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Summary
The actin cytoskeleton provides a dynamic framework to support membrane organization and cellular signaling events. The importance

of actin in T cell function has long been recognized to go well beyond the maintenance of cell morphology and transport of proteins.
Over the past several years, our understanding of actin in T cell activation has expanded tremendously, in part owing to the development
of methods and techniques to probe the complex interplay between actin and T cell signaling. On the one hand, biochemical methods
have led to the identification of many key cytoskeleton regulators and new signaling pathways, whereas, on the other, the combination of

advanced imaging techniques and physical characterization tools has allowed the spatiotemporal investigation of actin in T cell
signaling. All those studies have made a profound impact on our understanding of the actin cytoskeleton in T cell activation. Many
previous reviews have focused on the biochemical aspects of the actin cytoskeleton. However, here we will summarize recent studies

from a biophysical perspective to explain the mechanistic role of actin in modulating T cell activation. We will discuss how actin
modulates T cell activation on multiple time and length scales. Specifically, we will reveal the distinct roles of the actin filaments in
facilitating TCR triggering, orchestrating ‘signalosome’ assembly and transport, and establishing protein spatial organization in the

immunological synapse.
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Introduction
T cells have a central role in adaptive immunity, and their

activation involves many spatially and temporally coordinated

signaling processes on multiple time and length scales. There are

three distinct stages during the activation process: T cell receptor

(TCR) triggering, signal persistence and signal termination. A

crawling T cell constantly scans the surfaces of antigen-presenting

cells (APCs) in search of antigen peptides that are bound to major

histocompatibility complex proteins (pMHCs). Upon recognition

of such peptides, ligation of integrin molecules facilitates the

initial close cell–cell contact, and engagement between TCRs and

agonist pMHCs subsequently triggers the initial TCR signaling

across the plasma membrane. TCRs and their co-receptors, other

accessory proteins, the microtubule organization center (MTOC)

and secretory organelles all reorient to a position near the cell–cell

contact site. At the same time, the T cell membrane protrudes over

the APC surface, leading to the formation of a specialized

membrane junction, namely the immunological synapse (Fig. 1A).

Here, we focus our discussion on the canonical pattern of

concentric protein domains, but it is important to note that a

variety of protein patterns exist for different subsets of T cells as

well as in other immune cells (Davis and Dustin, 2004). A

hallmark of TCR triggering is the rapid increase in the

concentration of intracellular calcium ions (Lewis, 2001).

Following TCR triggering, signaling is amplified and sustained

in microclusters (Seminario and Bunnell, 2008; Choudhuri and

Dustin, 2010; Dustin and Groves, 2012). TCRs in the cell

periphery rapidly assemble into microclusters consisting of tens

to hundreds of molecules. Concurrently, other signaling factors

(Box 1) are recruited to the macromolecular signaling complex to

propagate downstream signaling events, including kinases such as f-
chain-associated tyrosine-protein kinase 70 (ZAP70) (Wang et al.,

2010; Sherman et al., 2011) and the lymphocyte-specific tyrosine-

protein kinase Lck (Nika et al., 2010), adaptor proteins such as the

linker for activation of T cells family member 1 (Lat) (Lillemeier

et al., 2010) and the SH2-domain-containing leukocyte protein of

76 kDa [SLP-76 (also known as lymphocyte cytosolic protein 2,

LCP2)] (Barda-Saad et al., 2010), as well as actin-polymerizing

factors such as Wiskott–Aldrich syndrome protein (WASp) (Gomez

and Billadeau, 2008; Reicher and Barda-Saad, 2010). These

signaling microclusters undergo continuous translocation and

become spatially organized in the synapse to form a ‘bull’s eye’

pattern of several distinct concentric domains, which are known as

supramolecular activation clusters (SMACs; Fig. 1B) (Monks et al.,

1998; Grakoui et al., 1999). TCR microclusters are transported such

that they accumulate in the central SMAC (cSMAC). Distinct from

the newly formed microclusters in the cell periphery, these

centralized microclusters are mostly associated with receptor

internalization and signaling degradation (Mossman et al., 2005;

Varma et al., 2006), thus making the term ‘supramolecular

activation cluster’ a misnomer. Integrins, such as lymphocyte

function-associated antigen 1 (LFA-1), together with many

cytoskeletal linker proteins, reorganize to form a ring structure

surrounding the cSMAC, forming the peripheral SMAC (pSMAC).

The distal SMAC (dSMAC) is enriched with proteins with large

extracellular domains, including the protein-tyrosine phosphatase
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CD45 (also known as receptor-type tyrosine-protein phosphatase C).

All signaling events must be coordinated in time and space to

achieve accurate T cell activation, and each of these activities is

dependent on the actin cytoskeleton.

The actin cytoskeleton is a filamentous network known to provide

mechanical forces for cell polarization and motility, to scaffold

proteins for binding and assembly and also to transport molecules.

Its importance in T cell activation has long been established, ever

since the first studies of the actin cytoskeleton in T cell activation

(Geiger et al., 1982; Ryser et al., 1982). However, the nature of the

mechanisms linking actin with T cell activation has only recently

begun to be unveiled (Fig. 2). Actin drives the process of cell

polarization and maintains the cell–cell contact – the very first steps

for T cell activation; it also likely provides a scaffold for clustering,

translocation and spatial segregation of proteins, key steps to amplify

and sustain T cell signaling (Barda-Saad et al., 2005; Billadeau et al.,

2007; Dustin, 2007; Gomez and Billadeau, 2008; Beemiller and

Krummel, 2010). It has been proposed that mechanical forces from

actin might be required in TCR triggering, although the exact

mechanism underlying this is still debated (van der Merwe and

Dushek, 2011). In addition, studies also suggest that T cell activation

requires actin retrograde flow, instead of static filaments (Kaizuka

et al., 2007; Yu et al., 2010; Babich et al., 2012). An emerging picture

is that the actin cytoskeleton provides a dynamic framework for the

spatial and temporal regulation of both mechanical and biochemical

signaling pathways in T cell activation. Here, we discuss, with an

emphasis on the mechanistic aspects, how the actin cytoskeleton

regulates T cell activation during TCR triggering, assembly and

translocation of signaling proteins and the formation of the

immunological synapse.

The role of actin in T cell receptor triggering
TCR triggering is the process by which TCR–pMHC ligation leads

to intracellular signaling. It is not only the initial step of T cell

activation but is also extremely sensitive and specific – signaling

can be triggered by extremely low densities of activating agonist

peptides in the presence of high levels of self-pMHCs (stochastic

noise); T cells must also differentiate agonists of various potency.

The TCR complex consists of a TCR heterodimer (TCRab) that is

responsible for ligand recognition and multiple CD3 molecules

(CD3c, CD3d, CD3e and CD3f) that mediate all proximal

signaling events. TCR engagement with the antigen peptide–

MHC protein complexes triggers tyrosine phosphorylation of the

immunoreceptor tyrosine-based activation motifs (ITAMs), which

are present in the cytoplasmic domains of all CD3 subunits in the

TCR complex (van der Merwe and Dushek, 2011). Three main

models have been proposed so far to understand how TCR

engagement leads to biochemical signaling across the plasma

membrane: conformational change, kinetic segregation and

receptor aggregation. We discuss below the possible roles of

actin in each mechanism.

dSMAC
CD45
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CD43
 ... pSMAC

LFA-1
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...
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CD28/CD80, 
CTLA4/CD80
 ...
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Fig. 1. Schematic diagrams of the immunological synapse at the junction

between a T cell and an antigen-presenting cell (APC). (A) T cell activation

leads to large-scale protein segregation in the immunological synapse, which is

a specialized cell–cell junction. (B) Proteins are translocated and differentially

sorted in the immunological synapse, forming a ‘bull’s eye’ pattern of several

distinct concentric domains, which are known as supramolecular activation

clusters (SMACs). The central SMAC (cSMAC; pink) is enriched with TCR

microclusters, co-stimulatory receptors and protein-tyrosine kinases. Peripheral

SMAC (pSMAC; green) contains integrins, such as lymphocyte function-

associated antigen 1 (LFA-1) that binds to intercellular adhesion molecule 1

(ICAM1), and many cytoskeletal linker proteins (such as talin). Proteins with

large extracellular domains, including protein-tyrosine phosphatase CD45 and

glycoproteins CD44 and CD43, accumulate in the distal SMAC (dSMAC;

grey). Other than the canonical form of protein patterns illustrated here, a

variety of immunological synapse patterns exist for different subsets of T cells

as well as in other immune cells (Davis and Dustin, 2004).

Box 1. Key proteins involved in T cell signaling

TCR (T cell receptor) is a cell-surface heterodimer that recognizes

antigen peptides bound to major histocompatibility complex

proteins (pMHCs) on antigen-presenting cells (APCs). TCR

heterodimers associate constitutively with multiple CD3 proteins

[c, d, e and f] in the T cell membrane for signal transduction. The

term ‘TCR’ is sometimes applied to this larger complex. All CD3

subunits in the complex contain immunoreceptor tyrosine-based

activation motifs (ITAMs) in their cytoplasmic domains, whose

phosphorylation leads to signaling downstream of TCR triggering

(for details, see van der Merwe and Dushek, 2011).

Lck (lymphocyte-specific tyrosine-protein kinase) is a

membrane-tethered kinase that phosphorylates tyrosine residues

in the ITAMs in the TCR–CD3 complex. Doubly phosphorylated

ITAMs are the docking sites for ZAP70 and other TCR signaling-

associated proteins. Lck is often associated with the CD4 or CD8

co-receptors, which might potentiate its activity by bringing it into

the proximity of the CD3 chains (for details, see Davis and van der

Merwe, 2011).

ZAP70 (f-chain-associated protein of 70 kDa) is a tyrosine-

protein kinase from the Syk family that docks at phosphorylated

ITAMs of the TCR. Docking, subsequent phosphorylation by Lck

and trans-autophosphorylation all increase kinase activity. ZAP70

phosphorylates a number of signaling proteins, including LAT and

SLP-76 (for details, see Wang et al., 2010).

LAT (linker for activation of T cells) is a scaffold protein that

assembles key effectors of T cell activation, such as SLP-76,

PLCc1, Grb2 and others. After its phosphorylation by ZAP70 and

Lck, LAT recruits many other signaling proteins to form protein

microclusters that are distinct from TCR microclusters (for details,

see Balagopalan et al., 2010).

SLP-76 (SH2 domain-containing leukocyte protein of 76 kDa,

also known as LCP2), an adaptor that mediates interactions

between a host of proteins, including LAT and the actin-regulatory

proteins Nck and Vav1. SLP-76 is activated through

phosphorylation by Lck and ZAP70 as well as through TCR-

independent pathways (for details, see Jordan and Koretzky,

2010).

Myosin is a large family of actin-associated, ATP-powered

motor proteins, of which non-muscle myosin IIA is one

predominant isoform in T cells. Myosin IIA generates tension in

the actin cytoskeleton by crosslinking filaments and sliding them

with respect to one another (for details, see Vicente-Manzanares

et al., 2009).
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Actin in the conformational change model

The conformational change model explains T cell triggering at
the level of the single TCR. The central hypothesis of this model

is that TCR–pMHC binding alone, without contribution from

other forces, exerts a pulling force on the TCR, leading to
conformational changes in the CD3 subunits and thus

downstream biochemical signaling (Sun et al., 2001; van der

Merwe, 2001; Beddoe et al., 2009). As a result, the proline-rich
sequence in the CD3e cytoplasmic tail becomes accessible to

interact with a cytoskeletal adaptor protein, the non-catalytic
region of the tyrosine kinase cytoplasmic protein Nck1 (Gil et al.,

2002). These observations serve as indirect evidence to support

the involvement of actin in the conformational change model. A
more significant role for actin was proposed in a modified

version, called the receptor deformation model (Ma et al., 2008;

Ma and Finkel, 2010). In this model, TCR–pMHC binding itself
does not initiate TCR signaling. Instead, as the T cell moves in an

actin-dependent manner with respect to its attached APC, it

generates tension across its membrane. The effect of this tension
is a pulling force that is transmitted to the TCR, thereby inducing

a conformational change in the TCR–CD3 complex and making
the cytoplasmic ITAMs more accessible to the tyrosine-protein

kinase Lck.

As the structure of an intact TCR–CD3 complex is still

unsolved, there have been limited structural data to prove the

conformational changes directly. But considerable evidence

pinpoints mechanical effects from the actin cytoskeleton as an

important factor in TCR triggering. First of all, actin might be

essential to ensure the specificity and sensitivity of T cell

triggering, by enabling the rapid association–dissociation of

TCR–pMHC binding. The pulling force from actin proposed in

the receptor deformation model is expected to cause an increase

in the dissociation of TCR–pMHC, and this has been

demonstrated experimentally in recent studies. Huppa and

colleagues used single-molecule fluorescence resonance energy

transfer (FRET; Box 2) to measure the TCR–pMHC binding

   Cell–cell contact and TCR triggering

 Microcluster formation and translocation

Protein spatial organization
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0

Time
(seconds)

25

50

100

200

300

B

Actin

A

TCR microclustersKey

Fig. 2. A mechanistic overview of actin in T cell activation. (A) After T

cell triggering, the actin cytoskeleton promotes cell polarization, maintains

cell–cell contact and facilitates TCR signaling across the plasma membrane.

TCR signaling is amplified and sustained in distinct microclusters (also

known as ‘signalosomes’). Actin acts as a scaffold for the clustering of

proteins, drives their centripetal translocation and spatially organizes the

microclusters to different domains to form the immunological synapse. In a

mature immunological synapse, actin is depleted from the central area where

TCR microclusters accumulate. (B) Transport of TCR microclusters and actin

retrograde flow are temporally coordinated during T cell activation. In a T

cell triggered by a stimulatory supported lipid bilayer, the TCRs (here labeled

with anti-TCR Fab conjugated to Alexa Fluor 594) and actin (labeled with

EGFP conjugated to actin-binding UtrCH) are imaged simultaneously by

using total internal reflection fluorescence microscopy (TIRFM). Scale bars:

5 mm. Images in panel B were adapted, with permission, from images

published previously (Yu et al., 2012).

Box 2. Interdisciplinary physical techniques for
studying actin in T cell activation

Glass-supported lipid bilayer is a planar lipid bilayer structure

formed by self-assembly of lipids on pre-cleaned glass substrates.

Proteins can be tethered to the lipid bilayer by various types of

linkages, including streptavidin–biotin binding, polyhistidine nickel-

chelating lipid linkage or glycosylphosphatidylinositol (GPI) linker.

Glass-supported lipid bilayers have proven useful for the

microscopic study of the spatial organization of proteins in cell–

cell junctions (for details, see Groves and Dustin, 2003).

Total internal reflection fluorescence microscopy (TIRFM) is

an optical technique to achieve single-molecule fluorescence

imaging at interfaces. When an excitation laser is totally reflected

at the interface between glass and cell media, only fluorescent

molecules located within ,200 nm of the interface are illuminated.

TIRFM is a powerful technique to visualize single molecules in or

near cell membranes (for details, see Axelrod, 2003).

Super-resolution fluorescence imaging is a type of optical

microscopy to observe single-molecule fluorescence below the

optical diffraction limit. Several different types of super-resolution

imaging techniques have been developed, such as

photoactivation localization microscopy (PALM), stochastic

optical reconstruction microscopy (STORM) and stimulated

emission depletion (STED) microscopy. Super-resolution

microscopes can be employed to resolve molecular structures

that are indistinguishable by conventional fluorescence

microscopes owing to the diffraction limit, such as protein

nanoclusters and actin structures (for details, see Huang et al.,

2009; Illingworth and van der Merwe, 2012).

Fluorescence speckle microscopy is a technique to analyze

the dynamics and assembly of macromolecular structures such as

actin filaments. When a small fraction of molecules within a

macromolecular structure are fluorescently labeled, their

fluorescence appears as distinct puncta, also called speckles.

Movements of those speckles reveal the motion and turnover of the

macromolecular structure they are located in (for details, see

Danuser and Waterman-Storer, 2006).

Fluorescence (or Förster) resonance energy transfer (FRET)

is an optical technique to quantify, for example, molecular

interactions, protein structural dynamics and protein binding

kinetics by measuring the distance between two fluorophores.

When energy is non-radically transferred from a donor fluorophore

to a receptor, the energy transfer efficiency is dependent on their

distance. FRET has been employed to study TCR–pMHC binding

kinetics (Huppa et al., 2010), protein-protein interactions (Zal and

Gascoigne, 2004) and tyrosine phosphorylation (Randriamampita

et al., 2008) in T cell activation (for details, see Wouters et al.,

2001).
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kinetics between TCRs in the T cell membrane and pMHCs on
glass-supported lipid bilayers (Box 2) (Huppa et al., 2010). The

dissociation rate (koff) at the membrane junction (two-dimensional)
was faster than that obtained from measurements in solution
(three-dimensional) – a key feature that is required for T cells to
sample rapidly a small number of cognate pMHCs among a high

level self-pMHCs on an APC. Interestingly, koff decreased
significantly when actin filaments were depolymerized. A
similar effect of the actin cytoskeleton on TCR–pMHC binding

was also independently observed by Huang and colleagues, who
used a micropipette and a biomembrane force probe to measure the
binding kinetics between a T cell and an antigen-presenting red

blood cell (Huang et al., 2010). Both studies demonstrate that actin
is crucial to ensure rapid TCR–pMHC binding and possibly for the
high specificity and sensitivity of T cell activation. Second, the
model postulates that the mechanical force generated by actin must

be transmitted to the TCR–CD3 complex by means of TCRs. This
is structurally plausible as the part of the TCRb chain is in close
proximity to the relatively rigid CD3e ectodomain (Ghendler et al.,

1998; Kim et al., 2010). More importantly, mechanical forces
applied on the TCR heterodimer can trigger T cell signaling (Kim
et al., 2009; Li et al., 2010; Husson et al., 2011). Additional

evidence to support the necessity of actin-generated force for TCR
triggering is the observation that monomeric agonist pMHC can
trigger T cell signaling when anchored on the cell surface, but the

same agonist in solution cannot.

The conformational change model is particularly appealing to
explain the possible role of actin in the high sensitivity and
specificity of T cell triggering. By regulating the TCR–pMHC

binding strength, actin enables T cells to detect signals rapidly at
extremely low densities and differentiate agonists of different
potency. This mechanism is supported by compelling evidence,

but thus far no structural data have been obtained to demonstrate
structural changes directly in the intact TCR–CD3 complex upon
the application of physical forces or upon binding of agonist

pMHC. The conformational change concept is also challenged by
some recent studies (Fernandes et al., 2012; James and Vale,
2012) and, furthermore, it is unclear how the pulling force is
transmitted from the TCR to the CD3 cytoplasmic domains and

whether actin has any role in that step.

Actin in the kinetic segregation model

In addition to its role in directly influencing single TCR–pMHC
complexes, actin might also have a role in TCR triggering at the
level of TCR clusters. The kinetic segregation model and

receptor aggregation model (discussed below) are better suited
to describe the possible underlying mechanisms. Proposed in
1996, the kinetic segregation model postulates that TCR
triggering is caused by size-dependent segregation of kinases

from phosphatases present at the membrane junction between T
cell and APC (Davis and van der Merwe, 1996; Davis and van
der Merwe, 2006). Membrane receptors with small extracellular

domains, including the TCR–pMHC pair and kinases, accumulate
in many small ‘close-contact zones’ (,15 nm apart), from which
large glycoproteins such as the inhibitory tyrosine phosphatase

CD45 are excluded owing to steric effects. In resting T cells, the
ITAMs have a low phosphorylation level because they are
constantly phosphorylated by tyrosine kinase Lck and

dephosphorylated by phosphatase CD45. However, the size-
dependent exclusion of CD45 shifts the kinase–phosphatase
balance, leading to prolonged phosphorylation of the ITAMs and

thus TCR triggering (Choudhuri et al., 2009). This mechanism is

supported by mounting evidence. For example, exclusion of
phosphatases from areas of TCR triggering has been confirmed
experimentally (Leupin et al., 2000; Lin and Weiss, 2003; Varma

et al., 2006). Moreover, T cell signaling is reduced when protein
segregation is disrupted by truncation of the extracellular
domains of CD45 and CD148 (Irles et al., 2003; Lin and
Weiss, 2003) or elongation of the ectodomain of agonist pMHCs

(Choudhuri et al., 2005; Choudhuri et al., 2009).

Actin probably has important roles in many aspects of the
kinetic segregation model. First of all, actin is required for

forming and maintaining the ‘close-contact zones’ (Valitutti et al.,
1995a; Bunnell et al., 2001; Cannon and Burkhardt, 2002), the
very first step of TCR signaling. Second, actin and actin-based
molecular motors are coupled to the plasma membrane and

regulate membrane tension (Nambiar et al., 2009; Skruzny et al.,
2012), a potential facilitator of protein segregation in the ‘close-
contact zones’ during TCR triggering. A recent study by James

and Vale suggests that protein segregation is not solely driven by
the extracellular sizes of cell-surface molecules but also by a
certain membrane force (James and Vale, 2012). Intriguingly, by

depolymerizing actin with pharmacological agents, they observed
a negligible role for actin in protein segregation in the small
population of cells that did form cell–cell contacts out of the

large population of cells that did not. The observation is
surprising and might be attributable to the heterogeneity of cell
response to pharmacological treatment. Finally, as the kinetic
segregation model is also applicable to the triggering of other

membrane receptors such as the co-stimulatory molecules (Davis
and van der Merwe, 2006), actin might further modulate TCR
triggering by transducing co-stimulatory signals to lower the

threshold number of agonist pMHCs required for activation
(Bachmann et al., 1997; Suzuki et al., 2007).

Actin could also modulate TCR triggering at the cluster level
by promoting formation of lipid rafts. Lipid rafts are defined as

nanometer-sized membrane domains that are enriched in
cholesterol, sphingolipids and signaling proteins (Lingwood and
Simons, 2010). In this model, it is hypothesized that the lipid

rafts, formed upon the TCR–pMHC interactions, trigger TCR
signaling by facilitating the association of the TCR–CD3
complexes with tyrosine kinases while excluding inhibitory

phosphatases such as CD45 (Harder et al., 2007; Filipp et al.,
2012). The actin cytoskeleton might be crucial in transporting
TCRs into the kinase-rich lipid rafts and maintaining the lipid raft

environment. Evidence to support the role of actin in this
mechanism includes studies in which disruption of the actin
cytoskeleton leads to disappearance of lipid rafts and CD45 in the
immunological synapse (Valensin et al., 2002; Chichili et al.,

2010; Chichili et al., 2012). However, a recent study suggests that
formation of lipid rafts is not sufficient for Lck clustering (Rossy
et al., 2013). It should also be noted that the existence of lipid

rafts is controversial, mainly because many of the experimental
approaches used were found to be questionable and some groups
were unable to observe these small and dynamic membrane

domains directly (Shaw, 2006; Leslie, 2011).

Actin in the receptor aggregation model

The receptor aggregation model simply states that binding

between TCRs and pMHCs leads to aggregation of TCR–CD3
complexes and thus allows for enhanced local TCR signaling.
The model stemmed from the longstanding observations that

Journal of Cell Science 126 (5)1052
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forced aggregation of TCRs, using antibodies or soluble
multimeric forms of agonist pMHCs, can trigger T cell
activation. In addition to the role of actin in maintaining cell–

cell contact, actin might also contribute to TCR–CD3 aggregation
by acting as a scaffold to stabilize and support protein
aggregation – which will be discussed further in the next

section. However, the receptor aggregation model has many
limitations. One major problem is that the model cannot explain
why T cell signaling can be triggered by extremely low densities

of pMHCs, at which TCR microclusters are small, sparse or
unobservable (Sykulev et al., 1996; Irvine et al., 2002; Manz and
Groves, 2010). As different modifications have been made to the
original model, the TCR aggregation model looks more plausible

when other mechanisms such as conformational change (Reich
et al., 1997; Alam et al., 1999) and TCR serial triggering
(Valitutti et al., 1995b) are incorporated.

Taken together, the actin cytoskeleton is likely to be

indispensable for the generation of signals from TCRs
regardless of the models proposed. All three models –
conformational change, kinetic segregation and receptor

aggregation – are not mutually exclusive. They describe the
TCR triggering process on different length scales: the
conformation change model focuses on the level of single
TCRs, whereas the kinetic segregation and receptor aggregation

models concern the molecular cluster level. In fact, many
experimental observations support more than one model.
Therefore, it is possible that actin has multiple roles in a

combination of these mechanisms at various stages in TCR
triggering.

The role of actin in formation of the
immunological synapse
After TCR triggering, TCRs and other receptors as well as
intracellular proteins cluster into distinct domains, creating large-
scale spatial organization in the immunological synapse. The
entire process of TCR clustering, translocation and large-scale

segregation is correlated with the T cell biochemical signaling
and thus provides a direct readout of T cell activation in time and
space.

The role of actin in signaling in microclusters

TCRs, together with other signaling molecules, form
microclusters following their ligation with the agonist pMHCs.
Although TCR microclusters that accumulate in the cSMAC were

originally believed to be the site for T cell signaling, it has
become clear that, under normal triggering conditions, the newly
formed microclusters in the periphery of the cell contact area are
the active signaling units (Varma et al., 2006; Cemerski et al.,

2008), also referred to as ‘signalosomes’ (Werlen and Palmer,
2002). Actin is required for signaling at the microcluster level
because either disruption or over-stabilization of actin abrogates

the formation of TCR microclusters, Ca2+ signaling (Campi et al.,
2005; Varma et al., 2006) and tyrosine phosphorylation (Shen
et al., 2005). One important question that many recent studies

aimed to answer is the exact nature of the contribution of actin to
T cell signaling within the microclusters.

Actin might regulate T cell signaling by maintaining the
association between TCRs and other signaling proteins. That

explains the observation that, upon actin depolymerization by
pharmacological drugs, the concentration of intracellular Ca2+ is
reduced within one minute and no new TCR clusters form, but

existing TCR microclusters remain intact for at least a few further

minutes (Varma et al., 2006). Interestingly, if T cells are treated

with jasplakinolide, a pharmacological drug that interrupts actin

depolymerization, Ca2+ signaling also stops, but phosphorylation

of ZAP70 in the TCR microclusters remains (Babich et al., 2012).

This observation suggests that the integrity of signaling clusters

only requires the scaffolding function of actin, but keeping the

dynamic association of molecules inside microclusters for

sustained signaling requires actin retrograde flow. Indeed, the

scaffolding effects appear to be reciprocal as one of our recent

studies has suggested that microclusters possess the capacity to

organize the actin cytoskeleton locally around themselves

(Smoligovets et al., 2012). The scaffolding properties of actin

might be mediated by its regulatory proteins (Fig. 3). The

guanine-nucleotide-exchange factor (GEF) Vav1 and Wiskott-

Aldrich syndrome protein WASp, both key regulators for F-actin

nucleation and remodeling, have been observed to be recruited to

TCR–pMHC binding sites (Sasahara et al., 2002; Zeng et al.,

2003; Barda-Saad et al., 2005; Tybulewicz, 2005; Yokosuka

et al., 2005; Miletic et al., 2006; Miletic et al., 2009). It has been

suggested that Vav1 associates with the Lat–SLP-76 adaptor

complex (Sylvain et al., 2011; Pauker et al., 2012) and that

WASp binds to the proline-rich sequences in CD3 chains (Gil
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Fig. 3. Schematic illustration of some of the key proteins involved in

linking actin to TCR signaling. Engagement of TCRs with agonist pMHC

molecules leads to phosphorylation of the cytoplasmic domains of CD3 by

lymphocyte-specific tyrosine-protein kinase (Lck). Subsequently, tyrosine

kinases such as f-chain-associated tyrosine-protein kinase 70 (ZAP70), actin

adaptor proteins such as cytoplasmic protein Nck1 (Nck1), the scaffold

protein SH2-domain-containing leukocyte protein of 76 kDa (SLP-76), and

actin polymerization-regulatory molecules such as Wiskott-Aldrich syndrome

protein (WASp) and the Wiskott-Aldrich syndrome protein family member 2

(WAVE2, also known as WASF2) complex, are recruited to the TCR–CD3

complexes to regulate localized actin polymerization. Integrins such as

leukocyte function-associated antigen 1 (LFA-1) also regulate the actin

cytoskeleton through linker proteins such as talin.
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et al., 2002). Moreover, Vav1 was shown to stabilize signaling

microclusters during T cell activation independently of its
intrinsic GEF activity (Miletic et al., 2009; Sylvain et al.,
2011), suggesting that it functions as a linker protein to load

microclusters onto the actin cytoskeleton.

Actin might also modulate T cell signaling by stabilizing
preformed protein clusters in quiescent T cells. With the help of
high-resolution imaging techniques (Box 2), Lillemeier and

colleagues revealed that TCR and the adaptor protein Lat exist in
separate membrane domains with a diameter of 70–140 nm
(Lillemeier et al., 2010), whereas Sherman and co-workers

reported pre-existing Lat nanoclusters as small as dimers in
resting T cells (Sherman et al., 2011). The difference could in
part be due to the differences in sample preparation, but both
studies confirmed that actin is required for nanocluster stability.

As protein preclustering has been proposed as a regulatory
‘safety-check’ mechanism in T cell activation (Lillemeier et al.,
2010; Chung et al., 2012), the prescaffolding effect exerted by

actin probably has an important role. However, the idea that pre-
existing protein clusters contribute to T cell activation was
recently challenged by the finding that Lat molecules participate

in early T cell signaling by means of subsynaptic vesicles instead
of preclusters (Williamson et al., 2011).

In addition, as discussed in the context of the kinetic segregation
and receptor aggregation models, actin might also modulate TCR

microcluster formation and signaling by controlling the
mechanical properties of the cell membrane or promoting
membrane compartmentalization. Besides the aforementioned

lipid raft hypothesis, an alternative mechanism for the role of
actin in the assembly of microclusters is the so-called ‘picket fence
model of diffusion restriction’ (Kusumi et al., 2005). This model

posits that the high local density of actin and actin-associated
membrane proteins restricts the diffusion of other membrane-
associated or membrane-proximal cytoplasmic proteins and thus
promotes assembly of microclusters. Although this model is

supported by some data (Andrews et al., 2008; Treanor et al., 2010;
Treanor et al., 2011), it does not explain why proteins can rapidly
coalesce or dissociate from the clusters or how TCR microclusters

are transported from the cell periphery to the cSMAC.

Actin in microcluster translocation and spatial
organization of the immunological synapse

Within a few minutes of cluster formation, TCR microclusters are
centripetally translocated to coalesce into cSMACs, and ligated
integrins and associated proteins accumulate around the

periphery of the synapse. It has long been recognized that
receptor transport and spatial organization in the immunological
synapse require retrograde flow of actin (Dustin and Cooper,
2000; Burkhardt et al., 2008; Gomez and Billadeau, 2008;

Beemiller and Krummel, 2010). To reveal the physical
interactions between TCR clusters and actin, Kaizuka and
colleagues showed that TCR microclusters and integrins move

centripetally together with the actin cytoskeleton by using
imaging of fluorescently labeled protein clusters in Jurkat cells
that are triggered by a glass-supported lipid bilayer containing

stimulatory ligands (Kaizuka et al., 2007). Based on the
observation that TCR microclusters move slower than the
underlying retrograde actin flow, they proposed that a ‘stick–

slip’ movement of TCR microclusters occurs on the actin
cytoskeleton (Kaizuka et al., 2007). However, considering that
each TCR microcluster contains tens to hundreds of molecules,

simultaneous breakage of all the molecular linkages to actin in

the ‘slip’ phase seems unlikely. The Groves group later proposed
a frictional coupling mechanism (Fig. 4), based on a study that
employed physical barriers on glass-supported lipid bilayers

(DeMond et al., 2008). When the centripetal transport of TCR
microclusters was hindered by a physical barrier, the
microclusters did not stop but continued their motion with a
different direction (DeMond et al., 2008). This suggests that the

coupling between microclusters and actin is rather transient –
multiple weak links form and break at different times to generate
a frictional force between microclusters and actin. Two

subsequent studies provided further support for the idea of the
frictional coupling model and showed that actin itself slows down
as it passes over mechanically trapped TCRs (Yu et al., 2010;

Smoligovets et al., 2012).

The transient coupling mechanism predicts that the strength of
attachment to the actin cytoskeleton correlates positively with the
number of molecular linkages. This could explain why TCR and

LFA-1 microclusters, although both coupled with actin, are
transported differentially to destinations that are micrometers
apart. Indeed, it has been found that, when the LFA-1 clusters are

crosslinked by using bivalent and tetravalent antibodies, larger
clusters that presumably have more linkages to actin are
transported closer to the center of the immunological synapse

and that tetravalently crosslinked LFA-1 clusters are able to reach
the cSMAC (Fig. 4B) (Hartman et al., 2009). This observation
cannot be explained by the size-exclusion mechanism in the
kinetic segregation model. Instead, it suggests that spatial sorting

of proteins in the immunological synapse can be driven by their
specific coupling interactions to the actin cytoskeleton.

Formation of the immunological synapse is tightly associated

with signaling activities: signaling is sustained during
microcluster formation (Bunnell et al., 2002; Lee et al., 2003;
Yokosuka et al., 2005) and attenuated (Varma et al., 2006) or
amplified under conditions of weak agonist (Cemerski et al.,

2008) in cSMACs. Therefore, actin-mediated protein cluster
formation, translocation and spatial sorting might provide a
dynamic framework for T cells to regulate signaling activities in

time and space.

Interplay between actin and myosin IIA in TCR signaling

Compelling evidence indicates that the retrograde flow of actin is

an essential part of the formation of immunological synapses and
of T cell activation, and multiple processes might generate and
control this flow. Actin retrograde motion is likely to be driven

by the polymerization of its filaments (Henson et al., 1999).
Additionally, the actin-associated molecular motor myosin II has
been found to contribute to actin flow by exerting contractile
forces on actin filaments (Vicente-Manzanares et al., 2009;

Betapudi, 2010; Arii et al., 2010; Bhuwania et al., 2012). Non-
muscle myosin IIA is the dominantly expressed isoform of
myosin II in T cells (Jacobelli et al., 2004). The importance of

non-muscle myosin IIA in T cell polarity and migration is well
established (Smith et al., 2003; Sanchez-Madrid and Serrador,
2009; Jacobelli et al., 2009; Jacobelli et al., 2010), but its role in

formation of the immunological synapse and T cell activation is
still controversial. Studies from some groups have shown that
myosin IIA is necessary for TCR microcluster movement and

immunological synapse organization (Wülfing and Davis, 1998;
Ilani et al., 2009; Yu et al., 2012; Yi et al., 2012; Kumari et al.,
2012), whereas other groups have found that neither TCR cluster
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transport nor Ca2+ signaling is dependent on myosin IIA function
(Jacobelli et al., 2004; Babich et al., 2012; Beemiller et al., 2012).

It has been found that myosin drives a rapid inward translocation
of TCR microclusters only during the early stage of signaling,
whereas actin polymerization provides a slower basal rate of
motion that persists throughout the entire life span of an

immunological synapse (Yu et al., 2012). Consequently, actin
retrograde flow alone is able to organize the microclusters
spatially in response to myosin inhibition, albeit at a slower rate

than in the presence of uninhibited myosin IIA (Yu et al., 2012).
In agreement with these observations, Yi and colleagues reported
that contraction of myosin II and actin retrograde flow together

transport microclusters, but that myosin II is not required for
formation of immunological synapses. In their study, the specific
locations of myosin II and the actin filaments were also nicely
examined. By contrast, others have recently reported that actin

retrograde flow is driven solely by actin polymerization that
pushes against the edge of the cell membrane (Babich et al.,
2012; Beemiller et al., 2012). Interestingly, Babich and

colleagues also observed that, although myosin IIA is not
required, actin retrograde flow is not the only driving force for
microcluster centralization (Babich et al., 2012).

The discrepancies arising from all these studies could be due to
a combination of factors. First, different T cell types were used:
primary murine cells (Jacobelli et al., 2004; Yu et al., 2012;

Beemiller et al., 2012), human Jurkat cells (Ilani et al., 2009;
Babich et al., 2012; Yi et al., 2012) or primary human cells (Ilani
et al., 2009; Babich et al., 2012). Although no detailed
comparison across different cell types is available, there might

be some heterogeneity with regards to the expression and
requirement of motor proteins, or cell responses to drug
treatment. Second, the discrepancy might be due to the use of

different stimulatory surfaces, such as surfaces with immobilized
anti-CD3 versus supported lipid bilayers with agonist pMHCs, as
T cell activation is known to be sensitive to the type,

concentration and mobility of agonists (van der Merwe and
Dushek, 2011; Hsu et al., 2012). Third, different actin labeling
methods might restrict quantification of actin in certain locations
(i.e. pSMAC versus dSMAC) or even interfere with actin

polymerization (Burkel et al., 2007; Riedl et al., 2008; Milroy
et al., 2012).

Concluding remarks
Since the first study of the role of actin in T cell activation more
than three decades ago, tremendous progress has been made

towards identifying individual factors that link the complex
signaling pathways and cytoskeletal elements of T cells through
the use of traditional biochemical studies (Burkhardt et al., 2008;
Reicher and Barda-Saad, 2010). Many recent breakthroughs, such

as those that relate actin dynamics to TCR activation in real-time,
were made possible by employing interdisciplinary approaches
such as high-resolution imaging techniques. It has now been

established that the importance of the actin cytoskeleton in T cell
activation transcends the maintenance of cell morphology and
transport of proteins. In fact, actin regulates T cell activation by

maintaining cell–cell contact, facilitating TCR triggering and
scaffolding protein assemblies and organization. In spite of our
progress towards understanding of the complex role of actin in T

cell signaling, many important questions remain. For example, an
emerging idea is that the physical forces from actin and actin-
associated proteins also modulate T cell activation, but we do not

Actin retrograde flow

LFA-1

ICAM1

TCR

pMHC

FTCRFLFA-1 <

FTCRFLFA-1    <<

FTCRFLFA-1 ≈

A

B

LFA-1 TCR

αmAbαLFA-mAb

LFA-1     TCR

LFA-1     TCR

LFA-1     TCR

Key

T cell

APC

Fig. 4. The frictional coupling model for the translocation and spatial

segregation of microclusters. (A) Schematic illustration of the frictional

coupling model, in which microclusters of membrane receptors are

translocated towards the center of an immunological synapse between a T cell

and an antigen-presenting cell (APC) by multiple transient linkages to the

underlying centripetal actin flow. One major driving force for the actin

retrograde flow comes from actin polymerization pushing against the cell

membrane. Non-muscle myosin IIA might also exert contractile forces on the

actin filaments to contribute to the actin flow, but its exact role is unclear.

(B) Experimental results suggest that differential frictional coupling between

protein microclusters and actin drives their spatial segregation in the

immunological synapse. Here, LFA-1 integrins were crosslinked by either

monomeric or multimeric primary antibodies to simulate microclustering in T

cells that were activated by stimulatory supported lipid bilayers. LFA-1

molecules alone (green) do not form clusters as large as those formed by

TCRs (red) in control cells and accumulate in the peripheral SMAC (pSMAC;

top row). As a result, the frictional coupling of LFA-1 clusters to actin

(FLFA-1) is much smaller than that of TCR clusters (FTCR): FLFA-1,,FTCR.

Crosslinking of LFA-1 with monomeric antibodies (aLFA-mAb) results in

clusters that are transported closer to the center of the immunological synapse

owing to their relatively stronger association with the actin cytoskeleton, in

which case FLFA-1,FTCR (middle row). When the multimeric crosslinker

(amAb linked to aLFA-mAb) is used, the resulting LFA-1 clusters are able to

reach the central SMAC (cSMAC), where TCR microclusters accumulate

(bottom row). Fluorescence images were adapted, with permission, from

figures published previously (Hartman et al., 2009).

Modulation of T cell signaling by actin 1055



J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

know the exact mechanisms or proteins involved that transduce

mechanical forces to biochemical signaling pathways. The

distinct filamentous structures of actin and the spatial

distribution of molecular motors in T cells need to be

distinguished with high resolution, possibly by using

transmission electron microscopy (TEM) or super-resolution

imaging techniques. Another key focus of research is to

understand the role of actin in temporally coordinating different

signaling pathways. Additionally, the question of actin

integration in T cell co-stimulation remains to be answered.

New regulatory proteins will doubtless be identified and novel

strategies must be developed to dissect the spatial and temporal

connectivity between signaling pathways in order to answer all

these questions – only then will a more comprehensive

understanding of the role of actin in T cell functions be achieved.
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Ryser, J. E., Rungger-Brändle, E., Chaponnier, C., Gabbiani, G. and Vassalli,

P. (1982). The area of attachment of cytotoxic T lymphocytes to their target cells
shows high motility and polarization of actin, but not myosin. J. Immunol. 128, 1159-
1162.

Sasahara, Y., Rachid, R., Byrne, M. J., de la Fuente, M. A., Abraham, R. T.,

Ramesh, N. and Geha, R. S. (2002). Mechanism of recruitment of WASP to the
immunological synapse and of its activation following TCR ligation. Mol. Cell 10,
1269-1281.

Seminario, M. C. and Bunnell, S. C. (2008). Signal initiation in T-cell receptor
microclusters. Immunol. Rev. 221, 90-106.

Shaw, A. S. (2006). Lipid rafts: now you see them, now you don’t. Nat. Immunol. 7,
1139-1142.

Shen, A., Puente, L. G. and Ostergaard, H. L. (2005). Tyrosine kinase activity and
remodelling of the actin cytoskeleton are co-temporally required for degranulation by
cytotoxic T lymphocytes. Immunology 116, 276-286.

Sherman, E., Barr, V., Manley, S., Patterson, G., Balagopalan, L., Akpan, I., Regan,
C. K., Merrill, R. K., Sommers, C. L., Lippincott-Schwartz, J. et al. (2011).
Functional nanoscale organization of signaling molecules downstream of the T cell
antigen receptor. Immunity 35, 705-720.

Skruzny, M., Brach, T., Ciuffa, R., Rybina, S., Wachsmuth, M. and Kaksonen,
M. (2012). Molecular basis for coupling the plasma membrane to the actin
cytoskeleton during clathrin-mediated endocytosis. Proc. Natl. Acad. Sci. USA 109,
E2533-E2542.

Smith, A., Bracke, M., Leitinger, B., Porter, J. C. and Hogg, N. (2003). LFA-1-
induced T cell migration on ICAM-1 involves regulation of MLCK-mediated
attachment and ROCK-dependent detachment. J. Cell Sci. 116, 3123-3133.

Smoligovets, A. A., Smith, A. W., Wu, H. J., Petit, R. S. and Groves, J. T. (2012).
Characterization of dynamic actin associations with T-cell receptor microclusters in
primary T cells. J. Cell Sci. 125, 735-742.

Sun, Z. J., Kim, K. S., Wagner, G. and Reinherz, E. L. (2001). Mechanisms
contributing to T cell receptor signaling and assembly revealed by the solution
structure of an ectodomain fragment of the CD3 epsilon gamma heterodimer. Cell

105, 913-923.

Suzuki, J., Yamasaki, S., Wu, J., Koretzky, G. A. and Saito, T. (2007). The actin
cloud induced by LFA-1-mediated outside-in signals lowers the threshold for T-cell
activation. Blood 109, 168-175.

Modulation of T cell signaling by actin 1057

http://dx.doi.org/10.1371/journal.pone.0032398
http://dx.doi.org/10.1371/journal.pone.0032398
http://dx.doi.org/10.1371/journal.pone.0032398
http://dx.doi.org/10.1146/annurev.biochem.77.061906.092014
http://dx.doi.org/10.1146/annurev.biochem.77.061906.092014
http://dx.doi.org/10.1038/nature08944
http://dx.doi.org/10.1038/nature08944
http://dx.doi.org/10.1038/nature08944
http://dx.doi.org/10.1038/nature08746
http://dx.doi.org/10.1038/nature08746
http://dx.doi.org/10.1038/nature08746
http://dx.doi.org/10.1038/nature08746
http://dx.doi.org/10.1371/journal.pone.0019680
http://dx.doi.org/10.1371/journal.pone.0019680
http://dx.doi.org/10.1038/ni.1723
http://dx.doi.org/10.1038/ni.1723
http://dx.doi.org/10.1038/ni.1723
http://dx.doi.org/10.1111/j.1365-2567.2011.03537.x
http://dx.doi.org/10.1111/j.1365-2567.2011.03537.x
http://dx.doi.org/10.1038/ni877
http://dx.doi.org/10.1038/ni877
http://dx.doi.org/10.1038/ni877
http://dx.doi.org/10.1038/nature01076
http://dx.doi.org/10.1038/nature01076
http://dx.doi.org/10.1038/ni1065
http://dx.doi.org/10.1038/ni1065
http://dx.doi.org/10.1038/ni1065
http://dx.doi.org/10.4049/jimmunol.0803267
http://dx.doi.org/10.4049/jimmunol.0803267
http://dx.doi.org/10.4049/jimmunol.0803267
http://dx.doi.org/10.1038/ni.1936
http://dx.doi.org/10.1038/ni.1936
http://dx.doi.org/10.1038/ni.1936
http://dx.doi.org/10.1038/ni.1936
http://dx.doi.org/10.1101/cshperspect.a002501
http://dx.doi.org/10.1101/cshperspect.a002501
http://dx.doi.org/10.1101/cshperspect.a002501
http://dx.doi.org/10.1073/pnas.0710258105
http://dx.doi.org/10.1073/pnas.0710258105
http://dx.doi.org/10.1073/pnas.0710258105
http://dx.doi.org/10.1073/pnas.0710258105
http://dx.doi.org/10.1074/jbc.M109.052712
http://dx.doi.org/10.1074/jbc.M109.052712
http://dx.doi.org/10.1074/jbc.M109.052712
http://dx.doi.org/10.4049/jimmunol.1000732
http://dx.doi.org/10.4049/jimmunol.1000732
http://dx.doi.org/10.4049/jimmunol.1000732
http://dx.doi.org/10.4049/jimmunol.1000732
http://dx.doi.org/10.3389/fimmu.2012.00230
http://dx.doi.org/10.3389/fimmu.2012.00230
http://dx.doi.org/10.3389/fimmu.2012.00230
http://dx.doi.org/10.1146/annurev.biophys.34.040204.144637
http://dx.doi.org/10.1146/annurev.biophys.34.040204.144637
http://dx.doi.org/10.1146/annurev.biophys.34.040204.144637
http://dx.doi.org/10.1146/annurev.biophys.34.040204.144637
http://dx.doi.org/10.1146/annurev.biophys.34.040204.144637
http://dx.doi.org/10.1126/science.1086507
http://dx.doi.org/10.1126/science.1086507
http://dx.doi.org/10.1126/science.1086507
http://dx.doi.org/10.1126/science.334.6059.1046-b
http://dx.doi.org/10.1016/S0960-9822(00)00362-6
http://dx.doi.org/10.1016/S0960-9822(00)00362-6
http://dx.doi.org/10.1016/S0960-9822(00)00362-6
http://dx.doi.org/10.1146/annurev.immunol.19.1.497
http://dx.doi.org/10.1146/annurev.immunol.19.1.497
http://dx.doi.org/10.4049/jimmunol.0900775
http://dx.doi.org/10.4049/jimmunol.0900775
http://dx.doi.org/10.4049/jimmunol.0900775
http://dx.doi.org/10.4049/jimmunol.0900775
http://dx.doi.org/10.1038/ni.1832
http://dx.doi.org/10.1038/ni.1832
http://dx.doi.org/10.1038/ni.1832
http://dx.doi.org/10.1083/jcb.200303040
http://dx.doi.org/10.1083/jcb.200303040
http://dx.doi.org/10.1083/jcb.200303040
http://dx.doi.org/10.1126/science.1174621
http://dx.doi.org/10.1126/science.1174621
http://dx.doi.org/10.1016/j.it.2009.09.008
http://dx.doi.org/10.1016/j.it.2009.09.008
http://dx.doi.org/10.1371/journal.pbio.0060043
http://dx.doi.org/10.1371/journal.pbio.0060043
http://dx.doi.org/10.1371/journal.pbio.0060043
http://dx.doi.org/10.1038/nrm2883
http://dx.doi.org/10.1038/nrm2883
http://dx.doi.org/10.1074/jbc.M608913200
http://dx.doi.org/10.1074/jbc.M608913200
http://dx.doi.org/10.1074/jbc.M608913200
http://dx.doi.org/10.1074/jbc.M608913200
http://dx.doi.org/10.1074/jbc.M608913200
http://dx.doi.org/10.1371/journal.pone.0006599
http://dx.doi.org/10.1371/journal.pone.0006599
http://dx.doi.org/10.1371/journal.pone.0006599
http://dx.doi.org/10.1371/journal.pone.0006599
http://dx.doi.org/10.1371/journal.pone.0006599
http://dx.doi.org/10.1021/ja211708z
http://dx.doi.org/10.1021/ja211708z
http://dx.doi.org/10.1021/ja211708z
http://dx.doi.org/10.1038/25764
http://dx.doi.org/10.1038/25764
http://dx.doi.org/10.1038/25764
http://dx.doi.org/10.1126/science.1119238
http://dx.doi.org/10.1126/science.1119238
http://dx.doi.org/10.1126/science.1119238
http://dx.doi.org/10.1073/pnas.0901641106
http://dx.doi.org/10.1073/pnas.0901641106
http://dx.doi.org/10.1016/j.immuni.2010.05.011
http://dx.doi.org/10.1016/j.immuni.2010.05.011
http://dx.doi.org/10.1016/j.immuni.2010.05.011
http://dx.doi.org/10.1126/scisignal.2002423
http://dx.doi.org/10.1126/scisignal.2002423
http://dx.doi.org/10.1126/scisignal.2002423
http://dx.doi.org/10.1038/42500
http://dx.doi.org/10.1038/42500
http://dx.doi.org/10.1038/42500
http://dx.doi.org/10.1016/j.febslet.2010.09.002
http://dx.doi.org/10.1016/j.febslet.2010.09.002
http://dx.doi.org/10.1038/nmeth.1220
http://dx.doi.org/10.1038/nmeth.1220
http://dx.doi.org/10.1038/nmeth.1220
http://dx.doi.org/10.1038/ni.2488
http://dx.doi.org/10.1038/ni.2488
http://dx.doi.org/10.1038/ni.2488
http://dx.doi.org/10.1016/S1097-2765(02)00728-1
http://dx.doi.org/10.1016/S1097-2765(02)00728-1
http://dx.doi.org/10.1016/S1097-2765(02)00728-1
http://dx.doi.org/10.1016/S1097-2765(02)00728-1
http://dx.doi.org/10.1111/j.1600-065X.2008.00593.x
http://dx.doi.org/10.1111/j.1600-065X.2008.00593.x
http://dx.doi.org/10.1038/ni1405
http://dx.doi.org/10.1038/ni1405
http://dx.doi.org/10.1111/j.1365-2567.2005.02222.x
http://dx.doi.org/10.1111/j.1365-2567.2005.02222.x
http://dx.doi.org/10.1111/j.1365-2567.2005.02222.x
http://dx.doi.org/10.1016/j.immuni.2011.10.004
http://dx.doi.org/10.1016/j.immuni.2011.10.004
http://dx.doi.org/10.1016/j.immuni.2011.10.004
http://dx.doi.org/10.1016/j.immuni.2011.10.004
http://dx.doi.org/10.1073/pnas.1207011109
http://dx.doi.org/10.1073/pnas.1207011109
http://dx.doi.org/10.1073/pnas.1207011109
http://dx.doi.org/10.1073/pnas.1207011109
http://dx.doi.org/10.1242/jcs.00606
http://dx.doi.org/10.1242/jcs.00606
http://dx.doi.org/10.1242/jcs.00606
http://dx.doi.org/10.1242/jcs.092825
http://dx.doi.org/10.1242/jcs.092825
http://dx.doi.org/10.1242/jcs.092825
http://dx.doi.org/10.1016/S0092-8674(01)00395-6
http://dx.doi.org/10.1016/S0092-8674(01)00395-6
http://dx.doi.org/10.1016/S0092-8674(01)00395-6
http://dx.doi.org/10.1016/S0092-8674(01)00395-6
http://dx.doi.org/10.1182/blood-2005-12-020164
http://dx.doi.org/10.1182/blood-2005-12-020164
http://dx.doi.org/10.1182/blood-2005-12-020164


J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

Sykulev, Y., Joo, M., Vturina, I., Tsomides, T. J. and Eisen, H. N. (1996). Evidence
that a single peptide-MHC complex on a target cell can elicit a cytolytic T cell
response. Immunity 4, 565-571.

Sylvain, N. R., Nguyen, K. and Bunnell, S. C. (2011). Vav1-mediated scaffolding
interactions stabilize SLP-76 microclusters and contribute to antigen-dependent T cell
responses. Sci. Signal. 4, ra14.

Treanor, B., Depoil, D., Gonzalez-Granja, A., Barral, P., Weber, M., Dushek, O.,

Bruckbauer, A. and Batista, F. D. (2010). The membrane skeleton controls
diffusion dynamics and signaling through the B cell receptor. Immunity 32, 187-
199.

Treanor, B., Depoil, D., Bruckbauer, A. and Batista, F. D. (2011). Dynamic cortical
actin remodeling by ERM proteins controls BCR microcluster organization and
integrity. J. Exp. Med. 208, 1055-1068.

Tybulewicz, V. L. (2005). Vav-family proteins in T-cell signalling. Curr. Opin.

Immunol. 17, 267-274.
Valensin, S., Paccani, S. R., Ulivieri, C., Mercati, D., Pacini, S., Patrussi, L., Hirst, T.,

Lupetti, P. and Baldari, C. T. (2002). F-actin dynamics control segregation of the
TCR signaling cascade to clustered lipid rafts. Eur. J. Immunol. 32, 435-446.

Valitutti, S., Dessing, M., Aktories, K., Gallati, H. and Lanzavecchia, A. (1995a).
Sustained signaling leading to T cell activation results from prolonged T cell receptor
occupancy. Role of T cell actin cytoskeleton. J. Exp. Med. 181, 577-584.

Valitutti, S., Müller, S., Cella, M., Padovan, E. and Lanzavecchia, A. (1995b). Serial
triggering of many T-cell receptors by a few peptide-MHC complexes. Nature 375, 148-151.

van der Merwe, P. A. (2001). The TCR triggering puzzle. Immunity 14, 665-668.
van der Merwe, P. A. and Dushek, O (2011). Mechanisms for T cell receptor

triggering. Nat. Rev. Immunol. 11, 47-55.
Varma, R., Campi, G., Yokosuka, T., Saito, T. and Dustin, M. L. (2006). T cell

receptor-proximal signals are sustained in peripheral microclusters and terminated in
the central supramolecular activation cluster. Immunity 25, 117-127.

Vicente-Manzanares, M., Ma, X., Adelstein, R. S. and Horwitz, A. R. (2009). Non-
muscle myosin II takes centre stage in cell adhesion and migration. Nat. Rev. Mol.

Cell Biol. 10, 778-790.

Wang, H., Kadlecek, T. A., Au-Yeung, B. B., Goodfellow, H. E., Hsu, L. Y.,
Freedman, T. S. and Weiss, A. (2010). ZAP-70: an essential kinase in T-cell
signaling. Cold Spring Harb. Perspect. Biol. 2, a002279.

Werlen, G. and Palmer, E. (2002). The T-cell receptor signalosome: a dynamic
structure with expanding complexity. Curr. Opin. Immunol. 14, 299-305.

Williamson, D. J., Owen, D. M., Rossy, J., Magenau, A., Wehrmann, M., Gooding,
J. J. and Gaus, K. (2011). Pre-existing clusters of the adaptor Lat do not participate
in early T cell signaling events. Nat. Immunol. 12, 655-662.

Wouters, F. S., Verveer, P. J. and Bastiaens, P. I. (2001). Imaging biochemistry inside
cells. Trends Cell Biol. 11, 203-211.

Wülfing, C. and Davis, M. M. (1998). A receptor/cytoskeletal movement triggered by
costimulation during T cell activation. Science 282, 2266-2269.

Yi, J., Wu, X. S., Crites, T. and Hammer, J. A., III (2012). Actin retrograde flow and
actomyosin II arc contraction drive receptor cluster dynamics at the immunological
synapse in Jurkat T cells. Mol. Biol. Cell 23, 834-852.

Yokosuka, T., Sakata-Sogawa, K., Kobayashi, W., Hiroshima, M., Hashimoto-Tane,

A., Tokunaga, M., Dustin, M. L. and Saito, T. (2005). Newly generated T cell
receptor microclusters initiate and sustain T cell activation by recruitment of Zap70
and SLP-76. Nat. Immunol. 6, 1253-1262.

Yu, C. H., Wu, H. J., Kaizuka, Y., Vale, R. D. and Groves, J. T. (2010). Altered actin
centripetal retrograde flow in physically restricted immunological synapses. PLoS

ONE 5, e11878.
Yu, Y., Fay, N. C., Smoligovets, A. A., Wu, H. J. and Groves, J. T. (2012). Myosin

IIA modulates T cell receptor transport and CasL phosphorylation during early
immunological synapse formation. PLoS ONE 7, e30704.

Zal, T. and Gascoigne, N. R. (2004). Using live FRET imaging to reveal early protein-
protein interactions during T cell activation. Curr. Opin. Immunol. 16, 418-427.

Zeng, R., Cannon, J. L., Abraham, R. T., Way, M., Billadeau, D. D., Bubeck-

Wardenberg, J., Burkhardt, J. K. (2003). SLP-76 coordinates Nck-dependent
Wiskott–Aldrich syndrome protein recruitment with Vav-1/Cdc42-dependent
Wiskott–Aldrich syndrome protein activation at the T cell-APC contact site. J.

Immunol. 171, 1360-1368.

Journal of Cell Science 126 (5)1058

http://dx.doi.org/10.1016/S1074-7613(00)80483-5
http://dx.doi.org/10.1016/S1074-7613(00)80483-5
http://dx.doi.org/10.1016/S1074-7613(00)80483-5
http://dx.doi.org/10.1126/scisignal.2001178
http://dx.doi.org/10.1126/scisignal.2001178
http://dx.doi.org/10.1126/scisignal.2001178
http://dx.doi.org/10.1016/j.immuni.2009.12.005
http://dx.doi.org/10.1016/j.immuni.2009.12.005
http://dx.doi.org/10.1016/j.immuni.2009.12.005
http://dx.doi.org/10.1016/j.immuni.2009.12.005
http://dx.doi.org/10.1084/jem.20101125
http://dx.doi.org/10.1084/jem.20101125
http://dx.doi.org/10.1084/jem.20101125
http://dx.doi.org/10.1016/j.coi.2005.04.003
http://dx.doi.org/10.1016/j.coi.2005.04.003
http://dx.doi.org/10.1002/1521-4141(200202)32:2<435::AID-IMMU435>3.0.CO;2-H
http://dx.doi.org/10.1002/1521-4141(200202)32:2<435::AID-IMMU435>3.0.CO;2-H
http://dx.doi.org/10.1002/1521-4141(200202)32:2<435::AID-IMMU435>3.0.CO;2-H
http://dx.doi.org/10.1084/jem.181.2.577
http://dx.doi.org/10.1084/jem.181.2.577
http://dx.doi.org/10.1084/jem.181.2.577
http://dx.doi.org/10.1038/375148a0
http://dx.doi.org/10.1038/375148a0
http://dx.doi.org/10.1016/S1074-7613(01)00155-8
http://dx.doi.org/10.1038/nri2887
http://dx.doi.org/10.1038/nri2887
http://dx.doi.org/10.1016/j.immuni.2006.04.010
http://dx.doi.org/10.1016/j.immuni.2006.04.010
http://dx.doi.org/10.1016/j.immuni.2006.04.010
http://dx.doi.org/10.1038/nrm2786
http://dx.doi.org/10.1038/nrm2786
http://dx.doi.org/10.1038/nrm2786
http://dx.doi.org/10.1101/cshperspect.a002279
http://dx.doi.org/10.1101/cshperspect.a002279
http://dx.doi.org/10.1101/cshperspect.a002279
http://dx.doi.org/10.1016/S0952-7915(02)00339-4
http://dx.doi.org/10.1016/S0952-7915(02)00339-4
http://dx.doi.org/10.1038/ni.2049
http://dx.doi.org/10.1038/ni.2049
http://dx.doi.org/10.1038/ni.2049
http://dx.doi.org/10.1016/S0962-8924(01)01982-1
http://dx.doi.org/10.1016/S0962-8924(01)01982-1
http://dx.doi.org/10.1126/science.282.5397.2266
http://dx.doi.org/10.1126/science.282.5397.2266
http://dx.doi.org/10.1091/mbc.E11-08-0731
http://dx.doi.org/10.1091/mbc.E11-08-0731
http://dx.doi.org/10.1091/mbc.E11-08-0731
http://dx.doi.org/10.1038/ni1272
http://dx.doi.org/10.1038/ni1272
http://dx.doi.org/10.1038/ni1272
http://dx.doi.org/10.1038/ni1272
http://dx.doi.org/10.1371/journal.pone.0011878
http://dx.doi.org/10.1371/journal.pone.0011878
http://dx.doi.org/10.1371/journal.pone.0011878
http://dx.doi.org/10.1371/journal.pone.0030704
http://dx.doi.org/10.1371/journal.pone.0030704
http://dx.doi.org/10.1371/journal.pone.0030704
http://dx.doi.org/10.1016/j.coi.2004.05.019
http://dx.doi.org/10.1016/j.coi.2004.05.019

	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Ref 1
	Ref 2
	Ref 3
	Ref 4
	Ref 5
	Ref 6
	Ref 7
	Ref 8
	Ref 9
	Ref 10
	Ref 11
	Ref 12
	Ref 13
	Ref 14
	Ref 15
	Ref 16
	Ref 17
	Ref 18
	Ref 19
	Ref 20
	Ref 21
	Ref 22
	Ref 23
	Ref 24
	Ref 25
	Ref 26
	Ref 27
	Ref 28
	Ref 29
	Ref 30
	Ref 31
	Ref 32
	Ref 33
	Ref 34
	Ref 35
	Ref 36
	Ref 37
	Ref 38
	Ref 39
	Ref 40
	Ref 41
	Ref 42
	Ref 43
	Ref 44
	Ref 45
	Ref 46
	Ref 47
	Ref 48
	Ref 49
	Ref 50
	Ref 51
	Ref 52
	Ref 53
	Ref 202
	Ref 54
	Ref 203
	Ref 55
	Ref 56
	Ref 57
	Ref 58
	Ref 59
	Ref 60
	Ref 61
	Ref 62
	Ref 63
	Ref 64
	Ref 65
	Ref 66
	Ref 67
	Ref 68
	Ref 69
	Ref 70
	Ref 71
	Ref 72
	Ref 73
	Ref 74
	Ref 75
	Ref 76
	Ref 77
	Ref 78
	Ref 79
	Ref 80
	Ref 81
	Ref 82
	Ref 83
	Ref 84
	Ref 85
	Ref 86
	Ref 87
	Ref 88
	Ref 89
	Ref 90
	Ref 91
	Ref 92
	Ref 93
	Ref 94
	Ref 95
	Ref 96
	Ref 97
	Ref 98
	Ref 99
	Ref 100
	Ref 101
	Ref 102
	Ref 103
	Ref 104
	Ref 105
	Ref 106
	Ref 107
	Ref 108
	Ref 109
	Ref 201
	Ref 110
	Ref 111
	Ref 112
	Ref 113
	Ref 114
	Ref 115
	Ref 116
	Ref 117
	Ref 118
	Ref 119
	Ref 120
	Ref 121
	Ref 200


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (None)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed false
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Settings for the Rampage workflow.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


