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Lymphocytes such as T cells, B cells 
and natural killer (NK) cells form 

specialized contacts, called immunologi-
cal synapses, with other cells in order to 
engage in specific intercellular commu-
nication and killing. Synapse formation 
is associated with the polarization of the 
microtubule-organizing center (MTOC) 
toward the contact site, which enables 
the directional secretion of cytokines and 
lytic factors. Although MTOC reorien-
tation to the synapse is crucial for lym-
phocyte function, it has been difficult to 
study because of technical constraints. 
We have developed a photoactivation 
and imaging strategy that enables high- 
resolution analysis of cytoskeletal 
dynamics in individual T cells. Using 
this approach, we have demonstrated 
that the lipid second messenger diacylg-
lycerol plays a crucial role in promoting 
MTOC reorientation by recruiting three 
members of the protein kinase C family 
to the synapse. Here, I will discuss these 
results along with studies from other labs, 
which have explored the role of polarity-
inducing protein complexes after synapse 
formation. I will also propose a two-step 
model for MTOC reorientation in lym-
phocytes that reflects what we now know 
about the subject. Finally, I will consider 
the extent to which lymphocyte polarity 
resembles analogous cell polarity systems 
in other cell types.

Cell polarity is a precondition of multi-
cellular lifestyle. Polarized cells interact 
with their surroundings in a fundamen-
tally anisotropic manner, which is crucial 
for establishing systems, such as neuro-
nal circuits, in which there is directional 
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flow of information. Cell polarity is also 
required for asymmetric cell division, cell 
migration and the formation of epithelia, 
which together facilitate the development 
of complex tissues.

It is becoming increasingly clear that 
cell polarity also plays a central role in lym-
phocyte function,1,2 a fact that belies the 
textbook depiction of lymphocytes as fea-
tureless and spherically symmetric. While 
patrolling secondary lymphoid organs and 
peripheral tissues, lymphocytes adopt a 
“hand-mirror” configuration consisting of 
a lamellipodial leading edge followed by 
a stalk-like uropod (Fig. 1). In this man-
ner, they survey the surfaces of other cells 
for molecular indicators of pathology. T 
cells and B cells bind to antigenic peptides 
and proteins, respectively, while NK cells 
sense surface markers of cellular distress. 
Recognition of any of these components 
leads to the formation of a specialized cell-
cell contact between the lymphocyte and 
the target cell called an immunological 
synapse (IS),3 which is accompanied by a 
dramatic change in cellular morphology. 
First, the lymphocyte gloms onto the side 
of the target cell, forming a radially sym-
metric contact that is sealed by a dense ring 
of actin and integrins. Then, the MTOC 
or centrosome, of the lymphocyte moves 
to a position just beneath the interface. 
MTOC reorientation effectively aligns 
the lymphocytes’ secretory apparatus 
with the IS, thereby enabling the release 
of soluble factors directionally toward the 
target cell.2 This is crucial from maintain-
ing the specificity of secretory responses. 
For example, MTOC reorientation is the 
reason cytotoxic T cells and NK cells 
can specifically kill target cells without 
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urethane (NPE) group to a lysine residue 
in the MCC peptide that is crucial for 
TCR recognition. I-Ek bearing this pep-
tide does not bind to the 5C.C7 TCR. 
Upon UV irradiation, however, the NPE 
group detaches, allowing TCR stimula-
tion to occur.

For most of our experiments, photoac-
tivatable pMHC is immobilized on a glass 
coverslip along with a protein to promote 
T cell adhesion (typically ICAM-1 or an 
antibody against a T cell surface marker). 
Primary T cells expressing the 5C.C7 
TCR together with fluorescent signaling 
probes (usually a GFP or RFP-labeled sig-
naling proteins) are then attached to the 
coverslip and imaged (Fig. 2). During the 
imaging experiment, a source of focused 
UV light is used to generate a micron-sized 
region of activated pMHC beneath the T 
cell. Signaling and cytoskeletal responses 
are then monitored using either epifluo-
rescence or total internal reflection fluo-
rescence (TIRF) microscopy. The MTOC 
typically reorients to the position of UV 
stimulation in less than two minutes.11,12 
The ability to control TCR stimulation 
spatially and temporally and to follow 
responses in real time has enabled us to dis-
sect molecular mechanisms with unprec-
edented resolution. Using this approach, it 
is possible to distinguish events that occur 
within five seconds of each other. Thus, a 
very fine order of operations can be estab-
lished, greatly facilitating the interpreta-
tion of loss-of-function experiments and 
other perturbation studies.

Diacylglycerol Couples Early 
TCR Signaling to Cytoskeletal 

Remodeling

It has been known for some time that 
MTOC reorientation to the IS depends on 
TCR stimulation.13 Indeed, the response 
can distinguish between antigen-present-
ing cells containing different amounts of 
agonist pMHC, polarizing preferentially 
toward the cell with more antigen.11,14 
Accordingly, proteins involved in early 
TCR signaling, including the Src kinase 
Lck, the Syk kinase Zap70, and the scaf-
folding proteins LAT and SLP76, were all 
shown to be required for MTOC reori-
entation.15,16 However, these molecules 
are important for all aspects of the TCR 

by contrast, is highly dynamic and often 
transient. Hence, it is not unreasonable 
to expect that distinct molecular mecha-
nisms are at work during MTOC polar-
ization to the IS.

Our lab uses a combination of pho-
tochemistry and single cell imaging to 
examine lymphocyte signaling and cyto-
skeletal dynamics with high spatial and 
temporal resolution. Below, I will discuss 
recent progress we have made toward 
understanding the molecular mecha-
nisms that drive MTOC reorientation to 
the IS in T cells. I will then attempt to 
place this work in the context of what is 
known about polarity in other cell types, 
and speculate about the extent to which 
molecular pathways and design concepts 
derived from other systems can be used to 
guide future studies in lymphocytes.

T Cell Receptor Photoactivation 
provides Spatiotemporal Control

Our approach is based on a “photoacti-
vatable” peptide-major histocompatibil-
ity complex (pMHC) reagent that binds 
to its cognate T cell receptor (TCR) only 
after irradiation with ultraviolet (UV) 
light (Fig. 2).10,11 T cells expressing the 
5C.C7 TCR bind specifically to a peptide 
derived from moth cytochrome C (MCC, 
a.a. 88–103) in the context of the mouse 
class II MHC protein I-Ek. We attached 
a photocleavable ortho-nitrophenylethyl 

damaging the surrounding tissue. In addi-
tion, several recent studies have suggested 
that T cells undergo asymmetric cell divi-
sion in response to antigenic stimulation 
by dendritic cells.4,5 In this context, polar-
ization of the MTOC would presumably 
be important for establishing a division 
plane parallel to the IS.

MTOC reorientation to the IS was first 
characterized in T cells close to 30 years 
ago.6,7 It has been difficult to study, how-
ever because the process occurs so quickly 
(<5 minutes) and because lymphocytes are 
so small. In the intervening years, how-
ever, considerable progress has been made 
toward understanding cell polarity in 
more tractable systems such as fibroblasts, 
astrocytes and epithelial cells.8,9 Studies in 
these cell types have indentified a num-
ber of distinct protein complexes that 
accumulate in a polarized manner within 
defined regions of the plasma membrane 
(Fig. 1). The mutual inhibition of some 
complexes by others acts to establish and 
stabilize the polarized state. Interestingly, 
migrating fibroblasts, astrocytes and neu-
rons reorient their MTOC toward the 
leading edge of the cell, and it has been 
tempting to speculate that the machinery 
used for MTOC polarization in these sys-
tems is shared by lymphocytes. It is impor-
tant to note, however, that in adherent cell 
types polarity is established slowly, over a 
period of hours, and that it can persist for 
days or even longer. Lymphocyte polarity, 

Figure 1. Left, schematic diagram of lipid-based direction sensing in migrating leukocytes. The 
accumulation of PIP3 (purple) at the leading edge is maintained by the coordinated activities of 
PI-3 kinases (red) and lipid phosphatases (e.g., PTEN, blue), which localize to the leading and lat-
eral edges, respectively. Right, schematic diagram summarizing the interactions between polarity 
complexes in polarized epithelial cells. The Par complex (green) localizes to adherens junctions, 
and promotes the recruitment of the Crumbs/PATJ complex (yellow) to the apical membrane. The 
Scrib complex (purple) accumulates on basolateral membranes, and inhibits the spreading of the 
Par complex. The Crumbs/PATJ complex, in turn, inhibits the spreading of the Scrib complex.
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with each other to promote PKCθ recruit-
ment and subsequent cytoskeletal polar-
ization. Redundancy between PKCε and 
PKCη is consistent with their observed 
similarities in recruitment pattern, and 
possibly explains why PKCε knockout 
mice display no obvious defect in T cell 
activation.20

Precisely how DAG and the nPKCs 
influence the molecular machinery that 
actually moves the MTOC remains 
unknown. It is generally thought that 
MTOC reorientation is mediated by cyto-
plasmic dynein, the preeminent minus 
end-directed microtubule motor. Dynein 
participates in MTOC positioning in 
multiple cell types,8 and we and others 
have observed that it accumulates at the 
IS in response to TCR stimulation.12,23,24 
Dynein recruitment occurs 5–10 seconds 
after DAG first appears, and it requires 
a stable DAG gradient (Fig. 3).12 Taken 
together, these observations suggest that 
dynein operates downstream of DAG in 
this pathway. How DAG and the nPKCs 
are linked to dynein is unclear, and is an 
area of active research. There are a num-
ber of intriguing candidate molecules for 
this role, including the scaffolding protein 

isoforms, of which there are four: PKCδ, 
PKCε, PKCη and PKCθ. Of these, PKCθ 
was known to be involved in TCR signal-
ing, having been implicated previously in 
transcriptional activation and the upregu-
lation of integrin-mediated adhesion.18,19 
Less was known about the other three 
proteins. Indeed, some reports suggested 
that PKCε and PKCη played no part in 
the TCR signaling network.20,21

Using our photoactivation and imag-
ing approach, we demonstrated that 
PKCε, PKCη, and PKCθ, but not PKCδ, 
are recruited to the IS in an ordered cas-
cade (Fig. 3).22 Approximately 15 seconds 
before MTOC reorientation, PKCε and 
PKCη accumulate in a broad region of 
membrane centered at the site of TCR 
stimulation. PKCθ is recruited ~5 seconds 
later, and it occupies a more restricted 
zone that is fully contained within the 
region of PKCε and PKCη accumula-
tion. To explore the functional relevance 
of these three enzymes, we employed 
siRNA knockdown and also made use 
of available knockout mice. In this man-
ner, we showed that PKCθ is required for 
optimal MTOC reorientation, and that 
PKCε and PKCη function redundantly 

signaling response, and knowing that they 
are involved in MTOC reorientation sheds 
little light on the molecular mechanisms 
that couple early TCR signaling specifi-
cally to cytoskeletal remodeling.

One of the most important effector 
enzymes recruited to the LAT-SLP76 com-
plex by TCR signaling is phospholipase 
C-γ (PLC-γ), which hydrolyzes phospha-
tidyl-inositol bis-phosphate (PIP2) to yield 
two second messengers, inositol tris-phos-
phate (IP

3
) and diacylglycerol (DAG). IP

3
 

stimulates the influx of calcium (Ca2+) 
into the cytoplasm, while DAG recruits 
proteins to the plasma membrane that 
contain “typical” C1 domains. Because 
DAG accumulates specifically in the IS 
after TCR stimulation, we investigated 
whether it might play an instructive role in 
guiding the polarization of the MTOC.12 
Using the C1 domains of protein kinase 
C-θ (PKCθ) as a biosensor for DAG, we 
were able to show in TCR photoactiva-
tion experiments that DAG accumulates 
at the site of TCR stimulation ~10 s prior 
to MTOC reorientation. A small molecule 
inhibitor of PLC-γ blocked the polariza-
tion response, consistent with a role for 
localized DAG in this process. Stimulation 
of unpolarized DAG-dependent signaling 
with phorbol myristate acetate (PMA) 
completely disrupted MTOC reorienta-
tion. Furthermore, inhibition of DAG 
kinases (DGKs), which convert DAG into 
phosphatidic acid, destabilized synaptic 
DAG accumulation and impaired MTOC 
recruitment to the IS. In contrast, block-
ing Ca2+ signaling with extracellular and 
intracellular chelators had no effect on 
polarization. Hence, it is DAG signaling, 
and not Ca2+, that plays the operative role 
in this pathway downstream of PLC-γ.

To further explore the mechanisms 
by which DAG influences the MTOC, 
we focused next on the PKC family of 
enzymes, which have been implicated in 
polarity induction in multiple cell types. 
PKCs can be divided into three subfami-
lies based on their regulatory properties.17 
Classical PKCs (cPKCs) require both 
DAG and Ca2+ for activation, novel PKCs 
(nPKCs) require DAG but not Ca2+, and 
atypical PKCs (aPKCs) require neither 
DAG nor Ca2+. Because DAG, but not 
Ca2+, is necessary for MTOC reorienta-
tion,12 we chose to investigate the nPKC 

Figure 2. Photoactivation of the TCR induces MTOC reorientation. Above, schematic diagram of 
the photoactivation strategy, which involves UV-induced cleavage of an NPE group attached to a 
central lysine in the MCC peptide. Below, a timelapse montage from a TCR photoactivation experi-
ment showing a T cell expressing GFP-labeled PKCθ and RFP-labeled α-tubulin (to visualize the 
MTOC). Time (in min) is shown in the top left corner of each image. The region of UV irradiation, 
which was applied at the 30 s timepoint, is indicated by a red circle. Scale bar = 5 μm.
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inhibition or siRNA knockdown of PKCζ 
impaired MTOC reorientation,26 as did 
expression of dominant negative forms 
of Par1b.28 Knockdown of Scribble also 
disrupted MTOC localization to the IS, 
although this result may have been sec-
ondary to a profound adhesion defect 
observed in these T cells.27 Importantly, 
the position of the MTOC was scored 
at relatively late timepoints (>20 minutes 
after TCR stimulation) in all of these 
studies, leaving open the possibility that 
initial polarization did occur.

When taken together with the delayed 
recruitment behavior of Par and Scrib 
components, these results suggest that 
polarity complexes may be important for 
long-term maintenance of the polarized 
state. Hence, MTOC reorientation to the 
IS can be divided into two stages: a direc-
tion-sensing phase driven by DAG and 
nPKCs, followed by a stabilization phase 
that requires the Par and Scrib complexes 
(Fig. 4). It will be interesting to determine 
how and when activated T cells transition 
from the first to the second phase of polar-
ization. It is conceivable that sustained 
DAG and PKC signaling at the IS could 
induce the recruitment of polarity com-
plexes. It is also possible that the MTOC, 
after moving to the IS, could itself trigger 
the requisite signaling events. The centro-
some contains a large number of unique 
signaling proteins, and the close apposition 
of these proteins with plasma membrane 
components at the IS could profoundly 
affect local signaling dynamics.

Separating MTOC polarization into 
two distinct steps would presumably allow 
the transition between these steps to be 
regulated. In this manner, synapse stability 
could be tailored to serve specific biological 
functions. One might imagine that highly 
stable synapses would be required for tar-
geted cytokine-mediated communication 
over a period of hours, or to prepare cells 
for asymmetric division. In contrast, serial 
killing by cytotoxic lymphocytes, which 
combines directional secretion of cytolytic 
factors with rapid movement between tar-
get cells, would perhaps be best served by 
transient direction sensing without sub-
sequent stabilization. Further studies will 
be required to test these ideas. Clearly, 
however, close analysis of synaptic polarity 
has reinforced the concept of the IS as a 

the Scrib complex accumulates on the 
basolateral surface, while the Par complex 
associates with the adherens junctions sep-
arating the apical and basolateral domains 
(Fig. 1). Disruption of either complex 
leads to a breakdown in cell polarity.

The observation that synaptically 
polarized lymphocytes, like epithelial 
cells, partition their membranes into dis-
tinct domains has led a number of labs 
to investigate the roles of polarity com-
plexes during IS formation in T cells. 
Immunocytochemical studies have dem-
onstrated that Par3 and phosphorylated 
PKCζ accumulate at the IS while Scribble 
and Dlg localize to the back of the cell.26,27 
Synaptic recruitment of Par3 is consis-
tent with other work showing that the 
kinase Par1b, which inhibits Par3 func-
tion, dissociates from the plasma mem-
brane in response to TCR stimulation.28 
Interestingly, polarized accumulation 
of the Par and Scrib complexes was only 
observed after 30 minutes of conjuga-
tion, well beyond the time required for 
MTOC reorientation to the IS (Fig. 4). 
This temporal discordance suggests that 
Par and Scrib components may not be 
involved in the initial polarization event. 
Nevertheless, functional experiments have 
indicated that they are required for T cell 
polarity at some level. Pharmacological 

ADAP, which binds to both dynein and 
SLP76, and the formin mDia, which 
regulates actin and microtubule polariza-
tion in multiple cell types. Both proteins 
have been implicated in T cell MTOC 
reorientation,23,25 and it will be important 
to decipher how they function in relation 
to the DAG-dependent pathway we have 
characterized.

Polarity Complexes Stabilize  
the Polarized State

Cell polarity in adherent cell types 
depends on a number of evolutionarily 
conserved protein complexes.9 Among the 
best studied are the Par (for partitioning 
defective) complex, consisting of the adap-
tor proteins Par3 and Par6 together with 
aPKC; and the Scrib complex, consisting 
of the adaptor proteins Scribble, Discs-
large (Dlg), and Lethal giant larvae (Lgl). 
The components of these complexes con-
tain numerous protein-protein interaction 
domains, enabling them to associate with 
specific cell surface proteins and cyto-
skeletal structures. In this manner, they 
organize distinct membrane domains that 
subsequently become polarized to dif-
ferent parts of the cell surface due to the 
mutual inhibition of each other’s growth. 
In polarized epithelial cells, for example, 

Figure 3. Schematic diagram showing the molecular events leading to MTOC reorientation 
toward the T cell IS. The MTOC is shown as a black circle. TCR activation is indicated by yellow stars 
and dynein by purple ovals. APC, antigen presenting cell.
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Moving forward, it is probably worth 
remembering that biological analogies 
are most useful as conceptual, rather 
than absolute guides. The study of T cell 
MTOC reorientation and leukocyte che-
motaxis has demonstrated that lipid-based 
direction sensing is a robust and rapid 
way to establish polarity in structurally 
plastic cell types. The actual molecules 
involved in each system, however, are not 
the same, nor should we expect them to 
be. Indeed, there are often compelling 
reasons for them to be different. The use 
of DAG during IS formation, for example, 
enables T cells to establish a new type of 
polarity that is chemically orthogonal to 
the migratory, “hand-mirror” morphology 
potentiated by PIP3. In future studies of 
conceptually similar systems, we should 
keep principles such as lipid-based direc-
tion sensing in mind, but be open to the 
possibility that unexpected players could 
emerge in the important roles.
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