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The Journal of Immunology

EWI-2 Association with a-Actinin Regulates T Cell Immune
Synapses and HIV Viral Infection

Mónica Gordón-Alonso,*,1 Mónica Sala-Valdés,†,1 Vera Rocha-Perugini,†

Daniel Pérez-Hernández,‡ Soraya López-Martı́n,x Angeles Ursa,* Susana Álvarez,{

Tatiana V. Kolesnikova,‖ Jesús Vázquez,‡ Francisco Sánchez-Madrid,*,† and

Marı́a Yáñez-Móx

EWI motif-containing protein 2 (EWI-2) is a member of the Ig superfamily that links tetraspanin-enriched microdomains to the

actin cytoskeleton. We found that EWI-2 colocalizes with CD3 and CD81 at the central supramolecular activation cluster of the

T cell immune synapse. Silencing of the endogenous expression or overexpression of a cytoplasmic truncated mutant of EWI-2 in

T cells increases IL-2 secretion upon Ag stimulation. Mass spectrometry experiments of pull-downs with the C-term intracellular

domain of EWI-2 revealed the specific association of EWI-2 with the actin-binding protein a-actinin; this association was regulated

by PIP2. a-Actinin regulates the immune synapse formation and is required for efficient T cell activation. We extended these

observations to virological synapses induced by HIV and found that silencing of either EWI-2 or a-actinin-4 increased cell

infectivity. Our data suggest that the EWI-2–a-actinin complex is involved in the regulation of the actin cytoskeleton at T cell

immune and virological synapses, providing a link between membrane microdomains and the formation of polarized membrane

structures involved in T cell recognition. The Journal of Immunology, 2012, 189: 689–700.

B
oth immune and virological synapses involve the local
accumulationof receptors on theTcell plasmamembrane to
enable activation or viral entry, respectively. Clustering of

receptors is regulated by their compartmentalization into special-
ized domains or “islands” (1, 2) such as lipid rafts or tetraspanin-
enriched microdomains (TEMs) or through connections to the
underlying cytoskeleton (3). In addition, extensive cytoskeletal
rearrangements are essential for downstream signaling events (4).
TEMs form specialized platforms on the plasma membrane that

incorporate a number of adhesion-related receptors and therefore
regulate their functions in terms of avidity and intracellular sig-

naling (3). In the immune system, TEMs regulate cognate inter-
actions both in T lymphocytes and in APCs. CD3, CD4, or CD8
associate with TEMs (3), and in APCs, TEMs include MHC
molecules (5–7). Moreover, tetraspanin CD81 forms part of the
BCR, and CD81-deficient mice show several defects in T-
dependent B cell functions (8). We have previously reported that
tetraspanin CD81 actively relocalizes to the central supramolec-
ular activation cluster (cSMAC) during the formation of the im-
mune synapse (9).
TEMs are also involved in viral infection, especially by human

T cell leukemia virus and HIV (10–12). Both these viruses induce
the formation of virological synapses, which are cell–cell contacts
between infected and uninfected cells that enhance viral trans-
mission from cell to cell. Tetraspanin CD81 specifically regulates
several steps of the HIV cycle, from cell–cell fusion to viral egress
(13–19).
One important molecular component of TEM is the EWI motif-

containing protein 2 (EWI-2; also known as PGRL, for PG reg-
ulatory like). EWI-2 was identified and cloned by three inde-
pendent laboratories as a major tetraspanin (CD9 and CD81)-
associated protein (20–22). EWI-2 contains four Ig domains in
its extracellular region, of which the membrane proximal domains,
the transmembrane domain, and cytoplasmic palmitoylation were
reported to be responsible for association with tetraspanins (21,
23). Insertion into TEMs seems to be required for normal EWI-2
expression at the plasma membrane, at least on the oocyte (24).
Overexpression of EWI-2 alters the associative balance in

TEMs, so that tetraspanin–tetraspanin interactions and interac-
tions between tetraspanins and integrins seem to be increased (25,
26). In contrast, EWI-2 overexpression reduces the association of
tetraspanins with the metalloproteinase MT1-MMP (27, 28). Ex-
pression of a truncated form of EWI-2 blocks the binding of
hepatitis C virus to tetraspanin CD81 (29), thus influencing viral
tropism. EWI-2 may also function as a receptor itself, as its ex-
pression has been reported to be induced in mature dendritic cells
(30, 31), where it can bind to HSPA8 (31).
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Investigación, Hospital Santa Cristina, Instituto de Investigación Sanitaria Princesa
(IIS-IP), C/Maestro Amadeo Vives 2, 28009 Madrid, Spain. E-mail address: myanez.
hlpr@salud.madrid.org

The online version of this article contains supplemental material.

Abbreviations used in this article: ABD, actin binding domain; cSMAC, central
supramolecular activation cluster; Env, envelope; ERM, ezrin–radixin–moesin;
EWI-2, EWI motif-containing protein 2; qPCR, quantitative PCR; SEE, superanti-
gen-E; pSMAC, peripheral supramolecular activation cluster; siRNA, small interfer-
ing RNA; TEM, tetraspanin-enriched microdomain.

Copyright� 2012 by The American Association of Immunologists, Inc. 0022-1767/12/$16.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1103708

 at C
N

IC
 (C

entro N
acional de Investigaciones C

ardiovasculares) on Septem
ber 11, 2012

http://jim
m

unol.org/
D

ow
nloaded from

 

mailto:myanez.hlpr@salud.madrid.org
mailto:myanez.hlpr@salud.madrid.org
http://jimmunol.org/


Emerging evidence points to EWI-2 as a key linker between
TEMs and the actin cytoskeleton via a direct association with
ezrin–radixin–moesin (ERM) actin-linkers (30). In this study, we
analyze the function of EWI-2 in immune and viral synapses. We
report a novel biochemical interaction between EWI-2 and
a-actinin. This actin cross-linking molecule controls receptor
clustering at the plasma membrane of lymphoid cells (32–34). It
can also bind to integrins (35, 36) and adhesion receptors such as
ICAM-1 or L-selectin (37, 38). Four isoforms of human a-actinin
have been identified: the muscle isoforms 2 and 3 and the non-
muscle isoforms 1 and 4 (39). a-Actinin-4 has been implicated in
cancer cell progression, metastasis, and immune cell migration
(40, 41). We found that similar to its actin bundling capability
(42), the association of a-actinin with EWI-2 depends on PIP2
binding. Our data indicate that the dynamic association of EWI-2
with a-actinin plays different roles in the formation and mainte-
nance of immune and viral synapses.

Materials and Methods
Cells and cell cultures

T (J77, CEM T4) and B (Raji) lymphoblastoid cell lines and Jurkat T cells
expressing HIV-1 envelope (Env)-HxBc2 (Jurkat HxBc2; kindly provided by
the National Institutes of Health AIDS Research and Reference Reagent
Program 2002–2003) were cultured in RPMI 1640 (Flow Laboratories, Irvine,
U.K.) supplemented with 10% FCS (Flow Laboratories). PBMCs from healthy
donors were isolated by Ficoll-Hypaque gradient centrifugation and cultured
for 2 d in RPMI 1640 medium supplemented with 10% FCS in the presence
of PHA (5 g/ml) or superantigen-E (SEE) (43). Then, isolated T lymphoblasts
were maintained with recombinant human IL-2 (50 U/ml) for 5 d.

Abs and reagents

Anti-CD3 (T3b, 488), anti–EWI-2 (8A12), anti-ERM (90:3), and anti-CD4
(HP2/6) Abs have been described previously (9, 13, 30). Anti-CD81 I.33.22
and 5A6 mAbs were donated by Dr. R. Vilella (Hospital Clinic, Barcelona,
Spain) and Dr. S. Levy (Stanford, CA), respectively. Anti–a-actinin (which
recognizes all isoforms) and anti-talin Abs were purchased from Santa Cruz.
Anti–p-ERK, total ERK, p-PLCg1, and PLCg1 Abs were from Cell Sig-
naling (Danvers, MA). The fluorescent cell trackers CMAC and CMTMR
and fluorescent phalloidins were from Invitrogen (Paisley, U.K.).

Recombinant DNA constructs

cDNAs for EWI-2 GFP and DCyt GFP or mRFP were obtained by PCR
from a plasmid encoding human EWI-2 cDNA (30). The 59 primer was 59-
CGAGATCTCATGGGCGCCCTCAGGC-39, spanning a XhoI site; and 39
primers were 59-CGAAGCTTCCGTTTTCGAAGCCTC-39 (for full-length
EWI-2) or 59-CGAAGCTTGCAGCAAGTGATGGTACCAAG-39 (for
truncated EWI-2), both including a HindIII site. The PCR product was first
introduced into the TopoTA vector (Invitrogen) and then subcloned into
pAcGFP-N1 or mRFP-N1 (Invitrogen).

The wild-type CD81-GFP construct has been described (9). Plasmids
encoding a-actinin-1-GFP, a-actinin-4-GFP, and the a-actinin-4 actin
binding domain (ABD) mutant were respectively provided by Carol A.
Otey (School of Medicine, University of North Carolina, Chapel Hill, NC),
Dr. Jonathan Jones (Northwestern University, Chicago, IL), and Maki
Murata-Hori (National University of Singapore, Singapore).

Cell transfection and silencing

J77 cells (23 107) were washed twice with HBSS (Cambrex) and transiently
transfected by electroporation with 20 mg plasmids in Optimem medium
(Life Technologies, Invitrogen) at 250 Vand 1200 mF (Gene Pulser II; Bio-
Rad). To knock down expression of endogenous EWI-2 (30) ora-actinin-1 or
a-actinin-4 (44) selectively, RNA duplexes validated in previous reports (2
mM per sample) were electroporated or nucleofected into J77 or CEM T4
cells (106) using the same conditions as above or the Nucleofector kit V
(program T-14) (Amaxa GmbH, Cologne, Germany). Negative oligonucle-
otide was from Eurogentec (Serain, Belgium). Results were confirmed with
two independent sequences to eliminate off-target effects.

Conjugate formation

To distinguish APCs from T lymphocytes, the cells were alternatively
loaded with fluorescent trackers. APCs were loaded by incubation for 20

min at 37˚C with 2 g/ml SEE. J77 T cells (105 cells) were mixed with Raji
cells (105 cells) or dendritic cells (5 3 104 cells) and incubated for 30 min
at 37˚C, plated onto poly-L-lysine (50 mg/ml), and fixed in 4% formal-
dehyde. Relocalization of markers to the immune synapse was quantified
using the Synapsemeasure plugin for ImageJ (45). Briefly, by using region
of interest of the same area for all measurements, the signal generated by
the T–APC contact area (IS), an area of APC membrane not in contact
with the T cell (B), an area of T cell membrane not in contact with the
APC (T), and the background (Bg) were quantified. Bg signal was sub-
tracted from all other measurements, and then signal accumulation at the
IS relative to the rest of the T cell surface was analyzed according to the
formula (IS 2 B)/T.

Flow cytometry, immunofluorescence, and confocal
microscopy

Flow cytometry analyses were performed as described (30) and samples
were analyzed in a FACSCanto flow cytometer (Becton Dickinson).

Cognate conjugates or CEM 1.3 target HxBc2 infected pairs were
stained as described (9, 13). Briefly, samples were fixed with 4% form-
aldehyde and permeabilized if required during 5 min with 0.5% Triton X-
100. Staining was performed with species-matched secondary Abs coupled
to Alexa Fluor fluorochromes (488, 547, or 647) (Invitrogen) and samples
mounted with Prolong (Invitrogen). Confocal images were obtained with
a Leica TCS-SP5 confocal scanning laser microscope and analyzed with
Leica confocal LAS software.

IL-2 production measurement

J77 or SEE T-lymphoblasts were cocultured with SEE-loaded or unloaded
Raji B cells in a 96-well plate. Supernatants were harvested after 24 or 48
h, and IL-2 content was measured using the IL-2 ELI-pair kit (Gene-probe/
Diaclone) following the manufacturer’s guidelines. For quantitative PCR
(qPCR) of IL-2 mRNA, conjugates were harvested after 4 h of incubation
at 37˚C. Total mRNA was isolated with RNeasy Plus Mini Kit (Qiagen),
subjected to RT-PCR with High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems), followed by qPCR with Power SYBR Green PCR
master mix (Applied Biosystems). IL-2 mRNA was normalized to that of
b-actin and HPRT1 housekeeping genes.

For intracellular IL-2 staining, primary SEE T-lymphoblasts were
cocultured with SEE-loaded or Raji B cells in a 96-well plate in the
presence of brefeldin A (25 mg/ml) for 12 h, stained for EWI-2, fixed and
permeabilized with 0.1% saponin, and stained with allophycocyanin-
conjugated anti-human IL-2 (Becton Dickinson).

Pull-down and immunoprecipitation assays

N-terminally biotinylated peptides containing an SGSG linker sequence
connected to the cytoplasmic C-terminal domains of proteins of interest
were purchased from Ray Biotech (Norcross, GA): EWI-2, biotin-SGSG-
CCFMKRLRKR; CD81, biotin-SGSG-CCGIRNSSVY; CD9, biotin-
SGSG-CCAIRRNREMV; CD151, biotin-SGSG-YRSLKLEHY; CD82,
biotin-SGSG-CRHVHSEDYSKVRKY. Each peptide (30 nmol) was con-
jugated to 40 ml streptavidin Sepharose (Amersham Biosciences). Pull-
down assays with T lymphoblast extracts were carried out as previously
described (30) and analyzed by Western blot or mass spectrometry. When
indicated, 50 mg/ml PIP2 (Avanti Polar Lipids, Alabaster, AL) was added
for 30 min to the cell lysates before pull-down.

J77 T cells (243 106) were mixed for 15 min with unloaded Raji B cells
(6 3 106) (time = 0) or with Raji B cells loaded with SEE for 5, 10, or 30
min at 37˚C. Cells were washed once with ice-cold PBS then lysed in 1%
Nonidet P-40 in PBS containing 1 mM CaCl2, 1 mM MgCl2, and protease
and phosphatase inhibitors (Complete, PhosSTOP; Roche). Lysates were
precleared for 2 h at 4˚C with protein G–Sepharose (Amersham Bio-
sciences) and then incubated for 2 h at 4˚C with anti–EWI-2 mAb
immobilized on protein G–Sepharose beads. After rinsing with lysis buffer,
complexes were eluted in Laemmli buffer, resolved by SDS-PAGE, and
immunoblotted with anti-ERM, anti–a-actinin, or anti–EWI-2 mAbs.

Mass spectrometry

Sepharose beads coming from the pull-down assays were directly resus-
pended in Laemmli buffer, applied onto a SDS-PAGE gel, and subjected to
the one-step in-gel trypsin digestion method (46). The resulting peptides
were analyzed by LC-MS/MS using a Surveyor LC system coupled to an
LTQ linear ion trap mass spectrometer (Thermo-Fisher, San Jose, CA) as
previously described (47, 48). The LTQ was operated in a data-dependent
MS/MS mode using the 15 most intense precursors detected in a survey
scan from 400 to 1600 m/z, as described (47). Proteins were identified
as previously described (49) using SEQUEST algorithm (Bioworks 3.2
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package; Thermo Finnigan). The raw MS/MS files were searched against
the Human Swissprot database (Uniprot release 14.0, 19,929 sequence
entries for human) supplemented with the sequence of porcine trypsin.
SEQUEST results were validated using the probability ratio method (49),
and false discovery rates were calculated by the refined method (50).
Peptide and scan counting was performed assuming as positive events
those with a false discovery rate #5%.

HIV-1 infection

HIV NL4.3 infection was assayed in CEM 3.1 cells as described (13).
Briefly, HIV NL4.3 infection of CEM 3.1 cells was carried out for 5 h at
37˚C in 96-well plates. Virus was then removed by washing (PBS) infected
cells. Cell-free supernatants were harvested at 24, 48, and 72 h and assayed
for p24 content. For HIVattachment and entry measurements, T cells were
infected with 200 ng HIV-1 NL4.3 per million cells for 2 h at 4˚C (at-
tachment) or 37˚C (entry). Cells were extensively washed with medium
and treated with pronase (0.1 mg/ml, 2 min at 4˚C, and subsequent
blocking with fetal serum) to remove viral input, fixed with 1% parafor-
maldehyde, permeabilized with chilled methanol and 0.1% Nonidet P-40,
and stained for p24 (KC57-RD1 from Beckman-Coulter) and analyzed by
flow cytometry.

Results
EWI-2 colocalizes with CD81 at the cSMAC of the immune
synapse and modulates IL-2 secretion

To investigate the role of EWI-2 in T cell activation upon Ag
presentation, we first assessed the localization of EWI-2 by con-
focal microscopy in immune conjugates. We conjugated primary T
lymphoblasts or J77 T cells with superantigen-loaded B cells (Fig.
1A, 1C, respectively). EWI-2 relocalized to the T–APC contact

site in both cellular models compared with CD45 distribution (Fig.
1B and data not shown). Colocalization studies with markers of
cSMAC (CD3 and CD81) and peripheral supramolecular activa-
tion cluster (pSMAC) (F-actin and talin) revealed that EWI-2
accumulates at the cSMAC, colocalizing with CD3 and CD81
(Fig. 1C). Vertical sections of the contact zone revealed a cluster
of EWI-2 surrounded by the pSMAC marker talin (Fig. 1A and
1C, right panels). We next suppressed EWI-2 expression in T cells
by transfection with specific small interfering RNA (siRNA) oli-
gonucleotides (Fig. 2A) and analyzed IL-2 production in response
to conjugation with superantigen-loaded Raji B cells. We found
that EWI-2 depletion induced a slight but significant increase in
the levels of IL-2 in both primary T lymphoblasts and J77 T cells
(Fig. 2B and 2C, respectively) compared with control cells. The
levels of IL-2 secretion in resting cells remained below the de-
tection threshold of the ELISA (data not shown). When conju-
gated T lymphoblasts were double stained for EWI-2 and
intracellular IL-2, EWI-2–depleted cells were indeed more posi-
tive for IL-2 (Fig. 2D). This increase in cytokine secretion cor-
related with increased mRNA of IL-2 (Fig. 2E, 2F) and with
a sustained phosphorylation of PLCg1 and ERK, predominantly at
late times of activation (Fig. 2G), suggesting that EWI-2 may act
as a negative regulator of T cell activation.
To address whether the effect of EWI-2 silencing was due to

alterations in TEM composition (i.e., its regulatory effect on tet-
raspanin stoichiometry and/or organization) or to direct inter-
actions with intracellular effectors through its cytoplasmic tail, we

FIGURE 1. EWI-2 relocalizes to the cSMAC of the immune synapse. (A) Primary T lymphoblasts were conjugated with SEE-loaded CMAC-labeled

(blue) Raji B cells for 30 min, fixed, and costained for EWI-2 (8A12 mAb) and talin. Maximal projections of the confocal stack are shown. Right panel, A

vertical section of talin and EWI-2 staining in the synapse area. Scale bar, 5 mm. (B) Relocalization of endogenous EWI-2 and CD45 (as negative control) in

conjugates formed by primary T lymphoblasts was quantified using the Synapsemeasure plugin. Data shown correspond to means 6 SEM of 80 conjugates

from three independent experiments. (C) J77 T-lymphoblastoid cells were conjugated with SEE-loaded CMAC-labeled Raji B cells (blue) for 30 min, fixed,

and stained with anti-EWI-2 8A12 mAb and markers of cSMAC (anti-CD3 448 and anti-CD81 I.33.2.2) or pSMAC (F-actin and talin). Maximal projections

of the confocal stacks are shown. The right panel in each block of three panels shows a vertical section of the synapse area in EWI-2 costaining with talin.

Scale bars, 5 mm. *p , 0.05 (Student t test).
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compared the effects of overexpressing GFP-tagged wild-type
EWI-2 and a GFP-tagged cytoplasmic deletion mutant (EWI-2-
DCyt), which still interacts with tetraspanins and incorporates into
TEM (data not shown and Ref. 26). The wild-type and DCyt GFP-
tagged constructs were both comparably expressed on the plasma
membrane of T cells (Fig. 3A, 3B). The mutant form did not
relocalize to the immune synapse (Fig. 3B, 3C) and recapitulated
the effects of EWI-2 silencing increasing IL-2 secretion (Fig. 3D),
thereby suggesting the involvement of the EWI-2 cytoplasmic
domain in T cell activation.

EWI-2 associates with a-actinin at the immune synapse in
a dynamic and PIP2-dependent manner

To identify the intracellular partners of EWI-2 that regulate its
localization and function during T cell activation, we performed

pull-down assays on T lymphoblast lysates using biotinylated

peptides corresponding to sequences from the C-terminal cyto-

plasmic regions of EWI-2 and tetraspanins CD81 and CD151 as

baits. Mass spectrometry analysis of proteins precipitated with the

EWI-2 peptide consistently detected sequences corresponding to

both isoforms 1 and 4 of a-actinin (Fig. 4A and data not shown).

CD81 peptides pulled down the a-actinin-1 isoform, with a lower

number of peptides, but not the isoform 4 (Fig. 4B and data not

shown). None of these cytoskeletal proteins were pulled down by

CD151 peptides or control beads (Fig. 4B). Confirming these

results, Western blot analysis of similar pull-down experiments

with primary human PBLs showed that a-actinin associated pre-

dominantly with EWI-2 C-terminal peptides and more weakly

with CD81 C-terminal peptides (Fig. 4C). No interactions with

FIGURE 2. EWI-2 expression regulates T cell activation. (A) Flow cytometry analysis of EWI-2 silencing. Cells were stained with anti-EWI-2 8A12 mAb.

Black line, J77 cells transfected with negative control oligonucleotide; gray line, cells transfected with EWI-2–specific siRNA; filled histogram, nonstained

cells. (B) Primary T lymphoblasts were transfected with control oligonucleotide or EWI-2 siRNA. At the time of maximal knockdown, cells were conjugated

overnight at a 1:1 ratio with SEE-loaded Raji B cells. Supernatants were analyzed for IL-2 content by ELISA. Data are the means 6 SD of a representative

experiment of three performed in triplicate. (C) J77 cells were transfected with control oligonucleotide or EWI-2 siRNA and treated as in (B). Data are the

means 6 SEM normalized to IL-2 levels in cells expressing control oligonucleotide (n = 4 independent experiments). (D) Primary T lymphoblasts were

transfected with control oligonucleotide or EWI-2 siRNA. At the time of maximal knockdown, cells were conjugated overnight at a 1:1 ratio with SEE-loaded

Raji B cells in the presence of brefeldin A (25 mg/ml). Cells were then double-stained for EWI-2 and intracellular IL-2. Primary T lymphoblasts (E) or J77

cells (F) were transfected with control oligonucleotide or EWI-2 siRNA. At the time of maximal knockdown, cells were conjugated for 4 h at a 1:1 ratio with

SEE-loaded Raji B cells and IL-2 mRNA analyzed by qPCR. Data are the means6 SE of a representative experiment of three performed in triplicate. (G) J77

cells were transfected with control oligonucleotide or EWI-2 siRNA. At the time of maximal knockdown, cells were conjugated overnight at a 1:5 ratio with

SEE-loaded Raji B cells for the indicated times. Total cell lysates were probed for phospho-PLCg and phospho-ERK as well as for total PLCg and ERK.

Numbers below correspond to the quantification of phosphorylation levels of each protein, corrected for total expression of the corresponding protein and

normalized to untreated control cells in a representative experiment of three performed. *p , 0.05 (Student t test).
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these proteins were detected for C-terminal domain peptides from
tetraspanins CD9, CD151, or CD82 (Fig. 4C).
Immunostaining of endogenous a-actinin revealed its relocali-

zation to the T–APC contact in nascent immune synapses where it
colocalizes with EWI-2 at the central area. However, upon IS
maturation, a-actinin moves to the peripheral zone (Fig. 5A and
Supplemental Fig. 1). This kinetic behavior was further confirmed
in live cell imaging (Supplemental Videos 1, 2) using fluo-

rescently tagged EWI-2 and a-actinin, which colocalized at the
cSMAC at the early stages of T–APC contact, while thereafter
EWI-2 remained in the cSMAC (Fig. 5B, arrows) whereas
a-actinin relocated to the pSMAC (arrowheads in Fig. 5B and
Supplemental Video 2). The transient nature of EWI-2–a-actinin
interaction upon IS formation was confirmed by immunoprecipi-
tation experiments that revealed that endogenous a-actinin inter-
acted with EWI-2 in nonstimulated T cells, although their

FIGURE 3. Involvement of EWI-2 cytoplasmic domain in T cell activation. (A) Flow cytometry analysis of the expression levels of transfected GFP-

tagged wild-type EWI-2 (EWI-2-GFP) and a mutated form lacking the C-terminal cytoplasmic domain (EWI-2-DCyt-GFP). Cells were labeled with anti-

EWI-2 8A12 mAb to check for correct expression of the tagged molecules at the plasma membrane. (B) Confocal immunofluorescence analysis of CD3 and

talin in J77 T cells transfected with EWI-2-GFP or EWI-2-DCyt-GFP and conjugated with SEE-loaded Raji B cells for 30 min. Maximal projections of the

confocal stack are shown. Asterisks mark Raji B cells. Scale bars, 10 mm. (C) GFP accumulation at the immune synapse was determined by analysis of

conjugates as in (B) with the Synapsemeasure ImageJ plugin. Data are the means6 SEM of at least 20 conjugates from three independent experiments. (D)

J77 cells were transfected with EWI-2-GFP or EWI-2-DCyt-GFP, conjugated overnight at a 1:1 ratio with SEE-loaded Raji B cells, and supernatants

analyzed for IL-2 content by ELISA. Data are the means 6 SEM normalized to IL-2 levels in cells expressing GFP alone (n = 4 independent experiments).

*p , 0.05 (Student t test).
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association decreased rapidly upon stimulation of T cells with
superantigen-loaded Raji APCs (Fig. 5C). In marked contrast, the
association of other actin-binding proteins such as ERM with
EWI-2 (30) did not change significantly upon superantigen stim-
ulation (Fig. 5C).
EWI-2–a-actinin dissociation correlates with the kinetics of

PIP2 accumulation during T cell activation (51). In addition, the
conformation and association capability of several actin-binding
proteins, including filamin, a-actinin, and ERMs, are regulated by
PIP2 (52). We therefore assessed whether PIP2 regulates the as-
sociation of EWI-2 with a-actinin and/or ERM proteins. We found
that preincubation of T cell lysates with PIP2 reduced the asso-
ciation of a-actinin with the EWI-2 peptide in pull-down assays;
conversely, the association with ERMs was unaffected (Fig. 5D).
In contrast, PIP2 treatment induced the association of CD81 with
ERM (Fig. 5D).

a-Actinin regulates actin dynamics in the immune synapse and
subsequent T cell activation

To assess whether a-actinin is involved in EWI-2–dependent
regulation of T cell activation, we silenced endogenous a-actinin-
4 expression in T cells (Fig. 6A). Actinin silencing increased IL-2

mRNA levels, indicating that the EWI-2–actinin axis is indeed
a negative regulator in T cell activation (Fig. 6B). Moreover, an
additive effect was observed when both molecules were silenced
(Fig. 6B). In contrast, a significant decrease in IL-2 secretion was
observed in these cells upon activation with superantigen-loaded
APCs, both in primary T lymphoblasts or J77 T cells (Fig. 6C,
6D), suggesting that a-actinin is also involved in downstream
processes necessary to cytokine secretion. We therefore assessed
the cytoskeletal architecture upon a-actinin silencing and found
a reduced accumulation of F-actin and talin at the T–APC contact
zone and a defective relocalization of EWI-2 to the immune
synapse (Fig. 6E, 6F) resulting in a disrupted immune synapse
architecture with dispersed cSMACs and pSMACs.
Overexpression of GFP-tagged wild-type a-actinin-4 also sig-

nificantly reduced IL-2 secretion (Fig. 7A) correlating with an
increase in the cellular F-actin content that was, however, im-
paired in its localization to the IS (Fig. 7B, 7C). This effect was
found to rely on the actin cross-linking ability of a-actinin, as
a mutant a-actinin-4 construct lacking the ABD (ActABD-GFP)
did not affect IL-2 production (Fig. 7A). This mutant did not lo-
calize properly to the cellular cortex, suggesting that a-actinin
may need to bind to F-actin to expose its binding site for trans-

FIGURE 4. EWI-2 C-terminal do-

main binds to a-actinin. Proteins from

primary T lymphoblast lysates precipi-

tated with biotinylated peptides corre-

sponding to the sequence of the EWI-2,

CD81, or CD151 C-terminal cytoplas-

mic domains were digested and the

resulting peptides identified by high-

throughput mass spectrometry. (A)

Representative MS/MS spectra of pep-

tides belonging to a-actinin-4 in EWI-2

precipitates are shown indicating the

identified peptide sequences using the

nomenclature of Roepstorff and Fohl-

man for the main and secondary series

of fragment ions. (B) The number of

identifications and unique peptides cor-

responding to a-actinin-4 found in the

precipitates with the different baits in

a representative experiment are shown.

The number of events gives an estimate

of protein concentration. (C) Western

blot analysis of the in vitro binding of

a-actinin from primary T lymphoblast

lysates to biotinylated peptides corre-

sponding to the sequences of the C-

terminal cytoplasmic domains of EWI-2

and tetraspanins CD81, CD9, CD82, or

CD151.
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membrane receptors such as EWI-2 (Fig. 7B). Overexpression of
the ABD mutant did not affect F-actin accumulation in response to
antigenic stimulation (Fig. 7C).
Thus a-actinin is involved in EWI-2–dependent T cell regula-

tion but, in addition, affects actin dynamics and consequently the
immune synapse architecture.

The EWI-2–a-actinin complex regulates HIV infection

Virological synapses share many molecular and structural features
of the immunological synapse (53). In addition, TEMs modulate

different phases of the HIV infective cycle (12). We and others
have previously reported that knocking down CD81 either on the
target or the infected cell increases syncytia formation, viral in-
fection, and new virion infectivity, whereas it reduces viral as-
sembly and budding (13, 17, 54, 55). Therefore, we addressed
whether the EWI-2–actinin connection was functionally relevant
in the membrane fusion events induced by the viral Env during
HIV infection.
Both EWI-2 and a-actinin were evenly distributed on the

plasma membrane of T cells and accumulated at intercellular

FIGURE 5. a-Actinin is a component of the immune synapse. (A) J77 T cells were conjugated with SEE-loaded CMAC-labeled Raji B cells (blue), fixed,

permeabilized, and stained with anti–a-actinin Ab in combination with anti–EWI-2 (8A12), anti-CD81 (I.33.2.2), or anti-CD3 (T3b) mAbs. A confocal

plane and the corresponding DIC image are shown. Scale bars, 5 mm. (B) J77 T cells were transiently transfected with GFP-tagged a-actinin-4 and RFP-

tagged EWI-2 and allowed to conjugate with SEE-loaded CMAC-labeled Raji B cells (blue). Cells were monitored by time-lapse confocal microscopy at

30-s intervals. Images shown are representative maximal projections of the confocal stacks every 5 min. At later time points, a-actinin redistributes to the

pSMAC (arrowheads), whereas EWI-2 remains clustered at cSMAC (arrows). Scale bars, 25 mm. (C) J77 T cells were conjugated 5:1 with SEE-loaded Raji

B cells for the indicated times. Conjugates were then lysed and immunoprecipitated with anti-EWI-2 8A12 mAb. Blots were sequentially probed for EWI-2,

a-actinin, and ERM. Numbers below the blots correspond to the quantification of the coimmunoprecipitated protein related to time 0 in a representative

experiment of three performed. (D) Lysates from primary T lymphoblasts were incubated for 30 min with or without 50 mg/ml PIP2 and pulled down with

biotinylated peptides corresponding to the C-terminal sequence of EWI-2, CD81, or CD9. Blots were sequentially probed for a-actinin and ERM. Data

correspond to a representative experiment out of three.
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contacts between uninfected cells and cells expressing HIV-1 Env
proteins (Fig. 8A). We found increased virus production and
syncytia formation in EWI-2–silenced T cells postinfection with
HIV-1 NL4.3 viral particles (Fig. 8B and data not shown). Over-
expression of wild-type EWI-2 did not significantly affect HIV
infection, whereas overexpression of EWI-2-DCyt mimicked the
effect of EWI-2 silencing, increasing viral production (Fig. 8B).
Notably, higher titers of new HIV virions were also produced in

target T cells silenced for a-actinin-4 (Fig. 8C). Overexpression of

the a-actinin-4 mutant Act-ABD-GFP also enhanced the viral
titers (Fig. 8C), whereas overexpression of GFP-tagged a-actinin-
4 had no significant effect (Fig. 8C) suggesting that the actin
cross-linking activity of a-actinin is essential for its limiting effect
on HIV infection. To explore, which phase of the viral cycle was
being affected by a-actinin, we measured viral attachment (in-
cubating the target cells for 2 h with the virions at 4˚C) or the
subsequent entry step (with a 2-h incubation at 37˚C). Actinin
depletion did not affect the attachment of HIV virions to the cell

FIGURE 6. a-Actinin knockdown impairs T cell activation upon Ag presentation. (A) J77 cells were transfected with either negative control oligo-

nucleotide or siRNA duplexes directed to a-actinin isoform 4. a-Actinin expression analyzed by Western blot; tubulin is shown as a loading control.

Numbers indicate the relative a-actinin expression in the experiment shown, corrected for the tubulin signal and normalized to control cells. (B) Primary T

lymphoblasts were transfected with control oligonucleotide, a-actinin-4 siRNA, or both EWI-2 and a-actinin-4 siRNA. At the time of maximal knockdown,

cells were conjugated for 4 h at a 1:1 ratio with SEE-loaded Raji B cells and IL-2 mRNA analyzed by qPCR. Data are the means 6 SE of a representative

experiment of three performed in triplicate. (C) Primary T lymphoblasts were transfected with either control oligonucleotide or a-actinin isoform 4 siRNA.

At the time of maximal knockdown, cells were conjugated overnight at a 1:1 ratio with SEE-loaded Raji B cells, and supernatants were analyzed for IL-2

content by ELISA. Data are the means 6 SD of a representative experiment by triplicate. (D) J77 cells were transfected with either control oligonucleotide

or EWI-2, a-actinin isoform 4 siRNA, or both, and treated as in (C). Data are the means6 SD of a representative experiment performed in triplicate. (E) J77

cells were transfected either with control oligonucleotide or a-actinin isoform 4 siRNA. At the time of maximal knockdown, cells were conjugated with

SEE-loaded CMAC-labeled (blue) Raji B cells for 30 min, fixed, and stained for EWI-2 and talin. Maximal projections of the confocal stacks are shown

together with a vertical section of the immune synapse area. Scale bars, 5 mm. (F) Analysis of conjugates stained as in (C) with the Synapsemeasure ImageJ

plugin. Data are the means 6 SEM of at least 20 conjugates from three independent experiments. *p , 0.05 (Student t test).
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surface but enhanced their entry into the cell, further reinforcing
its functional role in actin remodeling during HIV infection (Fig.
8D).

Discussion
The formation of the immune synapse in T cells proceeds through
a series of rearrangement of membrane receptors at the plasma
membrane. Ag presentation has to reach tremendous sensitivity
with fast dynamics so that a TCR appropriately signals after en-
counter with a single peptide–MHC complex during scanning on
an APC surface (56, 57). For that purpose, signaling and adhesion
receptors occur in preassembled protein islands or microdomains
at the plasma membrane (1, 2). In the formation of these preas-
sembled signalosomes, protein–protein as well as protein–lipid
interactions play an important role (2, 58). Tetraspanin-enriched
microdomains are good candidates to encompass all these func-
tional characteristics for the TCR microdomains. Indeed, tetra-
spanins associate with both CD4 and CD8 coreceptors and weakly
with CD3 (59). Moreover, tetraspanins are relocalized to the
cSMAC during Ag-induced immune synapse formation (9).
EWI-2 is directly and strongly associated with tetraspanins

CD81 and CD9 (21, 22). Although it may also function as a re-
ceptor itself (31), in most instances is seems to regulate the in-
ternal stoichiometry of tetraspanin-enriched microdomains (25,
26, 28), conceivably by competing with other lower-affinity
partners. Our data suggest that in the immune synapse, the main
function for EWI-2 appears to be the connection of TEMs with the
underlying cytoskeleton. Hence, overexpression of wild-type
EWI-2 did not alter the immune synapse architecture or IL-2 se-
cretion levels. However, a mutant EWI-2 devoid of its cytoplasmic
domain, which can insert into tetraspanin-enriched microdomains
(26) but is unable to link them properly to the actin cytoskeleton,
had a dominant negative effect and recapitulated the phenotype of
EWI-2–silenced cells.
EWI-2 cytoplasmic domain can bind to ERM proteins (30) and

a-actinin. Two isoforms of a-actinin, 1 and 4, are expressed in
T cells. Although we have focused our study on a-actinin-4 due to
its apparent higher binding to EWI-2, silencing of a-actinin-1
induced similar changes in T cell activation and HIV infection

(data not shown), suggesting that the key role of a-actinin in the
formation of IS and viral synapse formation relies on its actin
cross-linking activity. All these cytoskeletal components play
a functional role in the organization of the immune synapse ar-
chitecture as demonstrated in this study and in previous reports
(60, 61). A high degree of redundancy is often observed in the
associations of TEMs with the actin cytoskeleton (3). Indeed,
tetraspanin CD81 is also able to bind to ERMs and a-actinin-1,
but its lower affinity may not be sufficient by itself to maintain the
TEM association to the cortical meshwork in an in vivo situation.
Our data indicate that the association of EWI-2 with different

actin-linker proteins is dynamically regulated during the immune
synapse formation. Thus, right after early activation, EWI-2 dis-
sociates from a-actinin in a PIP2-dependent manner. This disso-
ciation correlates with the segregation of the cSMAC, which is
pretty much devoid of actin (62), and the pSMAC, where the cell–
cell adhesion molecules and the actin meshwork concentrate.
PIP2-induced dissociation of EWI-2 from actinin may be an im-
portant step in the arrangement of the architecture of the immune
synapse. Thus, EWI-2 silencing or overexpression of the cyto-
plasmic deletion mutant might facilitate the disconnection from
the actin meshwork of the signaling components of the immune
synapse that gather at the cSMAC, explaining the opposite final
outcome on T cell activation and IL-2 secretion attained after
EWI-2 or actinin silencing.
Actin dynamics is important at different levels of the Ag pre-

sentation process. First, it participates in the organization of the
membrane microdomains and the signaling complexes that initiate
the signaling cascade (1, 2). In a second phase, actin flow redis-
tributes these complexes so that supramolecular activation clusters
are segregated on the cell–cell contact surface (63), and actin
peripheral bundles sustain intercellular adhesion. Third, the actin
meshwork serves as scaffold for the coordination of signaling
cascades downstream of the TCR and costimulatory molecules (4,
57, 64). Finally, it coordinates with the tubulin cytoskeleton (61,
65) and the intracellular vesicular compartment (45) that trans-
locates to the immune synapse providing molecular components
necessary for the second wave of late signaling (65). Our data
indicate that downstream of tetraspanin-enriched microdomains,

FIGURE 7. a-Actinin overexpression impairs F-actin relocalization to the immune synapse. (A) J77 cells were transfected with GFP-tagged wild-type

a-actinin-4 or a GFP-tagged truncated mutant lacking the ABD and conjugated overnight at a 1:1 ratio with SEE-loaded Raji B cells. Supernatants were

analyzed for IL-2 content by ELISA. Data are the means 6 SEM normalized to IL-2 levels in cells expressing GFP alone (n = 3 independent experiments).

(B) Cells transfected as in (A) were conjugated for 30 min with SEE-loaded CMAC-labeled Raji B cells (blue), stained for F-actin, and analyzed by

confocal microscopy. Images are maximal projections of the confocal stacks. Scale bar, 10 mm. (C) Analysis of conjugates stained as in (B) with the

Synapsemeasure ImageJ plugin. Data are the means 6 SEM of at least 20 conjugates from three independent experiments. *p , 0.05 (Student t test).
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a-actinin regulates the actin rearrangements that take place during
the immune synapse formation. a-Actinin silencing has the same
enhancing effect on IL-2 transcription as that of EWI-2 silencing
but, in addition, impairs cytoskeletal rearrangements, leading to
a diminished cytokine secretion. In accordance, overexpression
induces an increment on F-actin content that is, however, not
properly relocalized to the IS, and as a consequence cytokine
secretion is also reduced, reinforcing the notion that adequate
actin dynamics and correct polarization are fundamental for
proper T cell activation (4, 57, 64). Silencing of both EWI-2 and
actinin resulted in an additive effect in IL-2 mRNA transcription
and in a more pronounced inhibition of cytokine secretion.
However, this effect could be related to the fact that double si-
lencing resulted in an increased diminution of the expression of
both molecules compared with silencing of them separately (data
not shown).
HIV hijacks several components of the T cell activation ma-

chinery during its infectious cycle. In that regard, our data indicate
that TEMs are also involved in the early steps of membrane fusion
events (Ref. 13 and this study) and that TEM connections with the
underlying cytoskeleton are also modulated by the virions. It is
interesting to note, however, that despite the molecular and dy-
namic similarities between immune and viral synapses, the func-
tional outcome of the regulation of actin dynamics by a-actinin

fundamentally differs in these two types of contacts. During HIV
infection, a-actinin hampers viral infection, and this effect is re-
lated to its actin cross-linking activity, as demonstrated by the
effect of a mutant unable to bind to F-actin. This is consistent with
the proposed role of polymerized and cross-linked actin as a
physical barrier that opposes HIV-1 entry (66–68). Again, this
process is dynamically governed by PIP2. During the early steps
of HIV infection, a PIP2 burst occurs (69), which would lower
a-actinin affinity for actin (42) and EWI-2 (this study). In this
manner, a local increase of PIP2 caused by viral attachment would
release a-actinin and locally inhibit its actin bundling activity (70)
allowing the “softening” and rearrangement of the cortical actin
cytoskeleton to proceed to viral entry. Such rearrangements are
mediated, at least in part, by other actin-binding proteins such as
moesin (71) so that, in this scenario, a-actinin and moesin play
opposite roles. Although our data point to the role of actinin in
HIV entry, we cannot exclude the involvement of the EWI-2–
actinin axis in subsequent steps of the viral cycle.
In summary, our results show that EWI-2–a-actinin complexes

are functionally important regulators of T cell activation and HIV-
1 infection. However, the actin cross-linking capacity of a-actinin
promotes different outcomes, being required for a correct con-
figuration of the architecture of the immune synapse during Ag
presentation but inhibiting the entry of the virus into the cell.

FIGURE 8. Levels of EWI-2 and a-actinin expression regulate HIV infection. (A) Target CEM 1.3 cells were incubated for 3 h with CMAC-labeled Env

HxBc2 cells (blue), and cells were fixed and costained for EWI-2 and CD81 or for a-actinin. Scale bars, 5 and 10 mm, respectively. (B) Target CEM 1.3

cells were transfected with negative control oligonucleotide or EWI-2 siRNA (black bars) or with GFP (negative control), GFP-tagged wild-type EWI-2, or

GFP-tagged EWI-2-DCyt (lacking the C-terminal cytoplasmic domain). At the time of maximal expression or knockdown, cells were infected with fully

competent HIV-1 NL4-3. Cell-free supernatants were harvested at 72 h postinfection. Virus production was measured by p24-ELISA and is represented as

the mean 6 SEM relative to negative controls. Data are from a minimum of five independent experiments performed in triplicate. (C) Target CEM 1.3 cells

were transfected with negative control oligonucleotide or a-actinin-4 siRNA (black bars) or with GFP (negative control), GFP-tagged wild-type a-actinin-4,

or GFP-tagged a-actinin-ABD (truncated mutant lacking the ABD). At the time of maximal expression or knockdown, cells were infected with fully

competent HIV-1 NL4-3. Cell-free supernatants were harvested at 72 h postinfection. Virus production was measured by p24-ELISA and is represented as

the mean 6 SD relative to negative controls. Data are from a minimum of two independent experiments performed in triplicate. (D) Effect of a-actinin-4

silencing on HIV-1 attachment (4˚C) and entry (37˚C) into target T cells. Data present the fold change relative to control in the percentage of positive cells

for intracellular p24 by flow cytometry (mean 6 SD of triplicates). *p , 0.05, **p , 0.01 (Student t test).
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3. Yáñez-Mó, M., O. Barreiro, M. Gordon-Alonso, M. Sala-Valdés, and F. Sánchez-
Madrid. 2009. Tetraspanin-enriched microdomains: a functional unit in cell
plasma membranes. Trends Cell Biol. 19: 434–446.

4. Gordón-Alonso, M., E. Veiga, and F. Sánchez-Madrid. 2010. Actin dynamics at
the immunological synapse. Cell Health Cytoskel. 2: 33–47.

5. Unternaehrer, J. J., A. Chow, M. Pypaert, K. Inaba, and I. Mellman. 2007. The
tetraspanin CD9 mediates lateral association of MHC class II molecules on the
dendritic cell surface. Proc. Natl. Acad. Sci. USA 104: 234–239.

6. Engering, A., and J. Pieters. 2001. Association of distinct tetraspanins with MHC
class II molecules at different subcellular locations in human immature dendritic
cells. Int. Immunol. 13: 127–134.

7. Lagaudrière-Gesbert, C., S. Lebel-Binay, E. Wiertz, H. L. Ploegh, D. Fradelizi,
and H. Conjeaud. 1997. The tetraspanin protein CD82 associates with both free
HLA class I heavy chain and heterodimeric beta 2-microglobulin complexes. J.
Immunol. 158: 2790–2797.

8. Levy, S., S. C. Todd, and H. T. Maecker. 1998. CD81 (TAPA-1): a molecule
involved in signal transduction and cell adhesion in the immune system. Annu.
Rev. Immunol. 16: 89–109.
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