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Abstract Wiscott Aldrich Syndrome protein (WASP) deficiency results in defects in calcium ion
signaling, cytoskeletal regulation, gene transcription and overall T cell activation. The activation of
WASP constitutes a key pathway for actin filament nucleation. Yet, when WASP function is eliminated
there is negligible effect on actin polymerization at the immunological synapse, leading to gaps in
our understanding of the events connecting WASP and calcium ion signaling. Here, we identify

a fraction of total synaptic F-actin selectively generated by WASP in the form of distinct F-actin ‘foci’.
These foci are polymerized de novo as a result of the T cell receptor (TCR) proximal tyrosine kinase
cascade, and facilitate distal signaling events including PLCy1 activation and subsequent cytoplasmic
calcium ion elevation. We conclude that WASP generates a dynamic F-actin architecture in the
context of the immunological synapse, which then amplifies the downstream signals required for an
optimal immune response.

DOI: 10.7554/eLife.04953.001

Introduction

Upon encountering antigen-presenting cells (APCs) displaying T cell receptor (TCR) ligands and
adhesion molecules, T cells undergo a series of actin dependent shape changes and signaling steps.
These ligands include MHC complexed with antigentic peptide (MHCp) for mouse monoclonal T cells,
agonist anti-CD3 antibody for polyclonal mouse (2C11) or human (OKT3) T cells. All of these ligands
when presented with ICAM1 in supported lipid bilayers (SLB) trigger a series of changes in T cell
synaptic cytoskeleton and morphology (Campi et al., 2005; Kaizuka et al., 2007, Burkhardt et al.,
2008; llani et al., 2009; Beemiller et al., 2012; Kumari et al., 2012). First, TCR signaling is initiated at
F-actin-based protrusions of polarized T cells (Valitutti et al., 1995; Negulescu et al., 1996). Next,
these early activation events lead to F-actin dependent formation of a broad immunological synapse
(IS) (Wiilfing and Davis, 1998; Grakoui et al., 1999) containing T cell antigen receptor (TCR)
microclusters (MCs) (Bunnell et al., 2002, Campi et al., 2005). Synapse spreading is followed by
myosin || dependent contraction to form supramolecular activation clusters (SMACs) (Monks et al., 1998;
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elLife digest The immune system is made up of several types of cells that protect the body
against infection and disease. Immune cells such as T cells survey the body and when receptors on
their surface encounter infected cells, the receptors activate the T cell by triggering a signaling
pathway.

The early stages of T cell receptor signaling lead to the formation of a cell-cell contact zone called
the immunological synapse. Filaments of a protein called F-actin—which are continuously assembled
and taken apart—make versatile networks and help the immunological synapse to form. F-actin
filaments have crucial roles in the later stages of T cell receptor signaling as well, but how they
contribute to this is not clear. Whether it is the same F-actin network that participates both in
synapse formation and the late stages of T cell receptor signaling, and if so, then by what
mechanism, remains unknown.

The answers came from examining the function of a protein named Wiscott-Aldrich Syndrome
Protein (WASP), which forms an F-actin network at the synapse. Loss of WASP is known to result in the
X-linked Wiscott-Aldrich Syndrome immunodeficiency and bleeding disorder in humans. Although
T cells missing WASP can construct immunological synapses, and these synapses do have normal levels
of F-actin and early T cell receptor signaling, they still fail to respond to infected cells properly.

Kumari et al. analyzed the detailed structure and dynamics of actin filament networks at
immunological synapses of normal and WASP-deficient T cells. Normally, cells had visible foci of
newly polymerized F-actin directly above T cell receptor clusters in the immunological synapses, but
these foci were not seen in the cells lacking WASP. Kumari et al. found that the F-actin foci facilitate
the later stages of the signaling that activates the T cells; this signaling was lacking in WASP-deficient
cells.

Altogether, Kumari et al. show that WASP-generated F-actin foci at immunological synapses
bridge the early and later stages of T cell receptor signaling, effectively generating an optimal
immune response against infected cells. Further work will now be needed to understand whether
there are other F-actin substructures that play specialized roles in T cell signaling, and if foci play
a related role in other cell types known to be affected in Wiscott-Aldrich Syndrome
immunodeficiency.

DOI: 10.7554/eLife.04953.002

Griffiths et al., 2001, llani et al., 2009). TCR MCs form in the outer lamellipodia-like ‘distal’ (d)SMAC,
after which signaling MCs move centripetally through the lamella like ‘peripheral’ (p)SMAC, driven by
centripetal flow of F-actin (Ponti et al., 2004; Varma et al., 2006, DeMond et al., 2008; Vardhana
et al., 2010, Kumari et al., 2012; Yi et al., 2012) to eventually reach the ‘central’ (c)SMAC. The
c¢SMAC is an F-actin depleted zone (Stinchcombe et al., 2006), in which TCR is destined for down-
regulation via extracellular vesicle formation (Vardhana et al., 2010; Choudhuri et al., 2014).

Actin polymerization and remodeling continues throughout the lifetime of the immunological
synapse, and studies using a variety of T cell activation systems have identified a critical requirement
for F-actin and its molecular effectors in optimal TCR signaling and T cell function (Valitutti et al.,
1995; Holsinger et al., 1998, Snapper et al., 1998, Campi et al., 2005; Burkhardt et al., 2008).
Pharmacological disruption of global F-actin or genetic manipulations that reduce synaptic F-actin
polymerization result in defects in early signaling events such as cell adhesion, TCR MC formation,
early TCR signaling, TCR MC transport, as well as the TCR-distal events including intracellular calcium
rise, and store operated calcium ion entry (DeBell et al., 1992; Valitutti et al., 1995; Campi et al.,
2005; Nolz et al., 2006; Varma et al., 2006). Since global actin perturbation impairs all the above
steps, it has been a challenge to dissect the mechanistic role of F-actin in TCR signaling and to identify
whether there exist functionally distinct F-actin networks within SMACs that may play distinct roles at
various stages of the pathway.

One way to investigate functional diversity within the subsynaptic F-actin network, during TCR
signaling, is to utilize actin perturbations that dissociate early TCR signaling from late TCR signaling.
One such context is provided by the loss of an actin effector protein—Wiscott Aldrich Syndrome
Protein (WASP). F-actin polymerization relies on regulatory factors such as nucleation promoting
factors (NPFs) and downstream nucleation factors such as Arp2/3 complex (Blanchoin et al., 2000).
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WASP is a hematopoietic-cell-specific NPF activated downstream of TCR, originally identified as
a target of loss-of-function mutations in the X-linked immunodeficiency Wiskott-Aldrich syndrome
(WAS) (Derry et al., 1994; Machesky and Insall, 1998, Takenawa and Miki, 2001). WAS T cells
exhibit a variety of T cell activation defects such as aberrant synapse morphology, impaired
proliferation in response to TCR-activation stimuli, and impaired calcium ion signaling (Molina
et al., 1993; Cianferoni et al., 2005; Calvez et al., 2011). Similar to WAS patients, T cells from
Was—/— mice also display profound defects in antigen receptor-induced proliferation, IS stability,
nuclear NFAT translocation and IL-2 production (Snapper et al., 1998; Zhang et al., 1999, 2002;
Cannon and Burkhardt, 2004). T cells from Was—/— mice (Zhang et al., 1999; Krawczyk et al.,
2002; Cannon and Burkhardt, 2004; Sims et al., 2007) and human WAS T cells (Molina et al.,
1993; Dupre et al., 2002; Calvez et al., 2011) have apparently normal total F-actin levels as well
as SMAC organization within the immunological synapse, while initial TCR-associated kinase
signaling in response to MHC-peptide complexes in the context of adhesion ligands is also intact
(Rengan et al., 2000; Sato et al., 2001; Krawczyk et al., 2002; Cannon and Burkhardt, 2004,
Sims et al., 2007). Despite many years of study, the F-actin network to which WASP contributes,
and the specific TCR-signaling steps in which it participates to regulate calcium signaling, remain
unknown.

How might WASP regulate T cell calcium ion responses without affecting total synaptic F-actin? As
an NPF, WASP binds to Arp2/3 and G-actin, increasing the ability of Arp2/3 to nucleate actin branches
from existing filaments. Moreover, WASP binds hematopoietic lineage cell-specific protein 1 (HS1)
through its SH3 domain (Dehring et al., 2011). HS1 is also activated in response to TCR stimulation
(Taniuchi et al., 1995, Gomez et al., 2006) and can weakly activate Arp2/3 complex, as well as
stabilize branched F-actin filaments (Weaver et al., 2001). HS1 deficient T cells show defects similar
to WASP—/— T cells in TCR activation dependent calcium elevation, proliferation, IL-2 secretion and
NFAT activation (Taniuchi et al., 1995; Hutchcroft et al., 1998; Gomez et al., 2006). It is therefore
possible that a previously uncharacterized subclass of the synaptic F-actin network at the TCR MC that
represent a small fraction of total synaptic F-actin, is generated by WASP and stabilized by HS1,
supports calcium signaling. Alternatively, it has also been proposed that WASP is a modular
scaffolding protein capable of interacting with other proteins of the TCR signalosome, independent of
its role as an NPF (Huang et al., 2005). Although these two hypotheses are not mutually exclusive, an
F-actin dependent role could be addressed by identifying the F-actin network in the immunological
synapse to which WASP contributes, and independently targeting this network to investigate the role
of the WASP-generated F-actin subpopulation in calcium signaling at the synapse. Thus, WASP can be
utilized as a tool to probe for functionally distinct organizational categories of F-actin within the
synapse.

The signaling cascade leading up to calcium ion elevation in response to TCR engagement has
been studied in much detail (Braiman et al., 2006, Mingueneau et al., 2009; Sherman et al., 2011).
TCR ligation triggers a molecular program that results in activation of phospholipase C-y1 (PLCy1),
through phosphorylation on Y-783 by Itk (Park et al., 1991). Once it has been activated, phospho-
PLCy1 catalyzes the conversion of phosphatidylinositol-4,5 bisphosphate (PIP,) to inositol tri-
sphosphate (IP3) and diacylglycerol. IP3 then acts as a second messenger and facilitates release of
calcium ions from intracellular stores. Following TCR activation, PLCy1 recruitment at the synapse is
primarily mediated via binding to linker of activated T cells (LAT) (Braiman et al., 2006). Additionally,
recent studies using Jurkat T cells and thymocytes have reported a role for the cortical cytoskeleton in
both promoting and inhibiting PLCy1 activation (Babich et al., 2012; Tan et al., 2014). Although
PLCy1 binds F-actin in biochemical assays, and loss of F-actin dynamics led to reduced PLCy1
phosphorylation in Jurkat T cells (DeBell et al., 1992; Carrizosa et al., 2009, Patsoukis et al., 2009;
Babich et al., 2012), the dependence of PLCy1 activation on WASP activity has not been tested in
primary T cells. We hypothesize that WASP and HS1 generate an F-actin network that maintains
phosphorylation of PLCy1 at the synapse, accounting for their role in calcium ion elevation (Carrizosa
et al., 2009).

In this study, we tested these hypotheses by characterizing the F-actin microarchitecture at the
immunological synapse that is selectively regulated by WASP, and evaluating its role in early signaling,
HS1 and PLCy1 dynamics, and calcium signaling at the immunological synapse. The results presented
here identify and functionally characterize a WASP-dependent actin network at the immunological
synapse that regulates phospho-PLCy1 levels at TCR MC and calcium ion elevation in T cells. This
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network is visualized as F-actin foci that result from new F-actin actin polymerization at TCR MC.
Disruption of these actin foci does not impair initial synapse formation or early TCR signaling.
Importantly, disruption of the F-actin foci using a selective Arp2/3 complex inhibitor also spares early
TCR signaling, but results in the same impairment in HS-1 and PLC-y1 activation that has been
observed in WASP deficient T cells. Defining a new F-actin network in the immunological synapse, and
its molecular regulation, furthers our mechanistic understanding of the cytoskeletal regulation of T cell
activation and its dysfunction in WAS pathology.

Results

WASP generates F-actin foci in the immunological synapse

Utilizing a planar surface functionalized with anti-mouse CD3 antibody and ICAM1 as an antigen-
presenting surface, we first compared the F-actin cytoskeleton in polyclonal primary CD4 T cells from
either wild type (WT) or WASP deficient C57BL/6J mice at the early spreading stage of immunological
synapse formation. To resolve dynamic F-actin networks, we employed a labeling strategy designed
to highlight growing filament ends (Furman et al., 2007). A 1 min pulse of Rhodamine-ATP-G-actin in
live-permeabilized cells identified freshly incorporated subunits (Fresh F-actin), while subsequent
fixation and Alexa488-phalloidin staining identified total F-actin. T cells synapses were visualized using
total internal reflection fluorescence microscopy (TIRF) to selectively illuminate structures within
200 nm of the interface. WT T cells exhibited discrete F-actin rich features (Figure 1A, arrowheads).
We refer to these structures as F-actin ‘foci’. To selectively extract and quantify F-actin foci from the
lamellar actin background, we utilized a spatial frequency-filter based local background correction
method (Figure 1A graph, Figure1—figure supplement 1A,2, ‘Materials and methods’). This foci
extraction method is capable of reliably identifying foci on a variable background of lamellar F-actin
(Figure 1—figure supplement 1B). Assessment of the amount of newly polymerized actin in foci vs
surrounding lamellar areas using the above-mentioned labeling and quantification method revealed
that the F-actin foci incorporate fresh actin subunits (Figure 1B). This indicates that the foci are
dynamically polymerizing structures, rather than sites where F-actin accumulates due to rearrange-
ment of preexisting filaments. Furthermore, the polymerization rate of individual filaments (Fresh/
Total ratio) is similar between foci and surrounding areas in WT T cells (Figure 1B), indicating that the
foci result from preferential local nucleation, rather than enhanced polymerization rate of existing
filaments. When compared at the whole synapse scale, overall synaptic F-actin levels, as well as the
rate of actin polymerization were similar in WT and WASP—/— T cells, as expected (Cannon and
Burkhardt, 2004). However, there was a significant reduction in F-actin foci in WASP—/— cell synapse
(Figure 1C), suggesting that dynamic F-actin foci are formed in a WASP dependent manner. The loss
of foci in WASP—/— T cells is not due to non-specific developmental defects, since acute siRNA
mediated knockdown of WASP in activated mouse CD4 T cells resulted in a similar phenotype to the
WASP—/— T cells. No reduction in total F-actin and significant reductions in foci were observed in
WASP siRNA transfected cells imaged on SLB with anti-CD3 and ICAM1 (Figure 1—figure
supplement 3). This lack of effect on total F-actin in WASP deficient or depleted cells may be
attributed to the fact that these foci contribute to <10% of the total synaptic F-actin intensity
(Figure 1—figure supplement 1B top graph), or perhaps to a compensatory increase in the lamellar
and lamellipodial actin when more ATP-G-actin is available for polymerization regulated by other
NPFs such as WAVE2. These results indicate that WASP dependent F-actin foci form in the T cell
synapse.

We next assessed the role of other WASP-family proteins—NWASP and WAVE2—in generating
F-actin foci in WT cells. NWASP (WASL) is a close homolog of WASP and is capable of compensating
for WASP’s function in T cell development (Cotta-de-Almeida et al., 2007). However, primary CD4
T cells from Wasl—-/— mice (Figure 1D) formed immunological synapses with F-actin foci similar to
T cells from WT mice. WAVE2 is required for immunological synapse formation itself (Nolz et al.,
2006), thus we could not examine synaptic foci in WAVE2 deficient T cells. Instead, we determined
the localization of NWASP and WAVE?2 in the immunological synapse in order to gain further insight
into their possible role in foci formation. Activation of T cells with anti-CD3 and ICAM1 recruited
NWASP and WAVE2 to the IS (Figure 1—figure supplement 4A) (Nolz et al., 2006), but the
recruited proteins failed to co-localize with F-actin foci (Figure 1—figure supplement 4B, NWASP
coloc. = 9.48% + 0.76 n = 78; WAVE2 coloc. = 14.36% + 1.25, n = 54). We were unable to identify
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Figure 1. WASP dependent dynamic F-actin foci at the T cell synapse. (A) Barbed-end decoration of freshly polymerized actin filaments reveals the
dynamic behavior in WT (top panel) and WASP—/— (bottom panel) T cell synapses. CD4 T cells isolated from WT and Was—/— C57BL/6J mice were
processed for barbed end labeling (fresh actin) to identify the actin incorporation sites within 1 min of polymerization, as well as total F-actin
labeling, as described in ‘Materials and methods’. Arrowheads indicate the sites of F-actin foci in both ‘Total’ as well as ‘Fresh’ F-actin images.
(B) The graph shows average incorporation of Rhodamine actin per pixel within the foci or the surrounding lamellar pixels (Fresh F-actin); and

a ratio of Rhodamine and Alexa488 actin intensities in foci or surrounding pixels, in the WT cells. The foci areas in the total F-actin image were
identified and outlined by intensity rank-based filtering as described in ‘Materials and methods’. The synaptic area outside the foci was defined as
lamellar surround. These outlined areas were then analyzed in both ‘fresh F-actin’, and "total F-actin’ raw images and per pixel intensity is plotted
in the graph. Note that while the rate of polymerization (Fresh/Total) ratio is not altered, there is higher incorporation of actin at foci sites (Fresh).
n = 20 cells, p1 < 0.0001, p2 = 0.181 (Wilcoxon nonparametric pairwise comparison). (C) The graph shows total F-actin intensity, fresh F-actin
intensity, or the ratio of the two at the synapse, each point represents value obtained from single cell, n in WT = 33, n in WASP—/— = 35; p1 = 0.06,
p2 = 0.059, p3 = 0.0008. Scale bars, 5 um. (D) WASP is critical for F-actin foci generation. Freshly purified CD4 T cells from WT 129 (top left), Was
—/—= 129 (bottom left), Wasl—/— (top right), or Was/— Wasl—-/— 129 (bottom right) mice were activated on SLB containing ICAM1 and anti-CD3
antibody, fixed and stained with Alexa488-phalloidin. Note that only the lack of WASP, and not N-WASP, causes loss of actin foci. n1 = 54, n2 = 45,
n3=53,n4=28.p1=0.30, p2 < 0.0001, p3 < 0.0001. (E) F-actin fociin CD4 T cells freshly purified from wild type (WT) mouse (left) or from Hcls1—/-
mouse (center) or Hels1—/— Was—/— (right) C57BL/6J mice were incubated with bilayer containing anti-CD3 antibody and ICAM1 for 2 min. Cells
were then processed for F-actin staining (Alexa488-phalloidin) and visualized. Note that, while there is a minor alteration in F-actin foci in HS1-/-
Figure 1. continued on next page
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Figure 1. Continued
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T cells, there is a gross deficit in HS1—/— WASP—/— double knockout T cells. The graph shows the quantification of total intensity of F-actin foci at
the synapse in individual T cells derived from the indicated backgrounds. n1 =48, n2 = 70, n3 = 64, p1 = 0.031, p2 = 0.0001.

DOI: 10.7554/eLife.04953.003

The following figure supplements are available for figure 1:

Figure supplement 1. Method of analyzing F-actin foci from the raw F-actin TIRF image.

DOI: 10.7554/eLife.04953.004

Figure supplement 2. Test of rank-filter based processing method for foci detection.

DOI: 10.7554/eLife.04953.005

Figure supplement 3. WASP silencing causes a reduction in F-actin foci.

DOI: 10.7554/eLife.04953.006

Figure supplement 4. WASP family members NWASP and WAVE2 are not associated with F-actin foci.

DOI: 10.7554/eLife.04953.007

Figure supplement 5. WASP dependent HS1 recruitment and F-actin foci.

DOI: 10.7554/eLife.04953.008

suitable reagents for staining of endogenous WASP in the immunological synapse. These results
demonstrate that NWASP does not contribute to F-actin foci and suggest that WAVE2 is unlikely to
contribute directly to formation of F-actin foci.

In addition to WASP, deficiency of HS1, a cortactin-related NPF, also leads to reduced calcium ion
signaling in T cells (Gomez et al., 2006). Therefore, we examined the role of HS1 in generation of
F-actin foci using T cells from WT and HS1—/— mice. F-actin foci formation was only marginally
impaired in HS1—/— T cells, this reduction was modest compared to T cells from mice lacking both
HS1 and WASP (Figure 1E). A similar marginal reduction in F-actin foci intensity was obtained by
siRNA-mediated knockdown of HS1 in activated mouse CD4 T cells (Figure 1—figure supplement
5A). HS1 is phosphorylated on Y397 (phospho-HS1) during T cell activation (Hutchcroft et al., 1998;
Gomez et al., 2006; Carrizosa et al., 2009). We next determined if this phosphorylation is WASP
dependent. WT mouse CD4 T cells activated with anti-CD3 and ICAM1 displayed foci of phospho-HS1
in the synapse (Figure 1—figure supplement 5B). These phospho-HS1 foci were significantly reduced
in WASP—/— or WASP—/— NWASP—/— CD4 T cells, but not in CD4 T cells from NWASP deficient mice
(Figure 1—figure supplement 5B). Thus, HS1 is recruited to the T cell synapse in a WASP dependent
manner.

F-actin foci localize at TCR MC sites and require TCR-proximal signaling
To understand the mechanism underlying formation of the F-actin foci, we determined if they were
associated with TCR MCs. In murine polyclonal CD4 T cells activated on anti-CD3 and ICAM1
containing bilayers, as in Figure 1, TCR MC localized with F-actin foci (Figure 2A, upper panels,
arrows). Similar co-localization of F-actin foci with TCR MC was observed with monoclonal AND TCR
transgenic T cells stimulated with MHCp and ICAM1 (Figure 2A, lower panels). The tracking of TCR
with H57 Fab allowed accurate quantification of co-localization between TCR and F-actin. After 1 min
of cell attachment, 40 + 1.7% of TCR MCs co-localized with F-actin foci in these cells
(Figure 2—figure supplement 1A, 'Materials and methods’, Figure 2B), significantly above chance
level co-localization (Figure 2—figure supplement 1B), whereas only 15 + 0.07% of total ICAM1
exhibited association with actin foci (Figure 2B), which was not different from chance. When
examined in Human primary CD4 T cells as well, F-actin foci formed in WASP-dependent manner
(Figure 2—figure supplement 2A,B), and TCR MCs, but not ICAM1 MCs, were associated with
F-actin foci (TCR co-localization with F-actin foci was 34.5% + 2.0, n = 76, co-localization of
ICAM1 with F-actin foci was 13.1% + 0.8, n = 66) (Figure 2C,D). Furthermore, TCR-activation led
to HS1 phosphorylation at the T cell synapse, as shown previously (Figure 2—figure
supplement 3A) (Hutchcroft et al., 1998, Gomez et al., 2006), and the phospho-HS1 co-
localized with F-actin foci in both TCR-activation stimuli (Figure 2—figure supplement 3B). This
indicated that TCR-MCs associated foci exist in a variety of primary CD4 T cells including mouse
and human primary T cells, stimulated with diverse TCR-triggering contexts, namely anti-CD3
and peptide-MHC complexes.
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Figure 2. F-actin foci co-localize with TCR MC and not ICAM1. (A) Freshly isolated mouse AND CD4 T cells were
incubated with lipid bilayer reconstituted with Alexa568 tagged anti-CD3 (TCR, red) and Alexaé47-ICAM1 (blue), for
2 min at 37°C. Post incubation, cells were fixed and stained for F-actin using Alexa488-phalloidin (green), and
imaged using TIRF microscopy. The region marked 1 in the ‘merge’ panel is magnified to clearly show the
co-localization of actin foci with TCR-containing MCs. Lower panels: AND mouse CD4 T cell blasts exhibit F-actin
enrichment at TCR MCs sites. AND mouse CD4 T cell blasts were labeled with Alexa568-H57 Fab (TCR), and
incubated with bilayer reconstituted with MHCp and Alexa405-ICAM1 for 2 min at 37°C, fixed and stained for F-actin.
Region marked 2 in the ‘'merge’ image is further magnified to show the overlap between TCR and F-actin (arrows).
Figure 2. continued on next page
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Figure 2. Continued

The insets 1 and 2 in both MHC-activated and anti-CD3-activated mouse T cells are contrasted differently from the
original ‘'merge’ image to highlight the TCR and actin distribution. (B) Quantitation of the fraction of TCR or ICAM1
localized with F-actin foci. AND CD4 T blasts were incubated with antigen containing bilayer for 2 min, as described
above and the images acquired were processed for colocalization assessment as described in ‘Materials and
methods’ section. Each point represents fraction of total synaptic TCR or ICAM1 associated with F-actin foci in

a single cell. n1 =99, n2 = 100. p < 0.0001. (C, D) Freshly isolated human peripheral blood CD4 T cells were
incubated with bilayer containing Alexa568 tagged anti-CD3 (TCR), Cy5-ICAM1 at 37°C, fixed and stained with
Alexa-488 phalloidin and subsequently imaged using TIRF microscopy. The image shows a freshly attached cell to
the bilayer. The line marked by the arrow in the ‘merge’ panel shows the line-scan profile plotted in (C), where
relative intensities of ICAM1 and actin with single TCR MC across the pixels marked in the ‘merge’ image are shown.
Scale bar, 5 pm.

DOI: 10.7554/elife.04953.010

The following figure supplements are available for figure 2:

Figure supplement 1. Test for co-localization of foci and MCs.

DOI: 10.7554/eLife.04953.011

Figure supplement 2. Loss of WASP in Human CD4 T cells, and its impact on foci induction.

DOI: 10.7554/elife.04953.012

Figure supplement 3. (A) Increased phosphorylation of HS1 in response to TCR activation.

DOI: 10.7554/elife.04953.013

Figure supplement 4. Lack of F-actin foci in the ¢cSMAC of primary T cells and the Jurkat T cell line.

DOI: 10.7554/elife.04953.014

Figure supplement 5. Association of TCR MC and F-actin foci in live T cell.
DOI: 10.7554/elife.04953.015

Since a fraction of TCR MC did not localize with foci, we sought to examine this population. High
magnification microscopy of T cell synapses formed by mouse CD4 T cells on anti-CD3 and ICAM1
SLB provided insight into both synaptic and non-synaptic F-actin organization (Figure 2—figure
supplement 4, Videos 1-2). As expected (Stinchcombe et al., 2006), the F-actin signal progressively
decreases toward the synapse center where central TCR MC are devoid of F-actin foci
(Figure 2—figure supplement 4, asterisks in the ‘Merge’ panel). To eliminate the possibility that
the lack of foci on TCR MC in the nascent cSMAC is a consequence of cell fixation methodology, we
examined foci in live T cells by transfecting them with LifeAct-GFP, a peptide construct that selectively
labels F-actin (Riedl et al., 2008). Since primary mouse T cells showed poor survival after transfection,
we used human primary CD4 T cells that exhibit higher viability (Chicaybam et al., 2013). In live cell
synapses, LifeAct-GFP was observed to form foci on TCR MCs, which continued to co-migrate until
the delivery of MCs to the cSMAC (Figure 2—figure supplement 5, Video 3). Analysis of kymographs
revealed that the average TCR MC speed was 5.66 + 2.2 pm/min, average Foci speed was 6.63 +
3.1 pm/min (p = 0.21, ns). The TCR signals persisted in the cSMAC, whereas the GFP foci were
extinguished, consistent with continual nucleation of F-actin at the MC site (Figure 1A) until it reaches
the cSMAC, where TCR signals are known to be terminated (Vardhana et al., 2010; Choudhuri et al.,
2014).

We also note that the Jurkat T cell line stimulated using a similar anti-CD3 and ICAM1 activation
system displayed only random co-localization of TCR MC and F-actin (9.0% + 0.09 TCR colocalized
with F-actin, n = 47, Figure 2—figure supplement 4, right panels, Video 4). This suggests that
a distinct F-actin organization may exist in this commonly used leukemia derived cells line.

Since F-actin foci are associated with TCR MC sites in pSMAC and dSMAC zones, we sought to
investigate the requirement of TCR signals for their formation. AND T cells activated using ICAM1
alone displayed some interface F-actin (Figure 3A, top images); however, a significant induction of
F-actin foci only occurred when AND TCR transgenic T cells were incubated with both ICAM1 and
agonist peptide-MHC (Figure 3A, top graph). A similar requirement of TCR triggering for F-actin foci
formation was observed in primary human CD4 T cells (Figure 3A, bottom graph), although it did not
scale with the dose of TCR agonist; in T cells incubated with low or high concentrations of anti-CD3
antibody, we did not observe a corresponding increase in F-actin foci (Figure 3—figure supplement
1). These results show that TCR activation triggers robust foci formation above a threshold level of
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Video 1. AND CD4 T cells were incubated with bilayer
containing ICAM1 and Alexa568 tagged anti-CD3 (red)
for 2 min, fixed and stained with Alexa488-phalloidin
(green). Cells were then visualized using spinning disc
confocal microscopy. Video shows 3D reconstruction of
images acquired.

DOI: 10.7554/elife.04953.016

Cell biology | Immunology

Video 2. AND CD4 T cells were labeled with Alexa568-
H57 Fab (red), were activated on bilayer containing
MHCp and ICAM1 for 2 min, then fixed and stained with
Alexa488-phalloidin (green), and eventually imaged
using spinning disc confocal microscopy. Video shows
3D reconstruction of images acquired.

DOI: 10.7554/elife.04953.017

TCR engagement, in the presence of a constant
level of ICAM1 mediated adhesion. The residual

foci intensity observed in T cells in the ICAM1 alone case (Figure 3A graph) is primarily due to fluctuations
in lamellipodial F-actin detected as foci by our analysis method (Figure 1—figure supplement 1,2).

To further investigate the role of TCR signaling in foci formation, we examined the role of Src family
kinases (SFK) signaling. TCR signaling proceeds by accumulation of active Lck, as indicated by

Video 3. Human CD4 T cells were transfected
with Lifeact-GFP (pseudocolored green) and were in-
cubated with bilayer containing ICAM1 and Alexa568
tagged anti-CD3 (pseudocolored red). The video was
acquired with 5 s intervals between frames. The play rate is
80 times faster than the acquisition rate. Scale bar, 5 pm.
DOI: 10.7554/elife.04953.018

phosphorylation of the activation loop, in MCs
(Campi et al., 2005). Consistent with this,
phospho-SFK localized to F-actin foci associated
MC (Figure 3—figure supplement 2). Further-
more, inhibition of SFK phosphorylation using
PP2 (Varma et al., 2006) significantly reduced
the number of F-actin foci (Figure 3B), indicating
that TCR-driven SFK signaling is required for their

Acting

Video 4. Jurkat T cells were transfected with
Lifeact-GFP (pseudocolored green) and incubated
with bilayer containing ICAM1 and Alexa568 tagged
anti-CD3 (pseudocolored red). The video was
acquired with 15 s interval between frames. The play
rate is 33 times faster than the acquisition rate. Scale
bar, 10 pm.

DOI: 10.7554/eLife.04953.019
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Figure 3. Relationship of F-actin foci to TCR engagement and TCR proximal signaling. (A) AND mouse CD4 T cell blasts were incubated with lipid bilayer
containing Alexa405-ICAM1 and MHCp, or bilayer containing Alexad05-ICAM1 alone (ICAM1) at 37°C for 2 min. The cells were fixed and stained with Alexa488-
phalloidin (Actin) and imaged using TIRF microscopy. The images in the right panel are reflection (interference reflection microscopy — IRM) images in the two
conditions, showing cell-bilayer contact area. Actin images were further high-pass filtered using a rank-filter based subtraction method (see ‘Materials and methods’)
to reveal spatially localized actin features within each cell, under both incubation conditions. The graph (top right) shows average intensity of actin features (F-actin
foci) per cell. n1 =31, n2 = 53, p < 0.0007. The bottom graph shows foci induction in human CD4 T cells. Primary human CD4 T cells were incubated with bilayer
containing Alexad05-ICAM1 alone, or both Alexad05-ICAM1 and Alexa568 tagged anti-CD3 at 37°C for 2 min, and were then fixed and stained for F-actin using
Alexad88-phalloidin, for imaging using TIRF microscopy. The graph shows integrated intensity of actin spots per cell, each point on the graph represents a single
cell. n1=117,n =79, p < 0.0001 (B) Formation of TCR MC associated F-actin foci requires SFK signaling. AND T cell blasts were treated with PP2 for 10 min at 37°C
and were labeled with Alexa568-H57 Fab. This was followed by further incubation with ICAM-1/MHCp containing bilayer at 37°C for 2 min, and fixation and staining
for F-actin. The TIRF images show Actin (Alexa488-phaloidin, green) and TCR (red) distribution in DMSO treated (control, left) and PP2 treated (right) cells. Graph (far
right) shows mean intensity of F-actin features in control and PP2 treated cells. n1 = 32, n2 = 35, p < 0.0001. (C) Phospho-Zap70 levels are normal in WASP deficient
cells. Freshly isolated C57BL/6J WT or WASP—/— CD4 T cells were activated on bilayer containing anti-CD3 and ICAM1 for 2 min, fixed and stained with anti-
phospho-Zap70 antibody (left graph). The top images show phospho-Zap70 intensity at the synapse, and the left graph shows integrated intensity of phospho-
Zap70 per cell. n1 =30, n2 =49, p = 0.17. The WASP—/— cells display normal whole cell levels of TCR-induced F-actin, as marked by Alexa488-phalloidin staining
(right graph). The cells were imaged under wide-field illumination settings — each point represents total F-actin intensity per cell. n1 = 53, n2 = 212, p = 0.583.
DOI: 10.7554/eLife.04953.020

The following figure supplements are available for figure 3:

Figure supplement 1. Effect of TCR-ligand concentration on F-actin foci formation.
DOI: 10.7554/eLife.04953.021

Figure 3. continued on next page
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Figure 3. Continued

Figure supplement 2. Localization of phosphorylated form of Src family kinases (SFK) at TCR MC/F-actin foci.
DOI: 10.7554/elife.04953.022

formation. We conclude that F-actin foci correspond to sites of early TCR signaling and require
active SFKs.

The next step in TCR proximal signaling is the SFK mediated recruitment of Zap70 to the TCR
cytoplasmic domains and the phosphorylation of Zap70 by SFK on sites including Y319 in the
interdomain linker. TCR-induced Zap70 Y319 phosphorylation in MC and overall F-actin levels at the
synapse were comparable between primary WT and WASP—/— cells (Figure 3C). This result
demonstrates that WASP is dispensable for TCR-proximal signaling including Zap-70 recruitment and
activation.

F-actin foci underlie WASP’s function in calcium ion signaling

Having found that TCR MC formation and proximal signaling is independent of WASP, we
investigated further TCR-distal signaling events that would lead to WASP-dependent calcium ion flux,
as reported previously in human and mouse T cells (Zhang et al., 2002; Calvez et al., 2011). PLCy1 is
one of the key effector molecules regulating calcium ion flux downstream of TCR-activation, which
mediates inositol-1,3,4-trisphosphate synthesis in the plasmamembrane, thereby facilitating calcium
ion release from endoplasmic reticulum stores (DeBell et al., 1992; Babich et al., 2012). In addition,
there is evidence that PLCy1 can bind to F-actin (Carrizosa et al., 2009). We therefore reasoned that
F-actin foci may locally enrich PLCy1 at the TCR MC, supporting PLCy1 interaction with TCR
signalosome effectors such as Itk and LAT, thereby promoting its phosphorylation and activation
(Braiman et al., 2006). We therefore assessed the role of WASP in PLCy1 activation in WT and WASP
—/— T cells. WASP—/— T cells exhibited significantly reduced phospho-PLCy1 levels at the synapse
(Figure 4A). The reduction in phospho-PLCy1 levels was not due to a general decrease in total PLCy1
levels in the WASP—/— T cells, as the levels of total cellular PLCy1 were comparable in WT and WASP
—/— whole T cell lysates (Figure 4B). Thus, a loss of WASP-driven F-actin foci is correlated with
impairment of PLCy1 activation at the synapse.

We next asked whether the well-established role of WASP in T cell calcium ion signaling pathway
could be accounted for by F-actin foci, or by other pathways involving WASP-dependent
protein—protein interactions. WASP is a scaffolding protein and interacts with a variety of proteins
at MCs (Thrasher and Burns, 2010). To distinguish between two possible roles of WASP, activating
Arp2/3 complex to generate F-actin foci, or acting as a direct molecular scaffold, in the regulation of
PLCy1 activation at the synapse, we overexpressed mutant forms of human WASP, including an Arp2/
3-activation deficient form (WASP A473-480 or WASPAC) and SFK scaffolding deficient form
(WASPY291F) in human CD4 T cells. WASP binds with Arp2/3 via its C-terminal verprolin-homology,
central, acidic (VCA) domain, while a stretch of hydrophobic residues in the central domain is reported
to facilitate Arp2/3 activation without affecting the binding of Arp2/3 to the acidic domain (Machesky
and Insall, 1998; Panchal et al., 2003). WASPAC lacks this Arp2/3 activation sequence within the
C-region (Kato et al., 1999) (Figure 4C, schematic). Indeed, T cells expressing GFP-WASPAC showed
normal levels of Arp2/3 complex recruitment (data not shown), as well as total F-actin at the synapse,
and synaptic recruitment of WASPAC was comparable to WT WASP (Figure 4C,D). However,
WASPAC expressing cells were severely defective in F-actin foci generation, as well as in PLCy1
phosphorylation at the synapse (Figure 4C,D). This result indicates that WASP-dependent
Arp2/3 activation is essential for foci genesis and activation of calcium ion signaling effector
PLCy1 at the synapse. Overexpression of WASP Y291F (Dovas et al., 2009), a mutant form
defective in phosphorylation dependent interaction with SH2 domain of SFKs (Padrick and
Rosen, 2010), had no effect on foci formation or PLCy1 activation. This result suggests that
WASP's scaffolding of SFKs via Y291 does not play a role in foci formation or PLCy1
phosphorylation (Figure 4D). Together these results demonstrate a critical requirement of
WASP’s Arp2/3 activation and foci nucleation ability for PLCy1 activation. Thus, decoupling of
WASP’s interactions in MC from the ability to activate the Arp2/3 complex, but not SFKs, results
in a strong disruption of F-actin foci.
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Figure 4. WASP regulates calcium ion signaling via generation of F-actin foci. (A) WASP deficient T cells exhibit
impaired TCR-induced PLCy1-Y783 phosphorylation. CD4 T cells freshly isolated from C57BL/6J WT or Was—/—
mice were activated with ICAM1 alone, or both ICAM1 and anti-CD3 for 2 min. Cells were fixed and immunostained
for phospho-PLCy1 (image not shown), and visualized using confocal microscopy. The images show phospho-PLCy1
staining in the bottom section (synapse plane) of WT (left) or WASP—/— (right) cells. The graph on the left shows
phospho-PLCy1 levels in the synapse planes in the cells in WASP deficiency background. n1 =104, n2 = 60, n3 = 94,
p < 0.0001. (B) Assessment of total cellular PLCy1 phosphorylation in WASP—/— T cells using western blot. Freshly
isolated WT or WASP—/— CD4 T cells were incubated with anti-CD3/CD28 beads for 5 min, lysed, and the lysates
were analyzed using western blotting. Note that, in WASP—/— T cells TCR-induced PLCy1 phosphorylation is
defective, while total PLCy1 is comparable to the WT cells. HS1 phosphorylation was included as a control that
exhibits diminished phosphorylation in WASP—/— T cells. These experiments were repeated twice with similar
results. (C) Arp2/3 activation by WASP is essential for F-actin foci generation and optimal phospho-PLCy1 at the
synapse. Human CD4 T cells were transfected with GFP-WASP (WT), GFP-WASPAC, or GFP-WASP291F (shown in
the schematic on the left) for 16 hr and were then incubated with anti-CD3/ICAM1-reconstituted bilayers for 2 min,
fixed and stained with Alexa568-phalloidin and anti-phospho-PLCy1 antibody. The images show the GFP (green),
F-actin (blue) and phospho-PLCy1 (red) distribution at the synapse for WT (left) and WASPAC (right) T cells. (D) The
graph shows levels of GFP-tagged constructs at the synapse, analyzed and obtained via 50% rank filtering of images
shown in (D), as described in ‘Materials and methods’, as well as the quantitation of total synaptic F-actin, foci
and phospho-PLCy1 in the same cells, normalized to mean values obtained for WT cells. n1 = 23, n2 = 27, n3 = 33,
n4 = 27 p values, p < 0.0007 between WT and WASPAC cells for foci and phospho-PLCy1 levels, and between
untransfected and cells expressing GFP tagged constructs for ‘GFP puncta’. For all other comparisons, p > 0.05.
DOI: 10.7554/elife.04953.009
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Arp2/3 complex polymerizes F-actin foci at TCR MCs

Next, we more directly addressed the role of Arp2/3 complex, which is known to nucleate actin
filaments de novo downstream of WASP (Dominguez, 2010), in foci induction. A previous study
utilizing shRNA-mediated silencing of the Arp2/3 complex subunits in Jurkat T cells had demonstrated
that actin polymerization at the synapse can occur independent of the Arp2/3 complex (Gomez et al.,
2007). However, the high-resolution subsynaptic distribution of Arp2/3 complex at the primary T cell
synapse remains unknown. We first assessed the association of Arp2/3 complex with TCR MCs. A
significant fraction of endogenous Arp2/3 complex is recruited at the TCR MC sites (Figure 5A,
Figure 5—figure supplement 1A). In T cells treated with CK666, a small molecule inhibitor affecting
conformational change in Arp2/3 complex and thus actin nucleation (Nolen et al., 2009), the
association of both Arpc2 and 3 with TCR MCs was reduced (Figure 5A, Figure 5—figure
supplement 1A). The same treatment conditions also led to loss of F-actin foci (Figure 5B). As
a control, CK689, an inactive isomer of CK666 (Figure 5—figure supplement 1B), and the inhibitor
for another class of actin nucleation factors, formins (Rizvi et al., 2009), or inhibition of myosin Il using
blebbistatin (Straight et al., 2003), did not inhibit F-actin foci (Figure 5B, Figure 5—figure
supplement 1C), indicating that these foci specifically require Arp2/3 complex for nucleation, and
myosin-mediated actin rearrangement is not required for their formation.

Since CK666 treatment can rapidly eliminate foci, we utilized CKé66 to probe the kinetics of foci
formation at individual TCR MCs. Given the small size and large lamellar actin background at the
primary T cell synapse as well as highly mobile nature of MCs, this analysis would be extremely
challenging to perform in the bilayer system. Therefore, we activated T cells on micron-scale anti-CD3
dots adsorbed on a glass surface where the remaining space was coated with ICAM1 in an attempt to
restrict TCR signaling to a known, micron scale location in an artificial immunological synapse. Due to
their aforementioned performance in time-lapse studies after transfection, human CD4 T cells were
utilized for LifeAct-GFP transfection and live imaging on anti-CD3 microdots. Incubation with the
patterned surface triggered rapid actin polymerization at the anti-CD3 microdot, reflected in LifeAct-
GFP accumulation (Figure 5C-E). This enrichment of LifeAct at the microdot was not due to the
topography of the cell contact interface (Owen et al., 2013), since a global membrane labeling dye,
Dil, and integrin LFA1 were not enriched at these sites (Figure 5—figure supplement 2A,B). Within 5
s of CK666 treatment, pre-existing LifeAct enrichment was lost from the microdot site (Figure 5C-E
Video 5) and fresh microdot contact events failed to elicit LifeAct-GFP enrichment in the presence of
CKé666 (Video 5). These data confirm that the TCR engagement sites dictate Arp2/3 complex-
dependent F-actin foci formation at the synapse, de novo. Furthermore, ligand microdots can spatially
pattern F-actin foci by predefining the sites of TCR engagement, and thus provide a suitable platform
for spatially isolating TCR dependent mechanisms.

F-actin foci and calcium ion signaling at the synapse

We have shown above that WASP’s foci forming ability is required for PLCy1 activation (Figure 4B). In
order to test whether the independent elimination of foci by perturbation of Arp2/3 complex would
phenocopy this effect, we chose to deplete foci using CK666 and monitor the consequences of this
treatment on early TCR signaling, PLCy1 activation and subsequent calcium ion signaling. CKé66
treatment, which resulted in severe inhibition of F-actin foci (Figure 5B, Figure 6—figure supplement
1B), did not diminish TCR-proximal activation events. While fewer T cells formed synapses after
CK666 treatment (37% reduction), upon adhesion, F-actin dependent processes including formation
of TCR MC and exclusion of CD45 phosphatase from MCs (Campi et al., 2005; Varma et al., 2006)
(Figure 6A), and the phosphorylation of Zap70 on Y319 (Figure 6B) proceeded normally in CK666-
treated cells. In addition, other TCR-activation dependent signaling events leading to calcium flux,
such as the phosphorylation of LAT on Y171 and SLP76 on Y145 were not altered in CKé66-treated
cells in comparison to control treated cells (data not shown). However, a severe defect was observed
in the levels of TCR-induced PLCy1 phosphorylation on Y783 after CK666 treatment (Figure 6C,D),
where a drop was observed in both the number and intensity of phospho-PLCy1 clusters at the
synapse (Figure 6C). Furthermore, while phospho-PLCy1 localized with F-actin foci in control cells,
treatment with CK666 led to loss of foci-associated phospho-PLCy1 (Figure 6E, Figure 6—figure
supplement 1A). Upon attenuation of F-actin foci, total PLCy1 levels were also reduced at the
synapse, matching the decline in phospho-PLCy1 levels (Figure 6F) and indicating that the impaired
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Figure 5. F-actin foci require activity of the Arp2/3 complex. (A) Arp2/3 complex is localized at TCR MCs. DMSO (Control, top) or CKéb6 treated-(bottom)
AND mouse T cell blasts were labeled with Alexa568-H57 Fab and were incubated with bilayer containing ICAM1 and MHCp for 2 min at 37°C, and then
fixed and immunostained with anti-Arp3 antibody. The TIRF images show relative distribution of Arp3 (left, green) and TCR (middle, red) in the TIRF plane.
Note that while Arp3 distribution overlaps with MCs in control cells, MCs are significantly devoid of Arp3 in CKé66-treated cells (areas from ‘merge’ panels
further magnified in insets). The graph (far right) shows the fraction co-localization of total synaptic TCR with Arp3. n1 =54, n2 = 41, p < 0.0001. In this
experiment, the mean intensity of Arp3 in synapse was 3.46 (+0.022) x 10° for control cells, and 2.38 (+0.015) x 10 for CKé66 treated cells (data not shown),
and it was repeated twice with similar results. (B) TCR MCs associated F-actin enrichment is generated by Arp2/3 complex activation. AND T cell blasts
were treated with DMSO alone (control), or 100 pM CKé66, or 100 pM blebbistatin for 10 min at 37°C, were labeled with Alexa568-H57 Fab (TCR, red), and
incubated with Alexa405-ICAM1 (ICAM1, blue) and MHCp-containing bilayer in the presence of the specific inhibitors at 37°C for 2 min. Cells were
subsequently fixed, stained with Alexad88-phalloidin and imaged using TIRF microscopy. Note that there is a substantial reduction in number of actin foci
in the cells treated with CK666. The graph (far right) shows the quantit