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T-cell receptor (TCR) signalling is triggered and tuned at
immunological synapses by the generation of signalling
complexes that associate into dynamic microclusters.
Microcluster movement is necessary to tune TCR signal-
ling, but the molecular mechanism involved remains
poorly known. We show here that the membrane-micro-
filament linker ezrin has an important function in micro-
cluster dynamics and in TCR signalling through its ability
to set the microtubule network organization at the immu-
nological synapse. Importantly, ezrin and microtubules
are important to down-regulate signalling events leading
to Erkl/2 activation. In addition, ezrin is required for
appropriate NF-AT activation through p38 MAP kinase.
Our data strongly support the notion that ezrin regulates
immune synapse architecture and T-cell activation
through its interaction with the scaffold protein DIgl.
These results uncover a crucial function for ezrin, DIgl
and microtubules in the organization of the immune
synapse and TCR signal down-regulation. Moreover,
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they underscore the importance of ezrin and Dlgl in the
regulation of NF-AT activation through p38.
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Introduction

Immunological synapses are organized cell contacts between
T lymphocytes and antigen-presenting cells (APC). They form
upon T-cell receptor (TCR) engagement with peptide antigens
bound to major histocompatibility complex molecules
displayed on the APC surface (Dustin, 2008). TCR triggering
is rapidly followed by the generation of signalling complexes
that nucleate at the immunological synapse forming dynamic
microclusters composed of TCR subunits and various signal-
ling effectors, including the adaptors SLP-76 and LAT, and the
ZAP-70 protein tyrosine kinase. Microclusters nucleate at the
periphery of the immunological synapse, in which signalling
is initiated and then move towards the centre of the synapse
in which the activation signal is extinguished (Bunnell et al,
2002; Mossman et al, 2005; Yokosuka et al, 2005; Barr et al,
2006; Varma et al, 2006; Nguyen et al, 2008). Therefore, the
topology and dynamics of signalling complexes seem critical
to trigger and tune TCR signalling.

Interactions between plasma membrane components, sig-
nalling molecules and the actin cytoskeleton are important to
coordinate in time and space the signal transduction machin-
ery that connects the TCR with downstream activation
events (Burkhardt et al, 2008). Various findings support the
involvement of membrane-microfilament linkers of the ezrin,
radixin, moesin (ERM) family in molecular reorganization
at the immunological synapse (Charrin and Alcover, 2006;
Burkhardt et al, 2008). A function of ERMs in cortical
cytoskeleton relaxation (Faure et al, 2004), CD43 exclusion
from the immunological synapse (Allenspach et al, 2001;
Delon et al, 2001; Savage et al, 2002; Ilani et al, 2007), TCR
clustering (Roumier et al, 2001) and B-cell receptor diffusion
dynamics at the plasma membrane (Treanor et al, 2010) has
been proposed. Over-expression of the ezrin FERM domain,
or genetic inactivation of ezrin, impairs NF-AT activation and
IL2 production (Allenspach et al, 2001; Roumier et al, 2001;
Shaffer et al, 2009). The respective functions of ezrin and
moesin in immunological synapse formation and in T-cell
activation remain, however, unclear (Ilani et al, 2007; Shaffer
et al, 2009).

ERMs are ubiquitous multifunctional proteins involved
in cellular architecture, cell motility, protein localization
and intracellular signalling. ERMs display a homologous
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N-terminal FERM domain, which interacts with membrane
phospholipids, trans-membrane proteins (i.e. ICAMs, CD43,
CD44) and signalling molecules. Moreover, ERMs interact
with F-actin through their C-terminal region (Charrin and
Alcover, 2006; Fievet et al, 2007; Fehon et al, 2010). ERMs
exist in equilibrium between a ‘closed’ conformation in
which the FERM and the C-terminal domains interact
quenching protein interaction sites, and an ‘open’ conforma-
tion favouring interactions through the FERM domain and
with the actin cytoskeleton. The open conformation is
favoured by phosphoinositide binding and by the phosphor-
ylation of a threonine residue in the C-terminal region
(Fievet et al, 2004). TCR activation induces the rapid depho-
sphorylation and rephosphorylation of this threonine in both
ezrin and moesin (Delon et al, 2001; Faure et al, 2004; Ilani
et al, 2007). Ezrin can interact mainly through its FERM
domain with a variety of signalling molecules (Takahashi
et al, 1997; Ng et al, 2001; Poullet et al, 2001; Perez et al,
2002; Urzainki et al, 2002; Pujuguet et al, 2003; D’Angelo
et al, 2007; Ilani et al, 2007; Ruppelt et al, 2007; Naba et al,
2008).

The mammalian homologue of the Drosophila Disc
large protein (Dlgl, Dlghl, hDlg) is an ubiquitous PDZ-
domain-containing scaffold protein of the MAGUK family. It
is relocalized to the immunological synapse, it associates
with various TCR signalling molecules, such as Lck,
ZAP-70, TCR{ and WASP and is implicated in NF-AT activa-
tion and cytokine production (Xavier et al, 2004; Ludford-
Menting et al, 2005; Round et al, 2005). The effect of DIgl on
NF-AT activation is due to its ability to interact with and
regulate the activity of the p38 MAP kinase (Round et al,
2007). Moreover, DIgl associates through its PDZ-1 and PDZ-2
domains, or its 13 domain with erythrocyte band 4.1 and
ezrin FERM domains, but not with moesin or radixin (Lue
et al, 1996). Finally, Dlgl is also known as part of a complex
of cell polarity regulators that control microtubule position-
ing in migrating cells (Etienne-Manneville et al, 2005).

We investigated here the function of ezrin in molecular
dynamics at the immunological synapse and in TCR signal-
ling. Ezrin silencing perturbs the localization and movement
of signalling microclusters by perturbing the microtubule
network organization at the immunological synapse.
Importantly, ezrin silencing impairs the control of TCR-prox-
imal signalling events leading to enhanced Erk1/2 activation.
In addition, ezrin is required for appropriate NF-AT activa-
tion. We propose that ezrin performs this dual regulation of
T-cell activation through its interaction with the scaffold
protein Dlgl. Our data unveil an important function of
ezrin and DIgl in structuring the immunological synapse
and in the regulation of T-cell activation.

Results

Ezrin silencing impairs signalling microcluster dynamics
TCR triggering is followed by the generation of microclusters
containing TCR as well as signalling effectors, such as SLP-76,
LAT and ZAP-70. The generation and dynamics of signalling
microclusters depend on functional interactions between the
TCR, the signal transduction machinery and the actin cytos-
keleton (Dustin, 2008). As ezrin links plasma membrane
components with filamentous actin and is redistributed to
the immunological synapse (Roumier et al, 2001; Ilani et al,
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2007), we hypothesized that ezrin could modulate signalling
microcluster dynamics. We, therefore, specifically silenced
ezrin expression using siRNA (Figure 1A) and we studied the
dynamics of SLP-76-containing signalling microclusters. SLP-
76 is a central scaffold molecule of the TCR signalling cascade
(Acuto et al, 2008), which is rapidly recruited from the
cytosol to microclusters that then move from the periphery
to the centre of the immunological synapse (Bunnell et al,
2002; Campi et al, 2005; Yokosuka et al, 2005).
SLP-76-deficient Jurkat J14 cells stably expressing YFP-
SLP-76 were transfected with control (siCont) or siEzrin
(siEz) oligonucleotides. Three days later, cells were plated
on anti-CD3-coated coverslips and SLP-76 was tracked by live
cell imaging. As earlier described by others (Yokosuka et al,
2005; Varma et al, 2006), SLP-76 microclusters were gener-
ated in two phases. A first one, concomitant with cell expan-
sion, occurred soon after cell contact with the stimulatory
surface, and was characterized by the formation of micro-
cluster aggregates at the initial contact sites. A second phase
occurred on cell spreading and was characterized by micro-
cluster nucleation at the periphery of the synapse followed by
continuous movements of microclusters towards the centre
(Supplementary Movie 1). SLP-76 microclusters dissipated
before reaching the centre of the synapse (Supplementary
Movie 1) (Bunnell et al, 2002; Yokosuka et al, 2005). In ezrin-
silenced cells, the first phase of SLP-76 microclusters seemed
to occur normally, whereas the second phase seem not to
take place. Thus, SLP-76 microclusters rapidly formed, but
remained aggregated and did not undergo centripetal move-
ments (Supplementary Movie 2). The differences were
readily seen in ‘3D 4 time’ projections and in kymographs.
Control cells displayed radial trajectories and convergent
kymograph lines (Figure 1B, top and bottom, respectively),
whereas ezrin-silenced cells showed disconnected microclus-
ter areas and parallel kymograph lines (Figure 1C, top and
bottom, respectively). Similar results were obtained with
another siRNA oligonucleotide, ruling out possible off target
effects (Figure 1D). On the basis of movies and 3D + time
projections, we classified the cells in three categories: phe-
notype 1 represented cells displaying microclusters with
radial trajectories, phenotype 3 represented cells with micro-
clusters undergoing short or undetectable trajectories and
remaining in separate zones and phenotype 2 was intermedi-
ate between 1 and 3. Control cells mostly fitted with pheno-
type 1, and ezrin-silenced cells with phenotype 3 (Figure 1E).
To further investigate the relationship between ezrin silen-
cing and altered SLP-76 microcluster dynamics, we fixed the
cells at two different times and we analysed the location of
SLP-76 microclusters, as well as the presence of phosphory-
lated LAT at Tyr'®! (pLAT). Consistent with live cell data
(Supplementary Movie 1), at 1 min of contact, SLP-76 micro-
clusters appeared grouped in several contact zones in both
control and ezrin-silenced cells. SLP-76 microcluster aggre-
gates were also enriched in pLAT (Figure 2A and B). At 3 min,
most control cells generated numerous microclusters that
appeared as SLP-76 and pLAT positive puncta evenly distrib-
uted over the contact surface (Figure 2C). In contrast, ezrin-
silenced cells displayed SLP-76 microclusters forming several
aggregates in which pLAT was enriched (Figure 2D).
Quantitative image analysis confirmed that SLP-76 microclusters
were more aggregated in ezrin-silenced cells than in control
cells (Figure 2E). Similarly, ezrin-silenced primary CD4 T cells
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Figure 1 Ezrin silencing alters SLP-76 microcluster dynamics. Jurkat J14 cells expressing YFP-SLP-76 and transfected with siRNA control or
with two different siRNA ezrin oligonucleotides (siEz-1 and siEz-2) were activated on anti-CD3-coated coverslips and subjected to live cell
imaging using a spinning disc confocal microscope. (A) Total cell lysates were analysed by western blot with pooled anti-ezrin and anti-moesin
Abs. Inhibition of ezrin expression was ~80% for oligo 1 and ~70% for oligo 2. (B-D, top panels) Projection of 3D + time images of YFP-SLP-
76 microclusters recorded during 5min at 12 images/min. (B-D, bottom panels) Kymograph representation of YFP-SLP-76 events occurring
within an 8 pixel band located in the middle of each cell. Note that kymograph patterns in control cells converged towards the centre, whereas
in ezrin-silenced cells remained parallel. (E) Using movies and 3D + time projections, cells were classified in three categories. Phenotype 1
corresponds to cells in which SLP-76 microclusters displayed centripetal movements (B; Supplementary Movie 1). Phenotype 3 corresponds to
cells in which SLP-76 microclusters stayed rather immobile within the same subcellular areas (C; Supplementary Movie 2). Phenotype 2
corresponds to intermediate states between phenotype 1 and 3. A representative experiment is shown out of five independent experiments for
(B), (C) and (E) and two for (D). Histograms in (E) show data from five independent experiments * s.d. Scale bar =5 pm.

from healthy donors exhibited more frequently pLAT micro-
cluster aggregates, as well as more irregular shapes than
control cells (Figure 2G-I).

Consistent results were obtained when general phospho-
tyrosine (pTyr) detection was performed (Supplementary
Figure 1A and B). In ezrin-silenced cells, pTyr appeared
present not only in SLP-76-containing puncta, but also in
less defined large structures to which the SLP-76 puncta
seemed connected (Supplementary Figure 1B, right panels).

©2010 European Molecular Biology Organization

Finally, ezrin silencing also altered the pattern of microclus-
ters containing TCR{ (Supplementary Figure 1C), indicating
that the effect of ezrin silencing was not exclusive of SLP-76
and LAT.

We next assessed whether ezrin was part of signalling
microclusters. As shown in Supplementary Figure 1D, ezrin
was not enriched in SLP-76 microclusters, suggesting that the
effect of ezrin silencing on microcluster dynamics was un-
likely due to the involvement of ezrin in these structures.
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Figure 2 Ezrin silencing alters the pattern of signalling microclusters. (A-D) Jurkat J14 cells expressing YFP-SLP-76 and transfected with
siRNA control or siRNA ezrin-1 were activated on anti-CD3-coated coverslips for 1 or 3 min, fixed, stained with anti-phospho-LAT (pTyr'®!) Abs
and analysed by confocal microscopy. An optical section at the contact surface is shown. One representative experiment out of five is shown.
(E) The percentage of SLP-76 microclusters within aggregates was measured by quantitative image analysis, as described in Materials and
methods, and plotted versus the percentage of cells displaying various degrees of aggregation. Ezrin-silenced cells displayed significant higher
percentage of microcluster aggregates (P = 0.003). (F-I) Human primary CD4 T cells were transfected with siRNA control, or siRNA ezrin-1 and
processed as follows: (F) Primary T cells were fixed, permeabilized, stained with anti-ezrin Abs and analysed by flow cytometry. Mean
fluorescence intensity (MFI) is indicated. Ezrin expression in ezrin-silenced cells was reduced by 50%. (G, H) Primary T cells were activated on
anti-CD3 + anti-CD28-coated coverslips for 5min, fixed, permeabilized, stained with anti-ezrin and anti-phospho-LAT (pTyr'®") Abs, and
analysed by confocal microscopy. An optical section at the contact surface is shown. (I) Primary T cells were classified in three categories.
Phenotype 1 corresponds to cells displaying a regular shape and a homogeneous pattern of pLAT microclusters (G). Phenotype 3 corresponds
to cells displaying irregular shapes and an aggregated pattern of pLAT microclusters (H). Phenotype 2 corresponds to intermediate patterns.
One representative experiment is shown out of three. Plots show data from three independent experiments * s.d. Scale bar =5 pm.

In agreement with the data obtained on activatory planar
surfaces, pSLP-76/pLAT microcluster patterns in T-cell-APC
immunological synapses were also altered by ezrin silencing.
Thus, microclusters were more aggregated in ezrin-silenced
cell synapses than in controls (Supplementary Figure 2).

Altogether, these results indicate that ezrin ensures the
appropriate topology and dynamics of signalling microclus-
ters at the immunological synapse.

Ezrin silencing alters cell spreading and microtubule
network organization at the immune synapse

The drastic differences in microcluster dynamics and locali-
zation in ezrin-silenced cells, without ezrin enrichment in
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microclusters, suggested to us that ezrin might have a func-
tion in the general organization of the immunological
synapse. Indeed, T-cell spreading on stimulatory planar sur-
faces occurs through the generation of lamellipodia-like
membrane extensions that structure immunological synapses
(Dustin, 2008) and could be perturbed by ezrin silencing. We,
therefore, investigated whether ezrin silencing could alter
general features of the synapse, such as cell shape, as well
as the organization of the cortical actin cytoskeleton and
microtubules.

Once fully spread, most control cells (Jurkat and primary T
cells) displayed approximate round shapes (Supplementary
Figure 3A and B, left panels). In contrast, ezrin-silenced cells

©2010 European Molecular Biology Organization



spread to a certain extent, but formed less regular contact
zones with multi-lobbed contours (Supplementary Figure 3A
and B, right panels). Morphometric analyses showed that
ezrin-silenced cells displayed lower shape factor values than
control cells (Supplementary Figure 3C and D), indicating
more irregular shapes.

Shape differences were not due to a general failure to
structure the cortical actin cytoskeleton in lamellipodium-
like membrane protrusions, as the presence of F-actin and
moesin at the periphery of the synapse was not significantly
affected by ezrin silencing (Supplementary Figure 4).

In Drosophila, the lack of moesin, the only ERM protein in
this organism, lead to altered cell shape and impaired micro-
tubule spindle organization during mitosis (Carreno et al,
2008; Kunda et al, 2008). We, therefore, hypothesized that
ezrin silencing could affect microtubule organization at the
synapse. Concomitantly with cell spreading, the microtubule-
organizing centre (MTOC) was reoriented towards the contact
zone. Moreover, in control Jurkat cells, microtubules formed
a radial array initiated at the MTOC and surrounding the
nucleus that then reached and stopped perpendicularly to the
cell periphery (Figure 3A, arrowheads). SLP-76 microclusters
were aligned on microtubules. In contrast, in ezrin-silenced
cells, the radial array of microtubules appeared disorganized
with microtubules bundles accumulated around the MTOC.
More strikingly, fewer microtubules extended towards the cell
periphery and when they did, they seemed tangled curving
along the plasma membrane (Figure 3B, arrowheads). Similar
results were found with a different siRNA ezrin oligonucleo-
tide, ruling out off target effects (Figure 3C). To quantify
microtubule alterations provoked by ezrin silencing, we
assessed MTOC positioning towards the contact zone,
which depends on the appropriate anchoring of microtubules
to the periphery of the synapse (Kuhn and Poenie, 2002).
Thus, ezrin-silenced cells, although frequently reoriented the
MTOC towards the contact zone, as seen by epifluorescence
microscopy, less efficiently apposed the MTOC to the
stimulatory surface, as assessed by total internal reflection
fluorescence (TIRF) microscopy (Figure 3D-F).

Consistent results were found with human primary CD4 T
cells. Although less finely patterned than in Jurkat T cells,
primary T cells displayed radial microtubules that reached the
periphery of the contact zone in control cells, but much less
efficiently in ezrin-silenced cells (Figure 3G and H).

To further assess the relationship between the persistence
of microcluster aggregates and disordered microtubule net-
work in ezrin-silenced cells, we analysed the effect of the
microtubule polymerization inhibitor colchicine on micro-
cluster distribution and dynamics. Interestingly, colchicine-
treated cells displayed multi-lobbed shapes and SLP-76/pLAT
microcluster aggregates (Figure 3I) resembling those of ezrin-
silenced cells (Figures 2D, H and 3B). Moreover, SLP-76
microcluster dynamics in colchicine-treated cells displayed
alterations similar to those found in ezrin-silenced cells
(Figure 3J; Supplementary Movie 3).

Therefore, ezrin is required for microtubule network orga-
nization at the immunological synapse, which in turn ensures
microcluster dynamics.

Ezrin silencing leads to enhanced TCR signalling
Given that ezrin silencing altered the topology and dynamics

of several important signalling effectors at the immunological
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synapse, we investigated further its possible impact on TCR
signalling. To this end, we analysed various early activation
events in cells stimulated with sAg-pulsed APCs, soluble anti-
CD3 or anti-CD3-coated coverslips.

Interestingly, the signalling capacity of ezrin-silenced cells
was not impaired, but in all cases significantly enhanced.
Thus, pTyr content at Jurkat/APC synapses was increased in
ezrin-silenced cells (Figure 4B). Western blots revealed
at least seven main hyper-phosphorylated polypeptides in
ezrin-silenced cells (Figure 4C, arrows). In particular, the
regulatory Tyr’®® residue of phospholipase C (PLC)y-1 was
hyper-phosphorylated (Figure 4D). Higher pLAT content was
also observed at the contact site of ezrin-silenced cells
activated on anti-CD3-coated coverslips (Supplementary
Figure 5). Finally, the activation of Erkl/2 serine-threonine
kinases was also enhanced in ezrin-silenced cells activated
with sAg-APCs, as assessed by the phosphorylation of
Thr?®/Tyr*** regulatory residues (Figure 4E). Consistently,
ezrin-silenced primary CD4 T cells stimulated with soluble
anti-CD3 displayed enhanced pErk1/2 content, as assessed by
intracellular FACS analysis (Figure 4G).

To better dissect the regulatory function of ezrin in TCR
signalling, we monitored Erkl/2 activation kinetics. In the
absence of co-stimulus, TCR engagement with an anti-CD3
mAb induced a fast activation phase followed by a de-
activation phase that could be monitored by FACS analysis
and characterized by the appearance of two cell populations
of distinct pErk content. The whole cell population was fully
activated within 3 min in both control and ezrin-silenced cells
(Figure 5A), suggesting that ezrin silencing did not affect the
activation phase. In contrast, when pErk fluorescence started
to regress, distinct histogram profiles were observed in con-
trol and ezrin-silenced cells. In the latter, more cells displayed
intermediate levels of Erk1/2 phosphorylation (Figure 5A, left
versus right panels), indicating a slower de-activation phase.
Interestingly, colchicine-treated cells also displayed a slower
de-activation phase similar to that of ezrin-silenced cells
(Figure 5B, left versus right panel).

Altogether, these data indicate that ezrin controls micro-
tubule network organization at the immunological
synapse. Moreover, ezrin silencing leads to enhanced TCR-
proximal signalling. On the basis of earlier studies linking
microcluster centripetal movement to down-regulation of
TCR signalling (Mossman et al, 2005; Varma et al, 2006),
our results are consistent with a model in which the defects in
microtubule-based microcluster centralization in ezrin-si-
lenced T cells lead to an impaired negative regulation of
TCR signalling.

The enhanced TCR signalling capacity of ezrin-silenced
cells shown here seems in contradiction with earlier data
showing that over-expression of the ezrin FERM domain, or
the genetic inactivation of ezrin, lead to impaired NF-AT
activation and IL2 production (Allenspach et al, 2001;
Roumier et al, 2001; Shaffer et al, 2009). We, therefore,
investigated the effect of ezrin silencing on NF-AT activation.
In line with earlier findings, ezrin-silencing impaired NF-AT
activation in response to sAg-pulsed APCs (Supplementary
Figure 6). Interestingly, no significant alteration was found
on NF-kB-mediated transcription and a weak inhibition was
observed on AP-1-driven transcription. Noteworthy, we
observed similar inhibitory effects of ezrin silencing in
cells activated with calcium ionophore and phorbol ester
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that bypass the TCR-proximal activation events. Similar
results were obtained with an unrelated siRNA oligonucleo-
tide, ruling out off target effects of the siRNA ezrin.
Finally, a similar effect of ezrin silencing on NF-AT activation
was observed using NF-AT-driven YFP expression as a
read out (Supplementary Figure 6). Therefore, these data
indicate that ezrin is necessary for NF-AT, but not NF-kB,
activation.
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Dig1 links ezrin with microtubule organization at the
synapse and with NF-AT activation

We next searched a molecular link explaining ezrin dual
regulation of synapse architecture and NF-AT activation.
Several evidences from different experimental systems
pointed to the PDZ-domain-containing scaffold protein
Dlgl. First, Dlgl was shown to interact with ezrin FERM
domain in epithelial cells (Lue et al, 1996); second, Dlgl is
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part of a molecular complex necessary for microtubule inter-
action with the cell cortex and MTOC positioning in migrating
astrocytes (Etienne-Manneville et al, 2005); third, Dlgl trans-
locates to the immunological synapse and regulates T-cell
activation (Xavier et al, 2004; Round et al, 2005) and fourth,
Dlgl regulates NF-AT activation without affecting NF-xB
(Round et al, 2007). We, therefore, looked for a functional
relationship between ezrin and Dlgl.

First, consistent with the reported ezrin-DIgl interaction
in epithelial cells (Lue et al, 1996), we found that DIgl was
enriched together with ezrin at the periphery of the immu-
nological synapse (Figure 6A, arrowheads). Moreover, ezrin
silencing delocalized Dlgl from this zone of the synapse
(Figure 6B and C). Finally, we found, using the proximity
ligation in situ assay (Duolink) (Fredriksson et al, 2002;
Soderberg et al, 2006; Infantino et al, 2010), that Dlgl inter-
acted with ezrin in T cells, but not with moesin. Interaction
seemed constitutive as it was detected in non-activated cells
and did not increase with activation (Figure 6D-G). In cells
spread on anti-CD3, spots of Dlgl-ezrin interaction were
detected mainly in the lamellipodium-like membrane exten-
sions, more concentrated, though not uniquely present, in the
peripheral zone (Figure 6F and G). Similar results were
obtained in primary T cells (Figure 6H and I). Second,
similarly to ezrin, DIgl silencing (Figure 7B) perturbed cell
shape, microcluster topology, microtubule network organiza-
tion at the synapse and MTOC positioning (Figure 7A, C and
D). Alterations of microtubule patterns were also found in
primary CD4 T cells (Figure 7E-G). Third, Dlg1 silencing lead
to enhanced Erkl/2 activation (Figure 7H).

The inhibitory effect of ezrin silencing on NF-AT activation,
without affecting NF-xB (Supplementary Figure 6) resembled
that of Dlgl, which was shown to regulate NF-AT activation
through the p38 MAP kinase alternative activation
pathway (Round et al, 2007). In line with these observations,
we found that ezrin silencing lead to an inhibition of p38
activation, although to a lesser extent than DIgl silencing
(Figure 7I and J).

Altogether, these data indicate that ezrin and Dlgl act
together to regulate immune synapse architecture and to
dually control Erkl/2 and NF-AT activation.

Discussion

The data we report here are consistent with a model in which
ezrin cooperates with Dlgl to control immune synapse archi-
tecture and T-cell activation. First, ezrin and DIgl would set
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the microtubule architecture at the synapse, which in turn
would be necessary to drive signalling microcluster dynamics
and the down-regulation of TCR-proximal signalling. Second,
the correlative data between ezrin and Dlgl-silencing effects
shown here, together with those reported by Round et al
(2007), are highly suggestive of a causal connection between
ezrin and DIgl in regulating NF-AT activation through p38
MAP kinase.

The topology and movement of signalling microclusters at
the immunological synapse are important for triggering and
controlling TCR signal transduction (Mossman et al, 2005;
Varma et al, 2006). On the basis of the localization of
phosphorylated signalling molecules, such as Lck, ZAP-70,
LAT and SLP-76, it was proposed that TCR signalling was first
taking place at the initial sites of contact between T cells and
APCs, and then, during a second phase of microcluster
nucleation, at the periphery of the immunological synapse.
Then, microclusters containing signalling molecules move
towards the centre of the synapse in which signal extinction
was proposed to take place (Bunnell et al, 2002; Mossman
et al, 2005; Yokosuka et al, 2005; Barr et al, 2006; Varma et al,
2006; Cemerski et al, 2008; Nguyen et al, 2008). The segrega-
tion into central and peripheral supramolecular activation
clusters during immune synapse formation seemed to sepa-
rate activation and de-activation processes tuning TCR signal-
ling (Varma et al, 2006; Cemerski et al, 2008; Yokosuka et al,
2008). However, how immune synapse architecture is orga-
nized and influences TCR signalling remained elusive.

We show that ezrin and DIgl are necessary for the posi-
tioning of microtubules at the periphery of the immunological
synapse, which likely conditions MTOC polarization. These
findings are in line with earlier reports showing that the
depletion of moesin, the only ERM family member expressed
in Drosophila, lead to alterations in microtubule organization,
compromising spindle positioning during mitosis (Carreno
et al, 2008; Kunda et al, 2008). They are also in line with
reports showing an important function of Dlgl in MTOC
positioning during astrocyte migration (Etienne-Manneville
et al, 2005).

Structured microtubule networks in the synapse appear, in
turn, required for the engagement of microclusters into
centripetal movements that likely bring them to zones of
signal extinction. Consistently, colchicine-treated and ezrin-
silenced cells behaved similarly with regard to microcluster
patterning, microcluster dynamics and Erkl/2 de-activation
mode. It was earlier reported that the generation of peripheral
microclusters and their movement within the immunological

Figure 3 Ezrin silencing impairs the microtubule network organization at the synapse. (A-C) Jurkat J14 cells expressing YFP-SLP-76,
transfected with siRNA control or siRNA ezrin (two different oligonucleotides, siEz-1 and siEz-2), were activated for 3 min on coverslips coated
with anti-CD3 mADb, fixed, stained with anti-p-tubulin Ab and analysed by confocal microscopy. Arrowheads show the peripheral zone of the
immunological synapse in which thin microtubule structures reach the cell cortex. Right panels zoom the area marked by a frame in the merge
image. An optical section at the contact surface is shown. (D, E) Jurkat J77 cells transfected with siRNA control or siRNA ezrin-1 were activated
on anti-CD3-coated coverslips for 3 min and fixed. MTOC was stained with anti-centrin Ab and observed by epifluorescence (‘epi’) or TIRF
microscopy. (F) Percentage of cells with MTOC apposed to the contact surface (detected by TIRF microscopy). The plot shows pooled data from
three independent experiments + s.d. (G, H) Primary CD4 T cells transfected with siRNA control or siRNA ezrin-1 were activated 5 min on anti-
CD3 + anti-CD28-coated coverslips, fixed and stained for ezrin and for B-tubulin. Cell edges are marked by a dotted line. Arrowheads show
areas in which microtubules seem to reach the periphery of the immune synapse. In ezrin-silenced cells, microtubules reach much less
frequently the periphery of the immune synapse staying in a smaller zone. A single optical section at the level of the contact surface is shown.
(I) Jurkat J14 cells expressing YFP-SLP-76 were treated with 2 pM colchicine for 30 min, activated 3 min on anti-CD3-coated coverslips, fixed,
stained with anti-pLAT Ab and analysed by confocal microscopy. An optical section at the contact surface is shown. A representative
experiment out of three is shown. Scale bar =5 pm. (J) Jurkat J14 cells expressing YFP-SLP-76 were treated with 5uM colchicine for 30 min,
activated on anti-CD3-coated coverslips and subjected to live cell imaging. The picture shows 3D+ time projections of YFP-SLP-76
microclusters recorded during 5 min at 6 images/min (Supplementary Movie 3).

©2010 European Molecular Biology Organization
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Figure 4 Ezrin silencing leads to enhanced TCR-proximal signalling. (A-E) Jurkat J77 cells transfected with siRNA control or siRNA
ezrin-1 were processed as follows: (A) Cells were fixed, stained with anti-ezrin Abs and analysed by flow cytometry. Mean fluorescence
intensity of the peaks (MFI) is indicated above. Ezrin expression in ezrin-silenced cells was reduced by 80%. (B) Cells were activated with sAg-
pulsed Raji cells for 20 min, set on coverslips, fixed and stained with anti-pTyr mAb (left). Fluorescence intensity of pTyr at the synapse was
analysed by quantitative image analysis (right). (C) Cells were activated with sAg-pulsed Raji cells for 5, 20, 60 and 120 min. Cell lysates were
immunoprecipitated with anti-pTyr mAb, and analysed by western blot using the same Ab. Arrows show major tyrosine phosphorylated
polypeptides. The middle part of the blot (framed) is shown at a lower exposure in the lower panel. (D, E) Cells were activated with sAg-pulsed
Raji cells for 2, 5, 10 and 30 min. Total cell lysates were analysed by western blot using Abs against the activatory tyrosine residue pTyr’®® of
PLCy-1 (D, upper panel) and further revealed with anti-PLCy-1 (D, lower panel). Alternatively, western blots were revealed with Abs directed
to the activatory residues (Thr*°?/Tyr***) of Erk1/2 (E, upper panel) and further revealed with anti-Erk1/2 (E, lower panel). The density of
bands corresponding to pPLCy1 or pErk were normalized with respect to the amount of PLCy1 or total Erk per lane, and then normalized to
intensity of siCont at t=0. Values are indicated between the two blots. (F, G) Primary CD4 T cells transfected with siRNA control, or siRNA
ezrin-1 were activated with soluble anti-CD3 Ab (MEM92) for the indicated times, fixed and stained with anti-ezrin (F) and pErk (G) Abs and
analysed by flow cytometry. Mean fluorescent intensity of anti-ezrin staining is shown on the side of the histograms (F). Ezrin expression in
ezrin-silenced cells was reduced by 60%. Mean fluorescence intensity of triplicates + s.d. of anti-pErk is plotted versus time. Note that s.d.
bars in the curve points in (G) are small and hidden by the curve symbols. A representative experiment out of three independent
experiments is shown.

synapse was dependent on actin and myosin-II dynamics Actin and microtubule dynamics might cooperate to structure
(Campi et al, 2005; Varma et al, 2006; Nguyen et al, 2008; immunological synapses and to drive, perhaps sequentially,
Ilani et al, 2009). Ezrin silencing did not perturb F-actin and microcluster centripetal movements.

moesin localization at the periphery of the synapse, suggest- Our observations are consistent with a model in which
ing that the cortical actin cytoskeleton was not largely altered. ezrin would interact with the cortical actin cytoskeleton
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Figure 5 Erkl/2 de-activation kinetics are altered in ezrin-silenced cells. (A) Jurkat J77 cells transfected with siRNA control, or siRNA ezrin-1
were activated with soluble anti-CD3 Ab (MEM92) for the indicated times. Cells were then fixed, permeabilized, stained with anti-pErk1/2 Ab
and analysed by flow cytometry. (B) Jurkat J77 cells were treated with 2 pg/ml of colchicine for 30 min, then activated and processed as in (A).
Histograms represent fluorescence intensity of pErk versus number of cells. Graphs were rescaled to have the peaks at the same height using
FlowJo software, to facilitate the comparison of curve shapes. The significance of the differences in cell distribution between activated and non-
activated populations was calculated by comparing curve shapes as described in Supplementary data. ‘P’-value is indicated in each panel.
Dashed lines mark the mean fluorescence intensity values of unstimulated or maximally activated control cells. The figure shows a
representative experiment out of three independent experiments carried out. NS = non-significant.

through its C-terminal domain (Fievet et al, 2007) and with
Dlgl, through its FERM domain (Lue et al, 1996). Dlgl, in
turn, would facilitate the interaction of microtubules with the
cell cortex at the periphery of the synapse through a complex
mechanism involving other cell polarity regulators (Etienne-
Manneville et al, 2005). In addition, ezrin and Dlgl may
interact with TCR signalling effectors (Xavier et al, 2004;
Round et al, 2005; Ilani et al, 2007), but the function of this
interaction in microcluster nucleation or dynamics remains
unclear. By acting on both microtubule architecture and the
localization of signalling molecules, ezrin and Dlgl might
help to establish the second phase of microclusters genera-
tion after T-cell spreading during which microclusters are
formed at the periphery of the synapse and then move
towards the centre of the synapse.

Ezrin silencing resulted in enhanced tyrosine phosphoryla-
tion of various substrates, as well as Erkl/2 activation.
Consistently, we did not observe any negative effects on
conjugate formation (data not shown). This was in agree-
ment with earlier reports by others and us that showed no
impairment of conjugate formation in cells over-expressing
the ezrin FERM domain (Roumier et al, 2001; Faure et al,

©2010 European Molecular Biology Organization

2004), or in T cells from ezrin-deficient mice (Shaffer et al,
2009). In contrast, Ilani et al (2007) showed that over-
expression of ezrin mutants T?>*T°®“/AA or EE inhibited
conjugate formation and ZAP-70 relocalization to anti-CD3/
28-coupled beads. These discrepancies may be due to the
procedures used to perturb ezrin function. Moreover,
Shaffer et al (2009) showed unchanged, or increased,
Erk1/2 activation in T cells from ezrin-deficient mice acti-
vated with anti-CD3 Abs. We consistently found enhanced
Erk1/2 activation in Jurkat and primary human T cells treated
with siRNA ezrin, either activated with sAg-pulsed B cells,
or with anti-CD3 Abs. The enhanced Erk1/2 phosphorylation
in ezrin-silenced cells could be explained by the fact that
ezrin silencing seemed not to affect the triggering phase of
early signalling, but rather a negative feedback loop that
rapidly controls the extent of TCR-proximal signalling.
Therefore, the architecture of the immunological synapse,
and the appropriate topology and microtubule-dependent
movement of microclusters are important for the negative
control of TCR-proximal signalling, rather than for TCR
triggering, which occurs anyway in the absence of ezrin
and microtubules.
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Figure 6 Ezrin interacts with DIgl. (A, B) Jurkat J14 cells expressing YFP-SLP-76, transfected with siRNA control or siRNA ezrin-1, were
activated 3 min on anti-CD3-coated coverslips, fixed, stained with anti-ezrin and anti-Dlgl Abs and analysed by confocal microscopy. A
confocal section at the contact surface is shown. Arrowheads point to the peripheral zone in which ezrin and DIgl are enriched. (C)
Fluorescence intensity corresponding to DIgl staining at the periphery of the immunological synapse was quantified automatically as described
in Materials and methods. (D) Jurkat J77 cells were adhered to poly-L-lysine coverslips, fixed and stained with pairs of antibodies as depicted in
the figure: Dlg1-CD3¢e (negative control), Dlgl-moesin, Dlgl-ezrin and two anti-SLP-76 Abs (positive control). The putative interaction of the
molecules stained with each pair of Abs was then assessed using Duolink technology, as described in Materials and methods. Spots show
molecular proximity and are indicative of molecular interactions. (F) Jurkat J77 cells were activated for 3 min on anti-CD3-coated coverslips.
The interaction between DIgl and ezrin was assessed by Duolink and quantified as above (G). Moesin labelling was here the negative control.
(H) Primary CD4 T cells adhered to poly-L-lysine coverslips, fixed and stained with pairs of antibodies as depicted in the figure: Dlgl-moesin,
Dlgl-ezrin and two anti-SLP-76 Abs (positive control). (E, G, I) The spots per cell were automatically counted using BlobFinder software.
Average values of number of spots/cell in different microscopy fields + s.d. is plotted. The number of cells analysed per condition is shown in
parenthesis. One representative experiment is shown out of three carried out for (A-E) and of two for (F-I). Scale bar =5 pum.

In spite of the enhanced early signalling capacities of ezrin- 2001; Shaffer et al, 2009). Interestingly, AP-1 and NF-kB-
silenced cells, NF-AT activation was strongly inhibited, in line driven transcription were mildly inhibited or unaltered by
with earlier observations (Sperling et al, 1998; Roumier et al, ezrin silencing, respectively. This was reminiscent of the
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Figure 7 Dlgl links ezrin with microtubule organization at the synapse and with p38 MAP kinase activation. (A, C) Jurkat J14 cells expressing YFP-SLP-
76, transfected with siRNA control or siRNA Dlgl, were activated for 3 min on anti-CD3-coated coverslips, fixed and stained with anti-p-tubulin and anti-
pLAT. Right panels show an enlargement of the framed zone in merge panels. A single optical section of the contact surface is shown. Scale bar =5 pm.
(B) Cell lysates from Jurkat J77 cells transfected with siRNA control, or siRNA DIgl were analysed by western blot using anti-DIgl Ab. The inhibition of
Dlgl expression in siRNA Dlgl-transfected cells was ~85%. (D) Jurkat J77 cells transfected with siRNA control, or siRNA Dlgl were activated for 3 min
on anti-CD3-coated coverslips, fixed, stained with anti-centrin Ab and analysed by epifluorescence or TIRF microscopy as in Figure 3C and D. The
percentage of cells displaying the MTOC apposed to the stimulatory surface detected by TIRF is shown. Pooled data from two independent
experiments + s.d. are shown. (E, F) Primary CD4 T cells were transfected with siRNA control or siRNA Dlgl, activated for Smin on anti-
CD3 + CD28-coated coverslips, fixed and stained with anti-p-tubulin and anti-Dlgl. Right panels show an enlargement of the framed zone in merge
panels. A single optical section of the contact surface is shown. Scale bar =5 um. (G) Upper histogram: quantification by confocal microscopy of Dlgl
silencing in primary CD4 T cells+s.d. Lower histogram: the percentage of primary CD4 T cells displaying radial microtubules reaching the cells
extensions (i.e. panel E), or displaying altered, non-radial microtubules (i.e. panel F) were scored by visual counting. Pooled data from three independent
experiments * s.d. are shown. (H) Jurkat J77 cells transfected with siRNA control, or siRNA Dlgl were activated with soluble anti-CD3 Ab (MEM92) for
the indicated times. Cells were then fixed, permeabilized, stained with anti-pErk1/2 Abs and analysed by flow cytometry. The average of duplicates * s.d.
of mean fluorescence intensity versus time is shown. A representative experiment out of three performed is shown. (I, J) Jurkat J77 cells transfected with
siRNA control, siRNA ezrin (I), or siRNA DIlgl (J) were activated with sAg-pulsed Raji cells for 5, 10, 15, 30 and 45 min. Total lysates were analysed by
western blot using Abs directed to the phosphorylated activatory residues Thr'®/Tyr'®? of p38 MAP kinase (upper panels) and further revealed with anti-
ZAP-70 (lower panels). The intensity of bands corresponding to pp38 was normalized with respect to the amount of ZAP-70 per lane and then
normalized to the intensity of bands of control cells at t = 0. Values are indicated between the blots. Representative experiment out of three performed.
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reported effect of DIgl silencing on NF-AT activation, which
was shown to occur through Dlgl interaction with p38 MAP
kinase and the regulation of the alternative pathway of
activation of this kinase (Round et al, 2007). Consistent
with a common mechanism, ezrin silencing also inhibited
p38 activation. Importantly, ezrin silencing also inhibited NF-
AT activation in cells activated with calcium ionophore and
phorphol ester, suggesting that ezrin requirement for NF-AT
activation was independent of TCR-proximal signalling.

In conclusion, our study underscores the importance of
functional links between microtubules, the cortical actin
cytoskeleton and cell polarity regulators in ensuring the
architecture and function of immunological synapses. More
importantly, our data highlight the significance of synapse
architecture in the negative control of TCR signalling. Finally,
our work reveals that ezrin and Dlgl may balance T-cell
activation events leading to Erk1l/2 and NF-AT activation.

Materials and methods

See also Supplementary data.

Cells

The human leukaemia T-cell line Jurkat, clone J77cl20, and the APC
Raji have been described (Roumier et al, 2001), as well as the SLP-
76-deficient Jurkat derivative J14 (Yablonski et al, 1998). J14 cells
were transfected with SLP-76-YFP expression constructs and stable
cell clones selected using G418. CD4 T cells from peripheral blood of
healthy donors were isolated and cultured as described (Hung et al,
2007).

Signalling microcluster experiments

SLP-76 microcluster dynamics was studied as described (Nguyen
et al, 2008). Briefly, SLP-76-defective Jurkat cells (J14) stably
expressing YFP-SLP-76 were transfected with siRNA control or
siRNA ezrin oligonucleotides. Three days later, cells were resus-
pended at 2 x10° cells/ml in non-fluorescent medium, dropped
onto glass coverslips (MatTek or LabTek) coated with anti-CD3
mAb, UCHT-1 or MEM-92 when subsequent labelling using anti-
IgG1 antibodies was necessary or anti-CD3 mAb + anti-CD28 for
human CD4 primary T cells. Cells were imaged at 37°C under a
spinning disk confocal microscope (Perkin Elmer Ultraview),
equipped with stage and objective heater and CO, incubator. Z-
stacks of 11 confocal sections were acquired every 5 s, during 5 min.
Alternatively, cells were fixed at the indicated times, permeabilized
and stained with the appropriate Abs. Cells were then analysed
using a confocal microscope (Zeiss LSM510 or Leica SPS), or by
total internal reflection fluorescence microscopy (Olympus). Fluor-
escence quantification and morphometric analyses were carried out
using Metamorph software. Image deconvolution was performed
with Huygens software.

Quantitative image analysis of microcluster aggregation

To locate accurately fluorescent spots, we have applied a wavelet
filtering technique able to cancel background influence and
enhance spots with a given size range (Olivo-Marin, 2002). In this
image, each local maximum of intensity has been considered as a
particle of interest when its intensity was above a statistical
threshold, which allows the most accurate automatic detection of
microclusters. From the positions of detected spots, we have
extracted the relevant aggregates by the use of a statistical test on
particle density in a local neighbourhood. In each image a density of
particles d_0 is computed as the total number of detected spots
divided by the area of the cell. Then for each pixel we have
computed the likelihood of observing the actual number: m and of
detected particles in a local neighbourhood: w. The latter is defined
as a disk with a diameter of the typical size of an aggregate. The
likelihood is the probability of observing m spots or more in w
under the assumption of uniformly distributed particles with
density d_0. When this probability is under 5%, we reject the
assumption of uniformly distributed particles in the region w and
deduce the presence of an aggregate of spots. This gives the rate of

The EMBO Journal VOL 29 | NO 14 ] 2010

aggregation for each cell, which is the number of spots belonging to
an aggregate over the overall number of spots.

Conjugate formation, immunofluorescence staining

and confocal microscopy

Jurkat cells were transfected twice with siCont and siEz oligonu-
cleotides. Two days later, they were incubated for the indicated
times at 37°C with APCs (Raji) unpulsed or pulsed with 10 pg/ml
Staphylococcus enterotoxin E superantigen. Cells were then plated
onto poly-L-lysine-coated coverslips, fixed with 4% paraformalde-
hyde for 20min at room temperature. The fixed cells were then
washed for 10 min with 50 mM NH4CI in PBS, then once in PBS
alone. Before staining, non-specific protein binding was blocked by
incubating the coverslips for 15min in 5% FCS 0.05% saponin in
PBS. This buffer was used as washing and staining buffer for all the
subsequent steps. Cells were then stained with the indicated
primary antibody, washed, stained with the appropriate fluorescent-
coupled secondary Ab and washed. Confocal microscopy analyses
were carried on in a Zeiss LSM-510 or in a Leica SP5 confocal
microscope. Quantitative image analyses of phospho-Tyr accumula-
tion at the immunological synapse were performed using Meta-
morph software (Universal Imaging) as described (Thoulouze et al,
2006). Three-dimensional reconstruction of immunological sy-
napses was performed using Imaris software on images treated by
deconvolution using Huygens software.

T-cell activation and intracellular FACs analysis

Cells were activated with soluble anti-CD3 (MEM92, 10 ug/ml) for
various times. Cells were then fixed with 4% paraformaldehyde for
10 min at room temperature, washed twice in PBS alone and then
permeabilized in 2% FCS, 0.1% saponin in PBS for 10 min. This
buffer was also used for all the subsequent steps. Cells were then
stained with the indicated primary antibody, washed, stained with
the appropriate fluorescently tagged secondary Ab and washed.
Samples were acquired using a FACsCalibur (BD) and analysed
using FlowJo (Tree Star).

Quantitative image analysis of F-actin, moesin or Dig1
enrichment at the periphery of the immunological synapse
Images used were a 2.5 um projection of confocal optical sections at
the contact surface of T cells activated for 3 min on anti-CD3-coated
coverslips. Automatic quantification of F-actin, moesin, or Dlgl
fluorescence intensity at the periphery of the contact zone between
T cells and anti-CD3-coated coverslips was performed using
Acapella Image Analysis software (PerkinElmer). Briefly, cell border
detection was obtained using membrane labelling with Cholera
Toxin Alexa*®® or phalloidin labelling. From this border inside the
cell, a ring region of 2 pm width was created. Fluorescence intensity
corresponding to F-actin, moesin or DIgl labelling obtained with
phalloidin, anti-moesin or anti-Dlgl Abs, respectively, was then
measured in this region. We considered this region as the periphery
of the immunological synapse.

Proximity ligation in situ assay (Duolink™)

Interactions between ezrin and DIgl in T cells were analysed using
the Duolink™ proximity ligation in situ assay (Fredriksson et al,
2002; Soderberg et al, 2006), according to manufacturer’s instruc-
tions. Anti-Dlg1 rabbit polyclonal Ab was combined with anti-ezrin
mouse mAb, anti-moesin mouse mAb or anti-CD3¢ mouse mAb
(negative control). The positive control was obtained using a
combination of two anti-SLP-76 mouse mAb and rabbit polyclonal
Ab. Fluorescence spots generated were automatically counted and
the average number of spots per cell calculated from nuclei
counting using BlobFinder software (Uppsala University).

Statistical analyses

They were performed by the Mann-Whitney non-parametric test
using Prism software (Graphpad). FACS profile comparisons in
Figure 5 were performed using a Bootstrap test (Supplementary
data).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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