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adhesion was established. The formation of these tethers superceded TCR-

signaling and immunological synapse formation.  Instead, they captured the T 

cell in a state in which its leading edge projected and retracted until it found a 

suitable new surface.  Establishment of this contact enhanced T cell sensitivity to 

antigen because antigen-dependent conjugate formation was more robust during 

subsequent antigen stimulation, even when the chemokine and antigen were 

presented on separate APCs.  Thus, a ‘trans’ costimulation via chemokine-

initiated tethering and priming allows microenvironmental cues to modulate T cell 

reactivity. 

 

To examine the dynamics of TCR behavior during naïve T cells activation, we 

made a TCR-GFP transgenic mouse expressing an EGFP tagged OT-I TCR.  

When interacting with antigen-bearing mature dendritic cells, naïve T cells 

showed several behaviors, including TCR polarization to the immunological 

synapse followed by rapid TCR internalization into vesicles through the cSMAC, 

abrogation of the synapse upon TCR internalization, and translocation of 

internalized pools of TCR to the cSMAC.  These data may suggest that during 

short T cell–DC interactions, TCR internalization provides a cue for naïve T cells 

to move on to another APC, and upon subsequent stimulus, internalized pools of 

TCR can be delivered to the site of the immunological synapse.  Rapid antigen-

specific TCR polarization was seen through two-photon microscopy following the 

addition of antigen to lymph nodes, indicating that T cells are able to rapidly 

engage APCs in vivo, without previous antigen stimulus.   
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The function of the immune system is to defend the body by destroying invading 

infectious organisms and malignant cells.  In the immune response, T cells are 

key players that serve to kill infected cells as well as coordinate and regulate the 

adaptive immune response.  To become activated and perform their function, T 

cells must recognize the peptide for which they are specific on the surface of an 

antigen presenting cell (APC).  Since T cells recognize antigens on the surface of 

other cells, understanding the mechanisms of this cell-cell interaction is key for 

understanding T cell function.   

 

Antigen recognition by the T cell 

T cells recognize foreign protein, or antigen, via their T cell receptor (TCR), a 

heterodimeric transmembrane protein that belongs to the Ig superfamily.  Each 

αβTCR is specific for an antigenic peptide bound to, or presented by, a Major 

Histocompatibility Complex (MHC) molecule.  Due to the specificity of CD4 and 

CD8 co-receptor binding for MHC class II (MHC-II) and MHC class I (MHC-I) 

molecules respectively, CD4+ T cells recognize peptides bound to MHC-II 

molecules while CD8+ T cells recognize peptides bound to MHC-I.  The antigenic 

peptides bound to MHC-I versus MHC-II differ in their origin and peptide length.  

Typically a peptide that is presented by MHC-I is 8-11 amino acids in length and 

is processed from intracellular proteins, whereas peptides presented by MHC-II 

are 10-30 amino acids in length and are processed from proteins taken up from 

the extracellular environment.   
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The TCR α and β chains are each composed of a variable region that is 

responsible for peptide-MHC complex (pMHC) recognition, a constant region, a 

connecting peptide that connects the extracellular domain to the transmembrane 

region, a transmembrane helix, and an intracellular domain.  In their variable 

region the TCR genes each contain multiple V, D, and J segments that must be 

recombined to form a single TCR chain.  This recombination provides the huge 

array of specificities necessary to recognize the enormous repertoire of antigens. 

 

The variable regions of the TCRαβ chains do not determine antigen specificity on 

their own; rather they work together to recognize the pMHC complex.  Each 

chain contains three complementarity determining regions (CDR) that are derived 

from the recombined V, D and J segments of the TCR gene.  The CDR1 and 

CDR2 segments work independently on each of the TCR chains to recognize the 

MHC molecule presenting the antigen, while the CDR3 loops from the α and β 

chains work together to recognize the antigen being presented.  The affinity of 

the TCR for pMHC is orders of magnitude lower than that of an antibody-antigen 

interaction; therefore, the T cell relies on the increase in avidity afforded by 

multiple pMHC complexes simultaneously being presented by an APC to 

stabilize these interactions (Reviewed by Rudolph et al., 2006). 

 

The TCRαβ heterodimer functions in complex with a series of CD3 dimers, which 

are Ig superfamily signaling molecules.  Since the TCRαβ chains do not have 

enzymatic activity or the ability to transduce signal on their own, the associated 
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CD3 chains serve this role.  In order to be expressed on the cell surface, TCRαβ 

must be complexed with CD3γε, CD3δε and CD3ζζ.  While the α and β chains 

are bound together through a disulfide bond, the mechanisms of association of 

the CD3 chains to TCRαβ are less clear.  In its transmembrane helix, the TCRα 

chain has two basic residues that interact with acidic residues in the 

transmembrane regions of CD3δε and CD3ζζ, while the TCRβ chain has a single 

basic residue that interacts with acidic residues on the CD3γε heterodimer.  It 

remains unclear how recognition of a pMHC complex by the TCRαβ is 

communicated to the CD3 complex that serves to propagate its signal (Reviewed 

by Kuhns et al., 2006). 

  

Proximal TCR/CD3 signaling 

While it is unknown how information about pMHC binding is passed from the 

TCR to the CD3 complex, much is know about the role of CD3 in initiating the 

signaling cascade.  Each of the CD3 chains contains immunoreceptor tyrosine-

based activation motifs (ITAMs) in their cytoplasmic domains, which upon 

phosphorylation provide sites for interactions with Src homology 2 (SH2) domain 

containing signaling molecules.  Upon binding of the TCR to a pMHC complex, 

CD4- or CD8-associated Lck is activated by dephosphorylation of an inhibitory 

site by CD45.  The activated Lck can then phosphorylate tyrosine residues within 

the ITAMs of the CD3 chains.  This provides a docking site for Zap-70, which is 

then phosphorylated by Lck.  Among the substrates for the now enzymatically 

active ZAP-70 is the adaptor protein LAT.  Phosphorylation of adaptor proteins 
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such as LAT and SLP-76 provide scaffolds for the binding of signaling molecules 

to build a signalosome where the concentration of positive and negative signaling 

molecules provides efficient and controlled signal transduction (Reviewed by 

Kane et al., 2000).   

 

One of the many signaling cascades induced by TCR binding to pMHC 

complexes results in the influx of extracellular calcium.  The activation of PLC-γ 

occurs following its recruitment to phosphorylated LAT and SLP-76.  Active  

PLC-γ then produces inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) 

by cleavage of phoshatidylinositol-4,5-bisphosphate (PIP2).  IP3, a well-known 

second messenger, induces the release of Ca++ from stores in the endoplasmic 

reticulum, which in turn causes cell surface CRAC channels to open resulting in 

the influx of extracellular calcium (Reviewed by Kane et al., 2000).   Identification 

of the pore forming subunit of the CRAC channel, Orai1 (Feske et al., 2006; 

Prakriya et al., 2006), is now allowing for further research into the mechanisms of 

Ca++ influx.  The resulting calcium signaling then produces its own additional 

cascades of TCR-associated signaling events (Reviewed by Kane et al., 2000).   

Induction of Ca++ flux occurs very rapidly after TCR engagement, making this a 

useful readout of early TCR signaling.  

 

Downstream effects of TCR activation 

A variety of events occur downstream of TCR signaling with functional outcomes 

that are a direct result of the quality and/or duration of TCR signaling.  Following 
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antigenic priming, naïve T cells can proliferate and acquire a wide range of 

effector functions, such as cytokine production, and in the case of CD8+ T cells, 

lytic function.  Unlike proximal TCR signaling, calcium flux, or immunological 

synapse formation, in naïve T cells these events occur over the course of days in 

response to the summation of hours of TCR signaling.  Conversely, in T cells that 

have already differentiated and acquired their effector function, effects such as 

cytokine release and lysis of target cells can occur rapidly upon antigenic 

stimulation through the TCR.  

 

Immunological Synapse formation 

T cells are activated by the recognition of specific pMHC complexes presented 

on the surface of APCs.  In most in vitro model systems of T cell activation, 

contact of T cells with antigen-bearing APCs typically results in immediate firm 

adhesion to the APC followed within the first two minutes by calcium signaling 

(Wülfing et al., 1997), tyrosine phosphorylation (Lee et al., 2002) and associated 

microclustering of the T cell receptor (Grakoui et al., 1999; Krummel et al., 2000; 

Wulfing et al., 2002).  Coalescence of TCR clusters in this ‘immature’ synapse 

gives rise to a ‘mature’ immunological synapse with a characteristic central 

supramolecular activating cluster (cSMAC) of TCRs surrounded by concentric 

rings of adhesion and auxiliary molecules such as the integrin LFA-1 (Grakoui et 

al., 1999; Monks et al., 1998).  Of particular note is that initial pMHC recognition 

results in T cell arrest.  The T cell ‘stop’ signal derives directly from the calcium 

release (Negulescu et al., 1996) induced by TCR signaling (Dustin et al., 1997) 
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which can then initiate a range of events including myosin motor phosphorylation 

(Jacobelli et al., 2004). 

 

The early dynamics of T cell activation has largely been studied in vitro in the 

absence of the lymphoid milieu and the complex three-dimensional lymphoid 

structure.  Much of the work has been done using B cell lines or lipid bilayers as 

APCs rather than DCs, which are the predominant APC used in vivo during 

primary T cell activation.  Additionally, due to the inability to transfect or 

transduce naïve T cells to express fluorescently tagged proteins, most live 

imaging of immunological synapse formation has been carried out using 

activated T cells or T cell lines.  These conditions are more likely to mimic the 

effector phase rather than primary activation and lack much of the subtlety and 

variation present in bona fide primary T cell activation.   

 

There has been little convincing evidence to demonstrate formation of the 

classical mature immunological synapse during primary T cell activation in the 

lymph node.  While stable T cell–DC interactions that exclude CD43 from the 

contact interface (Stoll et al., 2002), and a general polarization of the TCR toward 

the DC (Reichert et al., 2001) have been shown in lymph nodes, the formation of 

a mature synapse, and its correlation with activation events has yet to be shown 

in vivo.  Additionally, while these studies examined T cell behavior in the lymph 

node, they were done either in a fixed setting (Reichert et al., 2001), or in 

conditions that did not allow for normal T cell motility due to poor oxygenation 
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(Stoll et al., 2002).  It therefore remains unclear whether mature immunological 

synapse formation is involved in primary activation of naïve cells and how the 

lymphoid environment affects T cell signal initiation.  

 

A major question that still remains unanswered is: What is the function of the 

immunological synapse?  It is well agreed that the immunological synapse 

characterized by the tight juxtaposition of T cell and APC membranes is involved 

in T cell activation and delivery of effector molecules to target cells or APCs 

during the effector phase.  However, the role of the mature immunological 

synapse with the cSMAC/pSMAC receptor organization is more controversial.  

 

Evidence indicating that the majority of signaling occurs among TCR 

microclusters outside of the cSMAC (Lee et al., 2002; Mossman et al., 2005; 

Yokosuka et al., 2005) suggests that the name cSMAC (central supramolecular 

activating cluster) is in fact a misnomer.  This is further supported by a study of 

multiple TCR transgenic T cell lines, which showed that cSMAC formation was 

not critical for proximal TCR signaling or effector function (Purtic et al., 2005). 

Instead, perhaps the cSMAC is the site of signaling down-modulation or TCR 

inactivation.  This three dimensional structure might provide a track for TCR 

signaling to occur in the periphery of the immunological synapse, and for TCR 

inactivation and internalization to occur in the central area where the TCR 

clusters aggregate.   
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Antigen-induced TCR internalization 

TCR down-regulation was first reported to be a result of antigenic stimulation 

before mechanisms of antigen recognition through the TCR were characterized 

(Zanders et al., 1983).  The amount of TCR internalization in naïve T cells is 

significantly increased with antigen dose and potency of the antigenic peptide 

(Hemmer et al., 1998; Liu et al., 2000).  Ligands that are more potent at inducing 

functional responses, such as proliferation, induce more TCR downmodualtion, 

due to more complete phosphorylation of TCR complex ITAMs (Itoh et al., 1999).  

Ultimately, antigen-dependent TCR internalization leads to lysosome and 

proteosome dependent degradation of the TCR (Liu et al., 2000; Valitutti et al., 

1997).   

 

Support for the cSMAC serving as a site for TCR inactivation comes from 

experiments done with CD2AP deficient T cells.  These experiments showed that 

in the absence of TCR internalization, which is defective in CD2AP deficient T 

cells, T cells are hyperreactive, as indicated by proliferation and phosphotyrosine 

levels (Lee et al., 2003).  These authors propose that the immunological synapse 

serves as a rheostat to enhance weak TCR signals and dampen strong TCR 

signals.  While internalization of the TCR might initially seem like it would only 

dampen the process of T cell activation, in the case of rare peptide-MHC ligand, 

this could in fact serve to enhance activation.  The selective elimination of the 

TCRs that have already been fully activated/phosphorylated would reduce the 

competition for the ligand, allowing additional untriggered TCRs to be stimulated. 
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Another possible role of the cSMAC might be as a site for delivery of new TCR to 

the T cell-APC contact site.  Constitutive internalization and recycling of the TCR 

has been characterized as a process that is independent of antigen-induced TCR 

internalization (Dietrich et al., 2002).  As a result of this process, approximately 

30% of the TCR is located in intracellular pools in a resting T cell (Liu et al., 

2000).  Delivery of this intracellular pool to the synapse site has been shown to 

occur in a SNARE dependent manner (Das et al., 2004).  Although it has been 

demonstrated that TCR internalized via antigen-dependent mechanisms is 

targeted for degradation it remains possible that a portion of this pool, like 

constitutively recycled pools, could also be delivered to the site of immunological 

synapse. 

 

The naïve T cell–DC synapse 

In vitro data shows that the activation status of both the DC and the T cell appear 

to modulate the rate of mature, stable immunological synapse formation.  The 

microenvironment may also play a role as indicated by the differences in 

experiments preformed in vitro versus those in a collagen matrix or in an intact 

lymph node.  It remains unclear whether these differences derive from 

environmental cues or are simply a reflection of the source and activation status 

of the T cells and APCs being studied.  
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In multiple studies, the activation state of the T cells affects their ability to form a 

mature immunological synapse.  Naïve T cells were shown to take approximately 

30 minutes to form a mature immunological synapse whereas pre-activated cells 

do so in less than 5 minutes (Watson and Lee, 2004).  In another study, naïve 

CD8+ T cells did not form cSMACs at all, while activated T cells did (O'Keefe et 

al., 2004).  In this study, both naïve and activated T cells showed normal 

proliferation and IL-2 production despite the fact that the naïve cells did not form 

cSMACs (O'Keefe et al., 2004).  In yet another study, the frequency of cSMAC 

formation by naïve CD8+ T cells varied with antigen concentration (Potter et al., 

2001).  Notably, in naïve T cells, TCR polarization did not occur as frequently as 

PKC-θ polarization (Potter et al., 2001), therefore, the perceived frequency of 

cSMAC formation might be dependent upon the molecule chosen as a readout. 

 

The T cell–DC synapse is significantly different from the prototypical mature 

synapse seen using B cell lines or lipid bilayer systems as APCs.  Maturation of 

DCs leads to more frequent and stable T cell interactions when assayed in vitro 

(Benvenuti et al., 2004).  Matured DCs were also shown to be able to uniquely 

promote the formation of stable antigen-independent and antigen-dependent T–

DC conjugates and antigen-dependent cSMAC formation (Benvenuti et al., 

2004).  Interestingly, the DC cytoskeleton appears to play a role in naïve T cell–

DC synapse formation (Al-Alwan et al., 2001), but does not affect the 

organization of the TCR at the synapse (Brossard et al., 2005).  While disrupting 

the DC cytoskeleton reduces the frequency of naïve T cell coupling to DCs, it 
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does not affect activated T cell coupling to DCs or proliferation (Al-Alwan et al., 

2001).   

 

While T cell–B cell synapses are strongly antigen dependent, antigen-

independent T cell–DC synapses are common and functional, leading to 

polarization of the T cell receptor, increases in local phosphotyrosine levels, low 

level calcium fluxes, and weak proliferation (Revy et al., 2001; Stefanova et al., 

2002).  These antigen-independent interactions have been shown to promote the 

recognition of foreign antigen by maintaining a basal level of T cell activation 

(Stefanova et al., 2002).  It is possible that chemokine-induced integrin adhesion 

promoted by DC-produced chemokines such as CCL19 (Luther et al., 2000) 

might participate in the induction of these antigen independent T–DC synapses.   

 

In contrast to synapses formed by activated T cells with B cell or lipid bilayer 

APCs where the cSMAC/pSMAC receptor organization prevails; naïve T cells 

interacting with DCs presenting cognate antigen have been reported to form 

cSMACs only 30% of the time, while forming multifocal polarizations towards the 

DC in 60% of cases (Brossard et al., 2005).  These multifocal polarizations are 

similar to the synapses seen in thymocytes (Hailman et al., 2002; Richie et al., 

2002) and activated T cells stimulated in frustrated lipid bilayer systems where 

the pMHC complexes are corralled and cannot freely diffuse (Mossman et al., 

2005).  Interestingly, in the frustrated lipid bilayer system, where T cells were 

forced to maintain multifocal synapses by preventing transport of the TCR to a 
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cSMAC, T cells showed increased activation as assessed by calcium flux 

(Mossman et al., 2005).  These findings together with data that suggests that the 

cSMAC serves as site for TCR signal down-regulation (Lee et al., 2003; Lee et 

al., 2002) suggest that the multifocal nature of the T cell–DC synapse serves to 

increase the potency of TCR signaling by preventing cSMAC formation. 

 

T cell motility and activation in vivo 

A multitude of factors modulate the motility of naïve T cells in the lymph node.  

Experiments observing the behavior of T cells in intact lymph nodes through two-

photon scanning laser microscopy (TPLSM) have shown T cells to be extremely 

motile (Bousso and Robey, 2003; Mempel et al., 2004; Miller et al., 2003; Miller 

et al., 2002).  In the absence of antigen, T cells participate in multiple modes of 

motility, including a random-walk, a seemingly directed ‘torpedo-mode’, and a 

tethered or slowly motile mode with activity at the leading edge (Miller et al., 

2002).  Factors such as oxygenation have been shown to strongly affect T cell 

motility.  In Figure1 we present data obtained using TPSLM on lymph nodes 

either in the absence or presence of oxygen perfusion (Friedman et al., 2005).  

The data clearly shows dramatically increased track lengths (Figure 1a vs. 1b 

and Supplemental Movie S1) and increased cellular velocities (Figure 1c vs. 

1d) in the presence of oxygen, since depth of imaging, media flow and 

temperature were maintained identically between samples. 
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Figure 1:  Oxygen is required for T cell motility in the lymph node.  T cells 
were labeled with CFSE and transferred into wt recipient mice. Inguinal lymph 
nodes were isolated and (A,C) perfused with RPMI alone or (B,D) with RPMI 
saturated with bubbling 95% O2 and subjected to TPLSM analysis.  In regions 
imaged at identical depths within the lymph node, T cells were tracked in three-
dimensions over time using Imaris analysis software.  Tracks (colored lines in A 
and B) were used to extract velocity information shown in (C-D), and show 
dramatically increased velocities in the presence of high oxygen concentrations.  
 

 

While T cell motility initially appeared to be random in early TPSLM imaging, new 

evidence suggests that T cells crawl along the extensive fibroblastic reticular cell 

network (Bajenoff et al., 2006).  These behaviors occur in the T cell zone where 

O2 Perfused 37ºC Medium 37ºC Medium
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chemokines such as the CCR7 ligands CCL21 and CCL19 are present at high 

concentrations (Cyster, 1999). 

 

There is a dramatic range of responses to antigen-bearing APCs observed in 

vivo, compared with in vitro model systems where T cell activation leads directly 

to firm adhesion of the T cell to the APC.  In vivo observations of T cell activation 

show early dynamic T cell–APC interactions, with later stable interactions lasting 

more than one hour (Bousso and Robey, 2003; Mempel et al., 2004; Miller et al., 

2002).  Early engagements with antigen-bearing DCs are associated with 

increasingly confined paths with more frequent turns but little variation in overall 

motility, rather than immediate T cell arrest (Mempel et al., 2004; Miller et al., 

2004; Miller et al., 2002).   

 

Despite the emphasis on the ‘stopped’ mode as the site of antigenic stimulation 

from in vitro models, there are data showing that T cells can also receive 

antigenic stimuli during more motile encounters with APCs.  There is evidence 

that T cells can sum signaling events from multiple APC interactions to reach 

activation thresholds, rather than requiring a single activation event.  For 

example, T cells in a collagen matrix stop very infrequently and briefly while still 

effectively getting activated, as assessed by activation markers and by 

proliferation (Gunzer et al., 2000).  Additionally, when the synapse is repeatedly 

but transiently disrupted by a Src family kinase inhibitor, T cells show normal 

activation including IFN-γ production in amounts that are directly related to the 
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summed amount of signaling time (Faroudi et al., 2003).  More recent two-photon 

imaging data (Hugues et al., 2004; Mempel et al., 2004; Miller et al., 2004; Miller 

et al., 2002) have all shown short-lived encounters with antigen-bearing APCs as 

a prelude to stable interactions.  It is strongly suggested that these short-lived 

encounters permit signaling via the TCR, due to the observed upregulation of the 

activation markers CD69, CD44, and CD25 in the hours preceding stable 

interactions (Celli et al., 2005; Mempel et al., 2004; Miller et al., 2004).   

 

Recent unpublished data from the von Andrian and Bousso laboratories suggest 

that the availability and affinity of the antigen plays a significant role in the 

presence and duration of initial short interactions as well as the time necessary to 

transition to stable interactions.  These data indicate that higher antigen 

concentration, availability, and affinity lead to a more rapid transition to stable T 

cell–APC interactions.  Additional mechanisms for modulation of these different 

modes of interaction remain unknown, although it is likely that multiple factors are 

involved.  It is unclear whether maturation of the T cell, of the dendritic cell or of 

both influence in vivo T cell stopping, and whether mediators from the lymphoid 

milieu such as chemokines are involved.   

 

Chemokine signaling 

Chemokines are critical molecules for regulating lymphocyte trafficking, which 

they do by promoting chemotaxis (cell migration up a chemokine gradient) and 

chemokinesis (chemokine-induced cell motility).  They are small basic proteins 
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that bind to seven-transmembrane-domain receptors, which are coupled to 

heterotrimeric G proteins.  The heterotrimeric G proteins coupled to chemokine 

receptors include α and βγ subunits.  Upon binding of the chemokine ligand to 

the receptor, an array of signaling events occurs.  These are initiated by the 

exchange of GTP for GDP bound to the Gα subunit.  This exchange serves to 

liberate both the α and the βγ subunits from their receptor bound states, freeing 

them to propagate the chemokine signaling cascade (reviewed by Cyster, 1999; 

Thelen, 2001).   

 

Stimulation of chemotaxis is known to require the function of Gαi since it is fully 

inhibited by treatment with pertussis toxin, a known inhibitor of Gαi activity.  While 

the function of Gαi is known to be necessary for chemotaxis, the mechanisms of 

its actions have not yet been fully elucidated.  Signaling functions for the Gαi 

subunit include activation of FAK and Pyk-2, as well as Src family kinases, which 

in turn activate PI3K and MAPK.  Chemokine signaling is not limited to the 

actions of Gαi activity; the βγ subunits play a significant role in chemokine 

receptor signaling.  Downstream results of Gβγ signaling include activation of 

PLC leading to DAG and IP3 formation resulting in Ca++ signaling and the 

activation of PKC.  As with Gα, Gβγ signaling also leads to the activation Pyk-2, 

and PI3K (reviewed by Thelen, 2001). 
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The role of CCR7 in T cell trafficking and localization in the lymph nodes 

Migration patterns of all leukocytes are finely controlled by the chemokine 

expression profiles of different tissues, leukocyte expression of specific 

chemokine receptors, and leukocyte expression of adhesion molecules that allow 

for entry into and crawling within specific tissues.  This combinatorial “code” 

allows for very specific control of the locales that leukocytes patrol in their 

homeostatic states and in response to inflammation.  Over 50 chemokines and at 

least 18 chemokine receptors have been identified, making this “code” very 

complex (Reviewed by Moser and Loetscher, 2001).   

 

For the purposes of naïve T cell activation in the lymph nodes, the most relevant 

chemokine receptor is CCR7.  CCR7 has two ligands, CCL19 (formerly known as 

ELC) and CCL21 (formerly known as SLC).  In the absence of CCR7 or its 

ligands, numbers of lymph node T cells are severely reduced, and lymph nodes, 

peyers patches and the spleen show abnormal architecture and mislocalization 

of T cells (Forster et al., 1999; Gunn et al., 1999).  Expression of CCL21 by high 

endothelial venules (HEVs) is essential for activation of β2 integrin binding 

leading to the induction of T cell firm adhesion on HEVs, allowing for T cell 

extravasation into the lymph node (Campbell et al., 1998; Constantin et al., 2000; 

Laudanna et al., 1996).  In addition, both CCR7 ligands, serve to organize the T 

cell zones of the lymph nodes and peyers patches and the periarteriolar lymphoid 

sheaths (PALS) of the spleen (Forster et al., 1999), since the fibroblastic reticular 
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cells that construct the architecture of the T zone express both CCL19 and 

CCL21 (Luther et al., 2000).   

 

Chemokines have the ability to stimulate chemokinesis as well as chemotaxis.  

That is, they are able to induce motility in the presence of uniform levels of 

chemokine.  In the T zone of the lymph node CCL19 and CCL21 play a role in 

inducing T cell chemokinesis (Okada and Cyster, 2007; Worbs et al., 2007).  

While both of these studies clearly demonstrate that T cell crawling velocity is 

significantly reduced in the absence of CCR7 or its ligands, they show that these 

chemokines are not solely responsible for the induction of T cell crawling.  

 

CCR7 and its ligands also serve to bring naïve T cells and mature dendritic cells 

together to promote antigen surveillance (reviewed by Cyster, 1999).  Mature 

DCs express CCR7, thus attracting them to the T zone of the lymph node where 

they have the opportunity to interact with naïve T cells (reviewed by Cyster, 

1999).  Mature DCs also express CCL19 themselves (Ngo et al., 1998), which 

may serve to promote interactions between naïve T cells and antigen presenting 

DCs (Luther et al., 2000; Tang and Cyster, 1999). 

 

The role of chemokines in T cell activation 

Chemokine cues and antigen-specific signaling participate in the modulation of T 

cell behavior in the lymph node.  While chemokines can direct both T cell 

migration and arrest, TCR signals initiate T cell stopping.  The combination of 
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these cues supports a complex interplay between signals from chemokines that 

may promote either motility or adhesion and stop signals from TCR engagement.  

Factors that influence both motile and stopped behavior are T cell-zone 

chemokines, such as CCL19 and CCL21 (Forster et al., 1999).   

 

In addition to inducing transmigration when in solution, chemokines are highly 

charged small molecules that are readily adsorbed onto the extracellular matrix 

and cell surfaces (Rot, 1993). Surface-presented chemokines may be a more 

potent form of the ligand (Proudfoot et al., 2003; Shamri et al., 2005).  For 

example, lymphocytes are captured on ICAM-1 bearing surfaces in the presence 

of chemokines (Bromley and Dustin, 2002) and binding is more efficient when 

chemokines and ICAM-1 are co-presented on the same surface (Shamri et al., 

2005).  It is suggested that this occurs due to improved capture of short-lived 

affinity-upregulated integrins in the vicinity of triggered chemokine receptors.  

Presentation of chemokine on an integrin-bearing cell surface in the presence of 

antigen-MHC recognition gave rise to increased adhesion onto artificial lipid 

bilayers (Bromley and Dustin, 2002). However, the physiological relevance and 

resulting T cell response to T-zone ‘presented’ chemokines has not been 

assessed in the context of the cellular response to TCR engagement.  

 

Results from earlier studies suggested that ‘dominant’ chemokines CCL19, 

CCL21 and CXCL10 block the ‘arrest’ of T cells on pMHC complexes (Bromley et 

al., 2000).  However, a supported lipid-bilayer bearing ICAM, pMHC and 
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immobilized CCL21 augments antigen-dependent adhesion (Bromley and Dustin, 

2002).  Another report showed that ‘subordinate’ chemokines binding CCR5 and 

CXCR4 can costimulate T cell function and suggested that this occurred via 

polarization of chemokine signaling into the synapse (Molon et al., 2005). 

However, this mechanism did not account for the demonstrated costimulation of 

‘dominant’ CCL21 (Bromley et al., 2000) for which the chemokine receptor is not 

present in the synapse (Molon et al., 2005).  Costimulation by CCR7 ligands was 

unexpected since soluble gradients of CCL19 and CCL21 induce transmigration 

past a TCR-stimulatory surface, thereby preventing T cell activation (Bromley et 

al., 2000).  Additional work showed that CCL19 increased the rate of T cell 

motility on high-density monolayers of DCs and suggested that this allows T cells 

to scan more APCs and thus find rare antigens (Kaiser et al., 2005).  Another 

group showed that CCL19 and CCL21 also serve to mature DCs, preparing them 

for antigen presentation to T cells in the lymph node (Marsland et al., 2005). 

 

Finally, the previously characterized ‘random walk’ of lymphocytes in the lymph 

node is proving to have chemokine-modulated organization. This has become 

apparent for CCR7-mediated recruitment of B cells to the B-zone/T-zone boundry 

(Okada et al., 2005) and more recently for CCL3-and CCL4-mediated recruitment 

of CD8+ T cells to CD4+ T cell-bound DCs (Castellino et al., 2006).  These 

chemokines serve to organize temporal-spatial aspects of the immune response 

by bringing the right players together in the right place at the right time. 
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Our Goals 

We are interested in studying the mechanisms of early T cell activation, since T 

cell activation is important in the induction of productive and destructive immune 

responses.  A better understanding of the mechanisms of T cell activation could 

allow us to modulate this event to alter the resulting immune response.  

Specifically our goals are to elucidate the dynamics of naïve T cell–APC 

interactions in their native environment, the secondary lymphoid organs, and 

determine the effects of the lymphoid milieu on these interactions. 
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Chapter 2 

 

Surface-bound chemokines capture and prime T cells  

for immunological synapse formation 

 



24 

Summary 

 

T cell activation in vivo occurs in a lymphoid milieu that concurrently presents 

chemotactic signals and T cell receptor (TCR) signals.  In studying the effects of 

chemokines on antigen-recognition in real-time, we show that specific recognition 

of T zone chemokines such as CCL21 occurs when they are bound to the 

surface of antigen presenting cells (APCs).  We show that CCL21 is bound to the 

surface of lymph node dendritic cells, and that contact with APCs bearing 

chemokines costimulated T cells via a novel two-step contact mechanism.  Upon 

T cell contact with the chemokine-bearing APC, a chemokine-mediated ‘tethered’ 

adhesion was established, resulting in a distinct phase of interaction. The 

formation of these tethers superceded TCR-signaling and immunological 

synapse formation.  Instead, they captured the T cell in a state in which its 

leading edge projected and retracted until it found a suitable new surface. 

Establishment of this contact enhanced T cell sensitivity to antigen because 

antigen-dependent conjugate formation was more robust during subsequent 

antigen stimulation, even when the chemokine and antigen were presented on 

separate APCs.  Thus, a ‘trans’ costimulation via chemokine initiated tethering 

and priming allows microenvironmental cues to modulate T cell reactivity. 
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Results  

 

Lymph node dendritic cells bear stably bound CCL21 

To begin to study how APC-bound chemokines modulate T cell reactivity, we 

determined the amount of CCL21 on lymph node dendritic cells ex vivo.  We 

stained the surface of freshly isolated lymph node cells with anti-CCL21.  While the 

total lymph node population showed low intensities of specific staining, CD11c+ 

DCs showed high specific staining, indicating a large amount of immobilized 

CCL21 on their surface (Figure 2a). In contrast, T cells and B cells, though 

showing reproducible staining, bore approximately 6-12% that of the CD11c+ DCs. 

In all populations, staining with a goat IgG isotype control antibody showed less 

than 5% of the specific staining seen with anti-CCL21 (data not shown).  

 

In order to determine the effect of the surface-bound CCL21 on T cell-APC 

interactions, we established a model to which we could add surface-bound CCL21 

to antigenic APCs. The A20 B cell line served as an APC with minimal expression 

of CCL21 on its surface that stably bound CCL21 in a dose-dependent manner 

(Figure 2b). Based on this titration, A20s pulsed with 2 μg/ml of CCL21 

approximate the quantity on the surface of lymph node DCs.   
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Figure 2:  CCL21 is stably bound to the surface of lymph node derived 
dendritic cells. Flow cytometry of staining for cell surface bound CCL21 and the 
indicated cell surface markers.  Mean fluorescent intensity (MFI) of secondary 
alone control staining was subtracted as background for each condition. 
Representative of 3 experiments. Error bars are the standard deviation of 
duplicate samples.  (a) Lymph node cell subsets. (b) A20 B cell line pulsed with 
the indicated concentration of CCL21 and then washed.  
 

 

Surface-bound CCR7 ligands induce T cell tethering to APCs 

To examine the consequences of chemokines on early T cell–APC interactions, we 

compared the dynamics and morphology of the contacts using real-time differential 

interference contrast (DIC) and calcium imaging. Initially, we used DO11.10 T cell 

blasts since their immunological synapse phenotype in response to APCs without 

chemokines has been extensively characterized.  T cells were loaded with the 

calcium-sensitive dye FURA-2AM and mixed with A20 B cells in the presence or 

absence of exogenously added chemokine. We initially explored the effects of 
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chemokine added in solution and subsequently show that these effects are 

induced by APC bound chemokine, triggering CCR7 on T cells. 

 

In contrast to immunological synapse formation with antigen but without chemokine 

(Supplementary Movie S2), T cells interacting with APCs in the presence of 

CCL21 (Figure 3, Supplementary Movie S3) or CCL19 (images not shown) but 

absence of antigen did not initiate calcium signals and continued to crawl along the 

APC. However, rather than crawling away, the T cell remained attached to the 

APC by a uropodal tether.  This tether typically persisted for minutes in the 

absence of additional cell contacts. During such engagements, the leading edge 

continued to ruffle and extend pseudopodial protrusions as if it was trying to crawl 

away, but was prevented from doing so by an adhesion at its uropod.  To 

determine the frequency of chemokine induced T cell tethering, these data were 

quantified (Figure 4a). Tethering was scored as the presence of a clearly polarized 

amoeboid T cell adhered to an APC via its uropod.  CCL21 and CCL19 induced 

tethering in 68% and 45% of DO11.10 T cells blasts that contacted an APC, 

compared to background levels of 21% tethering in the absence of exogenously 

added chemokine. Background tethering may be modulated by activating stimuli 

other than chemokines, such as the interleukin-2 (IL-2) used in T cell blast 

cultures.   
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Figure 3:  CCL21 induces an antigen-independent tethered adhesion of T 
cells to APCs.  Time-lapse series of DIC (top) and Fura-2AM calcium (bottom) 
images of labeled T cell blasts interacting with A20 B cell APCs in the presence 
of 1 μg/ml CCL21. The T cell of interest, indicated by a red triangle, contacts the 
APC with its leading edge, crawls along the APC, and remains attached or 
tethered to the APC via its uropod. This tethered T cell maintains its polarized 
amoeboid morphology with an active leading edge and constricted uropod, and 
does not flux calcium. Calcium flux is on a pseudocolor scale indicating the ratio 
of Fura-2AM emissions at 340nm/380nm. Time elapsed is indicated in 
minutes:seconds. Full movie is available online as Supplementary Movie s3. 
 

 

The preceding observations could be explained by increased adhesiveness due to 

CCR7 signaling in either the T cell or the APC. To test whether tethering results 

from CCR7 signaling in the T cell, we compared wild-type and CCR7-deficient T 
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cell blasts.  Tethering was quantified from real-time microscopic analysis of T cell 

morphology and interactions.  CCL21 induced significant levels of tethering to 

APCs in WT T cells (P=2.53x10-12) but not in CCR7-deficient T cells (P=0.7), 

indicating that tethering is induced by CCR7 signaling in the T cell, and not in the 

APC (Figure 4b).   

 

Based on the presence of surface-bound CCL21 on lymph node derived DCs 

shown in Figure 2, we hypothesized that these observations were due to 

interactions of T cells with chemokines bound to the APC surface. To address this, 

we pre-pulsed T cells, or A20 B cell APCs with CCL21 and washed away unbound 

chemokine. We compared the resulting antigen-independent tethering to that 

produced by chemokine added to the culture.  Surface-bound CCL21 pulsed onto 

the APCs was sufficient to achieve the maximal level of tethering observed with 

chemokine added to the culture (Figure 4c).  In contrast, CCL21 pre-pulsed onto T 

cells did not induce associations with APCs significantly beyond the levels 

observed in the absence of added chemokines (P=0.42).  Together with the CCR7 

knockout data shown in Figure 4b, this result shows that augmented adhesion is a 

response to surface-bound chemokines, presented by APCs to T cells. 

 

Finally, although we focused this study on the CCR7 ligands, we utilized a flow 

cytometry-based cell-coupling assay to detect T cell adhesion to APCs in the 

presence of various T cell chemokines.  DO11.10 T cell blasts were incubated with 

A20 B cell APCs in the presence or absence of 1 μg/ml chemokine.  After 1 minute  
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Figure 4:  Surface-bound chemokines induce an antigen-independent 
tethered adhesion of T cells to APCs. (a-c) Quantitation of T cells tethering to 
A20 B cell APCs in the presence or absence of 1 μg/ml of the indicated 
chemokine.  Tethered cells were identified through microscopy by having a 
polarized amoeboid morphology with a constricted uropodal attachment to an 
APC.   Statistics were done using the Chi test with respect to samples with no 
chemokine.  *P<0.05, **P<0.001, ***P<1x10-9. (a) DO11.10 T cell blasts. Data 
were scored blindly by an independent party. Representative of 3 experiments, 
n>30 cells per condition. (b) Wild-type versus Ccr7-/- C57BL/6 T cell blasts.  Data 
pooled from 2 experiments, n>100 cells per condition. (c) DO11.10 T cells blasts 
with 1 μg/ml CCL21 in culture, or 1 μg/ml CCL21 pulsed onto T cells or APCs 
and then washed.  Data pooled from 3 experiments, n>100 cells per condition. 
(d) DO11.10 T cell blasts and A20 B cell APCs were incubated together with no 
chemokine or 1 μg/ml of each of the indicated chemokines.  The percentage of T 
cells interacting with APCs at 1 min was assessed by flow cytometry.  Error bars 
are the standard error of the mean of 3 experiments done in duplicate.  Statistics 
were done using a two-tailed Students T test with respect to no chemokine, 
*P<0.05, **P<0.01. 
 



31 

at 37 °C the cells were fixed, and the proportion of T cell–APC couples was 

quantitated (Figure 4d).  The CCR7 ligands CCL21 (P=0.007) and CCL19  

(P=0.005) induced the strongest adhesion of T cells to APCs while the chemokine 

ligands CXCL10 (P=0.02); CCL5 (P=0.05); and CXCL12 (P=0.03) induced lower 

but significant adhesion of T cells to APCs.  Significant levels of adhesion to APCs 

were not mediated by CCL3 (P=0.3) or CCL17 (P=0.2).  While this does not control 

for physiological level of expression nor the potential for variation in receptor 

expression on T cells, it indicates that a range of T cell chemokines can capture T 

cells on APCs. 

 

Chemokines induce a two-step dynamic of T cell activation 

When T cells contacted APCs bearing both CCL21 and agonist pMHC complexes, 

the tether phenotype initially dominated (Figure 5,6a, Supplementary Movie S4).  

T cells engaging such APCs initially continued to crawl, failed to round up but 

remain attached by their uropods.  As in the chemokine-only case, the leading 

edge continued to be highly active and the cells failed to flux calcium. However, 

when the leading edge subsequently engaged another pMHC bearing surface, the 

uropodal tether was rapidly released, calcium infux occurred and a conventional 

immunological synapse resulted.  The second contact could be either with the 

same APC (as in the cell marked with a green triangle in Figure 5) or with an 

adjacent APC (as in the T cell marked with a red triangle).  Quantifying this 

transition revealed that a two-step tethering synapse dynamic was rarely 
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observed in the absence of added chemokine but was the predominant mode of 

association in the presence of CCL21 (Figure 6a).   

 

 
Figure 5:  CCL21 mediates a two-step dynamic of T cell activation with a 
tethered intermediate.  A timelapse series DIC (top) and calcium flux (bottom)) 
of DO11.10 T cell blasts and A20 B cell APCs incubated with 1 μg/ml OVA 
peptide and 1 μg/ml CCL21. The T cells of interest, indicated by the red and 
green triangles initially tether to the same APC without fluxing calcium. The T cell 
indicated by the red arrow then contacts the neighboring APC with its leading 
edge, releases the tether and forms a couple with immunological synapse 
morphology and calcium flux. The T cell indicated with the green arrow flips 
around on itself, forming an immunological synapse on the same APC it was 
tethered on. Calcium flux is on a pseudocolor scale indicating the ratio of Fura-
2AM emissions at 340nm/380nm.  The time elapsed is indicated in 
minutes:seconds.  The full movie is available online as Supplementary Movie s4.  
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In the presence of antigen, CCL19 also promoted a two-step activation process 

that was similar to that induced by CCL21, although at lower frequency (data not 

shown). Additionally, T cell blasts showed two-step activation in the absence of 

exogenously added chemokines when incubated with matured bone marrow 

derived DCs presenting cognate antigen (Supplementary Movie S5), likely 

attributed to CCL19 on their surface. 

 

The transition from a chemokine-dependent tether to an antigen-dependent 

immunological synapse consistently and rapidly produced a functional calcium 

signal (Figure 5). To quantify this transition, we undertook a kinetic analysis of 

antigen- and CCL21-mediated T cell–APC coupling.  We utilized the flow 

cytometry-based cell-coupling assay described above to score T cell–APC couples 

over time.  This assay was done in pelleted cultures, which might better simulate 

the packed environment of the lymph node. DO11.10 T cell blasts incubated with 

APCs and CCL21 underwent transient chemokine-dependent, antigen-

independent adhesion during the first minute of encounter (Figure 6b).  Although 

this assay does not detect morphology, we believe that this adhesion represents 

the tethered morphology observed in our microscopic analyses. In the presence of 

chemokines alone, this adhesion rapidly dissipated over 5 minutes and was gone 

by 15 minutes post-incubation.  In contrast, encounter of APCs bearing only 

antigen resulted in a slow accumulation of couples over the 45-minute timecourse.  

The combination of CCL21 and antigen resulted in both increased initial adhesion 

and then a subsequent antigen-dependent maintenance of the coupling at later 
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times, supporting the mechanism of two-step activation observed through 

microscopy.  Over the entire timecourse, coupling frequency in the presence of 

antigen plus CCL21 remained greater than that achieved with antigen alone 

suggesting that chemokines help to break down the barriers to synapse formation. 

 

 
 
Figure 6:  CCL21-induced two-step activation leads to augmentation of 
antigen specific coupling.  (a) Quantification of two-step T cell activation on 
A20 B cell APCs in the presence of 1 μg/ml OVA peptide and the presence or 
absence of 1 μg/ml CCL21. Tethered T cells were identified through microscopy 
by having a polarized amoeboid morphology with a constricted uropodal 
attachment to an APC. Synapsed T cells were identified by having a sustained 
calcium flux and a rounded morphology and a flat interface with the APC. Data 
were scored blindly by an independent party. Representative of 3 experiments, 
n>30 cells per condition.  Statistics were done using the Chi-squared test with 
respect to samples of the category incubated with antigen alone, *P<0.0001. 
 (b) DO11.10 T cell blasts and A20 B cell APCs were incubated together in the 
presence or absence of 1 μg/ml OVA peptide and/or 1 μg/ml CCL21 for the 
indicated amount of time. The percentage of T cells interacting with APCs was 
assessed by flow cytometry. To normalize between experiments, values for 
coupling in the absence of added chemokine or peptide were subtracted as 
background.  Error bars are the standard deviation of 3 experiments. 
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Tethering primes T cells for antigenic stimulation ‘in trans’  

Given the increases in antigen-dependent couple formation observed in Figure 6b, 

and the two-step process of interactions observed in Figure 5, we speculated that 

the tether might prime T cells for more robust interactions with neighboring 

antigen-bearing APCs.  To test whether the tether was sufficient to augment the 

efficiency of synapse formation (Figure 7), we created an assay in which the 

chemokine and TCR stimuli were given on the surface of separate APCs.  Antigen-

specific coupling was assessed by the flow cytometric-coupling assay following a 

15-minute incubation, at which time tethering had dissipated.  CCL21 augmented 

antigen-dependent coupling when presented together with antigen on the same 

APC, ‘in cis’.  Remarkably, APCs bearing only immobilized CCL21 were capable of 

augmenting coupling in response to a separate set of APCs bearing only antigen, 

‘in trans’ (Figure 7a).  This trans costimulation is most likely due to the T cell 

capture events we have described, but it could be due to chemokines being shed 

and taken up by adjacent antigen-bearing cells.  Indeed to a small extent this 

occurred, as assessed by staining for quantities of surface-bound CCL21 following 

incubation of the two APC populations together under assay conditions (Figure 

7b), however, this transfer could be abrogated by fixation of the APCs with 1% 

paraformaldehyde (PFA) prior to incubating cells together (Figure 7d). The 

coupling assay done with 1% PFA fixed APCs confirmed that the augmentation of 

coupling ‘in trans’ occurs in the absence of transferred CCL21 (Figure 7c).  

Greater than 90% of coupled T cells were bound to antigen bearing APCs,  
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Figure 7:  Surface-bound CCL21 presented in trans is sufficient to augment 
antigen-specific T cell coupling to a separate APC. (a,c) DO11.10 T cell 
blasts were incubated with A20 B cell APCs that were (a) unfixed or (c) fixed with 
1% PFA. 1 μg/ml OVA peptide and/or CCL21 was pre-pulsed onto the surface of 
APCs and washed. Antigen and CCL21 were presented on the same cell (in cis) 
or presented separately on different cells (in trans). The percentage of T cells 
interacting with APCs at 15 min was assessed by flow cytometry. Statistics were 
done using a two-tailed Students T test, *P<0.02. Error bars are the standard 
deviation of triplicate samples. Representative of 3 experiments. (b) Unfixed or 
(d) fixed A20 APCs incubated as indicated above were stained for CCL21 and 
assessed by flow cytometry.  Cell populations were distinguished by CFSE 
labeling. 
 
 

confirming the antigen specificity of the CCL21-mediated augmentation (data not 

shown). Together with Figures 5 & 6, this result strongly supports chemokine 

mediated tethering as a priming event for TCR signaling. 
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LFA-1–ICAM interactions are required for tether formation 

To understand the nature of the tether phenotype, we assessed the requirements 

for integrins. We tested a series of anti-integrin antibodies to block chemokine 

induced tethers. Only blocking antibodies to Leukocyte Functional Antigen-1 (LFA-

1) (P=1.3x10-10) had significant effects on tether formation whereas antibodies 

against all the remaining T cell integrins failed to decrease tether formation (Figure 

8a). This LFA-1 interaction on T cells was primarily achieved through interaction 

with ICAM-1 as blocking antibodies led to a 62% reduction in adhesion, and the 

residual adhesion was blocked using antibodies against ICAM-2 (Figure 8b). 

Furthermore, tethered T cells had accumulated LFA-1 at the contacts (Figure 9h). 

 

 
 
Figure 8:  Chemokine induced tethers are LFA-1–ICAM dependent. (a) 
Antibody blocking of CCL21 induced tethering.  DO11.10 T cell blasts and A20 
APCs were pre-incubated with 10 μg/ml of the indicated antibody before addition 
to the assay. Statistics were done using the Chi-squared test with respect to 
CCL21 alone, ***P<1x10-9. n>15 cells per condition. (b) DO11.10 T cell blasts 
and A20 B cell APCs were pre-incubated with 20 μg/ml of the indicated antibody 
before addition to the assay. The percentage of T cells interacting with APCs at 1 
min in the presence or absence of 1 μg/ml CCL21 was assessed by flow 
cytometry. Error bars are the standard deviation of 4 experiments. Statistics were 
done using a two-tailed Students T test with respect to chemokine + Rat IgG, 
*p<0.05. Maximal tethering (%) = (x-No chemokine/CCL21-No chemokine)*100  
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Chemokine engagement inhibits TCR-signaling 

Based on the microscopic analysis, we defined tethers as consisting of elongated 

cells anchored by their trailing constricted uropods, but another feature, seen in 

Figure 5 was the absence of calcium signaling while in the tethered state.  All 

CCL21-mediated tethers, even on cells co-presenting cognate antigen, were 

unable to support sustained calcium fluxes (Figure 9a).  However, cells showing 

synapse morphology derived through one-step (antigen-only) or two-step (antigen 

and CCL21) encounters both mediated robust calcium signaling.  As another 

measure of TCR-mediated signaling and stopping, we assayed for phosphorylation 

of the T cell crawling motor Myosin-IIA on Thr-1939.  This event has been 

previously shown to debundle complexes of this motor (Dulyaninova et al., 2005) 

with filamentous actin and is associated with TCR signaling induced disassembly 

of the uropod in T cells (Jacobelli et al., 2004).  T cells in chemokine-mediated 

tethers had low amounts of Thr-1939 phosphorylated Myosin-IIA (Figure 9b,h).  In 

contrast, cells that had converted to a synapse morphology, either following 

tethering or directly in the absence of chemokines, contained elevated phospho-

Thr-1939 Myosin-IIA (Figure 9b,i). 

 

Finally, we assessed synapse TCR-CD3ζ localization in tethered and synapsed T 

cells.  T cells in tethers maintained a uropodal-localized pool of TCR-CD3ζ−GFP 

(Figure 9d,e) just as in crawling cells (Figure 9c), thus negating the argument that  



39 

 
Figure 9:  Chemokine induced tethers do not permit TCR-mediated 
signaling.  (a-b) Calcium and Myosin IIA content in synapses and tethers. 
Tethered cells were identified by having a polarized amoeboid morphology with a 
constricted uropodal attachment to an APC. Synapsed cells were identified by 
having a rounded morphology with a flat interface with the APC. **P<1x10-7, 
***P<1x10-9. (a) Calcium flux of DO11.10 T cell blasts incubated with APCs  
+/- 1 μg/ml OVA peptide and/or 1 μg/ml CCL21 was based on the ratio of 
emission for the calcium sensitive dye Fura-2AM at 340nm/380nm, and was 
considered sustained if maintained for >2 min. Representative of 3 experiments, 
n>25 cells per condition. Statistics: Chi-squared test with respect to coupled T 
cells in the absence of OVA peptide or chemokine (None). (b) T cell blasts and 
APCs were incubated +/- 1 μg/ml OVA peptide and/or 1 μg/ml CCL21 for 12-15 
min as indicated, fixed, and stained for Myosin-IIA and phospho-Myosin-IIA. 
Representative of 3 experiments, n>22 cells per condition.  Statistics: Two-tailed 
Student’s T test with respect to coupled T cells in the absence of OVA peptide or 
chemokine (None). (c-g) Representative images of TCRζ localization and 
calcium flux intensities as described for (a). (h-i) Representative images of LFA-1 
and phospho-Myosin-IIA staining as described for (b). 
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the TCR is somehow polarized away from the contact site.  However, T cells with 

synapse morphology (Figure 9f) showed c-SMACs of TCR-CD3ζ similar to those 

that formed in the absence of chemokines (Figure 9g).  Thus, chemokine-

mediated tethers are consistent with a holding pattern in which the cell has not yet 

initiated TCR signaling. 

 

Naïve T cells are captured by chemokine-bearing APCs 

Our model system was useful in elucidating how chemokines function in T 

cell−APC interactions to augment T cell antigen reactivity, however, it was also 

important to show that this mechanism is relevant to naïve T cells. To do this we 

examined naïve T cell tethering in response to CCL21 through real-time 

microscopy as described for Figure 3,4a.  Similar frequencies of CCL21-induced 

tethering were seen in naïve DO11.10 T cells (42%) (Figure 10) as seen in T cells 

blasts (Figure 4a), considering that naïve cells showed very low frequencies of 

background tethering (4%) in the absence of added chemokine.  During tethering, 

naïve T cells become intermittently polarized and rounded but remain attached to 

the APC. This morphology is reminiscent of crawling naïve T cells as seen through 

two-photon microscopy, in which bursts of crawling are interrupted by stationary 

periods with rounded morphology (Friedman et al., 2005; Miller et al., 2002) 

(Supplementary movie S6).  
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To determine if the CCL21-induced augmentation of coupling that we observed in 

T cell blasts occurs in naïve T cells, we utilized the flow cytometry-based cell-

coupling assay.  Naïve DO11.10 TCR transgenic T cells were incubated with A20 

B cell APCs in the presence of cognate antigen, CCL21, or both and after 15 

minutes the proportion of T cell–APC couples was analyzed over a range of 

peptide concentrations.  The presence of CCL21 augmented coupling efficiencies 

in naïve T cells approximately 2-fold over a range of peptide concentrations 

(Figure 10b). 

 
 
Figure 10:  Naïve T cells are captured by APCs in the presence of CCL21 
resulting in improved antigen-specific coupling. (a) Quantification of naïve 
DO11.10 T cells tethering to A20 B cell APCs in the presence or absence of 1 
μg/ml of CCL21. Tethered cells were identified through microscopy by having a 
polarized amoeboid morphology with a constricted uropodal attachment to an 
APC. Statistics were done using the Chi test with respect to samples with no 
chemokine, *P<1x10-9.  Data pooled from 2 experiments, n>80 cells per 
condition. Representative movie can be viewed online as Supplemetary Movie 
s5. (b) Naïve DO11.10 T cells and A20 B cell APCs were incubated together with 
the indicated concentration of OVA peptide in the presence or absence of 1 
μg/ml CCL21. The percentage of T cells coupled to APCs at 15 min was 
assessed by flow cytometry. Error bars are the standard deviation of 2 
experiments. Representative of 4 experiments.  
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Consistent with other previous reports (Flanagan et al., 2004),  CCL21 also 

augments the proliferation of naïve DO11.10 TCR transgenic T cells in response to 

splenocyte APCs, resulting in a 2-3 fold augmentation in proliferation as compared 

to the absence of the chemokine (Figure 11a). This proliferative augmentation is 

due to a chemokine effect on T cells as it can be fully blocked by pretreatment of 

the T cells with pertussis toxin (Figure 11b).  In sum, these results suggest a local 

effect of bound chemokine within distinct zones of lymph nodes may mediate 

increased dwell times and reactivity there. 

 

 
 
Figure 11:  CCL21-induced costimulation of naive T cell proliferation is 
blocked by Pertussis toxin.  Naïve DO11.10 T cells were pre-incubated for 2 h 
in the presence or absence of 200 ng/ml pertussis toxin (Ptx).  T cells and 
splenocyte APCs were incubated together with the indicated concentration of 
OVA peptide in the presence or absence of 1μg/ml CCL21.  Proliferation was 
assessed by 3H-thymidine incorporation at 48 - 60 h.  Error bars are the standard 
deviation of triplicate wells.  Representative of 3 experiments. 
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Discussion 

 

In this report, we describe a two-step dynamic for T cell-APC interactions in the 

presence of chemokines.  These effects are unexpected insofar as they show 

that chemokines are directly ‘presented’ by putative APCs or neighboring cells 

and that this form of chemokine influences T cell motility and subsequent T cell 

reactivity.  An aspect of this that we revealed by microscopic analysis is the 

dynamics of chemokine costimulation.  In particular, we illustrate both the 

establishment of a transient tether with highly polarized morphology and the very 

rapid and efficient release of that tether upon subsequent antigen engagement. 

 

We believe that the role of the chemokine-induced two-step T cell activation is to 

promote T cell activation in a ‘neighborhood’ of appropriately chemokine-tagged 

APCs via two mechanisms.  First, the tether captures the T cell for a period of 

time, resulting in more extensive localized scanning.  Second, the resulting 

polarized T cell has a higher probability of stable antigen-dependent interactions 

with nearby APCs due to increased sensitivity to antigen. (Figure 12) 

 

What is happening in the T cell during this adherent tethered contact?  Like an 

immunological synapse, the chemokine-induced tether requires LFA-1 and has 

TCR localized toward the contact.  However, our data shows that it differs 

substantially from the antigen-mediated contact because the T cell maintains an 

elongated amoeboid form, does not promote appreciable calcium release or  
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Figure 12:  Model: Tethering to chemokine-bearing cells allows T cells to 
pause and survey their environment, and primes T cells for antigen specific 
coupling and proliferation.   T cells tether to surface of multiple chemokine 
bearing cell types in the T zone of the lymph node.  T cells (green) shown at 
multiple times as overlay during tethering to a chemokine-coated surface 
followed by subsequent synapse formation on an antigen bearing DC (blue). 
Surface bound chemokine is indicated by the heavy red (CCL21), purple 
(CCL21+CCL19), and blue (CCL19) lines.  Possible surfaces for T cell tethering 
include (a) mature DCs, which produce CCL19 and capture CCL21 on their 
surface, (b) CCL21 producing high endothelial venules, and (c) CCL21/CCL19 
producing T zone stromal cells. 
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myosin motor phosphorylation and the contact maintains the TCR diffusely 

around the uropod, and not in a classical cSMAC aggregation. Although CCR7 

signaling promotes some calcium signal in transfectants, the reported magnitude 

of calcium release is an order of magnitude weaker than those induced by TCR 

(Ngo et al., 1998).  Together, these data suggest that the tethered T cell is 

essentially a T cell that is continuing to try to crawl away but is bound by its 

uropod. Polarized amoeboid T cells have been shown to have a striking 

preference for stimulation at their leading edge (Negulescu et al., 1996; Wei et 

al., 1999).  We suggest that the tether is a hyper-polarized T cell with resulting 

enhanced sensitivity to antigen at the leading edge. 

 

Another key finding demonstrated here is the cell-surface display of chemokines 

within the lymph-node, preferentially on DCs. Chemokines are highly charged 

molecules and have been shown to bind to heparin (which binds to the ECM) and 

proteins modified with glycosaminoglycans (GAGs) (Lau et al., 2004).  Lymphoid 

chemokines CCL19 and CCL21 are made by the stroma, high endothelial 

venules (HEV) and DCs (reviewed in (Cyster, 1999)) and GAGs are likely 

present on these surfaces (Rot, 1993). We show that DCs bind high amounts of 

CCL21 on their surface relative to B and T cells, suggesting that DCs either have 

higher expression of GAGs or have increased access to the chemokine due to 

their localization in vivo. Modulation of GAG content on these surfaces may 

provide a mechanism to increase T cell sampling and prime T cells for activation 

in that local neighborhood. Tethering on APCs appears to represent an 
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analogous behavior to lymphocyte arrest on HEV, in an alternate environment 

and for a different purpose.   

 

Since chemokine-dependent augmentation of antigen reactivity is as effective in 

trans as it is in cis, we suggest that tethering on chemokine-bearing surfaces 

such as DCs, stromal cells (Luther et al., 2000), or HEVs in the T zone could all 

serve to increase surveillance of and sensitivity to local DCs (Figure 12). Longer 

dwell-times and enhanced reactivity induced by tethering will result in increased 

scanning of and sensitivity to all APCs in the chemokine-rich neighborhood.  An 

attractive feature of this model is that the CCR7 ligands that induce tethering also 

attract mature DCs (Forster et al., 1999; Luther et al., 2000); thereby capturing T 

cells in an area rich with activated antigen-loaded DCs.  Regulation of CCR7 

expression has been observed following TCR stimulation (Langenkamp et al., 

2003; Sallusto et al., 1999) and such modulation may promote the ability of 

stimulated cells to interact in these locales. 

 

The choreography of a two-step mechanism of T cell activation leading to 

increased antigen responsiveness expands the known function of these 

chemokines. Results from earlier studies suggested that ‘dominant’ chemokines 

CCL19, CCL21 and CXCL10 block the ‘arrest’ of T cells on pMHC complexes 

(Bromley et al., 2000) and subsequently that a supported lipid-bilayer bearing 

ICAM, pMHC and immobilized CCL21 augments antigen-dependent adhesion 

(Bromley and Dustin, 2002).  Another report showed that ‘subordinate’ 
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chemokines binding CCR5 and CXCR4 can costimulate T cell function and 

suggested this occurred via polarization of chemokine signaling into the synapse 

(Molon et al., 2005). However, this mechanism did not account for the 

demonstrated costimulation of dominant CCL21 (Bromley et al., 2000) for which 

the chemokine receptor is not present in the synapse (Molon et al., 2005). Our 

data addresses the apparent conundrum concerning the function of CCL21 and 

other ‘dominant’ chemokines in promoting T cell activation.  Additional work 

showed that CCL19 increased the rate of T cell motility on high-density 

monolayers of DCs and suggested that this allows T cells to scan more total 

APCs and thus find rare antigens (Kaiser et al., 2005). Our data does not exclude 

chemokine-induced motility as mechanism for increased scanning of APCs.  

Instead it provides an additional mechanism for increasing local scanning 

through T cell capture, and demonstrates that chemokines augment antigen 

recognition under seemingly optimal conditions without antigen-bearing APCs 

being rare.   

 

A final implication of this work predicts that the previously characterized ‘random 

walk’ of T cells in the lymph node will prove to have chemokine-modulated 

organization. This has become apparent for CCR7-mediated recruitment of B 

cells to the T cell zone (Okada et al., 2005) and more recently for CCL3-and 

CCL4-mediated recruitment of CD8+ T cells to CD4+ T cell-bound DCs 

(Castellino et al., 2006).  Our demonstration of cell-surface capture also suggests 

that the observed periodic motility and pausing of T cells in vivo (Friedman et al., 
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2005; Miller et al., 2002) is likely directed not just by a gradient (front-back) of 

soluble chemokines but also by individual adhesive interactions between the 

leading edge and/or uropod.  

 

Confirmation of these ideas will require continued and detailed analysis of T cell 

motility relative to specific features of the lymph node. Previous random-walk 

motility measure did not visualize DCs or other chemokine-bearing surfaces.  Our 

data predicts that in some cases, rather than observing only chemokine mediated 

directional motility, there will also be consistent pause-points in the regions 

where these chemokines and integrin ligands are optimally presented, leading to 

a corresponding preference for activation there. 
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Methods 

 

Mice and Cells  

BALB/c mice, C57BL/6, and transgenic mice expressing the DO11.10 TCR 

(DO11.10), specific for the chicken ovalbumin amino acids 323-339 (OVA 

peptide) in the context of the MHC class II molecule I-Ad, were purchased from 

The Jackson Laboratory.  DO11.10 mice were crossed with BALB/c mice to 

obtain heterozygous DO11.10 mice. CCR7-deficient mice (Forster et al., 1999) 

were obtained from M. Lipp (Max-Delbruck-Center for Molecular Medicine, Berlin, 

Germany).  All mice were bred and maintained in accordance with the guidelines 

of the Lab Animal Resource Center of the University of California at San 

Francisco. The B cell APC line, A20 was as previously described (Jacobelli et al., 

2004). DO11.10 T cell blasts were obtained by stimulating cells from DO11.10 

spleen and peripheral lymph nodes with 1 μg/ml OVA peptide, and culturing with 

1-2 U/ml IL-2 following day 2 of stimulation.  C57BL/6 or CCR7-deficient blasts 

were obtained by stimulating spleen and lymph node cells with 1 μg/ml 

Staphylococcal enterotoxin B (SEB), and culturing with 1-2 U/ml IL-2 following 

day 2 of stimulation. Naïve CD4+ DO11.10 T cells were isolated with CD4 

negative selection kit (Miltenyi).  

 

Antibodies and Chemokines 

Anti-LFA-1, anti-CD4 allophycocyanin (APC), anti-CD40 fluorescein 

isothiocyanate (FITC), anti-Mac-1, anti-vascular cell adhesion molecule (VCAM), 
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anti-α4, anti-α4β7, anti-β1, anti-ICAM-1, anti-ICAM-2, and control anti-CD8 Rat 

IgG were obtained from BD Pharmingen.  Antibodies for myosin staining included 

anti-Myosin-IIA (Covance), anti-phosphoThr1939 Myosin-IIA (Jacobelli et al., 

2004). Donkey anti-rat FITC, donkey anti-rabbit Rhodamine, donkey anti-goat 

FITC, donkey anti-goat APC and goat IgG were all from Jackson 

ImmunoResearch.  All experiments used synthetic chemokines.  CCL21 and 

CCL19 were obtained from Peprotech. CCL3, CXCL10, CCL5, CCL17, and 

CXCL12 and anti-CCL21 were obtained from R&D Systems. 

 

Microscopy 

Imaging experiments were performed on a modified Zeiss Axiovert 200M 

microscope with a plan-neofluar 40x objective (Carl Zeiss). The microscope was 

fitted with dual excitation and emission filter wheels and a Photometrics 

Coolsnap-HQ camera. The imaging and control software used was Metamorph 

(Universal Imaging).  For imaging of live morphology, DO11.10 T cell blasts or 

naïve DO11.10 T cells T cells were loaded with 1 μM Fura2-AM (Molecular 

Probes) for 10 min at 37 ºC and washed.  2 – 4 x 105 T cells and 1 x 105 A20 B 

cell APCs were plated into coverslip-wells (Nunc) in RPMI (Gibco) media 

containing 10% FBS (HyClone) and 0.25% low-melt agarose (BMA).  1 μg/ml 

OVA peptide and/or 1 μg/ml of CCL21 or CCL19 were added to the culture where 

indicated. Cells were incubated for 5 min at 37 ºC before imaging, and at 37 ºC 

on the heated stage of the microscope.   Data collection of differential 

interference contrast (DIC), Fura 340nm, Fura 380nm and green fluorescence 
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(for retrovirally transduced cells) was done at 15-30 sec intervals over a 10-30 

min period.   For assays requiring surface bound chemokine, cells were pre-

incubated for 10 min with the indicated concentration of CCL21 and washed 2 

times prior to combining of T cells and APCs.  For antibody blocking 

experiments, T cells and APCs were pre-incubated separately for 10 min with 10 

μg/ml of the indicated antibody.  “Tethered” cells were identified by having a 

polarized amoeboid morphology with a constricted uropodal attachment to an 

APC.  Synapsed cells were identified by having a rounded morphology with a flat 

face attached to an APC.  Calcium flux was assessed based on the ratio of Fura 

340λ/Fura 380λ  with increased ratios indicating calcium flux. 

 

Flow cytometry-based coupling 

For assays with OVA peptide and chemokine in the culture, 2 x 105 A20 B cell 

APCs were pre-incubated for 10 min at 37 ºC with 2x the concentration of the 

OVA peptide indicated and/or chemokine as indicated.  2 x 105 DO11.10 T cell 

blasts or naïve DO11.10 CD4+ T cells were added to the APCs in an equal 

volume.  Cells were immediately centrifuged for 1 min at 228 x g and incubated 

for the indicated amount of time at 37 ºC.  After the incubation the cells were 

immediately fixed with an equal volume of warm 4% PFA (Electron Microscopy 

Sciences) in PBS at 37 ºC for 10 min and washed.  B cell APCs were stained for 

with anti-CD40 FITC and T cells with anti-CD4 APC.  Cells were run on a 

FACSCalibur flow cytometer (Beckton Dickinson) to quantify the percentage of 

couple formation. Percentage of couple formation was quantified as the number 
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of T cells in double-positive quadrant (CD4+CD40+) versus total numbers of T 

cells (CD4+).  For assays requiring surface bound antigen and chemokine, APCs 

were pre-incubated for 1 h with the indicated concentration of chemokine and 

OVA peptide and washed 2 times and fixed as indicated in 1% PFA in PBS for 5 

min at 25 ºC, and washed 2 additional times prior to incubation of T cells and 

APCs together.  For assays containing blocking antibodies, T cells and APCs 

were pre-incubated separately with 20 μg/ml antibody for 10 min prior to 

combining T cells and APCs. 

 

Retroviral infection 

The CD3ζ-GFP retroviral construct (Richie et al., 2002) was transfected into the 

Phoenix E packaging cell line (from G. Nolan, Stanford University, Stanford, CA).  

Media was changed on the day following transfection and supernatants were 

taken on days 2 and 3 after transfection and used directly for infection.  Prior to 

infection 2 x 106 cells obtained from DO11.10 spleen and lymph nodes were 

cultured for 2 days with 1 μg/ml OVA peptide in 1 ml/well of 24 well plates.  On 

days 2 and 3, 1 ml of viral supernatant with 1 μg/ml polybrene (Sigma) was 

added per well.  Plates were centrifuged for 30 min at 1100 x g at 25 ºC.  On Day 

5, GFP+ T cells were sorted on a MoFlo high-speed cell sorter (Cytomation). 

 

Immunocytochemistry 

Fixed cell staining was performed by incubating 2 x 105 DO11.10 T cell blasts 

together with 1 x 105 A20 B cells APCs on superfrost slides (VWR) for 15 min at 
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37 ºC. The cells were then fixed with 1% PFA at 37 ºC for 10 min, and 

centrifuged to adhere the cells to the slide. Fixed cells were blocked with 3% 

donkey serum and permeabilized with 0.02% saponin (Sigma) in PBS for 30 min. 

The primary antibodies were incubated for 60 min, then extensively washed and 

followed by secondary antibody staining for 60 min. After thorough washing the 

cells were treated with anti-fade reagent (BioRad) and the slides were sealed 

and imaged.   Mean fluorescent intensity (MFI) was measured from the medial z-

plane with a tight gate drawn around the cell of interest.   

 

Proliferation 

1 x 104 naïve DO11.10 CD4 T cells were cultured with 1 x 105 γ-irradiated 

DO11.10 splenocytes in 96-well plates.  After 48 h cultures were pulsed for 12-18 

h with 1 μCi/well of 3H-thymidine (New England Nuclear) and incorporated 

radioactivity was measured in a Betaplate scintillation counter (Wallac).  OVA 

peptide and CCL21 were added at the indicated concentrations just prior to 

addition of T cells.   
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Chapter 3 

 

Imaging the TCR in naïve T cells in vitro and in vivo 
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Summary 

 

The dynamics of T cell receptor behavior during immunological synapse 

formation in naïve T cells have not been described.  To examine this in vitro and 

in vivo, we made an OTI-TCR-GFP transgenic mouse expressing an EGFP 

labeled OT-I TCR.  Expression of the TCR-GFP was restricted to CD8+ T cells 

and GFP intensity directly correlated to TCR surface expression.  Stimulation 

through the tagged TCR led to normal killing of antigen-pulsed targets, indicating 

its functionality.   

 

When interacting with antigen-bearing mature dendritic cells, naïve T cells 

showed several behaviors, including localization of the TCR to the immunological 

synapse followed by rapid internalization of the TCR into vesicles through the 

cSMAC, abrogation of the synapse following TCR internalization, and the 

translocation of internalized pools of TCR to the cSMAC.  These data may 

suggest that during short T cell–DC interactions, TCR internalization provides a 

cue for naïve T cells to move-on to another APC, and on the subsequent APC, 

internalized pools of TCR can be delivered to the site of the immunological 

synapse. 

 

Rapid antigen-specific TCR polarization was seen using two-photon microscopy 

following the addition of antigen to lymph nodes, which indicates that T cells are 

able to rapidly engage APCs in vivo, without previous antigen stimulus.   
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Results 

 

The OTI-TCR-GFP transgenic construct 

To visualize the T cell receptor in naïve T cells we chose to tag the TCR-α chain 

with a single EGFP molecule.  We obtained the original OT-I transgenic 

constructs from F. Carbone (Hogquist et al., 1994).  The OTI-α chain was tagged 

on the C-terminus with a 20 amino acid flexible linker and EGFP and expressed 

under the CD4 enhancer and promoter without the silencer (Sawada et al., 1994) 

(Figure 13).  The OTI-β chain was expressed under its endogenous promoter 

(Hogquist et al., 1994).  Like OT-I TCR transgenic T cells, T cells from the OTI-

TCR-GFP mouse are specific for the chicken egg albumin derived peptide 

SIINFEKL in the context of the MHC class I molecule H-2Kb.   

 
Figure 13:  TCR-GFP Transgenic constructs. The c-terminus of the OT-I TCR 
α-chain was tagged with a 20aa unstructured coil linker and EGFP, and 
expressed under the CD4 enhancer and promoter with the silencer deleted.  The 
OTI TCR β-chain was expressed under its endogenous promoter. 
 

 

Expression of TCR-GFP in C57Bl/6 founders 

The transgenic constructs were injected directly into C57Bl/6 oocytes, and 

founders were screened by expression of the Vα2 and Vβ5 TCR chains as well 
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as GFP positivity.  A total of 6 founders showed TCR-GFP surface expression 

with varying levels of GFP intensity and allelic exclusion.  One founder was 

chosen based on the presence of TCR-GFP expressing progeny, GFP 

expression levels, TCR surface expression, and restriction of expression to the 

CD8+ T cell lineage.   

 

TCR-GFP T cells showed surface expression of GFP and a diffuse internal store 

behind the nucleus (Figure 14a).  As is commonly seen (Moss et al., 2002), the 

TCR is enriched in the uropod of the crawling T cell (Figure 14a).   In TCR-GFP 

T cells, GFP expression is limited to the Vα2+Vβ5+ population with GFP intensity 

varying directly with the surface expression of Vα2 and Vβ5 (Figure 14b).  While 

allelic exclusion is within the normal range for TCR transgenic mice, it is not as 

complete as in the wt OT-I mouse as indicated by the Vα2 and Vβ5 single 

positive GFP- populations that represent endogenously rearranged TCRs (Figure 

14b).  As compared to wt OT-I transgenic T cells, TCR-GFP show slightly 

reduced surface TCRα and β chain expression (Figure 14c), however, we do not 

see this as a concern for normal functionality considering that reducing TCR 

expression to as low as 5% of normal leads to no discernable phenotypic 

changes in T cell function (Labrecque et al., 2001).  The expression of the TCR-

GFP construct was restricted to CD8+ T cells, with mature CD4+ T cells and B 

cells showing no expression of GFP (Figure 14d).   
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Figure 14:  TCR-GFP is expressed on the cell surface and its expression is 
restricted to CD8+ T cells.  (A) Live widefield imaging of a crawling TCR-GFP T 
cell in vitro shows surface expression of the GFP tagged TCR. Panels show 
individual timepoints with DIC (left) and TCR-GFP (right) and elapsed time 
marked in minutes:seconds.  (B-D) Flow cytometric analysis of peripheral 
lymphocytes from wt OT-I and TCR-GFP mice.  (B) Expression of GFP was 
directly correlated to the surface expression of the TCR α and β chains (Vα2 & 
Vβ5) in TCR-GFP T cells.  (C) TCR-GFP cells express Vα2 and Vβ5 at slightly 
lower levels than wt OT-I cells.  (D) TCR-GFP expression is restricted to CD8+ 
cells.  
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The GFP tagged TCR signals normally 

In order to determine whether the TCR-GFP T cells were able to signal normally 

through the tagged T cell receptor, we tested the cytolytic effector function of 

these cells.  The T cells were stimulated in vitro with SIINFEKL peptide–pulsed 

splenocytes.  In response to in vitro stimulation, the TCR-GFP T cells expanded 

similarly to wt OT-I T cells (data not shown).  Five days after activation, the T 

cells were used in standard 4-hour chromium release cytotoxicity assays.  These 

assays showed that the TCR-GFP T cells were able to specifically kill antigen-

pulsed targets (Figure 15a).  This normal killing indicates that the T cells are able 

to signal normally through their tagged TCR-α chain.   
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Figure 15:  Activated TCR-GFP T cells show normal effector functions and 
polarize their TCR towards the immunological synapse.  (A) TCR-GFP T 
cells showed antigen specific killing of EL4 targets in a standard 4h chromium 
release assay.  (B) Widefield imaging of activated TCR-GFP T cells showed 
immunological synapse formation and TCR-GFP polarization towards the antigen 
pulsed LB27.4 APCs.  Killing of the APC by the TCR-GFP cell can be identified 
by apoptotic blebbing of the APC membrane in the bottom panel. 
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The activated T cells were also imaged in the presence of antigen-pulsed target 

cells.  The imaging showed that the TCR-GFP blasts could polarize their TCR 

towards the target cell (Figure 15b), and provided further evidence that the T 

cells were capable of rapidly killing target cells as indicated by the apoptotic 

blebbing of the target cell membrane following contact from the TCR-GFP T cell 

(Figure 15b, Supplemental Movie S7). 

 

Naïve T cells show range of TCR behaviors when interacting with DCs 

To examine the dynamics of TCR accumulation at the immunological synapse, 

we imaged naïve TCR-GFP T cells with LPS-matured bone marrow derived DCs 

(Figure 16).  In analyzing movies of the T cells interacting with DCs pulsed with 

high levels of antigen we observed a range of TCR behaviors.  One striking 

finding was the rapid nature of TCR polarization and internalization in response 

to antigen bearing DCs (Figure 16a, Supplementary Movie S8).  Figure 16a 

shows a naïve TCR-GFP T cell contacting an antigen bearing DC.  The T cell 

quickly forms an immunological synapse with the DC, characterized by the tight 

conjugate morphology.  Following immunological synapse formation, the T cell 

polarizes a portion of its TCR toward the DC with the central accumulation of the 

TCR characteristic of a cSMAC.  Within 3 minutes of cSMAC formation the TCR 

is clearly internalized from the site of the cSMAC in small punctate vesicles that 

contained concentrated TCR-GFP signal. 
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In a second example where the T cell showed synapse morphology, cSMAC 

formation, and partial internalization of the TCR at the onset of imaging, release 

of the synapse could be seen upon internalization of the polarized TCR (Figure 

16b, Supplementary Movie S9).  This suggests that TCR internalization could 

be a cue for release of the immunological synapse. 

 

 
Figure 16:  Naïve CD8 T cells show a range of behaviors while interacting 
with DCs.  (A-D)  Live widefield imaging of TCR-GFP T cells and LPS matured 
bone-marrow derived dendritic cells (DCs) pulsed with 1μM antigen.  Panels 
show individual timepoints with DIC (left) and TCR-GFP (right) with elapsed time 
marked in min:sec.  (A) The T cell contacted a DC, formed a synapse, polarized 
its TCR to a cSMAC, and rapidly internalized the TCR.  Full movie is available 
online as Supplementary Movie s8.  (B) The synapsed T cell rapidly internalized 
the TCR from the cSMAC, and then released the synapse.  Full movie is 
available online as Supplementary Movie s9.  (C) The T cell internalized its TCR 
without stopping to form a synapse or polarizing its TCR.  Full movie is available 
online as Supplementary Movie s10.  (D) Internalized vesicles trafficked to the 
site of the synapse to form a cSMAC.  Full movie is available online as 
Supplementary Movie s11.   
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A third example of a naïve TCR-GFP T cell interacting with a DC indicates that 

TCR internalization does not require prior cSMAC formation or even polarization 

of the TCR towards the DC (Figure 16c, Supplementary Movie S10).  In this 

example, the T cell continues to slowly crawl along the DC without polarizing its 

TCR towards it, however, the appearance of bright punctate pools of internal 

TCR indicates that TCR signaling during this interaction resulted in internalization 

of the TCR. 

 

In a final example, at the start of imaging, the T cell shows punctate internal 

stores of TCR that are not polarized toward the T–DC interface (Figure 16d, 

Supplementary Movie S11).  The punctate nature of these stores (Figure 16d) 

suggests that these were internalized as a result of antigen-induced TCR 

internalization rather than constitutive TCR recycling which shows a diffuse 

rather than punctate internal store (Figure 14a).  During the course of this T cell–

DC interaction, the punctate stores of TCR traffic to the site of the T–DC interface 

and form a cSMAC.  It is unclear whether these vesicles are able to fuse with the 

membrane to deliver TCR back to the surface of the cell to signal. 

 

Taken together, these examples lead us to hypothesize that the internalization of 

the TCR is a cue for naïve T cells to move on to additional APCs during dynamic 

interactions.  The delivery of the TCR-containing internalized vesicles to the site 
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of the cSMAC also suggests that internalized stores may provide an additional 

pool of TCR to be reutilized during subsequent antigen signaling. 

 

Naïve T cells rapidly formed synapses, polarized their TCR, and 

internalized the TCR at high antigen concentrations 

To further characterize the dynamics of TCR behavior in response to matured 

DCs, we quantified the frequencies and kinetics of the TCR behaviors (described 

in Figure 16) during naïve T cell–DC interactions in the presence of varying 

concentrations of antigen.  Imaged T cells were categorized by the following 

criteria:  Synapse: T cells that formed a tight conjugate with DCs;  Polarize: 

synapsed T cells that polarized their TCR towards a DC;  cSMAC: synapsed T 

cells that formed a cSMAC configuration of their TCR towards a DC;  Internalize: 

T cells that internalized their TCR into vesicles (Figure 17).   

 

While T cells were capable of forming synapses and polarizing their TCR in the 

absence of antigen, they did not form cSMACs or internalize their TCR under this 

condition (Figure 17a).  The frequencies of synapse formation, TCR polarization, 

cSMAC formation, and TCR internalization were significantly increased with 

higher antigen concentrations.  Interestingly, in the presence of both antigen 

doses, there was a higher frequency of TCR internalization than cSMAC 

formation (Figure 17a), suggesting as indicated by Figure 16c that cSMAC 

formation is not required for antigen induced TCR internalization. 
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In addition to increasing the frequencies of synapse formation, TCR polarization, 

cSMAC formation, and TCR internalization, higher antigen concentration also 

accelerated the kinetics of the progression from synapse formation to TCR 

internalization (Figure 17b).  We were surprised by the rapid kinetics of TCR 

trafficking in the presence of high antigen dose (1μM), with T cells progressing 

from synapse formation to TCR internalization in less than 5 minutes.  This 

process was more heterogeneous and slower in the presence of lower (0.1μM) 

antigen concentration. 

 

 
 
Figure 17:  Naïve TCR-GFP T cells rapidly form synapses, polarize their 
TCR, and internalize the TCR at high antigen concentrations.  (A-B) 
Quantification  of live widefield and confocal imaging (as seen in Figure 4) of 
naive TCR-GFP T cells and LPS matured dendritic cells (DCs) pulsed with 
antigen as indicated. T cells imaged were categorized by the following criteria:  
“Synapse” T cells that formed a tight conjugate with DCs; “Polarize” T cells that 
polarized their TCR towards a DC, “cSMAC” T cells that formed a cSMAC 
configuration of their TCR towards a DC, “Internalize” T cells that internalized 
their TCR into vesicles. (A) Percentage of T cells that showed the indicated 
behaviors.  (B) Amount of time from the point a T cell initially contacted a DC 
until the indicated behavior.  Each point indicates an individual cell and the bar 
represents the mean. 
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Optimization of imaging and analysis technique for visualizing TCR-GFP 

through two-photon microscopy 

One of the primary goals in making the TCR-GFP mouse was to provide a tool 

for examining the kinetics of immunological synapse formation and TCR 

polarization during T cell priming in vivo.  Currently, the best way to image in vivo 

T cell dynamics is through two-photon microscopy due to its superior 

characteristics for imaging into tissues with minimal phototoxicity.  To date there 

have not been reports of imaging molecular localization on T cells within the 

lymph node through two-photon microscopy.   

 

TCR expression levels that lie within the normal range provide a physiological 

system for us to image, but also present significant challenges for imaging due to 

the low level of fluorescence.  As can be seen in Figure 14, the fluorescent 

signal from TCR-GFP T cells is quite low at only 1.5 logs over wild type T cells.  

By comparison, in the same channel CFSE labeled cells used for two-photon 

imaging typically have a fluorescent signal at 4 logs or greater.  Therefore, 

excitation of the GFP and detection of fluorescence emission must be optimized 

to collect sufficient signal to visualize the TCR. 

 

In order to efficiently detect the TCR to make assessments about the polarization 

of the TCR, we made several changes to our standard imaging protocol.  To gain 

better resolution of the image, we condensed the excitation laser scan pattern 
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across the sample such that each pixel represented 0.2μm in the xy dimension 

as opposed to our standard scan patter where each pixel represents 0.6μm.  To 

improve the signal to noise levels in our detection we obtained a Hamamatsu 

cooled photomultiplier tube (PMT) for use in the green channel for detection of 

the TCR-GFP.  This PMT provided superior sensitivity and signal to noise ratio 

as compared to the standard PMTs used for detection on the other three 

channels.  To further increase the signal to noise ratio, a total of 60 video rate 

images were averaged for each frame.  This averaging served to reinforce the 

real signal that appeared in multiple scans while diluting the random noise. 

 

A second major obstacle in imaging the TCR-GFP T cells in the lymph node was 

the presence of autofluorescent macrophages and dendritic cells (Figure 18a).  

Autofluorescence from these cell types appears primarily in the green channel, 

and has been well characterized.  While this does not pose a problem under 

standard imaging conditions where the probes are far brighter than the 

autofluorescence, it was a major problem under our protocol to optimize 

detection of green fluorescent signal.  In fact, in many cases the 

autofluorescence in the green channel was of equal or greater intensity than our 

TCR-GFP signal. 

 

To ensure that we were able to identify our TCR-GFP T cells amongst the 

autofluorescence of the lymph node, we co-labeled the T cells with the red 

fluorescent vital dye CMTMR.  Co-labeling with CMTMR also helped to assess 
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Figure 18:  Image processing of TPLSM data.  TCR-GFP T cells were co-
labeled with CMTMR to facilitate their identification and then adoptively 
transferred into wt C57Bl/6 hosts that were immunized in the footpad with CFA 
and imaged through TPSLM.  Image processing of a single Z-plane of TPLSM 
imaging of TCR-GFP T cells in a lymph node.  (A) Image of TCR-GFP 
fluorescence and green autofluorescence in the green channel with background 
noise subtracted.  (B) Overlay of fluorescence in the green channel (green) and 
fluorescence in the red channel (red).  (C) Dot plot of fluorescence intensities of 
each pixel in image B.  CMTMR labeled TCR-GFP T cells (red arrow) show a low 
green:red ratio, while autofluorescence (green arrow) show a high green:red 
ratio.  (D) Pseudocolor image of the ratio of fluorescence in the green channel to 
fluorescence in the red channel.  (E) Binary mask of regions of the image that 
contain a low ratio of green:red fluorescence.  (F) Result of multiplying the binary 
mask by the background subtracted data in the green channel to obtain an image 
that eliminates green autofluorescence.  (G) Overlay of the processed green 
fluorescence (green) and red fluorescence (red). 
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for polarization of the TCR by identifying the entirety of the T cell body.  While the 

red co-labeling of the T cells significantly helped in locating and assessing the 

green fluorescent signal of the TCR-GFP T cells (Figure 18b), the green 

autofluorescence provided significant distraction (Figure 18a), which hindered 

analysis.  To eliminate autofluorescence, we utilized the ratio of red fluorescence 

to green fluorescence in processing our images.  Our CMTMR labeled TCR-GFP 

T cells had a low green:red ratio, and the autofluorescence that appears primarily 

in the green channel had a high green:red ratio (Figure 18c).   

 

To process the images to eliminate autofluorescent signal, we first subtracted 

background noise levels from the green image.  A ratio was then made of the 

green image:red image (Figure 18d).   Based on the green:red ratio, a binary 

mask was made to eliminate the pixels that showed a florescent signature 

characteristic of the autofluorescence (high green:red ratio) (Figure 18e).  When 

the binary mask was multiplied by the background subtracted data, the 

autofluorescence-derived green signal was eliminated (Figure 18f).  

Bleedthrough from the red channel was then assessed based on CMTMR 

labeled wild type T cells in a lymph node imaged under the same conditions.  

Based on this assessment, bleedthrough was then subtracted from the green 

channel as a percentage of the red signal.  Utilizing this method of image 

processing we were able to significantly improve the identification of the TCR-

GFP signal versus the autofluorescence in our images (Figure 18a vs. 18f). 
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Using these imaging techniques we have achieved some success in consistently 

detecting the dimly fluorescent TCR-GFP T cells in the lymph node at depths of 

80μm or less.  At these depths we were able to image the shallow areas of the T 

cell zone that lie between the B cell follicles. 
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Figure 19:  T cells stopping in the lymph node.  Quantification of TCR-GFP 
Rag2-/- T cells stopping in live explanted lymph nodes during TPLSM analysis.  
TCR-GFP T cells were co-labeled with CMTMR to facilitate their identification 
and then adoptively transferred into wt C57Bl/6 hosts that were immunized in the 
footpad with CFA.  After 18h, the draining popliteal lymph nodes were surgically 
removed and imaged at 36ºC in media perfused with 95% O2 with or without 
0.1μM cognate antigen.   
 

 

A final challenge that we have encountered in imaging TCR-GFP T cells is the 

cumulative phototoxicity to the T cells during the imaging process.  Due to the 

condensed scan pattern, increased frame averaging and high intensity of laser 

power necessary to detect the TCR-GFP T cell; we see effects of phototoxicity 

after approximately 6 time-points.  The phototoxicity results in T cell stopping and 
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rounding, and also inhibits the T cell’s ability to polarize its T cell receptor (data 

not shown).  The effects of the phototoxicity can be seen when T cell stopping is 

assessed in the presence and absence of antigen (Figure 19).  Under imaging 

conditions that do not cause phototoxicity, T cell stopping does not occur in the 

absence of antigen.  

 

Naïve T cells in the lymph node show rapid TCR polarization in response to 

cognate antigen 

We were interested in imaging the first contacts of naïve T cells with APCs.  To 

provide DCs within the imaged lymph node that were matured and ready for 

antigen presentation, wild type C57Bl/6 mice were immunized sub-cutaneously in 

the footpads with CFA.  At the same time, CMTMR labeled TCR-GFP T cells or 

wt T cells were adoptively transferred via intravenous injection.  To ensure that 

we were imaging only TCR-GFP T cells and not T cells with endogenously 

rearranged TCRs, TCR-GFP Rag2-/- T cells were used for adoptive transfer.  18 

hours following immunization and T cell adoptive transfer, the mice were 

sacrificed and their draining popliteal lymph nodes were surgically removed and 

imaged at 36ºC in media perfused with 95% O2.  The lymph nodes were imaged 

as described above, from the cortical side of the lymph node with 910nm 

excitation.  1μm optical Z-sections were taken, with the full Z-stack being imaged 

every 2-3 minutes for 10-30 minute time periods. 
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Figure 20:  Naïve T cells in the lymph node show rapid TCR polarization in 
response to cognate antigen.  (A-D) TPLSM analysis  of TCR-GFP Rag2-/- T 
cells in live explanted lymph nodes.  TCR-GFP T cells were co-labeled with 
CMTMR to facilitate their identification and then adoptively transferred into wt 
C57Bl/6 hosts that were immunized in the footpad with CFA.  After 18h, the 
draining popliteal lymph nodes were surgically removed and imaged at 36ºC in 
media perfused with 95% O2 with or without 0.1μM cognate peptide.  The lymph 
nodes were imaged from the cortical side of the lymph node with 910nm 
excitation.  To eliminate autofluorescence from macrophages and DCs that 
primarily appears in the green channel, images were processed as explained in 
Figure 18.  (A-C) Live TPLSM imaging of TCR-GFP T cells in a lymph node.  
Panels show individual time points with TCR-GFP (green) and CMTMR (red) 
overlayed (left) and TCR-GFP (right).  White arrows indicate sites of TCR 
polarization. (A) In the presence of 0.1μM antigen.  (B-C) In the absence of 
antigen.  (D-E) Quantification of TPLSM analysis.  (D) Percentage of T cells 
imaged that polarized their TCR.  P value is calculated using a Chi Square Test.  
(E) Amount of time until stopping or polarization from the time of antigen addition.  
Error bars represent the standard error of the mean. 
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In order to catch the fleeting event of the first contact of T cells with antigen-

bearing APCs, we developed a system where we could specify the moment 

antigen was available.  Oxygenated media with or without 0.1μM cognate peptide 

was flowed through the chamber containing the explanted lymph node.  The 

small 8-mer peptide was able to diffuse through the lymph node and bind to 

MHC-I on cells within the lymph node.  Imaging in the presence of peptide was 

started at the moment peptide-containing media reached the explanted lymph 

node.   

 

The T cell receptors of TCR-GFP T cells rapidly polarized in the presence of 

antigen (Figure 20a,d & Supplementary Movie S12).  Interestingly, based on 

autofluorescent signals, in some cases we could visualize the APC that the TCR 

was polarized towards (data not shown).  While TCR polarization was also seen 

in the absence of antigen (Figure 20b,c & Supplementary Figure 13), this 

occurred significantly less frequently than in the presence of antigen (Figure 

20d).  As seen in vitro, the polarization of the TCR occurred rapidly, on average 

within 12 minutes after the addition of antigen (Figure 20e).  These data indicate 

that naïve T cells are able to rapidly engage APCs in vivo without previous 

antigen experience.  Due to issues with phototoxicity, we were unable to assess 

whether the TCR polarization occurred during transient or stable interactions with 

APCs. 
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Discussion 

 

Our TCR-GFP T cells give us the unique ability to examine TCR dynamics in 

naïve T cells.  Previous work has been limited to imaging the TCR dynamics in 

activated T cells that can be transfected or transduced, inferring the dynamics of 

the TCR by imaging the dynamics of MHC on the APC, or imaging fixed time 

points without the benefit of following the TCR over time.  Each of these 

approaches has contributed to our current accumulation of knowledge, but many 

questions about TCR behavior during primary T cell activation in vivo remain.  In 

vivo imaging of T cells during primary T cell activation, or priming, has shown that 

T cells engage in initial short dynamic interactions with APCs prior to engaging in 

prolonged stable interactions (Bousso and Robey, 2003; Mempel et al., 2004; 

Miller et al., 2002).  We chose to use TCR-GFP T cells to track the dynamics of 

the TCR in vitro and in vivo to help us answer several key questions about the 

early stages of T cell priming.   

 

Do naïve T cells in vivo show the cSMAC formation that is characteristic of the 

mature immunological synapse?  The presence of cSMAC formation in the 

priming of naïve T cells is questionable for multiple reasons.  It is uncertain 

whether TCR polarization or cSMAC formation occurs during the short dynamic 

interactions characteristic of early T cell priming in the lymph node, or perhaps it 

only occurs during the later prolonged interactions.  Additionally, the naïve T cell–

DC synapse, which is the characteristic cell–cell interaction for T cell priming, 
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shows significantly reduced frequencies of cSMAC formation as compared to 

synapses with activated T cells or other types of APCs (O'Keefe et al., 2004; 

Watson and Lee, 2004).  This suggests that cSMAC formation might not happen 

at all during T cell priming; instead, it could be a phenomenon that is restricted to 

effector phase interactions such as those with B cells during T cell help, or with 

target cells in the periphery.   

 

Through two-photon imaging of TCR-GFP T cells in explanted lymph nodes, we 

were able to identify very rapid polarization of the TCR in response to initial 

exposure to cognate antigen in 44% of T cells imaged.  In order to catch the 

moment of initial TCR engagement with an APC bearing cognate antigen, we 

developed a system in which antigen was added to the media in which the lymph 

node was bathed.  This system has allowed us to analyze the initial response of 

T cells to cognate peptide.  Based on the resolution limitations of two-photon 

imaging and the absence of additional markers such as LFA-1, we cannot 

distinguish between TCR polarization and cSMAC formation.  However, we are 

confident in concluding that in vivo, T cells are able to rapidly polarize their TCR 

in response to cognate antigen without previously being engaged by APCs 

bearing cognate antigen.   

 

Interestingly, in vivo and in vitro, we observed polarization of the TCR in the 

absence of cognate antigen in 8-12% of T cells imaged.  This observation is 

supported by previous data that indicates that T cells can polarize their TCR and 
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exhibit baseline levels of TCR signaling in the absence of cognate antigen (Revy 

et al., 2001; Stefanova et al., 2002).   

 

A second question that we chose to address is: Why do T cells engage in initial 

short interactions with APCs in vivo?  Our in vitro imaging suggests that 

internalization of the TCR might act as a cue for a T cell to move onto another 

APC.  In the presence of cognate antigen, we saw the dissolution of the 

immunological synapse following TCR internalization.  The speed with which this 

happened at high antigen concentrations allowed us to easily visualize this 

process from start to finish.  We hypothesize that the internalization of the TCR 

serves as a cue for the T cell to move on to another APC, by downregulating 

TCR signaling including the Ca++ influx necessary to establish T cell stopping. 

 

Based on our data it is also tempting to speculate about why T cells transition 

from short interactions with APCs to prolonged interactions.  We hypothesize that 

perhaps the amount of TCR that is available for signaling plays a role in this.  As 

T cells signal, their fully triggered TCR complexes are internalized and at least in 

part degraded.  In this case, as the TCR is internalized due to multiple short 

interactions with APCs, degradation of the internalized TCR results in a reduction 

in the pool of TCR available for signaling.  Perhaps as the density of TCR on the 

surface of the T cell is reduced, the T cell must spend longer interacting with an 

APC to sum the same amount of signal gained from a short interaction with a 

higher density of receptor.  Unpublished data presented by Hendrickson and von 
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Andrian showed that the period of short interactions prior to prolonged interaction 

is reduced in the presence of higher concentrations of antigen and by higher 

affinity ligands.  These data support our hypothesis since increasing antigen 

density and affinity both increase the degree and kinetics of TCR internalization 

(Hemmer et al., 1998; Itoh et al., 1999; Liu et al., 2000). 

 

A final important component of this work is the analysis of the minimal levels of 

fluorescence necessary for two-photon microscopy in a lymph node.  With 

current imaging technology, we believe that in these experiments we were 

working at the threshold of imageable fluorescence, especially when levels of 

autofluorescence are taken into consideration.  While we were able to 

consistently visualize the TCR-GFP in the most superficial 80μm of the lymph 

node, imaging deep into the heart of the T zone was not possible.  Additionally, 

based on the high level of autofluorescence specifically in the green channel, it 

might be better in the future to tag molecules of interest with fluorophores that 

emit in the red channel.  Finally, to optimize the level of fluorescence without 

sacrificing physiological expression levels, it might be necessary to tag molecules 

with tandem fluorophores.   
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Future Directions 

 

Because this project remains incomplete, we would like to propose some future 

experiments that will allow us to draw firm conclusions about the hypotheses that 

we have made thus far. 

 

Imaging TCR dynamics during short interactions in a collagen matrix 

To address the hypothesis that TCR internalization is a cue that signals the T cell 

to move on during short dynamic interactions, we propose to image T cell–DC 

interactions in vitro in a collagen matrix.  It has been shown that in a collagen 

matrix, T cells form predominantly short interactions with DCs (Gunzer et al., 

2000).  In our imaging experiments, we observed the loss of immunological 

synapse morphology and TCR polarization in multiple instances, but due to the 

absence of a substrate for the T cell to adhere to, the T cell was unable to detach 

from the DC and travel to another.  By imaging in a collagen matrix we will be 

able to observe TCR dynamics during multiple short interactions.  By 

concurrently imaging calcium flux using Fura-2, we will also analyze how TCR 

internalization correlates with TCR signal initiation and termination.   

 

TCR internalization by naïve vs. activated T cells 

Based on our observations, we suspect that naïve T cells might internalize their 

TCR more rapidly in response to TCR stimulation than activated T cells.  This 

difference could in part explain the differences in the T cell–APC interaction 
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durations between naïve and activated T cells, with activated cells tending 

towards more stable interactions.  To test this we plan to do a direct comparison 

of the time to TCR internalization in naïve versus activated TCR-GFP T cells in 

response to the same antigenic stimulus.   

 

Imaging early TCR dynamics in response to pMHC in vivo 

The approach that we plan to take to visualize the TCR dynamics during the 

initial T cell–APC interaction is based on the imaging of explanted lymph nodes 

reported above.  First, we will characterize the nature of the T cell–DC 

interactions in the presence and absence of cognate peptide.  We have not yet 

determined whether TCR-GFP T cells under our conditions of adding antigen to 

the media form short dynamic interactions or stable interactions.  To determine 

this, we will transfer CMTMR-labeled TCR-GFP T cells into CFA-immunized 

CD11c-YFP mice.  All experimental conditions will be kept the same as 

described above, however, the T cells will be imaged for CMTMR fluorescence 

only, under standard imaging conditions.  This will enable us to determine the 

kinetics of the T cell–DC interactions in the absence of phototoxicity.   

 

Based on the optimized imaging protocol necessary for the visualization of the 

TCR-GFP fluorescence, we have determined that we can image 5-6 time frames 

without observing the effects of phototoxicity.  Therefore, once we have 

characterized the kinetics of the initial T cell–DC interactions under standard 

imaging conditions, we will establish the best spacing of the 5 frames of TCR-
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GFP imaging to allow us to characterize the behavior of the TCR during early T 

cell–DC interactions in the presence and absence of antigen.   

 

Visualizing the DCs at the same time as the TCR-GFP has been very difficult due 

to the use of the red and green channels for imaging the T cells, and the 

bleedthrough of blue and yellow fluorophores into the green channel.  

Additionally, transfer of labeled APCs would not allow for visualization of the 

endogenous DCs that are presenting antigen in our system.  In an effort to 

visualize the endogenous DCs, we plan to inject red- or blue-labeled anti-CD11c 

antibody intravenously prior to removal of the lymph nodes for imaging.   

 

Dissecting antigen independent TCR polarization 

Our data showed that in the absence of cognate peptide, approximately 12% of T 

cells imaged in the lymph node showed TCR polarization.  To determine whether 

this polarization is dependent upon TCR–MHC interactions, we plan to image the 

TCR-GFP dynamics in β2 microglobulin deficient recipients. 

 

Making a better TCR reporter 

As a step in establishing a more robust system for imaging the TCR in vivo in the 

more distant future, we plan to use the TCR-GFP as a template for making TCR-

4C.  In the TCR-4C, the single GFP molecule will be replaced with 4 copies of 

the mCherry red fluorescent molecule.  This will allow us to have significantly 

higher levels of fluorescence without overexpressing the TCR, and it will also 
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avoid the problem of very high levels of autofluorescence in the green channel.  

The major caveat that we might encounter with this approach is whether the 

bulky fluorescent tag will affect TCR expression or signaling. 
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Methods 

 

TCR-GFP transgenic construct 

The original OT-I transgenic constructs were a generous gift of F. Carbone 

(Hogquist et al., 1994).  The OTI-α chain was tagged on the C-terminus with a 

20aa flexible linker and EGFP using standard molecular techniques.  The OTI-α-

GFP was expressed under the CD4 enhancer and promoter without the silencer 

(Sawada et al., 1994).  The OTI beta chain was expressed under its endogenous 

promoter (Hogquist et al., 1994). 

 

Mice and Cells 

C57BL/6 mice, C57BL/6 Rag-2 deficient mice and transgenic mice expressing 

the OT-I TCR (OT-I) specific for the chicken ovalbumin derived peptide 

SIINFEKL in the context of the MHC-I molecule H-2Kb, were purchased from The 

Jackson Laboratory, and bred in-house.  TCR-GFP transgenic mice were made 

by standard protocols, with injection of transgenic constructs directly into 

C57BL/6 ova.  All mice were bred and maintained in accordance with the 

guidelines for the Lab Animal Resource Center of the University of California at 

San Francisco. 

 

The cell lines EL-4, LB27.4, 66, and X63 cells were obtained from ATCC.  TCR-

GFP blasts were obtained by stimulating cells from TCR-GFP lymph nodes with 

splenocytes that were pulsed with 0.1μg/ml SIINFEKL peptide and washed, then 
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cultured in RPMI medium (Gibco) supplemented with 1 mM L-glutamine, 

penicillin, streptomycin (all from Life Technologies), 0.5 μM 2-ME, and 10% fetal 

bovine serum (HyClone), with 1-2 U/ml IL-2 following day 2 of stimulation.  DCs 

were generated by culturing 5–10 x 106 bone marrow cells in 100-mm 

suspension culture dishes (Corning) for 8–11 d with 20 ng/ml GM-CSF in Iscove's 

modified Dulbecco's medium (Gibco) supplemented with 1 mM L-glutamine, 

penicillin, streptomycin, 5 x 10–5 M 2-ME, and 10% fetal bovine serum. On days 5 

and 8, nonadherent and loosely adherent cells were harvested and transferred to 

new plates. 1 ng/ml IL-4 was added for the last 3 days of culture. DCs were 

matured with 1 µg/ml LPS (E coli O26:B6; Sigma-Aldrich).  Naïve CD8+ T cells for 

in vitro imaging were isolated from lymph nodes and splenocytes with a CD8 

StemSep negative selection kit (Stem Cell Technologies). 

 

Reagents 

Anti-Vα2-PE, anti-Vβ5-APC, anti-CD8-APC, anti-CD4-APC, and anti-CD19-APC 

were all obtained from BD Pharmingen.  CMTMR was obtained from Molecular 

Probes.  GM-CSF and IL-4 were produced in-house from 66 cells and X63 cells 

respectively. 

 

Chromium Release assay 

EL-4 target cells were labeled with 51Cr (Amersham) and pulsed with 0 or 0.1μM 

SIINFEKL peptide for 1 h at 37°C and washed 3 times.  104 target cells and the 

indicated number of TCR-GFP blasts were plated into the wells of 96-well round 
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bottom plates in triplicate and incubated at 37°C for 4 h.  Supernatants were then 

harvested and mixed with ScintiSafe (Fisher) scintillation fluid and radioactivity 

was measured in a Betaplate scintillation counter (Walllac). 

 

In vitro Microscopy 

Imaging experiments were performed on a modified Zeiss Axiovert 200M 

microscope with a plan-neofluar 40x objective (Carl Zeiss). The microscope was 

fitted with dual excitation and emission filter wheels and a Photometrics 

Coolsnap-HQ camera. The imaging and control software used was Metamorph 

(Universal Imaging).  DCs were pre-pulsed with 0, 0.1 or 1μM SIINFEKL peptide 

as indicated and washed three times prior to imaging.  4 x 105 naïve CD8+ TCR-

GFP T cells 1 x 105 matured DCs were plated into coverslip-wells (Nunc) in RPMI 

(Gibco) media containing 10% FBS and 0.25% low-melt agarose (BMA).  Cells 

were incubated for 5 min at 37 ºC before imaging, and at 37 ºC on the heated 

stage of the microscope.   Data collection of differential interference contrast 

(DIC)  and green fluorescence was done at 30-60 sec intervals over a 30 min 

period.  

 

Adoptive transfers and immunizations 

3–10 x 106 TCR-GFP Rag2-/- lymph node cells and splenocytes or wt C57BL/6 

lymph node cells were labeled with 20μM CMTMR for 30 min at 37°C, washed 3 

times and injected into wt C57BL/6 recipients through the tail vein.  

Simultaneously, recipient mice were injected with 10μl of a complete freund’s 
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adjuvant (CFA)–PBS emulsion subcutaneously in the footpad.  Mice were 

sacrificed 18 h after adoptive transfer and immunization and lymph nodes were 

removed for TPSLM imaging. 

 

TPLSM imaging 

A custom resonant-scanning instrument based on published designs (Sanderson 

and Parker, 2003) containing a four–photomultiplier tube operating at video rate 

was used for two-photon microscopy.  Popliteal lymph nodes were immobilized 

on coverslips with the efferent lymphatics facing away from the objective, and 

imaged through the capsule.  Lymph nodes were maintained at 36 °C in RPMI 

medium perfused with 95% O2/5% CO2 with or without 0.1μM SIINFEKL peptide 

as indicated.  Samples were excited with a 5-W MaiTai TiSaphire laser tuned to a 

wavelength of 910 nm, and emission wavelengths of 500–540 nm (for GFP), 

567–640 nm (for CMTMR) and 455-485 nm (for second-harmonic emission) were 

collected.  A custom four-dimensional acquisition module in the VideoSavant 

digital video recording software (IO Industries) was used for image acquisition.  

For time-lapse image acquisition, each xy plane spanned 80μmx96μm at a 

resolution of 0.2μm per pixel, and 60 video-rate frames were averaged, giving 

effective collection times of approximately 2s per image. Images of up to 80 xy 

planes with 1μm Z-spacing were acquired every 2-3 min for 10–30 min.  Analysis 

was done as described above using Metamorph (Universal Imaging) for data 

processing and Imaris (Bitplane) for 3-dimensional visualization. 
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Appendix:  Legends for Supplementary Movies 

 

Movie S1:  Oxygen is required for T cell motility in the lymph node.  Movie 

version of Figure 1a & b.  T cells were labeled with CFSE and transferred into 

wild type recipient mice. Inguinal lymph nodes were isolated and perfused with 

RPMI alone (left) or with RPMI saturated with bubbling 95% O2 (right) at 37˚C 

and subjected to TPLSM analysis.  In regions imaged at identical depths within 

the lymph node, T cells showed significantly increased velocities in the presence 

of O2.   

 

Movie S2:  Prototypical antigen dependent coupling.  Representative image 

of T cell immunological synapse on an antigen-bearing APC as quantified in 

Figure 6a.  Time-lapse series of DIC (left) and Fura-2AM calcium (right) images 

of labeled T cell blasts interacting with A20 B cell APCs in the presence of 1 

μg/ml OVA peptide. The T cell contacts the APC with its leading edge, fluxes 

calcium and shows the canonical immunological synapse morphology – rounded 

with a flat interface. Calcium flux is on a pseudocolor scale indicating the ratio of 

Fura-2AM emissions at 340nm/380nm. A timestamp (bottom) indicates the 

elapsed time in minutes:seconds.   

 

Movie S3:  CCL21 induced T cell tethering.  Movie version of Figure 3. 

Representative image of T cell tether on a chemokine-bearing APC as quantified 
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in Figure 4. A timestamp (bottom) indicates the elapsed time.  DIC (left) and 

corresponding FURA-2AM ratio (right) are shown. 

 

Movie S4:  CCL21 induced two-step T cell activation with a tethered 

intermediate on an antigen-bearing APC.  Movie version of Figure 5. 

Representative image of T cell tethering followed by immunological synapse 

formation on an antigen and chemokine-bearing APC as quantified in Figure 6.  

A timestamp (bottom) indicates the elapsed time.  DIC (left) and corresponding 

FURA-2AM ratio (right) are shown.  

 

Movie S5:  Two-step T cell activation induced by endogenously produced 

chemokine on antigen bearing DCs.  Timelapse series of DIC (left) and Fura-

2AM calcium (right) images of labeled T cell blasts interacting with bone-marrow 

derived DCs in the presence of 1μg/ml OVA peptide.  The T cell contacts the 

APC with its leading edge, crawls along the APC, and remains attached or 

tethered to the APC via its uropod.  The tethered T cell maintains its polarized 

amoeboid morphology with an active leading edge and constricted uropod and 

does not flux calcium until a second contact with a DC induces calcium flux and 

immunological synapse formation.   The cells two of interest are indicated by 

white and yellow the arrows. Calcium flux is on a pseudocolor scale indicating 

the ratio of Fura-2AM emissions at 340nm/380nm.  A timestamp (top) indicates 

the elapsed time in minutes:seconds.   
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Movie S6:  CCL21 induced tethering in naïve T cells.  Representative image 

of T cell tether on a chemokine-bearing APC as quantified in Figure 10a.  

Timelapse series of DIC (left) and Fura-2AM calcium (right) images of labeled 

naïve DO11.10 T cell interacting with bone-marrow derived DCs in the presence 

of 1 μg/ml CCL21. The T cell contact the APC and remain bound to it. While 

bound the T cells fluctuate between a rounded morphology, and the polarized 

morphology characteristic of a tethered T cell blast.  Calcium flux is on a 

pseudocolor scale indicating the ratio of Fura-2AM emissions at 340nm/380nm. 

A timestamp (top) indicates the elapsed time in minutes:seconds.   

 

Movie S7:  Target cell lysis by an activated TCR-GFP T cell.  Representative 

image of a TCR-GFP T cell killing an antigen-bearing target cell.  Timelapse of 

DIC (top), TCR-GFP fluorescent (middle), and pseudocolor representation of 

TCR-GFP fluorescent (bottom) images of a TCR-GFP T cell blast killing an 

LB27.4 target pulsed with 1μM antigen.  The TCR-GFP T cell shows 

immunological synapse formation, TCR-GFP polarization towards the target and 

killing of the target as identified by apoptotic blebbing of the cell membrane.   

 

Movie S8:  TCR-GFP synapse, cSMAC & internalization.  Movie version of 

Figure 16a.  Live widefield imaging of TCR-GFP T cells and LPS matured bone-

marrow derived DCs pulsed with 1μM antigen.  Timelapse of  DIC (left) and TCR-

GFP (right) with elapsed time marked in minutes:seconds.  The initial T cell 



96 

interacting with the central DC, contacted the DC and formed a synapse, 

polarized its TCR to a cSMAC, and rapidly internalized the TCR.   

 

Movie S9:  Internalization of TCR and release of synapse.  Movie version of 

Figure 16b.  Live widefield imaging of TCR-GFP T cells and LPS matured bone-

marrow derived DCs pulsed with 1μM antigen.  Timelapse of  DIC (left) and TCR-

GFP (right) with elapsed time marked in minutes:seconds.  The synapsed T cell 

rapidly internalized the TCR from the cSMAC, and then released the synapse.   

 

Movie S10:  TCR Internalization without polarization.  Movie version of Figure 

16c.  Live widefield imaging of TCR-GFP T cells and LPS matured bone-marrow 

derived DCs pulsed with 1μM antigen.  Timelapse of  DIC (left) and TCR-GFP 

(right) with elapsed time marked in minutes:seconds.  The T cell internalized its 

TCR without stopping to form a synapse or polarizing its TCR.   

 

Movie S11:  Movement of TCR containing vesicles to the cSMAC.  Movie 

version of Figure 16d.  Live widefield imaging of TCR-GFP T cells and LPS 

matured bone-marrow derived DCs pulsed with 1μM antigen.  Timelapse of DIC 

(left) and TCR-GFP (right) with elapsed time marked in minutes:seconds.  

Internalized vesicles of TCR trafficked to the site of the synapse to form a 

cSMAC.   
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Movie S12:  Antigen-induced TCR-GFP polarization in the lymph node.  

TPLSM analysis of TCR-GFP Rag2-/- T cells in live explanted lymph nodes.  

TCR-GFP T cells were co-labeled with CMTMR to facilitate their identification 

and then adoptively transferred into wt C57Bl/6 hosts that were immunized in the 

footpad with CFA.  After 18h, the draining popliteal lymph nodes were surgically 

removed and imaged at 36ºC in media perfused with 95% O2 with 0.1μM cognate 

peptide.  The lymph nodes were imaged from the cortical side with 910nm 

excitation.  To eliminate autofluorescence, images were processed as explained 

in Figure 18.   Timelapse shows TCR-GFP (green) and CMTMR (red) overlayed 

(left), TCR-GFP alone (middle), and CMTMR alone (right) with elapsed time 

marked in minutes.  

 

Movie S13:  TCR-GFP T cells in the lymph node in the absence of cognate 

antigen.  S13a and S13b are the movie versions of Figures 20b and 20c 

respectively.  TPLSM analysis of TCR-GFP Rag2-/- T cells in live explanted 

lymph nodes.  TCR-GFP T cells were co-labeled with CMTMR to facilitate their 

identification and then adoptively transferred into wt C57Bl/6 hosts that were 

immunized in the footpad with CFA.  After 18h, the draining popliteal lymph 

nodes were surgically removed and imaged at 36ºC in media perfused with 95% 

O2.  The lymph nodes were imaged from the cortical side with 910nm excitation.  

To eliminate autofluorescence, images were processed as explained in Figure 

18.  Timelapse shows TCR-GFP (green) and CMTMR (red) overlayed, with 

elapsed time marked in minutes. 
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