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Summary

Background: The engagement of the T cell receptor re-
sults in actin cytoskeletal reorganization at the immune
synapse (IS) and the triggering of biochemical signaling
cascades leading to gene regulation and, ultimately, cel-
lular activation. Recent studies have identified the WAVE
family of proteins as critical mediators of Rac1-induced
actin reorganization in other cell types. However,
whether these proteins participate in actin reorganiza-
tion at the IS or signaling pathways in T cells has not
been investigated.
Results: By using a combination of biochemical, ge-
netic, and cell biology approaches, we provide evidence
that WAVE2 is recruited to the IS, is biochemically mod-
ified, and is required for actin reorganization and b-in-
tegrin-mediated adhesion after TCR crosslinking. More-
over, we show that WAVE2 regulates calcium entry at
a point distal to PLCg1 activation and IP3-mediated
store release.
Conclusions: These data reveal a role for WAVE2 in reg-
ulating multiple pathways leading to T cell activation. In
particular, this work shows that WAVE2 is a key compo-
nent of the actin regulatory machinery in T cells and that
it also participates in linking intracellular calcium store
depletion to calcium release-activated calcium (CRAC)
channel activation.

Introduction

The engagement of multisubunit immune recognition re-
ceptors on lymphocytes results in actin cytoskeletal
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reorganization and the triggering of biochemical signal-
ing cascades, leading to gene regulation and, ultimately,
cellular activation. Reorganization of the actin cytoskel-
eton is required for T cell activation and plays an impor-
tant role in immunological synapse (IS) formation and
‘‘signalosome’’ assembly at the cell-cell contact site. In
fact, treatment of T cells with the actin-destabilizing
agent cytochalasin D inhibits T cell receptor (TCR)-me-
diated IL-2 gene transcription, demonstrating that reor-
ganization of the actin cytoskeleton is a requisite event
controlling T cell activation [1].

Rac1 and Cdc42, two Rho family GTPases, have been
implicated in the regulation of multiple cellular events,
including actin reorganization, after receptor activation
in several cell types [2]. Indeed, dominant-negative ver-
sions of both Cdc42 and Rac1 have been shown to in-
hibit IL-2 gene transcription and actin cytoskeletal
changes following TCR engagement [3]. However, our
understanding of the relevant effector molecules down-
stream of Rac1 and Cdc42 is quite incomplete. Many
studies have focused on the Cdc42 effector WASp (Wis-
kott-Aldrich Syndrome protein), due to its association
with human disease. Indeed, the activation of multiple
hematopoietic cell types in response to receptor ligation
is attenuated or abrogated in the absence of WASp [4].
However, recent data demonstrate that T cells from
mice lacking WASp are still capable of forming conju-
gates and polymerizing actin at the IS under certain ex-
perimental conditions [5, 6]. Thus, other molecules must
also be able to regulate actin polymerization during T
cell activation. One likely candidate is the Rac1 effector
molecule WAVE2.

All three WAVE isoforms (WAVE1–WAVE3) function to
regulate de novo actin polymerization downstream of
Rac1 [7]. Whereas WAVE1 and WAVE3 are expressed
primarily in neuronal cells, WAVE2 shows a more ubiqui-
tous distribution with high levels in hematopoietic cells
[8]. Structurally, WAVE proteins contain a WAVE homol-
ogy domain (WHD) at their N terminus, followed by a
basic region (BR), a proline-rich region (PRR), and a C-
terminal verprolin-cofilin-acidic (VCA) region involved
in binding actin and the Arp2/3 complex. WAVE2 exists
in a multimolecular complex with several other proteins,
including PIR121 or Sra-1, Nap1, Abi-1/2, and HSPC300
[9, 12]. GTP bound Rac1 interacts with PIR121/Sra-1 [12]
and thereby recruits WAVE2 to areas of cellular activa-
tion, where WAVE2 then promotes actin polymerization.
Interestingly, mice deficient for WAVE2 die during gesta-
tion and display defects in development and cell migra-
tion [13, 14]. Importantly, fibroblasts from these animals
show defects not only in Rac1-mediated migration but
also in both lamellipodia formation and dorsal ruffling
induced by Rac1 [13].

The role of WAVE2 in T cell function has not been ad-
dressed. Using a combination of biochemical, cellular,
and genetic approaches, we asked if the WAVE2 signal-
ing complex is involved in regulating actin reorganiza-
tion at the IS during T cell activation. Our findings
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Figure 1. The WAVE2 Complex Localizes to the IS

(A) Jurkat T cells were stimulated for indicated time points (above lanes). After stimulation, cells were lysed, clarified, and subsequently immu-

noprecipitated with control IgG antibody or antibody against WAVE2. IPs were separated by SDS-PAGE, transferred, and subsequently blotted

for PIR121, HEM-1, Abi-1/2, and WAVE2.

(B) Primary CD4+ T cells were isolated, lysed, immunoprecipitated, and subsequently blotted as in (A).

(C) Ovalbumin peptide-pulsed A20 B cells (blue) were incubated with secondary DO11.10 transgenic T cells (top). Conjugated cells were bound

to poly-L-lysine coated coverslips, fixed, and stained with antibody against WAVE2 (green) and rhodamine-phalloidin (red). Also shown are pri-

mary CD4+ T cells conjugated to superantigen cocktail (SAC) pulsed Raji B cells (bottom).
show that WAVE2 is involved in regulating actin reorga-
nization, integrin function, and CRAC-mediated Ca2+ en-
try, ultimately leading to optimal T cell activation.

Results

The WAVE2 Complex Localizes to the Immunological
Synapse

Though several studies show that WASp contributes to
the regulation of actin response in T cells and NK cells
[15–17], recent studies show that T cells from WASp-
deficient mice are capable of polymerizing actin at the
T cell-APC contact site under certain experimental con-
ditions [5, 6]. This prompted us to explore other proteins
expressed in T cells that have actin nucleating activity,
morespecifically, theWAVE/Scar familymember WAVE2.

WAVE2 is expressed in multiple cell types, including
peripheral blood lymphoctes [8], and is the major WAVE
isoform expressed by T cells (Figure S1). In addition,
WAVE2 exists in a complex with the proteins PIR121,
Nap1, and Abi-1/2 in other cell types [9–12]. In order to
initially determine whether WAVE2 forms a similar com-
plex in hematopoietic cells, WAVE2 was immunoprecipi-
tated from Jurkat and primary CD4+ T cells. We found
that WAVE2 is associated with PIR121 and Abi-1/2 in
both cell types (Figures 1A and 1B). Using both RT-
PCR and immunoblotting, we could not detect expres-
sion of Nap1 in Jurkat T cells or other lymphocyte pop-
ulations (T.S.G., J.C.N., and D.D.B., unpublished data).
However, HEM-1, a hematopoietically expressed Nap1
homolog, was found to associate with the WAVE2 com-
plex in both cell types (Figures 1A and 1B). Moreover, we
found that the WAVE2 complex remained stably associ-
ated throughout the timecourse of TCR stimulation (Fig-
ure 1A). In addition, phosphorylation of WAVE2 could be
detected by SDS-PAGE in response to ligation of the TCR
(see the Supplemental Results section and Figure S2).

To investigate the role of WAVE2 in T cell activation, we
next asked if WAVE2 localizes to the T cell-APC interface,
where actin polymerization takes place. Indeed, F-actin
and WAVE2 are recruited to the contact site formed be-
tween DO11.10 T cells and ovalbumin peptide-pulsed
A20 B cells (Figure 1C and data not shown). Similar re-
sults were observed with primary human CD4+ T cells in-
teracting with Raji B cells pulsed with a superantigen
cocktail and Jurkat T cells interacting with SEE-pulsed
NALM6 B cells (Figure 1C). Recruitment of other WAVE2
complex family members (Abi-2 and HEM-1) to the IS
was also observed in human CD4+ T cells conjugated
to antigen-pulsed Raji B cells (Figure S3). Recruitment
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Figure 2. Depletion of WAVE2 Leads to Sub-

sequent Degradation of Other Members of

the Complex

(A) Three subsequent IPs for WAVE2 were

performed on 0.5 mg of Jurkat T cell lysate

(WAVE2#1-3, lanes 1–3). After preclearing

the lysate of any residual WAVE2 antibody

(bead clear, lane 4), an IP for HEM-1 and

PIR121 was performed (PIR121/HEM-1, lane

5). HEM-1 and PIR121 was also directly

IP’ed from 0.5 mg of Jurkat T cell lysate

(PIR121/HEM-1, lane 6). Bound proteins

from each IP were separated by SDS-PAGE,

transferred, and subsequently blotted for

WAVE2, HEM-1, and PIR121.

(B) Jurkat T cells were transfected with a con-

trol vector (vector) or one of two shWAVE2

suppression vectors (shWAVE2-A/-B). Cells

were lysed at the 24, 48, and 72 hr time points.

Equal amounts of protein were separated by

SDS-PAGE, transferred, and blotted for

WAVE2 and ZAP-70.

(C) Cells were transfected as in (B) with the

addition of two suppression vectors against

HEM-1 (shHEM-1-A/-B). After 72 hr, cells

were harvested as in (B) and blotted for

PIR121, HEM-1, Abi-2, WAVE2, and ZAP-70.
of WAVE2 complex members and actin reorganization
was not observed in T cell-B cell conjugates formed in
the absence of ovalbumin peptide or superantigen
(data not shown). Taken together, these data demon-
strate that a WAVE2 complex exists in T cells and that
WAVE2 colocalizes with sites of F-actin polymerization
in response to TCR stimulation.

WAVE2 Protein Levels Are Reduced by the

Elimination of Other WAVE2 Complex Members
Figures 1A and 1B clearly demonstrate that an intact
WAVE2 complex is present in T lymphocytes. However,
to further determine whether all of the WAVE2 complex
members are found associated with WAVE2 or, alterna-
tively, if there are free pools of WAVE2 complex proteins,
we utilized serial immunoprecipitation. As shown in Fig-
ure 2A, three subsequent IPs for WAVE2 were performed
to deplete all of the WAVE2 from 0.5 mg of T cell lysate.
When the WAVE2-depleted lysates were subjected to
a PIR121/HEM-1 IP, no residual PIR121 or HEM-1 protein
was detectable (Figure 2A, lane 5). However, HEM-1 and
PIR121 could clearly be detected by immunoprecipita-
tion prior to WAVE2 depletion (Figure 2A, lane 6). These
data demonstrate that the majority of PIR121 and
HEM-1 protein in T lymphocytes is bound to WAVE2.

To further characterize the role of WAVE2 in T cell ac-
tivation, we generated two shRNA targeting constructs
against WAVE2. Both targeting constructs efficiently
depleted WAVE2 from Jurkat T cells (Figure 2B). Quanti-
tation of this suppression at 72 hr revealed that a trans-
fection efficiency of >85% (as determined by flow cy-
tometry for GFP expression) decreased WAVE2 levels
by at least 80% for both shWAVE2-A and shWAVE2-B
when compared to the vector control (J.C.N. and
D.D.B., unpublished data). Experiments with either sup-
pression vector consistently yielded similar results. For
clarity, results are shown for shWAVE2-B only, except
as otherwise indicated.
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Previous studies have demonstrated that proteins of
the WAVE2 complex are dependent upon each other
for stability and that elimination of any of the complex
members leads to subsequent degradation of other
members of the complex [11, 12, 18–20]. Indeed, when
WAVE2 levels were suppressed in Jurkat T cells, a de-
crease in the level of PIR121, HEM-1, and Abi-2 protein
was also observed (Figure 2C). To further examine the
stability of the WAVE2 complex in T cells, we generated
suppression vectors to target the hematopoietic spe-
cific member of the complex, HEM-1. Similar to the ef-
fect seen with WAVE2 suppression, elimination of
HEM-1 also led to subsequent degradation of other
members of the WAVE2 complex (Figure 2C). Overall,
these data support previous reports regarding architec-
ture and stability of the WAVE2 complex.

Actin Polymerization and Conjugate Formation

Are Decreased in the Absence of WAVE2

The ability of a T cell to recognize and conjugate with an
APC is dependent on cytoskeletal dynamics and ‘‘inside-
out’’ signaling leading to integrin-mediated adhesion.
Activation of the b2 integrin LFA-1 leads to high avidity
binding to ICAM proteins, which is crucial for stable T
cell-APC conjugation [21]. To determine if there is
a role for the WAVE2 complex in this process, we first
asked if T cells lacking WAVE2 or HEM-1 are able to
form conjugates with superantigen-pulsed B cells. Using
a flow cytometric assay, we found that T cells deficient
for either WAVE2 or HEM-1 show significant defects in
conjugate formation relative to control-transfected cells
(Figure 3A). Because Rho GTPase activation and cyto-
skeletal remodeling are critical for regulating the multiple
integrins expressed on T cells [21], we next determined if
b1 integrin activation was also defective by examining
the ability of WAVE2 suppressed cells to adhere to fibro-
nectin in response to TCR stimulation. Consistent with
the results shown above, WAVE2 and HEM-1 sup-
pressed Jurkat T cells showed dramatic defects in TCR-
dependent adhesion to fibronectin (Figure 3B and data
not shown). Together, these experiments show that mem-
bers of the WAVE2 complex are required for integrin-
mediated adhesion in response to TCR stimulation.

Because some WAVE2-suppressed T cells did form
conjugates, we next analyzed whether there was re-
duced actin polymerization at the IS in these cells. Using
GFP expression to identify conjugates formed with
T cells expressing the WAVE2 suppression vector, we
analyzed the frequency of F-actin polymerization at the
T-B interface. Indeed, many WAVE2-suppressed T cells
contacting APCs showed little or no F-actin labeling at
the IS (Figure 3C). Quantitation of this defect revealed
that WAVE2 suppression decreased the frequency of
conjugates exhibiting polarized F-actin by nearly 60%,
whereas suppression of WASp had no affect (Figure
3D). Because this assay measures actin responses in
only those cells that formed successful conjugates, it
necessarily underestimates the overall actin defect.
When considering both conjugate formation and the ac-
cumulation of F-actin at the IS, our results demonstrate
that over 75% of WAVE2-suppressed cells show defects
in actin-dependent responses leading to the formation
of the IS. Some of the remaining responders are almost
certainly cells in which WAVE2 suppression was
inefficient. In addition, it is likely that other actin regula-
tory proteins contribute to the residual response. How-
ever, WASp is probably not a major contributor, be-
cause WASp-suppressed cells showed no significant
defect in F-actin responses (Figure 3D and Figure S4)
and because suppression of WAVE2 and WASp together
showed no enhanced effect (data not shown). Taken to-
gether, these data show that WAVE2 is required for in-
tegrin-dependent adhesion and efficient actin polymer-
ization at the IS.

WAVE2 Is Required for Lamellipodia Formation
in T Cells Responding to TCR Stimulation

Spreading of T cells on anti-TCR coated coverslips re-
quires the formation of stable actin structures and the
generation of lamellipodia [22]. Because WAVE proteins
have been implicated in regulating the formation of la-
mellipodia downstream of Rac1 in other cell types, we
analyzed the effect of WAVE2 suppression on the ability
of T cells to spread onto anti-CD3 (OKT3)-coated cover-
slips. As expected, control transfected Jurkat T cells
expressing GFP-actin spead onto anti-CD3-coated cov-
erslips in a highly ordered fashion, forming a round lamel-
lipodial interface containing radially-arrayed F-actin-
rich structures. Retrograde motion of GFP-actin was
visible within the lamellar region (Figure 4A and Movie 1).
In addition, DIC images showed membrane ruffling at
the cell periphery (Movie 1). Maximal cell spreading
was achieved by 2–3 min and cells began to retract by
7.5–10 min. In stark contrast to the behavior of control-
transfected cells, cells expressing cherry-shWAVE2-B
failed to spread on anti-CD3 coated coverslips. In fact,
25 min after contact with the coverslip, the WAVE2-sup-
pressed cells still resembled control cells at the 20 s time
point (Figures 4A and 4B). WAVE2-suppressed cells fre-
quently sent out individual GFP-actin rich ruffles but
never formed well-organized lamellipodia. The ruffles
that were generated did not persist and were rapidly re-
tracted (Figure 4B and Movie 2). In addition, these struc-
tures did not remain in contact with the coverslip. These
data show that WAVE2 is required for the generation of
stable lamellipodia in response to anti-TCR ligation.

WAVE2 Is Required for TCR-Stimulated IL-2p Activity

Because appropriate actin reorganization is required
for T cell activation, we next explored whether WAVE2
depletion leads to defects in TCR-stimulated signaling
events. Indeed, suppression of WAVE2 using either
shWAVE2 construct resulted in a decrease in IL-2 pro-
moter activity after anti-CD3 or anti-CD3/CD28 cross-
linking (Figure 5A, and data not shown). This defect in
IL-2p activity was not a result of a decrease in total or
cell-surface TCR levels (J.C.N. and D.D.B., unpublished
data) or decreased activation of proximal tyrosine
kinases, because TCR-induced ZAP-70 phosphoryla-
tion was unaffected (Figure S5A). In addition, analysis
of LAT immunoprecipitates from anti-TCR stimulated
control or WAVE2-suppressed cells did not reveal any
gross defects in the formation of the LAT signalosome
(i.e., recruitment and phosphorylation of SLP76, Vav1,
and PLCg1) (Figure S5B). These data suggest that
WAVE2 functions to regulate T cell activation indepen-
dently of early signaling events.
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Figure 3. Suppression of WAVE2 Decreases Conjugate Formation and Actin Accumulation at the IS

(A) Cells were transfected with either vector control or suppression vectors targeting either WAVE2 or HEM-1. After 72 hr, transfected cells were

incubated with NALM6 B cells stained red with ethidium bromide and pulsed with SEE (+SEE) or left unpulsed (2SEE). Using GFP expression as

a marker for transfected cells, conjugate formation was determined using two-color flow cytometry. Shown is a representative example of three

independent experiments.

(B) Jurkat T cells were transfected as in (A) and were analyzed for their ability to bind to fibronectin following no stimulation (unstimulated) or

stimulation of the TCR (OKT3) for 10 min at 37ºC. After washing, adherent cells were collected and the adhesion of GFP-low, intermediate,

and high cells in each sample was determined by flow cytometry.

(C) Cells were transfected as in (A) and after 72 hr were incubated with SEE-pulsed NALM6 B cells (blue). Conjugates were bound to poly-L-lysine

coated coverslips, fixed, and stained with rhodamine-phalloidin (red) to visualize the accumulation of F-actin.

(D) Conjugates formed in (C) and Figure S4 were quantified on their ability to form F-actin at the IS. Shown is the average of three independent

experiments.
WAVE2 Regulates Ca2+ Downstream of TCR Ligation

Independently of PLCg1
Because early activation events were apparently intact
in WAVE2-suppressed cells, we next analyzed down-
stream signaling pathways that could regulate IL-2p ac-
tivity. Interestingly, WAVE2 suppression did not affect
TCR-induced phosphorylation of PLCg1 on tyrosine
783 (Figure 5B). Consistent with the uncompromised
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Figure 5. WAVE2 Regulates T Cell Activation Independently of PLCg1, Erk, and Jnk Activation

(A) Jurkat T cells were transfected with IL-2p luciferase reporter along with either a control vector or one of two shWAVE2 suppression vectors

(shWAVE2-A/-B). After 72 hr, cells were left unstimulated (Nil) or stimulated with OKT3 and anti-CD28 for 5 hr. Luciferase activity was measured

and normalized to TK-Renilla readings.

(B) Jurkat T cells were transfected with vector control or shWAVE2 suppression vector. After 72 hr, cells were stimulated with OKT3 and goat anti-

mouse antibody for the indicated time points. Whole-cell extracts were prepared and proteins were separated by SDS-PAGE, transferred, and

analyzed for phosphorylation of PLCg1 (Tyr 783) by immunoblot.

(C and D) Same as in (B) but blotted for phosphorylation of Erk1 and Erk2 and Jnk1 and Jnk2.

(E and F) Cells were transfected as in (A), but with a reporter construct for (E) AP-1 or (F) NFkB. Cells were stimulated for 2, 3, 4, or 5 hr, and

luciferase activity was measured and normalized to TK-Renilla readings. Data shown are representative examples of three independent experi-

ments for each.
activation of PLCg1, WAVE2 suppressed cells were un-
affected in their ability to activate both Erk and Jnk (Fig-
ures 5C and 5D), whereas T cells lacking PLCg1 demon-
strate defects in the activation of both pathways
(Figures S6A and S6B). Consistent with our observation
that Erk, Jnk, and PKC-stimulated pathways are intact in
WAVE2-suppressed cells, these cells efficiently acti-
vated both isolated AP-1 and NFkB reporter constructs
in response to TCR and CD28 ligation (Figures 5E and
5F). These data, along with the finding that functional
PLCg1 is required to activate AP-1-mediated gene tran-
scription (Figure S6C), further support the notion that
PLCg1 activation is not compromised in WAVE2-sup-
pressed T cells.

Because IL-2 transcription is both DAG and Ca2+ de-
pendent, we next examined the effect of WAVE2
suppression on downstream steps involved in Ca2+ reg-
ulation. Surprisingly, bulk cell measurement of intracel-
lular calcium using the flow cytometer indicated that
WAVE2-suppressed cells have significantly diminished
TCR-induced calcium signals (Figure 6A). Two distinct
sources of Ca2+ feed into the cytoplasm after TCR-in-
duced production of IP3. Initially, IP3 triggers Ca2+ re-
lease from intracellular stores, believed to be within
the endoplasmic reticulum (ER). The resulting decrease
in intraluminal ER Ca2+ concentration then triggers acti-
vation of calcium entry channels in the plasma mem-
brane termed CRAC channels. Single cell calcium mea-
surements were performed to pinpoint the location of the
WAVE2 effect. First, lymphocytes were stimulated in
Ca2+-free bath solution to evaluate intracellular release
and then perfused with Ca2+-containing bath solution
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Figure 6. WAVE2 Regulates CRAC Channel Activation Leading to NFAT-Mediated Gene Transcription

(A) Jurkat T cells were transfected with vector control or shWAVE2 suppression vector. After 72 hr, calcium mobilization in response to OKT3/

goat anti-mouse was measured using Indo-1 staining and flow cytometry.

(B) Jurkat T cells were transfected as in (A). After 72 hr, calcium measurements were performed using single cell fluorescence ratio (Fura-2 im-

aging) of GFP positive control and WAVE2 suppressed Jurkat cells. In calcium-free bath solution, increases in Fura-2 ratio reflect Ca2+ release

from intracellular stores. Extracellular Ca2+ entry via activated CRAC channels was subsequently assessed by reintroduction of extracellular cal-

cium (2 mM Ca2+). Shown are representative examples of three independent experiments for each condition and each trace represents the av-

erage response of at least 100 cells in the recording chamber.

(C and D) Cells were prepared and analyzed as in (B) and stimulated as indicated above the graphs.

(E and F) Jurkat T cells were transfected with vector control or shWAVE2 suppression vector and either a (E) NFAT/AP-1 or (F) NFAT luciferase

reporter. 72 hr post transfection, cells were stimulated with OKT3 and anti-CD28 for 2, 3, 4, and 5 hr. Luciferase activity was measured at each

time point and normalized to TK-Renilla readings. Shown are representative examples of three independent experiments for each.
to examine the activation state of CRAC channels. Con-
sistent with our data suggesting that PLCg1 activation is
not affected by WAVE2 suppression, TCR-induced (IP3-
mediated) ER store release was indistinguishable be-
tween control and WAVE2-suppressed Jurkat T cells
(Figure 6B, 0 mM Ca2+). However, the secondary eleva-
tion due to extracellular Ca2+ entry in WAVE2 sup-
pressed T cells was significantly diminished (Figure
6B, 2 mM Ca2+). This diminished Ca2+ entry could result
from alterations in the Ca2+ content or homeostasis of
stores, defective coupling between intracellular stores
and CRAC channels, or decreased Ca2+ permeation of
CRAC channels. We examined this first mechanism by
treating cells with anti-CD3 in Ca2+-free bath solution
to physiologically induce Ca2+ release, and then thapsi-
gargin, an inhibitor of the SERCA pump responsible for
Ca2+ uptake into stores, to deplete any remaining Ca2+

in the ER. We found no significant thapsigargin-releas-
able calcium in control or WAVE2-suppressed cells after
CD3 stimulation, suggesting that WAVE2 does not
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modulate the Ca2+ content of stores or its IP3-mediated
release. Notably, thapsigargin also did not rescue Jurkat
cells from WAVE2 suppression of CD3-induced Ca2+ en-
try (Figure 6C), suggesting that WAVE2 regulates CRAC
channel activation subsequent to Ca2+ store depletion.
In fact, when store depletion was pharmacologically in-
duced (i.e., with thapsigargin alone), an identical defect
in Ca2+ entry was seen in WAVE2-suppressed Jurkat
cells after Ca2+ release from stores as with anti-CD3
(Figure 6D). These data indicate that WAVE2 regulates
a step in TCR-stimulated calcium entry at a point distal
to the activation of PLCg1 and IP3-stimulated Ca2+ re-
lease from stores.

WAVE2 Regulates NFAT-Mediated Gene
Transcription

In lymphocytes, NFAT activation requires sustained ele-
vations in cytoplasmic calcium associated with extracel-
lular calcium entry [23]. During T cell activation, a rise in
intracellular calcium leads to activation of the phospha-
tase calcineurin, which mediates NFAT dephosphoryla-
tion and nuclear translocation, leading to gene transcrip-
tion [24]. To verify the hypothesis that WAVE2 plays a role
in Ca2+-regulated NFAT activation, we next conducted
a luciferase reporter assay using the NFAT/AP-1 binding
site of the IL-2p. In agreement with the defect in Ca2+

signaling, WAVE2-suppressed cells demonstrated a
marked decrease in the activation of NFAT/AP-1 (Fig-
ure 6E). To further demonstrate that NFAT activation is
decreased in the absence of WAVE2, we tested the acti-
vation of an NFAT-only binding site from the IFN-g pro-
moter. As expected, Jurkat T cells lacking WAVE2 failed
to activate the NFAT-only reporter construct compared
to control transfected cells (Figure 6F). These results in-
dicate that WAVE2 is an important component of the T
cell signaling pathway controlling calcium mobilization,
leading to NFAT-mediated gene transcription.

Discussion

The actin cytoskeleton participates in organizing and
maintaining signaling complexes and pathways emanat-
ing from cell surface receptors, including multisubunit
immune recognition receptors on T and B lymphocytes.
However, it remains unclear exactly how individual actin
regulatory proteins contribute to this process and
whether they participate in T cell activation apart from
their prescribed roles as actin regulators. Herein, we de-
scribe a specific role for WAVE2, a protein closely related
to WASp, in T cell activation. We demonstrate that
WAVE2 plays an indispensable role in TCR-mediated ac-
tin cytoskeletal dynamics and integrin activation leading
to proper conjugate formation. In addition, we define an
unexpected role for WAVE2 in facilitating TCR-stimu-
lated CRAC channel activation. Taken together, our
data identify WAVE2 as a critical component for T cell
activation.

The data presented here demonstrate that WAVE2 is
an essential regulator of the actin cytoskeleton in T lym-
phocytes. In fact, although it is agreed that WASp plays
a critical role in T cell activation [4], our data suggest that
actin responses may be more dependent on the function
of WAVE2 than WASp. Studies in WASp-deficient mice
have yielded mixed results about the role of WASp in
actin remodeling at the IS [5, 6, 16, 25, 26], and we
show here that Jurkat T cells depleted of WASp with
shRNA exhibit grossly normal actin repsonses. In con-
trast, parallel studies in WAVE2-suppressed T cells
show defects in conjugate formation, TCR-activated
binding to fibronectin, and actin polymerization in re-
sponse to TCR ligation. WAVE proteins were initially
identified as downstream effectors of Rac1 that localize
to newly established lamellipodia and play a critical role
in the formation of these structures [27, 28]. Similarly, we
find that WAVE2 not only localizes to the leading edges
of spreading T cells in response to TCR ligation (J.C.N.
and D.D.B., unpublished data) but also is required for
cell spreading, a phenomenon requiring F-actin poly-
merization.

Our studies also show that WAVE2 and HEM-1 are re-
quired for activation-dependent adhesion of T cells via
both b1 and b2 integrins. The actin cytoskeleton is
thought to impact integrin function by driving membrane
remodeling and acting as a platform for integrins
through interactions with actin-associated molecules,
such as a-actinin, talin, vinculin, and filamin [29]. Indeed,
T cells treated with the actin destabilizing agent cyto-
chalasin D show an inability to form conjugates [30]. In
addition, T cells lacking the Rho Family guanine nucleo-
tide exchange factor (GEF) Vav1 fail to form stable, high-
avidity conjugates and do not adhere efficiently to b1 in-
tegrin ligands such as fibronectin [6]. Vav1 is activated in
response to TCR stimulation and can activate both Rac1
and Cdc42. Therefore, it is possible that activation of
Rac1 by Vav1 is needed to direct WAVE2-induced lamel-
lipodia, leading to integrin-mediated conjugate forma-
tion in T cells. In fact, it was recently demonstrated
that PIR121 is involved in T cell binding to fibronectin
[31]. We note however, that not all hematopoietic actin
regulatory molecules are required for conjugate forma-
tion. For example, Jurkat T cells lacking Dynamin 2 or
the cortactin homolog HS1 show no defect in their ability
to form stable T cell-APC conjugates, but these conju-
gates fail to exhibit the typical robust accumulation of
F-actin at the IS [32] (T.S.Gomez et al., submitted). Sim-
ilarly, under certain conditions, murine T cells lacking
WASp aggregate integrins effectively and form stable
conjugates with peptide specific APCs [6]. Thus,
WAVE2 likely functions to regulate integrin-mediated
adhesion via its effects on actin polymerization in a man-
ner that is specific and distinct from other actin regula-
tory proteins. Further studies will be required to deter-
mine the mechanism by which WAVE2 regulates
integrin-mediated adhesion in T cells and to understand
why some actin regulatory molecules affect integrin
function, whereas others apparently do not.

WAVE proteins exist in a tight complex containing
Nap1/HEM-1, Abi-1/2, Sra-1/PIR121, and HSPC300.
The integrity of this complex is dependent upon all
members because elimination of any single subunit
leads to the subsequent degradation of WAVE protein
[18–20, 33–35]. Interestingly, Nap1 appears to be absent
from the WAVE2 complex in T lymphocytes. However,
HEM-1 is a hematopoietic specific homolog of Nap1
[36], and little is known about its functional significance
in T lymphocytes.

Although early studies suggested that Rac1 binding to
Sra-1/PIR121 disrupted the complex leading to an
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active WAVE/HSPC300 subunit [9], our data demon-
strate that the WAVE2 complex remains intact for at
least 30 min after TCR stimulation. This finding is in
agreement with recent evidence concluding that an in-
tact WAVE complex is fully functional [11, 12] and that
each of these proteins participates in the regulation of
WAVE actin nucleating activity. However, the exact reg-
ulatory function that each of these proteins performs in T
cells remains to be completely elucidated.

In addition to Rac-mediated activation, many modes
of regulation have been suggested for the WAVE com-
plex. Another possible mode of regulation involves
phosphorylation. Phosphorylation of WAVE1 by Erk
has been reported to occur downstream of growth fac-
tor receptors [37]. More recently, it was found that
WAVE2’s actin polymerizing activity could be enhanced
by c-Abl-mediated tyrosine phosphorylation, an event
apparently dependent on Abi-1-mediated Abl recruit-
ment to WAVE2 [38]. In spite of this, we have been un-
able to detect tyrosine phosphorylation of WAVE2 in
response to TCR stimulation (J.C.N. and D.D.B.,
unpublished data). However, our data indicate that
TCR-ligation or PMA stimulation leads to serine/threo-
nine phosphorylation of WAVE2. Therefore, further in-
vestigation will be required to fully elucidate the func-
tional significance of WAVE2 phosphorylation, and the
regulatory mechanisms that control this process. In
the long run, it seems likely that fine control of WAVE2
activation in T lymphocytes will prove to involve the con-
vergence of several regulatory mechanisms.

The WAVE2 complex is also required for the activation
of gene transcription in T cells. In particular, we find that
WAVE2 is essential for calcium signaling and NFAT acti-
vation but dispensible for other pathways leading to ac-
tivation of the AP-1 and NFkB transcription factors. In T
cells lacking WAVE2, activation of PLCg1 appears to be
unaffected based on both phosphorylation at tyrosine
783 and full activation of the Erk and Jnk MAPK cas-
cades. This phenotype is distinct from that of other actin
regulatory proteins. For example, we recently demon-
strated that the large GTPase Dynamin 2 coordinates
actin reorganization at the IS. We found that T cells lack-
ing Dynamin 2 fail to properly activate PLCg1 and exhibit
defects in calcium flux and signaling through Erk and
Jnk [32]. Loss of a third actin regulatory protein, HS1,
leads to normal PLCg1 phosphorylation and Jnk activa-
tion but defects in IL-2p activation (T.S.Gomez et al.,
submitted). These results show that individual actin reg-
ulatory molecules play specific, nonredundant roles in
TCR signaling pathways, leading to T cell activation.

One important phenotype of WAVE2-depleted cells is
inhibition of CRAC channel activation in the face of nor-
mal Ca2+ release from stores. Although signaling events
that link engagement of the TCR to calcium release from
the ER stores is well established, how intracellular store
depletion activates CRAC channels remains unresolved.
This reflects the fact that the molecular identity of CRAC
channels is not known. Significant evidence supports
each of two different mechanisms of CRAC channel ac-
tivation by store depletion [39, 40]. The first mechanism
postulates that a soluble mediator, which is generated
by intracellular Ca2+ store depletion, activates CRAC
channels. The second mechanism involves the physical
linkage of stores to CRAC channels in the plasma
membrane. The most compelling data for this ‘‘confor-
mation-coupling’’ mechanism comes from three recent
studies, which suggest that STIM1 (stromal interaction
molecule 1) is the long sought calcium sensor in T cells
[41–43]. STIM1 suppression did not diminish TCR/IP3-
mediated Ca2+ release from stores but abrogated
CRAC channel activation [42]. This phenotype is similar
to what we observe in WAVE2-suppressed Jurkat T
cells, but how the WAVE2 complex regulates Ca2+ entry
in T cells is unknown. Nonetheless, our results are con-
sistent with the conformation-coupling model. Defining
the mechanism by which WAVE2 regulates the coupling
between calcium stores and CRAC channel activation is
a focus of ongoing efforts.

In summary, this study demonstrates a requirement
for WAVE2 in the regulation of T cell activation. We
show that the WAVE2 complex not only controls actin
reorganization and integrin-dependent adhesion but
also is involved in signaling events coupling TCR-stimu-
lated calcium store release to CRAC channel activation.
Further analysis of this important protein and its inter-
acting partners is likely to shed new light on the poorly
understood events that coordinate cytoskeletal control,
Ca2+ signaling, and activation of gene transcription dur-
ing T cell activation.

Experimental Procedures

See the Supplemental Data available with this article online.
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