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Differential Roles for Wiskott-Aldrich Syndrome Protein in
Immune Synapse Formation and IL-2 Production'

Judy L. Cannon* and Janis K. Burkhardt 2"

Wiskott-Aldrich syndrome protein (WASP)-deficient T cells exhibit defects in IL-2 production that are widely believed to stem
from primary defects in actin remodeling and immune synapse formation. Surprisingly, however, we find that WASP-deficient T
cells responding to Ag-specific APCs polymerize actin and organize talin and PK&normally, forming an immune synapse that

is stable for at least 3 h. At low doses of peptide, WASP-deficient T cells show less efficient talin and P&@olarization. Thus,
although WASP may facilitate immune synapse formation at low peptide concentrations, WASP is not required for this process.
Defects in IL-2 production are observed even under conditions in which immune synapse formation proceeds normally, suggesting
that the role of WASP in regulating IL-2 production is independent of its role in immune synapse formation. The Journal of

Immunology, 2004, 173: 1658-1662.

arly T cell signaling events trigger the organization of
specific molecules at the (1S),® a process that is closely

correlated with productive T cell activation (1, 2). TCR
and PKC# localize to the center of the IS, or central supramolecu-
lar activation cluster (C-SMAC), whereas LFA-1 and talin segre-
gate to the peripheral region (P-SMAC) (3). F-actin polymerizes at
the IS and the microtubule organizing center (MTOC) reorients
toward this site. Perturbation of actin dynamics inhibits TCR sig-
naling, conjugate formation, organization of the IS, and IL-2 pro-
duction (1). It iswidely believed that IS formation is driven at |east
in part by actin-dependent processes including actin polymeriza-
tion, lipid raft dynamics, and myosin-dependent molecular move-
ments. However, the underlying molecular mechanisms are poorly
understood.

One protein frequently proposed to regulate IS architecture is
the Wiskott-Aldrich syndrome protein (WASP) (1, 4—6). Muta-
tions in WASP cause Wiskott-Aldrich syndrome (WAS), an X-
linked recessive disorder characterized by immunodeficiency, ec-
zema, and thrombocytopenia (4, 7). T cellsfrom WAS patients and
WA SP-deficient mice exhibit defects in actin polymerization, TCR
capping, proliferation, and IL-2 production in response to anti-
CD3 dtimulation (4, 5, 7, 8). Dominant mutants of the WASP-
activating protein Cdc42 have been reported to interfere with both
MTOC and actin polarizationin T cells (9), and T cellsfrom WAS
patients lack the ability to localize lipid rafts to the IS (10). These

*Committee on Immunology, University of Chicago, Chicago, IL 60637; and "Divi-
sion of Cell Pathology, Department of Pathology and Laboratory Medicine, Chil-
dren’s Hospital of Philadelphia and University of Pennsylvania, Philadelphia, PA
19104

Received for publication May 4, 2004. Accepted for publication June 3, 2004.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was supported by National Institutes of Health Grant R01-A144835 (to
JK.B.).

2 Address correspondence and reprint requests to Dr. Janis K. Burkhardt, Children’s
Hospital of Philadelphia, 816D Abramson Research Center, 3615 Civic Center Bou-
levard, Philadelphia, PA 19104. E-mail address: jburkhar@mail.med.upenn.edu

3 Abbreviations used in this paper: |S, immune synapse; C-SMAC, central supramo-
lecular activation cluster; P-SMAC, peripheral supramolecular activation cluster;
MTOC, microtubule organizing center; WAS, Wiskott-Aldrich syndrome; WASP,
WAS protein; WIP, WASP-interacting protein; Tg, transgenic; wt, wild type; MCC,
moth cytochrome ¢; WH1, WASP homology 1.

Copyright © 2004 by The American Association of Immunologists, Inc.

findings strongly suggest that WASP plays an important rolein T
cell activation through regulation of cytoskeletal dynamics.

WASP and its ubiquitous homolog N-WASP are multidomain
proteins with numerous binding partners (11). The C-terminal ver-
polin/cofilin/acidic domain of WASP proteins binds the actin nu-
cleation complex Arp2/3, activating formation of branched actin
structures at the cell cortex. WASP proteins exist in an autoinhib-
ited conformation, which is relieved on interaction with the Rho
family GTPase Cdc42 and PI (4,5)-bisphosphate. We have previ-
ously shown that TCR engagement induces the accumulation of
Cdc42-GTP and WASP at the IS (12), leading to the conforma-
tional change associated with WASP activation (13, 14). There is
also evidence that WASP can be activated at the IS via tyrosine
phosphorylation (15), creating binding sites for Src family kinases
and other SH2 domain-containing proteins (16). WASP is re-
cruited to the IS through interactions of its proline-rich domain
with Nck or PSTPIP1 (12, 13, 17), and interacts through its N-
terminal WASP homology 1 (WH1) domain with WA SP-interact-
ing protein (WIP; Ref. 18). Many WAS mutations lie in the WH1
domain, indicating that WIP binding is important for WASP func-
tion (7, 19). WASP-WIP interaction is regulated upon T cell ac-
tivation (20), and WIP-deficient T cells exhibit profound defectsin
actin remodeling and cytokine production (21).

In at least some experimental systems, WASP-deficient T cells
form conjugates with APCs normally (22, 23), suggesting that not
all actin-dependent aspects of T cell activation are mediated by
WASP. We tested the ability of WASP-deficient T cellsto polarize
cytoskeletal proteins and IS markers under conditions in which
conjugate production is unperturbed. Surprisingly, we found that
these cells could efficiently polarize MTOC, actin, PKC6, and talin
to the IS. When stimulated with low doses of peptide, WASP-
deficient T cells showed diminished polarization of PKC6 and
talin. However, defects in IL-2 production were observed at all
peptide doses, indicating that the requirement for WASP in sig-
naling IL-2 production may be independent of its role in the for-
mation of the IS.

Materials and Methods
Cells and reagents

AND TCR transgenic (Tg) and WA SP knockout mice were from The Jack-
son Laboratory (Bar Harbor, ME). C3H mice were from the National Can-
cer Institute (Frederick, MD). Cells were cultured in DMEM-10% FCS as
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described previously (24). To generate T cell blasts, lymph node T cells
from AND TCR Tg WASP*/~ and WASP 'Y mice were cocultured with
irradiated C3H splenocytes, 6.67 wg/ml DASP peptide (moth cytochrome
¢ (MCC)gg_g0; MCCy,_103), and 1 ug/ml anti-CD28. From 7 to 14 days
after activation, live cells were recovered by Ficoll-Hypague (Sigma-Al-
drich, St. Louis, MO) gradient separation. Anti-cytoplasmic NFAT Abs
were from Affinity Bioreagents (Golden, CO). Anti-lamin A, rabbit-anti-
PKC6 (C-18), and goat anti-talin (C-20) were from Santa Cruz Biotech-
nology (Santa Cruz, CA); anti-FLAG Ab was from Kodak (Rochester,
NY); anti-tubulin Ab DM 1A was from Neomarkers (Fremont, CA). Flu-
orescent secondary Abs were from Jackson ImmunoResearch Laboratories
(West Grove, PA). Rhodamine-phalloidin was from Molecular Probes
(Eugene, OR).

Conjugation and immunofluorescence microscopy

Cell conjugations, immunofluorescence microscopy, and quantitation of
actin and MTOC polarization were done as described previously (25), and
polarization of PKC6 and talin was analyzed in the same way. To minimize
bias in quantitive analyses, conjugates were identified in the differential
interference contrast image as small T cells contacting larger B cells, re-
gardless of presence or absence of Ag, cell morphology, or protein distri-
bution. Deconvolution was performed using Openlab version 3.1.1 (Im-
provision, Coventry, U.K.) or SlideBook 3.0 (13, Denver, CO). Z-series
images were processed by nearest neighbor deconvolution and rendered in
three dimensions using Slidebook. The length of the ISand T cell circum-
ference were measured using NIH Image.

NFAT translocation assays

Lymph node cells were purified via nylon wool and were unactivated,
incubated with beads (Dynal Biotech, Great Neck, NY) coated with 1
rg/ml 2C11 and 1 pg/ml CD28, uncoated beads, or 10 ng/ml PMA and 0.4
ng/ml ionomycin. Cells were then lysed in 10 mM HEPES (pH 7.9), 10
mM KCI, 0.1 mM EDTA (pH 8), 0.1 mM EGTA (pH 8), 0.4% Nonidet
P-40 on ice for 15 min. The nuclear pellet was extracted with 20 mM
HEPES (pH 7.9), 0.4M NaCl, 1 mM EDTA, and 1 mM EGTA, vortexed
for 2 min at 4°C, and clarified by centrifugation to generate the nuclear
fraction. Samples were separated by SDS-PAGE, and proteins were de-
tected using standard Western blotting protocols. Images of the chemilu-
minescent signal were captured using the Fujifilm LAS 3000 system
(Stamford, CT) and quantitated using Fujifilm Image Gauge version 4.0.
Relative NFATc levels were calculated by [NFATc signa]/[lamin A sig-
nal] to normalize for loading. The fold increase in nuclear NFATc was
calculated by [corrected NFATc signal]/[corrected NFATc signal in the
unactivated control].

IL-2 ELISA

T cells (2 X 10°) from WASP*'~ and WASP~'Y mice were cultured with
2x10° irradiated splenocytes from C3H spleens (2500 rad) and DASP
peptide. Culture supernatants were analyzed using an IL-2 ELISA kit (BD
Pharmingen, San Diego, CA) according to the manufacturer’s directions.

Results
WASP is required for IL-2 production in response to antigenic
stimulation

WASP-deficient T cells show defects in IL-2 production in re-
sponseto anti-CD3 Ab (4). To assess | L-2 responses to Ag-specific
APCs, WASP-deficient mice were bred onto the AND TCR Tg
background. This TCR recognizes |-EX molecules presenting
MCC88-103 peptide or its superagonist variant DASP (26, 27).
When stimulated with splenocytes, naive WASP-deficient T cells
showed defects in IL-2 production at all peptide doses (Fig. 1A).
Previously activated T cells showed similar defects using either
splenocytes (Fig. 1B) or the B cell line CH12 (Fig. 1C) as APCs.
In addition to showing defectsin IL-2 production, WA SP-deficient
T cells showed diminished translocation of NFATc into the nu-
clear fraction (Fig. 1D). These results are consistent with previous
studies showing that WASP-deficient cells exhibit normal MAP
kinase signaling, but partial defects in Ca®* signaling and activa-
tion of an NFAT-reporter construct (5, 15). We conclude that the
defect in NFAT translocation is the likely basis for the defective
IL-2 production.
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FIGURE 1. WASP-deficient T cells have a defect in IL-2 production
and NFATc translocation in responseto T cell stimulation. Naive (A and D)
or previously activated (B and C) WASP*'~ or WASP™"Y lymph node T
cells were incubated for 24 h with C3H splenocytes (A and B) or CH12 B
cells (C) presenting the indicated concentrations of DASP peptide. Super-
natants were analyzed by ELISA for IL-2 production. D, NFATc nuclear
translocation in cells that were unactivated (lanes 1), activated with PMA/
ionomycin (lanes 2), mock-activated with uncoated beads (lanes 3), or
activated with anti-CD3/anti-CD28-coated beads (lanes 4). In each case,
nuclear fractions were separated and analyzed by SDS-PAGE, and NFATc
and Lamin A were detected by Western blot analysis. Fold increase in
nuclear NFATc over the unactivated control was determined using lamin A
as a loading control, as described in Materials and Methods.

WASP is not required for actin or MTOC polarization

Because WASP-deficient T cells can efficiently form conjugates
with APCs (22, 23), we asked whether actin remodeling occurs
normally in these conjugates. T cells from wild-type (wt) or
WA SP-deficient mice were conjugated to peptide-pulsed B cells,
and the accumulation of F-actin at the IS was evaluated. Surpris-
ingly, WASP-deficient T cells accumulated F-actin normally (Fig.
2A). No difference was observed in the intensity of F-actin labeling
or the length of the contact site, calculated as a percentage of T cell
circumference (30% for wt vs 28% for WASP™"Y T cells). More-
over, the frequency of conjugates showing F-actin at the 1S was
identical for WASP-deficient cells and wt controls (Fig. 2B). To
rule out possible compensation during primary stimulation in cul-
ture, naive T cells were aso tested. These, too, showed no actin
defects at the IS (Fig. 2C). Finaly, labeling with anti-tubulin re-
vealed that WASP-deficient T cells polarize their MTOC toward
the bound APC as efficiently as wt T cells (Fig. 2D). These data
show that WASP is not required for either actin or MTOC polar-
ization at the IS.

WASP is not required for protein organization within the 1S

To test the role of WASP in SMAC formation, we localized talin
and PKC6 in T-B conjugates. In AND Tg WASP-deficient T cells,
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FIGURE 2. WASP-deficient T cells have no defect in actin or MTOC
polarization at the IS. Previously activated (A, B, and D) or naive (C) T
cells were conjugated for 10 min to CH12 B cellswith or without 60 pwg/ml
DASP, fixed, and stained with rhodamine-phalloidin to visualize F-actin
(A-C) or anti-tubulin to visualize the MTOC (D). A, Representative con-
jugates showing F-actin at the IS. B and C, quantitation of conjugates
showing F-actin at the IS. D, Quantitation of conjugates showing the
MTOC localized to the proximal third of the T cell. At least 50 conjugates
were scored for each condition; results are from 1 representative experiment.

asinwt T cells, PKC# and talin localized to the IS, with PKC6
focused in the C-SMAC, and talin present in the surrounding P-
SMAC (Fig. 3A) Normal IS formation was aso seen in WASP-
deficient T cells on the DO11.10 Tg background (data not shown).
Quantitative analysis revealed no defects in the overall efficiency
with which these proteins accumulated at the IS (Fig. 3B). More-
over, there were no defects in the frequency of PKC6 focusing
within the C-SMAC; for both wt and WASP-deficient T cells,
one-half of those conjugates showing PKC6H accumulation at the IS
exhibited PKC# focusing (data not shown). Because maintenance
of an IS for at least 2 h is important to induce productive T cell
activation (28), we asked whether WASP is required for IS main-
tenance. No differencesin IS stability were observed for up to 180
min (Fig. 3C). The ability to form a normal SMAC structure was
not due to compensation in culture, because polarization of talin
and PKC# also proceeded normally in conjugates formed with na-
ive WASP-deficient T cells (data not shown).

WASP facilitates talin and PKC#6 recruitment at low peptide
doses

To determine whether subtle defects in SMAC formation would
become apparent at lower doses of peptide, dose-response analysis
was performed. For these experiments, we used the MCCgq_;03
full agonist peptide, which stimulates T cell proliferation at ~10-
fold higher doses than the superagonist DA SP peptide used above

WASP FUNCTION IN IS FORMATION AND IL-2 PRODUCTION
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FIGURE 3. WASP-deficient T cells organize PKC6 and talin at the IS.
Conjugates formed using previously activated T cells were double-labeled
with anti-PKC6 and anti-talin Abs to analyze SMAC structure. A, Repre-
sentative conjugates, with PKC# in red and talin in green. Z-axis, Segre-
gation of PKC# and talin into C-SMAC and P-SMAC regions, respec-
tively. B and C, Quantitation of conjugates showing PKC6 and talin
polarization to the IS a 10 min (B) or up to 180 min (C). At least 50
conjugates were scored for each condition; results are from 1 representative
experiment.

(26). At the highest doses of MCCgg_;03, WASP-deficient T cells
polarized PKC#H and talin as efficiently as wt controls (Fig. 4A).
However, with decreasing peptide dose, the frequency of PKC6O
and talin polarization fell off more rapidly for WASP-deficient T
cells. These effects were most striking for talin, where the response
fell to less than one-half that of wt cellsby 1-0.1 uM peptide. As
an dternate means of testing the role of WASP in setting the
threshold for 1S formation, we used the weak agonist peptide

$20¢ IHdy 0Z uo 1senb Aq 4pd-8591/26898 | L/8S9L/E/E LLAPd-8loIE/loUNWWI/BI0 jounwWIWIl mmmy/:diy Woly papeojumoq



The Journa of Immunology

A PKC#o Talin
50
e WheER | s0
c
S
530 40
g
g
o 20
=40
0 , 0 s s
100 10 1 0.1 0.01 100 10 1 0.1 0.01
B [ MCC 88-103] [ MCC 88-103]
40
& p=0.004
8 30 £
£ - p=0.02
N ~
& 20 *s
Q
s z.
10 \{
0 = T
100 10 1 04 001 100 10 1 0.1 0.01
[ 99R] [V 99R]
c 2000

1500

1000

pa/ml IL2

500

100 10 1 0.1 0.01 0

[uM MCC 88-103]
FIGURE 4. WASP-deficient T cells show defects in PKC# and talin
polarization at low doses of peptide but show IL-2 production defects at
high doses. A and B, Experiments were performed as in Fig. 3 using the
indicated doses of MCCgg_,o5 peptide (A) or MCCI9R peptide (B). Data
are means = SEM from 3 independent experiments with 50 conjugates
each. p values were determined using the paired Student t test. C, Naive
WASP*"Y or WASP™"Y lymph node T cells were incubated for 24 h with
C3H splenocytes with the indicated concentrations of MCCgg_;05 peptide
and analyzed by ELISA for IL-2 production. The result is from one rep-
resentative experiment.

MCC99R, which stimulates T cell proliferation at ~100-fold
higher doses than MCCgg_; 05 (29). Whereas the weak agonist did
not reveal alatent defect in the WA SP-deficient T cells when com-
pared with the full agonist (Fig. 4, A and B), the WA SP-deficient
T cells again showed a significantly reduced frequency of PKC6
and talin polarization at low peptide doses. Thus, WASP facilitates
the efficient recruitment of proteins to the IS under suboptimal
stimulation conditions.

Comparison of the effects of WASP deficiency on IS formation
and on IL-2 production shows a striking lack of correlation in these
two phenotypes. Defectsin IS formation were most apparent at the
lowest doses of peptide tested, with no statistical difference from
wt cells at 1 uM peptide or higher. In contrast, defects in IL-2
production were most pronounced at high doses of the DASP pep-
tide (Fig. 1). To verify this distinction, we tested IL-2 production
using the same peptides and doses used to measure 1S formation.
As shown in Fig. 4C, WA SP-deficient T cells showed pronounced
IL-2 defects in response to APCs presenting the MCC peptide,
with the largest defects observed at 1 uM and above. Similar re-
sults were obtained using MCC99R (data not shown). Thus, at the
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same peptide doses at which polarization of PKC6 and talin oc-
curred normally, IL-2 production was severely impaired.

Discussion

It has been hypothesized that defectsin IL-2 production in WA SP-
deficient T cells stem from defects in IS formation (1, 4—6). Sur-
prisingly, however, we found that actin polymerization and MTOC
polarization toward the IS occur normally in WASP-deficient T
cells. Furthermore, segregation of PKC6 and talin into |S subdo-
mains occurs appropriately in the absence of WASP. However, at
low peptide doses, polarization of PKC# and talin occurred less
efficiently than in wt T cells. These results show that although
WASP is not required for IS formation, WASP can lower the
threshold for organizing these proteins at the |S. Importantly, I1L-2
production was defective at all peptide doses, even those in which
IS formation proceeded normally. These findings thus uncouple
the effect of WASP on IS formation and IL-2 production and sug-
gest that WASP function may be more complex than previously
believed.

Although we cannot formally rule out that there are subtle de-
fectsin IS cytoskeletal architecture in the absence of WASP, we
observed no difference in the shape of the cell-cell contact site or
in the intensity of F-actin labeling. Thus, we conclude that WASP
is not required for actin polymerization at the IS. In keeping with
this finding, we previously reported that WASP-deficient T cells
efficiently form conjugates with Ag-specific B cells (23). More-
over, although they did not directly examine actin responsesin T-B
conjugates, Krawczyk et a. (22) showed norma conjugation ef-
ficiency, normal actin capping, and normal LFA-1 responses in
WASP~'~ T cells responding to peptide Ag. The apparent dis-
crepancy between these studies and previous work based on Ab
stimulation may be explained by the additional complexities in-
herent in T-APC interactions, including the contribution of multi-
ple costimulatory molecules. Indeed, thereis evidence for complex
feedback interactions in shaping normal cytoskeletal structure at
the IS (25, 30). Additional study will be required to identify the
proteins responsible for driving actin polymerization in the ab-
sence of WASP. Other WA SP family members or proteins such as
cortactin or formins could participate. Given the more severe actin
phenotype of Vav~/'~ T cells, it seems likely that other Vav ef-
fectors such as Pak aso affect actin dynamics.

Our findings differ from those of Badour et al. (15, 17), who
found that OT-1l TCR Tg WASP-deficient T cells were unable to
polarize PKC6 to the IS in response to an Ag-pulsed B cell hy-
bridoma. Unlike our results with AND TCR Tg and DO11.10 Tg
T cells (23), or those of Krawczyk et a. using P14 TCRTg T cells
(22), the OT-II T cells failed to form conjugates efficiently, failed
to polymerize actin normally, and therefore failed to organize a
mature immune synapse architecture. The basis for the differences
in conjugate formation and actin responses is unclear. One possi-
bility isthat there are weaker integrin or costimulatory interactions
in the OT-Il system. Another difference could stem from differ-
encesin T cell development and selection of transgene positive T
cellsin these different backgrounds. Regardless of the explanation,
the AND TCR Tg system permits us to address the role of WASP
in IS formation under conditions in which conjugate formation
proceeds normally. On the basis of our findingsin this system, we
conclude that although WA SP contributes to |S formation, WASP
is not required for this process.

WASP-deficient T cells show defects in IL-2 production under
conditions in which no defectsin actin, PKC6, or talin polarization
are seen. Thus, the requirement for WASP in signaling IL-2 is not
directly attributable to effects on these aspects of IS formation.
These data fit well with recent evidence showing that IS formation
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most likely does not contribute to early TCR signaling but instead
is necessary for dampening TCR activation through receptor
down-regulation (31). It remains possible that WASP functions to
regulate I1L-2 production by controlling lipid raft-dependent sig-
naling events (10). We were unable to analyze lipid raft dynamics
in our system, due to high labeling of the B cells with FITC-
cholera toxin. Alternatively, WASP may regulate IL-2 production
via interactions with proteins such as WIP and Nck, which them-
selves interact with key signaling molecules, including PKCS,
ZAP-70, CrkL, SLP-76 and Vav (20, 32). In support of this idea,
a WASP mutant that cannot bind WIP fails to induce NFAT ac-
tivation (33), and overexpression of the WH1 domain of WASP
affects proliferation without affecting cytoskeletal rearrangement
(34). Findly, tyrosine phosphorylation of WASP could transduce
signals downstream of WA SP, possibly independently of actin reg-
ulation. Although additiona study will be required to test the role
of WASP as an adaptor protein, our findings clearly indicate that
WASP does not function simply as a regulator of actin-dependent
IS formation.
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