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1 Abbreviations 

AP-1 Activator protein-1 

APC Antigen-presenting cell 

Arp2/3 Actin-related protein 2/3 

BMDC Bone-marrow derived dendritic cell 

CAMs Cell adhesion molecules 

CD Cluster of differentiation 

Cdc42 Cell-division cycle 42 

CFSE Carboxyfluorescein-diacetate-succinimidyl-ester 

CMTMR Chloromethyl-benzoyl-amino-tetramethylrhodamine 

CTx b B subunit of cholera toxin  

DAG Diacylglycerol 

DC Dendritic cell 

ECM Extracellular matrix 

EGFP Enhanced green fluorescent protein 

ER Endoplasmatic reticulum 

ERM  Ezrin, radixin and moesin proteins 
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F-actin Filamentous actin 

FITC Fluorescein isothiocyanate 

GEF Guanine-nucleotide exchange factor 

GFP Green fluorescent protein 

GM-CSF Granulocyte-macrophage colony stimulation factor 

ICAM-1 Intercellular adhesion molecule-1 

IL Interleukin 

IL-7R IL-7-receptor 

IP3 Inositol trisphosphate 

IS Immunological synapse 

ITAM Immunoreceptor tyrosine-based activation motifs 

ITK IL-2-inducible T cell kinase 

Jak Janus kinase 

LAT Linker for activation of T cells 

LFA-1 Leukocyte function-associated antigen-1 

LPS Lipopolysaccharides 

mAb Monoclonal antibody 
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MHC Major histocompatibility complex 

MMLV Moloney Murine Leukemia Virus 

MTOC Microtubule organization center 

NFAT Nuclear factor of activated T cells 

NF-κB Nuclear factor κ B 

PBS Phosphate buffered saline 

PH Pleckstrin homology 

PIP3 Phosphatidylinositol(3,4,5)trisphosphate 

PKCΘ Proteins kinase C Θ 

PLCγ1 Phospholipase C γ 1 

pMCC88-103 Peptide from moth cytochrome c, residues 88-103 

PTEN Phosphatase and tensin homologue deleted on chromosome 

ten 

PTK Protein tyrosine kinase 

pOVA323-339 Peptide from ovalbumine, residues 323-339 

pY Phosphotyrosine (phosphorylated tyrosine residues) 

SD Standard deviation 
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SH Src homology 

SLP-76 SH2 domain-containing leukocyte phosphoprotein of 76 kDa 

TCR T cell receptor 

TGF-β Transforming growth factor β 

TLR Toll-like receptor 

WASP Wiskott-Aldrich syndrome protein 

WAVE WASP family verprolin-homologous protein 2 

ZAP-70 ζ-associated protein of 70 kDa 
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2 Introduction 

2.1 CD4+ T lymphocytes – migrating conductors of the immune system 

The mammalian immune system consists of the innate and the adaptive immune system, both 

of which contain an array of non-resident leukocytes that respond to pathogens, including 

bacteria and viruses, cell and tissue damage, and tumors. Cells of the innate immune system 

(e.g. neutrophilic granulocytes and macrophages) recognize unspecific danger signals that are 

present in a wide range of diseases, e.g. lipopolysaccharides (LPS) of the bacterial cell wall 

during a bacterial infection or the loss of major histocompatibility complexes (MHC) on the 

surface of neoplastic and/or virally infected cells.  These cells are ready to function when they 

exit the bone marrow and therefore act quickly after the onset of a threat.  

The adaptive immune system is composed of B and T lymphocytes. The outstanding feature 

of these cells is their ability to specifically recognize one specific target molecule, a so-called 

antigen. For this aim, every single B cell expresses a unique surface immunoglobulin that 

develops during a process called somatic recombination where the genes encoding this 

receptor are reorganized and mutated yielding a highly variable region in every 

immunoglobulin, the antigen binding site (Jung and Alt, 2004). This gene rearrangement 

happens randomly, producing a huge array of different B cells. As every B cell recognizes a 

different antigen, only an extremely small percentage out of the entire B cell pool recognizes 

one pathogen, e.g. a bacterium, and is able to produce specific antibodies (soluble forms of 

the immunoglobulin receptor) that may neutralize the pathogen. On the other hand, there are 

B cells with specificity against virtually every conceivable antigen. Thus, even entirely new 
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pathogens that do not display common pathogenic patterns like LPS are likely to face a B cell 

that is able to produce antibodies against it.  

The equivalent to the immunoglobulin receptor in B cells is the T cell receptor (TCR) in 

T cells which also develops through somatic gene rearrangement during the maturation of T 

cell precursors in the thymus. Unlike immunoglobulins, TCR recognize their specific antigen 

(usually polypeptides) only when it is presented by another cell-surface receptor on a so-

called antigen-presenting cell (APC), the major histocompatibility complex (MHC) (Davis 

and Bjorkman, 1988). There are two main subsets of T lymphocytes that can be distinguished 

by their expression of the TCR co-receptors CD4 and CD8: While CD8 facilitates the 

recognition of antigen in the context of MHC class I molecules in cytotoxic T lymphocytes, 

CD4 co-engages MHC class II molecules together with the TCR in so called helper T cells 

(Rudolph et al., 2006). The main function of CD8+ cytotoxic T cells is the killing of (virally) 

infected or neoplastic cells by inducing apoptosis. The effector functions of CD4+ helper T 

cells on the other hand are diverse: via direct cell-cell contacts and/or the production of 

cytokines they control the immune response to a pathogen. Helper T cells are required for the 

maturation of B cells to antibody-producing plasma cells (MacLennan, 1994), they prime 

dendritic cells (DC) to more effectively stimulate cytotoxic T cells(Zhang et al., 2009), and 

they may shift the entire immune response toward a so-called Th-1 response (a mainly 

“humoral” immune response dominated by the production of  (IgE)-antibodies) or a Th-2 

response (a mainly cellular immune response dominated by cytotoxic T cells)(Glimcher and 

Murphy, 2000). Therefore, CD4+ helper T cells may be regarded as the conductor of an 

immune response. 
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As (B and T) lymphocytes only recognize one specific antigen (their cognate antigen) and 

finding this antigen is a rare event, every antigen-inexperienced (or naïve) lymphocyte is 

inactive. After antigen recognition, lymphocytes get activated, proliferate, and either become 

effector cells that carry out the immune response or develop into memory cells that build up 

immunity against known pathogens. To this aim, naïve T cells need to get in direct contact 

with professional APC that not only present their cognate antigenic peptide in an MHC-

dependent manner (signal 1) but also provide additional co-stimulatory signals (like 

CD80/CD86 or cell-adhesion molecules (CAMs like ICAM-1); signal 2). The most potent 

APC is a mature dendritic cell (DC; Banchereau and Steinman, 1998). TCR and co-receptor 

triggering initiate a signaling cascade that involves the phosphorylation of signaling and 

adaptor proteins, the activation of GTPases, Ca++-influx, and eventually leads to the clonal 

expansion of the stimulated T cell and the transcription of an array of genes that control 

effector and/or memory functions (Smith-Garvin et al., 2009). 

In order to find their cognate antigen, T cells constantly patrol the body and scan DC. While 

the bloodstream enables fast and passive transport through the organism, within secondary 

lymphoid organs or at sites of inflammation T cells leave the blood vessels and start to 

actively migrate in order to get in contact with DC (Friedl and Weigelin, 2008). Thus, the 

ability to migrate is one of the fundamental functions of a T cell. However, the scanning of 

DC does not only facilitate the search for the cognate antigen; contacts with low-affinity, non-

cognate (self-) antigens presented by MHC molecules on the DC surface also deliver signals 

that help to control the size and function of the peripheral T cell pool (T cell homeostasis; 

Surh and Sprent, 2008). 



Introduction  14 
  

 

 

The following work describes homeostatic and activating CD4+ T cell/DC interactions under 

an in vivo-like situation, i.e., cells have to migrate in a 3D environment to make contact with 

each other. The mechanisms of T cell migration, activation and homeostasis as well as the 

characteristics of DC will be briefly described in the next paragraphs of this introduction.  

2.2 T cell migration and polarity  

In contrast to fibroblasts or tumor cells that migrate at a rather low speed (less than 1 µm/min) 

and digest and remodel their environment (e. g. collagen fibers), T cells migrate at high speed 

(up to 30 µm/min) and in general do not cleave interstitial fibers while migrating (Friedl and 

Weigelin, 2008). Therefore, T cells have to constantly change their cell shapes while they 

squeeze through preexisting holes in fibrillar networks or migrate within cell-rich 

environments like the lymph node. This mode of migration, which is largely driven by the 

actin cytoskeleton and does not depend on adhesion receptors like integrins in a 3D 

environment, is called “amoeboid migration” as it is reminiscent of the amoeba Dictyostelium 

discoideum (Friedl et al., 1998; Friedl et al., 1995; Lämmermann et al., 2008; Lämmermann 

and Sixt, 2009).  

For migration, T cells have to polarize by forming a leading edge and a trailing edge called 

“uropod” (Fig. 1). These compartments and the actual cell body (containing the nucleus) 

differ in actin dynamics, cell surface receptors and cellular functions. 
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2.2.1 The leading edge 

In T lymphocytes the leading edge is a highly dynamic compartment with rapid actin 

turnover. The “front” signal is largely delivered by a local accumulation of the second 

messenger phosphatidylinositol(3,4,5)trisphosphate (PIP3) which is produced as a the result of 

the ligation of  chemokines to G-protein coupled receptors that in turn activate a class Ib 

phosphatidylinositol-3-kinase (Charest and Firtel, 2007). PIP3 then recruits guanine-

nucleotide exchange factors (GEFs) that activate Rac and Cdc42, two of the Rho-family of 

small GTPases, via their pleckstrin homology (PH) domains (Affolter and Weijer, 2005). In 

their GTP-bound state, Rac and Cdc42 activate members of the Wiskott-Aldrich syndrome 

protein (WASP) family, namely WASP itself and WAVE2 (WASP family verprolin-

homologous protein 2), that regulate actin polymerization by controlling the actin-related 

protein 2/3 (Arp2/3) complex (Bompard and Caron, 2004; Insall and Machesky, 2009). 

Finally, the polymerization and accumulation of filamentous actin (F-actin) in the leading 

Figure 1: Morphology, cytoskeletal and molecular asymmetry of a migrating T cell. 
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edge results in the formation of sheet-like (lammelipods) and rod-like (filopods) membrane 

protrusions that drive forward locomotion. 

Besides its contribution to locomotion, the leading edge constantly probes adjacent cells and 

the extracellular matrix for signals. This includes the sensing of chemokines and promigratory 

cytokines which induce and direct T cell migration (Friedl and Weigelin, 2008; Sanchez-

Madrid and del Pozo, 1999). Furthermore, compared with rear parts of the cell,  the leading 

edge of T cells is more sensitive for TCR-triggering which is relevant for detecting antigenic 

signals during migration through lymphoid and peripheral tissues (Negulescu et al., 1996). 

Thus, during migration, environmental signaling is particularly confined to the leading edge.  

2.2.2 Cell body and uropod 

The cell body harbors the nucleus and forms the central compartment of a polarized T cell. 

Here, activity of the phosphatase PTEN (phosphatase and tensin homologue deleted on 

chromosome ten) which is excluded from the leading edge counteracts the formation of PIP3 

and thereby inhibits the formation of lateral protrusions (Li et al., 2003). Together with 

myosin II, subcortical F-actin forms parallel bundles that mediate contraction in the area of 

the cell body and the trailing uropod which is essential for T cell migration (Jacobelli et al., 

2004). The small GTPase RhoA controls both, PTEN activity and myosin II contraction (Li et 

al., 2005; Xu et al., 2003).  

The trailing uropod at the rear end of a migrating T cell forms via the capping of the 

cytoskeletal linker proteins ezrin, radixin and moesin (ERM proteins) and CD43, a highly 

glycosylated transmembrane protein (Lee et al., 2004; Serrador et al., 1998). Here, RhoA also 

mediates actin-myosin contraction and therefore the retraction of the uropod (Heasman et al., 
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2010; Jacobelli et al., 2004; Worthylake et al., 2001). Besides being typical morphological 

criterion for migrating leukocyte, the uropod is an adhesive structure rich in cell adhesion 

molecules (CAMs like ICAM-1) and integrins (del Pozo et al., 1997; Friedl et al., 1998). 

These cell surface receptors partly become internalized within the uropod and recycle via 

endosomal trafficking (Samaniego et al., 2007). Consequently, most of the intracellular 

membrane compartments including the endoplasmatic reticulum (ER) and the golgi apparatus 

are also located within the uropod in direct vicinity to the microtubule organization center 

(MTOC, Krummel and Macara, 2006; Ratner et al., 1997). It is unknown how the uropod 

contributes to the migration process mechanistically and whether the uropod, like the leading 

edge, is involved in cell signaling. 

2.3 Dendritic cells 

The main functions of DC are i) the induction of an immune response (e.g. in case of an 

infection) and ii) the maintenance of self tolerance (Steinman and Banchereau, 2007). 

Additionally, DC deliver signals that control the homeostasis and function of the peripheral 

T cell pool (see 2.5; Surh and Sprent, 2008).  

Immature DC are found in virtually all tissues, especially lining the outer and inner body 

surfaces (e. g. skin and gut). Additionally, a dense DC network is found in lymph nodes 

taking up antigens that enter the lymph node via the afferent lymphatic vessels (Lindquist et 

al., 2004). In order to take up antigens, immature DC contain specialized endocytic 

mechanisms including phagocytosis, macropinocytosis and receptor mediated endocytosis 

(e.g. via lectins like CD209/DC-SIGN; Figdor et al., 2002). After endocytosis, antigens get 

degraded and loaded to MHC molecules. Importantly, not only MHC class II molecules are 
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loaded (a process that takes place solely in endocellular vesicles). In a process termed “cross-

presentation” endocytosed antigens also gain access to the cytoplasm and are subsequently 

distributed to MHC class I molecules (Trombetta and Mellman, 2005). 

In steady state, DC are “immature” and take up self-antigens and harmless environmental 

antigens. Most of the MHC molecules are stored in intracellular vesicles and the surface 

expression of co-stimulatory molecules like ICAM-1, CD80 and CD86 is low. As co-

stimulation therefore is very limited, high affinity TCR binding to a (self-)peptide-MHC 

complex on the surface of an immature DC leads to T cell anergy and tolerance induction 

(Hawiger et al., 2001). Thus, under non-inflammatory conditions immature DC are 

professional endocytic cells that prevent auto-immunity via antigen-specific contacts to 

T cells. 

Under inflammatory conditions, DC not only endocytose pathogenic particles but also sense 

so called “danger signals” like microbial products (e.g. lipopolysaccharides (LPS) from 

bacterial cell walls) and immune complexes via Toll-like receptors (TLRs) and Fc-receptors, 

respectively.  This induces a cascade of changes in DC that are collectively termed maturation 

(Banchereau and Steinman, 1998): DC  that locate in peripheral organs start to migrate along 

a chemotactic gradient towards the draining lymph node. During migration, DC lose their 

ability for endocytosis, undergo a morphological transformation with the development of 

numerous membrane extensions (called veils and dendrites), and upregulate MHC-molecules 

and important co-stimulatory receptors (e.g. CD80 and CD86) on the cell surface. 

Additionally, DC start to synthesize pro-inflammatory cytokines such as interleukin 12 and 

type I interferon. Mature DC then position themselves in the T cell zones of the lymph nodes 

where they are strong inducers of T cell activation.  
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The high density of (co-)stimulatory molecules on the surface of mature DC is central to their 

particularly powerful T cell activation capabilities. Additionally, the DC cytoskeleton and 

rho-GTPases strongly contribute to T cell activation (Al-Alwan et al., 2003) (Kobayashi et al., 

2001). Finally, the delivery of MHC-peptide complexes from endosomal stocks to the site of 

T cell binding, so called “tubulations”, support TCR engagement and signaling (Boes et al., 

2002; Jo et al., 2010). However, a necessity for DC polarization in order to coordinate T cell 

activation has not been shown.  

2.4 T cell activation 

2.4.1 TCR signal transduction 

As mentioned above, recognition of the cognate antigen leads to the activation of T cells, i.e. 

T cells clonally expand and acquire effector functions. To this aim TCR triggering needs to 

induce mitosis and an altered gene expression profile by activating transcription factors. As 

the TCR/CD3 complex itself is catalytically inactive, the first step after the ligation of the 

cognate peptide-MHC complex is the recruitment of ZAP-70 (ζ-associated protein of 70 

kDa;), a protein tyrosine kinase (PTK), to the TCR (Smith-Garvin et al., 2009). To this end 

numerous tyrosine residues within so-called immunoreceptor tyrosine-based activation motifs 

(ITAMs) are phosphorylated in the CD3 complex by the PTKs Lck and Fyn which are 

associated with the CD4/CD8 co-receptor and the TCR itself, respectively (Samelson et al., 

1986; Veillette et al., 1988). ZAP-70 docks to phosphorylated tandem ITAM-motifs within 

the ζ-chain of CD3 via two Src homology 2 (SH2) domains which leads to unfolding and – 

together with tyrosine phosphorylations at several sites – activation of its kinase activity 
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(Wang et al., 2010). Activated ZAP-70 then transduces TCR signals to downstream signaling 

proteins (Fig. 2). 

The most important targets of ZAP-70 are two adaptor proteins, the transmembrane protein 

LAT (linker for activation of T cells; Sommers et al., 2004) and the cytosolic protein SLP-76 

(SH2 domain-containing leukocyte phosphoprotein of 76 kDa; Koretzky et al., 2006). LAT 

and SLP-76 do not have catalytic activities but serve as docking sites for numerous signaling 

molecules involved in TCR signaling that together form the so called proximal signaling 

complex (Smith-Garvin et al., 2009). One of the most important proteins within this complex 

is phospholipase C γ 1 (PLCγ1) that is activated by IL-2-inducible T cell kinase (ITK, a PTK 

of the Tec family that is also part of the proximal signaling complex) and hydrolyzes the 

membrane lipid phosphatidylinositol(4,5)bisphosphate into the second messengers 

diacylglycerol (DAG) and inositoltrisphosphate (IP3) (Fig. 2; Qi and August, 2007).  

DAG binds and activates proteins kinase C θ (PKCθ), a serine/threonine kinase that 

transduces TCR signaling via two pathways (Fig. 2). First, PKCθ activates NF-κB (nuclear 

factor κ B) by inducing the degradation of its inhibitor IκB leading to nuclear translocation of 

NF-κB (Vallabhapurapu and Karin, 2009). Then, PKCθ phosphorylates RasGRP, a GEF that 

also binds to DAG. Together with the GEF SOS, another component of the proximal 

signaling complex, RasGRP activates the Ras-Raf-Erk pathway that leads to activation of the 

activator protein-1 (AP-1) transcription complex (Genot and Cantrell, 2000). IP3 binds to the 

IP3-receptor on the endoplasmatic reticulum (ER) leading to a depletion of the ER Ca++-stores 

that subsequently leads to the sustained influx of extracellular Ca++. This in turn activates the 

phosphatase calcineurin that terminally dephosphorylates and activates members of the 
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nuclear factor of activated T cells (NFAT) family of transcription factors (Fig. 2; Im and Rao, 

2004). 

 

 

In short, TCR ligation leads to the activation of several transcription factors (NF-κB, the AP-1 

complex and members of the NFAT family) via signaling pathways that involve a myriad of 

signaling molecules including kinases, phosphatases, small GTPases and Ca++. However, the 

very early events after TCR ligation are almost exclusively characterized by the 

Figure 2: Main signal transduction pathways from the TCR to the nucleus. Details see text. 

Asterisks: tyrosine phosphorylations.  
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phosphorylation of tyrosine residues (pY; see asterisks in Fig. 2). The detection of pY is 

therefore an easy-to-use tool for the detection of TCR signaling.  

2.4.2 Cell biology of T cell activation 

In the 1990s it was shown, that TCR triggering and signaling via the subsequent signal 

transduction pathways needs to be sustained for hours to initiate clonal expansion and effector 

functions (Valitutti et al., 1995). In line with this observation, early microscopy studies 

described T cell activation to be critically dependent on an antigen-dependent migratory arrest 

on the APC surface followed by a long-lasting and stable T cell / APC interaction (Cernuda-

Morollon et al., 2010; Dustin et al., 1997). During these interactions, T cells go through 

considerable morphological changes (Fig. 3). They develop a roundish morphology and move 

their MTOC from the uropod toward the APC surface, enabling the directional delivery of 

cytokines and lytic granules (Kupfer et al., 1994; Stinchcombe et al., 2006). The uropod 

disassembles and a so called distal pole complex forms at the opposite site of the contact 

plane, where CD43, a known inhibitor of TCR signaling, accumulates and is therefore 

excluded from the interaction plane (Allenspach et al., 2001; Tong et al., 2004). 

Contact stability is achieved through a mechanism termed “TCR inside-out signaling” that 

increases the affinity of β2 integrins via signaling pathways involving the small GTPase Ras-

proximity-1 (Rap1), the cytoskeletal linker protein talin that stabilizes the high-affinity 

conformation of LFA-1, the actin cytoskeleton, and several adaptor proteins (e.g. ADAP and 

SKAP55) that link Rap1 to the proximal signaling complex  (Kinashi, 2005). Activated 

Leukocyte-function-associated antigen 1 (LFA-1), one of the main β2 integrins of T cells, 
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binds ICAM-1 on the APC surface with high affinity, accumulates within the contact plane 

(i.e.: LFA-1 avidity increases), and stabilizes the T cell/APC conjugate  (Hogg et al., 2003). 

 

 

Using model APC in liquid cultures revealed that the TCR and LFA-1 do not diffusely 

accumulate within the contact plane between T cells and APC but segregate into separate 

areas: a ring of LFA-1 surrounds a central TCR cluster (Freiberg et al., 2002; Grakoui et al., 

1999). While the distribution of talin to the outer adhesive ring suggested that LFA-1 binds its 

ligand ICAM-1 with high affinity, the localization of PKCθ in the central TCR-rich cluster 

suggested active TCR-signaling in this area (Monks et al., 1998). This large-scale segregated 

contact structure was thought to be mandatory for TCR signaling and was termed 

“immunological synapse” (IS; Fig. 3). However, TCR signaling can be detected before a 

mature IS is established (Lee et al., 2002). And even after the formation of an IS TCR 

signaling is linked to TCR microclusters that form in the periphery of the contact plane and 

are transported to the center of the IS in an actin-dependent manner (Campi et al., 2005; 

Figure 3: Reorientation of a T cell  and synapse formation after recognition of the T cell’s 

cognate antigen on a model APC in liquid culture 
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Yokosuka et al., 2005). Newer studies suggest, that the centre of the IS is more involved in 

signal termination than signal transduction (Varma et al., 2006).  Thus, the active signaling 

units within the T cell/APC contact plane are TCR microclusters in an area rich in (high-

affinity) LFA-1 and the function of a highly organized IS remains unclear. 

A model of T cell activation that requires large scale receptor segregation was further 

challenged when DC, the most potent APC (see above), were shown to activate T cells 

without the formation of highly organized, segregated IS (Brossard et al., 2005; Tseng et al., 

2008). Using more complex in vitro experimental setups, particularly 3D collagen matrix 

models, DC were even shown to activate T cells via a sequence of short contacts (Friedl and 

Brocker, 2002; Gunzer et al., 2000; Gunzer et al., 2004). Using in vivo setups, DC activated 

T cells via both migratory and adhesive interactions, depending on signal strength, DC 

maturation state and phase of T cell priming (Azar et al., 2010; Henrickson et al., 2008; 

Hugues et al., 2004; Mempel et al., 2004; Miller et al., 2004b). Consistent with the IS as a 

flexible, adaptive sensing device, intermittent episodes of T cell migration were associated 

with enhanced TCR signaling and IL-2 secretion in a lipid bilayer model  (Sims et al., 2007). 

Thus, T cell activation does not depend upon an antigen-dependent migratory arrest or the 

formation of a highly organized contact plane. In fact, the spectrum of activating T cell/APC 

interactions is diverse and depends on the interacting APC and the activation state of the T 

cell, especially in vivo (Friedl and Storim, 2004). However, in most experimental models of T 

cell activation adhesive and migratory contact phases alternate sequentially. Therefore, the 

specific topography of the migratory interaction plain and the exact contribution of migration 

to TCR signaling remain unclear.  
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2.5 T cell homeostasis 

In contrast to clonal expansion during activation, the size of the peripheral T cell pool under 

non-inflammatory conditions remains constant due to a tightly controlled balance between 

T cell survival, death and proliferation (Surh and Sprent, 2008). Compared to the detailed 

information on the mechanisms of T cell activation, the knowledge about the cell biology and 

signaling required for T cell homeostasis is incomplete. It is well established that the 

homeostasis of naïve and memory T lymphocytes is mainly controlled by the availability of 

cytokines, mainly IL-7 (Guimond et al., 2009; Schluns et al., 2000; von Freeden-Jeffry et al., 

1995), and the engagement of APC presenting low-affinity self-peptide-MHC complexes 

(Ernst et al., 1999; Goldrath and Bevan, 1999; Seddon et al., 2003).  

IL-7 belongs to the common γ-chain family of cytokines and is produced by fibroblastic 

reticular cells and DC within lymph nodes (Link et al., 2007; Sorg et al., 1998). For triggering 

the IL-7-receptor (IL-7R), a heterodimeric receptor consisting of the common γ-chain and the 

IL-7-receptor α-chain (CD127), IL-7 needs to be bound to the extracellular matrix or to other 

cells that secure direct contact to passenger T cells (Guimond et al., 2009). IL-7 ligation then 

activates the Janus kinases 1 and 3 (Jak1 and Jak3) that are associated with the cytoplasmic 

tails of IL-7R. This results in the activation of Stat5a/b that subsequently translocates into the 

nucleus and facilitates the expression of the anti-apoptotic proteins Bcl-2 and Mcl-1 (Khaled 

and Durum, 2002) resulting in the prolonged survival of T cells. How IL-7 (together with 

contacts to self-peptide MHC complexes) controls T cell proliferation is less clear. However, 

proliferation can be substantial under lymphopenic conditions (lymphopenia induced 

proliferation) and IL-7 at least partly acts by facilitating T cell contacts to APC and TCR 
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signaling under homeostatic conditions (Park et al., 2007; Saini et al., 2009) supporting a role 

for “homeostatic” contacts, besides signaling through IL-7. 

Low-affinity TCR signaling during homeostasis uses signal transduction pathways similar to 

those of T cell activation. E.g., in mice lacking the adaptor molecules Nck or Vav1, both of 

which are involved into TCR signaling for T cell activation, the size of the peripheral T cell 

pool is diminished (Fujikawa et al., 2003; Roy et al., 2010). Additionally, Lck 

phosphorylation, Ca++-Influx and the phosphorylation of -chain after low-affinity TCR 

ligation were demonstrated (Feuillet et al., 2005; Meraner et al., 2007; Revy et al., 2001). 

Thus, weak TCR triggering is required for mediating homeostatic signaling.  

As in T cell activation, contacts with DC are critically important for CD4+ T cell homeostasis 

(Kondo et al., 2001) as they deliver both an abundance of self-peptide-MHC complexes and 

IL-7 (Guimond et al., 2009). Thus, DC provide both, MHC-dependent and –independent 

signals that control homeostatic T cell survival and proliferation (Feuillet et al., 2005). 

Importantly, besides controlling homeostatic T cell survival and proliferation, homeostatic 

contacts to DC also help to maintain effective recirculation and co-receptor expression in 

naïve T cells (Fischer et al., 2007; Park et al., 2007), deliver signals that control TCR 

sensitivity (Hochweller et al., 2010; Stefanova et al., 2002) and are essential for the 

maintenance of T cell memory (De Riva et al., 2007; Kassiotis et al., 2002).  

In contrast to activating contacts which in part depend upon a stop-signal followed by 

adhesive T cell arrest (Cernuda-Morollon et al., 2010; Dustin et al., 1997), homeostatic 

interactions between T cells and DC in vivo are consistently short-lived and migratory, which 

allows T cells to serially engage with several DC (Miller et al., 2004a). Thus, homeostatic 
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T cell/DC contacts allow the experimental address of signal transduction during migratory 

interactions. However, in contrast to the migratory, short contacts seen in vivo (Miller et al., 

2004a), T cell / DC contacts in liquid culture are long-lived and poorly dynamic (Revy et al., 

2001), possibly due to a lack of a pro-migratory environment for T cells. As the complexity of 

the in vivo situation on the other hand prevents high-resolution studies, the molecular 

composition of a putative dynamic, homeostatic interaction plane is so far unknown. 

2.6 Purpose of the study 

Migration is important for T cell recirculation, engagement with DC as well as certain phases 

of T cell activation. T cell migration further contributes to homeostatic contacts with APC due 

to ongoing T cell movement and short contact duration (Miller et al., 2004a). In order to 

simulate T cell kinetics in lymph nodes, we here used 3D collagen matrices to monitor T cell 

migration before, during and after APC binding (Friedl and Brocker, 2004). First, the 

homeostatic, antigen-independent condition and the influence of self-MHC recognition were 

analyzed to study short-lived, migratory T cell/DC contacts. Second, the interactions between 

T cells and cognate antigen-loaded DC leading to T cell activation were monitored. 

The specific questions were: 

 Does the 3D collagen matrix model deliver an in vivo-like experimental setup for 

T cell homeostasis? 

 Is the amoeboid/migratory phenotype of T cells preserved during dynamic 

interactions? 
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 Is it possible to statistically analyze the complex interaction plane between T cells and 

DC in a three-dimensional setup? 

 What is the composition of the dynamic, homeostatic interaction plane? 

 What is the functional outcome/significance of a dynamic, homeostatic interaction 

plane?  

 How do activating contacts compare to homeostatic contacts in 3D collagen? 
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3 Materials and methods 

3.1 Mice, antibodies and reagents 

Cells were isolated from DO11.10 mice (JAX mice), C5.57 mice (Seder et al., 1992), B10A 

mice (both kindly provided by Prof. R. Germain, NIH, USA), Balb/c mice (Charles River) 

and MHC class II-/- mice (kindly provided by Dr. M. Gunzer, Braunschweig, Germany) 

(Grusby et al., 1991). The following primary antibodies were used: anti-CD3 (500A2, 

Pharmingen), anti-CD43 (S7, Pharmingen), non-blocking anti-LFA1 (I21/7, Biozol), 

adhesion-blocking anti-LFA-1 antibody M17/4 (Sanchez-Madrid et al., 1983), anti-ICAM-1 

(3E2, Pharmingen), anti-Tubulin (DM1A, Sigma), and anti-Phosphotyrosine (4G10, Upstate 

Biotechnology). Secondary antibody pairs used on the same sample were species-specific pre-

absorbed Cy3-conjugated goat-anti-rat IgG, goat-anti-armenian hamster IgG, and goat-anti-

mouse IgG (Dianova), Alexa Fluor 488-conjugated goat-anti-mouse IgG and Alexa Fluor 

647-conjugated goat-anti-rat IgG (Invitrogen). T cell purity was assessed using Alexa Fluor 

647-conjugated KJ1.26 (Caltag), R-Phycoerythrin-conjugated anti-CD4 (H129.19), R-

phycoerythrin-conjugated anti-CD44 (IM7), FITC-conjugated anti-CD18 (C71/16) and FITC-

conjugated anti-CD62L (MEL-14, all Pharmingen). DC maturation and purity were assessed 

using FITC-conjugated anti-I-A/I-E (2G9, Pharmingen), R-Phycoerythrin-conjugated CD11c 

(N418) and Allophycocyanin-conjugated CD86 (RMMP-2, both Caltag). Carboxyfluorescein-

diacetate-succinimidyl-ester (CFSE), chloromethyl-benzoyl-amino-tetramethylrhodamine 

(CMTMR), 5-(and-6)-carboxy SNARF® (SNARF), Alexa Fluor 647-labeled cholera toxin 

subunit b and Phalloidin-Alexa Fluor 488 were obtained from Invitrogen. 
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3.2 T cell isolation and culture 

Splenocytes were isolated from DO11.10, 5C.C7, Balb/c and B10A mice at 8 - 12 weeks of 

age. Spleens were removed and squeezed through a cell strainer. The obtained cell suspension 

was washed in PBS and erythrocytes were removed by lysis (0.15 M NH4Cl; 1 mM KHCO3; 

1 mM Na2EDTA). For generation of recently activated T cells, splenocytes from Balb/c mice 

and B10A mice served as APC for T cells isolated from DO11.10 mice and 5C.C7 mice, 

respectively. For this purpose, splenocytes from Balb/c mice and B10A mice were irradiated 

(30 Gy) and pulsed for two hours in medium (RPMI supplemented with 10 % fetal calf serum, 

100 U/ml penicillin/streptomycin, non-essential amino acids, 1 mM sodium pyrovate, 0.5 mM 

-mercaptoethanol and 10 mM HEPES) with 1 µg/ml pOVA323-339  and pMCC88-103, 

respectively. Subsequently, splenocytes from DO11.10 or 5C.C7 mice were added, co-

cultures were split after 2 and 3 days of co-culture (37°C, 5 % CO2 in humidified 

atmosphere), and medium was supplemented with T-stim (Becton Dickinson) at 1:10 dilution. 

After 9 days of culture without refreshing the medium, >95 % T cells were expressing the 

transgenic pOVA323-339-specific TCR confirmed by KJ1.26 mAb. T cells were CD4+, 

CD62Lhigh, CD18high and CD44high, consistent with a recently activated effector phenotype. 

Naïve pOVA323-339-specific T cells were isolated from spleens from DO11.10 mice by 

depleting all cells positive for CD8a (Ly-2), CD45R (B220), CD49b (DX5), CD11b (Mac-1), 

and/or Ter-119 (Miltenyi Biotec), resulting in > 95 % CD4 and > 85 % KJ1.26 positivity.  

3.3 Culture and transfection of Phoenix cells 

The Phoenix cell line is a helper-free retrovirus producer cell line based on 293T cells that is 

stably transfected with gag, pol and env of Moloney Murine Leukemia Virus (MMLV) 
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(Kinsella and Nolan, 1996). Phoenix cells that stably produced replication deficient MMLV 

encoding for the following peptide-MHC class II-EGFP fusion proteins (kindly provided by 

Dr. R. Germain, NIH, Bethesda): 

 the β-chain of the I-Ek MHC class II molecule tagged to EGFP at the carboxy-terminus 

and to the residues 88-103 of moth cytochrome c (pMCC88-103) to the NH2-terminus 

via a flexible polypeptide linker (Fremont et al., 1996); together with the α-chain of 

the I-Ek MHC class II molecule this fusion protein forms a peptide-MHC class II 

complex presenting the cognate antigen of 5C.C7 T cells (pMCC-MHC-GFP)(Seder et 

al., 1992; Wulfing et al., 2002). 

 a control β-chain fusion protein covalently linked to a non-activating variant of the 

pMCC88-103 (MCCD93E,K99T,T102A; null-MHC-GFP; (Reay et al., 1994). 

For virus production and isolation cells were seeded into 10 cm culture dishes at 

approximately 70% confluence and cultured in complete medium for 48 h. Subsequently, the 

supernatant was collected and filtered using a 0.45 mm syringe filter 

3.4 DC culture and infection with MMLV containing EGFP tagged peptide-MHC 

class II complexes  

For preparation of bone marrow-derived DC Balb/c and B10A mice were sacrificed and 

femurs and tibiae were prepared. After clipping of the epiphyses bone marrow was flushed 

out with PBS, cells were separated by aspiration several times and subsequently washed with 

PBS. 
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Cells derived from Balb/c mice were cultured in medium supplemented with recombinant 

GM-CSF and IL-4 at a concentration of 5 x 106 cells / 10 ml in a 10 cm diameter cell culture 

dish. Half of the medium was refreshed on day 3, and cultures were split on day 6. On day 7, 

1 µg/ml LPS was added for the last 24 h in order to induce final termination before the DC 

were used on day 8. 

Cells derived from B10A mice were cultured in medium supplemented with recombinant 

GM-CSF and IL-4 at a concentration of 1 x 106 cells / 3 ml in a 6-well plate. At day 1, day 2 

and day 3 of culture cells were infected with MMLV containing peptide-MHC II-GFP fusion 

proteins as follows: Filtered viral supernatant was supplemented with 8 µg/ml polybrene and 

added to the BMDC culture (6 ml / well after removing 2 ml of the BMDC culture 

supernatant). Subsequently, the 6-well plates were centrifuged at 2600 rpm for 90 min at 30°C 

and incubated for another 60 min at 37°C. Finally, the supernatant was replaced by fresh 

GMCSF/IL-4 containing medium. At day 5 medium was replaced. At day 7 LPS was added at 

a concentration of 1 µg/ml for 24 h before BMDC were used on day 8. 

3.5 T cell-DC cocultures in 3D collagen lattices 

3D collagen lattices consisting of type I bovine or rat tail collagen at final concentrations of 

1.8 mg/ml (Nutacon and Becton Dickinson, respectively) were generated as described (Friedl 

and Brocker, 2004). To preselect for mobile T cells and exclude non-moving T cells from the 

DC-containing compartment, an immigration assay of DC-containing collagen matrices 

(150,000 / 100 µl collagen) overlaid with DO11.10 T cells was used (Fig. 2). After 3 h of 

incubation, immigration cultures were used for life-cell imaging or fixed (buffered 

paraformaldehyde, 2% final concentration) and stained for confocal analysis. 
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3.6 Live-cell imaging and cell tracking 

Time-lapse bright-field microscopy was performed as described (Friedl et al., 1998) with 

20 sec/frame. For fluorescence microscopy, DO11.10 CD4+ cells were labeled with CFSE in 

PBS (2.5 µM, 3 min, 37°C), suspended in medium (1:10 dilution) and washed with PBS. For 

some experiments, cells were additionally stained with Alexa Fluor647-labeled cholera toxin 

subunit b (10 µM) in RPMI (10 min, 4°C). DC were labeled with CMTMR in RPMI (10 µM; 

30 min, 37°C), washed with PBS, suspended in RPMI (30 min, 37°C), washed again, and 

used for co-cultures with T cells (37°C, 5% CO2). 3D confocal image stacks were acquired 

with a Leica SP2 confocal scanner (40 x, NA=1.25) at 4 µm step and 30 sec stack interval. 4D 

rendering and tracking of migration velocity as well as contact duration were performed using 

the Volocity 4.0 software (Improvision). 

For some experiments, CD4+ T cells from 5C.C7 mice were stained with SNARF in PBS 

(2,5 µM, 5 min, 37°C), suspended in medium (1:10 dilution), washed with PBS and co-

cultured with DC that expressed GFP-tagged pMCC88-103-MHC II for life cell imaging. 

3.7 Survival and proliferation assay 

CFSE-labeled T cells were co-cultured with DC in collagen (5:1 ratio) for 0 to 4 days and 

harvested by collagenase digestion (200 U/ml, 30 min; collagenase IIV; Sigma). For some 

experiments, DC-conditioned supernatant was harvested, centrifuged, sterile-filtered, and 

used for T cell cultures. Cells were additionally stained with KJ1.26-Alexa Fluor647, washed, 

resuspended in PBS (450 µl) supplemented with counting beads (50 µl; Caltag), and counted 

by flow cytometry (FACS Canto, Becton Dickinson). Absolute T cell counts/sample were 

calculated as [counted number of T cells obtained from the gated KJ1.26+CFSE+ population 
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including cell conjugates]  [counting beads/sample]/[counted number of counting beads]. 

The mitotic rate in T cells was assessed from CFSE dilution monitored by flow cytometry. 

3.8 Immunofluorescence, image processing, and subcellular-resolved densitometry 

Co-cultures of CTx b-labeled or -unlabeled T cells immigrated into DC-containing 3D 

collagen lattices were fixed, washed three times, permeabilized (0.1 % Triton-x-100, 5 min), 

and stained with primary (18h, 4°C) and secondary antibody (2h, 4°C). Filamentous actin (F-

actin) was stained with Phalloidin-Alexa Fluor 488 (2h, 4°C). 3D image stacks of T cell / DC 

conjugates were acquired by confocal microscopy at 0.5 µm step intervals and intensity 

values below saturation. 

To exclude fixation artifacts potentially causing toxic cell shrinking and/or rounding the 

fixation quality was monitored by videomicroscopy, confirming immediate T cell arrest and 

preservation of T cell morphology during fixation and thereafter (Video 1). To quantify 

receptor location from 3D T cell-DC conjugates with amoeboid T cell morphology, the signal 

intensity along the interaction plane of polarized T cell/DC conjugates was measured from 

non-processed maximum-intensity projections encompassing the central length axis of the 

contact plane (1-2 µm in depth).  

To capture the front-rear asymmetry of migrating T cells, T cells with polarized morphology 

defined by the uropod rich in CTx b and an F-actin peak in a single leading edge which 

formed a fully aligned contact to the DC body were analyzed. Exclusion criteria were round 

or multipolar (i.e. multiple leading edges) T cell morphology; multifocal contacts with DC 
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Figure 4: Normalization of T cell 
membranes inside and outside the 
contact plane. Legend and figure 
adapted from Storim et al., 2010. 

body or dendrites or contact discontinuities; additional contact with directly adjacent further T 

cells; and saturated fluorescence intensities.  

Fluorescence intensities were obtained in front-rear direction i) for the T cell membrane 

engaged and ii) for the non-engaged membrane using Image J. The length of both membrane 

compartments was normalized into 50 equally sized segments (each representing a mean 

length of 0.26 +/- 0.06 µm and 0.33 +/- 0.07 µm for the engaged and the non-engaged 

membrane, respectively) and the normalized mean fluorescence intensity was obtained for 

each segment (Fig. 4). The fluorescence intensity range was normalized on an image-by-

image basis between the brightest pixel value (100%) and background fluorescence (0%). For 

subcellular-resolved statistical analysis, three zones of the contact area were defined, based on 

cell morphology: segments 1 to 6 (front, representing the leading edge), 7 to 30 (mid-zone, 

representing the cell-body), and 31 to 50 (rear, representing the uropod). Statistical analysis 

was performed using the Mann Whittney U test for pooled data from at least three 

independent experiments representing 11 to 34 individual T cell/DC conjugates. For display, 

selected images were additionally post-processed (contrast, brightness, gamma correction) 

using Photoshop CS1 (Adobe). 
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4 Results 

4.1 Establishment of an “in vivo-like”  in vitro model for T cell/DC contacts 

Conventional in vitro liquid culture models of T cell/APC interaction lack a pro-migratory 

environment and therefore impede a realistic analysis of contact dynamics. Additionally, cell 

migration is dispensable as cells mainly establish contacts by passive aggregation. On the 

other hand, the complex in vivo situation in lymph nodes prevents the sub-cellular resolution 

of T cell/DC contacts.  

Using a collagen matrix model to mimic tissue-like conditions for T cell/DC interactions 

offers several advantages: First, a low-density 3D fibrillar collagen lattice is a pro-migratory 

environment for T cells and DC (Friedl and Brocker, 2004) and therefore facilitates the 

analysis of the impact of migration on T cell signaling under homeostatic and activating 

conditions. Second, the imaging properties of low-density collagen allow high resolution (i. e. 

sub-cellular resolution) imaging of T cell/DC contacts. And finally, passive aggregation of 

T cells and DC is prevented by seeding DC into the collagen matrix and placing T cells onto 

the surface of the collagen scaffold, thus creating initial separation of both cells which is 

subsequently resolved by active migration of either cell type towards each other (Fig. 5).  

Despite the pro-migratory properties of fibrillar collagen, naïve T cells largely failed to 

spontaneously migrate into the collagen (Fig. 5A, upper row). Unexpectedly, not even the 

addition of the chemokines CXCL12 and/or CCL19 improved naïve T cell migration 

significantly (Fig. 5A, lower row). Therefore, naïve T cells could not be analyzed in this assay 

for technical reasons. 
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Figure 5: Immigration 
of DO11.10 CD4+ T 
cells into collagen 
lattices containing 
Balb/c BMDC. (A) 
Spontaneous (upper 
row) and chemokine 
induced (lower row) mi-
gration of naïve 
DO11.10 T cells. (B) 
Spontaneous migration 
of recently activated 
DO11.10 T cells, 
compare Video 2. 
Legend and figure 
reproduced from Storim 
et al., 2010. 
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 However, antigen-specific expansion of DO11.10 T cells 9 days prior to the invasion assay 

resulted in non-dividing T cells that displayed spontaneous migration activity, infiltrating the 

collagen lattices at high numbers and contacting DC (Fig. 5B, Video 2). Therefore, in the 

following experiments recently activated T cells were further analyzed. 

4.2 Homeostatic contacts 

4.2.1 Homeostatic interactions between T cells and DC in 3D collagen lattices are dynamic 

and short-lived 

For high-resolution analysis of antigen-independent, homeostatic interactions between T cells 

and DC confocal life imaging was used. After infiltrating the collagen lattice, recently 

activated T cells migrated at high speed (approximately 10 µm/min; Fig. 6C) and frequently 

contacted DC. The majority of these contacts did not lead to a migratory arrest of the T cell 

and therefore differed from activating T cell/DC contacts that lead to temporary or long-

lasting adhesion and immobilization of the T cell on the DC surface (Dustin et al., 1997). 

T cells rather continued to move across the DC surface and detached after a few minutes 

while maintaining their migration velocity at 10 µm/min (Fig. 6, Video 3).  

Despite their short-lived nature and continued T cell migration, these contacts influenced 

T cell functions. First, T cells contacting DC while migrating survived significantly longer 

than T cells moving through DC-free collagen lattices (Fig. 7A and B). Second, migratory 

T cell/DC contacts supported slow proliferation in a small subset of T cells (Fig. 7A). This 

slow mitotic activity was dependent on the presence of DC as T cells failed to divide when 

cultured alone (Fig. 7A), which precludes background proliferation activity and confirms 

stringent, antigen-independent baseline conditions (see materials and methods). Conversely, 
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DC loaded with pOVA323-339 induced a high rate of cell divisions within the entire T cell pool 

with up to 6 mitotic rounds within the 4-day observation period (Fig 7A), confirming efficient 

T cell stimulation under antigen-specific conditions.  

 

 

 

 

 

Figure 6: Dynamic homeostatic interactions in 3D collagen. (A) Amoeboid migration of CFSE labeled 
T cells (green) before, during and after interaction with CMTMR-labeled DC (red). Time-resolved 
reconstruction of confocal z-stacks illustrating two migratory contacts with one example track (cyan, cell 
2; compare Video 3). (B) Contact duration of T cell-DC interactions (24 cells). (C) Velocity of T cell 
migration on the DC surface (14 cells) compared to contact-free migration through collagen (429 cells). 
Box and whiskers show median, 25-75% and total range. Bar, 5 µm. Legend and figure adapted from 
Storim et al., 2010. 
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Prolonged survival together with slow proliferation resulted in stable total T cell counts for 

homeostatic conditions while T cell numbers decreased to 20% and exponentially increased in 

the absence of DC and the presence of pOVA323-339, respectively (Fig. 7B). Thus, completely 

migratory contacts between CD4+ T cells and DC in the absence of cognate antigen in 3D 

collagen lattices support signaling leading to prolonged survival and low-level proliferation. 

Therefore, the 3D collagen model of T cell/DC interactions recapitulates the characteristics of 

homeostatic contact kinetics and outcome in vivo (Miller et al., 2004a; Seddon et al., 2003; 

Surh and Sprent, 2005).  

 

 

 

 

 

Figure 7: Homeostatic interactions in 3 D collagen support survival and low-level proliferation. (A) 
T cell proliferation and survival measured as CFSE-dilution after 4 days of culture. Numbers indicate the 
percentage of the initial T cell population that divided at least once. (B) Development of the T cell 
population in the presence or absence of DC after 4 days of culture. Absolute T cell numbers were 
obtained by quantitative flow cytometry, normalized to the initial T cell count and displayed as the means 
 standard deviation (n=3). Legend and figure adapted from Storim et al., 2010.
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4.2.2 The b subunit of cholera toxin labels the uropod of migrating T cells  

For migration, T cells polarize into three distinct zones (del Pozo et al., 1997; Friedl and 

Weigelin, 2008): 

- In the dynamic leading edge F-actin polymerization drives T cell polarization, the 

protrusion of lammelipods that probe the encountered substrate, and migration. 

- A central region comprises the cell body and nucleus. 

- The posterior uropod contains most of the internal membranous compartments of the cell 

including ER and golgi apparatus. Additionally, it is the location of  T cell-substrate 

adhesion, receptor endocytosis, and myosin-II mediated rear-end retraction. Besides 2-

integrins, CD43 and CD44 are typical uropod marker molecules. 

-  

 

 

Figure 8: CTx b accumulates in the uropod of moving T cells. (A) Dynamic reconstruction of confocal 
z-stacks of migrating T cells labeled with CFSE (red) and Alexa Fluor 647 labeled CTx b (green). One 
representative cell path is indicated (compare Video 4). (B) Central section of representative T cell in 
migrating state pre-labeled with CTx b (blue) prior to and CD43 (Cy3, red) and F-actin (green) after 
fixation. Arrow, direction of migration. (C) Localization of CTx b (green) in the uropod of live T cells 
(CFSE, red) during migration across CMTMR labeled DC (blue) in the absence of pOVA323-339. One 
detaching T cell (cell 1) and one complete interaction cycle (cell 2) are shown (compare Video 5). Bar, 5 
µm. Legend and figure adapted from Storim et al., 2010. 
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The b subunit of cholera toxin (Ctx b) mediates binding to detergent-resistant membrane 

domains (Gomez-Mouton et al., 2001), leading to internalization of the toxin and 

accumulation in the ER and golgi apparatus (Chinnapen et al., 2007). As expected, CTx b was 

located in the uropod of DO11.10 T cells as soon as they polarized and started to migrate (Fig. 

8A, Video 4). Additionally, a distinctive CTx b-positive uropod was maintained during 

migration across the DC (Fig. 8C, Video 5). Finally, CTx b-labeling of T cells remained 

visible after fixation and did not interfere with subsequent immunofluorescence labeling (Fig. 

8B).  Therefore, fluorescently labeled CTx b was used to mark the uropod of CD4+ T cells. 

4.2.3 Simultaneous amoeboid T cell migration and DC-induced polarization in the absence of 

cognate antigen 

One aim of this work was the establishment of an analytical tool that allowed the comparison 

of the sub-cellular distribution of an array of molecules in T cells migrating on a DC surface 

in a 3D context. Thus, acquired data needed to be normalized for shape and signal intensity, 

because migrating T cells engaging with DC were morphologically diverse (e. g. they differed 

in length and shape while aligning to the DC), and the detected fluorescence signal intensities 

differed significantly (e. g. due to the distance between the fluorescent dye within the collagen 

and the cover slip as well as cell-to-cell expression variability of marker molecules). The 

T cell membrane engaging the DC in the central length axis of the contact plane (“inside 

contact”) and the opposing non-engaged membrane (“outside contact”) were divided into 50 

equally sized segments and the mean fluorescence intensity for each segment was normalized 

(Fig. 4; see materials and methods for a detailed description). Only polarized T cells with a 
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morphologically clear leading edge and a CTx b positive uropod that completely engaged (i.e. 

longitudinally aligned to) one DC were analyzed.  

 

 

 

 

 

As indicated by the maintained amoeboid cell shape, contact to a DC surface did not influence 

the front-rear asymmetry of a migrating T cell. While F-actin clearly peaked within the T cell 

leading edge, CD43 was mainly located within the uropod (Fig. 9A, B; compare Fig. 8B). 

Figure 9: Front-rear asymmetry and contact-dependent redistribution of F-actin and CD43 during 
homeostatic interactions. (A) Three-color maximum projection of a fixed T cell / DC pair after staining for 
F-actin (Phalloidin-Alexa Fluor 488, green) and CD43 (Cy3, red). As reference for the rear, T cells were 
labeled with CTx b prior to fixation (Alexa Fluor 647, blue). Bar, 5 µm. (B) Normalized fluorescence 
intensities from central maximum projections of unprocessed images along the T cell membrane engaged with 
the DC (solid line, “inside contact”) and the opposing, non-engaged membrane (dashed line; “outside 
contact”). Data show the median intensities from 34 (F-actin) and 14 cells (CD43). (C) Contact-dependent 
redistribution of F-actin and CD43, measured as median fluorescence ratio [inside contact: outside contact] of 
T cell/DC conjugates, compared with the ratio of both sides of contact-free T cells migrating in collagen. 
Significance was determined by the unpaired Mann-Whitney U test (***, p < 0.0001; n. s., not significant). 
White arrowheads in (C) and (D) indicate the rear of the T cell. Legend and figure adapted from Storim et al., 
2010.
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However, in contrast to the symmetric F-actin distribution to both sides of a freely migrating 

T cell within the collagen lattice (Fig. 9C), contact with DC induced F-actin accumulation in 

the T cell/DC contact plane (Fig. 9 A, B). 

Since most of the F-actin was CD3-colocalized, the migrating T cell rather polarized toward 

the DC than vice versa (Fig. 10), indicating a simultaneous longitudinal (“amoeboid”) and 

DC-induced polarization of the T cell in orthogonal directions. In contrast to the F-actin 

distribution, contact-induced polarization did not alter the distribution of CD43 as it was 

neither accumulated in nor excluded from the contact plane (Fig. 9 A, B). Thus, migrating 

T cells polarize their actin cytoskeleton toward DC during homeostatic contacts while they 

maintain their default amoeboid front-rear asymmetry. 

 

 

Figure 10: T cells redistribute 
F-actin to the contact plane. 
(A) CD3 and F-actin co-localize 
on the T cell side of the contact 
plane. T cell/DC co-cultures 
were fixed and stained with 
Phalloidin (green) and anti-CD3 
(red). Yellow color indicates co-
localization (B: higher 
magnification). (C) Areas with 
co-localized F-actin and CD3 
are highlighted by false-color 
(intense yellow). Bar, 5 µm. 
Legend and figure reproduced 
from Storim et al., 2010. 
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Distribution of LFA-1, CD3 and phosphotyrosine in homeostatic contacts   

DC-induced re-orientation of the actin cytoskeleton is a fast process and may be accomapnied 

by the redistribution of cell surface receptors in order to trancduce homeostatic signaling. As 

in activating interactions, candidate transmembrane proteins are the T cell receptor itself and 

LFA-1. Indeed, LFA-1 strongly accumulated in the homeostatic contact plane, most 

pronounced in the mid-zone of the contact (Fig. 11A).  

 

 

Figure 11: Distribution of LFA-1, CD3 and pY in fully developed, polarized T cell-DC contacts. 
CTx b-labeled (blue) T cells co-cultured with DC were fixed after collagen immigration and stained 
with mAbs against LFA-1 (I21/7), CD3 (500A2), or pY (4G10) (all red) and phalloidin-Alexa Fluor 
488 (green), whereby phalloidin served as marker for the cell front and CTx b for the rear. Line 
graphs show normalized fluorescence intensities in longitudinal orientation for 20 (LFA-1), 29 
(CD3) and 26 (pY) randomly selected cells. Sub-cellular-resolved enrichment of signal intensities 
inside versus outside the contact were averaged for the T cell front, mid-zone, and the rear (numbers) 
and statistically analyzed (unpaired Mann-Whitney U test; **, p < 0.001; ***, p < 0.0001). White 
arrowheads indicate the uropod. Bar, 5 µm. Legend and figure reproduced from Storim et al., 2010. 



Results  46 
  

 

 

However, unlike CD43 or F-actin, LFA-1 did not form a longitudinal gradient within the 

contact plane. Cell-by-cell analysis rather suggested that LFA-1 distribution was variable 

during different contact phases: LFA-1 clusters were detectable in the leading edge directly 

after contact acquisition and even before the T cell fully aligned to the DC (Fig. 12A) while 

the LFA-1 signal peaked at the opposite uropod during detachment (Fig. 12C). Additionally, 

LFA-1 clustered at variable sites between leading edge and uropod within fully developed 

homeostatic contacts, further supporting the concept of a dynamic and variable LFA-1 

redistribution (Fig. 12B). However, while peak levels of LFA-1 accumulation were variable, 

the mid-zone consistently showed LFA-1 enrichment. 

Although it is established that the TCR is required for homeostatic signaling (Surh and Sprent, 

2005), no accumulation of TCR within the homeostatic contact plane was detected, as shown 

by the distribution of CD3, a transmembrane molecule and integral part of the TCR complex: 

CD3 was evenly distributed within and outside the contact plane and lacked clustering except 

for a small but statistically significant peak in the uropod (Fig. 11B).  

Next, the extent and location of signal transduction within the homeostatic contact plane was 

addressed. To this aim, the phosphorylation of tyrosine residues (pY) during migratory 

homeostatic contacts were analyzed as these phosphorylation events appear very early in 

antigen-specific and homeostatic signaling (Feuillet et al., 2005; Meraner et al., 2007; Smith-

Garvin et al., 2009). Despite maintained motility and the lack of detectable TCR 

accumulation, a longitudinal gradient of tyrosine phosphorylation events with increasing pY-

levels from leading edge to uropod was visualized (Fig. 11C).  
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Figure 12: LFA-1 re-
distribution during 
different contact 
phases. T cell/DC co-
cultures in collagen 
lattices were fixed, 
stained with anti-LFA-1 
mAb I21/7 (red) and 
Phalloidin (green), and 
cell-cell contact stages 
were classified using T 
cell and DC topogra-
phies. Images show 
maximum projection of 
adjacent slices covering 
the central contact re-
gion (2 µm in depth). 
(A) Contact acquisition, 
characterized by the 
leading edge bound to 
the DC and the posterior 
CTx b-positive uropod 
(blue) at the opposite 
cell pole. Peak intensity 
of LFA-1 staining 
(black arrowheads) at 
the leading edge en-
gaged with the DC but 
not in lateral and post-
erior regions. (B) Esta-
blished, elongated con-
tact plane including 
leading edge and uro-
pod. Of 20 cells ana-
lyzed LFA-1 distribu-
tion was classified as 
either central (6 cells), 
rear (7 cells), or bipolar 
(5 cells,), whereas two 
T cells lacked LFA-1 
enrichment. (C) LFA-1 
peak in the uropod 
(identified by CTx b, 
blue) during sub-total T 
cell detachment from 
the DC. Bar, 5 µm. 
Legend and figure re-
produced from Storim et 
al., 2010. 
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Thus, the homeostatic contact plane is a dynamic, short-lived and asymmetric signaling 

platform characterized by the strong and fast redistribution of LFA-1 that enables pY 

signaling along a longitudinal gradient peaking in the uropod. 

4.2.4 Signaling zones in dynamic homeostatic contacts 

The detection of tyrosine phosphorylation allows the quantification of gross signal 

transduction through virtually every known signaling pathway, including TCR-dependent and 

–independent signals, which obviously results in a rather unspecific read-out. Pilot 

experiments aiming to visualize phosphorylated ZAP-70/LAT in order to detect TCR-

dependent tyrosine phosphorylations did not yield specific label and thus were not further 

pursued (data not shown). To discriminate TCR-dependent and –independent tyrosine 

phosphorylation along the homeostatic T cell/DC interaction plane, MHC class II-deficient 

(MHCII-/-) DC were used which provide similar levels of CD11c and CD86 but lack the 

capacity of TCR triggering (Fig. 13, Grusby et al., 1991).  

Similar to wild-type DC, MHCII-/- DC supported a strong pY-peak in the uropod (Fig. 14). 

However, interference with TCR-signaling nearly abrogated signaling in the mid-zone 

(Fig. 14), suggesting a special role of this region for the TCR contribution to homeostatic 

signaling. 

Interestingly, pY-signals and CD3 co-localized within the mid-zone but not the uropod in 

single sections of some analyzed T cell/DC couples (Fig. 15), which further supported the 

importance of the mid-zone for TCR-signaling. 
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Figure 13: Phenotype of wild-type 
Balb/c and MHCII-/- DC. At day 8 
of culture including a maturation step 
for 24 h with 1 µg/ml LPS DC were 
stained with anti-MHC class II, anti-
CD11c and anti-CD86 mAbs and 
analyzed by flow cytometry. Legend 
and figure adapted from Storim et al., 
2010. 

 

Despite the stark influence on the signaling pattern in homeostatic contacts, the presence or 

absence of MHC class II molecules did not alter the principle polarization of the T cell toward 

the DC: both F-actin and LFA-1 accumulated in the contact plane of MHC-/- DC (Fig. 16). 

 

 

 

Figure 14: TCR-dependent and -independent pY signals in migratory contacts. 
Gradients (A) and subcellular resolved population statistics (B) of pY signal 
enrichment in the contact plane of DO11.10 T cells engaged with wild-type or 
MHCII-/- DC. (A) Median fluorescence ratios [inside contact : outside contact] for 11 
(MHC-/-) and 26 (Balb/c) interactions. Dashed area indicates the amplitude of TCR-
dependent pY signaling. (B) Scatter plot of pY-ratios in the cell front, mid-zone and 
rear for individual contacts (unpaired Mann-Whitney U test). Legend and figure 
adapted from Storim et al., 2010. 
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However, MHC-/- DC failed to induce the minor CD3 accumulation in the uropod (Fig. 16). 

Thus, T cells migrating on a DC surface develop a contact-dependent asymmetric signaling 

platform that facilitates TCR-dependent and -independent signaling in distinct signaling 

zones. 

 

 

To analyze the role of TCR-dependent and –independent signaling in specialized zones of the 

homeostatic contact plane, the influence of i) TCR-signaling, ii) LFA-1 signaling and iii) DC-

derived soluble factors on homeostatic proliferation and survival was addressed. While 

survival of non-dividing T cells was supported by MHCII-/- DC, these interactions failed to 

induce homeostatic T cell proliferation (Fig. 17A).  

Figure 15: Co-localization of CD3 and 
phosphorylated tyrosine in microclusters. 
(A) TC / DC conjugates were fixed and 
stained with pY-specific (4G10, green) and 
CD3-specific (500A2, red) mAb. Dotted line: 
DC surface, White arrowhead: rear of T cell as 
determined by CTx b (blue). Bar, 5 µm. (B) 
Detail illustrating co-localized accumulations 
of CD3 and pY in the mid-zone. Legend and 
figure adapted from Storim et al., 2010. 
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Contact with wild-type DC in the presence of LFA-1 function blocking antibody M17/4 had 

similar effects (Fig. 17A). Consequently, interference with TCR- or LFA-1 signaling resulted 

in a decay of viable T cells after 4 days of co-culture (Fig. 17B). Interference with LFA-1 in 

T cells contacting MHC-/- DC did, however, not lead to additional effects (Fig 17A, B).  

Figure 16: Redistribution of CD3 but not of LFA-1 and F-actin is dependent on TCR 
signaling. PFA-fixed conjugates of DO11.10 T cells and Balb/c or MHC-/- DC were stained and 
analyzed as in Fig. 11. Ratiometric analysis of single cells for front, mid-zone and rear of the 
contact membrane. Bars indicate median. Unpaired Mann-Whitney U test. F-actin: Balb/c, 34 cells; 
MHC-/-, 17 cells. CD3: Balb/c, 29 cells; MHC-/-, 21 cells. LFA-1: Balb/c 24, cells; MHC-/-, 14 cells. 
Legend and figure adapted from Storim et al., 2010. 
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In order to verify the contribution of physical T cell/DC engagement to homeostatic T cell 

survival, T cells were cultured in DC-conditioned media (harboring DC-derived soluble 

factors) but in the absence of DC, which resulted in increased survival compared to 

Figure 17: Mechanisms of homeostatic T cell proliferation and survival. DO11.10 
T cells after 4 days of co-culture with MHCII-/- or wild-type DC in the presence or 
absence of function-blocking anti-LFA-1 mAb M17/4 compared with T cells cultured in 
the absence of DC with or without DC-conditioned supernatant. (A) CFSE profiles of 
gated transgenic TCR-positive cells stained by mAb KJ1.26. Graphs are representative 
for 3 independent experiments. (B) Change of T cell counts after 4 days of culture 
relative to day 0. Absolute numbers were obtained for gated KJ1.26-positive cells using 
counting beads as internal reference. Data show the means and SD for 3 independent 
experiments. *, p = 0.02; **, p < 0.01; ***, p < 0.0001. Legend and figure adapted from 
Storim et al., 2010. 
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unconditioned medium (Fig. 17B). However, the presence of DC in the collagen matrix (with 

or without intact TCR- and/or LFA-1 signaling) led to a significant increase of T cell survival 

compared with DC-free conditions (Fig. 17B). In conclusion, low affinity TCR-signaling 

and/or engagement of LFA-1 in the mid-zone of dynamic homeostatic contacts are sufficient 

to trigger homeostatic T cell proliferation, while other contact-dependent mechanisms and 

DC-derived soluble factors together support T cell survival. 

4.3 Antigen specific contacts 

In contrast to homeostatic contacts, the dynamics of TCR-specific, activating interactions 

between APC and T cells are more heterogeneous in duration, kinetics and composition 

(Fig. 18; Friedl and Storim, 2004). In vivo, both short-lived and long-lasting interactions co-

exist, dependent on the phase of activation, the strength of the antigenic peptide, and the type 

of APC (Azar et al., 2010; Henrickson et al., 2008; Mempel et al., 2006; Miller et al., 2004b). 

In vitro both, “classical” concentric immunological synapses and multifocal contact structures 

support T cell activation (Friedl et al., 2005). However, how molecular contact structure and 

dynamics impact the resulting T cell activation strength and ensuing effector function remains 

elusive. Collagen matrices were reported to support predominantly short-lived T cell/APC 

contacts leading to full T cell activation (Gunzer et al., 2000; Gunzer et al., 2004). However, 

here an unselected T cell population that was not sorted for migration activity was analyzed. 

To exclude non-migrating T cells that potentially may undergo passive aggregation with DC, 

the 3D collagen invasion model was used to monitor the dynamics of antigen-specific 

interactions between T cells and DC under pro-migratory conditions. 
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4.3.1 Contact dynamics and MHC II redistribution 

As for homeostatic contacts, the dynamics of antigen-specific T cell/DC interactions were 

analyzed in high resolution using confocal life imaging. To monitor T cell dynamics relative 

to antigen-specific MCH II engagement, recently activated 5C.C7 T cells recognizing 

pMCC88-103 (Seder et al., 1992) were confronted with mature DC from B10.A mice infected 

with a Moloney Murine Leukemia Virus encoding for an EGFP-tagged MHC II molecule that 

was covalently linked to their cognate antigen (pMCC-MHC-GFP). Antigen-independent, 

homeostatic contacts with DC expressing an MHC class II complex linked to a non-activating 

pMCC88-103 variant (MCCD93E,K99T,T102A; null-MHC-GFP) served as control.  

Figure 18: Diversity of morphology and molecular organization of the immunological synapse. (a) 
Monocentric mature IS; (b) secretory IS; (c) multicentric IS; (d) non-segregated IS; and (e) dynamic IS. 
Transition forms probably exist for all of these states. In (a)–(e), the left-hand image shows the view from 
above, whereas the right-hand image shows the view from the side. Legend and figure reproduced from Friedl 
and Storim, 2004. 
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Similar to the DO11.10 model (compare section 4.2), the majority of homeostatic contacts 

were dynamic and MHC II accumulation in the contact plane was not detectable (data not 

shown). Conversely, recognition of pMCC-MHC-GFP by 5C.C7 T cells led to MHC II cluster 

formation in 73% of the contacts (Fig. 19 A). MHC II clusters were detectable only 2 min 

after contact acquisition (Fig. 19 B, Video 6) and persisted throughout the observed time span 

along the interphase between T cell and DC, but not in DC regions outside the interaction 

plane.  

Contact dynamics were classified as i) “stable” when T cell movement relative to the DC was 

low to undetectable; as ii) “dynamic” when the T cell migrated across the DC surface, similar 

to homeostatic interactions; and as iii) “not classified” when vigorous DC movement 

prevented the classification of T cell dynamics. Unexpectedly, the motility of the majority of 

5C.C7 T cells within antigen specific contacts was classified as stable while only a minority 

of the T cells was clearly moving on the DC surface (Fig. 19 C).  In line with low contact 

dynamics, contact duration was considerably longer than reported for the collagen matrix 

model (Gunzer et al., 2000; Gunzer et al., 2004; Rothoeft et al., 2006) and no contact 

termination was observed in any imaging session (duration range 10 to 30 min). Thus, for 

recently activated 5C.C7 T cells interacting with DC in 3D collagen the recognition of 

cognate pMCC antigen predominantly leads to long lasting and stable interactions that 

support the accumulation and focalization of peptide-MHC II complexes along the junction. 

The TCR / peptide-MHC affinity of the 5C.C7 model is low compared to the DO11.10 model 

(Purtic et al., 2005) and the antigenic potency of peptide-MHC complexes is positively 

correlated with the deceleration of T cells in vivo (Skokos et al., 2007). Therefore, binding 

kinetics and contact structure might also differ between T cell activation models. 
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In order to further characterize contact characteristics during activating T cell/DC 

interactions, the high-affinity DO11.10 model and the quantitative analysis tools used to 

analyze homeostatic contacts were adapted in a series of preliminary experiments. 

Figure 19: Contact dynamics and MHC class II accumulation during antigen specific 
contacts. 5C.C7 T cells were stained with SNRAF (red) and co-cultured with mature B10A 
DC expressing pMCC-MHC-GFP (green). (A) Z-reconstruction from a confocal time lapse 
series. Arrowheads indicate pMCC-MHC-GFP clusters in the contact plane. Bar, 5 µm. (B) 
Time-resolved reconstruction of confocal z-stacks illustrating the contact acquisition of a T cell 
(*)  to a small T cell / DC cluster and the accumulation of pMCC-MHC-GFP in the contact 
plane (arrowheads; compare Video 6). Bar, 5 µm. (C) Classification of the interaction 
dynamics of 22 T cells from 3 independent experiments. 
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4.3.2 T cells polarize towards the DC and form a symmetrical contact plane 

 CTx b was used to stain ER/golgi in antigen-specific contacts. In line with the fast occurrence 

of MHC II clusters, CTx b relocated from the uropod of DO11.10 CD4+ cells towards the 

center of the interaction plane within a few minutes after contact acquisition with Balb/c DC 

pulsed with pOVA323-393 (Fig. 20A, Video 7). Concomitantly, the uropod of the T cell 

disappeared followed by transition towards a round, non-migratory phenotype (Fig. 20A, 

Video 7). Consequently, in fixed samples, rounded T cells were polarized towards the pOVA-

loaded DC, formed a flat contact plane rich in F-actin and pY, and lacked a distinct uropod 

(Fig. 20B). The distribution of tyrosine phosphorylation revealed a strong signal along the 

contact plane peaking in the centre without obvious signs of a front-rear asymmetry 

(Fig. 20C, D). Thus, CTx b staining and ratiometric analysis allowed the characterization of 

symmetric, activating interactions. Contact dynamics in the pOVA model were as low as in 

the pMCC model. The stable contact plane between T cells and DC in 3D collagen is strongly 

reminiscent of contact structures known from liquid culture models (Brossard et al., 2005; 

Fisher et al., 2008; Tseng et al., 2008).  

4.3.3 T cells accumulate at the uropod of dendritic cells during specific interactions 

When co-cultured for 3 hours, stable contacts of DO11.10 T cells to pOVA-pulsed DC 

formed and underwent secondary relocation. After contact initiation at the DC leading edge, 

bound T cells slowly changed position on the DC surface and finally accumulated in a 

microcluster at the DC’s trailing edge while the anterior portion of the DC was free of T cells 

(Fig. 21A; Video 8).  
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These binding kinetics suggested that the DC provide two compartments with distinct binding 

properties: an anterior compartment, driving locomotion and initiating contact with T cells, 

and a posterior compartment (i.e. the DC uropod), sustaining antigen dependent contacts.  

 

Figure 20: T cell polarity and contact plane assembly during antigen specific T cell / DC contacts in 3D 
collagen. (A) DO11.10 T cells were stained with CTx b (green) and co-cultured with pOVA pulsed Balb/c DC 
(CMTMR, red). Z-reconstructions from a confocal time-lapse series (compare Video 7) illustrate contact 
acquisition, disassembly of the uropod (*) and redistribution of ER/golgi to the contact plane (arrowhead). 
Additionally, another T cell bound to the DC is depicted with ER/golgi constantly in the center of the contact 
plane (arrowhead). (B) A T cell in contact with a pOVA pulsed DC was fixed and stained for pY (Cy3, red) 
and F-actin (Phalloidin-Alexa 488, green). (C, D) Analysis of pY accumulation in the contact plane (12 T cells, 
one experiment). Bar, 5 µm. 
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Figure 21: T cells form microclusters at the uropod of antigen-pulsed DC. (A) Z-reconstruction of a 
confocal time-lapse series of T cells (CFSE, green) co-cultured with pOVA pulsed DC (CMTMR, red). (*) 
T cell that contacts the DC at the DC leading edge and then slowly proceeds to the DC uropod to join a 
microcluster of already bound T cells (open arrow). Arrow: direction of DC migration. Bar, 10 µm. Compare 
Video 8. (B) T cells in contact with pOVA-pulsed DC were fixed and stained for F-actin (Phalloidin-
Alexa488, green), ICAM-1 (Cy3, red) and microtubules (Alexa 647, blue). Bar, 5 µm. 
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In fixed T cell/DC conjugates the leading edge of the DC consisted of several veils and 

dendrites rich in F-actin but free of T cells, whereas the DC uropod was rich in ICAM-1 and 

bound several round, non-migratory T cells forming a small cluster (Fig. 21B). Tubulin 

filaments orienting from the MTOC in mid-cell position were predominantly oriented towards 

the DC uropod, near to the T cell cluster (Fig. 21B). Thus, the uropod of moving DC shows 

high levels of ICAM-1 and supports prolonged interactions to T cells in an antigen-dependent 

manner, whereas the leading edge appears prone to T cell mobility and/or drift. Whether 

binding to a specialized compartment of the DC is functionally relevant for T cell activation 

and/or effector function needs to be addressed in future studies.  
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5 Discussion  

Using live-cell microscopy together with high-resolution 3D reconstruction of fixed T cell/DC 

conjugates in 3D collagen lattices, we here show how T cells interact with DC in both 

homeostatic and activating conditions. While continuously migrating T cells integrate 

proliferation and survival signals during homeostatic cell-cell contacts, T cells accumulate at a 

distinct, newly described zone at the DC uropod to receive sustained TCR signaling during T 

cell activation. Thus, the 3D collagen lattice model reveals aspects of T cell/DC immunology 

that are masked in conventional 2D liquid culture models due to the lack of pro-migratory 

stimuli and a matrix that supports the physiological spreading of DC. Additionally, the 

superior imaging characteristics of low density 3D collagen compared with in vivo imaging 

allows immunofluorescence studies on a sub-cellular level. Therefore, the 3D collagen matrix 

model complements in vitro and in vivo studies. 

5.1 Homeostatic contacts  

5.1.1 Homeostatic interactions: a model for a dynamic immunological synapse 

Under homeostatic conditions, contacts with DC presenting low-affinity, self-peptide MHC 

complexes on their surfaces do not lead to a “stop signal” but to continued T cell migration on 

the DC surface. The T cell aligns side-to-side with the DC and maintains its polarized 

amoeboid morphology, cytoskeletal organization and surface receptor topography (Fig. 22A, 

B). Simultaneously, the T cell polarizes towards the DC resulting in redistribution of the actin 

cytoskeleton and adhesion receptors (Fig. 22C). The concomitance of migratory and DC-

induced polarization in orthogonal direction results in the generation of an asymmetric contact  
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Figure 22: Zones 
and molecular 
gradients in the 
dynamic immu-
nological synapse 
during homeos-
tatic T cell / DC 
interactions. Amo-
eboid T cell mi-
grating across a DC 
surface (A) with 
maintained longitu-
dinal (“amoeboid”) 
protein gradients 
(B) and LFA-1 and 
F-actin redistribu-
tion toward the DC 
(C) within the con-
tact plane. (D) 
TCR-dependent 
(straight line) and 
-independent 
(dashed line) phos-
photyrosine signal-
ing along the mo-
bile junction. Le-
gend and figure 
reproduced from 
(Storim et al., 
2010). 
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plane which promotes TCR/MHC class II-dependent and –independent signaling (Fig. 22B, 

C). As TCR-dependent proliferation is associated with signaling in the mid-zone and contact-

dependent but TCR-independent survival might be mediated within the T cell uropod, distinct 

signaling zones can be distinguished (Fig. 22D). This migratory contact plane that mediates 

cell-to-cell signal transduction and homeostatic T cell functions thus fulfills the criteria of a 

dynamic immunological synapse (Friedl and Brocker, 2002; Friedl and Storim, 2004), also 

named “kinapse” (Dustin, 2008). 

5.1.2 DC-induced T cell polarization 

Homeostatic contacts prompt a strong, TCR-signaling-independent polarization of the T cell 

towards the contact plane. For the duration of the interaction, the DC surface becomes the 

leading guidance structure for the migrating T cell turning a fiber-guided migration in 3D 

collagen (Wolf et al., 2003) into a 2D-like migration along a cell-surface with a 3D 

component as the extracellular matrix (ECM) is still in contact with most parts of the T cell. 

In contrast to amoeboid migration in a 3D environment (Friedl et al., 1998; Lämmermann et 

al., 2008) and in line with accumulation of LFA-1 within in the contact plane, leukocyte 

migration on a 2D surface is adhesion-receptor dependent (Lämmermann and Sixt, 2009). 

Indeed, LFA-1 function was shown to be mandatory for T cell migration on endothelial cells 

in the lumen of blood vessels under shear stress (Ley et al., 2007; Shulman et al., 2009). 

However, in the homeostatic T cell/DC interaction model antibody-mediated blockade of 

LFA-1/ICAM-1 binding did not affect contact-dependent T cell survival (Fig. 17B) and 

ICAM-/- DC support short and dynamic activating interactions to CD8+ T cells in vivo 

(Scholer et al., 2008). Thus, LFA-1 function is dispensable for the establishment of short, 

migratory T cell/DC contacts, possibly because the lack of LFA-1 is compensated by other 



Discussion  64 
  

 

 

adhesion receptors like α4 integrins that also might mediate DC-induced polarization (Kinashi, 

2005). Alternatively, ligation of the DC and/or T cell gylcocalyx by lectin-type receptors 

might be sufficient to induce T cell polarization and migration on the DC surface in the 

absence of shear forces (Erbacher et al., 2009). Or the concomitant availability of a 3D 

collagen network provides the environmental 3D conditions for adhesion receptor 

independent migration on the DC surface (Lämmermann and Sixt, 2009) and DC-induced 

polarization is an independent event with no major influence on T cell migration. Future 

experiments that address the minimum requirements for DC-induced T cell polarization  will 

need to clarify these open questions.   

5.1.3 The dual role of the actin cytoskeleton 

DC-induced T cell polarization during dynamic homeostatic interactions leads to strong 

accumulation of F-actin in the contact plane, similar to non-cognate contacts in liquid culture 

(Revy et al., 2001) and activating, high-affinity T cell/APC contacts (Valitutti et al., 1995). 

The dependence of homeostatic signaling on actin function has not formally been 

demonstrated. However, abolishment of high-affinity TCR signaling upon F-actin disruption 

(Campi et al., 2005; Valitutti et al., 1995; Varma et al., 2006) and the usage of a similar signal 

transduction machinery in activating and homeostatic signaling (Sprent and Surh, 2011) 

suggest a role for F-actin in homeostatic signaling. Moreover, sustained T cells migration 

across the DC surface, implies a dual role of the actin cytoskeleton and a unique molecular 

architecture of the contact plane compared to symmetrical, stable contact forms:  

 F-actin not only promotes signal transduction but also drives migration. 

 Therefore receptor traffic, most likely from the front to the back of the contact plane, 

is driven by the actin cytoskeleton. 
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 In contrast to the diffusely patched concentric and symmetrical “pre-synapse” seen in 

liquid cultures (Revy et al., 2001),  leading edge, cell body and uropod together form 

an asymmetrical contact structure. 

 Thus, actin dynamics drive receptor transitions through different cellular 

compartments that most likely offer distinct preconditions for signaling (Friedl and 

Weigelin, 2008). 

Thus, a unique actin-dependent molecular architecture of the contact plane forms, which is 

morphologically and functionally distinct from the symmetrical, stable contact types. 

5.1.4 The leading edge  

The actin-rich leading edge with its protruding lamellipods represent the T cell’s sensor for its 

environment (Negulescu et al., 1996) and therefore is the default location for initial receptor-

ligand engagement during migratory T cell/DC contacts (Friedl and Brocker, 2002). Signaling 

in the front part of the contact plane is detectable by a moderately strong phosphotyrosine 

signal. However, despite its particular sensitivity for TCR triggering in a 2D model 

(Negulescu et al., 1996), TCR signaling does not statistically significantly contribute to 

tyrosine phosphorylation in the leading edge. This may be due to masking of low-affinity 

TCR-signaling through TCR-independent events, e.g. the regulation of actin polymerization 

(Insall and Machesky, 2009). In particular, WASP-family proteins and HS-1 (hematopoietic 

lineage cell-specific protein 1), an actin stabilizing adaptor which is found in the leading edge 

of leukocytes, need to become tyrosine-phosphorylated to become fully active (Caron, 2003; 

Dehring et al., 2011; Huang et al., 2008). Alternatively, the lack of TCR-dependent tyrosine 
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phosphorylation may result from rapid retrograde exit of newly formed TCR/self-MHC class 

II-pairs during migratory interactions.  

5.1.5 The mid-zone 

In the mid-zone of moving leukocytes RhoA counteracts highly dynamic membrane 

protrusions and facilitates the formation of parallel F-actin-myosin fibers (Li et al., 2005; Xu 

et al., 2003) resulting in a less dynamic signaling region. TCR/MHC class II pairs entering 

this region from the leading edge are productively signaling as suggested by high levels of 

TCR-dependent tyrosine phosphorylation and its association with homeostatic proliferation. 

TCR signaling is not accompanied by large-scale TCR accumulation in any zone of the 

dynamic homeostatic contact (as demonstrated by CD3 and pY co-staining) consistent with 

high receptor dynamics (Lee et al., 2002) which are most likely due to fast retrograde 

transport of signaling TCR/MHC class II pairs through the mid-zone. This transport may be 

achieved via TCR binding to the DC surface, cross-talk with LFA-1 function and/or actin-

myosin contraction: 

 Stabilized by LFA-1 (which binds to ICAM-1 and is enriched in the mid zone of 

dynamic contacts, Fig. 11A and 12), the TCR is “fixed” to (self-)peptide-MHC 

complexes on the DC surface.  

 Together with LFA-1, which is linked to F-actin, the TCR moves backwards upon 

contraction of actin-myosin fibers while the cell pushes forward (Jacobelli et al., 2004; 

Kinashi, 2005).  
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 This would imply, that the TCR/CD3 complex and LFA-1 form small functional units 

(or “microclusters”) as reported for activating T cell/APC contacts (Varma et al., 

2006).  

In line with the formation of microclusters and the requirement of LFA-1 for cognate TCR 

signaling under conditions of limited antigen affinity or availability (Bachmann et al., 1997; 

Suzuki et al., 2007; Wulfing et al., 1998), productive TCR signaling in the mid-zone is 

connected to LFA-1 function as homeostatic proliferation is abrogated by a function-blocking 

anti-LFA-1 antibody.  

The affinity of LFA-1 for ICAM-1 ligation in homeostatic contacts is not known. Recognition 

of cognate antigen but not of low-affinity self-peptides leads to high-affinity ICAM-1 ligation 

(Dustin et al., 1997; Kinashi, 2005), and lymphopenia induced proliferation appears to be 

independent of LFA-1 function (Surh and Sprent, 2008). However, independent of TCR 

signaling, chemokines like CCL21 - which is bound to the surface of DC - are also able to 

induce the high-affinity conformation of LFA-1 (Feigelson et al., 2011; Friedman et al., 

2006). In another model of TCR-independent LFA-1 engagement, migration on an ICAM-

coated surface promotes formation of an area with high-affinity LFA-1, the so called focal 

zone, which forms without terminating T cell migration (Smith et al., 2005). Interestingly, the 

focal zone is a polar adhesion and signaling zone located in the middle of a moving T cell and 

therefore correlates to the mid-zone of dynamic homeostatic contacts (Smith et al., 2005). The 

mid-zone may thus represent a platform where subsets of high affinity LFA-1 molecules 

stabilize microclusters of low-affinity TCR/MHC complexes and therefore promote TCR-

dependent homeostatic proliferation.  
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5.1.6 The uropod 

While the posterior uropod of freely-moving T cells is not known to be critical for cell 

signaling, the posterior region of the dynamic homeostatic synapse has at least two functions. 

First, the contribution of TCR/MHC to tyrosine phosphorylation in the uropod  is statistically 

not significant, consistent with a role of the uropod in blunting the TCR signal. Like receptor 

entry into the leading edge, signal termination in the uropod is suggested by the architecture 

of the dynamic contact plane and may result from a variety of mechanisms that might 

synergize: 

 As in the center of activating T cell/APC contacts (Varma et al., 2006), surface 

receptors may be removed from the plasma membrane of the uropod via endocytosis 

(Samaniego et al., 2007).  

 CD43, an established negative regulator of TCR signaling, is strongly accumulated in 

the uropod and might abrogate TCR signaling (Tong et al., 2004). 

 As in T cells migrating on ICAM-1 (Smith et al., 2005), LFA-1 located in the uropod 

of the dynamic contact may be in low-affinity conformation and therefore destabilize 

TCR/MHC interaction. 

 When ligand binding is weak, receptors may just exit to non-engaged parts of the 

T cell membrane.  

Second, besides terminating TCR signaling, the uropod of the dynamic homeostatic synapse 

actively participates in T cell signaling as the phosphotyrosine signal peaks in the rear part of 

the contact plane (Fig. 14). However, signal transduction pathways and functional outcomes 

connected to this massive tyrosine phosphorylation are unknown. First, the regulation of cell 

adhesion and actin-myosin contraction may account for a part of the uropod-localized pY. In 
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line with this hypothesis, 1 integrins and the cytoskeletal linkers ezrin/radixin/moesin (ERM 

proteins), show peak location in the uropod of T cells migrating across surfaces or within 3D 

environments (del Pozo et al., 1997; Friedl et al., 1998). Then, similar to T cell activation 

(Burack et al., 2002; Tomassian et al., 2011; Viola et al., 1999) signaling within cholesterol 

rich membrane domains (“lipid rafts”) may contribute to tyrosine phosphorylation within the 

uropod (Gomez-Mouton et al., 2001). And finally, the contact dependence of T cell survival 

seen in our system and liquid culture models (Feuillet et al., 2005) might be associated with 

signaling events within the uropod. Cytokines and/or chemokines presented on the DC surface 

might trigger signaling in the T cell uropod involved in T cell survival (Guimond et al., 2009; 

Kaiser et al., 2005). The rear zone of the homeostatic synapse which is formed by the T cell 

uropod is thus a signaling zone that is involved in TCR signal termination and may contribute 

to diverse T cell functions including adhesion, migration and survival. 

5.1.7 Comparison of the dynamic homeostatic synapse with the activating immunological 

synapse 

The trafficking of TCR/MHC class II pairs from the T cell front to the rear and their 

preferential signaling in the mid-zone are reminiscent of cognate TCR/MHC dynamics and 

signaling in the mature IS. Here TCR/MHC pairs form in the periphery, move inward (while 

generating pY signaling), and enter the IS center where TCR signaling is terminated (Campi 

et al., 2005; Varma et al., 2006; Yokosuka et al., 2005). Moreover, in a lipid bilayer model, 

short-lived conversions of the IS periphery and center into a polar leading lamella and a 

posterior region, respectively, where termed “kinapse” and recapitulate the longitudinal 

segregation of the dynamic homeostatic synapse to a certain extent (Sims et al., 2007) 

(Dustin, 2008). However, the amoeboid phenotype of this kinapse is incomplete, i.e., it lacks a 
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bona fide uropod. Therefore, neither the signal termination mechanisms discussed above nor a 

signaling zone for TCR-independent events are described by this model. Thus, the dynamic 

homeostatic synapse is the most comprehensive model to explain simultaneous migration and 

cell-to-cell communication.  

5.1.8 The role of the dynamic homeostatic synapse in T cell immunology and other types of 

cell-cell communication 

In secondary lymphoid tissues, migrating T cells are in continuous contact with dendritic cells 

and fibroblastic reticular cells (Bajenoff et al., 2006; Lindquist et al., 2004). Under 

homeostatic conditions, these cells deliver self-peptide-MHC complexes, survival-mediating 

surface receptors and surface-bound cytokines (Friedman et al., 2006; Guimond et al., 2009; 

Link et al., 2007). The here described dynamic signaling platform of recently activated CD4+ 

T cells is suited to integrate all these signals and therefore mediate T cell homeostasis. Due to 

technical limitations of the 3D collagen model, in particular the poor spontaneous or 

chemokine-induced migration of naïve CD4+ T cells under non-stimulating conditions, this 

work could not include the analysis of naïve T cells. However, in vivo imaging setups suggest 

that naïve T cells form similar dynamic contacts while moving across and sampling DC in 

lymph nodes (Miller et al., 2004a). 

Furthermore, a dynamic signaling platform, like the dynamic homeostatic synapse, may also 

contribute to signaling mechanisms during T cell interaction with stronger, cognate antigen. 

In fact, migratory interactions during antigen-specific T cell interactions with APC and target 

cells were shown in diverse experimental setups: the serial sampling of DC during early and 

late phases of T cell activation (Azar et al., 2010; Henrickson et al., 2008; Mempel et al., 
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2004; Miller et al., 2004b) as well as during anergy induction (Hugues et al., 2004; Skokos et 

al., 2007); the dynamics of thymocyte/stromal cell interactions during T cell development 

(Bousso et al., 2002), Fas/FasL-dependent-killing of target cells by cytotoxic T cells (O'Keefe 

and Gajewski, 2005); and T cell activation on lipid bilayers (Sims et al., 2007). Ultimately, 

this dynamic signaling platform is capable of integrating a diverse array of signals in one 

contact plane consisting of distinct contact zones during amoeboid T cell scanning. It might 

therefore represent a universal starting point for all types of migratory and adhesive T cell 

contacts during trafficking, activation and effector function. 

5.2 Antigen specific contacts  

Compared with homeostatic contacts, the kinetics of activating, antigen-dependent contacts 

between T cells and DC are more heterogeneous, ranging from dynamic to fully adhesive, 

whereby the contribution of dynamic phases to T cell activation remains largely elusive. 

Using high-resolution confocal imaging in a pro-migratory environment, interaction dynamics 

between recently activated T cells and antigen-laden DC were studied in a 3D collagen 

invasion model. In contrast to the largely dynamic interaction kinetics of naïve T cells 

(Gunzer et al., 2000; Gunzer et al., 2004), the contacts were mainly long-lasting and stable, 

leading to focalized MHC class II enrichment in the contact plane. Moreover, T cells 

accumulated in a distinctive region of the DC, the adhesive DC uropod, which is rich in 

ICAM-1. Thus, for recently activated T cells DC provide a “sticky” uropod enabling sustained 

T cell binding and TCR triggering, promoting improved re-stimulation, differentiation and 

effector function.   
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5.2.1 Contact kinetics and IS organization between recently activated T cells and DC 

Despite its pro-migratory properties enabling T cell transition from one DC to another, the 3D 

collagen invasion model together with recently activated T cells and antigen-laden DC 

favored “stable” and mono-cellular rather than “dynamic” and serial activating contacts 

between T cells and DC. Although T cells clearly change positions on the DC surface and 

produce occasional lamellipodial protrusions (Fig. 18A), this T cell movement is slow 

compared to T cells migrating across DC during homeostatic interactions, and it lacks the 

hallmarks of amoeboid movement, including a leading lamellipod and a posterior uropod. 

Thus, passive T cell transport via DC associated mechanisms involving the DC cytoskeleton 

rather than active T cell migration is likely to lead to T cell accumulation at the DC uropod. 

These transport mechanisms might contribute to T cell activation as interference with the DC 

cytoskeleton leads to hampered T cell activation (Al-Alwan et al., 2003) (Kobayashi et al., 

2001). 

Due to technical limitations in this study which focused on short-term confocal imaging, 

complete contact duration from contact acquisition until detachment could not be addressed 

directly. A typical imaging session covered up to 30 min, and no contact termination was 

observed in any session, suggesting that contact duration largely exceeded the time span 

reported for naïve T cells with a median in the 10 to 20 min range (Gunzer et al., 2000; 

Gunzer et al., 2004). This difference may be partly explained by the activation state of the 

T cells. In contrast to naïve T cells, pre-activated T cells express higher amounts of adhesion-

receptors and/or pre-clustered integrins on the cell surface which may lead to increased 

avidity and in turn prolonged interactions with DC (Friedl and Gunzer, 2001; Springer et al., 

1987). In line with receptor avidity regulation, the interaction time between T cells and DC in 
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3D collagen lattices increases, when T cells were previously activated (Rothoeft et al., 2006). 

In accordance with increased contact stability in the 3D collagen model, activated T cells 

engaged in different models of antigen presentation consistently display contact durations 

exceeding 30 min at high stability (Freiberg et al., 2002; Monks et al., 1998). 

Another reason for the discrepancy between contact duration and dynamics reported here 

compared to earlier studies may result from differing imaging techniques. Earlier studies used 

bright-field time-lapse microscopy to asses T cell/DC interaction kinetics lacking z-resolution, 

whereas the here-used time-lapse confocal microscopy allows exact denomination of cellular 

interactions and contact planes. Thus, using low-resolution bright-field imaging, T cells 

migrating above or below DC might be misinterpreted as T cells contacting DC and thereby 

impose a bias towards shorter contact duration and more vigorous contact dynamics during 

visual analysis.  

Using paraformaldehyde fixation together with the collagen invasion model allows end-point 

analyses of protein localization in moving cells but precludes the analysis of receptor or 

signaling dynamics within T cell/DC interactions. Therefore, the time resolved analysis of 

receptor redistribution during cell-cell contacts like in more artificial liquid culture models 

(Freiberg et al., 2002; Grakoui et al., 1999; Monks et al., 1998) was impossible using primary 

T cells and DC that did not express fluorescent receptor proteins. Although preliminary, our 

results, however, are in line with an IS between T cells and DC that is stable over minutes and 

possibly hours but lacks large-scale segregation as reported before (Brossard et al., 2005; 

Tseng et al., 2008).   
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In conclusion, future studies on interaction dynamics, contact duration and IS organization 

should be addressed with techniques that allow both, high (x, y and z) resolution for sufficient 

cell/receptor tracking and prolonged live-cell imaging.  

5.2.2 The DC uropod predisposes for T cell clustering 

This study suggests the existence of two functionally distinct compartments in migrating DC, 

an anterior more dynamic region that preferentially initiates contacts to T cells and a posterior 

zone with increased adhesiveness towards T cells for sustained cell-cell contacts.  Contact 

initiation at the DC leading edge is consistent with the known preference of DC veils and 

dendrites to engage with T cells (Benvenuti et al., 2004; Fisher et al., 2008), and dendrite 

formation is pronounced in the DC leading edge (Lämmermann et al., 2009). Furthermore, 

T cell binding preferentially occurs in membrane compartments on the DC surface that lack 

veils but consist of clustered microvilli (Fisher et al., 2008). However, the DC uropod so far 

has not been linked to T cell binding and/or T cell activation. 

Two previously published observations suggest that the DC uropod might be the region for 

sustained T cell binding and effective T cell activation. First, uropod formation is associated 

with DC maturation (Mattioli et al., 2008; Mattioli et al., 2005; Quaranta et al., 2003) as DC 

convert from a sessile into a migratory phenotype (Alvarez et al., 2008). Second, the uropod is 

an adhesive structure rich in ICAM-1 (Fig. 18B) and integrins (Madruga et al., 1999). It is 

thus likely that the accumulation of T cells at the DC uropod is dependent on these or similar 

adhesion receptors.  

Besides providing locally accumulated adhesion receptors, the function of the DC uropod in 

T cell activation remains unknown. Region-confined T cell binding to and receptor 
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engagement within the DC uropod might facilitate the delivery of new peptide-MHC 

complexes and adhesion molecules to multiple bound T cells from intracellular stocks (Boes 

et al., 2002; Jo et al., 2010). Consistent with a secretory uropod function, the DC microtubules 

are oriented towards and extent into the uropod and might provide a scaffold for vesicle 

trafficking (Fig. 19B).  

The biological function and relevance of local T cell adhesion to DC may include 

activating/modulating cross-talk between T cell subsets. During a pathogen-specific immune 

response, a microcluster of T cells at the DC uropod might not only consist of CD4+ helper 

T cells but also comprise CD8+ cytotoxic T cells and CD4+CD25+ regulatory T cells, sharing 

specificity for a particular pathogen. Thereby, in one DC uropod-localized microcluster, 

regulatory T cells could limit the activation of neighboring CD4+ and/or CD8+ cells via 

paracrine secretion of cytokines, e. g. IL-10 and TGF-β, and the lysis of T cells in an antigen-

dependent manner (Vignali et al., 2008). In line with this hypothesis, it was shown, that 

regulatory T cell function requires direct cell-cell interaction or at least the immediate vicinity 

of the target T cell (Takahashi et al., 1998; Thornton and Shevach, 1998). Likewise, a direct 

cell-cell interaction within this microcluster might enable or enhance CD4+ T cell help for the 

development of a cytotoxic T cell response (Bourgeois et al., 2002). To summarize, the DC 

uropod is an interesting cell compartment that is characterized by a distinctive composition of 

surface receptors along with the facility to secrete T cell-activating molecules (e.g. peptide-

MHC complexes and cytokines). These properties enable the DC uropod not only to 

coordinate the activation of bound T cells but also to orchestrate an entire antigen-specific 

immune response. 



Discussion  76 
  

 

 

5.3 Outlook 

The 3D collagen matrix model enabled new insights into the kinetics and biology of T cell 

homeostasis and activation. A key disadvantage of ex vivo models, the poor spontaneous or 

chemokine-induced migration of naïve CD4+ T cells, hitherto limited these observations to 

pre-activated T cells. Therefore, future work will need to optimize the experimental setup to 

enhance migration of naïve T cells without cross-talk to antigen-specific activation, e.g. by 

directly coupling chemokines to collagen fibers in order to enhance their bioactivity 

(Stachowiak and Irvine, 2008; Woolf et al., 2007) or pre-treating naïve T cells with adhesion 

receptor-triggering multimeric ligands. To further confirm the “tunability” of antigen 

recognition dynamics, sets of antigenic peptides with defined immunogenicity ranging from 

“homeostatic” (i.e. self-antigens) to strong affinity will show thresholds for dynamic and 

stable phases of antigen-recognition and resulting effector cell fate (Henrickson et al., 2008; 

Rothoeft et al., 2006; Skokos et al., 2007). Extending the initial findings on DC uropod 

function, it will be interesting to test which mechanisms regulate local T cell accumulation 

and how sustained engagement in this specialized region orchestrates distinct effector 

outcome, including anergy induction and/or helper/effector fate. In summary, due to its 

superior imaging resolution and experimental control conditions, monitoring immune cell 

interactions and activation in 3D extracellular scaffolds will be a valuable tool for studying 

the role of the dynamics and polarity during immune cell interactions. 
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6 Summary 

Polarity and migration are essential for T cell activation, homeostasis, recirculation and 

effector function. To address how T cells coordinate polarization and migration when 

interacting with dendritic cells (DC) during homeostatic and activating conditions, a low 

density collagen model was used for confocal live-cell imaging and high-resolution 3D 

reconstruction of fixed samples. During short-lived (5 to 15 min) and migratory homeostatic 

interactions, recently activated T cells simultaneously maintained their amoeboid polarization 

and polarized towards the DC. The resulting fully dynamic and asymmetrical interaction 

plane comprised all compartments of the migrating T cell: the actin-rich leading edge drove 

migration but displayed only moderate signaling activity; the mid-zone mediated TCR/MHC 

induced signals associated with homeostatic proliferation; and the rear uropod mediated 

predominantly MHC independent signals possibly connected to contact-dependent T cell 

survival. This “dynamic immunological synapse” with distinct signaling sectors enables 

moving T cells to serially sample antigen-presenting cells and resident tissue cells and thus to 

collect information along the way. In contrast to homeostatic contacts, recognition of the 

cognate antigen led to long-lasting T cell/DC interaction with T cell rounding, disintegration 

of the uropod, T cell polarization towards the DC, and the formation of a symmetrical contact 

plane. However, the polarity of the continuously migrating DC remained intact and T cells 

aggregated within the DC uropod, an interesting cellular compartment potentially involved in 

T cell activation and regulation of the immune response. Taken together, 3D collagen 

facilitates high resolution morphological studies of T cell function under realistic, in vivo-like 

conditions.
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7 Zusammenfassung 

Zellpolarität und Migration sind essentielle Voraussetzungen für T-Zellaktivierung und 

-homöostase sowie für Rezirkulation, und Effektorfunktionen. Um unter homöostatischen 

bzw. aktivierenden Bedingungen die Koordination von Polarisation und Migration von 

T-Lymphozyten, die mit dendritischen Zellen (DC) interagieren, zu untersuchen, wurde ein 

Kollagenmatrix-Model mit niedriger Kollagendichte für konfokale Zeitraffermikroskopie und 

die hochaufgelöste Rekonstruktion fixierter Proben genutzt. Bei kurzen (5-15 min), 

migratorischen homöostatischen Kontakten behielten voraktivierte T-Zellen ihr amöboide 

Polarisation bei, während sie sich gleichzeitig Richtung DC polarisierten. Die hieraus resultie-

rende, dynamische und asymmetrische Kontaktfläche bestand aus allen Kompartimenten der 

migrierenden T-Zelle: Der F-Aktin-reiche vordere Zellpol („leading edge“) sorgte für Vor-

schub, hatte aber nur einen geringen Anteil an der Singaltransduktion; im mittleren Bereich 

(„mid-zone“) waren MHC/TCR-abhängige Signale mit homöostatischer Proliferation assozi-

iert; und im als Uropod bezeichneten hintere Zellpol fanden sich vor allem MHC-unabhän-

gige Signale, die möglicherweise im Zusammenhang mit kontaktabhängigem Überleben 

stehen. Diese „dynamische immunologische Synapse“ mit ihren Signaltransduktionsbereichen 

versetzt wandernde T-Zellen in die Lage, nacheinander Kontakt zu mehreren antigenpräsen-

tierenden oder gewebsspezifischen Zellen aufzunehmen und so Informationen „im 

Vorbeigehen“ zu sammeln. Im Gegensatz zu homöostatischen Kontakten führte die Bindung 

des spezifischen Antigens zu langlebigen T-Zellen/DC Kontakten, die mit der Abrundung der 

T-Zelle und der Polarisation Richtung DC, der Auflösung ihres Uropods sowie der 

Ausbildung einer symmetrischen Kontaktfläche einher gingen. Die Polarität der 

währenddessen fortgesetzt migrierenden DC blieb dem gegenüber erhalten und T-Zellen 
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akkumulierten im DC-Uropod, einem interessanten Zellkompartiment, dass an T-Zell-

aktivierung und der Regulation der Immunantwort beteiligt sein könnte. Zusammengefasst 

ermöglicht das 3D Kollagenmatrix-Modell die hoch aufgelöste morphologische Untersuchung 

von T-Zellfunktionen unter realistischen, in vivo-artigen Bedingungen. 
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9 Videos 

For the print version videos are available in Quicktime format on CD.  

Video 1. Video-assisted fixation of a dynamic T cell / DC contact. The addition of buffered 

PFA (37°C, 2% v/v final concentration) to the sample at frame 25 (12 min 30 sec) leads to 

fixation with preserved morphology of both T cell and DC within 30 sec. Note floating 

objects during the final 3 min. Time-lapse bright-field transmission microscopy. Duration: 

10 min. 
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Video 2. Recently activated T cells immigrate into a collagen lattice containing DC in the 

absence of pOVA. Time-lapse bright-field microscopy. Duration: 2 h. Area: 750 x 500 µm. 

 

Video 3. Two CFSE-labeled T cells (green) migrating across CMTMR-labeled DC (red) in 

the absence of pOVA. Both cells and the migratory path of the second cell are highlighted. 4D 

reconstruction of 50 x 50 x 40 µm volume. Duration: 18 min 30 sec. 

 









 
Videos   104 
  

 

 

 

Video 4. Cholera toxin b (CTx b, green) locates to the uropod of T cells (CFSE, red) 

migrating in 3D collagen. 4D reconstruction of a 70 x 50 x 40 µm volume. Duration: 6 min. 
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Video 5. CTx b (green) locates to the uropod of T cells (CFSE, red) migrating across a DC 

(CMTMR, blue). One complete contact with contact acquisition and detachment and one 

detachment of an already established contact are shown. 4D reconstruction of a 50 x 50 x 40 

µm volume. Duration: 6 min 30 sec. 
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Video 6. pMCC-MHC-GFP (green) expressed and presented by a B10A DC accumulates in 

the contact plane within minutes after contact acquisition of a 5C.C7 T cell (SNARF; red). 4D 

reconstruction of a 30 x 30 x 30 µm volume. Duration 15 min. 
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Video 7. CTx b (green) positive intracellular membrane compartments (ER, golgi) relocate to 

the contact plane between a DO11.10 T cell and a Balb/c DC (CMTMR; red) pulsed with 

pOVA323-339 within minutes after contact acquisition. One additional T cell with CTx b in the 

centre of the contact plane is bound to the DC throughout the entire recording interval. 4D 

reconstruction of a 40 x 40 x 30 µm volume. Duration: 19 min. 
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Video 8. One CFSE labeled DO11.10 T cell (green) acquires contact to the leading edge of a 

pOVA323-339 pulsed DC (CMTMR; red) and slowly moves towards the DC uropod where it 

integrates into a microcluster of already bound T cells. 4D reconstruction of a 90 x 65 x 50 

µm volume. Duration 27 min 30 sec. 
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10 Anhang 

10.1 Erklärung 

Hiermit erkläre ich ehrenwörtlich, dass ich die Dissertation „Dynamic mapping of the 

immunological synapse in T cell homeostasis and activation“ selbstständig angefertigt und 

keine anderen als die von mir angegebenen Quellen und Hilfsmittel benutzt habe. 

Ich erkläre weiterhin, dass diese Dissertation weder in gleicher Weise noch in anderer Form 

bereits in einem anderen Prüfungsverfahren vorgelegen hat. 

Ich erkläre zudem, vom Fachbereich Humanmedizin der Universität Heidelberg den Grad 

eines Doktors der Medizin (Dr. med.) verliehen bekommen zu haben. 

Ich habe außer den mit dem Zulassungsgesuch urkundlich vorgelegten Graden keine weiteren 

akademischen Grade erworben oder zu erwerben versucht. 

 

 

Essen, den   
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10.2 Eigene Publikationen 

Friedl, P., und Storim, J. (2004). Diversity in immune-cell interactions: states and functions of 

the immunological synapse. Trends Cell Biol. 14, 557-567.  

Storim, J., Brocker, E.B., und Friedl, P. A dynamic immunological synapse mediates 

homeostatic TCR-dependent and -independent signaling. Eur. J. Immunol. 40, 2741-2750 

(Titelgeschichte).  

Wesentliche Ergebnisse sowie die hierfür 

verwendeten Methoden dieser Dissertation 

wurden in beiden Artikeln publiziert und im 

Rahmen dieser Dissertation mit Erlaubnis 

verwendet: Abbildungen 4 bis 17 sowie die 

Abbildung 22 (inklusive der zugehörigen 

Legenden), z.T. in modifizierter Form; die 

Methoden wie sie in den Kapiteln 3.2 sowie 

3.5 bis 3.8 beschrieben werden.   

 

 

Die Daten dieser Dissertation wurden auf folgenden Kongressen präsentiert:: 

Vortrag beim 2nd joint UK/German adhesion meeting in Berlin, Juli 2002: Storim, J., 

Kretzschmar, M., Broecker, E. und Friedl, P.; „Molecular topography of a dynamic 
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immunological synapse” 

Vortrag bei der Tagung der Arbeitsgemeinschaft dermatologische Forschung, Februar 

2003 in Frankfurt (Main): Storim, J., Kretzschmar, M., Broecker, E. und Friedl, P.; 

„Molecular topography of a dynamic immunological synapse” 

Postervortrag bei der Tagung der Arbeitsgemeinschaft dermatologische Forschung, 

Februar 2004 in Dresden: Kaemmerer, U., Otto, K., Ossadnik, M., Storim, J., Friedl, P. und 

Vortrag beim 57sten Treffen der japanischen Gesellschaft für Zellbiologie, Mai 2004 in 

Osaka, Japan: Storim, J., Geissler, E., Broecker, E. und Friedl, P.; „Molecular topography 

of a dynamic immunological synapse” 

Workshop im Rahmen eines ECTS Kurses zum Thema Tissue Engineering, Juni 2004 in 

Würzburg: „Technical aspects of Confocal and Multiphoton-Microscopy” 

Vortrag bei der Tagung der Deutschen Gesellschaft für Immunologie, September 2005 in 

Kiel: Storim, J., Broecker, E. und Friedl, P.; „Reconstructing interaction dynamics of 

T cells and dendritic cells at high resolution“ 

Vortrag beim 2nd joint UK/German adhesion meeting in London, Juli 2006: Storim, J. und 

Friedl, P.; „Organization and function of a dynamic homeostatic synapse" 

Vortrag bei der Tagung der Arbeitsgemeinschaft dermatologische Forschung, März 2007 

in Freiburg: J. Storim, E. B. Bröcker, P.Friedl; „Organization and function of a dynamic 

homeostatic synapse between T lymphocytes and dendritic cells" 
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