

A multicentric immunological synapse is an assembly of partially mobile molecular clusters 

that lack complete segregation into a pSMAC and cSMAC. 

An unsegregated immunological synapse is enriched for TCR, co-stimulatory molecules 

and signalling molecules, yet it lacks pSMAC and cSMAC segregation. 

A dynamic immunological synapse is an asymmetrical structure that is predicted to occur 

in T cells that are migrating across an antigen-presenting cell (APC); it is thought to involve 

receptor engagement at the leading edge of the cell and receptor exit at the rear of the cell 

(Friedl et al., 2002). 
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1.4. Aim of the work 

 
Interaction with dendritic cells (DCs) is considered as central to immunosuppression 

induced by MV. MV-infected DC cultures do not support allogenic T cell expansion.  

Evidently, signalling by the viral glycoprotein complex accumulating on these cells is 

important for this phenomenon. Signalling processes in T cells targeted by surface 

interaction with this complex have been studied using UV-inactivated virus as effectors. In 

these cases, activation of the PI3K in response to serum factors, TCR ligation by 

antibodies, or cocultured mature DCs was severely compromised. Importantly, MV 

interaction alone has been linked to a collapse of T cell microvillar structures and the 

inability of T cells to organise a functional monocentric IS with mature DCs based on 

MTOC redistribution and centring of CD3. The latter experiments were performed based 

on the assumption that DC maturation induced by MV roughly corresponded to those by 

other maturation stimuli. We were interested in whether other parameters associated with 

DC maturation such as cytoskeletal rearrangements, integrin-dependent and dynamic 

adhesion were also affected by MV infection. Thus, we planned to look how MV infection 

modulates integrins and Rho GTPases activation and the velocity of infected DCs. MHC-II 

clustering on WTF-infected DCs was the next point of interest. In particular, the capability 

of WTF-DCs to stably conjugate to and to organise functional immune synapses with 

cocultured allogenic T cells was to be precisely analysed.  
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2. Materials 

2.1. Cell lines 
 
 All cell lines used in this work were available in the institute.  

Cell line cell type medias origin 

BJAB B cell, lymphoblastoid (homo 

sapiens) 

RPMI 

1640,10% FCS 

Menezes et al. 1975 

B95a EBV transformed, marmoset 

(Callithrix jacchus) B cell  

RPMI 1640, 

5% FCS 

Kobune et al 

Vero fibroblast cell line (kidney) African 

green long-tailed monkey 

MEM, 5% FCS Yasumura, 1963 

Table 1: Culture medium, cell lines and their origin 

2.2. Primary cells 
 

Human peripheral blood mononuclear cells obtained after elutration from healthy donors at 

the Institute for transfusion medicine and immune haematology of the University hospital 

Würzburg served as source for T cells and monocytes.  

2.3. Viruses 
 
The vaccine strain Edmonston and the wild type strain Fleckenstein were grown routinely 

in the laboratory. MGV is recombinant MV that contains the G protein of vesicular 

stomatitis instead of MV glycoproteins was kindly provided by Dr. E. Avota  

 

virus types receptor cell lines used  
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wild type Fleckenstein (WTF) CD150 BJAB 

vaccine straine Edmonston (ED) CD46, 

CD150 

Vero 

 recombinant MV that contains the G protein of VSV 

insted of MV glycoproteins (MGV) 

 Vero 

Table 2:  Viruses and cell lines used for passaging  

2.4. Cell culture media 
 
Cell culture media RPMI 1640, MEM, DMEM, HANKS and additions were produced in the 

institute. Different compounds were added to the media depending on the usage: 

Substance  concentration (final) manufacturer  

FIP  200 µ M Bachem  

penicillin 100 U/ ml  institute 

streptomycin 100 µg/ml  institute 

GM-CSF  500 U/ml    Berlex   

IL-4 250 U/ml Promo-Cell 

Ciprofloxacin 2 mg/ml Bayer 

FCS ( 5-10 %)  5-10 % Seromed 

LPS 100ng/ml Sigma Aldrich 

BSA 0.5%, 1%, 5% Applichem 
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Table 3: Summary of additives used for the culture media 

Solutions:  

ATV (Adjusted trypsin-versene) (institute);  

 NaHCO3 (sodium hydrogen carbonate) (institute) 

FREEZING MEDIUM: 90% fetal bovine serum (FCS) and 10% DMSO (dimethyl 

sulfoxide) 
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2.5. Solutions and buffers used for cell separation 
 

AET solution: for 1l (10 flasks) of SRBCs: 

2g AET in 50 ml ddH2O adjusted to pH 9 with 4 

N NaOH   

SRBC ( Sheep red blood cells ) 1l (10 flasks ) 1% SRBC was centrifuged (2000 

rpm, 7 min, at 20° C).The four pellets were 

combined in 50 ml tubes and Alsevers was 

added, then centrifuged (2000 rpm, 7 min, at 

20° C). 

  

4 % AET-SRBC solution:  

SRBC-pellets were solved in AET, incubated in 

a water bath 20 min at 37° C, then cold PBS-/- 

was added. After 10 min centrifugation at 1500 

rpm, at 20°C was diluted to 4% with RPMI 

(10% FCS).  

erythrocyte lysis buffer 155 mM NH4Cl,  10 mM KHCO3, 0.1mM EDTA 

sterile filtered  

ammonium chloride buffer For 100 ml : 10 ml 10 x KHCO3 (1 g/100 ml), 

10 ml 10 x NH4Cl (8.3 g/100 ml), 20 µl of 0.5 M 

EDTA, (pH8) and diluted to100 ml with dH2O 

 Percoll solution: 
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Gradient 1 ( for 10 ml) Gradient 2 ( for 10 ml) Gradient 3 ( for 10 ml) 

1 ml 1.5 M NaCl (1.076 g/ml) 

5.442 ml Percoll (1.129 g/ml) 

3.558 ml dH2O 

1 ml 1.5 M NaCl (1.059 

g/ml) 4.124 ml Percoll 

(1.129 g/ml) 4.876 ml dH2O 

1 ml 1.5 M NaCl (1.045 

g/ml) 3.039 ml Percoll 

(1.129 g/ml) 5.961 ml 

dH2O 

 

Table 4: Summary of solutions and buffers used for cell separation 

 

2.6. Antibodies for purity determination of the isolated cell populations 
 

antibody dilution conjugated manufacturer 

CD3 1: 100 FITC Becton Dickinson 

CD56 1: 100 PE Becton Dickinson    

CD19 1: 100 FITC Beckman Coulter 

CD14 1: 50 FITC Beckman Coulter  

CD16 1: 100 PE Becton Dickinson 

HLA DR 1: 100 FITC  Becton Dickinson 

Table 5: Antibodies for control stainings 
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2.7. Immunofluorescence 

2.7.1.  Antibodies for immunofluorescence  

 

antibody dilution conjugation isotype clone manufacturer 

CD3 1 : 50 FITC IgG1,k UCHT1 Becton 

Dickinson 

CD19 1 : 100 FITC IgG2a,k HIB19 Becton 

Dickinson 

CD14 1 : 50 FITC IgG2a,k RM052 Beckman 

Coulter 

CD16 1 : 100 PE IgG1,k 3G9 Becton 

Dickinson 

CD56 1 : 100 PE IgG1,k B159 Becton 

Dickinson 

HLA-DR 1 : 100 FITC IgG1,k  5681 Becton 

Dickinson 

MV-H 1:50 - IgG2a,k K83 Institute 

MV-N 1:100 - IgG2a,k F227 Institute 

CD4 1:50 PE IgG1,k RPA-T4 Becton 
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Dickinson 

IgG1,k 1:50 PE IgG1,k MOPC-21 Becton 

Dickinson 

CD11a 1:100 PE IgG1,k HI111 Becton 

Dickinson 

CD11c 1:50 PE IgG1,k B-ly6 Becton 

Dickinson 

IgG( H+L ) 1:100 PE - - Beckman 

Coulter 

CD18 20µg/ml       - IgG1,k MEM 48 Chemicon 

Goat F(ab`)2 

α-mouse 

1:50 FITC - - Dianova 

Goat F(ab`)2 

α-mouse 

1:100 PE - - Beckman 

Coulter 

Goat   α-

mouse 

1:100 Alexa 594 - - Molecular 

Probes 

 CD29  

 

1:100           - IgG2a,k - - Becton-

Dickinson 

Goat α- 1:100 Alexa 488 - - Molecular 
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mouse Probes 

tubulin  1:500               - - DM1A Sigma 

 

LFA-1  

 

1:100 

             

   - 

        

   - 

          

 - 

Department 

of Molecular 

Cell Biology 

and 

Immunology, 

Amsterdam 

 

β1-activated  

1:100 FITC - HUTS-4  Bioscience 

fascin mAb 1:50           - - - Chemicon 

 

CD-3-ξmAb 

 

 

1:100 

        

   - 

 

- 

 

- 

Santa Cruz 

talin pAb  1:200            - - - Santa Cruz 

talin mAb  1:200           - - - Sigma 

 

FN1 

(CDw78)  

 

10-20µg/ml 

          - - -  Dr.Steinar 

Funderud, 

Oslo 
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phalloidin  1:40 rhodamine-

conjugated 

- - Molecular 

Probes 

Table 6: Summary of the used antibodies. 

2.7.2. FACS buffers  

• standard FACS-buffer: 0.4 % BSA 0.02 % sodium acid in PBS Ca2+/Mg2+  PBS 

• saponin-buffer: 0.33 % saponin in FACS-buffer, pH 7.4 

 

2.8. In situ-immunlocalisation 

2.8.1.  Buffers for in situ-immunolocalisation 

• PBS 500µM Mg2+, 900µM Ca2+ 

• PBS 500µM Mg2+, 900µM Ca2+, 2.5% BSA, 0.02 % sodium acid 

• 1% BSA in PBS-/-, 0.02 % sodium acid 

• 5% BSA in PBS-/-, 0.02 % sodium acid 

• 0.1% Triton X -100 in PBS 

• 4% Paraformaldehyd -  in PBS 

• PHEMO-buffer: 0.068 M PIPES, 0.025 M HEPES, 0.015M EGTA, 0.003M MgCl2 x 

6 H2O,  in  DMSO pH=6.8 
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2.8.2. Reagents for in situ-immunolocalisation  

• Poly-L-Lysin [100µg/ml] (Sigma) 

• Phemo-fix (2x): 7.4% PFA, 0.1%GA (glutaraldehyde), 1% Triton-X-100 mixed in 

water to final volume of 200ml , finally mixed with 200 ml of PHEMO-buffer  

• Fluoromount G (Biozol)  

2.9. FN/ICAM-1 adhesion assays 

2.9.1. Buffers for adhesion assays 

• TSM buffer : 20 mM Tris, 150 mM NaCl, 1 mM CaCl2, 2 mM MgCl2,  

• TSA buffer =TSM buffer + 0.5 % BSA  

2.9.2. Reagents for adhesion assays  

• fibronectin 20µg/ml (Sigma) in water 

• ICAM-1 (recombinant human  Intracellular Adhesion Molecule-1)/Fc Chimera 

20µg/m ( R&D systems) in PBS 

• 4% paraformaldehyd in PBS 

• PMA 0.1µg/ml (Calbiochem) in RPMI 0% FCS 

2.10. Kit for fast activated cell ELISA-based adhesion assay  
 

FACE-Kit (Active Motif Europe) was used.  
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2.11. Cell lysis 
 
Lysis buffer: 

1% (w/w) Nonidet P-40 (NP-40)120mM NaCl, 10mM NaF, pH=7.2, 50mM Hepes, pH=7.4, 

40mM β-glycerophosphat, 1mM EDTA, 1 tablet protease inhibitors cocktail per 50ml lysis 

buffer 

• RIPA buffer lysis buffer 

1% (w/w) Nonidet P-40 (NP-40), 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 

0.15 M NaCl, 0.01M sodium phosphate, pH=7.2, 2mM EDTA, 50mM NaF, 1 tablet 

protease inhibitors cocktail per 50ml RIPA buffer 

2.12. Determination of protein concentration 

 
Performed by BCA- assay (Sigma) 

2.13. Western Immunoblotting of proteins 
 

2.13.1. Buffers for WB 

blocking buffer: 5 % w/v skim-milk in PBS   

washing buffer: PBS/0.05 % Tween-20 

buffer for incubation with the primary antibody: 3 % w/v BSA in PBS/0.05 % Tween-20 

buffer for incubation with the secondary antibody: 5 % w/v skim-milk in PBS/0.05 % 

Tween-20  

10 x protein gel buffer for 1 l: 30.0 g Tris, 144 g glycin 10 g SDS, pH 8.7   
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cathode buffer for 1 l: 3.0 g Tris, 5.2 g hexane acid , 20 % v/v methanol, pH 9.4  

30mM anode buffer for 1 l: 3.6 g Tris, 20 % v/v methanol, pH 10.4  

300 mM anode buffer for 1 l: 36 g Tris, 20 % v/v methanol, pH 10.4   

APS 10 % w/v in dH20.  

SDS 20 % w/v in dH20.  

loading buffer for SDS-PAGE gel: 200 mM Tris pH 6.8, 4 % w/v SDS 20 % w/v glycerol 

0.02 % w/v bromophenolblue 200 mM DTT 

protein standard marker for WB (Fermentas) 

film: Super X-ray-film, Fuji 

nitrocellulose membrane: (Protran®, Schleicher & Schuell) 

chemiluminescence substrate: ECL (Amersham Biosciences) 

2.13.2.  Antibodies for WB 

antibodies dilution type manufacturer 

Fascin 1:1000 monoclonal Chemicon 

β1-integrin 1:500 monoclonal Chemicon 

β1-activated integrin 

clon(HUTS-4) 

1:500 monoclonal Chemicon 

FAK 1:500 polyclonal Santa Cruz 



 MATERIALS 

31 

 

Erk 1:1000 monoclonal Santa Cruz 

P-Erk  monoclonal Cell Sygnaling 

Technology 

Paxillin 1:1000 polyclonal Cell Sygnaling 

Technology 

P-Paxillin 1:1000 polyclonal Cell Sygnaling 

Technology 

PKC-α 1:1000 monoclonal Santa Cruz 

Table 7: Antibodies for WB 

 

2.13.3. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Table 8 - Polyacrylamide Separating and Stacking Gels  

 

SEPARATING GEL    8%   10%  12% 

30% acrylamide/bisacrylamide  8.5 ml  10.6 ml 12.8 ml 

1.5 M TrisNaCl( pH=8.9 )   8 ml  8 ml  8 ml 

H2O      15.1 ml 12.9 ml 10.8ml 

20%SDS     160 µl  160 µl  160 µl 

TEMED     10 µl  10 µl   10 µl 
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10% APS     280 µl  280 µl  280 µl   

 

STACKING GEL     4%  

30% acrylamide/bisacrylamide  1.3 ml 

1 M TrisNaCl ( pH=6,8 )   1.25 ml 

H2O      6 ml 

20%SDS     50 µl 

TEMED     10 µl  

 10% APS     100 µl  

 

REAGENTS USED IN GELS 

Protease-Inhibitor Cocktail, 1 tablet in 50 ml lysis buffer (Roche) 

SDS (1x) Sample buffer / non reducing conditions: 62.5 mM Tris-HCl (pH6.8), 10% 

glycerol, 50mM DTT, 0.01% w/v bromophenol blue 

2.14. Kinase assay 

2.14.1. Kinase buffer  

10mM MgCl2, 56mMTris-Cl pH=7.5, added H2O to 50ml added freshly: 1mM DTT, 0.1mM 

Na3VO4, protease inhibitors cocktail (1 tab.) 

  



 

2.14.2. Washing solutions

• 0.5M LiCl2 in PBS 

• lysis buffer 

• Tris-buffer saline (TBS): 136.8mM sodium chloride, 5mM potassium chloride, 

0.9mM calcium chloride, 0.5mM magnesium chloride hexahydrate, 0.7mM dibasic 

sodium phosphat,  25ml 1M Tris, pH=7.4 and H

2.15. Plasmids  

2.15.1. Human MHCII-GFP plasmid 

MHCII-GFP - plasmid was obtained from Dr. J. Neefjes, Netherland Cancer Institute, 

Amsterdam. 

  

 

Washing solutions  

buffer saline (TBS): 136.8mM sodium chloride, 5mM potassium chloride, 

0.9mM calcium chloride, 0.5mM magnesium chloride hexahydrate, 0.7mM dibasic 

hat,  25ml 1M Tris, pH=7.4 and H20 to 1l 

GFP plasmid  

plasmid was obtained from Dr. J. Neefjes, Netherland Cancer Institute, 
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buffer saline (TBS): 136.8mM sodium chloride, 5mM potassium chloride, 

0.9mM calcium chloride, 0.5mM magnesium chloride hexahydrate, 0.7mM dibasic 

plasmid was obtained from Dr. J. Neefjes, Netherland Cancer Institute, 

 



 MATERIALS 

34 

 

2.15.2.   Human GTP-ases –GFP Plasmids  

The GTP-ases –GFP plasmids were kindly provided by Dr. Francisco Sanchez-Madrid 

Servicio de Inmunologia, Hospital de La Princesa, Madrid, Spain 

 

human V14RhoA-GFP ca RhoA-GFP 

human V12Cdc42-GFP ca Cdc42-GFP 

human V12Rac1-GFP ca Rac1-GFP 

human RhoAN19-GFP dn RhoA-GFP 

human N17 Cdc42-GFP dn Cdc42-GFP 

human N17 Rac1-GFP dn Rac1-GFP 

Table 9: Human GTP-ases –GFP Plasmids 

 

The following reagents were used  for  amplification and purification of the plasmids: 

• LB medium:  

10 g/l Bacto-Tryptone 5 g/l yeast extract 10 g/l NaCl 5 ml/l Tris HCl; pH 7.5; pH= 7.4  

• agar plates: 

 10 g/l Bacto-Tryptone, 5 g/l yeast extract, 10 g/l NaCl 5 ml/l Tris HCl; pH 7.5; 15 g/ml agar 

pH 7.4  
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ampicillin - 30µg/ml (MHCII-GFP – plasmid) or kanamycin - 30µg/ml (GTP-ases –GFP  

Plasmids)   

• Endofree Plasmid Maxi Kit (Quiagen) 

 

2.16. Transfection  
 
 DCs were transfected using the dendritic Cell Nucleofector Kit (Amaxa, Germany) 

according to the manufacturers’ instructions.  

 

2.17. Materials  
plastic scrapers Hartenstein 

Lab-Tek II Chamber slide System Nalge Nunc 

Table 10:  Materials 

2.18. Devices 
FACScan Becton Dickinson 

fluorescence microscope Leitz 

confocal microscope Zeiss 

light microscope Labovert FS 

BIO-Photometer Eppendorf 

table centrifuge Heraeus, Sepratech 
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cell chamber Neubauer, Thoma 

 platform Shaker Bühler 

Nucleofector Amaxa 

harvester 96 Tomtec 

phosphoimager  FUJI, FLA-3000 

Scanning electron microscope  Zeiss DSM 962 

Table 11: Devices 
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3. Methods 

3.1. Cell culture  
All cells were cultivated at 37°C in a humidified 5%CO2 incubator.  

3.1.1. Adherent cells  

Medium from monolayer cell cultures was completely removed cells were washed once or 

twice with a small volume of 37°C - warmed medium. ATV was added and the bottle was 

placed on 37°C for 1 to 2 minutes. Complete medium was added to the detached cells. 

They were split 1/5 or 1/10 and transfered into a fresh culture bottle. Cultures were 

passaged 1-2 times weekly.  

3.1.2. Passaging cells in suspension culture  

Suspension cultures were grown in culture flasks and passaged 1-2 times weekly. Cells 

were transfered into a 50ml tube, centrifuged 5 minutes at 1200 rpm, the pellet was 

resuspended in small volume of fresh medium, then about one-third of the suspension   

wasremoved and discarded from the flask and replaced with an equal volume of 

prewarmed (37°C) fresh medium. Split cells were transferred into fresh culture flask. 

3.1.3.  Freezing and cryo-storage of cells  

Cells  were adjusted to a final cell concentration of 106 or 107 cells/ml. Freezing medium 

(4°C) was added and mixed thoroughly.  The suspension was divided into aliquots (1ml) 

into cryovials, which were placed for 1 hour at –20°C, overnight at −70°C and finally were 

transferred to liquid nitrogen.  
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3.2. Isolation of primary human mononuclear cells  

3.2.1. Elutriation  

The advantage of Elutration method is that enrichment of primary human cells is according 

to their density, form and size by means of centrifugal strength.  

 

Fig 9. Elutriations process: 1.The medium including suspended cells was introduced into  the separating chamber. 
2. Cells reached the position, at which there was a balance of the  strengths dependence of the cell size, form 
and density. 3. By rising of the fluid rate and  down regulation of the rotor speed the separated cell fractions were 
washed  from  
the separating chamber and collected (Luttmann W., 2004) 

After centrifugaiting procedure five fractions were obtained: 

1st fraction:  Mainly erythrocytes but also thrombocytes. 

2nd fraction: Mainly T cells, mixed with erythrocytes. 

3rd and 4th fraction: Mainly T cells (low number). 

5th fraction: Contained mainly monocytes. 

The monocyte fraction was directly frozen. The T cell fraction was depleted from 

erythrocytes by repeated treatment with erythrocyte lysis buffer for a short time (2-7 min). 

To avoid cell damage due to hypotonic effect of the lysis buffer, RPMI 1640/10% FCS was 

added and cells were centrifuged at 300 x g for 10 minutes at room temperature. Between 
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the individual lysis steps cells were washed twice with PBS -/-. Before freezing, aliquots 

were taken to determine the purity by FACS. 

3.2.2. Density-gradient separation  

The leukocyte cell concentrate separation was carried out in three steps: 

1. PBMCs were separated from the leukocyte concentrate by Ficoll-Paque-gradient. 

2. Isolation of CD2 positive cells was done by rosetting to AET treated SRBCs (sheep red 

blood cells). 

3. Separating of monocytes by discontinuous Percoll gradients. 

4. Staining of cells with a mixture of the monoclonal antibodies: CD3-FITC, CD14-FITC, 

CD19-FITC, CD16-PE, CD56-PE and HLA-DR-FITC   

3.2.2.1. Isolation of primary human mononuclear cells 

To isolate PBMCs the leukocyte cell concentrate was first diluted (1:2) with Versene and 

layered on Ficoll-Paque (30 ml diluted leukocyte solution per 9 ml Ficoll-Paque), followed 

by density-gradient-centrifugation (30 min, 400 x g, 4°C). Cells were collected from the 

interphase and transferred into a 50 ml tube, washed 2 - 3 times with PBS-/- and 

centrifuged at 300 x g for 10 minutes at room temperature. An aliquot was taken for 

determination of the cell number and for FACS staining. About 30% of the PBMCs were 

centrifuged and frozen. The other PBMCs served as sourcel for isolation of T cells and 

monocytes.  

3.2.2.2. Isolation of primary T cells via rosetting 
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Enrichment of T cells was carried out via rosetting to the sheep erythrocytes, which 

express CD54 molecules (LFA-3) and via CD2 molecules (expressed on the T cells 

surface) bound the T cells.  

For rosetting of the T cells, an 1% - sheep erythrocyte solution was first centrifuged (400 x 

g, 10 min, at room temperature), then cells were washed with Alsevers. The pellets were 

resuspended in 4% AET solution and activated for 20 minutes at 37°C in a water bath, 

which improves binding of CD2-positive T cells. The pellets were washed with PBS-/- 

repeatedly, centrifuged (10 min, 400 x g, at 20°C) and carefully resuspended with 10% 

FCS RPMI. Each 3 x 108 PBMCs were mixed with 13 ml of AET treated sheep 

erythrocytes and 7 ml of FCS, then centrifuged for 5 minutes (200 x g, at 4°C). The pellets 

were incubated on ice for an hour. During this period the T cells bound to the erythrocytes. 

The cell pellets were resuspended by rolling and the suspensions put onto Ficoll Paque-

gradients for 30min. at room temperature, then centrifuged (400x g, without brake).  The 

interphases contained mostly monocytes, NK cells and B cells, while the T cells were in 

the pellets. The T cell fraction was depleted from erythrocytes before freezing by short (2-7 

min) treatment with erythrocyte lysis buffer. Between the individual lysis steps cells were 

washed once with 50 ml 10% FCS/ RPMI and twice with PBS-/- to avoided cell damages.  

3.2.2.3. Isolation and purification of monocytes 

The interphase generated during the previous separation step contained monocytes, B 

cells and NK cells. A discontinuous percoll-gradient was performed to isolate the 

monocytes. Percoll solutions with different density (1.076 g/ml, 1.059 g/ml, 1.045 g/ml) 

were prepared. The solutions were carefully layered on a round bottom small 

polypropylene tube beginning with the solution with the lowest density. After washing with 

PBS-/- , the cell suspensions were applied onto the gradients and centrifuged  for 30 
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minutes at room temperature, 400 x g without brake. The interphases were then 

transferred to fresh 50 ml tubes and washed with PBS-/- (for 10 min, at room temperature, 

300 x g).   

3.3.  Cultivation of primary human cells 

3.3.1. Dendritic cells  

MoDC (monocyte-derived dendritic cells) were generated in vitro from monocytes. 2 x107 

monocytes were resuspended in 3ml 10% FCS RPMI  supplemented with IL-4 [250 U/ml] 

and GM-CSF [500 U/ml ] and plated at a density of 1.5 x 106 cells/well into 6 well plates. 

Every two days 1 ml of the medium was removed  from each well, collected, centrifuged 

and replaced with 1 ml of a fresh medium 10% FCS/RPMI with 750 U IL-4 and 1500 U 

GM-CSF for five to six days (monocytes, obtained by Elutration – for 3-4 days). 

3.3.2. T cells 

Primary human T cells were thawed and propagated as described in the previous section 

in 10% FCS RMPI 

3.4. Viruses 

3.4.1. Wild type virus  

The wild type virus was passaged on BJAB. 5 x 107 BJAB cells were infected (a MOI of 

0.01) by applying of virus in 0% FCS RPMI and incubated 1-4 hours at 37°C. The cells-

virus suspension was repeatedly inverted during the infection period. Cells were 

centrifuged (5 min, room temperature, 300 x g), resuspended  in 100 ml 10% FCS RPMI 

and grown in a vertically stationary culture bottle in the incubator for two to three days. As 

soon as a syncytia formation was recognizable, the pre-infection was divided onto  fresh 
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BJAB cells in 550 ml culture bottles.  Infection cultures were collected (5 min, room 

temperature, 300 x g) as soon as a clear syncytia formation could be recognized. Cell 

pellets were resuspended in PBS -/- and frozen at -20°C overnight. For the extraction of 

virus particles, cell suspensions were thawed fast and then centrifuged (15 min, 0° C, 1000 

x g) to deplete  the cell debris from virus stock.  The virus stock was divided into aliquots 

and stored at -80°C. 

Parallel to the virus cultivation uninfected BJAB cells were grown under analogical 

conditions, harvested and also divided into aliquots. These frozen aliquots were also 

stored at –80°C and served in all tests as mock control.  

3.4.2. Vaccine strain Edmonston 

Vaccine strain Edmonston was passaged on Vero cells, (2 x 107 cells / per culture bottle) 

infected with a MOI of 0.01. For this, the culture medium was removed and the 

corresponding volume virus was resuspended in 10 ml 0%FCS/ MEM and applied in each 

bottle. The cells were infected by incubation 1-4 hours at 33° C. After replacement of the 

inoculum into 5% FCS/ MEM cells were cultured at 37°C until clear syncytia formation 

could be recognized. Subsequently medium was removed and replaced by 2 ml PBS-/- . 

The cells were frozen overnight at -20° C, then thawed rapidly at  4°C, scraped from the  

culture bottles, resuspended, centrifuged (15 min, 0°C, 1000 x g) and collected in cryo 

tubes (stored at –80°C ).  

The TCID50 (tissue culture infectious dose 50%) indicates the dilution of a virus stock, 

which is sufficient to infect 50% of the cells in the culture. For the determination of the 

TCID50/ml by 50% end-point titration, 5 x 104 B95a cells were incubated in 5% FCS/RPMI 

(100 µl/well), cultured overnight at 37°C. For the infection eight to ten virus stock dilutions 
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were prepared and resuspended in 0% FCS RPMI and placed on ice. To infect the cells, 

the culture medium of the B95a cells was replaced by a 100 µl/well of diluted virus stock.  

After one to three hours incubation at 37° C the medium containing virus was replaced by 

100 µl/well fresh 5% FCS/RPMI (100 µl/well). After three to five days the number of CPE-

positive wells was determined by light microscopy and the TCID50 was calculated 

according to the formula (by Spearman and Kärber). 

 

xp-1 = highest log dilution giving all positive responses 

d =  decadic logarithm of the dilution factor 

p = CPE positive wells on each dilution step 

Σ p =  the sum of values of  p for xp-1 and all higher dilutions , which have CPE  

 

 

d =  decadic logarithm of the dilution step 

p = CPE positive wells on each dilution step 

n = the numbers of  wells on each dilution step 

 

 

Calculation of the Standard error of the TCID50 (by Spearman and Kärber) per dilution 

step.  
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3.4.3.  Infection of Monocyte derived Dendritic Cells 

Immature DCs were collected into a 50 ml tube and centrifuged (5 min, 300 x g, room 

temperature). The pellet was resuspended in a small volume and the cell number was 

determined. DCs were divided into tree tubes, centrifuged (5 min, 300 x g, room 

temperature) and each pellet was resuspended in 100 µl 0%FCS/ RPMI containing IL-4 

and GM-CSF. Corresponded volume of virus was applied to the first tube to distinguish the 

desired MOI. An equal volume of mock - suspension was added to the second tube. LPS 

at a final concentration of 100 ng/ml was added to the third tube, used as positive control. 

All tree tubes were vortexed and incubated at 37° C for 1-2 hours, then washed, 

centrifuged (5 min, 300 x g, room temperature) and resuspended in 10% FCS /RPMI 

containing IL –4 and GM-CSF. LPS (100 ng/ml ) was added to the positive control culture. 

To abolish syncytia formation, FIP (fusion inhibitory peptide) in a final concentration 200 

µM was added to the medium. The efficiency of the infection was controlled after 24h by 

microscopy or FACS after staining   of DCs with MV-H or MV-N specific antibodies.  

3.5. Molecular biological methods 

3.5.1. Amplification of Plasmids   

3.5.1.1. Transformation 

A 100 µl aliquot of E. coli competent cell (f.e. XL1 Blue) was thawed on ice, then 50ng of 

plasmid DNA was added, mixed well and incubated for 45 min. on ice. The next step was 

heat shock by incubation for 10 min at room temperature (or 45 seconds at 42°C) followed 

by addition of 1 ml LB-medium without antibiotics. The mixture was incubated 1h at 37°C, 

followed by short centrifugation step (1min) and 1ml of the supernatant was removed. The 

bacterial pellet was mixed well in the remaining fluid and seeded onto the agar plates with 
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ampicillin (MHCII-GFP – plasmid) or kanamycin (GTP-ases –GFP plasmids). The agar 

plates were incubated overnight at 37°C. 

3.5.1.2. Mini- culture and maxi- culture 

 Mini- culture was prepared according to the manufacturers using Quiagen EndoFree 

Plasmid mini Kit (Qiagen GmbH). To obtain a proper yield of plasmid DNA, maxi-

preparations were performed using Quiagen EndoFree Plasmid maxi Kit (Qiagen GmbH). 

The concentration of the DNA was determined photometrically. 

 3.5.1.3. Transfection 

Immature dendritic cells (1-2x106) were transfected with 1-5µg of different GTP-ase-GFP 

plasmids/ MHCII-GFP or pmax-GFP – control plasmid, according to the manufacturers 

(Nucleofactor TM Kit, Amaxa, Germany). The efficiency of the transfection was detected 

microscopically 20-24h after transfection (100µl aliqot  with 1.105 cells was taken from the 

transfected culture, seeded, fixed with 4%PFA/PBS, washed and covered. 100 cells of 4 

different  fields were counted and the number of GFP-positive cells was determined. The 

percentage of GFP-positive cells in the transfected culture was calculated).  

3.6. Biochemical methods 

3.6.1.  Preparation of cell lysates 

Cells were washed with ice-cold PBS and ice-cold RIPA or lysis buffer was added. The 

plate was incubated on ice and cells were scraped off. The lysis buffer- cells mixture from 

each well was transferred into tube and vortexed then incubated on ice for 20 minutes. 

The lysate was centrifuged at 14 000 x g at 4°C for 20 minutes. The supernatant was 

transfered to a fresh tube and placed on ice. The cell lysate was diluted at 1:10 before 



 METHODS 

46 

 

determining the protein concentration and the aliquots were stored at –20°C or used 

directly. 

3.6.2. Determination of protein concentration 

Performing BCA- assay (Sigma):   

Solution I (bicistronic acid) was diluted 1:50 with Solution II (cupper-II-sulfate). 5 µl of each 

probe was added to 995 µl BCA-Solution-mix. 5 µl Standard-protein-solution was diluted in 

995 µl BCA-Solution-mix and served as control. Probes were incubated 15 min at 60°C, 

transferred into  cuvets and the optical density  of the colour reaction  was measured at 

562nm using an Eppendorf-Photometer with an integrated  standard curve.  

3.6.3. Western Blot 

A nitrocellulose membrane was soaked in 30 mM anode buffer and the SDS-gel was 

soaked in cathode buffer. On the bottom plate of transfer apparatus were placed 2 paper 

sheets soaked in cathode buffer, the SDS-PAGE gel, the nitrocellulose membrane, 2 

paper sheets soaked in 30 mM anode buffer and 2 paper sheets soaked in 300mM anode 

buffer.  The transfer was run for 1 h with a current of 110 mA. After the transfer the 

nitrocellulose membrane was washed 1 x with PBS/0.1% Tween, incubated 1 h at room 

temperature in blocking buffer and washed with PBS/0.1%Tween. The membrane was 

incubated over night at 4°C with the primary antibody diluted in 3 % w/v BSA in PBS/0,1 % 

Tween, washed (3 times) by incubation with washing buffer for 10 min at room 

temperature and  incubated 1h at room temperature with the secondary antibody diluted in 

5% milk/PBS/0.1%Tween and  washed  with PBS/0.1%Tween (3 times). 
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The membrane was incubated for 1 min with the chemiluminescence solution (ECL), 

placed in plastic wrap and fixed in the cassette.  The membrane was exposed to film in the 

dark room. Signal intensity was quantified by using AIDA software program, Version 4 

(Raytest, Straubenhard, Germany)  

3.6.4. Immunoprecipitation /Co- Immunoprecipitation 

DCs were lysed in lysis buffer on ice. To prepare protein A agarose, the beads were 

washed twice with PBS. Pre-clearing was done by adding 10µl of either protein A or G 

agarose/sepharose bead slurry per 100µl of cell lysate and incubation 10 min at 4°C on an 

orbital shaker. To remove the beads cell lysates were centrifuged at 14 000 x g for 10 min 

at 4°C. The final concentration of the cell lysates was adjusted to 1µg/µl and each sample 

was mixed with 5µl PKCα antibody and gently rocked for 2 hours or overnight at 4°C. 20µl 

protein A agarose beads slurry were added to each sample and rocked at 4°C for 1-3 

hours, centrifuged 5 seconds at 14 000 rpm, the supernatants were discarded, the beads 

were washed with ice-cold RIPA buffer (or lysis buffer) 3 time. The agarose beads were 

resuspended in 25µl/sample 6x loading buffer (without SDS and β-mercaptoethanol), 

vortexed, boiled for 5 min to dissociate the immunocomplex from the beads. The beads 

were collected by centrifugation. The supernatants were loaded on SDS-PAGE (10-12%) 

using nonreducing conditions (without SDS and β-mercaptoethanol). 

3.7. Cell biological methods 
 

3.7.1. Scanning electron microscopy 

DCs were washed in PBS-/-, centrifuged 5min/1600g, resuspended in small volume (80- 
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100µl) PBS-/- or TSM buffer, applied to the PLL (1:1 in dH2O) or fibronectin (20µg/ml in 

TSM buffer ) coated chambers and incubated  for 1h at 37° C. Cells were subsequently 

fixed with 6.25% glutaraldehyde in cacodylate buffer 0.1 M, pH =7.4, for 30 min at 37°C  

(or 1h at room temperature). After washing with cacodylate buffer, cells were postfixed 

with a mixture of osmic tetroxide (OsO4) 1% and potassium ferrocyanate 1.5% in 

cacodylate buffer for 30 min. at 4°C. Cells were dehydrated in increasing concentrations of 

ethanol, critical point dried and sputtered with platin/paladium beror and analyzed on SEM 

- scanning electron microscopy (SEM) (Zeiss DSM 962).  

3.7.2. Cell adhesion assay 

1x105 DCs  per well were resuspended in 100µl TSM buffer, seeded onto chamber  slides, 

covered with FN (20µg/ml) or ICAM-1 (20µg/ml, recombinant human Intracellular Adhesion 

Molecule-1/Fc Chimera/ R&D systems), at 37°C for 10, 20 or 60 min and fixed with 4% 

PFA/PBS for 20 min at room temperature or 10 min  with Phemo Fix for MTOC  analyses, 

washed and incubated with 0,1% Triton X-100 in PBS  for 5 min. at 4°C . After  washing 

steps with PBS(3x) DCs were blocked  with 5% BSA in PBS-/- for 1h at room temperature 

and  cortical actin was visualised by staining with Phalloidin-594, (Molecular Probes). The 

number of adhered DCs was calculated. 

3.7.3.  FACE method by using FAK Kit 

Step 1: The 96-well culture plate was coated with FN for 60 min at 37 °C, and washed 

twice with PBS. The DCs were seeded at 85 000 cells/well, stimulated 60 minutes at 37°C, 

fixed by replacing the medium by 4% PFA in PBS for 20 minutes at room temperature, 

washed 3 x wash buffer (supplied), incubated 20 min at room temperature with quenching 

buffer (supplied) and blocked for 60 minutes at room temperature with blocking buffer 
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(supplied). NIH3T3 cells were starved by incubation in 0.2% FCS, DMEM for 16h at 37°C, 

then seeded, stimulated 60 minutes at 37°C  on FN  and served as positive control. 

Step 2: Binding of primary (for 3 hours or overnight) and secondary antibodies (for 1 hour) 

Step 3: Chemiluminescent detection was performed immediately after adding the room 

temperature chemiluminescent working solution to each well.  A CCD camera system and 

AIDA programme were used to readout the chemiluminiscent (Raytest, Straubenhard, 

Germany).  

3.7.4. Immunofluorescence 

DCs were counted and 1x105 DC/well were resuspended in 100µl TSM or 0% RPMI, 

plated on fibronectin- or Poly L-Lysin-coated chamber slides and allowed to adhere for 

different periods. After fixing in 4% PFA/ PBS for 20 min at room temperature, a 

permeabilisation step with 0.1% Triton X-100/PBS for 5 min on ice was performed (for 

intracellular staining) prior to blocking with 5% BSA/ PBS for 30 min at room temperature. 

Antibodies were added over night at 4°C (or 60 min at room temperature), followed by 

incubation for 45 min with (1:200) Alexa-488 or Alexa-594 conjugated / secondary 

antibodies. All antibodies were diluted in 1% BSA/PBS. After 3 washing steps with PBS, 

chamber slides were mounted in Fluoromount - G mounting medium, covered and sealed 

with nail varnish. Confocal images were obtained using a Zeiss LSM 510 confocal 

microscope equipped with x40, x60, x100 immersion lens. Acquisitions and differential 

interference contrast (DIC) were performed using Zeiss LSM (version 3.0) software, and 

processing were completed using Photoshop 7.0 (Adobe Systems, San Jose, CA) 
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3.7.5. Extra- and intra- cellular FACS staining 

5 x 104 cells were used per FACS staining. Cells were harvested on ice and washed with 

cold FACS buffer by centrifugation (5 min at 4° C/1500 rpm). Pellets were resuspended 

with the first antibody, vortexed and incubated in the dark on ice for 30 min. After washing 

step at 4°C (5 min /1500 rpm) cells were incubated for further 30 min with secondary FITC 

or PE antibodies in the dark on ice. After washing step andcentrifugation (5 min at 4° 

C/1500 rpm), cells were analysed by FACScan flow cytometer (CellQuest, Becton 

Dickinson). For intracellular FACS staining before staining with the primary antibody cells 

were fixed with 4%PFA for 20 min at room temperature, washed with cold FACS buffer 

and permeabilised with saponin buffer for 10 min. 

3.7.6. Conjugate formation between DC and T cells 

Chamber slides were coated with PLL 0.1% w/v in dH2O and incubated for 15 minutes at 

37°C. Each 5x105 DCs resuspended in 100µl 0%FCS/ RPMI were seeded in each well and 

incubated for 20-30min at 4°C. DCs were pulsed with SEA 1µg/ml and SEB 1µg/ml in 

10%FCS/RPMI, incubated at 37°C for 30 minutes. T cells (2x105 /well) were resuspended 

in 10-20µl 10%FCS/RPMI and added to the DCs. Conjugation was allowed by incubation 

for 30 minutes at 37°C and stopped by fixation with 4%PFA at room temperature for 20 

minutes or with Phemo Fix for 10 minutes, at 37°C.  

3.7.7.  Deconvolution /XY/analyses; 3-D confocal images 

Tree dimensional image was acquired in 10 focus intervals with a optical difference of 0,5 

microns (stack), illuminated by an Argon/2 (488) and / or a HeNe (543) laser exitation 

source. 3D-image was visible at the image margin. Section of the XZ plane though the 
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stack: above the XY image. Section of the YZ plane though the stuck: right of the XY 

image. Section of the XY plane center image - section of the XY plane though the stack: 

center image.  

3.7.8.  Fluo-4 loading of T cells 

To analyse the Ca2+influx in the T cells after contact with DCs, T cells were loaded with 

Fluo-4. T cells (2x10 6 cells/ml)  were washed with 5%FCS/10mM Hepes /HANKS (without 

Ca2+),  pH=7.5, resuspended in 1ml 5%FCS/10mM Hepes /HANKS (without Ca2+) and 

1µl/ml Fluo-4 (from stock-1mM Fluo-4 in DMSO;  Molecular Probes) was added. Cells 

were incubated for 30 minutes at 37°C, washed in 1ml PBS -/- (- Ca2+, - Mg2+),  

centrifuged 5 min at 1600 g, resuspended in 1ml HANKS (without Ca2+), incubated 30min 

at 37°C, centrifuged /1600 for 5 min and resuspended in 1ml 5%FCS/10mM Hepes 

/HANKS (with Ca2+). 1x105 T cells (in 50µl) were applied to the each well with DCs and 

immediately after adding T cells acquisitions were performed (each 15s for period of 10 

minutes). An aliquot of T cells stimulated with ionomycin (final concentration 10µM) was 

used as positive control for Fluo-4 loading. 

3.7.9. Live-cell imaging 

1x104- 1x105 DCs were transfected with different GTPases-GFP or control plasmid –GFP. 

4 hours after transfection cells were infected with WTF (moi=2) or treated with LPS or 

mock. FIP (final concentration 200µM) was added in 10%PRMI with IL-4/GM-CSF to all 

cultures and DCs were incubated for 18-20h at 37°C, then captured on PLL-coated slides, 

incubated 30 minutes in 0%FCS/RPMI at 4°C and pulsed with SEB 1 µg/ml and SEA 1 

µg/ml for additional 30 minutes in 10% FCS RPMI at 37°C. 10-20µl with 1x105 - 4x105 T-

cells/well were resuspended in 10%FCS PRMI buffer (for clustering assays); or in 
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5%FCS/10mM Hepes/HANKS buffer (for Ca2+influx experiments) or in TSA buffer (for 

tracking experiments). Images were acquired each 15 seconds for entire period of 10 

minutes (for Ca2+ influx), each 1 minute for entire period of 25-30 minutes (for clustering 

assays) or each 2 minutes for entire period of 30 minutes (for tracking experiments)  

3.7.10.  Cell tracking 

To analyse the changes in velocity of DCs tracking experiments were performed. Thus, 

1x104- 1x105 DCs were transfected (according to the manufacturer’s protocol, Amaxa) with 

different GTPases-GFP (see 3.5.1.3) or control plasmid (pmax-GFP). 4 hours later cells 

were infected with WTF (moi=2) or treated with LPS (100ng/ml) or mock, resuspended in 

10%PRMI with IL-4/GM-CSF supplied with FIP (200µM) and incubated for 18-20 hours at 

37°C. Some DCs were pre-incubated with Rac-inhibitor (Bachem) in different 

concentrations (25µg/ml, 50µg/ml, 75µg/ml, 100µg/ml) for 4 hours at 37°C in 10%PRMI. 

DCs resuspended in 100µl of TSA buffer were added into fibronectin-coated coverglass 

slides (Nunc, Lab Tek II) placed at 37°C into a chamber of the confocal laser scanning 

microscope - LSM Meta, Zeiss based on an inverted microscope (Axiovert 200 M, Zeiss) 

through an objective (40x, oil, NA = 1,3 Plane-Neofluor). An Argon/2 (488 nm) laser was 

used as excitation source for GFP positive cells, which were tracked by acquiring an 

images each 2 minutes for entire period of 30 minutes, transferred to a workstation 

(Compaq XP100) to calculate the tracking speed. Cell trajectories were analysed by cell 

image segmentation methods and tracking algorithms, which were run on the Compaq 

XP100 and the cell movement trajectories were visualised from X and Y coordinates by 

Illustrator software (10.0)  
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4. Results 
 

4.1. DCs morphology and adhesion 

4.1.1. Morphology  and adhesion of  WTF- DCs on Poly-L-Lysin (PLL) 

It was previously shown (Klagge at al., 2001) that MV infection induced upregulation of cell 

surface molecules, including MHC class I and II, CD80 and CD86, CD40, CD54 and 

CD83. DC maturation was more pronounced by wild-type MV (WTF). Morphological 

changes during DC maturation are characterized by numerous long arborizing processes 

known as dendrites. The formation of these processes by DCs, both in the periphery and 

in lymphoid organs, is believed to contribute to the efficiency with which they take up, and 

after processing, present antigen to T cells. To investigate whether, or to what extent, MV 

infection induced morphological changes, immature DCs were infected with MV wild-type 

strain at a moi=0,5. MV-induced fusion was prevented by including with inhibitory peptide 

(FIP), which was added immediately after infection and also to the control cultures 

(immature DCs exposed to mock preparations or LPS stimulated DCs). Six hours, 12 

hours or 24 hours after infection / treatment, DCs were captured on PLL and surface 

stained for F-actin by using Alexa 594 direct conjugated phalloidin, and additionally stained 

for MV protein H followed by secondary Ab-Alexa 488 (Fig.10 a), and then analysed by 

confocal microscopy. LPS treated DCs had typical long dendrites and the morphology of 

mock DCs was comparable to those of the infected cultures. Infected DCs were rounded 

without dendrites.  
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Adhesion assays on PLL coated slides were made to analyse whether MV-WTF infection 

altered the adhesion properties of DCs. Fig.10 b) summarises the data from three 

independent experiments. The observed reduction of adhesion in WTF-infected cultures 

was about 50%, and was similar in mock cultures (66%), as opposed to LPS cultures, in 

which about 90% of the cells were attached.  

4.1.2. Morphology and adhesion of WTF-infection DCs on FN and ICAM-1  

Cell-to-substrate adhesion assays were used to examine the ability of MV-DCs to attach to 

extra cellular matrix (ECM) proteins such as fibronectin or ICAM-1.  

           6 hours                                   24 hours 

                         

                                                   

A) MOCK  

 

 

 

                        

 

                  B)  LPS 

                                                                            

 

                  C) WTF 

 

Fig.10: a) Immunofluorescence images of mock- (A), LPS- (B) and WTF infected DCs (moi=0,5)(C), 6 
hours (left panels) and 24 hours (right panels) after treatment / infection, were captured on PLL coated 
slides, fixed and stained for F- actin by phalloidin / Alexa 594, and for MV-H by anti-MV-H – mAb / Alexa 
488. Each 100 cells per culture were analysed. Images from one representative experiment out of three 
independent experiments are shown. 
 

a) 
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To find out how the major dynamic rearrangements of the actin cytoskeleton were 

modulated by MV-WTF infection in DC, we started with immunofluorescence analysis of F-

actin using confocal microscopy and adhesion assays of mock-, LPS- or WTF-DC cultures 

on FN. 

Most of the mock-DCs (Fig.11 A) appeared highly elongated and adherent. The 

morphology was typical for immature DC (Burns et al., 2001). Some infected cells were 

round with multiple membrane ruffles covering the surface. A high proportion of WTF-

infected DCs were polarised with leading-edge lamellipodia (Fig.11 C, indicated by white 

arrow). In LPS cultures, a large proportion of DC were also polarised with large leading-

edge lamellipodia (Fig.11 B, indicated by white arrow). A part of the LPS-DCs were round, 

lacked podosomes and clumped in small groups of 4-6 cells. There was great similarity 

between cell morphology in WTF-infected and LPS treated cultures.  

Our investigation was continued by scanning electron microscopy analysis. When seeded 

onto FN-coated slides (for 1 hour  at 37°C), cells of heterogeneous morphology were seen 

by scanning electron microscopy in mock-, LPS-, and WTF-DCs (after infection / treatment 

for 24 hours) cultures and which scored in appearances ranged from polarised migratory 

to immobile, ruffled phenotypes (Fig.12, panel I-IV). As expected (from FN attached DCs 

confocal microscopy data), mock-DCs and LPS-DCs differed with regard to their 

representation within these categories, and based on these morphological criteria WTF-

infected DCs strongly resembled LPS-DCs. Most mock-DCs were small, rounded, 

adherent (45%) or had a ruffled nonpolarised phenotype (37%) (Fig.12, categories II and 

IV). WTF-infected DCs were polarised with typical migratory phenotype (67%) like LPS-

DCs (70%) (Fig.12, bottom graph, category I). Just 15% of infected cells were small, 

rounded and adherent (Fig.12, category II). Twelve percent of them had extended 
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lamellipodial protrusions (Fig.12, category III). Ruffled, nonpolarised phenotype was 

observed in 4.5% of infected cultures (Fig.12, category IV).  

 

 

 

 

 

 

 

 

 

 

 

For the adhesion assay mock-, LPS- or WTF-DCs were seeded onto FN or ICAM-1, 

allowed to attach for 60 minutes, and subsequently stained for F-actin and analysed. 

Fig.13 shows representative data of three independent experiments. In each case, 100 

cells in different fields of view were scored. Changes in morphology were closely 

Fig.12 Mock- (white bars), LPS- (black bars) or WTF-DCs (grey bars) were seeded on FN coated slides, 
fixed and analysed by scanning electron microscopy. Cells were scored into four morphological categories 
(I: polarised, migratory phenotype; II: small, rounded, adherent; III: extended, lamelipodial protrusions; IV: 
ruffled, nonpolarised; magnifications: categories I to III: 3000x; category IV: 5000x; bars indicated 5 µm) 
and the fraction of cells distributed into these categories in each culture (each 300 cells were recruited 
into the analysis) was determined (%)(bottom graph).    
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associated with a quantitatively reduced ability of matured DCs to adhere to FN and ICAM-

1 (de Vries et al., 2003). This was confirmed in our adhesion assays, where 69% of LPS 

matured DCs attached on FN, compared to 90% of immature mock-DCs. For WTF-

infected DC, only 55% of the cells were attached on FN, even less than with LPS-DCs. 

The same was true for ICAM-1 coated surfaces, where just 40% of WTF-infected DCs and 

60% of LPS-DCs adhered, compared to 97% of mock DCs. Thus, WTF induced a loss of 

adhesive properties (Fig.13) and acquisition of motile morphology (Fig.12) in infected DCs. 

 

 

 

 

 

 

 

 

4.2. Integrin ββββ-1 in DCs  

    
Both β1 and β2 integrins were expressed by DC and their expression levels weren’t 

changed by maturation (Burns et al., 2004). We were interested to study the expression of 

integrins on the surface of WTF-infected DCs, as compared to LPS- and mock-DCs, and 

how these were regulated after ligation by FN- for β1- integrin. 

Fig.13 Each 1 x 105 mock- (white bars), LPS- (grey bars) or WTF - DCs (black bars) 24 hours after 
treatment / infection were seeded onto slides, coated with FN (upper panel) or ICAM-1 (bottom 
panel) for 1 hour at 37°C and fixed in triplicate assays and the percentage of adherent cells was 
determined (n=100 cells / culture). The values represented were the means of three independent 
experiments with standard deviations indicated.  
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4.2.1.  ββββ-1 and activated form of ββββ1-integrin expression levels on DCs were not 

affected by attachment on FN   

To study whether MV entry into the cells, or MV replication modulated the adhesion 

properties of these cells, we used UV-inactivated WTF for treatment or live WTF virus for 

infection of DCs. Immature DCs were exposed to mock preparations, LPS stimulated, 

treated with UV-inactivated virus, or infected with WTF (at moi of 2) for 1 hour at 37°C and 

finally FIP treated. Twenty four hours later, mock-, LPS-, UV-inactivated WTF treated- and 

WTF infected-DCs were kept in suspension, or were stimulated by attachment on FN for 

10, 20 or 60 minutes. Immature DCs in suspension were stimulated with PMA (final 

concentration 0,1µg/ml) for 20 minutes at 37°C, and served as a positive control. All cells 

were harvested and stained for surface β1-integrin (Fig.14).  

 

 

 

 

 

 

 

 

Fig.14 
Left panel: The percentage of cells expressing β1-integrin 10, 20 and 60 minutes after FN interaction or left in 
suspension was determined by flow cytometry (mock-DCs, black bars; LPS-DCs, white bars; UV-inactivated 
WTF treated DC, dark grey bars; WTF-infected DCs, grey bars). PMA-stimulated (20 minutes at 37°C, 
concentration 0,1µg/ml) immature DCs served as a positive control, and an IgG1k-specific antibody served as 
an isotype control.   
Right panel: Mean fluorescence intensity of β1-integrin expressing DCs 
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In suspension mock-, LPS-, UV-inactivated WTF- or WTF-DC cultures, about 80% of the 

cells expressed β1-integrin on their surfaces. Stimulation of all DC-types by FN ligation 

had no effect on the β1-integrin expression levels (Fig.14 left panel). Also, except for the 

value of WTF infected DC after 60 minutes of FN stimulation (Fig.14 right panel), the MFI 

did not vary. Thus, previously observed differences in adhesion of these DC cultures could 

not be explained with modulation of β1-integrin levels. 

Integrin activation is often mediated by intracellular signals that change the affinity of some 

integrins for their ligands, termed inside-out signalling (Hughes and Pfaff, 1998). Thus, we 

asked whether WTF infection or UV-inactivated WTF-treatment could induce affinity 

modulation in DCs. To determine this, we used mAb clone HUTS-4, which detects the 

highly activated form of β1 integrin and repeated the previous experiment.  All types of DC-

cultures (in suspension or FN activated mock-, LPS-, UV-inactivated WTF-, WTF- and 

PMA stimulated DCs) were harvested and stained for surface  activated β1-integrin.  
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Fig.15 Left panel: The percentage of cells expressing activated β1-integrin 10, 20, 60 minutes after FN 
interaction or left in suspension was determined by flow cytometry (mock-DCs, black bars; LPS-DCs, white bars; 
UV-inactivated WTF treated DCs, dark grey bars; WTF-infected DCs, grey bars). PMA-stimulated (20 minutes at 
37°C, used concentration 0,1µg/ml) DCs served as a positive control and an IgG2-specific antibody served as an  
isotype control.   
Right panel: Mean fluorescence intensity of activated β1 expressing DCs 
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Flow cytometry data shown in Fig.15 were determined in three independent experiments. 

In all cultures 60% to 80 % of suspension DCs expressed the activated form of β1 – 

integrin. Additional activation for 10, 20 or 60 minutes by FN ligation caused a reduction to 

30% in mock cultures. However, in WTF infected DCs, UV-inactivated WTF treated-DCs 

and LPS–DCs, no effect of activated β1 – integrin expression was detected (Fig.15 left 

panel). The same was observed for the MFI levels. In comparison to suspension cells, only 

in DCs treated with UV-inactivated WTF, MFI did increase after 20 minutes of FN 

stimulation (Fig. 15 left panel: dark grey bars). We concluded that FN adhesion had no 

impact on the expression of activated  β1-integrin, neither on the rate of expressing cells 

nor the MFI. 

4.2.2.  Activated ββββ1-integrin distribution in WTF-DCs  

 

 

 

 

 

 

 

 Fig.16 Representative images of mock-(A), LPS-(B), WTF-(not shown) and UV-inactivated WTF treated DCs 
(C) 24 hours after treatment / infection seeded onto FN for 10 minutes (upper row) or 60 minutes (bottom 
row), fixed and stained for F- actin detected by phalloidin-Alexa 594 and for β1 activated-integrin detected by 
anti- β1activated (clone HUTS-4) mAb / secondary Ab-Alexa 488. Each 100 cells / culture were analysed. 
Images from one representative experiment out of three independent experiments are shown. 

 MOCK    LPS    UV inactivated WTF 

10 min on FN 

A B C

60 min on FN 
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Next, we looked at the subcellular localisation of activated β1-integrin in FN seeded WTF-

DCs, UV-inactivated WTF-DCs, LPS-DCs and mock-DCs by immunofluorescence 

analysis. Images of representative mock-, LPS- and UV-inactivated WTF DCs, attached 

for 10 or 60 minutes on FN are shown in Fig.16 (A, B and C). WTF-infected DCs were also  

FN attached (for 10 or 60 minutes) and analysed, but images are not shown, because they 

looked like UV-WTF DCs (Fig.16 C upper and bottom row). At the early time point, where 

DCs were stimulated for 10 minutes F-actin and the activated form of β1- integrin co-

localised in all DC cultures. Later, after 60 minutes stimulation, spotted distribution of 

activated β1-integrin and co-localisation with F-actin in these patched structures was seen 

in mock-DCs (Fig.16 A, shown with white arrow). The same was rarely detected in LPS-, 

WTF-infected and UV-inactivated WTF-DC cultures. In WTF-infected (images not shown), 

UV-inactivated-WTF treated DCs (Fig.16 C, shown with white arrow), and LPS-DCs, large 

lamellipodia with concentrated F – actin at the leading edge (Fig.16 B, shown with white 

arrow), but without co-localisation with activated β1-integrin were observed. In WTF-

infected, like in UV-inactivated WTF-DC, β1-activated integrin was only detected in 

adhesion aggregates (Fig.16 C, shown with white arrow).  

 

 

4.3. Signalling pathway and regulation of integrins in DCs 

 
Our investigation was focused on the intracellular signalling pathways, regulating integrin 

recruitment. Ligand binding to integrins leads to integrin clustering and recruitment of actin 

filaments and signalling proteins to the cytoplasmic domain of integrins (Hynes, et al. 

2002; Adams et al. 1997) (Fig.17). These ECM attachment and signalling centres were 
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termed focal complexes (FCs) when they were still nascent, and focal adhesions (FAs) 

when they matured into larger complexes (Hynes, et al. 2002). In our further investigation, 

we analysed proteins that structurally or functionally link integrins with the actin 

cytoskeleton in mock-, LPS- and infected-DCs (Fig.17). 

 

 

 

 

 

 

  

Fig.17 Schematic representation of β1− integrin signalling (Adams et al. 1997) 

                                                             

FN α5β1α5β1α5β1α5β1 



 RESULTS 
 

63 

 

 

4.3.1. Focal adhesion kinase activity in infected DCs 

Activation of FAK triggers the formation of protein complexes that can modify the actin 

cytoskeleton. We were interested in investigating whether the phosphorylation  levels of 

FAK in mock-, LPS- and WTF-DCs vary. Thus, we stimulated mock-, LPS- and WTF-DCs 

by attachment on FN coated wells (Fig.18 A, black bars), or kept them in suspension in the 

wells for 1 hour at 37°C (Fig.18 A, white bars). Further, all DC-cultures were analysed by 

using the ELISA-based–method. Here, after fixation cells were incubated with the primary 

antibodies, which recognised phosphorylated FAK or total FAK. This was followed by a 

HRP–conjugated anti-rabbit IgG secondary antibody, and finally incubated with developing 

solution). NIH3T3 cells which were left in suspension (unstimulated) or attached on FN for 

1 hour at 37°C (stimulated) (Fig.18 A, upper and bottom row) served as a positive control. 

Suspension- or FN attached-NIH3T3 cells, which were incubated with secondary antibody 

alone, served as a negative control (Fig.18 A, middle row). All DC-cultures were scanned 

with a CCD camera system, which was used to readout the chemiluminescence (Fig.18 

A). Total-FAK or FAK-phosphorylation levels were quantified by using AIDA software 

(Fig.18 B). The phosphorylation level of stimulated NIH3T3 cells was taken as a 100% 

value (Fig.18 B, the last black bar), and wells without cells were taken to quantify the 

background (Fig.18 A, middle row on the right side). The experiment was done in triplicate 

and data are shown in Fig.18. One representative image out of three is shown (Fig.18 B). 
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In mock-DCs, FN stimulation induced elevated FAK autophosphorylation (Fig.18 B, first 

pair of white/black bars). In LPS- and WTF-DCs,  FAK phosphorylation was high and was 

not upregulated after FN stimulation (Fig.18 B, second and third pair of white/black bars).  
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 Fig.18 Mock- (a), LPS- (b), WTF-DCs (c) and  NIH3T3 cells (used as positive control)(d)  in suspension (left 
panels), or after 1 hour of FN stimulation (right panels) were stained for P-FAK by specific pAb-FAK pY397 
(upper row), or stained for total FAK by specific pAb-FAK (bottom row). Suspension (d)(left panel) or FN 
stimulated (for 1 hour) NIH3T3 cells (d)(right panel) were stained just with secondary antibody and served as 
a negative control. All DC-cultures were stained with HRP-conjgated anti-rabbit IgG secondary antibody, 
followed by a chemiluminiscent solution, and the chemiluminescence was read with a CCD camera system. 
A) Images of the scanned wells, which visualised the signal intensity in the cells incubated with p-FAK or FAK 
antibodies were obtained from a CCD camera system. Wells without cells were scanned and taken as 
background. One representative experiment out of three independent experiments is shown. 
B) Quantification of FAK-activation (in %) detected by total FAK in suspension mock-, LPS-, WTF-DCs and 
NIH3T3 cells (white bars) or after FN (1 hour, at 37°C) stimulation detected by pY397-FAK (black bars) was 
made with the AIDA programme. The values represented were the means of three independent experiments 
with standard deviations indicated.  
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4.3.2. Fascin expression in MV-infected DCs  

Fascin is a small globular protein that plays an important role in formation of cell 

protrusions and cytoplasmic actin bundles. Fascin is a protein specifically expressed in 

mature DCs and has been found necessary for T cell stimulation (Al-Alwan et al., 2001). 

WTF infected-, LPS-treated and mock-DCs were lysed 24 hours or 36 hours after 

infection/treatment. Lysates were separated by 10% SDS-PAGE. Proteins were transfered 

to the membrane and analysed  by Western blotting for fascin or moesin with specific 

mAbs (Fig.19).Lysed HeLa cells were used as a positive control,  lysed T cells served as a 

negative control.   

 

 

 

 

 

 

Consistent with maturation dependent expression of this protein, fascin was expressed at 

low levels, both 24 hours or 36 hours of culture in mock DCs. By contrast, fascin was 

upregulated over time in LPS-DCs. WTF-DCs showed an intermediate phenotype in that 

overall fascin levels remained substantially lower than in LPS-DCs. Next, we determined 

the percentage of fascin positive cells in mock-, LPS- and WTF-DCs (moi=0,5 or moi=1) 

36 hours after treatment / infection by IF. For each experiment (n=3), DCs were stained 

Fig.19 Fascin expression in mock-, LPS- and WTF infected- DCs, which were lysed 24 hours or 
36 hours after treatment / infection. Lysates were separated by SDS-10% polyacrylamide gel 
electrophoresis. Proteins (fascin and moesin) were detected by Western blotting with specific 
mAb α- fascin (upper part) and with mAb α- moesin (bottom part) used as loading control. HeLa 
cells served as a positive control and T cells as a negative control. One representative experiment 
out of three independent experiments is shown. 
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with specific mAb-α-fascin, followed by Alexa 488-conjugated secondary antibody, and 

100 cells per culture were counted (Fig.20 A and B). The percentage of MV-infected cells 

in WTF-DC-cultures was determined by immunostaining with MV-human serum, followed 

by Cy3-conjugated  anti-human secondary antibody, and subsequently stained with mAb-

α-fascin, followed by Alexa 488-conjugated secondary antibody. Each 100 cells per 

infected culture were analysed. The represented means of three independent experiments 

are shown in Fig.20 bottom part: (a) and (b). We observed a correlation between infection 

efficiency and fascin expression in WTF infected cultures: 25 % (Fig.20 A) or 45 % (Fig.20 

B) of the cells expressed fascin 36 hours after infection using moi of 0,5 or moi of 1, 

respectively. 
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Fig.20 The percentage of DCs expressing fascin was determined in mock- (white bars, A and B), LPS– 
(grey bars, A and B) and WTF infected DCs (black bars; A: moi=0,5; B: moi=1) 36 hours after treatment or 
infection, by using a specific mAb-α-fascin, followed by Alexa 488-conjugated secondary antibody by IF 
analysis. Each 100 cells per culture were counted. The values represented, were the means of three 
independent experiments with standard deviations indicated. 
Bottom part: The percentage of MV-infected cells (at moi of 0,5 (a) or moi of 1 (b)) in WTF-DC-cultures was 
determined by staining with MV-human serum, followed by Cy3-conjugated anti-human secondary antibody 
and subsequently stained with mAb-α-fascin, followed by Alexa 488-conjugated secondary antibody. Each 
100 cells per infected-culture were analysed, and the means of three independent experiments are shown 
(a, b). 
 

b)    45%MV-WTF infected DCs a) 22% MV-WTF infected DCs 
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4.3.3. In FN stimulated WTF-DCs fascin interacted with PKCα α α α     

The actin bundling activity of fascin depends on its capacity to crosslink actin monomers 

and this is inhibited by phosphorylation on S39 (Adams et al., 2004). In cell lines seeded 

on FN, PKCα mediated phosphorylation of S39 (Anilkumar et al., 2003) and led to the 

dissociation of fascin from F-actin bundles, as well as a diffuse localisation of fascin. 

However, in DCs it has not been explored whether PKCα could directly bind fascin. Next, 

we investigated the interaction between PKCα and fascin in infected DCs by co-

immunoprecipitation using nonreducing conditions (see methods). Twenty four hours after 

WTF-infection (moi of 1,5), LPS- or mock- treatment DCs were attached on FN or left in 

suspension for 60 minutes, lysed, and the final protein concentration was adjusted to 

1µg/µl. Precipitated fascin and PKCα were detected  by using specific antibodies (mAb α− 

fascin and mAb anti-PKCα). In all unstimulated (in suspension) DC cultures (Fig.21, lines 

4, 5, 6) and in FN stimulated mock-DCs,just a small quantity of fascin was co-precipitated 

with PKCα (Fig.21, line 3). In LPS-DCs FN stimulation induced strong fascin-PKCα 

association (Fig.21, line 2), where in WTF-DCs fascin associated moderately strong with 

PKCα (Fig.21, line 1). 

 

 

 

 

 

IP:PKCα 
WB: PKCα 

Fig.21 Co-immunoprecipitation between PKCα and fascin detected by mAb α-fascin (upper panel) and a 
loading control, detected by mAb PKCα (bottom panel). WTF infected DC, LPS–DCs and mock-DCs were 
attached on FN (bands 1, 2 and 3) or left in suspension (bands 4, 5 and 6) for 1 hour and lysed. Lysates 
were immunoprecipitated (IP) with an anti-PKCα antibody, followed by anti-fascin immunoblotting (WB) 
(upper panel) and anti-PKCα reblotting (bottom panel). The results of one representative experiment out of 
three independent experiments are shown. 
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Further, we looked for colocalisation between fascin and F-actin by immunofluorescence 

analysis. Thus, 24 hours after WTF infection (moi=1,5), LPS- or mock-treatment DCs were 

attached on FN for 1 hour, fixed and stained with specific mAb for fascin, followed by 

Alexa-488, and for F-actin by phalloidin / Alexa 594, and then imaged by confocal 

microscopy. LPS-DCs and WTF-infected DCs were large and polarised, and fascin was 

distributed diffusely (Fig.22 B and C middle panels). Their migratory phenotype was 

characterised by the disappearance of cortical fascin spikes. F-actin and fascin co-

localised on leading edges of these cells (Fig.22 B and C  bottom panels, merge, seen in 

yellow and labelled with white arrows). In mock-DCs, multiple focal contacts (Fig.22 A  

bottom panel, merge, seen like yellow dots and labelled with white arrowheads) and long 

thin processes were apparent. 

 

 

 

 

 

  

Fig.22 Immunofluorescence images of mock- (A), LPS- (B) and WTF infected DCs (C) 24 hours after 
treatment / infection were attached on FN coated slides for 1 hour, fixed and stained for fascin and F-
actin. F- actin was detected by phalloidin / Alexa 594 (first row panels) and fascin by mAb α-fascin/ 
Alexa 488 (second row panels). F-actin and fascin colocalisation was shown in the merge images 
(third row panels). Original magnification: 40x. Leading edges in LPS-DCs and WTF-DCs were shown 
with white arrows (B and C, merge images). The focal contacts in mock-DCs (A, merge image) were 
shown with white arrowheads. Each 100 cells per culture were analysed and representative examples  
are shown. Original magnification: 100x. 
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4.4.  Role of Rac1-GTPase in adhesion and movement of DCs  
 
 

 

Acquisition of a migratory capacity is associated with DC maturation, and for murine DCs 

on FN, this is RhoGTPase Rac associated (Benvenuti et al., 2004b). To analyse whether 

this also applied to human DCs, and if so, was affected by WTF-interaction, mean 

velocities and trajectories of these cells were tracked at a single cell level on FN coated 

slides by scanning microscopy. Immature DCs were transfected to express GFP-tagged 

constitutively active (ca) Rac1 or dominant negative (d.n.) Rac1. For control, DCs were 

transfected with a pGFP-control plasmid, and 4 hours later, infected with WTF (moi=2), 

treated with LPS, or mock treated for 18-20 hours. When indicated, Rac1-inhibitor was 

applied to DC cultures for four hours. Tracking was performed immediately after seeding of 

resuspended cells onto FN-coated chambered coverglass slides, which were placed into a 

chamber, and then on the stage of the confocal laser scanning microscope at 37°C. Cell 

images were scanned through the lens of a Laser Scanning system, which was mounted 

on an inverted microscope. Scanning was done at 37°C. An Argon/2 (488nm) laser was 

used as an excitation source for GFP+ cells and for differential interference contrast (DIC). 

Frames were acquired every 2 minutes for 30 minutes and transferred to a workstation 

(Compaq XP100) to calculate the tracking speed of the GFP+ cells. Twenty cells per type 

were analysed. The mean velocity of DC in µm/min is shown in Fig.23 A. Since these 

experiments were performed in the absence of added chemoattractants, the trajectories 

followed for mock-, LPS-, or WTF-DC cultures were random, rather than directional. The 

high motility of immature DCs, transfected to express GFP-tagged constitutively active (ca) 
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Rac1 was lost dose-dependently by inclusion of a Rac-inhibitor to approach values 

determined for immature and mock-DCs transfected with a pGFP-control plasmid (Fig.23 

B 0 0,5 1 1,5 2 2,5 3 3,5

WTF+inhibitor

WTF

LPS+dnRac1

LPS+inhibitor

LPS

MOCK

dnRac1

caRac1+inhibitor

caRac1

means of mean velocities (µm/min)  A 

Fig.23 A. Mean velocities were determined by recording movement of GFP+ cells in cultures of 
immature DCs, transfected to express constitutively active (ca) Rac1-GFP (left untreated or pre-
exposed to 100 µg/ml Rac1-inhibitor for 4 hours), dominant negative (dn) Rac1-GFP or pGFP 
transfected mock-, LPS- or WTF-DCs (pretreated or not with 100 µg/ml Rac1 inhibitor) immediately 
after seeding on FN for 30 minutes (frames were acquired every 2 minutes). n= 20 per sample.  
B. Individual mean velocities for transfected (caRac1, dnRac1 or pGFP, respectively), mock-, LPS-, and 
WTF-DCs in the presence or absence of 100 µg/ml inhibitor are shown. 
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A and B). This confirmed that migration of human DC also involved Rac activity. In 

common with murine DCs (Benvenuti et al., 2004b), mean velocities of human LPS-DCs 

exceeded those measured for mock-DCs by about two fold: 1,84 µm/min versus 0,85 

µm/min (Fig.23 A). For both, LPS-DCs and WTF-DCs, mean velocities were rather 

variable with the latter migrating overall about 30% slower than LPS-DCs 1,84 µm/min 

(Fig.23 A) and 1,3 µm/min, respectively (Fig.23 B). Corroborating the importance of Rac 

activity, motilities of LPS- and WTF-DCs were sensitive to the Rac-inhibitor (Fig.23 A and 

B). The motility of immature DCs transfected to express GFP-tagged dominant negative 

(dn) Rac1 did not decrease. Also, the motility of LPS- and WTF-DCs transfected to 

express dn Rac1 did not vary from that of nontransfected LPS-DCs and WTF-DCs. 

Overall, however, WTF-infection affected Rac-dependent dynamic interaction of DCs with 

FN only to a moderate extent. 

4.5. DC/T cell immunological synapse (IS) 
  

4.5.1. MTOC orientation in WTF-DC/T cell conjugates 

Next, we analysed the ability of superantigen (SA)-loaded WTF-DCs to stably conjugate to 

and organise functional immune synapses (IS) with cocultured allogenic T cells after 25 

minutes.  For this, mock-, LPS- and WTF-DC (24 hours after infection / treatment) were 

SA-loaded allowed to conjugate with T cells for 25 minutes, and after fixation, stained with 

α-tubulin mAb, finally analysed by confocal microscopy. Compatible with the formation of a 

functional IS, LPS-DCs, but surprisingly also WTF-DCs, efficiently redistributed the T cell 

MTOC towards the interface (Fig.24 C and B). This suggests that WTF-DCs should be 

able to promote T cell activation.  



 RESULTS 
 

72 

 

  

 

 

 

 

 

 

 

 

 

 

 

Our data revealed that in 80% of the conjugates between WTF-DCs and T cells, the 

MTOC of T cells correctly translocated towards the contact surface (Fig 24 lower panel, 

grey bars). The same was true in 90% of the LPS-DC/T cell conjugates (Fig 24 lower 

panel, black bars).  By comparison, just 30% of the T cell - MTOC were correctly 

translocated to the contact interface in mock-DC/T cell conjugates.  

Fig.24: Upper panels: Conjugates formed between SA-loaded mock- (A), LPS- (B) or WTF-DCs (C) 
and allogenic T cells after 25 minutes at 37°C were fixed and analysed for subcellular localisation 
of α-tubulin by confocal microscopy, using staining with mAb α-tubulin / Alexa 488. In (A) the 
position of the MTOC was indicated by an arrowhead, and the interface by a white arrow which 
marks the position of the MTOC in the interface in (B) and (C). Original magnification: 100x  
Lower panel: The percentage of cells redistributing the MTOC towards the interface was 
determined for each culture mock-DCs (white bars), LPS-DCs (black bars) and WTF-DCs (grey 
bars) by confocal microscopy (n=100 conjugates / culture).  
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4.5.2.  Analyses of the IS architecture 

In the classical (APC/T cell), IS were defined structures, termed  supramolecular activation 

clusters (SMACs) (Monks et al., 1998; Dustin et al., 1998). On a cell-cell interface, LFA-

1(leukocyte function-associated antigen 1) and ICAM-1 (intercellular adhesion molecule 1), 

as well as talin formed a ring (termed peripheral synapse region - pSMAC) around a 

central cluster of TCR-MHCp (T cell receptor - MHC-peptide complex), termed central 

synapse region - cSMAC (van-der Merwe et al., 2000).  

4.5.2.1. LFA-1/talin distribution in DC-T cell conjugates 

To study the architecture of the IS in our system in more detail, we stained DC/T cell 

synapses for LFA-1 and talin, which were both representative marker proteins of a 

pSMAC. To do this, we allowed conjugate formation between (SA)-loaded mock-DCs, 

LPS-DCs or WTF-DCs (moi = 2) (24 hrs after treatment/infection) and allogenic T cells for 

25 minutes, fixed, stained by using specific antybodies (pAb α-talin / Alexa 594 and mAb 

α-LFA-1 / Alexa 488), and analysed by confocal microscopy. Images of the conjugates 

interfaces (red lines,  indicated with arrows) were deconvoluted and analysed with Zeiss 

software. The intensity profiles for distribution of LFA-1 and talin were shown as 

histograms under the synapse (Fig.25 A, B, C and D panels). Identified conjugate interface 

types were scored into four categories: central, peripheral, multifocal and homogeneous.  

The central distribution of LFA-1 and talin was rarely observed in any of the three DC 

cultures (less than 10%) (Fig.25 A and E). The peripheral ring formed by these two 

proteins was observed in 20% of LPS-DC/T cell conjugates, and in less than 10% of mock-

DC/T cell and WTF-infected DC/T cell conjugates (Fig.25 B and E). Most of the analysed 

DC/T cell conjugates (about 70%) formed multifocal pSMACs (Fig.25C and E), where co-
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localised talin and LFA-1 were organised into multiple small patches. The distribution of 

LFA-1 and talin was homogeneous in 20% of the WTF-DC/T cell and mock-DC/T cell 

conjugates, and in just 10% of the LPS-DC/T cell conjugates (Fig.25 D and E). Overall, no 

differences in the LFA-1 and talin distribution in the three types of DC/Tcell conjugates 

were found.  
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Fig.25 A – D. Interface organisation in conjugates formed between SA-loaded mock-, LPS- or WTF-
DCs 24 hours after treatment/infection and allogenic T cells (which were cocultured for 25 minutes at 
37°C and fixed) was categorised after double labeling for LFA-1 / Alexa 488 and talin / Alexa 594 (A-
D) (illustrated for central organisation in A, peripheral organisation in B, multifocal organisation in C 
and homogeneous organisation in D). In panels A - D, the interface analysed was indicated by arrows. 
The intensity profiles for distribution of both antigens are shown as histograms under the synapse (red 
line, indicated by white arrows). 
 E. Quantitative analysis of DC-Tcell conjugates: the percentage of synapses of each category was 
determined in cocultures with mock- (yellow bars), LPS- (red bars) and WTF-DCs (brown bars), (n= 20 
conjugates / culture for LFA-1/talin). 
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4.5.2.2. CD3/talin distribution in DC-T cell conjugates 

Stable conjugates between (SA)-loaded mock-, LPS- or WTF-DCs (24 hours after 

treatment/infection) and allogenic T cells cocultured for 25 minutes were fixed and  

analysed for spatial distribution of CD3 and talin by confocal microscopy. Conjugates were 

stained with mAb-CD3ζ /Alexa488 (green) and pAb-talin/Alexa594 (red). Images of the 

conjugates interfaces were deconvoluted and analysed for the intensity profiles of CD3 

and talin distribution. A more precise en face view of the IS was provided by pseudocolor 

images and 3D reconstructions of XY and XZ planes, performed with Zeiss software. 

Fig.26 A to D shows XY and XZ pseudocolored reconstruction of the en face view with 

hues ranging from blue (low) to red (high). As for LFA-1/talin, types of IS detected were 

scored into four categories (central, peripheral, multifocal and homogeneous). The 

percentage of cells seen in individual cultures revealing these IS types were determined. 

The typical bulls eye distribution (Fig.26 A), where CD3 was in the middle surrounded by a 

ring of talin was seen in 10% of LPS-DC/T cell conjugates (Fig.26 E, blue bars), and in 

less than 6% of WTF-DC/T cell conjugates (Fig.26 E, bright blue bars), but not in mock-

DC/Tcell conjugates (Fig.26 E, dark blue bars). The peripheral type of CD3/talin 

distribution was infrequent in all cultures (Fig.26 B and E). A multifocal pattern for 

CD3/talin was mainly detected with LPS-DCs (60%) or WTF-DCs (55%) (Fig.26 C and E). 

Interestingly, homogeneous distribution of these proteins, as predominantly seen in more 

than 80% of mock-DC/Tcell conjugates, also occurred in about 20% of WTF-infected DC/T 

cell conjugates (Fig.26 D and E). Overall, however, the spatial organisation of the interface 

was similar for WTF- and LPS-DCs.  
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Fig.26 A-C. Interface organisation in conjugates formed between SA-loaded mock-, LPS- or WTF-DCs and 
allogenic T cells after 25 minutes at 37°C, fixed and was categorised after double labeling for CD3 and talin. 
Representative examples of each 20 conjugates analysed per culture were shown (A to C).  
Central (A), peripheral (B), multifocal (C) and homogeneous (D) distribution of CD3/talin: XY and XZ 
pseudocolored reconstruction of the en face view (Zeiss Software, Ortho), with hues ranging from blue (low) 
to red (high).  
E) The percentage in synapses of each category was determined in cocultures with mock- (dark blue bars), 
LPS – (blue bars) and WTF-DCs (bright blue bars) (n=each 20 conjugate / culture). Original magnification: 
100x.  
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4.5.2.3. MHCII / CD3 distribution in DC-T cell conjugates 

Next, we examined the MHCII distribution in DCs towards the T cell interface. Immature 

DCs were transfected with pMHCII-GFP (green), 4 hours prior to exposure to mock- or 

LPS- or WTF infection. After 20 hours, they were SA-loaded and allowed to conjugate with 

T cells for 25 minutes. To localise the c-SMAC, the fixed conjugates were further 

incubated with CD3ζ−mAb (conjugated with secondary Ab-Alexa 594), and then analysed 

by confocal microscopy (n=20 synapses per culture). In LPS-DC/T cell conjugates, MHCII 

appeared as big green clusters, which colocalised with the CD3 (red) in yellow dots (Fig.27 

B, white arrow). By comparison, smaller MHCII clusters formed in infected DCs, which 

colocalised with CD3 in green-yellow dots (Fig.27 C, white arrows). In mock DC/T cell 

conjugates, MHCII was homogeneously distributed and CD3 clusters were not orientated 

towards the DC interface (Fig.27 A, white arrow here shows the contact surface, without 

CD3 clusters).  
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    MHCII-GFP         CD3       overlay           DIC 

Fig.27 DCs were mock- (A), LPS-exposed (B) or WTF infected (C) 4 hours after transfection with pGFP-
MHC-II (first column of panels), SA-loaded and after conjugation (for 25 minutes) with added allogenic T 
cells were fixed and stained with mAb-CD3 / Alexa 594 (second column of panels). In the overlay (third 
column of panels) were shown clusters at the interface, where CD3 co-localised with MHC-II (indicated by 
white arrows) in (B) and (C). In (A) CD3 did not co-localise with MHC-II. Here the contact surface was 
indicated by a white arrow. Differential interference contrast (DIC) images were shown in the fourth column 
of panels. Representative examples of each 20 conjugates analysed per culture are shown. Original 
magnification: 100x. 
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4.5.3.1. WTF infection up-regulated surface expression of HLA-DR, but not FN1-

reactive MHC-II  

The majority of MHCII is concentrated by incorporation into lipid rafts or tetraspannin-rich 

microdomains in intracellular compartments (Kropshofer et al., 2002) and redistributes to 

the cell surface upon DC maturation or T cell contact (Boes and Ploegh, 2004). We 

investigated how MV infection alters these processes. The expression levels of HLA-DR 

and tetraspannin associated MHC-II on the DCs surface were analysed by flow cytometry 

staining with specific mAb α-HLA-DR and mAb α-FN1 (Fig.28). It was apparent, that WTF 

infection upregulated HLA-DR efficiently (Fig.28 A, the green line), like in LPS-DCs (Fig.28 

A, the red line). Surface expression levels of tetraspannin-associated MHCII, specifically 

detectable with the FN1 antibody, greatly increased in LPS-DCs (Fig.28 B, the red line), 

while only a low percentage of  WTF-infected DCs (51%) displayed considerable amounts 

of FN1-reactive MHC-II (Fig.28 B, the green line) as compared to 41% on mock-DCs 

(Fig.28 B, the blue line).  

 

 

 

 

 

 

FN1 HLA-DR 

A B 

Fig.28 Surface expression levels of pan- (A) or FN1-reactive MHC-II (B) were determined on 
mock- (blue line), LPS- (red line) and WTF-DCs (green line) by flow cytometry. IgG2a.k and 
IgG1k-specific antibodies served as an isotype control (black lines) 
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4.5.3.2. The distribution of tetraspannin associated MHC-II in WTF-infected DC/T cell 

synapses  

Mock-, LPS- or WTF-infected DCs were SA-loaded, captured on PLL, allowed to conjugate 

with T cells for 25 minutes at 37°C, fixed and stained by using specific mAb-FN1 / Alexa 

488 and F-actin by phalloidin / Alexa 594.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.29 Conjugates formed between SA-loaded mock- (A), LPS- (B) and WTF-DCs(C) and allogenic T cells 
were stained for tetraspannin-associated (FN1/reactive) MHC-II by mAb-FN1/Alexa 488 (first column), and 
for F-actin by Alexa 594-conjugated phalloidin (second column) after fixation. The colocalisation between 
FN1/reactive MHC-II and F-actin was shown in yellow in the overlay panels (third column). Representative 
examples of each 20 conjugates analysed per culture were shown. Original magnification: 100x. 
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When analysed by confocal microscopy, FN1 reactive MHC-II was almost exlusively 

associated with cortical actin at the plasma membrane in LPS-DCs with no obvious 

preferential redistribution towards the T cell interface (Fig.29 B), while in mock-DCs it 

mainly localised in membrane proximal intracellular compartments (Fig. 29 A). Consistent 

with its low accumulation level on most WTF-DCs (Fig.28 B, green line), a substantial 

fraction of FN1 reactive MHCII subset was retained in these compartments. However, 

those redistributing to the plasma membrane apparently also distributed towards the pre-

synaptic interface (Fig.29 C) 

4.5.3.3. Surface accumulation of clustered MHCII occurred inefficiently in WTF-DCs  

MHCII redistributed to the DC surface upon maturation (Boes et al., 2003) or by contact 

with T cells. To evaluate whether MV-infection alters the organisation of the DC/T cell 

synapse, we studied the MHCII recruitment to the contact site. To analyse trafficking of 

MHCII and potential functional differences in detail, DCs were transfected to express GFP-

tagged MHCII 4 hours prior to mock- or LPS-exposure or WTF-infection for 20 hours. DCs 

were further captured on PLL, SA-loaded and allowed to contact with allogenic T cells. The 

recruitment of MHCII molecules to the contact site was monitored by live cell imaging of 

DC-T cell conjugates. Series of images in one minute intervals, for entire 30 minutes were 

acquired. Five different categories of DC/T cell contacts duration and MHCII clustering 

were detected. Four categories were with clustering: short (2 minutes), middle long (7-9 

minutes), middle long (10-14 minutes) or long contacts (more than 25 minutes) and one 

category was without clustering. Here, the contacts were short (2 minutes). In mock-DCs, 

GFP-MHCII clustered inefficiently at the interface, and interactions were mainly transient 

(Fig.30 A and D). In LPS-DCs, MHCII converged into large clusters, which accumulated at 

the T cell contact site (Fig.30 B and D), and the interactions were usually stable, typically 
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lasting for more than 25 minutes. In WTF-infected DC/T cell conjugates, MHCII clusters 

remained substantially smaller (Fig.30 C and Fig.30 D right side). Here, 53% of the 

analysed contacts were only transient. This was similar to those seen in the absence of 

detectable interface MHC-II clusters, where the majority of mock-DCs, but only 10% of all 

contacts in infected cultures revealed characteristics typically seen with LPS-DC/T cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A B C 

Fig.30 DCs were mock-, LPS-exposed or WTF infected 4 hours after transfection with pGFP-MHCII, 
captured on PLL coated slides and SA-loaded. After addition of allogenic T cells, redistribution and 
accumulation of MHCII clusters and contact kinetics were recorded by dynamic scanning in 1 minute 
intervals for 30 minutes. The intensity signal in the clusters at the interface (indicated by white arrows in 
(B) and (C)) was pseudocoloured (upper row). Typical examples of the category prevailing in mock-DCs 
(A: short contact, no clustering (2 minutes*), LPS-DCs (B: long contact, large clusters (> 25 minutes) or 
WTF-DCS (C: short contact, small clusters (2 minutes)) are shown (the T cells of interest were labeled by 
black arrows; A-C, bottom row). For any culture, a total of 20 contacts was analysed and categorised (D). 
Original magnification: 100x. 
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4.5.3. Most of the WTF-infected DCs failed to promote sustained T cell 

activation 

Since calcium mobilisation directly mirrors T cell activation, we aimed to characterise the 

calcium response of T lymphocytes, which contacts with WTF-infected, LPS- or mock-DCs 

at the single cell level. 
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D) Quantitative analysis of the contact kinetics and MHC-II cluster redistribution and accumulation in 
DC/T cell interaction, recorded by dynamic scanning in 1 minute intervals for 25 minutes in mock-DC/T 
cell, LPS-DC/T cell and WTF-DC/T cell conjugates (n=20 conjugates/culture, shown in %). Shown are: 
short contacts with clustering (green bars), middle long contacts with clustering (dark green bars), middle 
long contacts with clustering (light green bars), long contact with clustering (light brown bars), short 
contact without clustering (brown bars). 
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We performed real-time differential interface contrast (DIC) (Fig. 31 A, B, C and D  each 

bottom rows), coupled with calcium imaging for individual contacts between SA-loaded 

mock-, LPS- or WTF-DCs captured on PLL coated chambers, and allowed them to interact 

with Fluo-4 loaded T cells at 37°C for 25 minutes. Calcium-dependent changes in 

fluorescence (shown in a pseudocolor scale in Fig. 31 A, B, C and D each upper rows) and 

contact kinetics were traced for 10 minutes after initiation. Frames were acquired at 15 

sec. intervals (by using LSM-software). In all cultures, interactions differing in duration and 

efficiency to flux calcium were observed. They could be categorised into sustained (>10 

minutes, 100% activation (I), Fig.31 A and E; and (III) >10 minutes, <50% activation 

(Fig.31 C and E) and short contacts (<2 minutes 25% activation (IV); Fig.31 D and E; and 

<2 minutes 100% activation (II), Fig. 31 B and E). 

As expected, activatory category I type contacts, which induced sustained calcium 

activation, prevailed for LPS-matured DCs, while in mock DC cultures, short-lived contacts 

with inefficient calcium flux were mainly seen (Fig.31 F). Less than 20% of WTF-DC/T cell 

contacts were stable and sustained calcium flux (category I), while most contacts were 

non-activatory. Remarkably, category type II predominated. It was seen almost exclusively 

with WTF-DCs, but only infrequently with LPS-DCs (Fig.31 F). Thus, more than 60% of 

interactions (categories II and III) with WTF-DCs did not sustain calcium fluxing, and 

therefore, T cell activation and proliferation.  
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4.5.4. Localisation of MV-H and MV-N proteins in the IS 

For MV, surface contact with viral glycoprotein complex on virions or infected cells 

(including DCs) has been found to be important in T cell inhibition (Kerdiles et al., 2006; 

Schneider-Schaulies and Dittmer, 2006). The MV gp complex ,expressed on the surface of 

the infected human DCs, is known to be essential for ablation of the allostimulatory activity 

of DCs (Dubois et al., 2001), which indicates that this complex could potentially contribute 

to conjugate destabilisation directly. Thus, we analysed the MV-H protein and for control, 

MV-N protein localisation in the IS. WTF-infected DCs were SA-loaded, captured on PLL, 

allowed to conjugate with T cells for 25 minutes, fixed and double-stained (surface or 

intracellular) by using specific mAb-H–Alexa 488 and F-actin by Alexa 594-conjugated 

phalloidin, or by using specific mAb-N-Alexa 488 and F-actin by Alexa 594-conjugated 

phalloidin. 

 

 

Fig.31 
(A, B, C and D) Shown are: single frames of time-lapse series of DIC images (each bottom rows) and 
Fluo-4 images (each upper rows) of T cells interacting with SA-loaded mock-, LPS- or WTF-DCs, which 
were captured on PLL coated chambers. The T cells of interest were labeled by black arrowheads in the 
DIC images. Calcium influx as revealed by changes of the Fluo-4 emission spectrum at 488 nm were 
shown in a pseudocolor scale (low: blue; high: red) (original magnification: x 40). Serial images were 
acquired in 15 second intervals immediately after initiation of  a T cell contact for 10 minutes in all 
cultures. 
E) Major contact categories were based on both duration and Ca-mobilisation (I: sustained (long) contact 
and 100% Ca-flux (blue line) (A); II: short contact and 100% Ca-flux short (red line) (B); III: long contact 
and 50% Ca-flux (green line) (C);  IV: short contact and 25% Ca-flux (violet line) (D)). 
 F) Quantification of contact categories (E) seen in each culture (mock-DCs (white bars), LPS-DCs (black 
bars) and WTF-DCs (grey bars)) were determined in % (n= 20 each). 
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Representative images of MV-infected DC/T cell conjugates were shown in Fig.32. 

Clusters of H protein accumulated on the surface of WTF-DCs, also including the synaptic 

interface and co-localised with F-actin (Fig.32 A, overlay, labeled by a white arrow). Small 

clusters of MV-N protein were seen at the contact surface (Fig.32 B, overlay, labeled by a 

white arrow). Some larger clusters of MV-N protein, which did not co-localise with F-actin, 

were also observed in the infected-DCs (Fig.32 B, overlay). 

Fig.32 MV-H protein (A) or MV-N protein (B) and F-actin were co-detected in fixed WTF-DC/T cell conjugates, 
which were trapped on PLL 25 minutes after culture initiation. Twenty conjugates per culture were analysed. 
Representative examples of WTF-DC/T cell for MV-H/F-actin (A) and MV-N/F-actin (B) were shown. Protein 
co-localisation at the contact surface was labeled by white arrows (in overlay panels). Original magnification: 
100x.   
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4.5.5. MGV infection up-regulated surface expression of HLA-DR, but not FN-1  

Further, we looked at whether the observation that H protein clustered in the synaptic 

surface (from 4.5.5) could be relevant for the destabilisation of infected DC/T cell 

interaction. Immature DCs infected (at a moi of 2) with a recombinant MV (expressing VSV 

G instead of the MV gp complex) or LPS-treated, or mock-DCs were fixed 24 hours after 

infection/treatment and stained by flow cytometry with specific mAb α-HLA-DR or mAb α-

FN1(Fig.33 A and B). Infection efficiency was analysed by flow cytometry by intracellular 

staining with N specific mAb. More than 85% of the cells in MGV-DCs culture were MV-N 

protein positive (not shown). MGV-infected DCs were known to support expansion of 

allogenic T cells (Klagge et al., 2000; Schnorr et al., 1997)  

 

 

 

 

 

 

 

 

Since its backbone is that of an attenuated MV strain, MGV induces phenotypic DC 

maturation more slowly than WTF (Klagge et al., 2000; Schnorr et al., 1997). Thus, within 

24 hours HLA-DR accumulated at lower levels on MGV- (Fig.33 A, yellow line) than on 

Fig.33 Surface expression levels of HLA-DR (A) or FN1-reactive MHC-II (B) were determined on mock- 
(blue line), LPS- (red line) and MGV-DCs (orange line; >85% MV N positive) by flow cytometry. IgG2a,k 
and IgG1k-specific antibodies served as isotype controls (black lines). 
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WTF-DCs (Fig.28 A, green line). Interestingly, MGV-infection caused only very moderate 

surface accumulation of FN1 reactive MHC-II (Fig.33 B, orange line).  

4.5.6. MGV-infected DC/T cell conjugation pattern differed from WTF-DC/T cell 

We asked if DCs infected with MGV-MV should be able to at least partially rescue 

conjugate stability and calcium influx in the conjugates with allogenic T cells. We 

performed real-time differential interface contrast (DIC), coupled with calcium imaging for 

individual contacts between SA-loaded mock-, LPS- or MGV-DCs. They were captured on 

PLL coated chambers and allowed to interact with Fluo-4 loaded T cells at 37°C for 25 

minutes. Calcium-dependent changes in fluorescence and contact kinetics were traced for 

10 minutes after initiation with frames being acquired at 15 sec intervals, using LSM-

software. In all cultures, interactions differing in duration and efficiency to flux calcium were 

observed which categorised into five categories (Fig.34 upper panel). About 55% of T cells 

conjugating to MGV-DCs scored into activatory categories I and I*. Here, a rapid calcium 

flux at a 100%level, or  at an 80% level was sustained (Fig.34 bottom panel). Transiently 

high activation levels, as predominantly seen in WTF-DCs (category II, shown in Fig.31 B 

and E; from 4.5.4) were also observed. However, this was the case for less than 20% of 

contacts, which were also slightly prolonged (3 to 6 minutes instead of 2 minutes)(Fig.34 

bottom panel, category II*). Thus, surface expression of the MV glycoprotein complex on 

DCs, most likely at the interface, essentially contributes to destabilisation and functional 

impairment of the IS.  
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Fig.34: Major contact categories based on duration and calcium mobilisation, for T cell conjugated with MGV-
DCs were SA-loaded, captured on PLL coated chambers. Serial images were acquired in 15 sec intervals 
immediately after initiation of a T cell contact for 10 minutes.  
Category I: sustained (>10 minutes), 100% Ca-flux (green line); I*: long (>10 minutes), 100% Ca-flux for 2 
minutes, then sustained at 80% (violet line); II*: short (3-6 minutes), 100% Ca-flux (blue line); III: long (>10 
minutes), 50% Ca-flux (red line); IV: short (< 2 minutes ), 25% Ca-flux (turquise line) (upper panel). 
 Quantification of contact categories seen in the MGV-DC/T cell culture were determined (in %): I (green bar); I* 
(violet bar), II* (blue bar); III (red bar) and IV (turquoise bar) (bottom panel). A total of 20 contacts were 
analysed per culture. 
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5. Discussion  
 

DCs have been coined as central to initiating and determining the antiviral immune 

responses (Steinman et al., 2003; Banchereau and Steinman 1998) but also for viral 

transport and transmission to T cells as targets for viral immunomodulation (Polara et al., 

2005; Rinaldo and Piazza, 2004). The general suppression of immune responses to 

secondary infections induced by MV is associated with lymphopenia, cytokine imbalance 

and general loss of the ability of peripheral blood T cells to expand in response to 

polyclonal and antigen-specific activation (Schneider-Schaulies and ter Meulen, 2002b; 

Borrow and Oldstone, 1995). This effect is not reflected by the frequency of infected 

lymphocytes and thus DCs are believed to be important targets of viral interference in MV 

immunosuppression (Schneider-Schaulies et al., 2003; Servet-Delprat et al., 2003; 

Schneider-Schaulies and ter Meulen, 2002a). CD150, expressed at low levels on iDCs or 

upregulated in response to pro-inflammatory signals supports MV entry into these cells, 

and this is enhanced by DC-SIGN interaction (Bieback et al., 2002; Kruse et al., 2001; 

Minagawa et al., 2001 Swetman Andersen et al. 2006). MV replicates in DCs as revealed 

by accumulation of viral proteins. MV infection has been related to developmental and 

functional impairment (Servet-Delprat et al., 2000) but also maturation of DCs. This is 

indicated by upregulation of costimulatory molecules, as well as induction of cytokine 

synthesis (Klagge et al., 2004; Dubois et al., 2001; Klagge et al., 2000; Steineur et al., 

1998; Grosjean et al., 1997; Schnorr et al., 1997). As other viruses, MV infection 

abrogates DC-capability to promote expansion of allogenic T cells (Pollara et al., 2005; 

Dubois et al., 2001; Servet-Delprat et al., 2000; Fugier-Vivier et al., 1997; Grosjean et al., 

1997; Schnorr et al., 1997). Surface contact with the viral N protein or the glycoprotein 

complex on virions, or infected DCs has been established to be important for this 
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phenomenon (Kerdiles et al., 2006; Schneider-Schaulies and Dittmer, 2006). But the 

underlying mechanisms on a cellular level have not yet been addressed in detail.  

To approach this particular interaction, we investigated the effect of MV wild type strain 

infection on DCs and their ability to recruit T cell into functional conjugates. Signalling 

processes in T cells, targeted by surface interaction of the glycoprotein complex, have 

been studied using UV-inactivated virus as effector. There, activation of the PI3K in 

response to serum factors, TCR ligation by antibodies or co cultured LPS-DCs was 

severely compromised (Avota et al., 2006, 2004, 2001). MV interaction alone induced 

collapse of T cell microvillar structures and inability of T cells to organise a functional 

monocentric IS with LPS-DCs based on MTOC redistribution and centering  of CD3 (Müller 

et al., 2006). Further experiments were performed based on the assumption that DC 

maturation induced by MV roughly corresponded to that of other maturation stimuli. This 

was supported by studies addressing accumulation of MHC-I, MHC-II and costimulatory 

molecules collectively associated with maturation on these cells (Zilliox et al., 2006, 

Dubois et al., 2001; Ohgimoto et al., 2001; Klagge et al., 2000; Servet-Deprat et al., 2000; 

Schnorr et al., 1997).  

In this work, we described first the DCs morphology and static adhesion on PLL 

(Fig.10a/b). Infected DCs were rounded without dendrites, cell morphology  comparable to 

that of mock-DCs, while LPS matured DCs possessed typical long dendrites (Fig.10a). It 

appears that WTF-DCs were slightly less adhesive to PLL than LPS-DCs, compared to 

mock-DCs which have not reduced adhesive properties. (Fig.10b). Next, we determined 

how MV-WTF infection modulated DCs morphology and dynamic adhesion on extra 

cellular matrix proteins such as FN or ICAM-1. Our confocal microscopy data (Fig.11) as 

well as scanning electron microscopy data (Fig.12) show heterogeneous morphology of 

DCs, which were seeded onto FN-coated slides (Burns et al., 2001). Mock-, LPS- and 
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WTF-DCs were placed in four morphological categories: polarised, migratory phenotype 

(Fig.12 a-I), small, rounded and adherent (Fig.12 a-II), extended with lamellipodial 

protrusions (Fig.12 a-III) and ruffled, nonpolarised (Fig.12 a-IV). Predictable, mock-DCs 

and LPS-DCs differed with regard to their representation within these categories, and 

based on these morphological criteria, WTF-DCs resembled LPS-DCs (Fig.12 b). We also 

distinguished, that associated with their mature phenotype, both LPS-DCs and WTF-DCs 

adhered less efficiently to the FN support (Fig.13-upprt part) or ICAM-1 (Fig.13-bottom 

part).  

Both β1 and β2 integrins were expressed by DC and their expression levels weren’t 

changed by maturation (Burns et al., 2004). Neither MV entry nor replication affected β1-

integrin levels on the DC surface (Fig.14). Ligation of integrins induced multiple signalling 

events (Zamar and Geiger, 2001; Plow et al., 2000) and suggested the important role of 

integrins activation in the rapid attachment and detachment of DCs (van Berg et al., 2001; 

Walzer et al., 2005). Stimulation of all DC-types (mock-, LPS-, UV-inactivated WTF- or 

WTF-DCs) by FN ligation had no effect on the β1-integrin expression levels (Fig.14, left 

panel). Also, most of the MFI did not vary. Thus, previously observed differences in 

adhesion of these DC cultures could not be explained with modulation of total β1-integrin 

levels. Integrin activation is often mediated by intracellular signals that change the affinity 

of some integrins for their ligands, termed inside-out signalling (Hughes and Pfaff, 1998). 

We found that in the investigated UV-inactivated WTF-, WTF-infected and LPS-treated DC 

cultures, FN adhesion had no impact on the expression of activated β1-integrin, neither on 

the rate of expressing cells, nor on the MFI (Fig.15). However, FN ligation caused a 

reduction of the percentage of cells expressing activated β1-integrin up to 30% in mock 

cultures (Fig.15, left panel). Recent work (Grose et al., 2002; Ballestrem et al., 2001) has 

revealed that the integrin-actin cytoskeleton connection is highly dynamic and subjected to 
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many regulatory processes, like cell polarity, spreading and motility. Furthermore, it has 

become clear that the interaction between integrins and the actin cytoskeleton is 

differentially regulated in different locations of the cell. At the leading edge of migrating 

cells, integrins bind the ECM, recruit the actin cytoskeleton and initiate local reorganization 

of the actin network, promoting membrane protrusion. At the rear of the cell, integrins 

detach from the ECM, dissolve the link to the cytoskeleton and are, at least partially, 

recycled to the front of the cell (Ballestrem et al., 2001). In WTF-infected (images not 

shown), UV-inactivated-WTF treated DCs (Fig.16 C, shown with white arrow) and LPS-

DCs, large lamellipodia with concentrated F–actin at the leading edge (Fig.16 B, shown 

with white arrow), but without co-localisation with activated β1-integrin were observed. In 

WTF-infected, like in UV-inactivated WTF-DCs, β1-activated integrin was only detected in 

adhesion aggregates (Fig.16 C, shown with white arrow). Therefore, we detected by 

confocal microscopy focal expression of activated β1-integrin, which was upregulated with 

similar kinetics in UV-inactivated WTF-, WTF-infected and LPS-treated DC cultures. The 

formation of cell adhesion complexes assures substrate adhesion, as well as targeted 

location of actin filaments and signalling components (Hynes, et al. 2002; Adams et al. 

1997) (Fig.17). These ECM attachment and signalling centres were termed focal 

complexes (FCs) when they were still nascent or focal adhesions (FAs) when they 

matured into larger complexes (Hynes, et al. 2002; Song Li et al. 2005). FAK is a tyrosine 

kinase that is critical component of the FA and provides both structural and kinase activity 

to the focal contact present in the FAs. Based on binding of FAK to peptides of the β1 

cytoplasmic domain and precipitation experiments, FAK is thought to bind integrins directly 

(Chen et al., 2000). Upon cell attachment to the ECM, FAK becomes autophosphorylated 

at Tyr397 either directly by integrin clustering or after phosphorylation of tyrosines 576 and 

577 by Src (Schaller et al., 2001).  
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 We observed that in mock-DCs FN stimulation induced elevated FAK autophosphorylation 

(Fig.18 B, first pair of white/black bars). In LPS- and WTF-DCs FAK phosphorylation was 

high and was not upregulated after FN stimulation (Fig.18 B, second and third pair of 

white/black bars). These results suggest that integrin function in infected- and LPS-DCs 

could be affected on the level of FAK phosphorylation like in mouse DCs, where LPS 

treatment induced focal adhesion kinase (FAK) phosphorylation and rearrangement of the 

actin cytoskeleton (Walzer et al., 2005). Also, FAK phosphorylation is associated with 

integrin activation, i.e., cells expressing active integrins contain a high proportion of Y397-

phosphorylated FAK (Burridge K. et al., 1992; Guan J. et al., 1992; Hanks S. et al., 1992; 

Lipfert L. 1992; Schaller M. et al., 1992).   

Activated FAK can bind and phosphorylate a range of different substrates, which allows 

further recruitment of adaptor and signaling molecules. Fascin is a monomeric actin 

filament–bundling protein that participates in the DC dendrite formation (reviewed in 

Edwards and Bryan; René Geyeregger et al., 2007) and it has been found necessary for T 

cell stimulation (Al-Alwan et al., 2001).  

Consistent with maturation dependent expression of this protein, fascin was upregulated 

over time in LPS-DCs, in contrast to mock DCs (Fig.19). However, WTF-DCs showed an 

intermediate phenotype in that overall fascin levels (Fig.19). Our WB data (Fig.19) were 

confirmed by morphological analyses. Infected and uninfected DCs were studied by 

fluorescence microscopy after double staining of fascin and MV (by using human serum)  

(not shown). We observed morphological similarity between LPS-DCs and infected DCs 

which expressed high level of fascin. It is important to take into account, that in the 

infected cultures were detected DCs, which expressed fascin at low level. The observed 

correlation between infection efficiency and fascin expression in WTF infected cultures 
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(Fig.20 A and B), could be completed after double staining by flow cytometry, which was 

not done (because of technical reasons). 

The association between fascin and PKC-α is detectable by protein–protein binding IN 

VITRO, by coimmunoprecipitation from cell extracts, and in live cells as fluorescence 

resonance energy transfer detected by fluorescence imaging lifetime microscopy 

(Anilkumar et al., 2003) and is of functional importance for the balance between fascin 

protrusions and focal adhesions on FN (Adams et al., 1997; Adams and Schwartz, 2000). 

In cell lines PKC-α mediated phosphorylation of S39 was induced  by FN (Adams, 1995; 

Adams et al., 1999) and led to the dissociation of fascin from the F-actin bundles (Vuori 

and Rouslahi 1993; Mirauti et al., 1999), as well as diffuse localisation of fascin ( 

Anilkumar et al., 2003). In all unstimulated DC cultures (Fig.21, lines 4, 5, 6) and in FN 

stimulated mock-DCs, only a small quantity of fascin was co-precipitated with PKC-α 

(Fig.21, line 3). In LPS-DCs, FN stimulation induced strong fascin-PKC-α association 

(Fig.21, line 2), whereas in WTF-DCs fascin associated moderately strong with PKC-α 

(Fig.21, line 1). Fascin is concentrated in leading edge protrusions of migrating cells, and 

fascin-containing protrusions function in the motility and cell–cell interactions of many 

differentiated cells (reviewed by Kureishy et al, 2002). In line with this, we observed that F-

actin and fascin co-localised on leading edges of WTF-infected DCs and LPS-DCs (Fig.22 

B and C bottom panels, merge, seen in yellow and labelled with white arrows). In mock-

DCs, multiple focal contacts (Fig.22 A bottom panel) and long thin processes were 

apparent. Taken together, these data indicate that although fascin levels in WTF-DCs 

remained substantially lower than in LPS-DCs their overall morphology were similar. Our 

results suggest also that cell spread, formation of actin containing dendrites, as well as the 

surface expression levels of β1- and activated β1 integrin on FN are not detectably 

different in WTF-DCs and LPS-DCs. We could not explain the reduced adhesion of WTF-
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DCs compared to mock-DCs, as well as the small difference between the adhesion 

properties of the infected and LPS treated DCs. If WTF infection affects β2-integrin 

expression levels in DCs on ICAM-1, should be analysed. In immature DC, failure to form 

podosomes or selective inhibition of the CD18 (β2) component of podosomes resulted in a 

similarly reduced ability to adhere to ICAM-1, indicating that podosomes, through CD18, 

are necessary for tight adhesion to this ligand (Burns et al., 2004). In line with this finding, 

the specific recruitment of β2 integrins by podosome assembly in infected DCs should be 

looked at in detail. The FAK activation, as well as the interaction between fascin and PKC-

α did not differ in infected and in LPS-treated DCs. The precise mechanism by which the 

activity of PKC influences cell motility involved components of the focal complexes, such a 

talin, paxillin and ERK, as well the small GTPases and actin cytoskeleton-binding proteins 

(Zigmond et al., 1996) should be investigated. Also, a large number of PKCα substrates 

have been identified and are conceivable candidates for mediating the PKC-α effects on 

the cytoskeleton (Ng et al., 2001). 

Rho GTPases were placed downstream of integrin signalling and were chronologically or 

coincidentally activated during dynamic adhesion and (human T) cell spreading (Nurmi et 

al., 2006). Rho GTPases regulated the release of adhesions to the substratum and 

associated cellular contraction (Garrett et al., 2000), as well as polarised formation of 

lamellipodia at the leading edge (Pellinen and Ivaska, 2006; Swetman Andersen et al., 

2006; Burns et al., 2004). DC motility is enhanced upon maturation (Shutt et al., 2000), 

and consistent with their importance to dynamic integrin interactions, expression of Rac1/2 

was found to be critical for migration of mature murine bone marrow derived DCs on FN 

(Benvenuti et al., 2004b). In line with these observations, also human LPS-DCs, and more 

so, DC transfected to express constitutively active Rac1 were the most motile DC-species 

analysed. The motility was effectively reduced upon inclusion of a Rac1 specific inhibitor 
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(Fig.23). The sensitivity of the velocity of WTF-DCs to Rac-inhibitor indicates that their 

dynamic interaction with FN is Rac-driven (Fig.23). Perhaps, Rac activation in response to 

integrin activation is not generally compromised. This could be detect by pulldown 

experiments (de la Fuente et al., 2005), which we did not perform (due to technical 

reasons). However, the velocity of WTF-DCs on FN is below that of LPS-DCs, signifying 

that maturation induced by WTF may be insufficient to completely promote integrin 

signaling, which leads to Rac activation. In the mouse system (Benvenuti et al., 2004b) cell 

motility of mature Rac1/2-/- knockout DCs (mean velocities 0.12 µm/min) decreased about 

10 times in comparison to the wt control DCs (mean velocities 1.03 µm/min). The motility 

of immature DCs, transfected to express GFP-tagged dominant negative (dn) Rac1, did 

not decrease, like in inhibitor treated DC cultures as we expected. Nor did the motility of 

LPS- and WTF-DCs, transfected to express dn Rac1, vary from that of nontransfected 

LPS-DCs and WTF-DCs (Fig.23A and B). Taken as a whole, however, WTF-infection 

affected Rac-dependent dynamic interaction of DCs with FN, just to a moderate extent.     

The spatial IS organisation can vary considerably depending on the system analysed 

(Dustin et al., 2006; Friedel et al., 2005) and was, however, determined by the maturation 

stage of the DC to a major extent (Friedman et al., 2006; Benvenuti et al., 2004a,b; 

Gunzer et al., 2004; Al-Alwan et al., 2001 and Al-Alwan et al., 2003).  

Repositioning of the MTOC is a complex event dependent on TCR signaling that involves 

the shortening or sliding of microtubules (MTs) and the subsequent anchoring of MTOC at 

the site of TCR engagement (Noa et al., 2006). Our confocal microscopy data demonstrate, 

that compatible with formation of a functional IS, LPS-DCs, but unexpectedly also WTF-

DCs efficiently caused redistribution of the T cell microtubule organising center (MTOC) 

towards the interface (Fig.24). These analyses are, however, biased in the selection of 

stable conjugates. Thus, it cannot be excluded that T cells conjugating to WTF-DCs are 
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compromised in their ability to efficiently redistribute CD3 into mature, functional synapses, 

as was observed previously in conjugates formed between MV preexposed T cells and 

LPS-DCs (Müller et al., 2006). This hypothesis was further supported by analysis of the 

spatial organisation of the interface, where again T cell conjugates with WTF-DCs bear a 

resemblance to those with LPS-DCs (Fig.24-lower part).  

DC/T cell synaptic interfaces can differ to a great extent (Brossard et al., 2005). Classical 

monocentric synapses revealing central CD3- or LFA1- co-clustering with the cytoskeletal 

linker protein talin (Fig.25 A), as well as, synapses with peripheral clusters of both 

molecule pairs (Fig.25 B) were represented only in a minor fraction of conjugates formed 

in all DC cultures (Fig.25 E). Multifocal clustering of LFA1 and talin was predominant in all 

DC species, which were examined (Fig.25C and E). Nevertheless, a multifocal pattern for 

CD3/talin was mainly detected with LPS- or WTF-DCs (Fig.26C and E). Interestingly, 

homogenous distribution of these proteins as mostly seen with mock-DCs, also occurred in 

about 20% of conjugates with WTF-DCs (Fig.26D and E). In general, however, the spatial 

patterning of the interface was similar for WTF-DCs and LPS-DCs. This is consistent with 

efficient T cell activation based on MTOC redistribution (Fig.24-upper part) while it is not 

consistent with the finding that MV-infected DC cultures do not support expansion of 

allogenic T cells. The majority of MHC-II is preconcentrated by incorporation into lipid rafts 

(Meyer zum Bueschenfelde et al., 2004) or tetraspannin-rich microdomains in intracellular 

compartments (Kropshofer et al., 2002) from where they can redistribute to the cell surface 

upon maturation and/or T cell contact (Boes and Ploegh, 2004; Boes et al., 2003). We 

observed that HLA-DR expression was moderately upregulated upon maturation on LPS-

DCs (Fig.28 A-red line) and WTF-DCs (Fig.28 A-green line). Remarkably, the majority of 

WTF-DCs fail to support redistribution of FN1-reactive MHC-II from intracellular 

compartments (Fig.28 B-green line and Fig.29 C in green). This suggests that MV-infection 
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might interfere with trafficking of cellular proteins at an undefined level. In our system, it is 

however unclear, whether inefficient recruitment of this subset would contribute to the 

inability of WTF-DCs to promote T cell activation.  

With B APCs, SA-stimulated T cell activation occurred independently of the presence of 

FN1-reactive clusters (Kropshofer et al., 2002). Also in mature DCs, it has been suggested 

that accumulation of clustered MHC-II at the pre-synaptic side (as relevant for T cell 

activation) was regulated mainly at the level of ubiquitin-dependent degradation rather 

than recruitment (Shin et al., 2006). Though, we have shown that MV can modify ubiquitin-

dependent degradation in T cells by surface contact (Avota et al., 2004), its ability to do so 

in infected including DCs is unknown. Lastly, surface accumulation levels of FN1 reacted 

MHC-II was similar for WTF-DCs and MGV-DCs (Fig.28 B and Fig.33 B, respectively) 

which differed with regard to their ability to promote T cell activation (Fig.31E, F and Fig.34 

respectively) and allogenic T cell expansion (Klagge et al., 2000; Schlender et al., 1996). 

Actin cytoskeletal rearrangement driven accumulation of MHC-II clusters at the 

presynaptic site significantly enhances engagement of TCR, as required for successful T 

cell activation (Al-Alwan et al., 2003, 2001). Although, MHC-II clusters on WTF-DCs were 

generally smaller than those seen for LPS-DCs (Fig.30C and B respectively), the overall 

architecture of the interface, as determined by confocal microscopy, was similar for both 

DC species (Fig.24, Fig.25 and Fig.26). These analyses are, however, biased in the 

selection of stable conjugates. Thus, it cannot be excluded that T cells conjugating to 

WTF-DCs are compromised in their ability to efficiently redistribute CD3 into mature, 

functional synapses, as was observed previously in conjugates formed between MV 

preexposed T cells and LPS-DCs (Müller et al., 2006). Formation of spatially organised IS 

in T cells requires, prolonged contact durations. Therefore, aberrant distribution patterns of 

CD3 in these structures, if occurring, are not likely to contribute to the type of contacts 
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predominating for WTF-DC/T cell interactions (Fig.31 B and E-red line). During these, the 

ability of T cells to flux calcium is initially unaltered (Fig.31 F), and this is consistent with 

the observations made for CD3/CD28 activation of MV preexposed T cells (Avota et al., 

2004). Altogether, our findings indicate that DC activities preceding successful activation of 

T cells such as tethering, integrin-dependent adhesion and translocation, as well as local 

concentration of MHC-II and costimulatory molecules to levels exceeding the threshold for 

signal initiation should be maintained in WTF-DCs.    Subsequently, however, neither 

contacts nor calcium flux can be stabilised and sustained in approximately 60% of 

conjugates (Fig.31 F). Although this was not specifically addressed, it is also likely that 

transient interactions of less than 2 minutes may, if at all, not efficiently support viral 

transmission to T cells. Transient interactions are typically observed with immature DCs in 

the absence of antigen (Benvenuti et al., 2004a). However, this is not likely to be relevant 

in our allogenic system, which includes SA-loaded WTF-DCs. The requirements within the 

APC for conjugate stabilization and subsequent T cell activation is largely unidentified on 

molecular level. Yet there is evidence that signaling via MHC-II, activation of Rho 

GTPases, or redistribution of integrin-interacting proteins (Hofer et al., 2006; Shurin et al., 

2005; Al-Alwan et al., 2003) are involved. These processes have not as yet been looked at 

in detail in MV-infected DCs. It is, however, highly probable that the viral gp complex 

expressed at the surface of the MV-infected DCs plays an important role in the formation 

of the aberrant synapse. This is supported by our finding that prolonged, activatory 

interactions occur at higher frequency with MGV-DCs (Fig.34) and clusters of H protein 

can be detected in the WTF-DC/Tcell interface (Fig.32.A). Pertaining to membrane 

association, there is no evidence that the F protein differs. This is true, because MV-

infected DC cultures reveal extensive syncytia formation in the absence of the fusion 

inhibitory peptide (Grosjean et al., 1997).  It remains to be determined whether the 
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presence of the complex acts to destabilise conjugates at the level of the DCs. This 

interaction could happen, for example, by insertion into activation clusters or disruption of 

the synaptic interface on these cells, or at the T cell level, by causing rapid collapse of T 

cell cytoskeletal structures (Müller et al., 2006; Faure et al., 2004). 
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6. Summary  

 
Interaction with dendritic cells (DCs) is considered as central to immunosuppression 

induced by viruses, including measles virus (MV). Commonly, viral infection of DCs 

abrogates their ability to promote T cell expansion, yet underlying mechanisms at a cellular 

level are undefined. It appears that MV-WTF infection modulate DCs morphology and 

dynamic adhesion on extra cellular matrix proteins such as FN or ICAM-1. By 

morphological criteria, WTF-DCs resembled LPS-DCs, associated with their mature 

phenotype also adhered less efficiently to the FN or ICAM-1 support. Reduced adhesion 

could not be explained by a lack of β1-integrin expression or activation. Similarly, MV-DCs 

strongly resembled LPS-DCs in that levels of focal adhesion kinase phosphorylated at 

Y397 were high and not further enhanced upon FN ligation. Fascin, a downstream effector 

of integrin signaling was highly upregulated in LPS-DCs and moderately in WTF-DCs, and 

differences in its subcellular distribution were not observed between both cell cultures. 

Apparently, however, fascin associated less efficiently with PKCα in WTF-DCs then in 

LPS-DCs. In line with findings for murine DCs, high motility of mature human DCs was 

found to require expression of Rac-GTPases. Human LPS-DCs and more so, DC 

transfected to express constitutively active Rac1 were the most motile DC-species 

analysed, confirming that migration of human DC also involved Rac activity. The velocity of 

WTF-DCs on FN is below that of LPS-DCs, indicating that maturation induced by WTF 

may be insufficient to completely promote integrin signaling which leads to Rac activation. 

The organisation of MV-DC/T cell interfaces was consistent with that of functional immune 

synapses with regard to CD3 clustering, MHC class II surface recruitment and MTOC 

location. These analyses are based in the selection of stable conjugates. Subsequently, 

however, neither contacts nor calcium flux can be stabilised and sustained in the majority 
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of MV-DC/T cell conjugates and only promoted abortive T cell activation. Formation of 

spatially organised IS in T cells requites, prolonged contact durations. Therefore, aberrant 

distribution patterns of CD3 in these structures, if occurring, are not likely to contribute to 

the type of contacts predominating for WTF-DC/T cell interactions. It is also likely that 

transient interactions of less than 2 minutes may if at all, not efficiently support viral 

transmission to T cells. Transient interactions are typically observed with immature DCs in 

the absence of antigen, but this is not likely to be relevant in our allogenic system, which 

includes SA-loaded WTF-DCs. Thus, MV-infected DCs retain activities required for 

initiating, but not sustaining T cell conjugation and activation. This is partially rescued if 

surface expression of the MV glycoproteins on DCs is abolished by infection with a 

recombinant MV encoding VSV G protein instead, indicating that these contribute directly 

to synapse destabilisation and thereby act as effectors of T cell inhibition. 
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7. Zusammenfassung: 

 
Die Interaktion mit Dentritischen Zellen (DCs) wird für die Immunsuppression, welche 

durch Viren einschließlich des Masernvirus (MV) hervorgerufen wird, als ein zentraler 

Mechanismus angesehen. Für gewöhnlich unterdrücken virale Infektionen von DCs deren 

Fähigkeit, die T-Zell Expansion zu vermitteln. Dies geschieht durch einen Mechanismus, 

welcher bisher nicht auf zellulärer Ebene definiert ist. Es scheint, dass eine MV-WTF 

Infektion die Morphologie der DCs und deren dynamische Adhäsion an extrazellulären 

Matrixproteinen wie FN oder ICAM-1 moduliert. Unter morphologischen Gesichtspunkten 

ähneln WTF-DCs den LPS-DCs. Entsprechend ihrem reifen Phänotyp adherieren 

erstgenannte ebenfalls weniger effektiv unter Einwirkung von FN und ICAM-1. Die 

reduzierte Adhäsion konnte nicht durch das Fehlen von ß1-Integrin Expression oder 

Aktivierung erklärt werden. Analog glichen MV-DCs den LPS-DCs in der Hinsicht sehr, 

dass deren Expressionslevel von Y397 phosphorylierter Fokaler-Adhäsions-Kinase hoch 

war und durch FN Ligation nicht weiter anstieg. Fascin, ein downstream Effektor des 

Integrin- Signalwegs, wurde in LPS-DCs stark und in WTF-DCs moderat hochreguliert. 

Differenzen in der subzellulären Verteilung des Fascin wurden zwischen den beiden 

Zellkulturen nicht beobachtet. Allerdings assoziierte Fascin in WTF-DCs weniger effizient 

mit PKCα, als in LPS-DCs. In Übereinstimmung mit Befunden bei murinen DCs wurde 

herausgefunden, dass eine hohe Motilität reifer humaner DCs die Expression von Rac-

GTPasen voraussetzt. Humane LPS-DCs und mehr noch transfizierte DCs, welche 

konsitutiv aktive Rac1-GTPase exprimieren, waren die mobilsten unter den analysierten 

DC Typen. Dies bestätigt, dass die Migration humaner DCs unter Anderem von der Rac-

Aktivität abhängt. Die Geschwindigkeit von WTF-DCs auf FN ist niedriger, als die von 

LPS-DCs, was darauf hinweist, dass die durch WTF induzierte Reifung unzureichend sein 

könnte, um die Integrin-Signalgebung auszulösen, welche zur Rac Aktivierung führt. 
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Die Ausbildung der MV-DC / T-Zell-Verbindungen stimmte mit der einer funktionalen 

immunologischen Synapse in Hinsicht auf die Formung von CD3 Clustern, die 

Oberflächenrekrutierung von MHC-II-Molekülen und der MTOC-Lokalisierung überein. 

Diese Befunde fußen allerdings auf der Selektion stabiler Konjugate. Dagegen konnten bei 

der Mehrzahl der MV-DC / T-Zell-Konjugate weder Kontakte noch Calcium-Influx 

stabilisiert und aufrechterhalten und nur eine unvollständige T-Zell-Aktivierung hervorrufen 

werden. Die Ausbildung räumlich organisierter Synapsen in T-Zellen setzt länger 

anhaltende Kontakte voraus. Das abweichende Verteilungsmuster von CD3 in diesen 

Strukturen steuert deshalb, soweit vorhanden, wohl nicht zu der Art von Kontakten bei, 

welche die WTF-DC / T-Zell-Interaktion dominieren. Es ist außerdem wahrscheinlich, dass 

transiente Interaktionen von weniger als zwei Minuten die virale Transmission zu T-Zellen, 

wenn überhaupt, nicht effizient unterstützen. Transiente Interaktionen werden typischer 

Weise bei unreifen DCs in der Abwesenheit von Antigen beobachtet, doch dies ist 

wahrscheinlich nicht relevant in dem hier verwendeten allogenen System, welches SA-

geladene WTF-DCs verwendet. MV-infizierte DCs besitzen folglich die Eigenschaften, 

welche für die Initialisierung, aber nicht solche die für die Aufrechterhaltung der T-

Zellkonjugation und Aktivierung der T-Zellen nötig sind. Dieses Unvermögen wird teilweise 

kompensiert, wenn die Oberflächenexpression von MV Glykoproteinen  auf DCs durch die 

Infektion mit rekombinatem MV, welches das VSV G Protein kodiert, verhindert wird. Aus 

diesem Befund kann man schließen, dass die MV Glykoproteine direkt zur 

Destabilisierung der Synapse beitragen und deshalb als Effektoren der T-Zell Inhibition 

agieren. 
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8.  Abbreviation  

  
Ab antibody 

AIDA software program 

AET 2-aminoethylisothiouronium hydrobromide 

Ag antigen 

APC antigen-presenting cell 

APS ammonium persulphat 

ATV Adjusted trypsin-versene 

BCR B-cell receptor 

BM bone marrow 

BMMC bone marrow mast cell 

BSA bovine serum albumin CD-46 

cfu colony-forming units 

(c) SMAC central supramolecular activation cluster 

DIC differential interference contrast 

3D  three-dimensional image analysis 

DMSO dimethyl sulfoxide 

DTT Dithiotheritol  

EB ethidium bromide  

ECL chemiluminescence substrate 

ED vaccine straine Edmonston 

EDTA ethylenediaminetetraacetic acid 

EGFP enhanced green fluorescent protein 

ELISA enzyme-linked immunosorbent assay 
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ERK extracellular signal-regulatory kinase 

EYFP enhanced yellow fluorescent protein 

F(ab′)2 antigen-binding fragment (of immunoglobulin) 

FACS fluorescence-activated cell sorting 

FACE -method by using FAK Kit 

FAK–focal adhesion kinase 

FBS fetal bovine serum 

Fc complement-binding fragment  Immunoglobulin 

FcεRI high-affinity IgE receptor 

FITC fluorescein isothiocyanate  

FIP fusions-inhibitorisches peptid 

FN- fibronectin 

FN1-reactive MHCII 

GFP green fluorescent protein  

GTP-ases  

HBS HEPES-buffered saline 

HBSS Hanks’ balanced salt solution 

HeNe helium/neon (laser) 

HEPES N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid 

HRP horseradish peroxidase 

ICAM-1 - intracellular adhesion molecule-1 

Ig immunoglobulin 

IS Immunological synapse  

LAT linker for the activation of T cells  

LFA-1 leukocyte function-associated antigen- 

LB Luria-Bertani (medium) 

LIBS ligand-induced binding sites 
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MAb monoclonal antibody 

MAPK mitogen-activated protein kinase 

MCF mean channel fluorescence  

MCP membrane cofactor protein, CD46 

MIBE measles inclusion body encephalitis  

MFI mean fluorescence intensity  

MGV recombinant MV that contains the G protein of VSV insted of MV glycoproteins 

MHCII major histocompatibility complex molecule 

moi multiplicity of infection 

NK natural killer (cells) 

NP-40 Nonidet P-40 

OD optical density 

PAR1 protease-activated receptor 1 

PBS phosphate-buffered saline 

PE phycoerythrin or processing element 

PI propidium iodide 

PIPES piperazine-N,N′-bis(2-ethanesulfonicacid) 

PLL plyL-Lysin 

PMA phorbol 12-myristate 13-acetate 

PMSF phenylmethylsulfonyl fluoride  

P- phosphoprotein  

PRR pattern recognition receptor 

pfu plaque forming unit 

p.i. post infectionem  

(p) SMAC peripheral 

PTK protein tyrosine kinase 

Rac1-GFPase 
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RBC red blood cell 

RNA ribonucleic acid 

SD standard deviation 

SDS-PAGE - SDS-Polyacrylamide gel electrophoresis  

SLAM signaling lymphocyte activation molecule, CD150 

SRBCs Sheep red blood cells 

SMACs supramolecular activation clusters  

SSPE subacute sclerosing panencephalitis 

TCR T cell receptor 

TE Tris/EDTA (buffer) 

TH1, TH2 T helper cell phenotypes (CD4+) 

TCID50 tissue culture infectious dose 50 

TCM central memory T-cell 

TCR T-cell receptor 

TEMED Tetramethylethylenediamine 

TGF tumor growth factor 

TLR toll-like receptor 

TNF tumor necrosis factor 

TRAIL TNF-related apoptosis inducing ligand 

VSV vesicular stomatitis virus 

WB - Western immunoblotting  

WTF Wildtyp Fleckenstein  
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