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T cells constitute a crucial armof the adaptive immune systemand their optimal function is required for a healthy
immune response. After the initial step of T cell-receptor (TCR) triggering by antigenic peptide complexes on an-
tigen presenting cell (APC), the T cell exhibits extensive cytoskeletal remodeling. This cytoskeletal remodeling
leads to the formation of an “immunological synapse” [1] characterized by regulated clustering, segregation
and movement of receptors at the interface. Synapse formation regulates T cell activation and response to anti-
genic peptides and proceeds via feedback between actin cytoskeleton and TCR signaling. Actin polymerization
participates in various events during the synapse formation, maturation, and eventually its disassembly. There
is increasing knowledge about the actin effectors that couple TCR activation to actin rearrangements [2,3], and
how defects in these effectors translate into impairment of T cell activation. In this reviewwe aim to summarize
and integrate parts of what is currently known about this feedback process. In addition, in light of recent ad-
vancements in our understanding of TCR triggering and translocation at the synapse, we speculate on the orga-
nizational and functional diversity ofmicrofilament architecture in the T cell. This article is part of a Special Issue
entitled: Reciprocal influences between cell cytoskeleton and membrane channels, receptors and transporters.
Guest Editor: Jean Claude Hervé.

© 2013 Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 547
2. Tools to study actin in T cell activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 547

2.1. Perturbation tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 547
2.2. Visualization tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 547
2.3. T cell activation systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 547

3. Actin in T cell activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548
3.1. Actin in various stages of synapse lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548

3.1.1. Resting phase (steady state) of T cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548
3.1.2. Pre-synapse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548
3.1.3. Synapse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 549
3.1.4. Post-synapse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550

4. TCR to actin trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550
4.1. Actin polymerization effectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550

4.1.1. Rho GTPases and GEFs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550
4.1.2. Actin nucleation factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 551
4.1.3. Actin nucleation promoting factors (NPF) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 551

4.2. Other regulatory proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 552
4.2.1. Hematopoietic cell-specific protein, HS1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 552
4.2.2. Endocytic proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 552

5. Actin and TCR mechanotransduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 553
6. Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 554
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 554
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 554
l influences between cell cytoskeleton andmembrane channels, receptors and transporters. Guest Editor: Jean ClaudeHervé.

hael.dustin@kennedy.ox.ac.uk (M.L. Dustin).

l rights reserved.

https://core.ac.uk/display/82733137?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.bbamem.2013.05.004
mailto:michael.dustin@med.nyu.edu
mailto:michael.dustin@kennedy.ox.ac.uk
http://dx.doi.org/10.1016/j.bbamem.2013.05.004
http://www.sciencedirect.com/science/journal/00052736
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2013.05.004&domain=pdf


547S. Kumari et al. / Biochimica et Biophysica Acta 1838 (2014) 546–556
1. Introduction

Recognition of antigenic peptides bound to major histocompatibil-
ity complex (pMHC) molecules by the TCR is the key step in T cell ac-
tivation. While as few as 10 pMHC are capable of actuating a T cell
response [4], this is only possible due to the concerted action of acces-
sory interactions that mediate adhesion and supplemental signals
known collectively as co-stimulation. The T cell must first find the an-
tigenic pMHC-bearing cells through a process of active migration in
lymphoid tissues at speeds up to several cell diameters per minute.
This process of pMHC sampling relies heavily on lamellipodial dy-
namics of the T cell. Upon locating antigenic pMHC the T cell must
transform rapidly from loosely adherent and highly motile to a tightly
adherent and arrested cell in a matter of seconds. This rapid change
demands determinative cytoskeletal alterations, achieved via major
actin and microtubule remodeling. Once activated, TCR signaling in-
duces actin polymerization, which then feeds back for optimal TCR
triggering and T cell–APC contact expansion, generating a stable in-
terface or immunological synapse. Actin dynamics has been envis-
aged to participate extensively from the very first step of TCR
triggering to the completion of a successful activation cycle, serving
as highly versatile machinery. Initial TCR ligation sets up robust sig-
naling cascades to achieve actin polymerization, rearrangement and
dynamics. Diverse sets of molecules including TCR-associated kinases,
GTPases and adaptor molecules orchestrate this process. The role and
regulation of filamentous actin (F-actin) at the T cell synapse has
been a focus of extensive investigation for over a decade. Ectopic ex-
pression studies, genetic lesions affecting F-actin integrity, as well as
advent of better visualization tools have greatly enhanced our knowl-
edge of molecular regulation of actin polymerization at the synapse.
There are many reviews summarizing the role of actin effectors in T
cell development, differentiation and activation [3,5–9], as well as
several recent insights into the signaling modules that could selec-
tively regulate the actin architectures. In this review we will discuss
the diversity of TCR-responsive molecular regulators and potential
role in specific steps of T cell activation. Although we are far from
understanding the precise spatio-temporal events occurring between
TCR activation and establishment of mature synaptic actin cytoskele-
ton, recent findings provide significant clues towards a better under-
standing of the structural and functional heterogeneity within F-actin
at the synapse.

2. Tools to study actin in T cell activation

2.1. Perturbation tools

Cell-permeable pharmacological reagents can be used to perturb
F-actin and its formation. Latrunculin A binds G-actin monomers
and prevents polymerization and cytochalasin D (cytoD) results in
an increase in ADP-bound G-actin through acceleration of ATP hydro-
lysis in actin dimers. Both of the drugs lead to F-actin depolymeriza-
tion by reducing the amount of ATP-bound G-actin that can be
added to filaments after an initial increase in F-actin. In addition,
Jasplakinolide causes stabilization of existing filaments. As discussed
in the later sections, initial insights into the role of F-actin in T cell
activation were deduced using these actin-targeting drugs. Since the
mechanism of action of these inhibitors on F-actin is well character-
ized, these were also employed to discern between actin depolymer-
ization vs. polymerization regulating TCR microcluster movement at
the synapse [10–13]. The small molecule inhibitor of actin motor myo-
sin activity, blebbistatin, has been utilized to study myosin-mediated
actin rearrangements upon T cell activation [14]. Another class of inhib-
itors reported recently, Arp2/3 and formin inhibitors [15,16], target
these specific actin nucleation factors selectively. Although not yet uti-
lized to investigate actin dynamics in T cells, these are powerful tools
to dissect themolecularmachinery responsible for actin polymerization
at the synapse. Further understanding of the molecular regulation of
actin polymerization was deduced using genetic tools. These studies
involved the analysis of T cells derived from gene targeted mice,
siRNA-mediated silencing, or ectopic expression of dominant negative
proteins. In addition, human T cells derived from patients with immu-
nodeficiencies such as Wiskott–Aldrich syndrome (WAS) [17] and a
subset of common variable immunodeficiency [18], that have defects
in the actin-regulatory proteins WASP and Vav1, respectively, have
provided significant clues into the regulation of actin polymerization
at the synapse, and its consequence in T cell activation (see Section 4).

2.2. Visualization tools

Much of the studies investigating F-actin at the synapse in fixed T
cells have been carried out using fluorescently labeled fungal toxin
phalloidin. Phalloidin labels F-actin in fixed cells, enhancing the
contrast of microfilament detection even in the presence of large
amounts of G-actin. Actin has been monitored in live Jurkat T cells fol-
lowing transfection with DNA constructs encoding β-actin tagged
with green fluorescent protein (GFP) [19]. However, the actin-GFP
system can lack contrast due to the equivalent detection of F-actin
and G-actin. Two F-actin reporters that can be used in live cells
have been established as useful tools. A 17 amino acid peptide de-
rived from actin crosslinking protein ABP120, referred to as LifeAct,
binds to F-actin selectively and with sufficiently low affinity that it
appears not to affect F-actin while allowing visualization with excel-
lent contrast. LifeAct has been utilized to visualize F-actin in live T
cells [20]. The actin-targeting domain (residues 9–52) of the enzyme
inositol trisphosphate 3-kinase, referred to as F-tractin, also binds
F-actin with low affinity [10,21], enabling visualization of the native
F-actin in live cells when fused to a monomeric fluorescent protein.
In addition to reporters, the development of advanced microscopy
methodology (reviewed in [22]), analysis and tracking tools, and
use of reconstituted systems (as discussed in Section 2.3) have greatly
enhanced the knowledge of actin distribution and dynamics at the
T cell synapse.

2.3. T cell activation systems

A variety of T cell activation tools have been used in studies of
F-actin at the synapse. For a quantitative estimate of actin polymeri-
zation at the synapse, in initial studies T cell–APC conjugates were
fixed and labeled with phalloidin and analyzed using flow cytometry
or confocal microscopy. However, in this setup the details of F-actin
distribution in the plane of synapse and underlying qualitative
features were missing. To overcome these limitations and visualize
F-actin in greater detail, a range of reconstituted planar TCR activation
systems have been developed. These include glass coverslips coated
with anti-CD3 antibody [23] and supported lipid bilayers (SLB)
reconstituted with an adhesion molecule like ICAM-1 plus antigenic
pMHC or with anti-CD3 antibody [1]. Lipid anchored molecules in
SLB are laterally mobile, which enables the translocation of ligated
protein clusters and the formation of supramolecular synaptic
patterns. Apart from providing a planar synapse orientation for better
visualization, these systems also allow the assessment of the effect of
individual T cell surface receptors in isolation and the control of
antigen density for TCR triggering. SLB interspersed with nano-scale
chromium barriers enables the creation of geometrically repatterned
immunological synapses [24]. When T cells are incubated with these
surfaces, the flow of the pMHC–TCR complex is discontinuous within
the cells and is blocked at the diffusion barriers [25]. This system has
been utilized to study the coupling between F-actin, in the cytosol,
and TCR, at the T cell surface.

Total internal reflection fluorescent (TIRF) microscopy is routinely
utilized to study membrane proximal behavior of F-actin at the
synapse at cell interfaces with solid phase antibodies or SLB [26,27].
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More recently, higher resolution (superresolution) microscopy tech-
niques such as photoactivation localization microscopy (PALM) have
started being exploited to study the effects of F-actin manipulation
in the TCR signalosome at the synapse [28,29]. Apart from planar sur-
faces, reconstituted non-planar surfaces have also been developed to
study mechanical forces resulting from actin dynamics in response to
TCR ligation. One such methodology utilizes biomembrane force
probe technique coupled with optical microscopy. In this approach,
a bead coated with anti-CD3 antibody is brought in contact with the
T cell, and the T cell cytoskeletal and mechanical responses following
contact are analyzed by optical microscopy and mechanical transduc-
tion via the force probe [30]. In this system it was shown that a pure
anti-CD3 antibody signal generates a thick F-actin rich protrusion that
can extend several microns. Other non-planar reconstituted activation
systems involve biomimetic droplet systems [31], artificial antigen
presenting cells generated by 293 T cells ectopically overexpressing
TCR-associated machinery [32] and red blood cells labeled with pMHC
and used to study early events following TCR engagement [33].
Although the latter systems have not yet been utilized for the visualiza-
tion of actin dynamics in T cells, these possess immense potential for
understanding the molecular and biophysical properties of actin cyto-
skeleton in a 3D activation environment. Similarly, development of
tools to study actin dynamics in T cells in vivo will strengthen our
knowledge of how cellular environment can influence actin cytoskele-
ton in T cells.

3. Actin in T cell activation

Initial clues to the role of actin cytoskeleton in regulation of T cell ac-
tivationwere provided by the use of the pharmacological reagent cytoD
and the study of its effect on Ca2+mobilization and interleukin-2 (IL-2)
production [34]. CytoD-treated T cells elicitedmixed results when insti-
gated with TCR-activation stimuli, revealing complex actin dynamics in
the process of T cell activation. CytoD-treated T cell–APC conjugates
exhibited reduced Ca2+ influx [34], and upon incubation with soluble
anti-CD3/CD28 antibodies showed diminished IL-2 reported activity
[35]. The role of F-actin integrity in Ca2+ signaling was further corrob-
orated by reports utilizing SLB that also revealed the concomitant disap-
pearance of small TCR clusters (see Section 3.1.3)[36]. In contrast, a few
reports illustrated a negative regulatory role of F-actin in Ca2+ signaling
and IL-2 production [37,38]. While the assay conditions could affect the
results to an extent (continuous cytoD treatment in culture in Holsinger
et al., vs. only pretreatment in Rivaz et al. studies), both studies suggest
that actin dynamics plays a pleiotropic and pliable role in T cell activa-
tion. Later studies characterizing genetic lesions affecting T cell activa-
tion revealed diversity of actin effectors important for cytoskeletal
homeostasis and optimal T cell function. It also became increasingly
clear that actin dynamics plays an integral part at various stages of T
cell synapse, as discussed in Section 3.1.

3.1. Actin in various stages of synapse lifetime

3.1.1. Resting phase (steady state) of T cells
Prevention of non-specific T cell activation in the resting state is

potentially as important as the mechanism that triggers it, to avert
an unwanted signaling response. One crucial step in T cell signaling
is the recruitment and phosphorylation of linker for the activation
of T cells (LAT) at TCR clusters, which in turn is essential for phospho-
lipase Cγ (PLCγ) activation and increase of intracellular Ca2+ levels,
known to be critical for T cell activation [39]. There are different
views on how TCR and LAT can come together. 1) TCR–CD3 com-
plexes and LAT reside within distinct protein islands in the T cell
membrane and these fuse together after the TCR recognizes the
pMHC complex [40]; 2) LAT is localized to sub-synaptic vesicles
(SSVs) that upon TCR triggering dock with TCR clusters enabling
LAT phosphorylation [41,42]. 3) LAT and TCR are segregated in resting
cells and able to intermix in the membrane following TCR interaction
with pMHC [29]. In allmodels the cortical actin cytoskeleton is envisioned
to have a role in steady state segregation and ligation-induced proximity
of TCR and LAT [40,43]. Interestingly, F-actin inhibits B cell antigen recep-
tor signals and disruption of F-actin results in B cell activation [44].

3.1.2. Pre-synapse
T cells are highly motile cells that are constantly in transit through

the tissues, which allow them to scan the APCs for cognate pMHC.
Both T cell andAPC are coveredwith glycocalyx – a layer consistingof

large glycoproteins [45] –which poses a repulsive barrier between these
two cells. To counteract this effect the integrin-based adhesion (between
lymphocyte function associated antigen-1-LFA-1- on the T cell, and
ICAM-I on the APC) brings the two cells' membranes within 40 nm of
each other. T cell and APC need to be at a distance of 15 nm so that
TCR can bind the pMHC complex, the integrin-based adhesion provides
a start point for the formation of actin polymerization-based protrusions
(invasive pseudopodia) of the T cell that reach the target APC, thus re-
ducing the distance between the opposing membranes. This allows the
optimal samplingof the APC surfacepMHC complexes. Once the TCR rec-
ognizes and binds to amatching pMHC complex a sustained 15 nm con-
tact is established. Recently, using the artificial APC andmemory/effector
T cell system, antigen-sampling micron-scale “invadosome-like protru-
sions” (ILP) have been visualized at high resolution [46].The recognition
of pMHC triggers signaling downstream of TCR and three pieces of evi-
dence highlight the central role of actin cytoskeleton in TCR triggering:
1) pharmacological agents that disrupt F-actin completely abrogate
TCR triggering [34]. 2) The leading edge of a motile T cell is similar to a
lamellipodium and is the most sensitive part of a polarized T cell to
TCR triggering [47]. 3) Formation of actin “cloud” correlates with
costimulatory role of LFA-1 and CD8 molecules [48]. The mechanism of
TCR triggering is a longstanding question as the structure of the TCR in
a complex with the CD3 subunits has been elusive. Several models
have been put forward to explain TCR triggering that evoke active partic-
ipation of actin cytoskeleton [49]. Recent studies provide an emerging
picture for explaining the role of microfilament dynamics in TCR trigger-
ing. On the T cell surface the TCR is present in apparent clusters of 5–20
molecules in “confinement zones” or “protein islands” likely to be held
within the actin meshwork and/or anchored to cortical F-actin [40].
This promotes rapid re-binding of pMHC and thus allows for kinetic
proofreading and imparts “gain” on the response by triggering multiple
TCRs [34]. The receptor deformation model posits that the mechanical
pulling and/or shear force causes conformational changes in the TCR
[50]. Thismodel is proposed to explain the known sensitivity, specificity,
and versatility of the TCR signaling response [49].While the details of the
conformational changes are not established, evidence for the basic tenet
is mounting. As the pMHC–TCR interaction occurs between two active
cells, mechanical force is an inevitable consequence. For example,
F-actin driven translocation exerts a force of the TCR–pMHC interaction
that could accelerate the off-rate [19,36,51]. Supporting evidence that
TCR is mechano-sensitive is discussed in Section 5.

TCR triggering leads to rapid nucleation of F-actin that is coupled
to the adaptors downstream of TCR (discussed in Section 4). This
may promote coalescence of TCRs into “microclusters”, which are
also critically dependent on an intact actin cytoskeleton [26,36]. As
discussed later (Section 4), the actin cytoskeleton has an additional
supportive role in promoting continued signaling after the initial
triggering.

Continued TCR signaling delivers what has been historically referred
as a “stop” signal, wherein the motile T cell becomes sessile to engage
the APC for a longer duration [52]. It is important to note that “deceler-
ation” rather than stopping is a better description of the phenomenon
associated with antigen recognition in vivo [53,54]. Accumulated evi-
dence points to multiple mechanisms acting in concert to ensure global
reorganization of the cytoskeleton and “deceleration” of the T cell.
One such pathway is Ca2+ influx upon TCR triggering, although the
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mechanistic details are not fully understood [54,55]. Ca2+-dependent
myosin heavy chain phosphorylation that prevents bipolar filament
assembly has been proposed as an effector pathway [56]. Other
Ca2+-modulated actin-binding proteins may function to globally
reduce the cortical tension and collapse the uropod structure. Similarly,
concomitant reduction in RhoA activity and increase in Rac1 activity
upon TCR signaling suppress the polarized state of the motile T cell
[57]. Overall F-actin architecture generated by TCR microclusters,
perpendicular to the synaptic surfacemay provide anchorage to the op-
posing APC membrane [46]. Furthermore, integrin activation via PKCs
and other inside-out integrin effectors are also likely to be important
for stable interaction between the T cell and APC [58,59].

3.1.3. Synapse
During the phase of initial antigen sampling, the productive initial

encounter of T cell with APC leads to the formation of a stable conju-
gate or synapse. Synapse formation in the T cell is characterized by
micron-scale organization and segregation of a variety of cell surface
receptors including TCR and the integrin molecule LFA-1. Once
formed in the periphery of the synapse, TCR microclusters translocate
centripetally and fuse into the central supra molecular activation
cluster (cSMAC) zone. LFA-1 clusters on the other hand are organized
around the cSMAC to form a highly contractile zone, the peripheral
SMAC (pSMAC). Peripheral TCR microclusters in the pSMAC are the
sites of active signaling and these continue to signal until their deliv-
ery into the cSMAC. With the aid of pharmacological and genetic
manipulations, the role of F-actin has been investigated in different
stages of synapse formation and maturation.

Synapse formation on a SLB can be broadly classified into two
phases, first of spreading where microclusters continue to form, and
second of lamellipodia contraction and TCR microcluster migration
towards the cSMAC. The actin organization and dynamics are likely
to be different in these two phases. In the spreading phase there is
rapid increase in actin polymerization in an expanding ring following
the lamellipodium-like leading edge. At the end of this first phase,
synaptic actin is organized into three distinct zones: peripheral
actin-rich distal SMAC (dSMAC), middle actomyosin-rich pSMAC
and a central F-actin-depleted cSMAC. The second phase involves
actin retrograde flow towards the cSMAC, and actomyosin-driven
pSMAC contraction (Fig. 1). Using Jurkat T cells, recent studies have
dSMAC p

Actin retrograde 
flow

F-actin Acto-myosin 
contraction

TCR

Fig. 1. Actin polymerization and remodeling at the synapse is critical for TCR microcluster mo
distinct zones of actin organization. The outermost ring of rapid polymerization zone – dSM
tion aids in TCR signaling and microcluster formation via an unknown mechanism, and TCR
movement of TCR microclusters from the dSMAC, towards the pSMAC, and is the onset site
contractions guided by actomyosin network, and actin retrograde flow. Actin flow occurs at
tion and possibly with contribution frommyosin II activity. The contractile network is visible
microclusters exhibit kinetic coupling with actin flow all across the synapse interface; som
exhibiting similar translocation rate as F-actin speckles. At the inner boundary of the pSM
the F-actin-rich pSMAC and F-actin-poor cSMAC. Actin polymerization appears to be a majo
osin contraction provide directional persistence to reduce meandering and efficient delivery
with microtubular motor protein dynein, thus utilizing microtubular tracks for navigating t
highlighted actin and acto-myosin dynamics in different subsynaptic
zones, and their role in microcluster translocation to the cSMAC. The
first report to suggest coupling of actin with the TCR microcluster orig-
inated in a study by Kaizuka et al. where Jurkat T cells expressing
actin-GFPwere tracked live. Albeit slower,microcluster velocities corre-
lated with actin speckles and the difference in actin-microcluster
velocities was proposed to arise from microcluster “slippage” from un-
derlying actin centripetal flow, during the course of movement [19].
This idea was further forwarded by DeMond et al. using SLB with vari-
ably angled chrome barriers to obstruct TCR–pMHC translocation, but
not the flow of actin, to the synapse [25]. When TCR microclusters en-
countered angled barriers, they continued tomove towards the synapse
center by sliding along the barrier at an angle to the F-actin flow. This
indicated a “frictional coupling” of microclusters with F-actin flow. At
the moment it is not clear how microclusters are coupled to F-actin
and mechanistically how F-actin dynamics influences microcluster
translocation. One hypothesis is that actin polymerization in the
dSMAC exerts pushing force on the microcluster and the associated
signalosome cluster, which thus transits into the pSMAC area. Myosin-
mediated actin “arc” contraction in the pSMAC area appears to be an ad-
ditional driver of microcluster movement across the synapse. Inhibition
of myosin II activity using blebbistatin or myosin II depletion through
myosin II siRNA results in impaired delivery of the microclusters to
the cSMAC [10,14,60]; in addition, Yi et al. have shown, using Jurkat T
cells activated on reconstituted lipid bilayer, thatmyosin II perturbation
using blebbistatin results in reduced microcluster velocity. However
there are studies where myosin depletion or inhibition does not affect
microcluster velocity per se, but affects the directionality ofmicrocluster
movement [60]. This could explain the defective cSMAC formation in
blebbistatin-treated T cells reported in Ilani et al. [14]. In some reports
blebbistatin has been ineffectual in affecting F-actin flow at the synapse,
which could arise due to differences in assay conditions or pharmaco-
logical properties of the inhibitor; simultaneous treatment with
actin and myosin inhibitors results in a more potent disruption of
microcluster velocity than either of them used alone, suggesting that
both actin polymerization and myosin activity coordinate microcluster
movement at the synapse [10,11]. A recent study characterized
actin-dependentmicroclustermovement in the dynamic synapse inmo-
tile T cells, and found that F-actin depolymerization provides force for
microcluster translocation in unstable synapse and that myosin-based
MTOC

SMAC cSMAC

Microtubular
tracks

vement to the cSMAC. The mature radially symmetrical synapse exhibits three spatially
AC – involves feedback between TCR triggering and actin dynamics. Actin polymeriza-
triggering in turn potentiates actin polymerization. Actin polymerization then drives

of fast actin centripetal flow (0.1 μm/s). The pSMAC is the middle zone that undergoes
slower speed in the pSMAC (0.04 μm/s), and is achieved majorly via actin polymeriza-
as F-actin “arcs” in Jurkat T cell system (shown as interrupted network in pSMAC). TCR
etimes translocating slower than the flow due to occasional slippage, and sometimes
AC, there is rapid decline and collapse of F-actin flow, generating a sharp boundary of
r driving force for microcluster movement, however the myosin II activity and actomy-
of microclusters to the cSMAC. In addition, TCR microclusters are capable of interacting
he synaptic interface, and eventual delivery to the cSMAC.
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contraction is dispensable for the process [12]. Actin dynamics is unani-
mously considered critical for TCR microcluster mobility. More recently
participation of microtubular framework was also investigated and
has yielded interesting results [13]. The Saito group demonstrated
association of overexpressed negative-end microtubule motor with
microclusters, and showed that inhibition of this motor in addition to
actin depolymerization led to reduced microcluster motility. Thus both
intact actin and microtubular cytoskeleton are required for microcluster
transport at the synapse (Fig. 1). However, at themoment, the cross-talk
mechanisms between F-actin dynamics and microtubule machinery at
the synapse are not clear, and further experiments will be required to
clarify the molecular links and functional coupling between the two
and with TCR microclusters.

3.1.4. Post-synapse
To complete a full activation cycle, T cells must disengage the

synapse, in order to move on. Late-stage synapse, or asymmetrical
synapse of a motile T cell, is generally referred to as “kinapse” [61].
The process of synapse–kinapse transition is still poorly understood.
While various actin effectors, such as WASp, regulate synapse stabil-
ity [53], the mechanism of cytoskeletal modulation leading to kinapse
onset is unknown. Intra-vital imaging studies have clearly demon-
strated that T cells in the lymph node exhibit a range of morphologies,
motility behavior and contact duration when interacting with APCs
[62]. Recent in vitro studies have reported naive murine T cells
forming mobile junctions on lipid bilayers presenting pMHC and
ICAM1 [53,63]. This suggests that cell-intrinsic factors can control
the stability of the synapse. Interestingly, motile naive T cells can
also transition back to form stable synapse in a cell-autonomous man-
ner. Further, PKCθ null T cells form more stable synapses than control
cells, whereas T cells lacking WASP have defects in re-establishing
symmetry [53]. The observation that myosin II is a central player in
multiple model systems used to study symmetry breaking, may be
applicable in naive T cells. Furthermore, it is possible that PKCθ
impacts the myosin regulatory chain phosphorylation and thus
promotes the transition to the ‘kinapse’ state. WASP may support
“repair” of the lamellar actin network through actin nucleation and
thus promote resymmetrization. It is intuitive to think that all these
molecular signals impinge upon the actin cytoskeleton to determine
the stability of T cells' contact with APCs. However, in the absence
of systematic studies, the mechanism of synapse stabilization by
T cell cytoskeleton in the native milieu is rather unclear.

4. TCR to actin trigger

TCR engagement at the T cell surface triggers multiple signaling
pathways that regulate actin organization and rearrangements at differ-
ent scales. The actin polymerization at the synapse is a result of complex
molecular interactions, and a diverse set of TCR-downstreammolecular
machineries participate in actin polymerization. Once the T cell is ligat-
ed with the cognate receptor, the immunoreceptor tyrosine-based
motifs (ITAM) in the cytosolic tail of the TCR-associated CD3 complex
undergo phosphorylation, which then serve as docking site for the
Syk-kinase zeta chain-associated protein of 70 kDa (ZAP70) [64].
CD3-recruited ZAP70 then leads to phosphorylation and activation of
two key adaptor molecules that associate with a variety of molecules
in TCR-associated signaling complexes. First, ZAP70 phosphorylates
LAT, which in turn associates with and phosphorylates the SH2
domain-containing leukocyte protein of 76 kDa (SLP76). Phosphorylat-
ed LAT also directly interacts with PLCγ1, a major regulator of Ca2+ in-
flux in response to TCR engagement. SLP76 acts as scaffold for a plethora
of actin effectors including Rho GTPases nucleotide exchange factor,
Vav1, adaptor molecule Nck and nucleation promoting factors (NPFs)
[2]. Rho GTPases can also bind and activate NPFs, which in turn activate
the actin nucleation factors - the key drivers of actin polymerization
(Fig. 2). While genetic manipulation of actin polymerization effectors
yields significant consequences on T cell activation, F-actin severing pro-
teins are also reported to be crucial for T cell function [65]. Thus the actin
dynamics at the T cell synapse is tightly regulated to achieve optimal
T cell function. Below are the various components of actin-regulatory
machinery downstream of TCR, broadly categorized according to their
role in actin remodeling in the T cell.

4.1. Actin polymerization effectors

4.1.1. Rho GTPases and GEFs
Rho family GTPases involved in TCR signaling include primarily

Rac1, Rac2, Cdc42 and RhoH. Knock-out models for all four proteins
show defects in T cell development, activation and function [66].
Rac and Cdc42 GTPases bind to and activate effectors such as NPFs
when GTP-loaded (Section 4.1.2). Among the other effectors of Rac
and Cdc42, pak1 has been shown to be an important player, which
impacts on the actin cytoskeleton in multiple ways and also leads to
activation of MAPKs. While it is known that RhoH does not possess in-
trinsic GTPase activity and suppresses the activity of other Rho family
GTPases, mechanistic details of how RhoH functions in TCR signaling
have been controversial. One group has shown that ZAP70 activation
is intact in RhoH-deficient thymocytes [67] whereas another group
has shown that ITAM-like sequences of RhoH are important for
ZAP70 recruitment and activation [68]. GTPases of the Rho family
are activated by GTPase exchange factors (GEFs) that catalyze the
exchange of GDP to GTP. Multiple GEFs have been shown to partici-
pate in TCR signaling. These include Vav1-3, Dock2, Dock8 and SLAT
(also known as IBP or Def6). Knock-out models for these GEFs show
multiple defects associated with T cell development, activation and
function [66].

Vav1-deficient T cells have profound defects in TCR signaling,
including Ca2+ influx, cytoskeletal rearrangements, activation of
Erk, Akt, and the transcription factors NFAT and NF-κB [66]. Vav1 is
recruited to phosphorylated SLP76 via its SH2 domain and is phos-
phorylated by ZAP70 (Fig. 2). This phosphorylation relieves the
auto-inhibitory conformation leading to GEF activity towards Rac.
The C-terminal proline-rich region and SH3 domains of Vav1 are in-
volved in interactions with Itk, PLCγ1 and Nck [69,70]. This suggests
that Vav1 may stabilize the SLP76-containing signalosome compo-
nents through multiple mutual interactions. Consistent with this
idea, expression of GEF-deficient Vav1 in Vav1-null cells rescues
many of the TCR signaling defects [71]. Similar results were obtained
from knock-in mice with GEF-deficiency [72]. Thus, the scaffolding
function of Vav1 is necessary for Ca2+ influx and activation of Erk,
whereas GEF activity is essential for Rac activity, F-actin polymeriza-
tion and conjugation with APCs. SLAT exhibits GEF activity towards
Cdc42 and, to a lesser extent, towards Rac. SLAT is recruited to the
immunological synapse through tyrosine phosphorylation of its
ITAM-like sequence by Lck and recognition of phosphatydilinositol
3-4-5 triphosphate (PIP3) by its PH domain [73]. SLAT-deficient
T cells have defects in Ca2+ influx, activation of Cdc42, Rac, Erk, and
NFAT during TCR signaling [74]. These cells also have defective actin
polymerization at the synapse [75].

Dock2 belongs to the Dock-A family of GEFs and shows hemato-
poietic lineage-restricted expression. Dock2 functions together with
one of the ELMO family members as a bipartite Rac GEF. Membrane
recruitment of Dock2 is mediated by binding of DHR1 domain to
PIP3 and also by Elmo [76]. While much of the TCR signaling is intact
in Dock2-deficient T cells, they exhibit impaired Rac activity [77].
Also, Dock2-deficient T cells have reduction in clustering of TCR, accu-
mulation of PKCθ and lipid rafts at the synapse and antigen-induced
proliferation. Dock8 belongs to the Dock-C family of GEFs and acts
on Cdc42 [76]. Inactivating mutations in Dock8 leads to immunodefi-
ciency syndrome both in humans and mice. Dock8-deficient T cells
from patients with this syndrome have reduced anti-CD3/CD28
antibody-induced proliferation [78]. Dock8-deficient murine CD8



Fig. 2. Schematic view of integration of TCR signal transduction with diverse components of the actin polymerization machinery. TCR ligation with the pMHC complex on APC leads
to Lck-mediated phosphorylation of cytosolic ITAM motifs in the CD3 zeta chain, which then serve as docking sites for ZAP70 kinase and it is accompanied by ZAP70 phosphory-
lation. From this initial step, TCR signaling diversifies to trigger a variety of signaling modules that yield actin polymerization. ZAP70 can activate NPF WASp via WIP-CrkL pathway
(1), or via recruitment of Nck and thus of WASp. ZAP70-mediated recruitment of LAT and SLP76 complex, which then recruits Vav1, can activate Rho GTPase Cdc42, which in turn
can release WASp auto-inhibition. Alternatively, WASp can be activated by PIP2-dependent-, Fyn-dependent or PST-PIP pathway (2). Activated WASp then recruits Arp2/3 complex
and initiates actin polymerization. HS1, another NPF with cortactin activity, is recruited in an ITK-dependent manner and interacts with WASp, or can independently bind Arp2/3
and stabilize F-actin. WASP and HS1 activation in response to TCR engagement promotes release of Ca2+ from intracellular stores. In addition to Vav1, Lck-dependent activation of
another GEF – SLAT – causes Rac GTPase activation, which in turn causes Abi/WAVE complex-dependent Arp2/3 recruitment to generate lamellipodial spreading and Ca2+ entry
from the extracellular milieu. SLAT also activates Cdc42. Activation of WASH (3), a WASp-family NPF, causes the binding of WASH regulatory complex (SHRC) with endosomes,
Arp2/3 complex recruitment and subsequent actin polymerization at the endosomes. SHRC also interacts with microtubules, and regulates endocytic recycling of cell surface recep-
tors. Apart from the actin nucleating factor Arp2/3, the formin family proteins respond to TCR activation, and act to elongate the actin filaments linearly. These proteins localize to
filopodia, as well as the perinuclear centrosomal area, where they regulate MTOC polarization to the synapse. (NPFs in the signaling cascades shown in red).
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T cells show defects in actin polymerization and LFA-1 polarization at
the synapse.

4.1.2. Actin nucleation factors
Actin filament formation from the monomeric actin subunits

(G-actin) is a kinetically unfavorable process and requires the aid of a
set of proteins called nucleation factors. Nucleation factors bind
G-actin subunits and F-actin simultaneously, therefore promoting fila-
ment nucleation and branching. Actin related proteins (Arp2/3) com-
plex and the formin protein family represent two well-characterized
nucleation factors in T cells. The Arp2/3 complex consists of amultimeric
assembly of seven subunits and requires NPF-dependent recruitment to
F-actin and activation. The Arp2 and Arp3 subunits of the complex are
proposed to mimic the growing end of an actin filament. Once bound
to F-actin, the Arp2/3 complex is presented with an actin monomer
bound toNPF, causingdaughterfilament elongation at 70° to themother
filament.

Silencing Arp2 or Arp3 proteins in Jurkat T cells results in their
failure to spread on anti-CD3 antibody-coated glass coverslips.
F-actin accumulation is also impaired in the Tcell–APC conjugate in-
terface of Arp2/3-depleted T cells, suggesting that Arp2/3 is critical
for actin polymerization at the synapse [79]. In Arp2/3-deficient
cells filopodial extensions still form, indicating that actin-nucleating
factor(s), in addition to Arp2/3 complex, are likely to participate in
actin polymerization at the synapse. Formins are the other class of
nucleating factors in T cells that bind to barbed end of actin filaments
in a dimeric state and prevent access of the capping proteins.
Formin-bound filaments grow processively, further aided by the
binding of profiling to the formin. Jurkat T cells depleted of the
predominant formin family member Formin-like protein 1 (FMNL-1)
exhibit normal F-actin accumulation at the synapse. In addition,
filopodia in Arp2/3-deficient cells formed independently of FMNL-1 as
well, suggesting the involvement of additional nucleation factors.
While FMNL-1 and another formin, mammalian diaphanous (mDia-1),
colocalize with the microtubule-organizing center (MTOC) and Jurkat
T cells deficient for FMNL-1 or mDia-1 fail to polarize MTOC towards
the synapse, Arp2/3-deficient cells show normal MTOC orientation.
Recently, FMNL-1 silencing increased overall cellular F-actin in Jurkat
T cells and fragmented the Golgi complex [80]. T cells derived from
mDia-1 knockout mice show defective proliferative responses when
activated; it is unclear if these defects are a manifestation of impaired
centrosomal reorientation [81]. The identity of the nucleation factor
driving filopodia formation in Jurkat cells in the absence of Arp2/3
is unclear [79]. It is notable that a challenge of interpreting the
loss-of-function experiments with actin nucleators and their activators
may arise from redundancy in the polymerization pathways. It is likely
that different actin nucleators compete for G-actin and suppression of
one pathway may result in compensatory increase in the other by
making more G-actin available to the remaining pathways.

4.1.3. Actin nucleation promoting factors (NPF)
NPFs are the modular scaffold proteins that activate nucleating fac-

tors, aswell as a plethora of upstream signaling proteins, both diversify-
ing actin polymerization responses and integrating TCR-signaling with
actin polymerization. The WASp family of proteins includes the major
NPFs in T cells. These include neuronal Wiskott–Aldrich syndrome
protein (N-WASp), its hematopoietic cell-specific homolog WASp,
WASp family-verprolin homology proteins (WAVE/SCAR) and WASp
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and SCAR homolog protein (WASH). The WASp family is characterized
by the presence of a C-terminal verprolin homology cofilin homology
acidic (VCA) domain and proline rich region (PRR)[7]. The VCA domain
binds to actin and Arp2/3, and the PRR-domain of NPFs interacts with
various SH3 domain-containing signaling proteins. N-terminal domains
are variable among WASp family members and dictate subcellular
localization and functional specificity of these proteins.

The N-terminal portion of theWASp and N-WASp proteins contains
aWH1 domain (EVH1) and GTPase binding domain (GBD). Under rest-
ing conditions, these proteins exist in auto-inhibited state, where the
GBD domain masks the VCA domain. Upon RhoGTPase Cdc42 binding
at the GBD domain, there is a conformational change that relieves
auto-inhibition and makes the VCA domain available to interact with
Arp2/3 and actin. Besides the VCA masking mechanism, there are addi-
tional mechanisms that promote WASp activation. For example, phos-
phorylation of WASp on the Tyr291 (human)/Tyr293 (mouse) residue
by protein tyrosine kinase appears to regulate WASp activity, by en-
hancing sensitivity to Cdc42. Overexpression of non-phosphorylatable
Tyr293F mutant of WASp in WASp knockout mice induces similar im-
mune dysregulation as in WASp knockout mice [82,83]. In addition,
WASp can be activated in a Cdc42-independent manner in T cells
[84,85]. This regulation is proposed to occur via phosphatidylinositol
4-5 biphosphate (PIP2)-mediated recruitment, via LAT/SLP76-mediated
recruitment of NCK and thus WASP, via interaction with Fyn, via
ZAP70-CrkL-WIP-WASP pathway and PST-PIP pathway [27,83,86,87].
TheWH1 domain of WASp also plays a regulatory role in WASp activa-
tion, via binding to the WASp interacting protein (WIP). In immune
cells, WASp exists in a constitutive complex with WIP, which serves as
chaperone for WASp. In the absence of WIP, WASp protein cannot be
detected.

WASp deficiency manifests as Wiskott–Aldrich syndrome (WAS)
in humans, and a large number of missense mutations in WAS
patients are found in theWIP binding region of WASp. WAS is charac-
terized by immunodeficiency, thrombocytopenia and eczema. WAS
patients show a spectrum of immunological defects including recur-
rent infections and autoimmunity. T cells from WAS patients show
cytoskeletal defects, aberrant morphology and impaired proliferation
in response to TCR activation [88–90]. In mice lacking WASp, T cells
exhibit defective proliferation in response to antigenic stimulus. T
cells from WASp−/− mice have unstable synapses and reduced
Ca2+ influx and IL2-production [53,91–93]. While WASp is required
for T cell activation and IL-2 production, it has a redundant role
with N-WASp in T cell development. T cells develop normally in
WASp−/− mice, however in WASp N-WASp double knockout mice
T cell development is impaired [94]. In addition, there have been
variable reports regarding the role of WASp in actin organization at
the synapse in the mouse system [91,92,95]. Whether the defects in
T cell activation in WASp-deficient cells arise from its role in actin
polymerization remains to be established.

Owing to the variable WASp knockout phenotype for actin poly-
merization at the synapse, another WASp-family protein – WAVE2 –

was investigated for its role in actin remodeling at the synapse.
WAVE2 exists in a protein complex, associating with five proteins:
Abi1 and2, HSPC300, HEM1 and PIR121. This is an obligate complex
as shRNA-mediated depletion of any of its members results in loss of
the other binding partners [96]. In resting conditions the Abi/WAVE2
complex is thought to be constitutively assembled [97]. TheWAVE2 com-
plex is activated by allosteric changes inducedby simultaneous bindingof
Rac1-GTP and acidic phospholipids [98]. How TCR signaling provides
these signals for WAVE2 activation is unclear. In Jurkat T cells activated
on anti-CD3 antibody-coated glass coverslips and expressing eYFP-Abi1
to mark the WAVE2 complex, Abi1 localized to the lamellipodia and
was enriched on the tip, suggestingWAVE2-dependent actin polymeriza-
tion contributes to lamellipodial growth [97]. WAVE2 is required for
lamellipodial spreading, for proper conjugate formation and actin accu-
mulation at the synapse in the T cell–APC conjugates [96]. Silencing
WAVE2 results in diminished Ca2+ mobilization in T cells, however,
this was found to occur downstream of IP3-mediated Ca2+ release from
the endoplasmic reticulum. Treatment of WAVE2-depleted cells with
thapsigargin, an inhibitor of endoplasmic reticulum Ca2+-ATPases, thus
triggering the Ca2+ release from intracellular stores, did not rescue
Ca2+defects. The defect was specific to the Ca2+ entry from extracellu-
lar medium [96]. This result implicated WAVE2 in the regulation of
CRAC. It is possible that WAVE2-driven actin polymerization in the
lamellipodia influences the interaction of STIM-1/2 in the endoplasmic
reticulum with the Orai channels in the plasma membrane, a proposed
mechanism for Ca2+-induced Ca2+entry from extracellular source [99].
TCR-mediated activation ofWAVE2 is also implicated inside-out signal-
ing for activation of integrins via the interaction ofWAVE2with vinculin
and talin [100].

WASH is the most recent NPF to be identified in T cells. Like the
WAVE2 protein, it exists in a multi-protein complex, termed as
WASH regulatory complex (SHRC). The assembly complex includes
family with sequence similarity 21, member C (FAM21C), strumpellin,
strumpellin and WASH interacting protein (SWIP), and coiled-coil
domain-containing protein 53 (CCDC53). As in the case of WAVE2
complex; SHRC stabilizes the levels of individual SHRC components
and regulates WASH function [101]. WASH localizes at the plasma
membrane and intracellular vesicles, and regulates endosome-
associated Arp2/3 activity [102]. Although T cells derived from
WASH knockout (WASHout) mice show normal T cell signaling
and activation, T cell proliferation is compromised. These cells also
show impaired trafficking of TCR and other key T cell surface proteins
including GLUT1, targeting them for lysosomal degradation [103].
Although to what extent these sorting defects arise via NPF activity of
WASH has not been addressed yet, these results pose an interesting
possibility that WASH regulates T cell endomembrane trafficking via
maintenance of actin dynamics at endosomes. Long-term dysregulation
of receptor homeostasis and T cell proliferation results from defects in
this F-actin pool. Future experiments should yield more information
on the mechanism of how endosomal actin affects T cell response, and
how WASH integrates the two.

4.2. Other regulatory proteins

4.2.1. Hematopoietic cell-specific protein, HS1
HS1 is the hematopoietic cell-specific form of cortactin. Capable of

interacting with both Arp2/3 complex and F-actin, HS1 promotes stable
branching. HS1 also has low NPF behavior; however the significance of
this low activity in T cells is still unclear. HS1 is rapidly phosphorylated
in response to antigenic stimuli in T cell, and interacts with a variety of
proteins including Lck, ITK, Vav1 and WASp. Consistent with its F-actin
stabilizing role, HS1-deficient T cells show unstable lamellipodia when
activated on anti-CD3 antibody-coated glass coverslips. Loss of HS1
also results in impaired Ca2+ influx and T cell proliferation [104,105].
Although the exact role of HS1 in T cell activation is not clear, existing
data indicates that it regulates PLCγ1 dynamics at the synapse. TCR
engagement induces ZAP70-dependent tyrosine phosphorylation and
ITK-dependent recruitment of HS1 at the synapse. Phospho-HS1 inter-
acts with PLCγ1 and regulates its associationwith F-actin [106]. In addi-
tion, phospho-Tyr on HS1 can serve as docking sites for Vav1 and is
critical for Vav1 stabilization and thus for actin accumulation at the
synapse [105]. This can be further assisted by HS1–WASp interaction
[107]. Considering that HS1 is capable of interacting with a variety of
SH2-domain-containing TCR-downstream signaling proteins, it may
employ multiple signaling routes to regulate actin polymerization at
the synapse.

4.2.2. Endocytic proteins
The well-characterized endocytosis regulators from other cell

types appear to play an important role in the regulation of actin
cytoskeleton in T cells. Loss of endosome scission protein dynamin2
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(dyn2) in T cells results in defective actin accumulation at the synap-
se. The dyn2 PRD domain was found to interact with Vav1, and
dyn2-depleted cells exhibit defects in Ca2+ elevation and PLCγ1
phosphorylation. The Ca2+ influx defects in dyn2-silenced cells
were independent of LAT complex [108]. Similarly, endocytic coat
protein clathrin is recruited to the synapse, localizes with TCR and
affects actin accumulation at the synapse [109]. Interestingly, clathrin
depletion leads to reduction in dyn2 and Arp2/3 recruitment at the
synapse, suggesting that endocytosis of TCR at the synapse may ac-
company actin polymerization. In addition, the previously character-
ized role of dynamin in actin polymerization may in part accompany
TCR endocytosis.

In addition to actin polymerization effectors, actin depolymeriza-
tion proteins are also required to maintain actin dynamics at the
synapse. Treatment of Jurkat T cells with F-actin stabilizing drugs
causes accumulation of F-actin at the distinct subsynaptic boundaries
of dSMAC and pSMAC [10], suggesting an actin depolymerization
hotspot between dSMAC and pSMAC, and between pSMAC and
cSMAC. While this could be due to myosin II-mediated contraction
and thus bundle disassembly, F-actin severing protein cofilin has also
been implicated in maintaining F-actin dynamics at synapse. Cofilin is
recruited to the T cell–B cell synapse, outside of the cSMAC. Inhibition
of cofilin using cell-permeable inhibitory cofilin-homolog peptides re-
sults in reduced synapse formation, activation-induced T cell prolifera-
tion and interferon-γ production [65]. Considering that cofilin can
competitively inhibit myosin II binding with F-actin, it will be interest-
ing to investigate which of these proteins contributes to the generation
of the F-actin-poor cSMAC zone in T cells [110]. Another component of
the actin polymerization inhibition machinery is coronin-1. A hemato-
poietic cell-specific protein, coronin-1 can bind to the Arp2/3 complex
and inhibit its actin nucleation activity. Coronin-1 homotrimerizes,
and binds actin and plasma membrane simultaneously creating a mo-
lecular link between extracellular signals and actin cytoskeleton [111].
Interestingly, although coronin-deficient mouse T cells show more ac-
cumulation of F-actin and actin polymerization molecules such as
WASP and Arp2/3 at the synapse, actin dynamics and synapse stability
are compromised [112]. Consequently, these cells show aberrant devel-
opment, differentiation and antigen-induced distal signaling. These
studies have illustrated a tight and complex regulation of actin dynam-
ics and its role in T cell activation, where F-actin polymerization or its
stability alone is not sufficient to drive optimal T cell responses.

In addition to regulating actin filament turnover, some actin effec-
tors also regulate microfilament–microtubule interactions. Such
proteins are vital in coordinating the organization and function of
these cytoskeletal systems in various phases of the immunological
synapse. As discussed in sections above, formins and WASH proteins
fall under this category. Reviewed elsewhere recently [43], several
other molecular bridges are being revealed, illustrating the impor-
tance of communication between the two types of cytoskeleton at
the synapse.

5. Actin and TCR mechanotransduction

Mechanical force has been implied in several biological processes
including stem cell differentiation and self-renewal, mitosis, migra-
tion, among others (reviewed in [113]) and has also been proposed
to play a role in T cell activation [114]. Actomyosin cytoskeleton is
fundamental in mediating force transmission. It is well-positioned,
spanning large distances within the cell and thus connects parts of
the cell membrane as well as the cell membrane to the nucleus [115].

As mentioned above, in one of the first events of T cell activation,
ITAM motifs of the TCR-associated CD3 chains are phosphorylated by
Lck, enabling all subsequent events of the signaling cascade. In the
inactive conformation, before TCR ligation, the TCR–CD3 complex
cytoplasmic tails with ITAMs are thought to interact with the lipids
in the inner leaflet of the plasma membrane leading to a reversible
conformational change that may restrict access of the Lck to their ty-
rosine residues (safety model) [116–118]. Other studies however
contradict this model and suggest that the dissociation of the
TCR-CD3 cytoplasmic chains is not a cause but a consequence of the
ITAM motifs' phosphorylation [119]. It is therefore not yet well
understood how the TCR ligation triggers the release of the CD3
ITAM motifs, among other possibilities, mechanical forces and/or
local membrane environment have been suggested to play a role
[120].

Several studies, by different groups, have indeed shown that ap-
plying mechanical forces to the TCR can activate T cells and that the
TCR can act as a mechanosensor: lateral forces applied to TCR using
non-stimulatory anti-CD3 monoclonal antibody were able to trigger
cytoplasmic Ca2+ elevation [121] and axial forces applied by micro-
manipulation were able to rescue T cell stimulating defects associated
with elongated pMHC [122]. It has also been established using a
biomembrane force probe that T cells generate pushing and pulling
forces when anti-CD3 antibody on beads engaged TCR complexes
[30]. Furthermore, mouse [123] and human [124] T cells display
correlations between substrate elastic modulus (stiffness) and T cell
response. Mouse CD4+ T cells produced more IL-2 in response
to polyacrylamide gels of increasing elastic modulus coated with
anti-CD3 and anti-CD28 antibodies. Blebbistatin abolished the ob-
served rigidity effect, which suggests that actomyosin cytoskeleton
is involved in the T cell response to environmental mechanical
rigidity. In the same study it was also shown that the mechanosensing
response to the stiff substrate was mediated by the CD3 epsilon chain
rather than CD28, under the conditions used [123]; the involvement
of the TCR, rather than CD28, had also been suggested by Li et al.
[122]. Consistent with the detection of increased level of IL-2
secretion in cells cultured on stiffer surfaces, clusters of phosphorylat-
ed ZAP70 (pZAP70), phosphorylated Src family kinase proteins
(Lck and Fyn) and phosphorylated proline rich tyrosine kinase-2
(pPYK2) were detected in the cell surface of these cells, whereas no
(pZAP70 and pSFK) or only minor clusters (pPYK2) were observed
in the cell surface of cells cultured on softer surfaces. Interestingly,
under stiffer surface conditions, blebbistatin treatment did not alter
the localization of pZAP70 and pSFK but had an effect on pPYK2
distribution, suggesting that PYK2 responds to cell contractility and
contributes to the T cell mechanosensing mechanism [123]. It has
been noted that correlations between cellular responses and sub-
strate elastic modulus do not demonstrate a mechanical response,
but may also be related to the chemistry of ligand presentation,
which can also vary with gel and elastomer properties that alter
elastic modulus [125].

Multiple factors may account for generation of force on the TCR in
vivo. T cell migration and scanning of APC surfaces in search of a
particular pMHC can lead to tensile mechanical force (as mentioned
in Section 3.1.2). Once the TCR binds the pMHC, an extracellular
mechanical torque can occur and result in structural changes within
the TCR–pMHC complex and subsequent triggering of downstream
signaling, though the same effect could not be observed when normal
forces were applied [114,121]. Within the synapse, the formation of
microclusters and their actin-based movement can also generate force
on the TCR. Methods to directly measure forces in TCR microclusters
are on the horizon [126]. TCR clusters are formed in the periphery of
the synapse where actin protrusions and myosin-dependent retraction
occur to drive the movement of the TCR microclusters towards the
center of the synapse, thus exposing the TCR to mechanical force
[53,127]. The fact that a deficiency in PYK2, which is closely related to
mechanotransducer focal adhesion kinase (FAK), results in the loss of
CD8+ effector cells suggests that PYK2 is critical for the CD8 T cell effec-
tor fate and supports mechanotransduction as a player in T cell signal-
ing [128]. Mechanotransduction is becoming a field of great interest in
the study of the immune cell activation and differentiation, much
however remains to be understood regarding the actin cytoskeletal
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regulation that underlies the response of T cells to environmental
mechanical forces.

6. Perspective

Since the discovery of actin polymerization as a critical regulator
of immunological synapse formation and T cell activation, there
have been as-yet increasing insights into the identity and interactions
of actin effectors at the synapse. Recent studies have begun to unravel
the diversity of functions that the actin machinery carries out for TCR
signaling, however future experiments will be required to investigate
the specific mechanism of actin participation in processes such as
microcluster formation and molecular basis of their coupling with
the retrograde actin flow. It is also unclear if actin remodeling is
tuned depending upon the strength of TCR activating signal, andwheth-
er microcluster-F actin coupling can influence signal integration at
single microcluster level. Careful examination of qualitative F-actin re-
sponses at high resolution, and characterization of subsynaptic F-actin
organization, will aid in addressing these questions. Super-resolution
studies of F-actin have been useful in the study of exocytosis in this
regard, and will likely soon provide insight into mechanisms of TCR
signaling [129]. In addition, mechanistic insights into the role and regu-
lation of actin effectors will uncover the signaling pathways integrated
to maintain F-actin at the synapse. For example, ubiquitination of
actin regulators has recently emerged as amechanism to regulate effec-
tor levels [130–132], whether this mechanism coincides with receptor
ubiquitination in the T cells [133] remains to be investigated. In addi-
tion, T cells defective in a variety of actin regulators exhibit defective
antigen-induced Ca2+ mobilization. Knowing how actin dynamics
communicates with Ca2+ stores will be a key step in forwarding our
understanding of the process of T cell activation and immune disorders
where T cell activation is compromised. There is a need to expand the
views on a more integrated picture of cytoskeletal regulation T cell
behavior, by investigating ways of generation and disassembly of actin
machinery, and its subcellular function.
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