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Summary

Ca?" mobilization and cytoskeletal reorganization are key hallmarks of T-cell activation, and their
interdependence has long been recognized. Recent advancesin the field have elucidated the
molecular pathways that underlie these events and have revealed several points of intersection.
Ca?* signaling can be divided into two phases: initial events leading to release of Ca?* from
endoplasmic reticulum stores, and a second phase involving STIM 1 (stromal interaction molecule
1) clustering and CRAC (calcium-rel ease activation calcium) channel activation. Cytoskel etal
dynamics promote both phases. During the first phase, the actin cytoskeleton promotes T-cell
receptor mechanotransduction and serves as a dynamic scaffold for microcluster assembly.
Proteins that drive actin polymerization such as WA Sp (Wiskott-Aldrich syndrome protein) and
HS1 (hematopoietic lineage cell-specific protein 1) promote signaling through PLCy1
(phospholipase Cy1) and release of Ca?* from endoplasmic reticulum stores. During the second
phase, the WAV E (WASP-family verprolin homologous protein) complex and the microtubule
cytoskeleton promote STIM 1 clustering at sites of plasma membrane apposition, opening Orai
channels. In addition, gross cell shape changes and organelle movements buffer local Ca2* levels,
leading to sustained Ca2* mobilization. Conversely, elevated intracellular Ca2* activates
cytoskeletal remodeling. This can occur indirectly, via calpain activity, and directly, via Ca?*-
dependent cytoskeletal regulatory proteins such asmyosin I and L-plastin. While it is true that the
cytoskel eton regulates Ca?* responses and vice versa, interdependence between Ca?+ and the
cytoskel eton also encompasses signaling events that occur in parallel, downstream of shared
intermediates. Inositol cleavage by PLCy1 simultaneously triggers both endoplasmic reticulum
store release and diacylglycerol-dependent microtubule organizing center reorientation, while
depleting the pool of phosphatidylinositol-4,5-bisphosphate, an activator of multiple actin
regulatory proteins. The close interdependence of Ca?* signaling and cytoskeletal dynamicsin T
cells provides positive feedback mechanisms for T-cell activation and allows for finely tuned
responses to extracellular cues.
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Introduction

Calcium (Ca?*) signaling and cytoskeletal responsesin T cells are functionally intertwined
in complex ways, creating feedback |oops that promote T-cell activation and direct effector
functions. Correlative evidence for a linkage between cytoskeletal remodeling and Ca2*
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mobilization dates back to the earliest single-cell studies of T-cell activation. In the 1970s
and 1980s, it was noted that target cell lysis required extracellular Ca?* and entailed a
programmed series of cell shape changes (reviewed in 1). Soon thereafter, T-cell receptor
(TCR) engagement was shown to induce an increase in intracellular Ca2* levels ().
Moreover, two distinct sets of cytoskeletal rearrangements were observed: first, antigen-
presenting cell (APC) binding-induced the polymerization of F-actin and recruitment of
actin binding proteins such astalin to the cell-cell contact site, and second, the T-cell
microtubule organizing center (MTOC), associated Golgi complex, and lytic granules
reoriented to face the APC. Causal linkage between Ca2* mobilization and cytoskeletal
remodeling was established by subsequent pharmacological studies. Using pharmacological
agents to disrupt actin dynamics, several groups showed that TCR-induced polymerization
of F-actin is needed for Ca?* mobilization (3-°). Reciprocal experiments showed that Ca2*
responses are needed for cytoskeletal remodeling as well. Although initial studies showed
that chelation of extracellular Ca2* using EGTA does not inhibit TCR-induced
polymerization of actin or recruitment of talin to the immunological synapse (1S) (X 6),
treatment of T cells with a combination of EGTA and BAPTA-AM to deplete both
extracellular and intracellular Ca2* showed that Ca2* elevation is required for actin-
dependent spreading (7). In addition, elevated intracellular Ca2* was also found to be
required for MTOC reorientation toward the APC (8).

Recent years have seen considerable progress in our understanding of the mutual regulation
of cytoskeletal remodeling and Ca?* signaling during T-cell activation. Many of the key
proteins that control both actin dynamics and Ca2* mobilization have been identified,
making it possible to define specific points where the two pathways intersect. Moreover, as
we begin to grasp how the cytoskeletal network functions as a unit, we are gaining new
insightsinto the role of cell shape changes, mechanotransduction and other higher order
signaling events. In this review, we address the mechanisms underlying the complex
interaction between cytoskeletal reorganization and Ca2* signaling in T cells and highlight
important areas for future investigation.

General features of calcium signaling

To understand the interplay between cytoskeletal dynamics and Ca?* signaling, it is
important to review the mechanisms by which TCR engagement leads to Ca?* mobilization.
Broadly speaking, the T cell Ca2* signals reflect two distinct but interrelated processes:
triggering Ca2* release from endoplasmic reticulum (ER) stores, and activation of calcium
release-activated calcium (CRAC) channels (Orail) in the plasma membrane (PM) (Fig. 1).
Release of Ca?* from the ER by TCR engagement results from the formation of sub-micron
scale signaling microclusters (MCs), enriched in TCRs as well as kinases and adapter
proteins (%). The early tyrosine phosphorylation events that take place within MCs have been
reviewed extensively elsewhere (10 11, Briefly, the Src kinase Lck phosphorylates inducible
tyrosine activation motifs (ITAMs) on the  chains of the receptor complex, which serve as
docking sites for the Syk kinase {-chain-associated protein of 70 kDa (Zap70). Zap70 then
phosphorylates linker for activation of T cells (LAT) and SH2 domain-containing leukocyte
protein of 76 kDa (SLP-76). Cooperative assembly of these and other MC components
culminates in the recruitment and subseguent activation of phospholipase C y1 (PLCy1).
Upon activation, PL Cy1 cleaves phosphotidylinositide 4,5-bisphosphate (PIPy) into
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (1P3). DAG activates the Ras
pathway, while | P triggersiits receptors in the ER membrane, leading to Ca?* release from
ER stores. This early phase of Ca2* mobilization ensues within seconds of TCR engagement
and requires engagement of only afew TCRs (12). ER stores are emptied within seconds,
and sarco/endoplasmic reticulum Ca2*-ATPase (SERCA) pumps in the ER membrane
immediately begin to return cytoplasmic Ca2* to the ER. Thus, on its own, this phase
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represents atransient and relatively small rise in intracellular Ca2*, lasting on the order of
minutes.

Release of Ca2* from the ER initiates events that |ead to amore prolonged increase in
cytoplasmic Ca2* levels. | Ps-induced depletion of Ca2* from ER stores and the resulting
decrease in ER Ca2* concentration |eads to dissociation of Ca2* from N-terminal EF hand
domains of stromal interaction molecule 1 (STIM 1), a Ca2* sensor that spans the ER
membrane (13). A subsequent conformational changein STIM 1 leads to its oligomerization
and subsequent delivery to the sites of ER-PM juxtaposition, probably through its interaction
with microtubule +TIP tracking proteins (14 1), There, STIM 1 associates with trans-
membrane Orail (CRAC) channels and activates them. This allows the entry of Ca2* from
the extracellular space via a process termed store-operated calcium entry (SOCE). The
resulting sustained elevation of cytoplasmic Ca?* isresponsible for the activation of T-cell
transcriptional machinery. A key target of elevated intracellular Ca2* is calcineurin, which
dephosphorylates the transcription factor NFAT, alowing its transl ocation to the nucleus
(16). Once in the nucleus, NFAT promotes transcription of interleukin-2 (IL-2) and other
proteinsthat lead to T-cell activation.

The two phases of T-cell Ca2* mobilization are not temporally segregated. Thus, during the
initial risein Ca?* due to release from the ER, extracellular Ca2* entersvia Orail and
‘floods’ the cytoplasm. Without ongoing TCR signaling leading to continued | P53 receptor
activation, SERCA pumpsin the ER membrane quickly replenish ER stores, STIM 1
disengages Orail and relocalizes away from the PM, and Orail channels close (17- 18). In
support of the requirement for ongoing signaling leading to ER store release, disruption of
PL Cy1 activation during the sustained phase of signaling correlates with a concomitant drop
inintracellular Ca2* levels (19). The finely tuned nature of this 2-phase system becomes
apparent when one considers the magnitude of changesin the intracellular Ca2*
concentration upon TCR triggering. In resting T cells, the cytosolic Ca?* concentration is
50-100 M, while Ca?* concentrations in the ER and the extracellular space are 800—1000
UM and 2 mM, respectively. Upon TCR engagement, cytoplasmic Ca2* levelsrise 10-fold,
to ~1 uM. Efficient Ca2* influx is facilitated by the steep concentration gradient across the
PM (29). As discussed below, cytoskeletal dynamics play akey rolein positioning signaling
molecules and organelles to modulate this process.

Actin function in TCR signaling

Actin dynamics are intimately involved in basic mechanical interactions and spatio-temporal
control of signaling events leading to Ca2* mobilization. Actin promotes early steps of TCR
signaling at two levels: via effects on the TCR itself, and via the assembly of MCs that
transduce and amplify TCR signals. In both cases, the actin cytoskeleton is not just a static
scaffold or a conventional link in achain of signaling events. Instead, actin exerts forces and
orchestrates molecular movements needed for Ca2* signaling.

Initial TCR triggering

In mature T cells, TCR engagement |leads to association of phosphorylated ITAMsin the
TCR complex with the actin cytoskeleton (21 22). Moreover, the CD3 complex reportedly
binds to Nck, a component of a protein complex that drives actin polymerization (23).
Linkage of the TCR complex to actin filamentsis almost certainly indirect, and the exact
molecular mechanisms remain controversial. Nonetheless, there is broad consensus that
centripetal TCR movement at the IS is driven by actin dynamics (24-26). The dynamic
association of the TCR complex with the actin cytoskeleton has two important implications
for signaling events leading to Ca?* mobilization. First, the actin-dependent movement of
the TCR impacts the kinetics of TCR-pMHC interactions. Recent studies have shown that
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the outcome of TCR engagement is controlled by receptor-ligand kinetics, rather than by t1»
or Kp of antigen/TCR binding aone (27- 28), and ligands with fast on-rates can bind and
rebind the same TCR severa times. Thus, depending on the particular TCR-pMHC
interaction, continuous movement of the TCR at the IS may either facilitate serial receptor
encounters with rare agonist pMHCs or minimize opportunities for pMHC rebinding. Huppa
et al. (%%, demonstrated that the synaptic TCR-pMHC dissociation rate is decreased
significantly upon treatment of T cells with actin depolymerizing agents, consistent with
ideathat actin-driven TCR movement promotes its dissociation from pMHC complexes.
Since ligand mobility is an important variable in this model, it isimportant to point out that
these experiments were done using stimulatory planar lipid bilayers where pMHC mobility
is essentially unrestricted. Mobility of pMHC complexes and costimulatory ligands on the
APC membrane is modulated by the APC cytoskeleton (our unpublished data). Thus, it will
be important to determine to what extent this affects TCR-pMHC binding kinetics.

Another mechanism through which the actin cytoskeleton may directly affect TCR signaling
involves mechanotransduction. Recent studies indicate that the TCR is a mechano-receptor
that depends on physical force to propagate signals across the membrane (3% 31), Thus,
interaction of the TCR complex with the actin cytoskeleton could promote TCR signaling
through mechanical tension, produced by active cytoskeletal flow on the one side and ligand
binding on the other (32-34). To account for the role of actin network flow in TCR signaling,
Maand Finkel (3> 36) have proposed the receptor deformation model. Building upon the
earlier work showing that TCR stimulation is greatly increased by the immobilization of
agonist pMHCs, they showed that effective TCR triggering depends on T-cell adhesion to
the stimulatory surfaces and an intact T-cell cytoskeleton; lack of either of those factors
precludes efficient Ca?* mobilization. Based on this evidence, the authors postul ated that
actin flow at the T cell 1S provides aforce that is counteracted by molecular interactions at
the T-cell-APC interface. The resulting tension on the TCR dlicits structural changes within
the complex to facilitate downstream signaling. The specific mechanism of TCR triggering
is not fully understood (37 38), and the contribution of force-induced TCR deformation is
controversial. Arguably, ITAMsin the TCR complex are fully exposed without applied
force, such that any role for mechanotransduction must lie downstream of the TCR itself.
Nonetheless, the involvement of mechanical tension at some stagein TCR signaling is
supported by evidence that depletion of F-actin abrogates signaling (3% 40). Moreover, work
from our laboratory has shown that a static actin scaffold is insufficient to sustain TCR-
induced Ca2* signaling, pointing to the necessity for ongoing actin polymerization and/or
centripetal flow of the branched actin network at the 1S (19). Additional support for
mechanical tension in T-cell signaling comes from studies of T cells interacting with TCR
stimulatory beads, where CaZ* mobilization is enhanced by moving the attached bead away
from the 1S (41).

One important and understudied question in this arenais the role played by the stimulatory
APC. Ligand mobility and surface stiffness have both been implicated in modulating TCR
signaling (3% 34.42.43) Consequently, determinants of these variables on APCs could
significantly impact both receptor-ligand binding kinetics and mechanotransduction (7).
Since thereis evidence that actin is recruited to the dendritic cell side of the IS (#4), it will be
important to understand how the APC cytoskel eton impacts these aspects of T-cell

activation.

TCR microcluster assembly and maintenance

In addition toitsrolein TCR triggering, the actin cytoskel eton regulates the assembly of
TCR-proxima signaling complexes at the T-cell-APC interface. These complexes form

M Cs containing receptors, kinases, and adapter molecules, many of which contain actin-
binding and actin-regulatory domains. Studies of the IS using surrogate planar stimulatory
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surfaces have greatly advanced our understanding of cytoskeletal function in the assembly
and maintenance of signaling MCs. TCR MCs arise at initial sites of T-cell contact with
stimulatory surfaces, concomitant with the initiation of intracellular Ca2* signaling (*>47).
Multiple actin-regulatory molecules are also recruited to these earliest sites of TCR
signaling (2% #8). This process, in turn, induces T-cell spreading and formation of awell-
defined lamellipodial region rich in branched actin filaments, and an inner lamellar region
that contains prominent acto-myosin |1 bundles (1% 49 50) The ongoing polymerization of
actin at the cell periphery, coupled with the organizing forces generated by myosin |1
contractility, resultsin persistent actin centripetal flow at the IS. After maximal spreading
has been achieved, nucleation of TCR MCs persistsin the lamellar region and they are
swept inward in parallel with the cytoskeletal flow (3% 45 47, 51)

The actin cytoskeleton is essential for stabilizing newly formed MCs. Key evidence from the
Dustin laboratory (39) showed that the integration of signaling molecules into the
cytoskeletal scaffold greatly increases the lifetime of nascent MCs and promotes T-cell
stimulation. When fully spread T cells were treated with the actin destabilizing agent
Latrunculin A, the newly-formed peripheral MCs dissolved, while the mature central MCs
persisted for more than 10 min after drug treatment, presumably because they were
stabilized by higher order interactions among MC components. More recent work from the
lab indicates that TCR engagement triggers the formation of TCR MC-associated actin
patches, which are distinct from the lamellipodial actin pool (Kumari S, and Dustin ML,
manuscript submitted). Presumably, this M C-associated F-actin pool is responsible for
stabilizing newly-formed MCs, but how thisworks is yet unknown. Two complementary
explanations seem likely. First, forces exerted by the actin cytoskeleton may be needed to
induce conformational change in MC proteins, exposing sites for tyrosine phosphorylation
and/or protein-protein interactions. Second, since many molecular adaptersin TCR MCs
bind to actin filaments, actin may provide a scaffold that promotes initial macromolecular
interactions, stabilizing the complex until it reaches some critical mass. In support of the
|latter idea, Gomez et al. (°2) showed that Vav1 recruitment to the IS occurs via a positive
feedback loop, whereby Vavl promotes actin polymerization, which in turn stabilizes Vavl
recruitment.

The Varma study (3%) showed that the MCs that persist upon the depletion of F-actin are not
sufficient to sustain signaling, since Ca2* was reduced to baseline levels within minutes of
Latrunculin A treatment. Consistent with this observation, we reported that Rho kinase
inhibition (with Y-27632) to inhibit myosin |1 activity and actin stabilization (with
Jasplakinolide) in T cells resulted in complete F-actin immobilization with a concomitant
drop inintracellular Ca2* levels (19). In addition to immobilizing the F-actin network, this
pharmacological manipulation inhibited new MC formation and immobilized existing MCs.
Thus, two interpretations are possible;: either ongoing actin-dependent assembly of new MCs
or application of actin-dependent mechanical force on existing MCsis needed to sustain
Ca?* signaling. While these two possibilities would be technically challenging to tease apart,
it is clear that the existence of a static actin scaffold is insufficient to support Ca2* signaling.
Rather, a dynamic actin network is needed, reflecting a requirement either for continued
actin polymerization or for centripetal flow of the acto-myosin |1 network. Interestingly, we
found that immobilization of the F-actin network did not affect tyrosine phosphorylation of
Zap70 or SLP-76, suggesting that this phenomenon does not stem from effects on the TCR
per se However, we did find that PLCy1 phosphorylation was diminished. Thisfinding isin
agreement with our studies on HS1-deficient T cells, where defectsin lamellipodial actin
and MC dynamics correlated with diminished association of PLCy1 with the insoluble
cytoskeletal fraction and unstable recruitment of pPLCy1 to the IS (33 54). Similarly,
inhibition of WA Sp function leads to dissolution of actin patches and destabilization of

PL Cy1 association with TCR MCs (Kumari and Dustin, manuscript submitted). Given that
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the active, phosphorylated pool of PLCy1 preferentially associates with the cytoskeleton
(5354, it isinteresting to speculate that PLCy1 isarelatively direct point of intersection
between the T-cell cytoskeleton and the signaling cascade leading to ER store release.

Calcium-regulatory roles of individual actin-regulatory proteins

In view of the multiple levels at which cytoskeletal remodeling affects Ca?* signaling in T
cells, one would expect that loss of important actin-regulatory molecules would affect Ca2*
mobilization, and thisisindeed the case. Asin other cell types, the formation of abranched
F-actin network in T cellsis driven by the seven subunit Arp2/3 complex, which directs the
formation of new actin filaments on the sides of pre-existing filaments. The Arp2/3 complex
is activated by one or more nucleation-promoting factors (NPFs), including WA Sp,
WAVE2, and HSL1 (°°). WASp and WAV E2 function downstream of the Rho GTPases
Cdc42 and Racl, which are, in turn, activated by guanine exchange factors such as Vavl.
Superimposed on this branched actin network is a higher level of organization; myosin |1
induces bundling and dliding of filaments within lamellar regions of the IS. Analysis of
signaling defectsin cells lacking individual actin-regulatory proteinsisinstructivein
defining the mechanisms though which cytoskeletal dynamics influence Ca2* mobilization.

Nucleation-promoting factors

The first actin-regulatory molecule to be carefully studied in T cells was WA Sp, the protein
defective in the immunodeficiency disorder Wiskott-Aldrich syndrome. T cellslacking
WA Sp exhibit defects in actin dynamics, although the magnitude of such defectsis variable
(56-58), possibly due to overlapping function of the closely related protein N-WASp (%9), or
even more distantly related proteins such as WAVE2. However, WA Sp-deficient T cells
show asignificant reduction in Ca2* influx, which is associated with defective nuclear
translocation of NFAT and diminished T cell activation (37 60. 61y Conversely, mutations
that perturb ubiquitin-dependent degradation of WASp lead to increased Ca2* influx (52). In
arecent study, Calvez er a. (53) explored the relationship between WA Sp function and T-
cell Ca2* responses. They showed that T cells from WAS patients formed conjugates with
APCs at normal frequency but exhibited disorganized actin responses and asymmetric
polarization of the MTOC, culminating in reduced proliferation in response to superantigen-
charged APCs. In keeping with the idea that WA Sp manages signaling dynamics at the IS,
the authors show that in comparison with control T cells, WAST cells show diminished
focusing of phosphotyrosine at the IS. Interestingly, Ca2* mobilization during the sustained
phase of signaling was erratic and sometimes pulsatory, a phenotype that the authors
attribute to the unstable nature of the T cell-APC contact. While this study does not directly
test whether the Ca?* defects in these cells occur at the level of ER store release or CRAC
channel function, the observed alterations in tyrosine phosphorylation patterns suggest that
early signaling steps leading to |P5 generation and ER Ca?* release are perturbed. These
findings showing that WA Sp isimportant for synapse organization are consistent with a
model proposed by Dustin and coworkers (64) in which WA Sp controls synapse symmetry
by opposing the activity of PKC6. According to this view, synapse stabilization and
symmetry may be required for efficient integration of TCR (and, possibly, also
costimulatory) signals.

Signaling defects similar to those observed in WA Sp-deficient T cellsareseenin T cells
lacking HS1, the hematopoietic homologue of cortactin. Like WASp, HS1 can activate
Arp2/3 complex-dependent formation of branched actin filaments, and additionally, it can
stabilize F-actin by binding to it. We showed that T cells lacking HS1 exhibit defectsin
TCR engagement-induced actin dynamics as well as Ca2* mobilization and NFAT
dependent transcriptional activation (°2). In cell spreading assays, HS1-deficient T cells
exhibit unstable lamellipodial protrusions, and in conjugates, they show loss of F-actin
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accumulation at the IS within afew minutes of cell-cell contact. Although we did not
observe destabilization of adhesionin HS1-deficient T cells, defects in integrin-dependent
adhesion and signaling were noted in conjugates formed with HS1-deficient NK cells (69).
Single cell analysis of T-cell Ca?* responses showed that release from ER stores is inhibited.
Moreover, defectsin Ca2* signaling are rescued by treatment with the SERCA pump
inhibitor thapsigargin, indicating that CRAC channel activity isintact (°3). Further analysis
of TCR signaling pathways revealed that PL Cy1 phosphorylation and recruitment to the IS
isintact, but that dynamics of PLCy1 MCs and cytoskeletal association of phospho-PLCy1
was perturbed (°3). Thus, in the case of HS1, it seems clear that defects in stabilization of
branched actin filaments lead to unstable lamellipodial protrusions and aberrant dynamics of
TCR-induced signaling MCs, resulting in defective induction of ER store release. Numerous
technical differencesin the analysisof T cells deficient for HS1 and WA Sp make it hard to
make direct comparisons. Nonetheless, there are many phenotypic similarities, consistent
with the observation that these two proteins frequently work together to generate and
stabilize branched actin networks.

Like WASp and HS1, WAV E2 functions together with WAV E complex components to
activate Arp2/3 complex-dependent formation of branched actin filamentsin response to
TCR engagement (°8). In comparison with T cells lacking WASp or HS1, T cells lacking
WAV E2 show much more profound defects in TCR-induced actin polymerization and
lamellipodial protrusion. WAV E2 deficiency abrogates spreading, and T-cell-APC
conjugates show virtually no actin polymerization at the 1S. Similar defects are observed in
T cellslacking Abi proteins, components of the WAV E complex that are needed for
translocation of WAVE to the IS (66). Aswith loss of other Arp2/3 complex activators, |oss
of WAVE2 |eads to significant blunting of Ca2* mobilization. Surprisingly, however,

WAV E2-deficient cells differ from cells lacking HS1 in that the initial release of Ca2* from
ER storesisintact. Moreover, defects are not bypassed by thapsigargin treatment. This
phenotype points clearly to arequirement for WAVEZ2 in signaling for extracellular Ca2*
influx. Whether WAV EZ2 is needed for Orail function per seor for facilitating STIM 1/
Orail interactions remains to be determined. In other cell types, WAV E2 has been shown to
be targeted to sites of lamellipodial protrusion viainteractions with proteins that control
microtubule dynamics such as EB1 and stathmin (67), raising the possibility that WAVE2
promotes microtubule-dependent dynamics of STIM 1.

Upstream regulators of actin nucleation

As one might expect, molecules that regulate activation of WASp, WAVEZ2, and HS1
downstream of the TCR are required for both actin responses and Ca2* mobilization. For
example, Rac GTPases, which activate WAV E2, are needed for both processes (88 69).
Often, however, the relevant signaling proteins are large, modular molecules with several
interdependent functions. Thus, it can be difficult to distinguish the extent to which they
affect Ca2* signaling by regulating actin dynamics. Several recent reviews address T-cell
signaling pathways leading to actin polymerization in detail (70-72). Here, we discuss key
molecules that illustrate the compl exities associated with upstream regulation of actin and
Ca?* responses.

A good example of this type of functional complexity isVavl. Upon TCR engagement,
Vavlisrecruited to the IS and behaves as a guanine exchange factor (GEF) for the Rho
family GTPases Racl and Cdc42 (73), which activate WAV E2 and WA Sp, respectively.
Vav1 function is essential for actin polymerization at the 1S (74-76). Other Vav family
members are ubiquitously expressed and participate redundantly in the activation of small
GTPases (/" 78). T cells lacking Vav1 show profound defectsin Ca2* mobilization.
Interestingly, however, Vav1'srolein regulating actin and Ca2* responses may be distinct.
In particular, the GEF activity of Vav1 seems to be dispensable for Ca2* mobilization, since
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T cells from knockin mice bearing a Vavl mutant lacking GEF activity display normal Ca2*
and proliferative responses. Furthermore, Vav2 and Vav3 cannot mediate Ca2* elevation in
stimulated T cells, indicating that the isoforms are not completely redundant. In a recent
study, Li et a. (") isolated a 20 amino acid region in the N-terminus of Vav1 that is
indispensable for Ca?* mobilization independently of GEF activity. The authors argue that
this sequence within the calponin homology domain is essential for calmodulin binding and
recruitment to the sites of active signaling (72 89), highlighting the scaffolding function of
Vavl in TCR-induced Ca?* mobilization.

A second example of multidomain complexity is seen in the Tec family kinase Itk. Like
Vavl, Itk isacomponent of the TCR signalosome. Itk phosphorylates PLCy1, and so plays a
critical rolein signaling Ca2* release from ER stores. Through its SH2 domain, Itk interacts
with HS1 and recruitsit to the IS (°3), and T cells deficient for Itk show defective actin
responses similar to those of HS1-deficient T cells (81-83). ViaHSL, Itk also promotes Vavl
recruitment to the IS, so that Itk-deficient T cells also have defects in TCR engagement-
induced activation of Cdc42 and WASp (89). Interestingly, it appears that the domains of Itk
responsible for regulating actin and Ca2* responses are largely distinct. PLCy1 activation
requires kinase activity, while actin regulation requires the SH2 domain and is unaffected by
mutations that abrogate kinase activity (83). Even so, this separation may not be complete.
Binding of SLP-76 to the SH2 domain of Itk has been shown to activate Itk kinase activity
(8%, and the same may be true for interactions with HS1. Thus, there could be a direct
linkage between Ca2* signaling and actin-regulatory pathways, even though actual actin
remodeling is not involved.

In addition to the complexities introduced by multidomain signaling molecules, higher order
molecular organization intertwines actin polymerization and Ca2* signaling. Signalosome
components are held together by multiple low affinity molecular interactions, such that loss
of any one component disrupts interactions among the others and perturbs T-cell signaling
(85-87), As part of this process, actin scaffolds generated by these signaling molecules
stabilize newly formed signaling complexes (46), thereby generating a positive feedback
loop to facilitate T-cell activation. As discussed further below, thereis evidence that this
process requires ongoing actin polymerization, rather than a static actin scaffold (19).
Interestingly, PLCy1 activation appears to be an important control point for this higher order
cytoskeletal control of Ca2* signaling (1% 53).

Myosin IIA function in the T-cell calcium response

Another actin interacting protein that has gained recent interest in the field is myosin 11 A.
This motor protein is the sole representative of non-muscle myosin |1 family in mouse
primary T cells (88) and the predominant isoform expressed in human T cells (19). Results of
recent studies are conflicting asto the exact role that myosin I1A plays at the IS both in
terms of actin dynamics and Ca2* signaling (°0). Initial work by llani et a. (8%) concluded
that myosin I1A isindispensable for centripetal movement of TCR microclusters at the IS
(presumably driven by actin dynamics), aswell asfor both initial and sustained Ca2*
signaling. However, subsequent detailed studies yielded disparate results. In studies of
murine TCR transgenic T cells responding to stimulatory planar bilayers, Yu et a. (%0)
found that inhibition of myosin light chain kinase with ML-7 resulted in a profound decrease
in Ca2* mobilization, while Kumari et al. (°1) observed only a modest dampening of the
Ca?* response upon RNAi-mediated suppression of myosin 1A, Our laboratory tested the
effects of treating Jurkat T cells spreading on stimulatory glass surfaces with the with
ROCK inhibitor Y-27632 (19). While this treatment effectively inhibited myosin I1-
dependent contractility at the 1S, it had no effect on Ca2* signaling. However, we also
observed that loss of myosin Il activity destabilized the architecture of the IS, so it remains
possible that myosin 1A contributes to Ca2* signaling at | ate stages of T-cell-APC
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interaction. We have proposed that the contribution of myosin 1A to TCR signaling may
vary depending on the nature of the activating stimulus, including stimulatory substrate
rigidity and/or ligand mobility (19 50). Additional work will be needed to test this idea and
to define role of myosin 1A under physiological conditions.

Regulation of calcium entry by cytoskeletal control of organelle positioning

Remodeling

In addition to promoting the immediate signaling events that take place downstream of TCR,
the cytoskel eton directs the higher order organization of cellular organelles. This, too,
contributes to sustained Ca?* signaling. Organelles known to modulate Ca2* signalingin a
cytoskel eton-dependent fashion include the ER, mitochondria, and the plasma membrane.

of the endoplasmic reticulum

The ER is distributed throughout the cytoplasm viaits interactions with cytoskeleton. While
comparatively littleis known about ER remodeling in T cells, analysisin other cell types has
shown that ER organization is determined by the balance between movement toward the cell
periphery driven by microtubule motors and attachment to growing microtubule tips, and
movement toward the cell body driven by acto-myosin (%2 93). The net result of these
processes is the formation of specialized sites where the ER membrane comesin close
proximity to the PM, and it is at these siteswhere the ER protein STIM 1 engages Orailin
the PM, promoting Ca2* influx (4. STIM 1 associates with the MT tip tracking protein
EB3, which directs the accumulation of Stim1 to siteswhere the ER interacts with
microtubule plus ends. Indeed, Grigoriev et a. (1) investigated the role of Stim1in ER
remodeling in Hel a cells and MRCS fibroblasts and found that the interaction between
Stim1 and EB3 (and to lesser extent EB1) promotes ER tubule extension. Upon depletion of
ER Ca2* stores, Stim1 oligomerizes and moves within the plane of the ER, triggering the
formation of Stim1-ORAI1 clusters at ER-PM junctions. Consistent with the notion that the
microtubul e cytoskel eton positions the ER to promote Stim1-Orail interactions,
depolymerization of microtubules with nocodazole inhibits SOCE (%).

Recruitment of mitochondria to the immunological synapse

Mitochondria are delivered to the 1S along microtubules by kinesin-1 (%). Besides their
canonical role as* cellular powerhouses’, mitochondria are well-adapted for Ca2* buffering
in their immediate vicinity. Thisturns out to be important for the function of the Orail
channel, which becomes auto-inhibited if the local concentration of Ca2* reaches high levels
(°7). Mitochondria at the IS buffer Ca*, preventing its accumulation at the channel mouth,
thereby ensuring that the CRAC channels remain active. Mitochondria then release Ca2*
away from the IS so that it can propagate the signaling cascade. In this way, mitochondria
set up anarrow gradient of Ca2* ions near the sites of TCR signaling.

Polarization of mitochondriato the IS is microtubule dependent. Contento et &. (%8) reported
that MTOC and mitochondrial polarization to the IS occurs via outside-in LFA-1 signaling,
providing a mechanism for costimulatory signaling. However, microtubules alone are not
sufficient. Mitochondria are large organelles that are fused into intricate networks, impeding
their navigation through intracellular space. Thus, regulated remodeling of mitochondria by
fusion and fission facilitates their delivery to the IS and promotes their interaction with
CRAC channdls, aswell as delivery of ATP to the TCR signaling machinery. TCR
stimulation triggers activation of dynamin-related protein 1 (Drpl), a GTPase essential for
mitochondrial fission (%9). Depletion of Drplin T cellsinteracting with APCs leads to
defectsin mitochondrial polarization and TCR dynamics (199). Once at the IS, mitochondrial
fragments are fused into large structures by mitofusin and become enriched at the pSMAC
region (Fig. 2). Thislocalization is most likely regulated by the interplay between
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microtubule- and actin-dependent motors; cytoplasmic dynein binding to mitochondria
would drive centripetal movement, as would pushing by actin retrograde flow. Centripetal
movement of mitochondria at the IS may be opposed by kinesin-1 and myosin V, which
have been shown to bind to mitochondria and direct their migration toward the cell
periphery in other cell types (101 102) |nterestingly, kinesin-1 binding to the mitochondrial
surfaceis regulated by Ca2* (193). This provides a potential feedback mechanism that could
couple mitochondrial to CRAC activity at the|S.

Plasma membrane flattening

Because the Ca2* buffering efficiency of mitochondriais limited to short distances, it is
essential that these organelles be juxtaposed against the IS within 200 nm of the PM (104).
Therefore, flattening of the T cell PM at the IS isimportant to facilitate signaling. The Hoth
laboratory (194) investigated the importance of cell morphology during T-cell activation.
They discovered that Ca2* signaling was augmented in cells that underwent actin-dependent
PM flattening upon TCR signaling and that these changes promoted mitochondrial delivery
to the peripheral contact zone (Fig. 2). Furthermore, they demonstrated that pre-incubation
of T cellswith non-stimulatory adhesive beads (a process that deforms the PM) greatly
increased their ability to respond to soluble TCR ligands.

Regulation of cytoskeletal dynamics by Ca?* signaling

Ca?* control

Although most of the available literature focuses on cytoskeletal control of Ca2*
mobilization, it is clear that Ca?* signaling also impacts remodeling of both actin filaments
and microtubules. Perhaps more importantly, cytoskeletal dynamics and Ca?* signaling are
inextricably linked at the level of inositol metabolism (Fig. 3).

of the actin cytoskeleton

With respect to the actin cytoskeleton, Bunnell et al. (7) showed that chelation of
extracellular and intracellular Ca2* blocked actin-dependent T-cell spreading on TCR-
stimulatory surfaces. The defect was profound and mirrored that of blocking Src kinase
activity. This observation revealed the necessity for elevated intracellular Ca2* early in the
seguence of events leading to actin polymerization and cell spreading. Although the
mechanisms involved have not been elucidated in detail, many actin-regulatory proteins are
Ca*-sensitive. These include proteins such as myosin |1, L-plastin and gelsolin that are
regulated directly by Ca?*, aswell as proteins such astalin, ezrin, and WASp that are
sensitive to cleavage by the CaZ*-dependent protease calpain.

One proposed mechanism by which Ca?* signaling may modulate T-cell cytoskeletal
function involves cleavage of key actin regulatory proteins by the Ca?*-activated proteases
calpain 1 and 2. Such a mechanism has been proposed to explain seemingly unique
functions of ezrin, which is calpain sensitive, versus the closely related protein moesin,
which lacks a calpain cleavage site (195 196), Similarly, calpain has been implicated in
degradation of WA Sp under conditions where it is not assembled with WIP (107), Finally,
calpain has been proposed to regulate LFA-1 activation and consequent adhesion and
migration via cleavage of talin or other proteins such as a-actinin and filamin A (108-110),
However, while these proteins are calpain substrates, recent work has cast doubt about the
physiological significance of these cleavage events for T-cell function. In the case of ezrin,
our laboratory recently generated mice with conditional deletion of ezrinin mature T cells,
in hopes of uncovering ezrin-specific aspects of T cell function. We found minimal ezrin-
specific defects in these cells; instead, our results pointed to overlapping, dose-dependent
function of ezrin and moesin in T-cell activation, adhesion, and migration (111 112) with
respect to WA Sp, Ca?* influx downstream of TCR stimulation leads to cal pain-dependent
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cleavage of WASp followed by proteasomal degradation, and treatment with the calpain
inhibitor calpeptin reportedly prolonged high F-actin content post TCR stimulation (107: 113),
However only aminor fraction of WASp is cleaved in WT cells, and significant cleavage
was shown only in activated T cells from patients with destabilizing WA Sp mutations

(107, 113) "|_astly, the Huttenlocher laboratory looked closely at cal pain-dependent activation
of LFA-1in T cells. Unlike previous studies that relied on pharmacological inhibition of
calpain, this group generated mice with deletion of calpain 4 in mature T cells (114). Though
T cells from these mice expressed very low levels of both calpain 1 and 2 (both of which
rely on assembly with calpain 4 for stabilization) and exhibited diminished talin proteolysis,
the T cells showed normal LFA-1 dependent adhesion and migration. Binding to APCs,
recruitment of F-actin to the IS, and proliferation were also unperturbed. This study provides
strong evidence that calpain-dependent proteolysis is not a major mechanism by which Ca2*
levels affect actin remodeling in T cells.

While therole of calpainisin question, other cytoskeletal regulatory proteins are clearly
Ca*-dependent. One of the best examplesis the actin bundling protein L-plastin (reviewed
in detail elsewhere in this volume, 119). Although multiple plastin isoforms are expressed
throughout the body, L-plastin is the sole isoform expressed in T cells (116) and seemsto be
the only one that is Ca2*-dependent (117). All plastin isoforms contain two N-terminal Ca2*-
binding sites and two C-terminal actin-binding sites, which enable plastins to bundle actin
filaments. Actin-bundling activity is thought to be negatively regulated by Ca2* (117). Thus,
inlow Ca2* concentrations (~ 100 nM), L-plastin is able to bundle actin, while Ca2*
concentrations in the micromolar range perturb its bundling activity. Given the Ca2*
concentrations associated with T-cell activation, it seems that L-plastin would be active prior
to TCR signaling, when intracellular Ca2* levels are low, and would be inactivated upon
Ca2* elevation during early TCR signaling. This hypothesisisin line with evidence that
early TCR-dependent phosphorylation events and Ca2* influx areintact in T cellslacking L-
plastin (118), However, L-plastin-deficient T cells have defects in IS maturation and
polarization, indicating that L-plastin promotes later stages of T-cell activation, perhaps by
regaining activity as cytoplasmic Ca2* levels decay. Finally, as discussed below, Ca2*
signaling regul ates the balance between T-cell migration and stopping, and L-plastin is
poised to play an important role in that context. In keeping with that idea, L-plastin-deficient
T cells exhibit migration defects (119).

CaZ* control of microtubule dynamics

Ca?* signaling also plays arolein MTOC reorientation to the IS interface. Early work by
the Kupfer laboratory (8) demonstrated that the MTOC polarization is Ca2*-dependent. This
finding was confirmed by Weiss laboratory (120 121y who showed that MTOC reorientation
is dependent on signaling through PL Cy1, and on the presence of extracellular Ca2*. The
relevant Ca2*-dependent molecules were not identified, although involvement of calcineurin
and CaMK was ruled out. More recently, however, the Huse laboratory found that MTOC
reorientation is Ca2*-independent, and depends instead on local production of DAG (thereby
explaining the dependence on PLCy1) (122). In that study, T cells pretreated with Ca2*
blockade solution (EGTA plus BAPTA-AM) polarized their MTOCsto the ISjust as
efficiently as control cells and maintained a high degree of polarization for the first 10 min
of stimulation. One explanation that could reconcile these conflicting findingsis the
temporal differences in the experimental conditions. While the earlier work concentrated on
prolonged T-cell-APC contact (15-60 min), the Huse laboratory assessed MTOC
reorientation by live-cell microscopy immediately post TCR stimulation. Thus, it may be
that Ca2* is not needed for initial MTOC recruitment to the IS, but is required for retention
at later times. Finally, as detailed elsewhere in this volume (323), MTOC reorientation
requires both pulling forces provided by cytoplasmic dynein aswell as pushing forces
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produced by myosin |1 (124 125) Thus, the requirement for myosin Il function could explain
the Ca2* dependence of MTOC reorientation in some experimental settings.

Parallel control via inositol metabolism

While one tends to think about serial signaling pathways in which cytoskeletal dynamics
regulate Ca2* mobilization or vice versa, it isimportant to point out that these two processes
can be signaled in parallel, viaa common mediator, PIP, (Fig. 3). Thus, the observed
coordinate control is at least partially attributable to mutua dependence on inositol
metabolism, since cytoskeletal regulatory pathways are highly sensitive to inositol lipids,
especialy PIP, and its metabolite, diacylglycerol. Many actin-regulatory proteinsincluding
WASp, WAVE2, moesin, cofilin, and Vav1 interact with and are activated by PIP, in the
PM (126-130) pL_Cy1-dependent cleavage of PIP, simultaneously stimulates ER store release
by generating IP3 and consumes a key upstream regulator of actin dynamics. For example,
the actin-tethering protein moesin binds to PIP, (131), which activatesits ability to link PM
proteins to the actin cytoskeleton. Cleavage of PIP, leads to moesin inactivation, resulting in
diminished cortical stiffness, and allowing redistribution of moesin-linked PM proteins
(128.132) |n contrast, cleavage of PIP, by PLCy1 releases and activates cofilin, leading to
enhanced severing activity and providing free monomer and uncapped barbed ends for new
filament growth (133). In the case of WASp and WAVE2, which are activated by both Rho
GTPases and PIP, binding, consumption of PIP, may serve to attenuate or terminate the
response that wasiinitialy activated by TCR-dependent activation of Rho GTPases. The
interplay between inositol metabolism, Ca2* signaling and cytoskeletal reorganization is
even clearer in the case of microtubule reorganization. Here, local accumulation of DAG
produced by PIP, cleavage activates protein kinase C-dependent events leading to MTOC
reorientation. Details of that pathway are reviewed elsewhere in this volume (123).

Higher level complexity: the transition from migration to activation

The complex interplay between cytoskeletal dynamics and Ca?* signaling sets the stage for
finely tuned changes in response to environmental cues. For example, since Ca2* signaling
also controls migratory responses downstream of chemokine receptors, it is poised to
coordinate the ‘ stop’ signal that occurswhen T cells migrating within lymphoid organs
encounter APCs bearing rare agonist pMHCs. In migrating T cells, extrinsic factors such as
chemokines and integrin ligands induce F-actin polymerization in the leading edge of the
cell and myosin |1 contractility to form atrailing uropod (134). The MTOC localizes behind
the nucleus, stabilizing the uropod and establishing directional persistence (135 136). Upon
encounter with an APC, intracellular Ca2* levelsrise, and the T cell stops migrating, rounds
up, and polarizes actin filaments and the MTOC toward the APC. This series of events
occursin mature T cells encountering antigen in peripheral lymphoid organs (137) and aso
during thymic development. Using two-photon microscopy, Bhakta et al. (138) showed that
naive thymocytes are highly mobile when intracellular Ca2* concentration are low.
However, upon an increase in intracellular Ca2* levels, thymocytes become immobile and
eventually undergo positive selection. By artificially manipulating Ca2* levels, the group
could show that elevation of intracellular Ca2* is sufficient to inhibit cell migration,
prolonging interaction with antigen-bearing stromal cells and promoting genetic
reprogramming and positive selection. This study highlights the importance of crosstalk
between Ca2* signaling and cytoskeletal dynamics for T-cell development.

Subsequent work from the Krummel Iaboratory (139) extended the investigation of the
relationship between Ca2* and cell migration using stimulatory planar lipid bilayers. Their
findings showed that the amplitude of the Ca2* response is dependent on the density of the
presented antigen. Consistent with previous /n vivo observations (140: 141y the |aboratory
found that TCR stimulation slowed the T cells but did not strictly halt their migration. T-cell

Immunol Rev. Author manuscript; available in PMC 2014 November O1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Babich and Burkhardt

Page 13

migration was inversely proportional to Ca2* spikes. Thus, while T cells with high
intracellular Ca2* concentrations stopped migration, cells with intermediate Ca2* signaling
showed a graded response in motility. Furthermore, the average speed of migrating T cells
underwent step changes between high, intermediate, and low motile cells. In arelated study,
Marangoni et al. (142) compared the CaZ* responses required for diminished T-cell motility
with those required for translocation of NFAT to the nucleus and found that NFAT
translocation requires high intracellular Ca2* levels associated with migratory arrest. In
tumor-infiltrating T cells, nuclear NFAT was maintained for several minutesin cellswith
diminished intracellular Ca2* and unstable APC contacts, a condition that was associated
with induction of T-cell tolerance. Taken together, these studies demonstrate the integration
of Ca2* mobilization and T-cell migration during TCR signaling, and emphasize the
importance of these events for T-cell development and effector function.

Concluding remarks

The interdependence of Ca2* signaling and cytoskeletal remodeling has been evident since
the earliest single studies of T-cell activation. Over the past several years, we have identified
many of the molecules that control these two processes and placed them into major
regulatory pathways. This has revealed key points of intersection within the signaling
network. Cytoskeletal influence on Ca?* signaling is simultaneously exerted at various
scales, ranging from single molecule conformational changes to changes in cell morphology.
The tight association between Ca2* signaling and the cytoskeleton provides mechanisms by
which environmental cues can tune the T-cell response, such as when the presence of
cognate antigen induces stopping of T cells trafficking through lymphoid organs. In
addition, the complex interplay between Ca2* and the cytoskeleton provides a basis for
positive and negative feedback loops. For example, minute bursts of actin polymerization
may promote early TCR signaling. The resulting rise in cytoplasmic Ca?* may then sustain
actin remodeling during T-cell spreading. Finally, cell shape changes or forces generated by
T-cell spreading may, in turn, promote sustained Ca?* elevation.

While key points of intersection have been identified, many mechanistic questions remain.
Does mechanotransduction occur at the level of the TCR? If so, how is force transmitted to
the TCR, and what, if any, is the contribution of the APC cytoskeleton? Why is activation of
PLCy1 sensitive to perturbation of actin dynamics — is there mechanotransduction at the
level of signaling MCs? How, exactly, do WAV E2 and microtubules affect CRAC
coupling? And, how are the effects of cell shape changes, documented using /1 vitro assays,
manifested in T cellsinteracting with APCs within lymphoid tissues? In addition to these
molecular questions, there are many unanswered questions about higher order interactions
and feedback events. Going forward, the challenge for the field is to understand this
integrated complexity, atask that will require novel approaches ranging from protein
conformational biosensors to multi-photon analysis of signaling dynamics during an /n vivo
immune response.
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Fig. 1. F-actin remodeling and CaZ* mobilization downstream of TCR signaling

TCR stimulation by peptide-loaded MHC triggers L ck-mediated phosphorylation of ITAMs
in the intracellular regions of the TCR complex. Once phosphorylated, these sites recruit
Zap70, which phosphorylates LAT and subsequently SLP-76. These adapter proteins
cooperatively serve as adocking site for PLCy1. SLP-76 also recruits two other key
regulators of downstream signaling: Vav1 and Itk. Vavl promotes F-actin polymerization by
activating Rac and Cdc42, which in turn activate WAV E and WA Sp. Itk phosphorylates and
activates PL Cy1, which then cleaves PIP,, generating DAG and |P3. IP3 binds to I1P3
receptors on the ER membrane, inducing the release of Ca2* from ER stores. This processis
opposed by SERCA pumps, which refill ER stores on an ongoing basis. ER store depletion
triggers oligomerization of STIM 1 in the ER membrane, which facilitates STIM 1 delivery
to the plasma membrane at specialized sites of ER-PM apposition. There, STIM 1 interacts
with and activates the CRAC channel Orail to allow the influx of extracellular Ca2* into the
cytosol. Sustained Ca2* mobilization activates the phosphatase cal cineurin, which then
activates NFAT and allows its shuttling into the nucleus to initiate T-cell reprogramming at
the level of gene expression.
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Fig. 2. Morphological changes and organelle remodeling associated with T-cell polarization in
responseto TCR triggering

(A) Upon encountering an APC bearing cognate pMHC, a T cell undergoes polarization
towards the site of antigen presentation. Actin polymerization at sites of TCR engagement
stabilizes newly formed signaling MCs, and lamellipodial F-actin polymerization induces T-
cell spreading on the APC surface. (B) TCR MCsform in the actin-rich periphery of the IS
and are continuously delivered to the central region in parallel with actin retrograde flow, a
process that involves actin polymerization at the cell periphery coupled with contraction of
the acto-myosin network. For at least some MC components, microtubul e-dependent motor
activity also contributes to centripetal movement. Concomitant with T-cell spreading, the
MTOC isrecruited to the cell-cell contact zone, which establishes tracks for retrograde
traffic of signaling molecules to the cSMAC region, and anterograde movement of the ER
and mitochondriato the IS. Mitochondria undergo fission and fusion to enhance their
trafficking to the sites of active TCR signaling. (C) Once the machinery isset in place, T
cells undergo partial acto-myosin 11-dependent contraction to focus receptors and develop a
mature |S.
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Fig. 3. Parallel control of cytoskeletal remodeling and calcium signaling via lipid metabolism
Phosphatidylinositol 4,5-bisphosphate (PIP,) is required for recruitment and regulation of
key actin-regulatory proteins, such as moesin, WASp, WAVE 2, and cofilin. PLCy1 activity
cleaves PIP; at the | S to generate inositol 1,4,5-triphosphate (1P3) and sn-1,2-Diacylglycerol
(DAG). Therelease of |P5 triggers receptors on the ER membrane, resulting in release of
stored Ca?*. The release of DAG stimulates local protein kinase C activation, defining the
sitefor MTOC polarization, as well as enhancing Ras signaling and other processes. PLCy1
also affects F-actin remodeling at the IS by transiently consuming PIP,. This leads to release
and inactivation of moesin and downregulates activity of WASp and WAVEZ2, aswell as
other signaling proteinsincluding Vav1 and Itk. The actin-severing protein cofilinis
sequestered by binding to PIP, and is released in an active form by PLCy1 activity.
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