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Binding of T cells to antigen-presenting cells (APCs) leads to the formation of the 

immunological synapse, translocation of the microtubule-organizing center (MTOC) to 

the synapse, and focused secretion of effector molecules.  Translocation of the MTOC 

towards the synapse is essential for guiding the microtubule-dependent movement of 

secretory granules to the secretory zone at the synapse.  Although MTOC translocation is 

essential for T cell effector function, the mechanism of MTOC polarization is still 

unknown.  Here, data are presented that provide insight into the mechanisms of this 

event.  It is shown that upon activation, ADAP forms a ring at the synapse that marks the 

site where microtubules interact with the cortex.  The ADAP ring colocalizes with dynein 

and the dynein binding proteins β-catenin and PLAC-24.  In Jurkat T cells, when ADAP 

expression is reduced by antisense morpholino oligonucleotides, MTOC translocation is 

blocked and dynein fails to localize at the synapse. These results suggest the involvement 

of ADAP in a mechanism that links signaling through the TCR to translocation of the 

MTOC. 
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Chapter 1:  Background and Significance 

INTRODUCTION 

The integrity of higher organisms is maintained by an extraordinarily complex 

array of cell types known collectively as the immune system.   This system can be 

subdivided into two separate components, innate immunity and acquired immunity.  

Innate immunity is comprised of a variety of fixed-specificity barriers that form a 

protective shield against disease and includes the skin and a variety of white blood cells.  

On the other hand, acquired immunity provides a specific and adaptive response to 

antigens indicative of a disease state.  This adaptive response provides protection against 

ever-changing pathogenic organisms and is largely composed of two special classes of 

leukocytes, known as B and T lymphocytes.  B lymphocytes (B cells) function primarily 

through the secretion of a special class of proteins called antibodies.  Antibodies mediate 

their function through binding to specific antigens, and this can result in the inactivation 

of toxins, bacterial lysis, and bacterial phagocytosis.   T lymphocyte (T cell) function can 

largely be subdivided into the two primary T cell subtypes, helper T cells (Th) and 

cytotoxic T cells (CTLs).  Th cells release of a group of molecules, collectively known as 

cytokines, which modulate immune system function, and CTLs act through the direct 

elimination of non-normal host cells.  In both subtypes, T cell activation and effector cell 

function is mediated through antigen-specific recognition that involves direct interaction 

with an antigen presenting cell (APC) and secretion. 

T cell antigen recognition occurs through the engagement of the T cell Receptor 

(TCR) to antigen bound to a Major Histocompatibility Complex (MHC) molecule on the 

APC.  This interaction leads to clustering of TCRs and subsequent activation, clustering, 

and segregation of many signaling intermediates, resulting in the formation of a 
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specialized structure referred to as the immunological synapse (Figures 1.1) (Monks, 

Freiberg et al. 1998; Grakoui, Bromley et al. 1999).  Coinciding with synapse formation, 

the microtubule organizing center (MTOC) translocates to the synapse, and this sets the 

stage for localized secretion of effector molecules (Kupfer and Dennert 1984; Kuhn and 

Poenie 2002; Poenie, Kuhn et al. 2004). Translocation of the MTOC serves to focus 

secretion at the synapse where effector molecules are aimed directly at the cognate target 

cell (Kupfer, Swain et al. 1986; Poo, Conrad et al. 1988; Kupfer, Monks et al. 1994; 

Stinchcombe, Bossi et al. 2001).  Although no definitive proof outlining a mechanism of 

MTOC polarization has been published to date, the involvement of a minus-end driven 

microtubule motor, such as dynein, has been suggested (Kuhn and Poenie 2002).  Dynein 

is a microtubule minus-end directed motor that, if anchored at the synapse, would pull 

microtubules and the MTOC towards the synapse. 

DISSECTING T CELL FUNCTION WITH MICROSCOPY 

The study of MTOC translocation in T cells depends heavily on microscopy 

because it is an event that involves rearrangement of cell structures. Although the goal is 

to ultimately understand the biochemical and molecular events that give rise to MTOC 

translocation, at the outset of these studies there was no specific molecular marker for 

this event. 

Visualizing cellular processes, especially in T cells, is challenging.  Cells are 

nearly transparent, and T cells in particular are small and are not spread out like 

fibroblasts, making visualization of specific structures more difficult.  Furthermore, many 

of the events associated with T cell activation and MTOC translocation take place rather 

quickly, within five minutes, and the fact that T cells can engage multiple targets either 

sequentially or simultaneously means that one cannot easily obtain a synchronized cell 
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population. Thus, many of our advances in understanding T cell function have followed 

advances in microscopy.  

 

 

Figure 1.1:  The immunological synapse and MTOC polarization. 

(a) Activation of a T cell through target cell antigen recognition leads to the clustering 
and organization of signaling molecules at the site of cell-cell contact.  The concentric 
zones of segregated proteins are known as the immunological synapse.  (b) Previous 
studies have shown that microtubules project to a ring structure at the immunological 
synapse called the pSMAC.  Microtubules with hairpin-like turns that correspond to the 
pSMAC suggest the presence of an anchored microtubule motor protein. 
 

Early studies of T cells, as reviewed by Golstein and Smith, revealed functioning 

through direct binding to target cells and subsequent lysis of these cells (Golstein and 

Smith 1977). These studies showed that T cells go through a series of stages involving 

binding, programming for lysis, and subsequent lysis of target cells (Martz 1975; Martz 

1976).  Examination of this process using transmission electron microscopy with negative 

stained sections revealed clustering of vesicles containing perforin at the cell-cell contact 

site (Dennert and Podack 1983; Masson and Tschopp 1985; Podack, Young et al. 1985).  

The perforin contained in these vesicles form into tube-like complexes that, upon 

secretion, formed pores on the target cell membrane leading to target cell lysis.  Later it 
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was found that lysis would still take place at concentrations of perforin that do not form 

pore complexes and that the content of these secretory granules actually triggered the 

target cell to undergo apoptosis (Chang and Eisen 1980; Redelman and Hudig 1980; 

Duke, Chervenak et al. 1983; Hudig, Gregg et al. 1987; Jans, Jans et al. 1996; Shi, Mai et 

al. 1997; Trapani, Jans et al. 1998).  These visual descriptions provided the foundation of 

the understanding of T cell function and have paved the way for more specific 

investigations of the underlying mechanisms of T cell function. 

Examination of cellular events using microscopy requires a method to visualize 

specific cellular components.  This specific visualization can be performed using various 

methods of fluorescence microscopy.  Of the ~100,000 components in a living cell, 

fluorescent labeling of a specific component allows direct visualization of the location of 

this specific component.  With multiple labeling, fluorescence microscopy can 

demonstrate relative localization patterns that may provide clues as to the function and 

pathways in which it is involved.  Labeling of proteins can be done through the 

expression of one or more proteins engineered to incorporate a green fluorescent protein 

(GFP) moiety into the protein sequence, or through the microinjection of a protein 

chemically labeled with a fluorophore.  Alternatively, cells can be fixed and labeled with 

antibodies against a particular protein in a procedure termed immunofluorescent labeling.  

These antibodies are often labeled by another antibody chemically bound to a 

fluorophore. Studies done by Kupfer et al. used fluorescence microscopy to investigate 

MTOC polarization and its importance to cell function (Kupfer and Dennert 1984; 

Kupfer, Dennert et al. 1985).  This work demonstrated that the MTOC and the Golgi 

apparatus translocate to the cortex in T cell – target cell pairs.  Additionally, it was shown 

that MTOC translocation was a prerequisite for target cell lysis through reversible 

treatment of the cells with the microtubule depolymerizing agent nocodazole (Kupfer and 
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Dennert 1984).  This work provided a link between T cell mediated target cell lysis and 

the preceding MTOC polarization. 

Cells are three-dimensional structures, and thus, the events that occur within them 

occur in three dimensions.  Although much information can be derived from simple two-

dimensional fluorescence microscopy, much is also obscured. This is due to the blurring 

effect of light that arises from multiple points in the image above and below the plane of 

focus. There are several techniques for removing out-of focus information in fluorescence 

images including confocal fluorescence microscopy and computerized 3D deconvolution.  

In confocal microscopy, the excitation and emission light must pass through a pinhole 

that rejects emitted light coming from above or below the plane of focus. In computerized 

3D reconstruction, the point spread function of small (diffraction limited) fluorescence 

beads are used to restore the original image mathematically. There are several different 

methods for computerized 3D reconstruction including the Linear least squares, 

maximum likelihood estimation, and exhaustive photon reassignment, the latter two 

being iterative methods that depend on many cycles of image processing (Holmes 1988; 

Preza, Miller et al. 1992; Carrington, Lynch et al. 1995; Conchello and McNally 1996). 

We typically use the maximum likelihood estimation method in XCOSM, a program 

developed for the NIH microscopy resource at Washington University at St. Louis 

(Conchello and McNally 1996). This code originally developed for Unix workstations 

has been adapted to run on the PC.  

    Confocal microscopy and computerized 3D reconstructions both have their 

advantages and disadvantages. The key advantage of computerized 3D reconstruction is 

that wide-field images can be obtained faster with less photobleaching than with confocal 

images. We have also found that while both methods can produce sharp 3D images, 

computerized 3D techniques have ultimately provided somewhat clearer pictures of 
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microtubules at the synapse than were obtained using confocal microscopy. The trade-off 

is the time it takes for computer processing of the Z-axis image stacks.  Currently, it takes 

about an hour (typically 500 iterations) to process a Z-axis image stack consisting of 256 

(X) x 256 (Y) x 256 (Z) pixels.     

Figure 1.3 shows an example of the extra information produced using three-

dimensional microscopy techniques versus two-dimensional.  A Jurkat T cell - Raji pair 

was prepared and immunostained for the tetraspanin CD82 (methods will be discussed in 

detail in subsequent chapters).  A slice of the unprocessed two-dimensional data shown 

reveals central clustering of CD82 at the cortex but little more (Figure 1.3a).  In Figure 

1.3b, the same slice is shown after deconvolution processing.  This image shows more 

detail not easily seen in the unprocessed image.  The true benefit of three-dimensional 

microscopy is shown in a stereo pair of rotated 3D projections of the deconvolved data 

(Figure 1.3c).  This stereo pair reveals an intricate clustering pattern of synaptic CD82.  

The fibrous meshwork pattern of CD82 suggests that this protein may be associated with 

microtubules at the synapse.  These data clearly demonstrate how three-dimensional 

examination of cells can reveal much more intricate structures that are not seen in typical 

two-dimensional microscopy.  The clues provided by imaging of this sort can be used to 

begin in depth examination of protein function.  

The use of computerized 3D reconstruction techniques led to landmark studies by 

Monks et al. who first reported on the three-dimensional organization of molecules at the 

T cell-target cell contact site that is referred to as the immunological synapse (Monks, 

Freiberg et al. 1998; Grakoui, Bromley et al. 1999).  To examine patterns of protein 

clustering at the contact site, Monks and colleagues fixed and immunostained T cell-

target cell pairs for various proteins previously shown to cluster at the cortex.  Image 
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Figure 1.2:  Deconvolution and 3D projection of image data provides useful information. 

Raji cells coated with Staphylococcus enterotoxin E were mixed with Jurkat cells, plated 
on coverslips, and subsequently fixed and immunostained for CD82.  Separate Z-axis 
stacks consisting of 256 images each were acquired for the CD82 fluorescence data and 
deconvolved using a modified version of XCOSM.  A single image from the unprocessed 
stack is shown in a, and the same image is shown in b after deconvolution.  (c) A cropped 
synapse view rotated to view the synapse face-on is shown as a stereo pair to enable 3D 
viewing.  While the 2D unprocessed image (a) only shows clustering of CD82, the 3D 
synapse view in c enables detailed analysis of the clustering pattern of synaptic CD82, 
which appears microtubule-like.  Scale bars = 5 microns. 
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stacks of the data were acquired and were processed using both Nearest Neighbor and 

Constrained Iterative Deconvolution algorithms.  Using this technique, Monks et al. 

demonstrated two concentric zones of protein clustering at the contact site (Monks, 

Freiberg et al. 1998).  They called these zones supramolecular activation clusters 

(SMACs), which included a central SMAC (cSMAC) and a peripheral SMAC (pSMAC). 

 It was found that the pSMAC contained the integrin LFA-1 and talin, a protein 

that binds to both integrins and the actin cytoskeleton (Kupfer, Burn et al. 1990; 

Kaufmann, Piekenbrock et al. 1991).  The cSMAC, however, demonstrated clustering of 

signaling molecules including the TCR and the kinases PKCθ, fyn, and lck.   

Computerized 3D reconstruction and confocal microscopy techniques have 

provided a much more detailed view of the molecular organization of the synapse but 

they were largely based on static images of fixed and immunostained specimens. 

However, in principle, one could apply confocal or 3D deconvolution techniques to living 

cells that were modified to express fluorescent chimeras where a protein of interest was 

fused to a fluorescent protein such as GFP. Spectacular images of cytoskeletal 

rearrangements have been obtained, for example, using Jurkat cells expressing 

fluorescent actin and other molecules. However, these studies depended on activating 

Jurkat cells using antibodies anchored to coverslips (Bunnell, Hong et al. 2002; Singer, 

Bunnell et al. 2004).  

Although in principle, one could follow MTOC translocation using fluorescent 

tubulin, there are a number of difficulties with this approach. One of the main difficulties 

is the enormous difference in intensity between a single microtubule and the dense 

clusters of microtubules around the MTOC. Sensitivity settings that allow detection of 

the fluorescence from an individual microtubule overwhelm the detector when clusters of 

microtubules are present. 
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An alternative method for visualizing microtubules in living cells that 

circumvents these problems was recently developed by Kuhn et al (Kuhn, Wu et al. 

2001).  Modulated Polarization Microscopy (MPM) enhances cellular birefringent 

structures against the background, allowing detection of fibrous structures such as 

microtubules.   MPM provided the first detailed study of MTOC translocation in living T 

Cells (Kuhn and Poenie 2002).  These studies showed a number of previously 

unrecognized features of MTOC translocation that could only be obtained from observing 

the dynamics of MTOC movement.  Firstly, the MTOC translocated to the synapse in a 

linear fashion and this movement correlated with development of tension in microtubules. 

Secondly, once the MTOC arrived at the synapse, it oscillated in a back and forth motion. 

Interestingly, when two target cells were bound to one T cell, the MTOC oscillated 

between both contact sites. This suggested that the oscillatory movements were an 

intrinsic feature of the normal process MTOC translocation. 

The studies of Kuhn and Poenie went on to compare the distribution of 

microtubules with components of the immunological synapse using three-dimensional 

deconvolution microscopy of fixed and immunostained T cell-target cell pairs.  Double 

staining of microtubules and LFA-1 revealed that microtubule hairpin turns were located 

in regions of LFA-1 accumulation at the synapse.  This suggested the possible anchoring 

of a microtubule motor protein at the site of LFA-1 accumulation and the possibility that 

LFA-1 serves as part of an anchor for this motor.  Also, Kuhn and Poenie demonstrated 

that the MTOC was always found within the LFA-1 ring and that the distance the MTOC 

traversed when it oscillated was about the same as the diameter of the LFA-1 ring.  Thus, 

LFA-1 may be part of an anchor system for the microtubule motor protein dynein, which 

likely directly mediates MTOC polarization. 
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Figure 1.3:  T cell receptor signaling. 

Binding of T cell receptor (TCR) to MHC-bound antigen leads to the clustering of the 
TCR together with CD4 and Lck, leading to phosphorylation of the immunoreceptor 
tyrosine-based activation motifs (ITAMS) on the TCR CD3ζ chain.  These 
phosphorylated ITAMS serve as a docking site for the protein tyrosine kinase ZAP-70 
which phosphorylates a number of downstream signaling proteins including LAT.  
GADS binds to phosphorylated LAT as well as the adaptor protein SLP-76 which in turn 
forms a complex including Vav, Nck, WASP, ADAP, fyn, VASP, and Profilin.  Proteins 
in this complex have been shown to be necessary for the reorganization of the actin 
cytoskeleton and LFA-1 clustering at the synapse. 
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These studies have shown how microscopy techniques have been used to 

understand T cell function.  The visualization of cellular structures and events can 

provide a wealth of information that can be used to explain function.  The continued 

development and use of microscopy techniques such as MPM and deconvolution 

microscopy will undoubtedly help in more detailed studies of MTOC polarization. 

LINKING TCR ACTIVATION TO MTOC POLARIZATION 

TCR binding to antigen on a target cell leads to coclustering of the TCR with the 

src kinase lck and the subsequent phosphorylation of immunoreceptor tyrosine-based 

activation motifs (ITAMs) on the TCR CD3ζ chain (Reth 1989) (Figure 1.3).  These 

phosphorylated ITAMs serve as a docking site for the syk-family kinase ZAP-70 (Chan, 

Iwashima et al. 1992).  Activated ZAP-70 phosphorylates the adaptor protein Linker for 

Activation of T cells (LAT) (Zhang, Sloan-Lancaster et al. 1998).  LAT forms a complex 

with a number of signaling intermediates including PLC-γ1, Gads/Grb2, and SLP-76, and 

it is essential for many downstream activation events, including calcium signaling and 

Ras/Erk activation (Sommers, Samelson et al. 2004).  Previous studies have shown that 

calcium and signaling through ZAP-70 are required for T cell MTOC polarization 

(Lowin-Kropf, Shapiro et al. 1998; Blanchard, Di Bartolo et al. 2002). More recently, 

Kuhne and colleagues showed that both LAT and SLP-76 are required for polarization 

(Kuhne, Lin et al. 2003).  However, SLP-76 is a multifunctional scaffold protein that is 

involved in activating Vav, Cdc42, and WASP (Zeng, Cannon et al. 2003). These 

proteins each play important roles in regulating the actin cytoskeleton.  Interestingly Vav-

deficient cells show a partial inhibition of MTOC polarization (Ardouin, Bracke et al. 

2003). It is not clear, however, whether these effects are direct or indirect since actin 

cytoskeletal dynamics are important for T cell activation (DeBell, Taplits et al. 1990; 
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DeBell, Conti et al. 1992; Fischer, Kong et al. 1998; Wulfing and Davis 1998; Tskvitaria-

Fuller, Rozelle et al. 2003; Rivas, O'Keefe et al. 2004). 

In order for MTOC translocation to take place, there must be a mechanism for 

site-specific capture of microtubules and generation of tension needed to draw the MTOC 

to the synapse.  The previously mentioned study by Kuhn and Poenie suggested that 

dynein is likely involved.  If dynein is anchored at the synapse, other components would 

be needed to recruit and anchor it.  One possibility is the multisubunit complex known as 

dynactin.  This complex tethers dynein to a variety of structures including kinetochores, 

vesicles, and organelles (Echeverri, Paschal et al. 1996; Burkhardt, Echeverri et al. 1997; 

Roghi and Allan 1999). Of particular interest is evidence that inhibition of dynein or 

dynactin prevents MTOC reorientation in migrating fibroblasts (Palazzo, Joseph et al. 

2001). In spite of dynactin’s initial promise as a dynein anchor at the immunological 

synapse, recent observations suggest no involvement of dynactin in MTOC polarization.  

The dynactin subunit dynamitin links the two halves of the dynactin complex together, 

and excess dynamitin disrupts dynactin structure and function (Echeverri, Paschal et al. 

1996; Karki, LaMonte et al. 1998; Eckley, Gill et al. 1999).  Studies involving 

overexpression of dynamitin demonstrated no significant affect on T cell MTOC 

polarization (Cannon and Burkhardt 2002).  Additionally, observations by Soo Jin Kim 

noted that overexpression of p150glued, an important dynactin subunit involved in motor 

binding and processivity, does not interfere with normal T cell polarization (Karki and 

Holzbaur 1995; Vaughan and Vallee 1995; King and Schroer 2000; Soo Jin Kim, 

personal communication).  These studies suggest that another, perhaps novel, method of 

anchoring dynein to the cortex exists in T cells. 

With the elimination of dynactin as a potential synaptic dynein anchor, other 

potential anchors were considered.  The primary lead was the integrin LFA-1.  LFA-1 
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was shown to outline areas where these microtubule hairpins were located, and this 

suggested that LFA-1 might be part of the microtubule anchor system at the 

immunological synapse (Kuhn and Poenie 2002).  Additionally, it is possible that other 

proteins located in the vicinity of the LFA-1 ring and microtubule anchor sites participate 

in the anchoring of dynein to the synapse.  If so, these proteins would also be expected to 

form a ring corresponding to the microtubule anchors at the synapse. 

One candidate that is examined in this study is the adaptor protein ADAP.  ADAP 

expression is limited to T cells and some myeloid cell types, and was discovered through 

its association with the adaptor SLP-76 and the kinase fyn (da Silva, Li et al. 1997; 

Musci, Hendricks-Taylor et al. 1997).  ADAP is interesting as a candidate involved in 

polarization because of its involvement in synaptic LFA-1 clustering.  T cells deficient in 

ADAP, SKAP-55, or Vav each show a similar defect in clustering of LFA-1 at the 

contact site (Peterson, Woods et al. 2001; Griffiths and Penninger 2002; Wang, Moon et 

al. 2003). As ADAP was shown to be involved in LFA-1 accumulation and LFA-1 

marked sites of microtubule attachment at the synapse, it was believed that ADAP may 

also be located at these microtubule anchor sites, and, thus, may have some role in 

polarization.   

ADAP has been shown to bind several signaling intermediates including its 

constitutive association with the adaptor proteins SKAP55 and SKAP55hom (Liu, Kang 

et al. 1998; Marie-Cardine, Hendricks-Taylor et al. 1998).  In addition to these proteins, 

ADAP is also known to interact with Ena/ vasodilator stimulated phosphoprotein (VASP) 

proteins via a Ena/ VASP homology domain 1 (EVH1) (Krause, Sechi et al. 2000).  The 

association of Ena/VASP proteins suggested the involvement of ADAP in actin 

cytoskeleton dynamics.  ADAP knockout studies, however, demonstrate that ADAP is 

not essential for bulk actin polymerization at the synapse (Peterson, Woods et al. 2001). 
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To unravel MTOC polarization, structural and functional studies must be 

performed on a wide number of protein candidates.  First, candidates, such as LFA-1 or 

ADAP, must be identified.  These protein candidates are chosen because of known 

connections to proteins identified as ring constituents or perhaps they have been shown to 

be involved in cytoskeletal dynamics in other systems.  Second, it must be determined if 

these proteins cluster in the ring structure where microtubule anchors are located.  Use of 

three-dimensional immunofluorescent microscopy techniques is ideal for determining this 

as it can selectively show the distribution of proteins.   Finally, the functional relevance 

of proteins found in this ring complex will need to be determined.  This can be done 

using cloned cell lines that lack expression of a particular protein, or by using cells 

derived from knockout mice.  Alternatively, functional studies can be performed through 

reducing the expression of the protein of interest, using RNAi or antisense morpholino 

oligonucleotides. 
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Chapter 2:  Structural studies of ADAP 

INTRODUCTION 

Previous studies suggested that a microtubule motor protein anchored at the 

synapse such as dynein would be necessary to generate the forces necessary to explain 

the microtubule structure and dynamics observed during T cell MTOC polarization.  This 

hypothesized clustering of dynein at the synapse would likely require a complex of 

proteins to anchor it to the cortex. Studies demonstrating a ring-like arrangement of 

microtubule anchors in the region of the LFA-1 clustering suggested an anchor system 

that potentially includes LFA-1.  To study the role of LFA-1 in T cell MTOC 

polarization, the Jurkat-Raji T cell system was selected.  Jurkat cells are a human T 

lymphoma line that has been widely used in many T cell studies (Abraham and Weiss 

2004).  This system was chosen because the cells used are easy to maintain and there are 

an abundance of mutant Jurkat lines available.  Of particular importance to this study was 

the availability of the LFA-1 deficient Jurkat cell line JB2.7 (Weber, York et al. 1997).  

Although Jurkat antigen specificity is unknown, these cells can be activated using Raji B 

cells coated with bacterial superantigens such as Staphylococcus Enterotoxin E  (SEE) 

(Landegren, Andersson et al. 1985).   

The following data demonstrates that the LFA-1 ring is dispensable with respect 

to MTOC translocation. The subsequent search for proteins relevant in MTOC 

polarization revealed ring-like clustering of ADAP, α-catenin, Paxillin, and IQGAP1. 

Double immunostains reveal that the scaffold protein ADAP clusters around the MTOC 

in unpaired Jurkat cells and defines sites of microtubule attachment at the Jurkat-Raji 

immunological synapse.  Additionally, ADAP is found to co-cluster with dynein and the 

dynein associated proteins β-catenin and PLAC-24, both of which may participate in 
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polarization.  These structural studies suggest the involvement of several synaptic ring 

components in MTOC polarization, and, in particular, suggest the involvement of ADAP. 

METHODS 

Antibodies, Cell Lines and Reagents 

Tissue culture reagents, including RPMI 1640, glutamine and sodium pyruvate 

were purchased from Invitrogen (Carlesbad, CA).  Heat inactivated fetal bovine serum 

was obtained from Atlas Biologicals (Fort Collins, CO). Partially purified 

Staphylococcus Enterotoxin E was purchased from Toxin Technology (Sarasota, FL).  

Polylysine (58 kDa MW), Tween-20, Triton X100, EDTA, Protein G, FITC phalloidin 

and colchicine were purchased from Sigma (St.Louis, MO).  Paraformaldehyde and 

glyoxal were purchased from Aldrich (Milwaukee, WI).  Mitotracker Red and ProLong 

Gold Antifade mounting media were purchased from Molecular Probes (Eugene, OR).  

All other reagents used in this study were of the highest quality available. 

The antibodies used in this study were as follows:  mouse anti-β tubulin IgG clone 

TUB 2.1 (Sigma T4026; St.Louis, MO), mouse anti-dynein intermediate chain IgM clone 

70.1 (Steuer, Wordeman et al. 1990)(Sigma D5167; St.Louis, MO), mouse anti-CD11a 

(LFA-1) IgG clone TS1/22 (Hill, Milla et al. 1992)(Endogen-Pierce Biotechnology 

MA11A10; Rockford, IL), mouse anti-fyb (ADAP) IgG clone 5 (da Silva, Li et al. 

1997)(BD Biosciences 610945; San Diego, CA), rabbit anti β-catenin (Knudsen, Soler et 

al. 1995)(Upstate 06-734; Lake Placid, NY), rabbit anti α-catenin (Sigma C2081; St. 

Louis, MO), mouse anti-Paxillin IgG clone 5H11 (Upstate 05-417; Lake Placid, NY), 

FITC-labeled rat anti-mouse IgG (Caltag Laboratories RMG101; Burlingame, CA), 

FITC-labeled goat anti-mouse IgG antibody (Sigma F0257; St.Louis, MO), Red X-

labeled goat anti-mouse IgG (Jackson ImmunoResearch 115-295-166; West Grove, PA),  
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TRITC-labeled bovine anti-goat IgG (Santa Cruz Biotechnology sc2349; Santa Cruz, 

CA), TRITC goat anti-mouse IgG-Fc specific (Sigma T7657; St.Louis, MO), FITC goat 

anti-mouse IgM-µ specific (Sigma F9259; St.Louis, MO), AlexaFluor 594 conjugated 

goat anti-rabbit IgG (Molecular Probes A-11037; Eugene, OR). The rabbit anti-DIC 1467 

and the rabbit anti-PLAC-24 antibodies have been previously described (Ligon, Karki et 

al. 2001; Karki, Ligon et al. 2002). The sheep anti-human ADAP antibody was a 

generous gift from Dr. Gary Koretzky (Musci, Hendricks-Taylor et al. 1997).   The rabbit 

anti-IQGAP1 antibody was a generous gift from Dr. Jon Erickson (Erickson, Cerione et 

al. 1997). 

Normal Jurkat (clone E6-1) and Raji cells were obtained from ATCC.  LFA-1 

deficient Jurkat cells (JB2.7) were obtained as a gift from Dr. Timothy Springer. All 

Jurkat and Raji cells were grown in RPMI 1640 containing 10% heat-inactivated fetal 

bovine serum, 50 µM β-mercaptoethanol, 24 mM NaHCO3, 1 mM pyruvate and 1 mM 

glutamine.  The Jurkat and Raji cells were cultured in a 37OC incubator with 5% CO2. 

Preparation of Jurkat-Raji conjugates  

For the preparation of Jurkat-Raji cell pairs, Raji cells were incubated for 2 hours 

with 2 µg/ml partially purified Staphylococcus Enterotoxin E (SEE) prior to mixing with 

Jurkat cells. For cases where the experiment involved immunostaining for tubulin, 

colchicine (10 µM final) was added to the Raji cell suspension one hour after adding 

SEE.  For experiments with Mitotracker Red labeled Rajis, 10 nM Mitotracker Red was 

added to the SEE-Raji mixture and incubated 15 minutes.  Jurkat and Raji cells were 

washed by centrifugation, mixed and pelleted.  The pellet was resuspended in RPMI 

media and plated on polylysine-coated coverslips where they were allowed to adhere for 

15 minutes prior to fixation. 
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Antibody staining 

Jurkat-SEE-Raji cell mixtures were plated on coverslips, fixed in a solution of 

PBS/glucose/calcium with either 3% formaldehyde or 2% formaldehyde with 1% glyoxal 

for 30 minutes.  Cells were permeabilized in 1:1 acetone-methanol on ice for 15 minutes, 

washed in PBS and blocked for 30 minutes in PBS containing 5% serum and 0.1% 

Tween 20. Following the block, cells were washed in PBS and incubated for one hour in 

the primary antibody diluted in blocking solution. Following the primary the coverslips 

were washed.  This procedure was repeated for the secondary antibody. After staining 

was complete, coverslips were mounted on microscope slides using Molecular Probes 

Prolong Antifade. 

Image Acquisition and Processing 

Images were acquired using a Nikon Diaphot 200 Inverted microscope using a 

Hamamatsu Orca CCD.  Z-axis stacks consisting of 256 successive images were acquired 

using a Ludle stepper under computer control.  Point spread functions for fluorescein and 

rhodamine fluorophores were generated using 0.2 micron fluorescent microspheres 

obtained from Molecular Probes (Eugene, OR).  Images were deconvolved using the 

maximum likelihood algorithm of XCOSM adapted to run on a PC (Conchello and 

McNally 1996).  Images of microtubules were enhanced slightly by means of a Hessian 

filter (Sato, Nakajima et al. 1998; Sato, Westin et al. 2000; Kuhn and Poenie 2002). 

RESULTS 

To determine the functional relevance of LFA-1 in T cell MTOC polarization, the 

LFA-1 deficient Jurkat cell line JB2.7 was used.  To ensure that the LFA-1 deficient 

Jurkat cells did not express LFA-1, normal and LFA-1 deficient Jurkats were paired with 

Mitotracker red labeled, SEE-coated Raji cells, fixed, and immunostained for LFA-1 
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(Figure 2.1).  The results clearly demonstrate clustering of LFA-1 at the immunological 

synapse of normal but not LFA-1 deficient Jurkat cells.  To determine the functional 

ability of the LFA-1 deficient Jurkat cells to polarize their MTOC, normal and LFA-1 

deficient Jurkat cells were paired with SEE-coated Raji cells. It should be noted that the 

Raji cells were pretreated with colchicine to depolymerize their microtubules so as to 

avoid confusion with Jurkat cells.  The Jurkat-Raji cell pairs were fixed and 

immunostained for tubulin (Figure 2.1d, h).  A bar graph of the results (Figure 2.1i) 

demonstrates there is no significant difference in the polarization of LFA-1 deficient 

Jurkats as compared to normal Jurkats, although a reduction in pairing was observed as 

would be expected from the loss of this important adhesion molecule. 

Lack of a requirement for LFA-1 in MTOC polarization prompted interest in 

ADAP as a potential participant in T cell MTOC polarization because of its importance 

for LFA-1 accumulation, its association with SLP-76, and its association with the actin 

cytoskeleton (Musci, Hendricks-Taylor et al. 1997; Krause, Sechi et al. 2000; Geng, 

Pfister et al. 2001; Griffiths, Krawczyk et al. 2001).  The first question to answer was 

whether ADAP accumulated at the right location. To answer this question, ADAP was 

immunolocalized in unpaired Jurkats and Jurkat-Raji pairs.   In Figure 2.2a, a low power 

image of a field of Jurkat cells fixed and immunostained for ADAP reveals a punctate 

staining pattern, similar to MTOC staining.  A high power image of unpaired Jurkat cells 

double stained for ADAP and tubulin (Figure 2.2b-d) revealed that ADAP did in fact 

cluster around the MTOC. Interestingly, studies by Bunnell and colleagues observed 

movement of chimeric SLP-76-Enhanced Yellow Fluorescent Protein (SLP-76-EYFP) 

along microtubules to a perinuclear region at the immunological synapse (Bunnell, Hong 

et al. 2002).  The perinuclear clustering of SLP-76-EYFP resembles the ADAP-MTOC 

staining observed in Jurkats.  When these data are considered together, the possibility 
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arises that ADAP and SLP-76 form a complex that associates with dynein and the 

microtubule cytoskeleton.  The question arises, however, as to whether SLP-76 binds 

directly to dynein or is carried along in these clusters through another member of the 

complex, such as ADAP.  Ultimately, this connection between SLP-76, ADAP, and 

microtubules may contribute to the underlying mechanism of T cell MTOC polarization.  

To determine the distribution of ADAP and microtubules at the Jurkat-Raji 

immunological synapse, Jurkat-Raji pairs were immunostained, and image stacks were 

acquired, deconvolved and three-dimensional projections were prepared showing the 

distribution of ADAP and tubulin at the Jurkat-Raji immunological synapse.   A cropped 

view of the synapse shown in Figure 2.2e-f reveals many microtubule hairpins similar to 

those previously described in the mouse T cell immunological synapse (Kuhn and Poenie 

2002).  In this case, however, the microtubule hairpins are located in the zone of ADAP 

clustering and even appear to follow the contours of the ADAP ring.  Thus, ADAP 

appears to translocate from the region around the MTOC to the synapse where it forms a 

ring that outlines sites of microtubule attachment. 

In the process of examining the three-dimensional ADAP and tubulin 

immunostains in Jurkat-Raji cell pairs, the MTOC could sometimes be seen not centered 

in the contact area.  These cell pairs often exhibited an uneven or “patchy” synaptic 

distribution of ADAP, and the location of the MTOC at the synapse correlated to the 

location of ADAP clustering (Figure 2.3).  If ADAP functions as part of the synaptic 

microtubule anchor system, then the MTOC would be expected to be pulled closer to 

areas of ADAP clustering and away from areas lacking ADAP.  This additional structural 

data further adds support to the hypothesis of a role for ADAP as a component of the 

microtubule anchor complex.   
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Figure 2.1:  LFA-1 is not essential for Jurkat MTOC polarization. 

(a-d) Raji cells coated with Staphylococcus enterotoxin E and either labeled with 
Mitotracker Red (a-c, e-g) or treated with colchicine to depolymerize the microtubules (d 
and h) were mixed with normal or JB2.7 (LFA-1 deficient) Jurkat cells, plated on 
coverslips, and subsequently fixed and immunostained for LFA-1 (CD11a) (a-c, e-g) or 
β-tubulin (d and h). Examples shown of Jurkat-Raji cell pairs from Normal (a-c) and 
LFA-1 deficient Jurkat cells (e-g) demonstrate a lack of LFA-1 expression in LFA-1 
deficient Jurkats as compared to Normal Jurkats.   (d and h)  Examples of Normal (d) and 
LFA-1 deficient (h) Jurkat-Raji pairs immunostained for β-tubulin show that LFA-1 is 
not essential for MTOC polarization.  A bar graph summarizing polarization counts (i) 
demonstrate no significant difference in MTOC polarization.  Data are representative of 
three independent experiments; Normal Jurkat, n = 50 cell pairs, and JB2.7 (LFA-1 
deficient), n = 50 cell pairs.  Error bars represent ± s.d., and scale bars = 5 microns. 
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Figure 2.2:  ADAP and microtubules at the Jurkat immunological synapse. 

(a) Jurkat cells were fixed and immunostained for ADAP.   A low power image shows a 
punctate staining pattern resembling MTOC staining.  (b-d) A double stain of (b) ADAP 
and (c) β-tubulin with a RGB overlay in d reveals ADAP clustering around the MTOC in 
an unpaired Jurkat.   (e-f) SEE-coated Raji cells that had been pretreated with colchicine 
to depolymerize microtubules were mixed with normal Jurkat cells, and then fixed and 
immunostained for ADAP and β-tubulin.  Separate Z-axis stacks consisting of 256 
images each were acquired for the ADAP and β-tubulin fluorescence data and 
deconvolved using a modified version of XCOSM.  (e-f) Cropped synapse views rotated 
to view the synapse face-on are shown for a Jurkat-Raji pair immunostained for ADAP 
(red) and β-tubulin (green).  Two different perspectives are shown each with a stereo pair 
to allow 3D viewing.   (e-f) SEE-coated Raji cells that had been pretreated with 
colchicine to depolymerize microtubules were mixed with normal Jurkat cells and then 
immunostained for tubulin (green) and ADAP (red).  Microtubules can be seen projecting 
from the MTOC (arrowheads) to the ADAP ring where the microtubules contact and 
often closely follow its surface (arrows). Data are representative of 3 independent 
experiments.  Scale bars = 5 microns. 
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In light of the close spatial relationship between ADAP and the microtubule 

cytoskeleton in both unpaired and paired Jurkat cells, the possibility arose that the 

translocation of ADAP may be microtubule dependent.  To determine if ADAP ring 

formation is dependent on microtubules, Jurkat cells were treated with colchicine to 

depolymerize their microtubules prior to Jurkat-Raji conjugate formation.  The cell pairs 

were fixed and immunostained for ADAP and the results show that typical ADAP 

clustering and ring formation occurs in both untreated (Figure 2.4a) and colchicine-

treated (Figure 2.4b) Jurkat-Raji pairs.  To determine if ADAP still formed a 

microtubule-associated ring in the absence of LFA-1, LFA-1 deficient Jurkat-Raji pairs 

were prepared, fixed, and immunostained for ADAP and tubulin.  The resulting three-

dimensional projection of the synapse demonstrates normal ADAP ring formation with 

the expected arrangement of associated microtubules (Figure 2.4c). 

Having shown that ADAP was closely related to the distribution of microtubules 

the next question was to determine the relationship of dynein to ADAP.  Preliminary 

studies by Soo Jin Kim had shown that certain dynein intermediate chain (DIC) 

antibodies (mouse anti-DIC IgM 70.1 and rabbit anti-DIC 1467) label a ring-like 

structure at the Jurkat-Raji immunological synapse (Combs, Kim et al. Submitted). To 

determine the relationship between dynein and ADAP, Jurkat-Raji pairs were prepared, 

fixed and immunostained for ADAP and DIC using mouse anti-DIC IgM, clone 70.1.  

Figure 2.5a-c shows the synapse region rotated to view face-on and demonstrates 

colocalization of ADAP and dynein. 

The data demonstrating ADAP and DIC colocalization was promising as it 

suggested a possible link between these proteins; however, it was felt that there could 

possibly be many other important components involved in this process.  The discovery of 

i 
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Figure 2.3:  ADAP and microtubules at the Jurkat immunological synapse. 

(a-f) SEE-coated Raji cells that had been pretreated with colchicine to depolymerize 
microtubules were mixed with Jurkat cells, and then fixed and immunostained for ADAP 
and β-tubulin.  Separate Z-axis stacks consisting of 256 images each were acquired for 
the ADAP and β-tubulin fluorescence data and deconvolved using a modified version of 
XCOSM.  (a-c) Side view of a Jurkat Raji cell pair stained for ADAP (red) and β-tubulin 
(green) shows uneven distribution of ADAP at the synapse with a polarized MTOC 
(arrow).  (d-f) Rotated views show the same cell pair from a face-on perspective. The 
MTOC (arrow) is not centered at the synapse and can be seen closer to the side with the 
ADAP clusters.   Scale bars = 5 microns.
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Figure 2.4:  The ADAP ring forms in the absence of an intact microtubule cytoskeleton or 
LFA-1. 

(a-c) Jurkat-Raji cell pairs were prepared, fixed, and immunostained and subsequently 
processed by computerized 3D reconstruction as previously described.  Cell pairs are 
shown immunostained for (a-b) ADAP or double stained for (c) ADAP (red) and β-
tubulin (green) with a 2D cross section shown on the top panel and a 3D rotated synapse 
view shown in the bottom panel.   (a) A normal Jurkat-Raji cell pair immunostained for 
ADAP shows the expected ADAP ring.  Jurkat cells in b were pretreated with 10 µM 
colchicine to depolymerize the microtubules, and the results show that the ADAP ring 
(bottom) forms in absence of an intact microtubule cytoskeleton.   (c) Jurkat-Raji cells 
pairs were prepared as in a except that JB2.7 (LFA-1 deficient) Jurkat cells were used in 
place of normal Jurkat cells.   The results show that microtubules are associated with a 
typical ADAP ring in the absence of LFA-1.   Data are representative of 3 independent 
experiments.  Scale bars = 5 microns. 
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Figure 2.5:  The spatial relationship between ADAP, dynein, PLAC-24, and β-catenin at 
the synapse. 

To determine the spatial relationship between the ADAP, dynein and the dynein binding 
proteins PLAC-24 and β-catenin, Jurkat-Raji pairs were fixed, immunostained and 
subsequently processed by computerized 3D reconstruction as described earlier using 
anti-ADAP mAb (a) and anti-DIC mAb 70.1 (b).  The RGB overlay (c) shows that the 
DIC and ADAP ring colocalize.  Jurkat-Raji cell pairs, were fixed, immunostained (d-f) 
A Jurkat-Raji pair is immunostained for  (a) ADAP and (b) PLAC-24 with the red-green 
overlay shown in (c).  (d-f) A Jurkat-Raji pair is immunostained for ADAP (d) and β-
catenin (e) with the red-green overlay shown in (f).  (g-i) A Jurkat-Raji pair is 
immunostained for dynein using mAb 70.1 (g) and PLAC-24 (h) with the red-green 
overlay shown in i.  Data are representative of three independent experiments.  Scale Bars 
= 5 microns. 
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clustered at the synapse.  The synaptic distribution of two proteins, β-catenin and PLAC-

24, were of interest as they are known to be involved in connections to microtubule 

dynamics at sites of cell-cell contact, such as adherens junctions (Ligon, Karki et al. 

2001; Karki, Ligon et al. 2002).   In addition to this, it has been shown that β-catenin 

directly binds to dynein IC (Ligon, Karki et al. 2001).  Figure 2.5d-i shows that both 

PLAC-24 and β-catenin colocalize with ADAP such that the ADAP ring encompasses the 

regions of PLAC-24 and β-catenin clustering. 

Since PLAC-24 and β-catenin are both components of a dynein-binding complex 

at adherens junctions, it was of interest to know if other components of adherens 

junctions, in particular α-catenin, were also present at the synapse.   In adherens 

junctions, α-catenin links β-catenin to the actin cytoskeleton and it may function in a 

similar capacity at the synapse (Drubin and Nelson 1996; Gumbiner 1996).  To determine 

the distribution of α-catenin at the immunological synapse, Jurkat-Raji pairs were 

prepared, fixed, and immunostained for α-catenin.  Image stacks were acquired and 

projected in three dimensions to enable viewing of the synapse face-on.  The results in 

Figure 2.6 show ring-like clustering of α-catenin at the synapse, similar to the data for β-

catenin. 

Studies by Sancho and colleagues demonstrating that the tyrosine kinase Pyk-2 is 

essential in NK cell MTOC polarization fostered interest in a role for this kinase and 

associated proteins in MT translocation (Sancho, Nieto et al. 2000).  One of the targets of 

Pyk-2 is the adaptor protein Paxillin so it was interesting to know if Paxillin was present 

at the synapse (Li and Earp 1997).  In order to examine the distribution of Paxillin in 

Jurkat-Raji pairs, SEE-coated, colchicine-treated Raji cells were paired with Jurkat cells, 

fixed, and immunostained for tubulin and Paxillin (Figure 2.7a-c).  The results 
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demonstrate clustering of Paxillin similar to ADAP and other proteins that form a ring at 

the synapse.   

Because of its relationship to β-catenin, a candidate of interest in MTOC 

polarization was the calmodulin binding protein IQGAP1.  IQGAP1 is known to bind to 

actin and regulate β-catenin accumulation at sites of cell-cell contact (Briggs, Li et al. 

2002; Noritake, Fukata et al. 2004).  To determine if IQGAP was localized at the 

synapse, Jurkat-Raji pairs were prepared, fixed and immunostained as described 

previously.  The results show accumulation of IQGAP1 at the Jurkat-Raji synapse edges 

again suggesting that it forms a ring. 

 

 

 

Figure 2.6:  α-catenin clusters as a ring at the Jurkat-Raji immunological synapse. 

Jurkat-Raji pairs were prepared, fixed, and immunostained for α-catenin.  Image stacks 
were processed and 3D reconstructions produced as described earlier.  (a) The results 
show clustering of α-catenin at the synapse that, when rotated to view the synapse face-
on, reveal a ring structure (b).  Scale bar = 5 microns. 
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Figure 2.7:  Paxillin and IQGAP1 cluster at the Jurkat-Raji immunological synapse. 

Jurkat-Raji pairs were prepared, fixed, and double immunostained for tubulin and either 
Paxillin (a-c) or IQGAP1 (d-f).  The results show clustering of these proteins at the edges 
of the synapse, suggesting a ring-like clustering pattern.  Scale bars = 5 microns. 
 

DISCUSSION 

These studies have demonstrated that LFA-1 is not an essential element in T cell 

MTOC polarization, but suggests the possibility that ADAP, dynein, PLAC-24, β-

catenin, α-catenin, Paxillin, and IQGAP1 participate in T cell MTOC polarization.  

ADAP has been found to cluster around the MTOC in some inactivated Jurkat cells, from 

where it then translocates to the target cell contact region upon T cell activation.  This 

clustering forms a ring, and this ring marks areas of microtubule anchors at the 

immunological synapse.  This suggests that ADAP is a better marker for points where 
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microtubules anchor at the Jurkat-Raji immunological synapse.  In synapses exhibiting 

uneven or incomplete ADAP ring formation, the position of the MTOC correlates to the 

ADAP clusters.  Furthermore, an intact microtubule cytoskeleton is not essential for 

ADAP ring formation suggesting that the ring arises independently due to T cell 

activation.    

Studies performed by Soo Jin Kim discovered that dynein forms a ring at the 

immunological synapse (Combs, Kim et al. Submitted).  Double staining and three-

dimensional projections of the data demonstrated colocalization of ADAP with this 

dynein ring.  The search for other participants in this complex revealed co-clustering of 

PLAC-24 and β-catenin with ADAP.  The presence of these proteins suggested 

similarities between adherens junctions and the T cell synapse.  The search for other 

candidates that may reside in this ring complex and participate in MTOC polarization 

revealed that α-catenin, Paxillin, and IQGAP1 are all present at the synapse.  Altogether, 

discovery of these components in the synaptic ring suggests that the pSMAC is complex 

and that there are many proteins that all may be involved in linking the actin cytoskeleton 

to the microtubule cytoskeleton at the T cell immunological synapse. 

These data visually implicate the involvement of ADAP in MTOC polarization 

through the clustering patterns of proteins suspected to be involved.  The colocalization 

of ADAP and dynein suggests the possibility of a connection between these two proteins.  

Regarding this, it has been shown that immunoprecipitation of dynein from activated 

Jurkat-Raji pairs pulls down ADAP (Combs, Kim et al. Submitted). This together with 

the colocalization data demonstrates that ADAP and dynein form a complex at the 

synapse and further implicates involvement of ADAP in MTOC polarization. 

Although this study provided a wealth of information regarding the clustering 

pattern of many proteins at the immunological synapse, it does not directly answer the 
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questions regarding the functional significance of ADAP in T cell MTOC polarization.  

The dynein ring that was found to colocalize with ADAP is likely important for MTOC 

polarization as this motor protein could generate the force necessary for MTOC 

polarization as well as the bending of microtubules at the synapse.  It is not known, 

however, whether ADAP clusters dynein, dynein clusters ADAP, or perhaps the two 

cluster together by independent mechanisms. Additionally, even if ADAP serves as an 

anchor for dynein, there may be functional redundancy in MTOC polarization resulting 

from the presence of the dynein-associated proteins β-catenin and PLAC-24.  To 

determine the functional significance of ADAP in polarization, T cells lacking ADAP 

expression will need to be developed from which experiments detailing functional 

significance can be performed. 
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Chapter 3:  Functional studies of ADAP 

INTRODUCTION 

 

The structural relationships between ADAP, microtubules, and dynein IC 

suggested the possibility of a functional role for ADAP in MTOC polarization.  ADAP is 

concentrated around the MTOC in unpaired Jurkat cells but upon activation by 

superantigen-coated Raji cells, ADAP forms a ring that colocalizes with dynein at the 

synapse. Work done by Soo Jin Kim has shown that ADAP and dynein 

coimmunoprecipitate in activated Jurkat cells, suggesting that these proteins form a 

complex (Combs et al, submitted).  Furthermore, the MTOC is normally centered within 

the ADAP ring, but in cases where only a partial ring of ADAP is formed, the MTOC is 

not located in the hypothetical center were a complete ring present.  Instead, it is shifted 

close to the region where ADAP is clustered.  This finding is consistent with the idea that 

tension pulling on the MTOC is generated at the site of the ADAP ring.  In cases where 

there is a partial ring, tension is generated from only one direction with no 

counterbalancing tension from the opposite direction. These correlations all suggest the 

possibility that ADAP plays a role in MTOC polarization. However, none of these 

findings constitutes proof that ADAP is directly involved in MTOC polarization.   

To directly test for a functional role of ADAP in MTOC polarization, it is 

necessary to manipulate ADAP activity in T cells.  This was done initially by introducing 

anti-ADAP antibody into Jurkat T cells.  In some experiments, anti-ADAP antibody 

loaded Jurkat cells showed a significant reduction in MTOC polarization compared to 

control antibodies; however, these results were not always consistent.  As a better 

alternative, MTOC polarization was compared in normal and ADAP knockout mice.  The 
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data from these studies indicated that ADAP was not necessary to obtain normal levels of 

MTOC polarization.   

While one would normally think that results obtained using ADAP knockout mice 

would be definitive, it seemed possible that Jurkat cells would give a different result from 

primary mouse cells. First of all, all the preliminary data including the colocalization 

data, the coimmunoprecipitation data, and the anti-ADAP antibody loading experiments 

suggested a close relationship between ADAP, dynein and microtubules.  Secondly, Soo 

Jin Kim had obtained structural data from mouse and Jurkat T cells indicating these cells 

differed in the arrangement of dyenin, ADAP, and LFA-1 at the synapse (Kim and 

Poenie, unpublished observations).  Thus while the knockout data seemed definitive for 

mouse T cells, it might not apply to Jurkat cells. 

To test for a role of ADAP in Jurkat cells, morpholino oligonucleotides (ADAP 

MO) were used to reduce ADAP expression in Jurkat cells.  Comparison of normal and 

ADAP MO treated cells revealed a severe defect in MTOC polarization and a loss of 

dynein clustering at the synapse.  On the other hand, ADAP knockdown did not interfere 

with phosphoLAT or β-catenin accumulation at the synapse and the morphology of 

Jurkat-Raji conjugates appeared normal. These results indicate that ADAP plays a 

specific role in MTOC polarization and accumulation of dynein at the synapse.  

METHODS 

Antibodies, Cell Lines and Reagents 

Tissue culture reagents, including RPMI 1640, glutamine and sodium pyruvate 

were purchased from Invitrogen (Carlsbad, CA).  Heat inactivated fetal bovine serum was 

obtained from Atlas Biologicals (Fort Collins, CO).  Partially purified Staphylococcus 

Enterotoxin E was purchased from Toxin Technology (Sarasota, FL).  The Protein 
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Microanalysis Facility at the University of Texas at Austin synthesized a peptide 

representing amino acids 88-103 of pigeon cytochrome c (PCC).  Polylysine (58 kDa 

MW), Tween-20, Triton X100, EDTA, Protein G, FITC phalloidin and colchicine were 

purchased from Sigma (St.Louis, MO).  Paraformaldehyde and glyoxal were purchased 

from Aldrich (Milwaukee, WI).  Cell Tracker Blue, Mitotracker Red, AlexaFluor 594-

labeled Cholera Toxin B subunit and ProLong Gold Antifade mounting media were 

purchased from Molecular Probes (Eugene, OR).  PP2 was purchased from Calbiochem 

(La Jolla, CA).  ProteoJuice protein transfection reagent was purchased from Novagen 

(Madison, WI).  All other reagents used in this study were of the highest quality 

available. 

The antibodies used in this study were as follows: mouse anti-fyb (ADAP) IgG 

clone 5 (da Silva, Li et al. 1997)(BD Biosciences 610945; San Diego, CA), rabbit anti-

mouse ADAP (Upstate 07-546; Lake Placid, NY), rat anti-α-tubulin, clone YOL 1/34 

(Chemicon Intl. CBL270; Temecula, CA), rabbit anti β-catenin (Knudsen, Soler et al. 

1995)(Upstate 06-734; Lake Placid, NY), rabbit anti-phospho-LAT Tyr 191 (Cell 

Signaling 3584S; Beverly, MA), FITC-labeled goat anti-mouse IgG antibody (Sigma 

F0257; St.Louis, MO), FITC-labeled rabbit anti-goat IgG antibody (Sigma F2016; 

St.Louis, MO), Red X-labeled goat anti-mouse IgG (Jackson ImmunoResearch 115-295-

166; West Grove, PA), AP-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology; 

Santa Cruz, CA), AlexaFluor 594 conjugated goat anti-rabbit IgG (Molecular Probes A-

11037; Eugene, OR). The rabbit anti-DIC 1467 antibody was a generous gift from Dr. 

Erika Holzbaur. 

Normal Jurkat (clone E6-1), Raji and CH12 cells were obtained from ATCC.  

LFA-1 deficient Jurkat cells (JB2.7) were acquired as a gift from Dr. Timothy Springer. 

All Jurkat, Raji and CH12 cells were grown in RPMI 1640 containing 10% heat-
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inactivated fetal bovine serum, 50 µM β-mercaptoethanol, 24 mM NaHCO3, 1 mM 

pyruvate and 1 mM glutamine.  The Jurkat and Raji cells were cultured in a 37OC 

incubator with 5% CO2. 

AND TCR transgenic mouse splenic T cells 

Wild-type and ADAP deficient AND TCR transgenic mice were a generous gift 

from Dr. Gary Koretzky (Reay, Kantor et al. 1994; Peterson, Woods et al. 2001).  

Spleens from healthy, adult 6-10 week old mice were removed, red blood cells lysed with 

NH4Cl-Tris, and stimulated with γ-irradiated CH12 cells coated incubated with pigeon 

cytochrome C peptide (PCC).  Cells were cultured in RPMI 1640 containing 10% heat-

inactivated fetal bovine serum, 10% IL-2 supernatant, 50 µM β-mercaptoethanol, 24 mM 

NaHCO3, 1 mM pyruvate, and 1 mM glutamine. The IL-2 supernatant was prepared as 

previously described (Farrar, Fuller-Farrar et al. 1980).  The splenic T cells were cultured 

in a 37OC incubator with 5% CO2.   

Preparation of AND TCR transgenic T cell-CH12 cell conjugates 

CH12 cells were incubated with 2 µM PCC peptide for 2 hours.  10 µM 

colchicine was added for 30 minutes to depolymerize the microtubules, and the cells were 

labeled with 10 nM Mitotracker red for 15 minutes.  The CH12 cells were washed and 

pelleted with either wild-type or ADAP deficient AND TCR transgenic splenic T cells.  

Cells were plated on poly-lysine coated coverslips and allowed to adhere for 15 minutes 

prior to fixation. 

Morpholino mediated knockdown of ADAP in Jurkat cells 

Jurkat cells were diluted to a density of 8 x 105 cells/ml on the day before 

transfection.  For each electroporation, 2 x 107 cells were suspended in 400 µL RPMI 

1640 media, and 15 nmol of morpholino was added to the cells and incubated for 15 
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minutes at room temperature.  The suspension was then transferred to a 4 mm BioRad 

electroporation cuvette, and the cells were electroporated at 950 mF and 250 V on a 

BioRad Gene Pulser II electroporation system.  The cells were immediately transferred to 

10 mL of growth medium.   

Morpholino sequences 

ADAP morpholino, TGCCCCCCGTGTTATATTTCGCCAT (complementary to 

nucleotides 1-25 of human ADAP), and FITC-labeled standard control morpholino, 

CCTCTTACCTCAGTTACAATTTATA, were purchased from Gene-Tools, LLC 

(Philomath, OR). 

Preparation of Jurkat-Raji conjugates 

For the preparation of Jurkat-Raji cell pairs, Raji cells were incubated for 1.5 

hours with 2 µg/ml partially purified Staphylococcus Enterotoxin E prior to mixing with 

Jurkat cells. For cases where the experiment involved immunostaining for tubulin, 

colchicine (10 µM final) was added to the Raji cell suspension one hour after adding 

SEE. For experiments involving Cell Tracker Blue labeled Rajis, 1 µM Cell Tracker Blue 

was added to the SEE-Raji mixture and incubated 15 minutes.  Jurkat and Raji cells were 

washed by centrifugation, mixed and pelleted.  The pellet was resuspended in RPMI 

media and plated on polylysine-coated coverslips where they were allowed to adhere for 

15 minutes prior to fixation. 

Inhibition of Jurkat cell activation with PP2 

To inhibit T cell activation in Jurkat cells, PP2 was added to the growth media at 

a final concentration of 10 µM.  Cells were incubated in PP2 for 30 minutes and washed 

as described above prior to Jurkat-Raji conjugate formation. 
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Labeling of the Jurkat cell golgi 

To label the Jurkat cell golgi, Jurkat cells were incubated for 15 minutes with 

AlexaFluor 594-labeled cholera toxin subunit B at a concentration of 50 µg/mL.  

Following incubation, cells were washed 3 times in RPMI media with no serum. 

Antibody transfection 

The day before transfection, cells were diluted to a density of 0.2–1 x 10
5 
cells per 

mL.  For each experimental group, 50 µl of serum-free DMEM High Glucose media was 

placed in a 1.5 mL microcentrifuge tube.  1.25 µg of antibody was added to the serum-

free media, followed by 1.25 µl ProteoJuice Protein Transfection Reagent.  The 

transfection mixture was thoroughly mixed by vortexing and incubated at room 

temperature for 20 minutes.  225 µl DMEM High Glucose media was added to the 

transfection mixture and was added to washed and pelleted 7.5 x 10
5 

Jurkat cells in a 

sterile microcentrifuge tube.  The mixture was transferred to one well of a 24-well plate 

and incubated at 37°C (5% CO2) for 9.5 hours.  Jurkat cells were labeled with AlexaFluor 

594 Cholera Toxin B subunit, and Jurkat-Raji pairs were prepared. The cell pairs were 

then plated onto coverslips, incubated 15 minutes, and mounted on slides in a mixture of 

PBS/glucose/calcium. 

Cell Lysate Preparation and Western Blots of SDS-PAGE gels 

 To prepare cell lysates, cells were pelleted and then mixed with 1 mL of ice cold 

lysis buffer containing 25 mM Tris pH 8.0, 50 mM NaCl, 0.5% Triton X100, 2 mM 

EDTA, 50 mM NaF, 1 mM NaVO4, 1 mM PMSF, 1 mg/mL leupeptin, 1 mg/mL 

aprotinin and 1 mg/mL pepstatin.  Cells were homogenized by passage through a 21-ga 

syringe and then spun at 13,000 rpm in a microfuge for 10 minutes.  Proteins were 

resolved by SDS-PAGE, transferred to a BioRad 0.2 µm nitrocellulose membrane and 
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stained with Ponceau S to ensure equal protein loading.  The Ponceau S stain was washed 

off, and the membrane was blocked in a solution of 5% powdered milk in TBS for 30 

minutes.  The membrane was incubated with the appropriate primary antibody (diluted in 

blocking solution for 1 hour) and subsequently washed 3 times in Tris buffered saline 

(TBS; 25 mM Tris, 137 mM NaCl, 2.7 mM KCl, 0.025% Tween-20, pH 7.4) for 10 min 

each with agitation.  The membranes were then incubated with a secondary alkaline 

phosphatase-conjugated antibody (diluted in blocking solution) for one hour and 

subsequently washed 3 times in TBS with gentle agitation.  The alkaline phosphatase-

labeled blots were developed using a BioRad AP developing kit. 

Antibody staining 

Jurkat-SEE-Raji and TCR transgenic splenic T cell-CH12 mixtures were plated 

on coverslips, fixed in a solution of PBS/glucose/calcium with either 3% formaldehyde or 

2% formaldehyde with 1% glyoxal for 30 minutes.  Cells were permeabilized in 1:1 

acetone-methanol on ice for 15 minutes, washed in PBS and blocked for 30 minutes in 

PBS containing 5% serum and 0.1% Tween 20. Following the block, cells were washed 

in PBS and incubated for one hour in the primary antibody diluted in blocking solution. 

Following the primary the coverslips were washed.  This procedure was repeated for the 

secondary antibody. After staining was complete, coverslips were mounted on 

microscope slides using either Molecular Probes Prolong or Prolong Gold Antifade 

mounting media. 

Image Acquisition 

Images were acquired using a Nikon Diaphot 200 Inverted microscope using a 

Hamamatsu Orca CCD. 
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RESULTS 

To test whether ADAP played a role in T cell MTOC polarization, Jurkat cells 

were transfected with antibodies specific for ADAP.  Transfection efficiency was 

determined by the transfection of a FITC-labeled rabbit anti-goat IgG antibody in parallel 

to the anti-ADAP transfections (Data not shown).  To track the position of the MTOC 

without using an antibody, Jurkat cells were labeled with Alexa Fluor 594 cholera toxin 

subunit B (CTx).   CTx binds to the ganglioside GM1 on the plasma membrane and is 

shuttled into the trans-Golgi network (Joseph, Kim et al. 1978).  It was thought that since 

the Golgi resides close to and translocates along with the MTOC preceding target cell 

lysis, the fluorescent CTx-labeled Golgi should be useful for marking the position of the 

MTOC (Kupfer, Louvard et al. 1982; Kupfer and Dennert 1984; Kupfer, Dennert et al. 

1985). This was verified by double staining Jurkat – Raji pairs with both anti-tubulin and 

CTx.  

 The Jurkat cells were paired with SEE-coated Raji cells and were adhered to 

polylysine-coated coverslips, microscopically examined, and polarization counts were 

made.  Figure 3.1 demonstrates that MTOC polarization decreases from 85% in the 

normal and control antibody transfected cells to 35% in the anti-ADAP transfected cells.  

While initial studies using antibody transfection were promising, ultimately this approach 

was abandoned.   In several repeats of this experiment the data were not always 

consistent, and the cells treated with ProteoJuice would often not adhere well to the 

coverslips resulting in few usable cell pairs in the experimental group.  

In spite of the technical problems, preliminary anti-ADAP experiments provided a 

tantalizing possibility of a role for ADAP in T cell MTOC polarization.  However, even 

in the best cases, polarization was only reduced to 35% of control values.  While this 

iiiiiii  
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Figure 3.1:  Transfection of anti-ADAP antibody reduces MTOC polarization in Jurkat 
cells. 

Jurkat cells were transfected with either mouse anti-ADAP clone 5 antibody or FITC-
labeled rabbit anti-goat IgG antibody as a control using ProteoJuice protein transfection 
reagent.  Normal (untreated), anti-ADAP and anti-Goat IgG Jurkat cells were labeled 
with AlexaFluor 594 cholera toxin subunit B (CTx) to visualize the Golgi and thus 
approximate the position of the MTOC.  Jurkat-Raji cell pairs were prepared, and 
examples of normal (a) and anti-Goat IgG (b) Jurkat-Raji pairs demonstrate normal 
MTOC polarization.  (c) An example of anti-ADAP Jurkat-Raji pair demonstrates a lack 
of MTOC polarization. (d) A bar graph summarizing polarization counts demonstrates a 
dramatic reduction in MTOC polarization in the anti-ADAP Jurkats as compared to 
normal and anti-Goat IgG Jurkat cell preparations.  Data are representative of one 
experiment; Normal, n = 25 cell pairs, anti-Goat IgG, n = 25 cell pairs, and anti-ADAP, n 
= 25 cell pairs.  Jurkat cells = J and Raji cells = R.  Scale bars = 5 microns. 
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proportion represents a significant decrease in polarization, it was difficult to interpret the 

data without an estimate of background values.  Here, “background” polarization refers to 

the proportion of cell pairs that appear to be polarized as a result of random positioning of 

the MTOC.   

To determine background polarization values, Jurkat cells were treated with the 

tyrosine kinase inhibitor PP2.  PP2 specifically inhibits fyn and lck kinase activity and 

has been shown to prevent T cell activation (Hanke, Gardner et al. 1996; Karni, Mizrachi 

et al. 2003).  The Jurkat cells were labeled with Alexa Fluor 594 cholera toxin subunit B 

as previously described and paired with SEE-coated Raji cells.  The cell pairs were 

adhered to polylysine-coated coverslips, microscopically examined, and polarization 

counts were made.  The results of this experiment, shown in Figure 3.2, demonstrates a 

polarization level of 25% for the cells treated with PP2, while the normal cells exhibited 

nearly 90% polarization.  These data suggests that the background level of polarization in 

Jurkat-Raji pairs is 25%.  Together with the previous anti-ADAP experiment, these data 

suggests that polarization in the anti-ADAP antibody transfected cells is only 10% above 

background. 

In light of the technical issues surrounding the anti-ADAP experiments, a new 

method of examining ADAP function was sought.  Although no ADAP deficient Jurkat 

cell lines were available, ADAP knockout mice had previously been generated by two 

groups (references Griffiths, Peterson) and these had been crossed with  “AND” TCR 

transgenic mice.  The AND TCR transgenic mice produce T cells of known antigen 

specificity for amino acids 88-103 of pigeon cytochrome c (PCC-peptide)(Reay, Kantor 

et al. 1994).  These T cells can be activated by adding peptide to antigen presenting cells 

that have the I-Ek MHC haplotype (I-Ek MHC) (Tamir, Eisenbraun et al. 2000).  In this 

case, the mouse B cell lymphoma line CH12 was used as I-Ek MHC antigen presenting 
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cell (Lanier, Arnold et al. 1982). Although all the previous studies here involved Jurkat 

cells, the broad similarity of mouse and human T cell activation pathways suggested that 

ADAP knockout mice would be an idea system to test for a functional role of ADAP in 

MTOC translocation. 

To address the function of ADAP in MTOC polarization using the ADAP 

knockout mice, T cell preparations were grown from the spleens of wild-type and ADAP- 

deficient AND TCR transgenic mice.  CH12 cells were labeled with Mitotracker Red, 

incubated with PCC peptide, and treated with colchicine to depolymerize their 

microtubules. These antigen-presenting cells were then mixed with T cells, plated on 

coverslips, fixed, immunostained for tubulin and scored for MTOC polarization.  

Examples of the data in Figure 3.3 show similar levels of MTOC polarization in both 

ADAP +/+ and ADAP -/- T cell-CH12 pairs.  Thus the data demonstrate no significant 

difference between wild-type and ADAP deficient T cell polarization (Figure 3.3g).   

The similar levels of polarization seen in ADAP +/+ and ADAP -/- cells was 

surprising given the previous antibody transfection data. One possibility is that somehow 

a mistake was made and the ADAP -/- cells were in fact expressing ADAP. To verify that 

the cells used did not express any ADAP, cell lysates were blotted and probed for ADAP 

(Figure 3.3h).  A dark band appears around 130 kDa, the size of ADAP, in the wild-type 

cell lysate but not in either the ADAP deficient cells or the CH12 cells.  CH12 B cells 

were used as a negative control as B cells do not express ADAP (da Silva, Li et al. 1997).  

To ensure equal loading of cell lysates, the blot was subjected to a Ponceau S stain which 

showed equal levels of total protein in each sample lane. 

The results from the ADAP deficient mouse T cells appeared to contradict the 

data from the anti-ADAP antibody studies in Jurkat cells.  The Jurkat anti-ADAP 

iiiiiiiiiiii 
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Figure 3.2:  Determination of background polarization in Jurkat-Raji pairs. 

Jurkat cells were incubated with 10 mM PP2 for 30 minutes preceding experiment.  
Normal (untreated) and PP2-treated Jurkat cells were labeled with AlexaFluor 594-
labeled cholera toxin subunit B (CTx) to visualize the Golgi and thus provide a marker 
for MTOC location.  These Jurkat cells were used in the preparation of Jurkat-Raji cell 
pairs. (a) Example of a normal Jurkat-Raji pair demonstrates normal MTOC polarization.  
(b) Example of a PP2-treated Jurkat-Raji pair demonstrates a lack of MTOC polarization. 
(c) A bar graph summarizing polarization counts demonstrates 25% MTOC polarization 
in Jurkat Raji pairs with complete inhibition of kinase signaling.  Data are representative 
of three experiments; Normal, n = 30 cell pairs, PP2-treated, n = 30 cell pairs.  Jurkat 
cells = J and Raji cells = R.  Scale bars = 5 microns. 
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Figure 3.3:  ADAP is not essential for MTOC polarization in mouse T cells. 

Splenic T cells derived from AND TCR transgenic mice either parental (wild-type) or 
crossed into ADAP -/- mice were mixed with PCC-coated CH12 B-cells labeled with 
Mitotracker red, fixed, and immunostained for α-tubulin.  Examples of (a-c) wild-type 
and (d-f) ADAP-/- demonstrate that ADAP is not essential for MTOC polarization in 
these cells.  A bar graph summarizing polarization counts (g) demonstrate no significant 
difference in MTOC polarization.  To verify that ADAP was not expressed in the ADAP-
/- cells, lysates from CH12, wild-type, and ADAP-/- cells were probed for ADAP.  The 
blot reveals that only the Wild-type cells express ADAP.  Data are representative of three 
independent experiments; wild-type, n = 50 cell pairs, and ADAP-/-, n = 50 cell pairs.  
Error bars represent ± s.d. and scale bars = 5 microns. 
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transfection experiment indicated involvement of ADAP in polarization, while the mouse 

T cell experiments showed no requirement for ADAP.   At this point it became difficult 

to produce an explanation that encompassed all the collected data.  The preliminary three-

dimensional immunofluorescence structural data together with the ADAP-dynein 

coimmunoprecipitation suggested a connection between ADAP and microtubules at the 

synapse.  Perhaps these associations between ADAP, dynein, and microtubules were only 

circumstantial.  One possibility was that ADAP has no functional link directly to MTOC 

polarization but may participate in some other function involving dynein and 

microtubules at the synapse.   If ADAP does in fact serve as a dynein anchor, another 

possibility is that MTOC polarization has several layers of redundancy, making it 

necessary to knock out several proteins in order to abolish T cell polarization.  One 

important difference between the Jurkat preliminary data and the mouse ADAP deficient 

data existed:  these data were collected from two separate and distinct model systems.  

Although the mouse T cell experiments added serious doubt to the hypothesis of ADAP 

serving as a dynein / microtubule anchor, a significant amount of Jurkat-Raji preliminary 

data implicated ADAP.  Furthermore, during the course of these studies, 

immunolocalization data was obtained by Soo Jin Kim showing significant structural 

differences between the mouse and Jurkat synapses. For example, while the ADAP and 

LFA-1 rings were distinct in both types of cells, the localization of dynein was different. 

In mouse CTLs, the dynein ring is closely associated with that of LFA-1 whereas in 

Jurkat cells, dynein is closely associated with ADAP. Thus there were compelling 

reasons to determine if ADAP was required for MTOC polarization in Jurkat cells even 

in light of the mouse knockout data.  

To address the possibility of a role for ADAP in Jurkat-Raji MTOC polarization, 

ADAP expression was reduced in Jurkat cells using antisense morpholino 
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oligonucleotides directed against the first 25 nucleotides of ADAP mRNA, beginning 

with the start codon.  Morpholinos were delivered via electroporation with a transfection 

efficiency in the range of 75-85% as determined using a FITC-labeled standard control 

morpholino (Figure 3.4a-c).  Verification of ADAP knockdown was performed by 

western blot of cell lysates from normal Jurkats as well as those transfected with either a 

standard control morpholino (Control MO) or ADAP morpholino (ADAP MO).  Equal 

loading was verified using a Ponceau S stain prior to the western blot.  The results in 

Figure 3.4d-e show that the amount of ADAP in ADAP MO cells was reduced by 50% 

overall as compared with either the normal or Control MO cells. The value of 50% 

reflects the fact that not all cells were transfected, and that in some cells, ADAP was not 

completely eliminated as judged by immunofluorescence.   

Having established that morpholino oligonucleotides could reduce ADAP 

expression, it was desired to determine what length of time following transfection 

produced the greatest reduction of ADAP expression.  For this, Jurkat cells were 

transfected with either the Control MO or ADAP MO.  Lysates were prepared from these 

experimental groups at 24, 48, and 72 hours post-transfection.  These cell lysates, along 

with normal Jurkat cell lysate as a control, were analyzed by SDS-PAGE and probed on 

western blots.  The results, shown in Figure 3.5, demonstrate that maximal knockdown of 

ADAP expression occurs at 24 hours following transfection with ADAP expression at 

15% as compared to normal Jurkat cell lysate.  The level of ADAP expression increases 

to 29% at 48 hours and to 65% at 72 hours.  This blot suffers, of course, from the 

observed variability of the control MO expression levels.  In spite of this, the ADAP 

expression levels in the ADAP MO lysates produces a fairly linear trend through the 

timecourse showing that ADAP expression levels increase following the 24-hour 

timepoint. 
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To determine if ADAP is necessary for MTOC polarization, colchicine-treated 

SEE-coated Raji cells were incubated with normal, ADAP MO, and Control MO Jurkat 

cells and then the preparation was fixed and immunostained for ADAP and tubulin 

(Figure 3.6a-j). ADAP MO cell pairs were chosen as those having Jurkat cells with little 

to no ADAP expression as determined by ADAP staining.  Comparison of MTOC 

polarization in normal, ADAP MO and Control MO Jurkat cells gave scores of 81 % ± 6 

(normal), 77 % ± 10 (Control MO), and 35 % ± 6 (ADAP MO) (counts from 3 

independent experiments with 50 cell pairs counted per experimental group, ± value 

represents s.d.) (Figure 3.5k). Given that control levels of MTOC polarization are 

typically around 25-30 % depending on the method of scoring, these results demonstrate 

a severe defect in MTOC polarization in ADAP-deficient Jurkat cells.   

In light of the severe defect in polarization in ADAP knockdown cells, the 

question arose as to whether the ADAP MO treated cells activated normally upstream of 

ADAP.  To ensure that activation was intact, an immunostain of normal and ADAP MO 

cells was performed using an antibody directed against phosphorylated LAT (Tyr 191). 

For this, Cell Tracker Blue labeled, SEE-coated Raji cells were mixed with normal and 

ADAP MO Jurkat cells, fixed, and immunostained for ADAP and phospho-LAT.  The 

results demonstrate normal clustering of phospho-LAT in both untreated and ADAP MO 

Jurkat cells (Figure 3.7).  This result indicates that early T cell activation events are intact 

in ADAP MO cells.  

Having established a functional link between ADAP and MTOC polarization, the 

next goal was to determine the cause of the polarization defect.  Previous data showed 

that ADAP colocalized with dynein IC, a finding that suggested the possibility of a 

iiiiiiiiii
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Figure 3.4:  Knockdown of ADAP expression in Jurkat cells using antisense morpholino 
oligonucleotides. 

Jurkat cells were electroporated with either an antisense morpholino directed against 
ADAP (ADAP MO) or a standard control morpholino (Control MO) 24 hours before the 
immunofluorescence assay.  Jurkat cells transfected with Control MO were centrifuged, 
resuspended in PBS and microscopically examined to determine transfection efficiency.  
Images in a-c demonstrate a transfection efficiency of ~75%.  To verify ADAP 
knockdown normal, Control MO and ADAP MO Jurkat cell lysates were resolved with 
SDS-PAGE and probed on blots for ADAP.  The results in d-e show a ~ 50% decrease in 
ADAP expression in ADAP MO cells as compared to normal and Control MO cells.  
Scale bar = 10 microns. 



 49 

 

Figure 3.5:  Reduction of ADAP expression is greatest at 24 hours following antisense 
morpholino transfection. 

To determine kinetics of ADAP knockdown, Jurkat cells were electroporated with either 
an antisense morpholino directed against ADAP (ADAP MO) or a standard control 
morpholino (Control MO).  Lysates from Control MO and ADAP MO-transfected Jurkat 
cells at 24, 48 and 72 hours post-transfection as well as normal Jurkat cells were analyzed 
by SDS-PAGE and probed on blots for ADAP.  The results show that ADAP levels are 
lowest at 24 hours post-transfection and levels increase thereafter.
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Figure 3.6:  ADAP knockdown abolishes MTOC polarization in Jurkat cells. 

Jurkat cells were electroporated with either an antisense morpholino directed against 
ADAP (ADAP MO) or a standard control morpholino (Control MO) 24 hours before the 
assay.  Normal (untreated), ADAP MO and Control MO Jurkat cells were used in the 
preparation of Jurkat-Raji cell pairs and were immunostained as previously described.  
(a-d) Jurkat-Raji pairs were immunostained for (b) α-tubulin and (c) ADAP (mouse anti-
fyb) with the red-green overlay (d) showing normal ADAP clustering and MTOC 
polarization. (e-h) ADAP MO Jurkat-Raji pairs were immunostained for (f) α-tubulin and 
(g) ADAP with the red-green overlay (h) showing that loss of ADAP coincides with a 
lack of MTOC polarization.  (i-j) Control MO treated Jurkat-Raji pairs immunostained 
for α-tubulin (i) and ADAP (j) show normal ADAP clustering and MTOC polarization. 
(k) A bar graph summarizing polarization counts demonstrates a dramatic reduction in 
MTOC polarization in the ADAP MO Jurkats as compared to normal and Control MO 
Jurkat cell preparations. Data are representative of three independent experiments; 
Normal, n = 50 cell pairs, Control MO, n = 50 cell pairs, and ADAP MO, n = 50 cell 
pairs.  Error bars represent ± s.d., and scale bars = 5 microns. 
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functional connection between these proteins.  Since dynein is the most likely candidate 

for the motor protein involved in MTOC polarization and this process is defective in 

ADAP MO cells it was of interest to determine if clustering of dynein at the synapse was 

diminished in ADAP MO cells.  To answer this question, Raji cells were labeled with 

Cell Tracker Blue-labeled, coated with SEE and incubated with normal or ADAP MO 

Jurkat cells. Subsequently, cells were fixed and immunostained for ADAP and DIC.  

Normal cell pairs exhibited typical coclustering of ADAP and DIC at they synapse 

(Figure 3.8a-d), but ADAP MO Jurkat cells (e-h) exhibiting little or no ADAP (e, h) also 

showed little DIC clustering (f, h).  It is of special note that in panels e-h (top row), the 

only synapse with dynein clustered is also the only cell with clustered ADAP. 

One of the concerns in knocking down ADAP was the possibility that ADAP, 

through its affect on actin, might greatly alter synapse formation.  One way of addressing 

this question is to determine if other proteins cluster normally in the absence of ADAP.  

β-catenin is a putative dynein-binding protein that is also often involved with the actin 

cytoskeleton as seen in its accumulation at adherins junctions.  Thus it was interesting to 

determine if β-catenin clustered at the synapse in the absence of ADAP. To answer this 

question, Cell Tracker Blue labeled, SEE-coated Raji cells were incubated with normal 

and ADAP MO Jurkat cells and then fixed, and immunostained for ADAP and β-catenin.  

β-catenin was found to cluster normally in both normal and ADAP MO cells (Figure 3.9).  

These data show that β-catenin clusters at the synapse even in the absence of ADAP.  

 



 52 

 

Figure 3.7:  Phospho-LAT accumulates normally in ADAP knockdown Jurkat cells. 

To verify that Jurkat cells lacking ADAP activate normally, Normal and ADAP MO 
Jurkat-Raji cell pairs were prepared and immunostained for ADAP and phospho-LAT. 
While only (a-e) normal cell pairs demonstrated ADAP expression and clustering, both 
normal and (f-j) ADAP MO cell pairs demonstrated synaptic clustering of phospho-LAT.  
Scale bars = 5 microns. 
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Figure 3.8:  Morpholino mediated ADAP knockdown abolishes synaptic dynein 
clustering in Jurkat cells. 

Raji cells were labeled with Cell Tracker Blue (CTB) and both untreated (normal) and 
ADAP MO Jurkat-Raji cell pairs were prepared and immunostained as previously 
described.  (a-d) Normal Jurkat-Raji pairs with Raji cells labeled with CTB were 
immunostained for  (a) ADAP (mouse anti-fyb, clone 5) and (b) DIC (rabbit anti-DIC 
1467).  The red-green-blue overlay (d) shows typical ADAP and DIC clustering at the 
synapse.  (e-h) Experiments parallel to those shown in a-d were carried out using CTB-
labeled Raji cells and ADAP-MO treated Jurkat cells.   Note that in the top row of e-h, 
there were four Jurkat cells bound to the central Raji cell. One of these cells still 
expressed ADAP after ADAP-MO electroporation and this cell shows dynein was also 
clustered at the synapse. The remaining cells show little or no ADAP or dynein at the 
synapse.  Data are representative of 3 independent experiments.  Scale bars = 5 microns. 
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Figure 3.9:  β-catenin accumulates normally in ADAP knockdown Jurkat cells. 

Raji cells were labeled with Cell Tracker Blue (CTB) and both untreated (normal) and 
ADAP MO Jurkat-Raji cell pairs were prepared and immunostained as previously 
described.  Normal (a-d) and ADAP MO (e-h) Jurkat-Raji pairs with Raji cells labeled 
with CTB were immunostained for  (a and e) ADAP (mouse anti-fyb, clone 5) and (b and 
f) β-catenin (rabbit anti-β-catenin).  The red-green-blue overlays (d and h) show typical 
β-catenin clustering at the synapse in both normal Jurkats with ADAP and ADAP MO 
treated Jurkats that lack ADAP.  Data are representative of 2 independent experiments.  
Scale bars = 5 microns. 
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DISCUSSION 

Polarization of the MTOC follows T cell activation and previous studies have 

shown that activation of ZAP-70, LAT, and SLP-76 are required (Lowin-Kropf, Shapiro 

et al. 1998; Blanchard, Di Bartolo et al. 2002; Kuhne, Lin et al. 2003).  However, these 

proteins mediate a large number of downstream events many of which are specific to 

MTOC polarization (Kuhne, Lin et al. 2003).  LAT, in particular, activates a number of 

downstream components leading to calcium signaling and Ras/Erk activation (Sommers, 

Samelson et al. 2004).  It is interesting that phosphoLAT, but not dynein, accumulates 

normally in ADAP MO Jurkat cells.  This suggests the role of LAT in MTOC 

polarization is upstream of ADAP and is likely related to a general role in T cell 

signaling. 

ADAP appears to be more specifically involved in terms of its localization, its 

connection to dynein and restricted downstream effects and connections. 1) ADAP forms 

a ring that marks sites of microtubule attachment at the immunological synapse, 2) 

ADAP colocalizes with the dynein ring at the immunological synapse, 3) ADAP 

colocalizes with the dynein associated proteins PLAC-24 and β-catenin, and 4) ADAP 

co-immunoprecipitates with dynein in activated Jurkat cells (Combs, Kim et al. 

Submitted). 

These studies examined functional aspects of ADAP with the use of 1) anti-

ADAP antibody transfected Jurkat T cells, 2) ADAP deficient mouse T cells, and 3) 

morpholino-mediated ADAP knockdown in Jurkat T cells.  These new data demonstrate 

that ADAP is essential for MTOC polarization in the Jurkat-Raji system, but not in a 

mouse TCR-transgenic system. 
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The difference between results in mouse and Jurkat cells is surprising.  ADAP 

structure and function appear similar in mouse and human T cells showing 78.6% 

homology. Furthermore, both mouse and human ADAP potentiate cytokine production in 

T cells (da Silva, Li et al. 1997; Musci, Hendricks-Taylor et al. 1997; Peterson, Woods et 

al. 2001) and show defects in LFA-1 accumulation but not gross synaptic actin 

polymerization (Griffiths, Krawczyk et al. 2001; Peterson, Woods et al. 2001).   

In spite of this, the involvement of ADAP in actin cytoskeleton rearrangement has 

been suggested by the binding of ADAP to VASP and ADAP’s association with a 

complex including WASP and Nck (Krause, Sechi et al. 2000; Coppolino, Krause et al. 

2001).  An argument could be made that the loss of ADAP disrupts specific synaptic 

regions of actin structure that are necessary for MTOC polarization; however, ADAP- 

deficient mouse cells polarize normally.  Thus, ADAP’s involvement in actin dynamics is 

not a likely explanation for the inhibition of MTOC polarization seen ADAP MO Jurkat 

cells. 

One possible explanation for the differences between the mouse and Jurkat 

systems is that despite their overall similarity, mouse and human pathways actually differ 

in function when it comes to ADAP.  Comparisons of the Jurkat-Raji and mouse 

immunological synapses reveal important differences that may be relevant to MTOC 

polarization.  Studies by Kuhn and Poenie showed that microtubule anchors are located 

within the confines of the LFA-1 ring in mouse synapses, while data presented here show 

microtubule anchors located within the ADAP ring (Kuhn and Poenie 2002).  Initially, it 

was believed that the LFA-1 and ADAP rings colocalize, and thus, the microtubule-

synapse structures in the mouse and Jurkat systems are equivalent.  Closer examination 

by Soo Jin Kim revealed that the LFA-1 ring is located interior of the ADAP ring in both 

model systems (Kim and Poenie, unpublished observations). In the mouse synapse, LFA-
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1 colocalized with dynein consistent with previous studies by Kuhn and Poenie (2002).  

However, in the Jurkat synapse, dynein is colocalized with ADAP rather than LFA-1.  

This structural difference suggests the possibility that the synaptic ring components may 

have functional differences in the two systems. 

At this point, the differences between the mouse and Jurkat data are not 

understood. The differences in synapse structure offer a tantalizing clue but one can only 

speculate how these differences arise.  One possibility is that synapse formation could be 

quite flexible depending on the context of T cell activation. Another possibility is that 

Jurkat cells being a transformed cell line are defective in some aspects of T cell activation 

or that they form an abnormal synapse.  These various models are discussed in the next 

chapter.  
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Chapter 4:  Conclusion 

MECHANISMS OF T CELL MTOC POLARIZATION 

The adaptor protein ADAP has been shown to be essential for MTOC polarization 

in Jurkat T cells and is likely involved with anchoring dynein at the synapse.  These 

conclusions are supported by data showing synaptic colocalization of ADAP with dynein, 

movement of the MTOC to sites where ADAP is concentrated (in the case of partial 

ADAP rings), coimmunoprecipitation of ADAP and dynein, and ADAP knockdowns 

using morpholino antisense oligonucleotides (Combs, Kim et al. PNAS, Submitted). 

Immunoprecipitation and ADAP knockdown studies establish a connection between 

ADAP and dynein, but the basis for this connection is not known.  

Studies described earlier using colchicine to depolymerize microtubules have 

shown that ADAP does not require microtubules to accumulate at the synapse. The most 

likely alternative, especially given its ENA/VASP binding domain is that ADAP is 

connected to the actin cytoskeleton.  

 Early ADAP studies by da Silva and colleagues showed that ADAP binds to the 

fyn SH2 domain (da Silva, Li et al. 1997).  In addition, studies by Campbell showed that 

fyn binds to the N-terminus of tctex-1, one of the dynein light chains.  Finally, fyn has 

been described as an essential component in T cell MTOC polarization (Martin-Cofreces, 

Sancho et al. 2006).  Taken together, these data suggest a plausible mechanism for 

linking ADAP to dynein where fyn mediates the association between ADAP and tctex-1.   

Despite the attractiveness of the ADAP-fyn-tctex-1 hypothesis, there are 

difficulties with this idea. First, the hypothesis would predict that tctex-1 would 

preferentially accumulate at the synapse, yet this is not seen when tctex-1 is localized by 

immunofluorescence (Tan and Poenie, unpublished observations). Furthermore, it is 
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difficult to comprehend how such a hypothesis could explain the differences seen in 

mouse knockdown versus ADAP morpholino experiments. Indeed, there is no obvious 

and compelling explanation for why mouse and Jurkat MTOC polarization would differ 

in their requirement for ADAP.  

Firstly, one possible explanation for the functional difference might arise from the 

difference in the method of interfering with ADAP function. For example, it might be 

possible for ADAP morpholino oligonucleotides to interfere with the synthesis of 

additional proteins beside ADAP.  However, a search of the human genome indicated 

that the morpholino target sequence was unique to ADAP. Furthermore, the control 

morpholino showed no effect. Thus inhibition was not due to the mere presence of short 

morpholino oligonucleotides. Finally, the inhibition of MTOC polarization correlated 

with the levels of ADAP expressed in the cells. For example, the MTOC often was 

polarized in ADAP-MO cells whenever there were low but detectable levels of ADAP at 

the synapse.  

Another possible explanation is that mice and human T cells differ more than we 

previously thought. We might conclude that evolutionary differences have generated 

different mechanisms of MTOC translocation. This idea is supported by data showing 

structural differences in the relative locations of ADAP, LFA-1 and dynein in the mouse 

and Jurkat synapse.  Whereas both mouse and Jurkat synapses show an inner LFA-1 and 

an outer ADAP ring, in mouse cells, dynein colocalizes with the LFA-1 ring, whereas in 

Jurkat cells, dynein colocalizes with ADAP.  Given that dynein is more closely 

associated with LFA-1 in mouse T cells, it would be interesting to look at MTOC 

polarization in LFA-1 deficient mouse T cells.   

Another possible explanation involves differences in the method of activation.  

The mouse TCR transgenic system uses T cells that express a TCR of known antigen 
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specificity, thus providing essentially normal T cell-APC pairing and activation.  The 

Jurkat-Raji system depends on bacterial superantigens for activation, as the antigen 

specificity of Jurkats is unknown.  Superantigens crosslink TCRs to antigen presenting 

cell MHCs, thus circumventing normal antigen binding (Kappler, Kotzin et al. 1989; Li, 

Llera et al. 1999).  Stimulation through superantigens has been shown to lead to 

activation of both the TCR and CD28 pathways leading to typical IL-2 production 

(Fraser, Newton et al. 1992).  

While activation of T cells by superantigen shows many similarities to normal 

antigen-dependant activation, there are numerous studies showing that ligation of the 

same TCR can generate different responses under different circumstances (Alberola-Ila, 

Takaki et al. 1997). For example, the same stimulus can trigger proliferation, anergy or 

apoptosis.  Furthermore, T cells exhibit different responses to variants of peptide antigens 

that differ by a single amino acid (Straus and Weiss 1993; Jameson and Bevan 1995; 

Pitcher and van Oers 2003).  Various models have been advanced to account for these 

differences.  One is the kinetic model wherein difference in responses depend on the time 

it takes to assemble various signaling complexes can influence the nature of the 

downstream response (Matsui, Boniface et al. 1994; Alam, Travers et al. 1996).  

Alternatively, oligomerization induced conformational changes may lead to differences in 

signaling (Janeway 1995; Fields and Mariuzza 1996). Thus it seems possible that 

superantigen and antigen peptides might also generate differences in activation signals. 

Implicit in this idea is that there is considerable variability and flexibility in the way the 

synapse is established and how the MTOC translocates. This in turn would require that 

there are, in some sense, parallel or redundant pathways leading to MTOC translocation.  

A third possible explanation for the difference in ADAP requirement for mouse 

and Jurkat MTOC polarization arises from the fact that the mouse T cells are primary 
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cells whereas Jurkat cells are a transformed cell line.  T cells in the mouse TCR 

transgenic system are considered normal T cells as they require antigen presenting cell 

stimulation as well as cytokine growth factors for growth.  Jurkat cells, however, are a 

transformed lymphoma cell line that does not require stimulation for growth.  It is 

interesting in this regard that alterations in the fyn complex are seen in Jurkat cells that 

are typical of T cells that have been mitogenically stimulated (Marie-Cardine, 

Kirchgessner et al. 1999).  Thus, there might be additional levels of regulation in 

nontransformed cells that are missing in Jurkat cells. 

While there might be various ways to account for differences between the 

requirement of ADAP in mouse versus Jurkat MTOC translocation, ultimately they lead 

to the idea that there are parallel or redundant mechanisms for MTOC translocation.  One 

possibility is that fyn is the key anchor through its interaction with tctex-1. In this 

hypothesis, many different proteins could recruit fyn to the synapse through binding the 

fyn SH2 domain.  Some of these possible fyn anchors include c-cbl, Pyk-2 and ZAP-70 

(Fukazawa, Reedquist et al. 1995; Fusaki, Matsuda et al. 1996; Tsygankov, Mahajan et 

al. 1996; Qian, Lev et al. 1997).  Given that tctex-1 binds to the N-terminal or unique 

region of fyn and that a number of proteins bind to the fyn SH2 domain, it is possible that 

other fyn-binding proteins might substitute for ADAP in anchoring of fyn to the synapse.  

It is possible that these other hypothesized anchors are defective in the Jurkat-Raji 

system, thus leaving ADAP as the only functional fyn anchor.   

Alternatively, we have identified putative dynein binding proteins such as β-

catenin and PLAC-24 that do not substitute for ADAP in Jurkat cells but might do so in 

mouse T cells. These proteins are involved in recruiting dynein to adherens junctions 

(Ligon, Karki et al. 2001; Karki, Ligon et al. 2002), and given their colocalization with 

dynein and ADAP at the Jurkat synapse, one might speculate that they could serve a 
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similar role in T cells.  However, there is an important difference between adherens 

junctions and the T cells synapse. Adherens junctions are normally established through 

the homotypic binding of membrane spanning cadherin proteins.  This raises the question 

of whether cadherins are also present at the T cell synapse.  This was examined in 

immunofluorescent stains using antibodies against N-cadherin, a protein expressed in 

Jurkat cells, and using a pan-cadherin antibody (Cepek, Rimm et al. 1996).  However, 

while staining was observed, none of these reagents showed clustering of a cadherin at 

the synapse.  

In the absence of cadherins, it is difficult to understand how PLAC-24 and the α- 

and β-catenins are functioning at the synapse.  Given that α-catenin binds to both β-

catenin and the actin cytoskeleton, it may mediate a link between the actin and 

microtubule cytoskeletons, but normally these connections would be organized at sites 

where cadherins are clustered (Ozawa and Kemler 1992; Rimm, Koslov et al. 1995).  The 

question then is whether there are other ways to organize alpha and beta catenin clusters 

at the synapse apart from cadherins.  

One possible alternative to cadherin-mediated beta-catenin complexes involves 

paxillin.  Paxillin is an adaptor protein that is found in focal adhesions and participates in 

integrin signaling.  It binds to and is phosphorylated by the kinase Pyk-2 (Li and Earp 

1997).  Additionally, paxillin is known to associate with the MTOC in lymphocytes 

where it directly binds to α-tubulin (Herreros, Rodriguez-Fernandez et al. 2000).  The 

relation of paxillin to Pyk-2 prompted interest because of work done showing inhibition 

of MTOC polarization in NK cells upon either overexpression or expression of dominant 

negative Pyk-2 (Sancho, Nieto et al. 2000). The ring-like staining pattern of paxillin at 

the synapse suggests its involvement in T cell function, although the roles of paxillin and 

Pyk-2 in T cell function remain to be determined.  
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IQGAP1 is another protein that accumulates at the Jurkat synapse and both binds 

and regulates β-catenin (Kuroda, Fukata et al. 1998; Briggs, Li et al. 2002).    IQGAP1, is 

a Rho-family binding adaptor protein that associates with the activated GTPases Rac and 

Cdc42, both known for roles in regulating the actin cytoskeleton (Hart, Callow et al. 

1996; Kuroda, Fukata et al. 1996).  IQGAP1 may be involved in synapse formation or 

MTOC polarization through this regulation or, possibly, the recruitment of β-catenin.  It 

is more likely, however, that IQGAP1 binding to β-catenin attenuates the involvement of 

β-catenin at the synapse.  Fukata and colleagues demonstrated that the binding of 

IQGAP1 to β-catenin dissociates the α-catenin-β-catenin complex that forms at sites of 

cell-cell contact (Fukata, Kuroda et al. 1999).  Ultimately, more research is needed to 

determine the functions of β-catenin, paxillin, and IQGAP1 at the synapse. 

Despite a number of tantalizing clues, at present we can only speculate as to why 

mouse and Jurkat cells differ in their requirement for ADAP. However, this study has 

opened many avenues for further exploration and hopefully will lead to a better 

understanding of synapse organization and function in both types of cells. 

SIGNIFICANCE 

Focused secretion and subsequent deletion of diseased cells are central events in T 

cell function and failure of the MTOC to polarize ultimately can lead to a loss of immune 

response.  This is seen in cases where ineffective T cells invade tumors but fail to secrete 

and, thus, fail to kill the tumor cells (Prevost-Blondel, Zimmermann et al. 1998; 

Whiteside 1998; Sotomayor, Borrello et al. 1999).  Radoja and colleagues examined 

these tumor-infiltrating lymphocytes (TIL) using a mouse system with tumors formed 

through the injection of either adenocarcinoma or fibrocarcinoma cells (Radoja, Saio et 

al. 2001). They demonstrated that the functional impairment in these cells is a defect 

downstream of TCR activation that prevents MTOC polarization and lytic granule 
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secretion (Radoja, Saio et al. 2001; Koneru, Schaer et al. 2005).  The antigens displayed 

by these tumor cells are adequate to elicit an immune response as indicated by the 

presence of T cells in the tumors as well as TCR clustering and ITAM phosphorylation 

that are typical of T cell activation.  This response is, however, inadequate to bring about 

tumor cell elimination.  Despite the failure to eliminate the tumor, these cytotoxic TILs 

can be shown to be functionally competent. Not only do these cells contain serine 

esterases and perforin that are typically present in mature CTLs, but they gain the ability 

to effectively lyse when cultured outside of the tumors.  Thus, the impairment must be 

due to some extrinsic factor in the tumor microenvironment. 

Understanding why TILs fail to follow through and kill their targets in the tumor 

environment could lead to important advances in cancer treatment. However, in order to 

determine the molecular nature of the killing defect, it will be important to identify the 

specific events that lead to MTOC translocation and secretion. Here, we have identified 

the first definitive links between T cell activation (ADAP) and MTOC translocation 

(dynein).  

While inability to trigger MTOC translocation could lead to a loss of T cell 

function, there are other examples where inappropriate MTOC polarization might also be 

associated with adverse immune responses.  It is estimated that 10-20 million people 

worldwide are infected with Human T cell Lymphotropic Virus (HTLV), a retrovirus 

whose infection of T cells leads to chronic activation of cellular immune responses and 

development of a number diseases related to activation of the immune system (Proietti, 

Carneiro-Proietti et al. 2005).  Common complications of HTLV infection include Adult 

T cell Leukemia (ATL), uveitis, arthritis, Grave’s disease, and polymyositis.  Some of 

these diseases, such as ATL, can increase the likelihood of opportunistic infections such 

as pneumonia or cytomegalovirus infection.  Once cells are infected with the HTLV, 
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virus spreads between T cells through a mechanism that requires direct contact between 

infected T cells and non-infected T cells (Yamamoto, Okada et al. 1982; Popovic, Sarin 

et al. 1983).  Infected cells form an adhesion with the target that is similar to 

immunological synapse and is referred to as the virological synapse (VS) (Igakura, 

Stinchcombe et al. 2003).  Study of this phenomenon has revealed the involvement of 

both normal cellular components and viral proteins in HTLV-1 mediated MTOC 

polarization (Barnard, Igakura et al. 2005; Nejmeddine, Barnard et al. 2005).  Unlike a 

normal synapse, the VS forms in the absence of TCR signaling and includes the 

clustering of at least several viral proteins, including Gag and Tax.  MTOC polarization 

accompanies virological synapse formation, and has been shown to be essential for 

transmission of the HTLV-1 from one cell to another.  It is still unclear, however, exactly 

how HTLV-1 subverts the MTOC translocation machinery.  

Both the failure of MTOC translocation and inappropriate MTOC translocation 

can potentially contribute to disease.  A better understanding of the mechanism of MTOC 

translocation could help elucidate why the body cannot eliminate some cancers and how 

HTLV is transmitted. It might also offer potential targets for drug development.  

Inhibiting MTOC polarization might be useful in blocking the spread of HTLV-1, 

blocking organ rejection, or blocking autoimmune diseases. On the other hand, 

stimulating the process might boost immune responses.  The work presented here offers a 

testable mechanism involving fyn as well as potentially interesting new players in β-

catenin and PLAC-24. 

 

CONCLUSION 

These studies have shown the involvement of ADAP in Jurkat T cell MTOC 

polarization. ADAP defines sites of microtubule attachment at the Jurkat-Raji 
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immunological synapse, colocalizes with synaptic dynein, and colocalizes with the 

dynein binding proteins β-catenin and PLAC-24.  Jurkat T cells with reduced ADAP 

expression exhibit a defect in MTOC polarization and dynein clustering, although ADAP 

deficient mouse T cells polarize normally.  Several important differences exist between 

these model systems that may contribute to the observed differences.  These include the 

mode of activation (superantigen versus antigen), cell species (human versus mouse), and 

cell status (transformed versus normal).  Future studies are necessary to elucidate the 

differences between these model systems and fully understand T cell MTOC polarization. 
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