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Summary

In T lymphocytes, polarization of the microtubule-organizing center (MTOC) to the 

immunological synapse enables the directional secretion of cytokines, cytolytic factors, and other 

soluble molecules toward the antigen-presenting cell. This is likely to be crucial for maintaining 

the specificity of T-cell effector responses. Here, we review recent advances in our understanding 

of MTOC reorientation in T cells, focusing first on the importance of diacylglycerol and protein 

kinase C isozymes and then on the molecular motor proteins that function downstream to drive 

MTOC movement.
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Introduction

Recognition by a T cell of cognate antigen on the surface of an antigen-presenting cell 

(APC) induces the formation of a stereotyped contact between the two cells known as an 

immunological synapse (IS). Although the IS was initially proposed to be a platform for T-

cell antigen receptor (TCR) signaling (1, 2), subsequent studies demonstrated that TCR 

activation precedes and is required for IS formation (3, 4). This finding led to the now 

prevailing view that the IS does not function to trigger TCR signaling events but rather to 

modulate downstream T-cell effector responses (5). T cells operate in dense intercellular 

milieus containing numerous bystander cells that are often largely irrelevant to immune 

function. In such an environment, constraining the effects of a T-cell-mediated response to 

the APC alone or to a select group of target cells is an important issue. Indeed, multiple 

studies have suggested that the IS transforms the T cell-APC interface into a privileged zone 

designed to restrict the scope of intercellular communication. For example, certain cell 

surface signaling molecules, including Fas ligand (6) and CD40 ligand (7), are localized to 

the IS where they can exclusively engage the APC. IS formation also enables the directional 

release of soluble factors, such as cytokines and cytolytic molecules, into the synaptic space 
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(8, 9). In addition, recent work has indicated that the IS can influence T-cell proliferation 

and differentiation. In a particularly intriguing set of studies, naive T cells were found to 

undergo asymmetric cell division while attached to dendritic cells, leading to the formation 

of distinct effector and memory T-cell pools (10, 11). IS formation plays an instrumental 

role in this context by establishing an anisotropic accumulation of proteins and organelles. 

Thus, it is becoming clear that the IS shapes not only the function but also the fate of 

activated T cells.

The cytoskeletal architecture of the IS reflects its role in specifying intercellular 

communication and creating a privileged environment at the T-cell-APC contact site. Within 

minutes of TCR stimulation, the T-cell microtubule-organizing center (MTOC) (also known 

as the centrosome) moves to a position just beneath the center of the IS (12–15). The MTOC 

serves as a focal point for vesicular trafficking and is closely associated with both the Golgi 

apparatus and the endosomal compartment. In cytotoxic T lymphocytes (CTLs), the MTOC 

also coordinates lytic granules containing perforin and granzyme (9). Upon TCR 

stimulation, these granules traffic toward the MTOC in a Ca2+-dependent manner, thereby 

hitching a ride to the IS (16). Concomitant with MTOC polarization, synaptic filamentous 

actin (F-actin) is reorganized into a ring-shaped configuration characterized by robust 

accumulation in the periphery and depletion from the center (17–19). Although some 

cortical F-actin remains in the central domain, its relative paucity provides vesicular 

compartments direct access to the synaptic membrane (20, 21). In this manner, MTOC 

reorientation, coupled to F-actin ring formation at the IS, enables the directional secretion of 

both nascent cytokines and cytolytic factors toward the APC (8, 9).

Although MTOC polarization has long been considered a hallmark of IS architecture, the 

molecular mechanisms that control it have remained elusive, largely because T cells (and 

lymphocytes in general) are a poor cell biology system. In short, they are too small, and they 

do things too fast! Recent improvements in single-cell imaging, however, combined with 

better loss-of-function strategies, have enabled some notable progress in this area. In this 

review, we discuss recent advances in the understanding of how signals emanating from the 

TCR control MTOC dynamics, focusing on (i) how the lipid second messenger 

diacylglycerol (DAG) guides polarization to the IS and (ii) how molecular motor proteins 

translate polarized signaling into forces that actually move the MTOC (Fig. 1).

A new imaging approach to study MTOC dynamics

Reorientation of the MTOC to the IS was originally documented over 30 years ago, well 

before the advent of the term ‘immunological synapse’. Berke, Kupfer, and their colleagues 

(12–14, 22) were the first to postulate a link between MTOC polarization and the targeted 

secretion of cytokines and cytotoxic molecules. It was subsequently shown that localized 

TCR activation is necessary and sufficient to drive the recruitment of the MTOC. In a 

particularly elegant set of experiments, Sedwick and colleagues mixed T cells with target 

cells expressing either cognate peptide-major histocompatibility complex (pMHC) or the 

leukocyte function-associated anti-gen-1 (LFA-1) ligand intercellular adhesion molecule-1 

(ICAM-1) (23). In ternary conjugates containing one T cell and one of each kind of target 

cell, the MTOC consistently polarized toward the target expressing pMHC. Conversely, 
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strong F-actin accumulation was observed at the interface with the cell expressing ICAM-1. 

Hence, TCR signaling controls MTOC positioning in the absence of and even in opposition 

to integrin-mediated adhesion. Consistent with this notion, a number of TCR-proximal 

signaling molecules, including Lck, linker for activation of T cells (LAT), ζ-associated 

protein of 70 kDa (Zap70), and SH2 domain-containing protein of 76 kDa (Slp76), were 

shown to be required for polarization responses (24, 25). Precisely how signals from the 

TCR and its associated proteins are coupled to cytoskeletal machinery controlling MTOC 

movement, however, remained unresolved.

Although a number of systems exist for investigating MTOC polarization, the most 

prevalent is the imaging of live or fixed T cell-APC conjugates. Because this approach 

makes use of bona fide target cells, it is considerably more physiologically relevant than 

alternative strategies in which T cells are stimulated with antibody-coated beads or glass 

slides. That being said, the spatial and temporal resolution of T cell-APC conjugate 

experiments is fundamentally limited, because the conjugates are small and dynamic and 

also because it is difficult to establish when initial TCR stimulation occurs under these 

conditions. Together, these issues complicate efforts to correlate cytoskeletal remodeling 

with intracellular signaling responses. This is particularly problematic when studying a 

process like MTOC reorientation, which occurs within minutes of T-cell activation. Further 

complicating matters, the MTOC polarization response in conjugates is actually a 

combination of two sequential processes: adhesion to the APC, followed by MTOC 

reorientation. This obfuscates the interpretation of perturbation experiments, as molecules 

involved solely in APC adhesion would also be expected to affect polarization secondarily.

To circumvent these issues, we developed methodology allowing us to control precisely 

where and when the T cell receives antigenic stimulus and then to monitor responses with 

high spatiotemporal resolution. Our system is built around a photoactivatable pMHC reagent 

that is non-stimulatory to T cells until it is irradiated with ultraviolet (UV) light (26, 27). 

CD4+ T cells expressing the 5C.C7 TCR, which recognizes the moth cytochrome c88–103 

peptide presented by the class II MHC I-Ek, are plated on glass coverslips containing a 

photoactivatable version of the MCC-I-Ek complex together with an antibody against H2-

Kk, a class I MHC expressed by the T cell. The anti-H2-Kk antibody serves to induce T-cell 

attachment and spreading without activating the TCR. Focused UV light is then used to 

decage the pMHC in a micrometer-scale region beneath the T cell, triggering localized TCR 

activation in the plasma membrane attached to the glass. Photostimulation of the TCR in this 

manner typically induces reorientation of the MTOC to the irradiated region in less than 3 

min (27, 28). This polarization response and its associated intracellular signaling events can 

be monitored with genetically encoded fluorescent reporters (e.g. proteins linked to GFP or 

RFP) using either epifluorescence or total internal reflection fluorescence (TIRF) 

microscopy. TIRF illumination generates high-resolution images of the first 100 nm of the 

cell attached to the glass and is particularly well suited for the imaging of signaling 

dynamics at the membrane. Recently, we have extended our photoactivation and imaging 

approach to CTLs expressing the OT-1 TCR, enabling us to compare polarized signaling 

responses in CD4+ and CD8+ T cells.
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As with any in vitro system, there are caveats that should be considered. Immobilization of 

pMHC on the glass surface would presumably hinder the trafficking of TCRs in the plasma 

membrane, which could alter the downregulation and attenuation of activated receptor 

complexes. It is also possible that photoactivation damages the T cell. We have no evidence, 

however, that the UV pulses we use adversely affect cellular physiology over the timescale 

of our experiments (typically less than 10 min). Indeed, the intracellular signaling responses 

we observe are completely dependent on the presence of photoactivatable pMHC (i.e. they 

are not elicited by UV alone) (27). Nevertheless, to the extent that it is possible, we use T 

cell-APC conjugate experiments to validate results obtained in photoactivation studies.

The importance of localized DAG signaling

TCR engagement induces the phosphorylation of its associated CD3 chains by the Src 

family kinase Lck, leading to the recruitment and activation of the Syk family kinase Zap70 

(29, 30). Lck and Zap70 then phosphorylate multiple residues within the scaffolding 

proteins LAT and Slp76, which form a complex that serves as a platform to recruit a number 

of downstream effector enzymes. One of the most important of these enzymes is 

phospholipase C-γ (PLCγ), which hydrolyzes phosphatidylinositol 4,5 bisphosphate (PIP2), 

a plasma membrane phospholipid, to yield two second messengers: inositol trisphosphate 

(IP3), the soluble headgroup, and diacylglycerol (DAG), the lipid remnant. IP3 activates 

calcium (Ca2+) signaling by triggering the depletion of intracellular Ca2+ stores in the 

endoplasmic reticulum, which induces the influx of Ca2+ through CRAC channels at the cell 

surface. DAG, for its part, signals by recruiting proteins containing DAG-specific C1 

domains to the plasma membrane. We became particularly interested in the role of DAG in 

T-cell polarity, because it had been shown using fluorescent biosensors that DAG 

accumulates in a polarized manner at the IS (31). Furthermore, a small molecule inhibitor of 

PLCγ completely blocked MTOC reorientation in our hands (28).

TCR photoactivation experiments revealed a striking spatiotemporal correlation between 

DAG and the MTOC (28) (Fig. 2). DAG consistently accumulated at the site of TCR 

stimulation 10–15 s before MTOC recruitment, strongly suggesting that the two events were 

causally related. Indeed, disrupting polarized DAG-dependent signaling with the phorbol 

ester PMA (phorbol myristate acetate), which engages DAG-binding proteins in a 

generalized manner, completely disrupted MTOC reorientation in both photoactivation 

experiments and T cell-APC conjugates. By contrast, blocking Ca2+ signaling with a 

combination of extracellular and intracellular chelators did not substantially alter 

polarization responses. Thus, PLCγ functioned through DAG, and not Ca2+, to control the 

MTOC. These results were somewhat surprising given previous reports that Ca2+ signaling 

was required for MTOC reorientation (24, 32). In these prior studies, however, polarization 

was scored using assays that required the T cells to first make close contact with an APC or 

a stimulatory surface, and then polarize toward it. If Ca2+ signaling were required for 

productive contact formation in these contexts, it may have affected MTOC polarization 

secondarily. Indeed, we have found that conjugate formation is suppressed by Ca2+ chelators 

(Fig. 3).
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To explore whether localized DAG accumulation was sufficient to drive recruitment of the 

MTOC, we made use of a photocaged form of DAG that could be activated by UV light 

(33). Localized photoactivation of this reagent in T cells did induce polarization of the 

MTOC, consistent with a central role for DAG in this process (28). This polarization 

response was only transient, however, raising the possibility that other pathways could be 

involved, particularly in the maintenance phase of the response. It is also possible, however, 

that the DAG accumulations generated by direct decaging were spatially suboptimal, lacking 

the properties of an effective polarizing gradient. Indeed, photoactivation of the TCR 

produced DAG accumulations that were much more stable and sharply defined.

In that regard, how might a sustained, polarizing DAG gradient be maintained over time at 

the IS? This presumably would require not only the localized production of DAG but also its 

rapid destruction so as to prevent broadening of the gradient by diffusion. In migrating 

Dictyostelium, which are guided by an accumulation of phosphatidylinositol 3,4,5 

trisphosphate (PIP3) at their leading edge, this problem is solved by the coordinated action 

of phosphoinositide 3-kinase, which generates PIP3, and the lipid phosphate PTEN 

(phosphatase and tensin homologue), which hydrolyzes it (34). PTEN has been found to 

localize to the sides and rear of these cells, thereby constraining PIP3 accumulation to the 

front. In T cells, DAG-dependent signaling is attenuated by DAG kinases (DGKs), which 

convert DAG to phosphatidic acid (35). Consistent with a role for DGKs in DAG-induced 

polarity, we found that a small molecule DGK inhibitor impaired the maintenance of both 

TCR-induced DAG accumulation and MTOC polarization (28). T cells express a number of 

DGK isoforms, the most abundant being DGK-α and DGK-ζ. T cells lacking either protein 

display hyperactive TCR signaling (36, 37), suggesting that they function to curtail signals 

emanating from DAG. A possible role for these molecules in the induction of polarity, 

however, remains to be investigated.

Protein kinase C isozymes induce and maintain MTOC polarization

The protein kinase C (PKC) family of serine/threonine kinases plays a key role in coupling 

lipid- and protein-based signals at the plasma membrane to various downstream responses 

(38). PKCs can be divided into three subfamilies based on their regulatory properties: 

conventional isoforms (cPKCs) require both Ca2+ and DAG for activation, novel isoforms 

(nPKCs) are strongly dependent on DAG, but do not require Ca2+, and atypical isoforms 

(aPKCs) require neither Ca2+ nor DAG, and are instead regulated by protein-protein 

interactions. Because the activation requirements of the nPKCs (i.e. DAG but not Ca2+) 

most closely matched those we had established for MTOC polarization (28), we chose to 

focus on these isoforms.

TCR photoactivation experiments revealed that three out of the four nPKC isoforms, PKCε, 

PKCη, and PKCθ, were recruited to the region of TCR stimulation prior to the MTOC 

(PKCδ did not localize in this way) (39) (Fig. 2). In the case of PKCθ, this behavior was 

expected based on previous studies demonstrating that it accumulates at the IS and promotes 

TCR-induced activation of the nuclear factor κ-B (NF-κB) pathway (40, 41). The 

recruitment of PKCε and PKCη, however, was more surprising, because there were no 

indications at the time that either protein was involved in T-cell activation. Indeed, T cells 
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derived from PKCε−/− mice displayed essentially no defects in TCR signaling and 

downstream effector responses (42). Closer examination of the recruitment dynamics of 

PKCε, PKCη, and PKCθ revealed that they moved to the IS in an ordered cascade (39). 

PKCs and PKCη arrived first (15–20 s before the MTOC), and occupied a broad swath of 

membrane encompassing the entire IS, whereas PKCθ arrived approximately 5 s later and 

was constrained to a more central zone (Fig. 1). We also performed loss-of-function studies 

to assess the importance of all three proteins for MTOC reorientation (39). Small interfering 

RNA (siRNA)-mediated suppression of either PKCε or PKCη alone had no effect on the 

response. Cells lacking both isozymes, however, displayed a significant polarization defect. 

By contrast, suppression of PKCθ alone was sufficient to inhibit MTOC reorientation. We 

also found that simultaneous knockdown of PKCε and PKCη inhibited recruitment of PKCθ. 

Hence, PKCε and PKCη play redundant roles in this pathway and operate upstream of 

PKCθ.

The functional redundancy we observed between PKCε and PKCη mirrored their essentially 

identical recruitment properties. It was also consistent with the phylogenetic relationships 

among PKC isoforms; PKCε and PKCη display higher levels of sequence homology with 

each other than with other members of the family (Fig. 4). In future studies, it will be 

interesting to investigate whether PKCε and PKCη play compensatory roles in other aspects 

of T-cell physiology and also in other cell types. PKCε−/− and PKCη−/− mice both reach 

adulthood and are visibly normal, but they display subtle phenotypes in specific organ 

systems. PKCε is highly expressed in the brain, and knockout mice are less prone to alcohol 

and nicotine addiction due to defects in dopamine-based reward pathways (43–45). PKCη, 

for its part, is highly expressed in epithelial tissues, and knockouts exhibit impaired wound 

healing and enhanced carcinogenesis in the skin (46). Recent studies have also documented 

a modest proliferative defect in PKCη−/− T cells (47). It is likely that these phenotypes will 

become more pronounced and perhaps give way to more dramatic developmental problems 

in mice lacking both proteins.

The differences in recruitment time and accumulation pattern observed between PKCε, 

PKCη, and PKCθ are quite striking given that the localization of all three isozymes depends 

on DAG. Biophysical studies have shown that PKCθ binds to DAG in membranes with 

lower affinity than PKCε (and presumably also PKCη) (48, 49), which could possibly 

explain the delayed and more limited accumulation of PKCθ at the IS. However, the fact 

that PKCδ, which also recognizes DAG with high affinity (50), is not recruited to the IS at 

all suggests that differential DAG binding is unlikely to be the only explanation. Indeed, it is 

becoming increasingly clear that nPKCs are designed to recognize DAG in a context-

dependent manner, together with specific combinations of lipids and proteins. Certain C1 

domains have been shown to recognize lipids other than DAG and also to mediate protein-

protein interactions (51, 52). These alternative binding events could potentially refine the 

localization of tandem C1 modules in a combinatorial fashion. The atypical C2 domain, 

which is positioned just N-terminal to the C1 region in nPKCs (Fig. 4), could also contribute 

to PKC localization via protein-lipid or protein-protein interactions. Of particular relevance 

to this review, the C2 domains of PKCδ and PKCθ have been shown to bind specifically to 

phosphotyrosine (pTyr)-containing peptides (53, 54). In T cells, this interaction mediates 
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association of PKCh with the phosphorylated adapter protein CDCP1 and is required for 

PKCθ-dependent activation of NF-κB (54). pTyr binding by the C2 domain also drives the 

recruitment of PKCθ into signaling microclusters at the natural killer cell IS, which play an 

important role in the amplification of downstream effector responses (55). Finally, there has 

been much recent interest in the V3 linker region between the tandem C1 domains and the 

kinase domain (Fig. 4). In PKCθ, the V3 promotes recruitment to the center of the IS, at 

least in part by interacting with Lck in a protein complex that includes the costimulatory 

receptor CD28 (56). Taken together, these results indicate that the N-terminal regulatory 

region of nPKCs controls their localization in a combinatorial fashion by engaging DAG 

together with other key protein and lipid determinants.

Although the nPKCs are certainly crucial for T-cell MTOC polarization, our results do not 

exclude a role for other polarity pathways that are not directly regulated by DAG. The aPKC 

isoform PKCζ, in particular, appears to play an important role in the process. PKCζ is a core 

component of the Partitioning defective (Par) polarity complex, which also contains the 

adapter proteins Par-3 and Par-6 (57–59). In more stable polarized cell types, such as 

neurons, fibroblasts, and epithelial cells, the Par complex functions in conjunction with other 

polarity inducers, including the Scribble/Dlg complex, to maintain polarity over long 

timescales (i.e. hours to days). Par and Scribble/Dlg complexes associate with distinct 

plasma membrane compartments and recruit distinct downstream effectors. In addition, they 

mutually antagonize each other's accumulation, thereby partitioning the membrane into 

separate domains. The first indications that polarity complexes were functionally important 

in T cells came from studies of Par-3 and Scribble/Dlg localization in T-cell-APC 

conjugates (60). Par-3 accumulated at the IS in these experiments, while Scribble and Dlg 

localized to the back of the cell. Subsequently, it was shown that phosphorylated PKCζ is 

also enriched at the IS and furthermore, that blocking PKCζ activity with a small molecule 

inhibitor impairs MTOC polarization (61). In addition, overexpression of Par1b, a kinase 

that antagonizes the Par complex, was shown to inhibit MTOC polarization in certain 

contexts (62). Together, these results imply an important role for PKCζ and Par proteins in 

T-cell polarity.

How might this aPKC-based system interface with the DAG-nPKC pathway during 

polarization responses? Although PKCζ is not regulated directly by DAG, a recent report 

showed that Par-3 interacts with phosphatidic acid (63), which is generated from DAG by 

DGK activity. Therefore, it is conceivable that both nPKCs and aPKCs function downstream 

of the same lipid mediator, providing overlapping layers of control that would make MTOC 

polarization more robust. It is also, possible, however, that the two systems operate 

sequentially. nPKC accumulation occurs within 2 min of TCR activation (39). By contrast, 

enrichment of Par-3 at the IS was only observed 30 min after conjugate formation with 

APCs (60). Phosphorylated PKCζ was also shown to accumulate at the IS over the same 

timescale (61). These data suggest a two-step model for MTOC polarization in which DAG-

dependent nPKC signaling serves as an initial direction sensor to induce MTOC 

reorientation, at which point the PKCζ and the Par proteins are recruited to stabilize this 

polarized state (15). Although this model is intellectually satisfying, it has been challenged 

by recent data indicating that PKCζ can influence MTOC polarization as early as 5 min after 
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TCR stimulation (64). Hence, precisely how nPKCs and aPKCs collaborate remains an open 

question. It is interesting, though, that these two distinct polarizing systems should both 

employ PKCs for signal transduction. Although nPKCs and aPKCs are activated by different 

upstream signals, they display similar substrate specificity at the level of primary sequence, 

and it is reasonable to expect that they might phosphorylate overlapping pools of 

downstream proteins. These proteins would likely serve as components of key regulatory 

modules required for polarized MTOC movement, and their identification remains an 

important goal for future research.

Collaborative reorientation of the MTOC by dynein and myosin II

It is generally thought that MTOC reorientation to the IS in T cells is mediated by dynein, a 

molecular motor that accounts for essentially all minus end-directed transport along 

microtubules in the eukaryotic cytoplasm (65). Dynein is a large, multisubunit protein 

containing homodimeric heavy chains and a variety of light chains. The heavy chains 

contain motor domains that hydrolyze ATP and move along microtubules from the plus to 

the minus end, while the light chains coordinate the assembly of the complex and mediate 

interactions with cofactors. The most important dynein cofactor is dynactin, an equally large 

multiprotein complex that functions to enhance the processivity of dynein and also link it to 

various cargos (65). The first indications that dynein is involved in T-cell MTOC 

polarization came from studies showing that it accumulates in the IS within minutes of TCR 

engagement (66, 67). Subsequent photoactivation experiments demonstrated that dynein is 

recruited to the site of TCR stimulation approximately 5 s before the MTOC (28) (Fig. 2), 

suggesting that it operates at a very late step in the polarization response that is well 

downstream of the nPKCs.

Observations like this led to the appealing hypothesis that dynein, once localized to the IS, 

moves the MTOC by pulling on the microtubules that radiate from it. These microtubules 

would be oriented with their minus ends in and their plus ends out, so movement of 

synaptically anchored dynein along them would necessarily drag the MTOC toward the IS. 

Consistent with this hypothesis, it was found that disrupting dynein function in Jurkat T 

cells, either by overexpression of the dynamitin subunit of dynactin or by siRNA-mediated 

suppression of dynein heavy chain, significantly inhibited MTOC reorientation (67). Other 

results, however, were less encouraging. In primary T cells, knockdown of dynein heavy 

chain induced only subtle polarization defects (68). Weak phenotypes were also observed 

after treatment with the small molecule dynein inhibitors ciliobrevin D and erythro-9-[3-(2-

Hydroxynonyl)]adenine (68, 69). Taken together, these data suggested that mechanisms 

other than dynein-mediated pulling might also contribute to MTOC polarization.

In adherent cell types, dynein has been shown to collaborate with the actin-based motor non-

muscle myosin II (NMII) to position certain key organelles, such as the MTOC and the 

nucleus, during polarity induction (70–72). NMII is a heterohexameric complex comprising 

two heavy chains, two essential light chains, and two regulatory light chains (RLCs). The 

heavy chain contains the motor domain and F-actin binding site, followed by a long coiled-

coil region that mediates homodimerization and also clustering with other NMII complexes. 

The RLC, for its part, bears a number of key phosphorylation sites that can both positively 

Huse et al. Page 8

Immunol Rev. Author manuscript; available in PMC 2015 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and negatively regulate motor activity (72). NMII plays a well-established role in the 

migration of T cells, neutrophils, Dictyostelium, and other amoeboid cell types by driving 

contractility of the trailing uropod from the sides and rear of the cell (72–74). The possibility 

that it might contribute to MTOC polarization, however, had until recently not been 

extensively explored.

Using both shRNA- and small molecule inhibitor-based approaches, we demonstrated that 

NMII is indeed required for optimal MTOC reorientation both in TCR photoactivation 

experiments and in T cell-APC conjugates (68). The polarization phenotypes we observed 

were subtle, similar to what had been seen in T cells lacking dynein. Simultaneous 

suppression of both dynein and NMII function, however, led to an essentially complete 

block in polarization, indicating that the two motor complexes operate in a partially 

redundant manner. Compensation between dynein and NMII explains why we and others 

have found that inhibition of either protein alone has such weak effects on MTOC 

polarization (68, 69, 73).

To explore how NMII and dynein collaborate to move the MTOC, we monitored the 

localization of both motors by TIRF microscopy in photoactivation experiments (68). These 

studies revealed a striking anti-correlation between NMII and dynein behavior during 

polarization; whereas dynein accumulated at the region of TCR stimulation, NMII localized 

to the opposite side of the cell, forming transient, fibrous clusters behind the MTOC as it 

moved (Fig. 2). The asymmetric distribution of NMII resulted not from enhanced 

recruitment to the rear but rather from suppression of clustering at the site of TCR 

stimulation. In this manner, the total distribution of NMII clusters was skewed toward 

plasma membrane regions distal to the zone of TCR activation. Taken together, these data 

suggested that dynein ‘pulls’ on the microtubule cytoskeleton from the front while NMII 

‘pushes’ on it from behind (Fig. 1).

Precisely how NMII, an actin-based motor, might move the MTOC toward the synapse is 

not clear. Microtubule plus ends interface with cortical F-actin at the cell periphery, and 

contractile forces generated by NMII within this F-actin mesh could be propagated along 

microtubules to the MTOC. Such a mechanism would presumably require close 

coordination between the microtubule and F-actin cytoskeletons, placing very specific 

demands on proteins that regulate the growth and stability of both actin- and microtubule-

based structures. It has been known for some time that ezrin-ra-dixin-moesin (ERM) family 

proteins stabilize cortical F-actin by cross-linking it to membrane-associated molecules (75). 

Interestingly, ERM proteins localize to the back of the T cell during IS formation (76–78), 

where they could potentially influence NMII cluster formation. Although their role in T-cell 

activation and MTOC reorientation is still a matter of debate (78, 79), it will be interesting 

to see if and how they interface with NMII during reorientation responses. Recent studies 

have also implicated two microtubule regulators, casein kinase 1 and stathmin, in MTOC 

reorientation (80, 81). T cells lacking either protein display polarization defects that are 

associated with reduced microtubule growth rates. These results suggest that the formation 

of extended microtubules is a prerequisite for polarity. Consistent with this interpretation, 

certain diaphanous formin proteins, including Dia, FMNL-1, and INF2, are known to be 

required for optimal polarization responses in both Jurkat and primary T cells (82, 83). 
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Formins have a well-established role as actin bundling proteins that drive the formation of 

filopodia, stress fibers, and other unbranched structures (84). However, formins also 

promote the accumulation of long-lived microtubules that contain α-tubulin subunits lacking 

their C-terminal tyrosine (85, 86). Intriguingly, detyrosinated tubulin (also called Glu-

tubulin) is rapidly and robustly induced by TCR stimulation, and this process has been 

shown to require formin activity (82). A pool of stabilized microtubules would presumably 

be ideal force transducers for both dynein-mediated pulling and NMII-mediated pushing, 

and it will be interesting in future studies to investigate whether the cellular distribution of 

Glu-microtubules matches that of either motor complex.

Coupling PKC activity to molecular motors

The reorganization of dynein and NMII that we observed in photoactivation experiments 

occurred concomitantly with the growth of TCR-induced PKC activity, implying a close link 

between PKCs and the reciprocal remodeling of both motors. Indeed, pharmacological 

inhibition of PKC activity blocked both the depletion of NMII and the accumulation of 

dynein at the region of TCR stimulation (68). A similar phenotype was observed in T cells 

lacking PKCε, PKCη, and PKCθ. Interestingly, loss of PKCθ alone or PKCε together with 

PKCη failed to disrupt motor localization, indicating that the three nPKCs control this 

process redundantly.

nPKCs appear to regulate cortical NMII distribution at least in part through direct 

phosphorylation of the RLC. It has been known for some time that the RLC contains three 

phosphorylation sites near its N-terminus that can be targeted by PKCs (Ser1, Ser2, and 

Thr9) (87–89). Phosphorylation of these residues has been reported to reduce myosin motor 

activity (88, 89), and more recently to alter its sub-cellular localization (90). Consistent with 

this latter data, we found that mutation of Ser1 and Ser2 to Ala blocked suppression of NMII 

clustering in the region of TCR photoactivation (68). We also demonstrated that acute 

stimulation of PKC activity (by addition of PMA) could dissolve cortical NMII clusters 

within seconds, independent of TCR stimulation. This effect was blocked by a small 

molecule PKC inhibitor, indicating that it was mediated by the PKCs and not some other 

PMA-activated protein. Hence, nPKCs control the localization of NMII in T cells via direct 

RLC phosphorylation. RLC also contains well-characterized activating phosphorylation sites 

(Thr18 and Ser19), which are targeted by the Ser/Thr kinases ROCK and MLCK (72). We 

found that mutation of these residues completely disrupted cortical NMII clustering both in 

the presence and the absence of TCR signaling (68). Furthermore, acute inhibition of ROCK 

with the small molecule Y27632 rapidly dissolved existing NMII clusters. ROCK inhibition 

also impaired MTOC reorientation, consistent with an active role for NMII clusters in 

polarization responses. Importantly, cells treated with both ROCK and PKC inhibitors also 

lacked cortical NMII, implying that the function of nPKCs in this context is to counteract 

the effects of ROCK-mediated phosphorylation. Taken together, these results are consistent 

with a model whereby NMII localization is established by polarized nPKC accumulation 

superimposed on a background of global ROCK activity.

It is important to note that MTOC reorientation does not appear to require complete 

depletion of NMII from the IS. Indeed, a pool of NMII remains that localizes to the inner 
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edge of the peripheral F-actin ring (91, 92). The precise role of this synaptic pool is not 

clear. Some studies have indicated that it promotes the centripetal movement of signaling 

microclusters containing the TCR (92, 93), and it has been suggested that NMII activity is 

crucial for early TCR signaling events (93). Other work, however, has cast doubt on the 

importance of NMII for microcluster dynamics and TCR signaling, suggesting instead that it 

stabilizes synaptic architecture and symmetry (91). This controversy will not be considered 

further in this review as it has been discussed at length elsewhere (94). It seems fair to 

speculate, however, that there are multiple cellular pools of NMII, some that contribute to 

MTOC reorientation from the sides and rear of the cell, and others that may influence F-

actin organization at the IS. The presence of multiple, functionally distinct cohorts of NMII 

is not surprising given the ubiquitous use of actomyosin contractility in a variety of cellular 

structures.

Although loss-of-function experiments clearly demonstrate that nPKCs control dynein 

organization, the precise mechanisms for this control have remained elusive. Indeed, we 

have been unable to link PKC activation directly to dynein dynamics. Acute application of 

PMA had no effect on the distribution of cortical dynein (68), and we have been unable to 

document PKC-mediated phosphorylation of any dynein component or associated cofactors. 

Taken together, our observations suggest that nPKC activity is necessary but not sufficient 

for dynein remodeling. Precisely which additional molecules might contribute to this 

process remain to be seen. One possible candidate is the scaffolding protein ADAP, which 

plays a well-established role in T-cell activation by promoting inside-out integrin signaling 

(95). ADAP interacts directly with dynein and is required for dynein recruitment to the IS in 

Jurkat cells (66). Furthermore, siRNA knockdown of ADAP in this system inhibits MTOC 

reorientation. Whether ADAP plays a similar role in primary T cells is not clear, however, 

and requires further study. Another intriguing possibility is that dynein recruitment does not 

respond to PKC activity per se but rather to the gradient of PKC activity that is centered at 

the IS. Various mechanisms for translating signaling asymmetries into the formation of 

compartmentalized complexes and cellular structures have been proposed (74, 96), and it 

will be interesting to see which, if any, apply in this system.

Concluding remarks

The work described in this review has provided a conceptual framework for understanding 

MTOC polarization at a mechanistic level. That being said, we have really only scratched 

the surface of this complex and functionally important process. The relationship between 

synaptic F-actin and the MTOC, for instance, remains largely unexplored. The marked 

correlation between MTOC recruitment and F-actin ring formation suggests that the two 

processes are causally linked (19). Indeed, microtubules have been observed to dock within 

the F-actin ring at the periphery of the IS (97). Hence, it is conceivable that the growth of 

this ring during IS formation might exert force on microtubules to pull the MTOC close to 

the synaptic membrane. Future studies will no doubt address this hypothesis directly.

In almost all eukaryotic cells, recruitment of the centriole-bearing MTOC (the centrosome) 

to the plasma membrane is required for growth of the primary cilium, a signaling structure 

that has been called a ‘cellular antenna’ (98). Lymphocytes lack obvious primary cilia, and it 
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has been proposed that MTOC polarization to the IS represents a ‘frustrated’ attempt by the 

T cell to generate such a structure (9). Although there is, as yet, little evidence to support 

this idea, it is intriguing that intraflagellar transport proteins, which mediate polarized 

transport into and out of the primary cilium, also play a role in trafficking internalized TCR 

to the IS (99). Hence, at least some of the molecular machinery involved in the structure and 

function of the primary cilium may also operate at the IS. Studies aimed at defining the roles 

of other ciliary components during T-cell activation are currently underway.

Now that we can induce MTOC polarization in a controlled manner, the speed and 

reproducibility of the response make it an excellent model system for investigating polarized 

signaling. The synaptic DAG gradient induced by TCR activation is remarkably sharp, and 

we as yet do not understand how it is formed and maintained. Destruction of DAG by DGKs 

and other lipid modifying enzymes almost certainly plays a role, but the precise mechanism 

is likely to be more complex. Indeed, analogous gradients in other systems are sustained by 

robust positive feedback (96, 100, 101). Consistent with this notion, we have observed that 

localized decaging of DAG drives the polarized generation of more DAG by the T cell (28). 

We have also found that the T cell can discriminate between competing zones of TCR 

stimulation on the cell surface, polarizing preferentially toward the one containing more 

agonist pMHC (27). These results are consistent with data showing that T cells polarize 

selectively toward APCs bearing higher levels of antigenic peptide (102). Hence, T cells can 

locally integrate the amount of TCR stimulation, and use that information to inform a binary 

cytoskeletal remodeling response. In migratory leukocytes and Dictyostelium, the presence 

of a single leading edge is enforced by active inhibition of protrusive F-actin growth in the 

sides and rear of the cell (74). It will be interesting to see if analogous suppressive 

mechanisms enhance the fidelity and persistence of MTOC polarization in T cells.

Finally, we must explore in greater detail the role of synaptic polarity in T-cell effector 

function. In the past, the only known perturbations capable of disrupting MTOC polarization 

also blocked TCR signaling, making it impossible to focus on the specific contribution of 

the former. Intensive study of the pathways controlling TCR-induced cytoskeletal dynamics 

has now begun to generate better tools for modulating synaptic polarity in a selective 

manner in more complex experimental settings. In a recent study, for example, Bertrand and 

colleagues (64) used targeted inhibition of PKCf to demonstrate that CTLs can release 

cytolytic factors without MTOC reorientation to the IS. These results imply that the synaptic 

targeting of lytic granules is not required for killing, but rather functions to constrain the 

scope of cytolytic secretion, thereby limiting damage to innocent bystander cells. A better 

understanding of how polarity guides effector responses will enhance and refine our 

understanding of T-cell function. This should, in turn, aid in the development of strategies to 

modulate key aspects of lymphocyte function selectively in immunotherapeutic contexts.
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Fig. 1. Mechanism of T-cell microtubule-organizing center (MTOC) reorientation to the 
immunological synapse (IS)
Localized diacylglycerol accumulation induces the ordered recruitment of protein kinase C 

(PKC) isozymes. This drives the recruitment of dynein to the IS and the redistribution of 

non-muscle myosin II (NMII) to the sides and rear of the cell. Dynein and NMII then 

collaborate to move the MTOC. The process is schematized to the left, with a pathway 

diagram to the right. In the pathway diagram, solid arrows denote direct connections, and 

dotted arrows denote either indirect or multistep connections.
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Fig. 2. Analysis of microtubule-organizing center (MTOC) polarization by T-cell antigen 
receptor photoactivation
The 5C.C7 T-cell blasts expressing fluorescent reporters for the MTOC (red) and the 

indicated signaling molecules and motor proteins (cyan) were imaged and ultraviolet (UV)-

irradiated on glass coverslips containing photoactivatable peptide-major histocompatibility 

complex. Representative time-lapse montages are shown (time in m:ss in the upper right 

corner of each image) with the time and region of UV irradiation indicated by a magenta 

oval. Scale bars = 5 μm.
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Fig. 3. Ca2+ signaling is required for optimal T-cell-antigen-presenting cell conjugate formation
OT-1 T-cell blasts were stained with CFSE and mixed with antigen-loaded, PKH26-stained 

RMA-s cells in the presence or absence of Ca2+ chelators as indicated. After incubation at 

37°C for the indicated times, samples were analyzed by flow cytometry and conjugates 

identified as GFP+ PKH26+ entities. Percent conjugates = [GFP+PKH26+/(GFP+PKH26−+ 

GFP+PKH26+)]. Error bars indicate standard error of the mean for triplicate measurements. 

Data are representative of two independent experiments.
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Fig. 4. Schematic diagram of novel protein kinase C (nPKC) domain structure
Percent amino acid sequence identities for the C2 domain, the tandem C1 domains, and the 

kinase domain were calculated from pairwise comparisons (LALIGN, Expasy server) of 

PKCε, PKCη, and PKCθ and are shown below the region of the protein to which they 

correspond. V3 = V3 linker, Ext. = Kinase extension.
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