AMCB

Journals.ASM.org

Binding of WIP to Actin Is Essential for T Cell Actin Cytoskeleton
Integrity and Tissue Homing

Michel J. Massaad,® Michiko K. Oyoshi,? Jennifer Kane,? Suresh Koduru,?* Pilar Alcaide,”* Fumihiko Nakamura,®
Narayanaswamy Ramesh,? Francis W. Luscinskas,” John Hartwig,® Raif S. Geha?

Division of Immunology, Children’s Hospital, and Department of Pediatrics, Harvard Medical School, Boston, Massachusetts, USA% Center for Excellence in Vascular
Biology, Department of Pathology, Brigham and Women's Hospital, Harvard Medical School, Boston, Massachusetts, USA; Division of Translational Medicine, Brigham
and Women'’s Hospital, Harvard Medical School, Boston, Massachusetts, USA®

The Wiskott-Aldrich syndrome protein (WASp) is important for actin polymerization in T cells and for their migration. WASp-
interacting protein (WIP) binds to and stabilizes WASp and also interacts with actin. Cytoskeletal and functional defects are
more severe in WIP '~ T cells, which lack WASp, than in WASp '~ T cells, suggesting that WIP interaction with actin may be
important for T cell cytoskeletal integrity and function. We constructed mice that lack the actin-binding domain of WIP
(WIPAABD mice). WIPAABD associated normally with WASp but not F-actin. T cells from WIPAABD mice had normal WASp
levels but decreased cellular F-actin content, a disorganized actin cytoskeleton, impaired chemotaxis, and defective homing to
lymph nodes. WIPAABD mice exhibited a T cell intrinsic defect in contact hypersensitivity and impaired responses to cutaneous
challenge with protein antigen. Adoptively transferred antigen-specific CD4™ T cells from WIPAABD mice had decreased hom-
ing to antigen-challenged skin of wild-type recipients. These findings show that WIP binding to actin, independently of its bind-

ing to WASp, is critical for the integrity of the actin cytoskeleton in T cells and for their migration into tissues. Disruption of
WIP binding to actin could be of therapeutic value in T cell-driven inflammatory diseases.

he integrity of the actin cytoskeleton is important for T cell

motility and migration into tissues (1), which is critical for
immunosurveillance and defense against pathogens. The Wis-
kott-Aldrich syndrome protein (WASp) and its partner, the
WASp-interacting protein (WIP), play important roles in the or-
ganization and function of the actin cytoskeleton in hematopoi-
etic cells. These include the ability of T cells to polymerize F-actin,
spread, chemotax, and form immune synapses following receptor
ligation (2-8).

The WASp partner, WIP, is essential for WASp stability (9, 10).
This is evidenced by the virtual absence of WASp in cells from
WIP-deficient (Wipfl ') mice and human despite normal levels
of Wasp mRNA (9, 11). Furthermore, the WASp level is decreased
in WAS patients with missense mutations in the WIP-binding
domain of WASp (12) and is rescued by overexpression of a WIP
peptide derived from the WASp-binding domain of WIP (13).

T cell cytoskeletal and functional defects are more severe in
WIP-deficient than in WASp-deficient patients and mice. These
include disruption of the actin filament network, impairment of
proliferation to T cell receptor (TCR)/CD3 ligation, and defective
chemotaxis (11, 14-16). These observations suggest that WIP is
important for the integrity of the T cell actin cytoskeleton and T
cell function, independently of stabilizing WASp.

WIP has an N-terminal verprolin homology (VH) region sep-
arated from the C-terminal WASp-binding domain by a central
proline-rich region. The VH region of WIP shows high homology
to the yeast actin-binding protein verprolin and has the motif
KLKK (17) that is critical for actin binding to thymosin 34 (18). A
purified glutathione S-transferase~WIP, _,,, fusion protein inter-
acts with purified actin in vitro (17), demonstrating direct inter-
action between WIP and actin. This interaction is mediated by a
12-amino-acid sequence (amino acids 43 to 54) in WIP that in-
cludes the *KLKK*® motif (17). The addition of recombinant
WIP to purified filamentous actin (F-actin) inhibits F-actin depo-
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lymerization in vitro, indicating that WIP stabilizes actin filaments
(19). Deletion of WIP results in diminished F-actin in T cells from
Wipfl1~'~ mice (14), while overexpression of WIP increases F-ac-
tin content in BJAB cells (10). Furthermore, transiently expressed
WIP colocalizes with F-actin filaments in REF52.2 cells (20).
These observations indicate that WIP interacts with and stabilizes
F-actin and is important for the integrity of the actin cytoskeleton.

Since WASp is degraded in the absence of WIP, dissociating the
WASPp stabilizing function of WIP from its effects on the actin
cytoskeleton has not been possible to date. To this purpose, we
generated mice that lack the actin-binding domain (ABD) of WIP.
Deletion of the ABD disrupted the association of WIP with F-actin
but not with WASp and resulted in a defective actin cytoskeleton,
diminished T cell chemotaxis, and impaired T cells homing to
lymphoid organs and sites of antigen (Ag) challenge.

MATERIALS AND METHODS
Mice. The generation of WIPAABD mice, which carry a homozygous

deletion of 36 nucleotides in exon 2 of the endogenous WipfI gene, is
described in Fig. S1 in the supplemental material. WIPAABD mice were
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bred 10 generations on BALB/c and DO11.10 backgrounds and housed
under pathogen-free conditions. Studies were performed in accordance
with Boston Children’s Hospital policies and procedures.

Immunoprecipitation assay. Splenocytes were lysed (1% Triton
X-100, 100 mM Tris-Cl [pH 7.5], 50 mM NaCl), and lysates incubated
with anti-WIP monoclonal antibody (MAb) 3D10 (21). Immune com-
plexes were captured with protein G-Sepharose (GE Healthcare) and then
denatured by boiling in sample buffer. Total lysates and immune com-
plexes were separated on acrylamide gels and subjected to Western blot
analysis. WIP was detected with anti-WIP MAb 3D10; WASp was detected
with rabbit polyclonal antibody K374 (4); actin was detected with
antiactin mouse MAb (Chemicon). The protein band intensities were
quantified by using Adobe Photoshop.

F-actin sedimentation assay. Splenocytes were solubilized (1% Tri-
ton X-100, 100 mM KCl, 0.2 mM MgCl,, 10 mM Tris-Cl [pH 7.5],0.1 mM
EGTA, 0.5 mM B-mercaptoethanol, 0.5 mM ATP, 1 uM phallacidin),
precleared by slow-speed centrifugation of 10,000 X g, and then subjected
to high-speed centrifugation 0f 400,000 X g. The pellet and supernatant of
the high-speed centrifugation were denatured by boiling in sample buffer,
separated on acrylamide gels, and subjected to Western blot analysis. WIP
and actin were detected as described earlier; GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was detected with anti-GAPDH MAb (Ab-
cam). The protein band intensities were quantified by using Adobe Pho-
toshop.

Flow cytometry. Single cell suspensions were surface stained or pro-
cessed for intracellular staining using Fix&Perm cell permeabilization re-
agent (Invitrogen) and analyzed on LSRFortessa flow cytometer (BD Bio-
sciences) and FlowJo software (Tree Star, Inc.). Antibodies included
fluorescein isothiocyanate (FITC)-conjugated anti-CD3 (145-2C11), R-
phycoerythrin (PE)-conjugated anti-CD4 (GK1.5), allophycocyanin (APC)-
conjugated anti-CD8 (53-6.7), peridinin chlorophyll protein-cyanine dye
(PerCP-Cy5.5)-conjugated anti-B220 (RA3-6B2), Alexa Fluor 647-conju-
gated anti-CCR7, PE-conjugated anti-CXCR4 (2B11), PE-conjugated anti-
CD43 (1B11), PE-conjugated anti-LFA-1 (M17/4), PE-conjugated anti-
CDl11c (N418), FITC-conjugated anti-mouse TCR DO11.10 (KJ1-26),
and Alexa Fluor 647-conjugated annexin V, all from eBioscience. The
following antibodies were also used: rat anti-mouse PSGL-1 (2PH1;
eBioscience), followed by PE-conjugated goat anti-rat IgG F(ab'), (Jack-
son Immunoresearch); biotin-conjugated rat anti-mouse VLA-4 (R1-2;
BD Pharmingen), followed by PE-conjugated streptavidin (eBioscience);
and rat anti-mouse CCR4 (kindly provided by Leonor Kremer, Centro
Nacional de Biotecnologia, Madrid, Spain), followed by DyLight488-con-
jugated goat anti-rat IgG F(ab’), (Jackson Immunoresearch). T cells pu-
rified by negative selection (Miltenyi) were either unstimulated or stimu-
lated with anti-CD3 MAb (KT3; Serotec) and used for intracellular
staining of F-actin filaments with FITC-conjugated phalloidin (Sigma).

Fluorescence and electron microscopy of the actin cytoskeleton. T
cells were sedimented onto glass coverslips coated with 1 mg/ml poly-1-
lysine (Sigma-Aldrich), poly-L-lysine, and 10 pg/ml anti-CD3 MAb (KT3;
Serotec) or with poly-L-lysine and 1 wg/ml CCL19 (PrepoTech). Cells
were stimulated for 30 min at 37°C, fixed with paraformaldehyde, and
permeabilized with 0.5% Triton X-100 in phosphate-buffered saline
(PBS), and F-actin was stained with TRITC (tetramethyl rhodamine iso-
thiocyanate)-labeled phalloidin. Slides were viewed with a Nikon Eclipse
E800 fluorescence microscope (Nikon) using a Plan Apo lens at 60X oil
and 25°C. Images were acquired using a CoolSNAP EZ camera (Photo-
metrics) and NIS-Elements BR 2.30 software (Nikon). Pictures were pro-
cessed using Adobe Photoshop and Adobe Illustrator (Adobe). The cell
surface area was measured using NIS-Elements BR 2.30 software.

For electron microscopy, T cells were sedimented onto glass coverslips
coated with poly-1-lysine and 10 pg/ml anti-CD3 MAb. The adherent
cells were stimulated 30 min at 37°C and then mechanically fractured by
attaching a second poly-L-lysine-coated coverslip to the apical cell surface
and removing it in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM
EGTA, 2 mM MgCl,, 1 uM phallacidin). Membrane fragments were
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washed with PHEM buffer, fixed in PHEM buffer containing 1% glutar-
aldehyde for 10 min, washed with distilled water, rapidly frozen, freeze-
dried at —90°C, and coated with 1.5 nm of tantalum-tungsten at 25°C and
4 nm of carbon at 90°C. The replicas were removed with 12.5% hydroflu-
oric acid, washed with distilled water, picked up on carbon-Formvar-
coated copper grids, and viewed in a JEOL-1200 EX electron microscope
at 80 kV.

Live imaging microscopy. All live imaging experiments were per-
formed at 37°C using a heated microscope chamber and prewarmed me-
dium. Splenic T cells were sedimented on anti-CD3 coated surfaces and
visualized with Nikon Eclipse T7 microscope (Nikon). Images were cap-
tured every 10 s for 30 min using a CoolSNAP HQ? camera (Photomet-
rics) and NIS-Elements AR3.2 software (Nikon).

In vitro chemotaxis assay. In vitro chemotaxis was assayed using
transwell chambers (6.5-mm diameter, 5-pum pore size; Costar). A total of
10° purified splenic T cells in 100 p.l of RPMI 1640 with 1% fetal calf serum
(FCS) was added to the upper chamber, and 600 pl of RPMI 1640 with 1%
FCS with or without 50, 100, or 500 ng/ml CCL19 or 50 ng/ml SDF-1a
(PrepoTech) was added to the bottom chamber. After 3 h at 37°C, cells
that migrated to the lower chamber were collected and counted. The ex-
periments were performed in duplicate on three mice in each group.

In vivo homing of T cells. T cells were purified from spleens. Wild-
type (WT) T cells were labeled 15 min at 37°C with 20 pg/ml carboxylic
acid succinimidyl ester-Alexa Fluor 488 (green dye) or carboxylic acid
succinimidyl ester-Alexa Fluor 555 (red dye). WIPAABD T cells were
labeled with carboxylic acid succinimidyl ester-Alexa Fluor 555. Labeled
cells were then washed and suspended in RPMI 1640. Ten million Alexa
Fluor 488-labeled WT T cells were mixed either with 107 Alexa Fluor
555-labeled WT T cells or 107 Alexa Fluor 555-labeled WIPAABD T cells.
Cells were intravenously (i.v.) injected into WT recipient mice and, 1 h
later, the mice were sacrificed, and blood and lymph nodes (LNs) were
harvested. Single-cell suspensions were analyzed by flow cytometry, and
the percentage of Alexa Fluor 488™ and Alexa Fluor 5557 cells were de-
termined. The T cell homing index was calculated as the ratio of Alexa
Fluor 5557 to Alexa Fluor 488 cells and divided by the ratio of WT to WT
cells.

T cell proliferation and cytokine production. Purified T cells were
stimulated 72 h with immobilized anti-CD3 MAb. A total of 1 nCi of
tritiated thymidine was added, and the cultures were incubated for an
additional 16 h. Proliferation was determined by the incorporation of
tritiated thymidine into cellular genomic DNA. Radioactivity was de-
tected on a Trilux 1450 MicroBeta counter after transfer to Filtermat A
and the addition of liquid scintillation cocktail (Perkin-Elmer). Total
splenocytes from WT or WIPAABD mice on the DO11.10 background
were stimulated with OVA,,; 554 peptide (Bachem), and their prolifera-
tion was determined as described above. Mice were anesthetized with
2,2,2-tribromoethanol (Sigma), immunized intraperitoneally (i.p.) on
day 0 with 10 pg/mouse keyhole limpet hemocyanin (KLH; Biosearch
Technologies, Inc.) in alum (Thermo Scientific), and then boosted on
days 7 and 14 with 2.5 pg/mouse KLH. On day 21, the mice were sacri-
ficed, the splenocytes were stimulated with KLH, and their proliferation
determined as described above. Levels of interleukin-2 (IL-2), IL-13, and
gamma interferon (IFN-v) in the culture supernatants were measured by
enzyme-linked immunosorbent assay (eBioscience).

RNA preparation, cDNA synthesis, and quantitative real-time PCR.
Ears were homogenized in TRIzol (Gibco) using a Polytron RT-3000 (Ki-
nematica). RNA was extracted and used for cDNA synthesis using iScript
cDNA synthesis kit (Bio-Rad). mRNA for Il4, I113, and Ifny was quanti-
fied on ABI7700 real-time PCR system using TagMan primers/probe (Ap-
plied Biosystems) and normalized with the mouse B,-microglobulin gene.

In vivo DC migration and in vitro DC function. Mice were anesthe-
tized and painted on shaved back skin with 1 mg of FITC in 100 p.l of 1:1
acetone-dibutylpthalate (Sigma). Draining LNs (DLNs) were collected 24
h later, and FITC™" dendritic cells (DCs) were measured by flow cytom-
etry. For DC function, mice were subjected to epicutaneous (EC) sensiti-
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zation as follows. Mice were anesthetized, and then their dorsal skin was
shaved and taped-stripped with transparent bio-occlusive dressing (Tega-
derm). Ovalbumin (OVA; 200 pg; Sigma) or PBS was placed on sterile
gauze that was secured to the skin with a dressing. DCs were purified 24 h
later from DLNs (Miltenyi) and used to present OVA to naive T cells
purified from WT DO11.10 mice, without the further addition of OVA
Ag. Proliferation of and cytokine production by DO11.10 T cells was
assessed as described above.

Measurement of in vitro T cell adhesion under defined flow condi-
tions. T cell interaction with immobilized adhesion molecules was ob-
served by videomicroscopy (20X objective) under defined laminar flow
conditions in a parallel-plate apparatus (22). Glass coverslips were coated
with 20 pg/ml recombinant VCAM-1 or ICAM-1 (R&D Systems).
SDF-1a (2 pg/ml) was added to the ICAM-1-coated coverslips 15 min
before perfusion of the T cells to facilitate T cell LFA-1 integrin activation
and binding to ICAM-1. Accumulation of T cells on immobilized mole-
cules was determined using Videolab software (Ed-Marcus Laboratories)
by counting adherent T cells in eight different fields after the initial minute
of shear flow at 1 dyn/cm?.

Contact hypersensitivity to hapten and histological analysis. Anes-
thetized mice were sensitized on shaved abdominal skin with 100 pl of 2%
oxazolone (Sigma) in ethanol on day 1 or 25 l of 0.5% DNFB (Sigma) in
acetone-olive oil (4:1) on days 0 and 1. On day 5, one ear was challenged
with 10 wl of 1% oxazolone or 20 pl of 0.25% DNFB, and the second ear
was challenged with vehicle. Ear thickness was measured after 24, 48, 72,
and 96 h with a micrometer (Mitutoyo). Alternatively, T cells were puri-
fied from the spleens of mice that were sensitized 6 days with DNFB, and
107 cells were injected into naive mice that were immediately challenged
on their ears with DNFB or vehicle alone. For histological analysis, ear
skin was obtained 24 h after challenge, fixed in 10% buffered formalin,
and embedded in paraffin. Multiple 4-pm sections were stained with he-
matoxylin and eosin (H&E) and then visualized by light microscopy.

EC sensitization of mice and secondary site challenge. Mice were
subjected to two rounds of EC sensitization with 100 g of OVA on the
first week, followed by a 2-week rest period. This cycle was repeated three
times and, at the end of the third cycle, mice were challenged by intrader-
mal (i.d.) injection in the ear of 20 pl of 1:1 mixture of 25 pg of OVA5,5 534
peptide in PBS with 100 ng of pertussis toxin (PT; List Biological Labo-
rarories, Inc.) and incomplete Freund adjuvant (IFA; Sigma). PBS-PT-
IFA was injected in the second ear of the same mouse as control. Seven
days later, single-cell suspensions were prepared from the ears and stained
for CD3/CD4 after excluding dead cells using the viability dye eFluor 506.

Adoptive transfer of activated DO11.10 CD4™ cells and skin chal-
lenge. Splenocytes were stimulated 5 days with 300 wg/ml OVA protein
and 20 ng/ml recombinant mouse IL-2 (R&D Systems). Purified CD4*
cells were stained with CellTrace (Molecular Probes) and 15 X 10° cells
were adoptively transferred to naive WT or WIPAABD BALB/c recipients,
which were challenged the same day by i.d. injection in one ear of 20 pl of
a 1:1 mixture of 25 pg of OVA,,; 55, peptide in PBS plus 100 ng of PT-
IFA. PBS-PT-IFA was injected in the second ear of the same mouse as a
control. Seven days later, single-cell suspensions were prepared from the
ears and stained for CD4, KJ1-26, and annexin V.

Statistical analysis. Statistical analysis of the data using Student ¢ test
or two-way analysis of variance for multiple groups was performed with
Prism software.

RESULTS

Generation of knock-in mice with deletion of the ABD of WIP.
The strategy to generate mice with homozygous deletion of the
ABD of WIP is depicted in Fig. S1 in the supplemental material.
WIPAABD mice carry a homozygous deletion of 36 nucleotides in
exon 2 of the endogenous Wipfl gene, which encode amino acids
43 to 54 in WIP (Fig. 1A). Similar findings were obtained in all
experiments with WIPAABD mice generated from two indepen-
dently targeted ES clones.
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WIPAABD mice did not differ in growth, weight, or health
from their wild-type (WT) littermates. WIPAABD mice had nor-
mal thymus and bone marrow cellularity. Furthermore, they had
normal T and B cell development except for an increase in
CD43"" B220'°" pre-B cells and IgM ™ B220'" immature B cells
(see Fig. S2 in the supplemental material).

WIPAABD protein exhibits normal interaction with WASp
but decreased association with F-actin. Examination of spleno-
cyte lysates revealed that WIPAABD migrated at a slightly lower
molecular weight than WT WIP (Fig. 1B) and that its level was not
significantly decreased compared to intact WIP (Fig. 1C), indicat-
ing that deletion of the ABD domain does not significantly affect
the stability of WIP. Splenocytes from WIPAABD mice did not
exhibit a significant decrease in the level of WASp compared to
WT mice (Fig. 1B and C). The WIP/WASp ratio was comparable
in WIPAABD mice and WT controls. Moreover, WASp coimmu-
noprecipitated with WIPAABD to a comparable extent as it did
with WT WIP (Fig. 1D), indicating that deletion of the ABD does
not affect the ability of WIP to interact with and stabilize WASP.

To examine the impact of deleting the ABD on the ability of
WIPAABD to associate with F-actin in cells, splenocytes from
WIPAABD mice and WT controls were solubilized in a buffer
containing phalloidin to stabilize F-actin, after which lysates were
subjected to high-speed centrifugation. About 30% of WIP co-
sedimented with F-actin in the pellet from WT cells (Fig. 1E and
F). In contrast, only ~12% of WIPAABD cosedimented with F-
actin in the pellet from WIPAABD cells. The fraction of actin that
sedimented in the high-speed pellet was decreased by ~14% in
WIPAABD cells compared to WT controls (Fig. 1F). The WIP/F-
actin ratio in the pellet was significantly lower in splenocytes from
WIPAABD mice than WT controls. These results indicate that
deletion of the ABD impairs the ability of WIP to associate with
F-actin in cells.

The ABD of WIP is important for maintaining cellular F-ac-
tin content and for actin cytoskeleton integrity in T cells. T cells
from WIPAABD mice had a significantly decreased level of intra-
cellular F-actin compared to WT T cells (Fig. 2A). However, the
relative increase in F-actin content following TCR/CD3 cross-
linking was comparable in WIPAABD and WT T cells (Fig. 2B).
These results indicate that the ABD of WIP is important for main-
taining the baseline level of cellular F-actin but not for TCR/CD3-
driven F-actin polymerization.

TCR/CD3 ligation results in reorganization of the actin cyto-
skeleton in T cells (4, 23). To examine TCR/CD3-driven actin
cytoskeleton reorganization, purified T cells were allowed to
spread on coverslips coated with anti-CD3 MAb and permeabil-
ized, and then their F-actin was stained with TRITC-phalloidin
and visualized by fluorescence microscopy. Unstimulated T cells
had a round shape with a peripheral ring of F-actin (Fig. 2C). WT
T cells stimulated with anti-CD3 polarized F-actin and extended
microspikes and blunt pseudopodia enriched in F-actin (Fig. 2C
and D). In contrast, T cells from WIPAABD mice spread poorly
over anti-CD3-coated coverslips, and failed to extend microspikes
or pseudopodia, resulting in significantly lower cell surface area
compared to WT T cells (Fig. 2E). These results indicate that the
ABD of WIP is important for actin cytoskeletal reorganization in
T cells following TCR/CD3 ligation.

Time-lapse microscopy was used to visualize the motility of
live T cells placed on anti-CD3-coated surface, an experimental
system that mimics T cell activation by antigen-presenting cells
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FIG 1 The WIPAABD mutant exhibits impaired cosedimentation with F-actin but a normal association with WASp. (A) Schematic representation of the WIP
sequence with the deleted actin-binding domain (ABD) shown. (B) Representative Western blot of WIP, WASp, and actin in splenocyte lysates from WIPAABD
mice and WT controls. Similar results were obtained in five independent experiments. (C) Quantification of WIP and WASp levels relative to actin and of the
WIP/WASp ratio in splenocytes from WIPAABD mice and WT controls, normalized to a value of 1.0 for the WT controls (n = 5 for each group). (D)
Representative Western blot analysis of WIP and WASp (left panel), and quantitative analysis of the WIP/WASp ratio (right panel) in WIP immunoprecipitates
from splenocyte lysates of WIPAABD mice and WT controls. The WIP/WASp ratio in WT controls was set at 1.0 (n = 3 for each group). (E) Representative
Western blot analysis of WIP and actin in the high-speed centrifugation pellet (P) and supernatant (S) of splenocyte lysates from WIPAABD mice and WT
controls. GAPDH was used to rule out contamination of the P fraction with soluble proteins. Similar results were obtained in five independent experiments. (F)
Quantitation of the fractions of WIP and actin, and of the WIP/actin ratio in the high-speed centrifugation pellet and supernatant of splenocyte lysates from
WIPAABD mice and WT controls. The WIP/WASp ratio in WT controls was set at 1.0 (n = 5 for each group). Columns and bars represent means * the standard

errors of the mean (SEM). *, P < 0.05; n.s., not significant.

(APCs) (24). WT T cells extended and retracted dynamic pseudo-
podia over the time course of the observation period (see Movie S1
in the supplemental material). In contrast, WIPAABD T cells were
less motile and displayed smaller pseudopodia than WT T cells
(see Movie S2 in the supplemental material). Thus, the ABD of
WIP is essential for normal actin cytoskeleton-dependent T cell
dynamics following TCR ligation.

To evaluate the ultrastructure of the actin cytoskeleton, puri-
fied T cells were spread on anti-CD3-coated coverslips; their api-
cal surface was then removed, and the attached cell membranes
were processed for electron microscopy (EM). EM images of the
cytoplasmic side of the adherent plasma membranes revealed that
the amount of F-actin associated with the inner side of the plasma
membrane in WIPAABD T cells was greatly diminished compared
to WT T cells (Fig. 2F). In addition, the F-actin filaments were
significantly shorter and less dense (Fig. 2G). These results indi-
cate that the ABD of WIP is important for the integrity of the
cortical actin cytoskeleton in T cells.
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The ABD of WIP isimportant for T cell chemotaxisand hom-
ing to lymphoid organs. Cytoskeletal integrity is critical for the
migration of T cells in response to a chemokine gradient. After
stimulation with CCL19, WIPAABD T cells upregulated F-actin
normally (Fig. 3A); however, the percentage of WIPAABD T cells
that exhibited a polarized migratory morphology (defined as ac-
tin-rich structures at the leading edge and/or within a constricted
uropod) was markedly decreased compared to WT T cells (Fig. 3B
and C). T cells from WIPAABD mice had a significantly reduced
chemotactic response to CCL19 and SDF-1a compared to WT T
cells (Fig. 3D and data not shown), despite normal surface expres-
sion of CCR7 and CXCR4, the receptors for CCL19 and SDF-1a
(Fig. 3E and data not shown). These results suggest that the ABD
of WIP is essential for T cell chemotaxis.

CCL19 and SDF-1a play important roles in the migration of T
cells from the circulation into LNs (25-28). We compared the
ability of T cells from WIPAABD mice and WT controls to home
to the LNs of WT recipients. Equivalent numbers of Alexa Fluor
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FIG 2 Decreased F-actin content and defective actin cytoskeleton rearrangement and integrity in WIPAABD T cells. (A) Representative fluorescence-activated
cell sorting (FACS) analysis of TRITC-phalloidin staining for F-actin in resting T cells and quantitative analysis of the results as a percentage of the WT controls
(n = 3). The solid gray curve in the histogram represents the isotype control. (B) F-actin increase in T cells following stimulation with anti-CD3 MAb. The results
are expressed as a percentage of the baseline for each group (n = 3). (C) Intracellular fluorescence of TRITC-phalloidin in T cells stimulated with anti-CD3 MAb
(n = 3). Bar, 10 pm. (D) Magnification of one T cell stimulated with anti-CD3 MAb. Bar, 1 wm. (E) Cell surface area of T cells following stimulation with
anti-CD3 MADb (n = 3). Unst., unstimulated. A total of 90 cells per condition were counted in each experiment. (F) Representative metal cast electron microscope
images of the apical membrane of T cells stimulated with anti-CD3 MAD. Shown are the cytoskeletal actin fibers associated with the cytoplasmic side of the
adherent plasma membranes. Clathrin-coated pits can also be seen. The arrows indicate the edge of the cell membrane. Bar, 200 nm. The magnified areas show
the actin filaments (arrows) associated with the plasma membranes. (G) Actin filament length and density in T cell membranes from WIPAABD mice and WT
controls visualized in panel F (n = 2 for each group). F-actin was measured in 190 WT T cells and 80 WIPAABD T cells. Columns or squares and bars represent
means * the SEM. ***, P < 0.0001; **, P < 0.01; *, P < 0.05; n.s., not significant.

555-labeled WIPAABD T cells or control WT T cells were mixed — recipients by flow cytometry (Fig. 3F and G). The homing index
with Alexa Fluor 488-labeled WT T cells and i.v. injected into  was calculated as the ratio of Alexa Fluor 555-labeled to Alexa
recipients. An hour later, the percentage of transferred WT and  Fluor 488-labeled cells and normalized to the ratio of WT con-
WIPAABD T cells were analyzed in the blood and LNs of WT  trols. The homing of WIPAABD T cells to cervical, axillary, ingui-
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FIG 3 Defective in vitro migration and in vivo homing of WIPAABD T cells. (A) F-actin increase in WIPAABD and WT T cells following stimulation with CCL19.
The results are expressed as the percentage of the baseline for each group (n = 3). (B) Differential interference contrast (DIC) images of the cells, TRITC-
phalloidin images of F-actin, and an overlay of DIC and TRITC-phalloidin fluorescence images of WIPAABD and WT T cells show the cellular location of the
actin-rich structures at the leading edge and/or in the uropods. Two representative images for each condition are shown. Stimulation with CCL19 resulted in
F-actin polarization in three of four (upper panel) and two of two (lower panel) WT T cells shown. In contrast, one of five (upper panel) and one of three (lower
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nal, and mesenteric LNs was significantly decreased compared to
WT T cells (Fig. 3H). Conversely, WIPAABD T cells were retained
in the circulation significantly more than WT T cells. Similar re-
sults were obtained when WT T cells were labeled with Alexa Fluor
555, and WT or WIPAABD T cells were labeled with Alexa Fluor
488 prior to i.v. injection into WT recipients (see Fig. S3 in the
supplemental material). Consistent with the impaired homing of
the T cells from the mutant, the number of T cells in inguinal and
axillary LNs was significantly lower in WIPAABD mice compared
to WT controls (Fig. 3I). These results indicate that the ABD of
WIP in important for optimal homing of T cells to secondary
lymphoid organs.

Normal intrinsic T cell function but impaired contact hyper-
sensitivity (CHS) in WIPAABD mice. Proliferation and secretion
of IFN-y were comparable in splenic T cells from WIPAABD mice
and WT controls (Fig. 4A). Furthermore, after i.p. immunization
with keyhole limpet hemocyanin (KLH), splenocyte proliferation
and secretion of IFN-vy in response to stimulation with KLH Ag
were comparable in WIPAABD mice and WT controls (Fig. 4B).
These results indicate that intrinsic T cell function and T cell prim-
ing in response to iLp. immunization are intact in WIPAABD
mice.

T cells are important for the development of CHS reactions
to hapten (29, 30). We examined the ability of WIPAABD mice
to mount a CHS reaction to the hapten dinitrofluorobenzene
(DNEB). Six days after hapten sensitization, mice were chal-
lenged with hapten on one ear and with vehicle on the other
ear. WIPAABD mice developed significantly less ear thickening
in response to DNFB challenge than WT controls (Fig. 4C).
Histologic examination of the ears revealed less edema and
cellular infiltration in WIPAABD mice (Fig. 4D). Moreover,
there were significantly smaller amounts of mRNA for Ifny and
114 in the hapten-challenged ears of WIPAABD mice compared
to WT controls (Fig. 4E). Similar results were obtained using
the hapten oxazolone (see Fig. S4 in the supplemental mate-
rial). These findings demonstrate that the ABD of WIP is im-
portant for CHS.

To determine whether the impaired CHS response in
WIPAABD mice is T cell intrinsic, WIPAABD mice and WT con-
trols were sensitized with DNFB. Six days later, splenic T cells were
adoptively transferred into WT or WIPAABD recipients that were
challenged on one ear with DNFB and on the other with vehicle
alone. Adoptive transfer of T cells from WT donors elicited a com-
parable CHS response in WT and WIPAABD recipients (Fig. 4F).
In contrast, adoptive transfer of T cells from WIPAABD donors
failed to elicit a CHS response in both WT and WIPAABD recip-
ients. These results suggest that T cells are the major contributors
to the impaired CHS response in WIPAABD mice.

T Cell Migration Requires Actin Binding to WIP

WIPAABD mice mount a normal T effector response to cu-
taneous sensitization with ovalbumin but fail to respond to sec-
ondary cutaneous antigen challenge. The failure of WIPAABD
mice to mount a CHS response could be due to failure to generate
a T cell response to the hapten and/or to failure of T effector cells
to migrate to the site of hapten challenge. Because T cell responses
to haptens are difficult to measure, we examined the response of
the mutant to epicutaneous (EC) sensitization and challenge with
ovalbumin (OVA). Mice were EC sensitized by the application of
OVA patches to tape-stripped skin as previously described (31).
Proliferation and secretion of IL-2, IFN-y, and IL-13 by spleno-
cytes in response to stimulation with OVA Ag were comparable in
WIPAABD mice and WT control mice (Fig. 5A). The systemic
response to EC sensitization is dependent on the migration of
Ag-laden skin DCs to the DLN (32, 33). The numbers of CD11c*
FITC" DCs in the DLNs of FITC-painted tape-stripped skin were
normal in WIPAABD mice (see Fig. S5A in the supplemental ma-
terial), as previously reported in Wipfl '~ mice (16). Further-
more, WIPAABD DCs from tape-stripped mice were able to pres-
ent OVA and induce T cell proliferation and IL-2, IFN-v, and
IL-13 production by naive WT T cells purified from DO11.10
mice (see Fig. S5B in the supplemental material). These results
indicate that the ABD of WIP is not essential for the induction of
an effector T cell response to cutaneous sensitization.

To investigate the ability of T effector cells to respond to a
cutaneous challenge, mice EC sensitized on the back with OVA
were challenged i.d. with OVA in one ear and PBS in the other ear.
Ears were analyzed 7 days later for the presence of CD3" CD4™"
cells and for cytokine mRNA expression. Ear challenge of WT
mice with OVA caused accumulation of CD3" CD4 ™ cells (Fig. 5B
and C) and increased expression of Ifny and 1113 mRNA com-
pared to challenge with PBS (Fig. 5D). In contrast, there was no
significant increase in CD3 " CD4™ cells or expression of mRNA
for Ifnry and I113 in the OVA-challenged ears of WIPAABD mice.
These results indicate that WIPAABD mice are impaired in their
ability to mount an inflammatory response to Ag challenge at a
secondary skin site.

Impaired homing of WIPAABD T cells to sites of cutaneous
Ag challenge. We used an adoptive transfer model to directly ex-
amine the capacity of T effector cells from WIPAABD mice to
home to OVA-challenged skin. Splenocytes from WIPAABD and
WT mice on the DO11.10 background were stimulated with OVA
for 5 days, and then CD4™ cells were purified and used for adop-
tive transfer. The proliferation and secretion of IL-2 and IFN-vy
were comparable in the two strains (Fig. 6A). Furthermore, Ag-
activated CD4 " cells expressed comparable amounts of the skin
homing receptor CCR4, the selectin ligands CD43 and PSGL-1,
and the integrins LFA-1 and VLA-4 (Fig. 6B and C). In addition,

panel) WIPAABD T cells show clear F-actin polarization upon stimulation with CCL19 (n = 3). Bar, 10 wm. (C) Percentages of WIPAABD and WT T cells that
polarize F-actin following stimulation with CCL19 (n = 3). Unst., unstimulated. A total of 180 cells per condition were counted in each experiment. (D)
Migration of splenic T cells from WIPAABD mice and WT controls toward CCL19. The percentage of cells in the lower compartment of a transwell chamber is
shown (n = 3 for each group). (E) Representative FACS analysis of CCR7 expression on the surface of splenic T cells purified from WIPAABD mice and WT
controls. Shaded histogram represents the isotype control (1 = 3 for each group). (F) Representative FACS analysis of a mixture of equal numbers of Alexa Fluor
488-labeled WT T cells (designated by green lettering) and Alexa Fluor 555-labeled WT or WIPAABD T cells (designated by red lettering) used for injection into
genetically matched WT recipients. (G) Representative FACS analysis of cells from the blood and LNs of WT recipients obtained 1 h after i.v. administration of
a 1:1 mixture of equal numbers of Alexa Fluor 488-labeled WT T cells (designated by green lettering) and Alexa Fluor 555-labeled WT or WIPAABD T cells
(designated by red lettering). (H) Quantitative analysis of the homing index of WIPAABD T cells relative to the mean homing index of WT T cells set at 1.0 (n =
5 for each group). (I) T cell numbers in the inguinal and axillary LNs of WIPAABD mice and WT controls (n = 6 for each group). Columns and bars represent

means = SEM. ***, P < 0.0001; **, P < 0.01; *, P < 0.05.
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FIG 4 Defective CHS response in WIPAABD mice. (A) Proliferation and IFN-y production by T cells from WIPAABD mice and WT controls stimulated with
an increasing dose of plate-bound anti-CD3 MAb (n = 6 for each group). (B) Proliferation and IEN-y production in response to KLH by splenocytes from
WIPAABD mice and WT controls i.p. immunized with KLH (n = 6 for each group). (C) CHS in WIPAABD mice and WT controls measured as the difference
in thickness between DNFB- and vehicle-challenged ears (n = 12 for each group). (D) Representative ear skin histology stained with H&E 24 h after challenge
with DNFB or vehicle and then visualized by light microscopy. Bar, 50 pm. (E) Ifny and Il4 mRNA expression in the ears of WIPAABD mice and WT controls
at 24 h after challenge with DNFB or vehicle. The data are represented as the fold increase in mRNA levels relative to vehicle-challenged ears of WT mice set at
1 (n = 5 for each group). (F) CHS in WIPAABD and WT mice recipients of WT or WIPAABD T cells purified from mice sensitized with DNFB (n = 5 for each
group). Columns or squares and bars represent means = the SEM. ***, P < 0.0001; **, P < 0.01; *, P < 0.05; n.s., not significant.

they adhered to a comparable extent to ICAM-1- and VCAM-1-
coated surfaces under physiologic shear flow conditions (Fig. 6D).
These results indicate that the ABD domain of WIP is not impor-
tant for the ability of activated Ag-specific CD4™ T cells to express
molecules that mediate tethering and adhesion to endothelial cells
and migration to the skin.

Seven days after adoptive transfer of activated CD4 " DO11.10
T cells to WT recipients and i.d. injection of OVA or PBS into their
ears, the ear cells were examined for the presence of CD4" KJ1-
26™ donor cells. As expected, CD4™ KJ1-26" cells from WT do-
nors accumulated significantly more in OVA-challenged than in
PBS-challenged recipient ears (Fig. 6E and F). However, there was
significantly less accumulation of CD4% KJ1-26" cells from
WIPAABD donors in OVA-challenged ears of WT recipients. Fur-
thermore, the percentage of CD4" KJ1-26™ ear cells that under-

4350 mcb.asm.org

went cell division, as determined by the dilution of CellTrace Vi-
olet, and the percentage of CD4" KJ1-26" ear cells that were
annexin V™, an indicator of apoptosis, were comparable in recip-
ients of WIPAABD and WT transgenic T cells (Fig. 6G). This
indicates that the decrease in WIPAABD cells infiltrating the ears
of WT recipients is not due to decreased proliferation or increased
cell death at the site of Ag challenge. Taken together, these results
demonstrate that the ABD of WIP plays an important role in the
homing of CD4™ T effector cells to cutaneous sites of Ag chal-
lenge.

We also tested the potential contribution of non-T cells to the
defective ability of WIPAABD mice to mount an inflammatory
response to Ag challenge. OVA-stimulated WT CD4" DO11.10
cells were adoptively transferred to WIPAABD and WT recipients,
which were challenged with i.d. injection of OVA or PBS in the
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FIG 5 Defective accumulation of CD3™ CD4™" T cells in cutaneous sites of secondary Ag challenge in WIPAABD mice. (A) Proliferation and secretion of IL-2,
IFN-v, and IL-13 in response to OVA by splenocytes from WIPAABD mice and WT controls EC-immunized with OVA (n = 5 for each group). (B) Represen-
tative FACS analysis of CD3 " CD4™ cells in ears of WIPAABD mice and WT controls 7 days following i.d. challenge with OVAj;,; 5, peptide or PBS as a control.
(C) Percentages and numbers of CD3" CD4 " cells in ears of WIPAABD mice and WT controls 7 days after i.d. challenge with OVAs,;_ 35, peptide or PBS as a
control (n = 5 for each group). (D) Ifiry and 1113 mRNA expression in the ears of WIPAABD mice and WT controls 7 days after i.d. challenge with OVA5,; 554
peptide or PBS as a control. The data are represented as the fold increase in mRNA levels relative to PBS-challenged ears of WT mice setat 1 (n = 5 for each group).
n.d., not detected. Columns and bars represent means * the SEM. ***, P < 0.001; **, P < 0.01; *, P < 0.05; n.s., not significant.

ears. Seven days later, there was no significant difference in the
accumulation of WT CD4™ KJ1-26™ cells in OVA-challenged ears
of WIPAABD and WT recipients (see Fig. S6 in the supplemental
material). These findings suggest that non-T cells do not contrib-
ute significantly to the defective accumulation of T effector cells at
sites of cutaneous challenge in WIPAABD mice.

DISCUSSION

The results presented reveal that WIP binding to actin is essential
for the integrity of the T cell actin cytoskeleton and for T cell
migration into tissues.

The WIP mutant expressed by the WIPAABD knock-in mice
had the predicted molecular weight and interacted normally with
WASp but demonstrated significantly decreased cosedimentation
with F-actin in the high-speed centrifugation pellet of cell lysates.
The residual presence of the mutant WIP in the pellet could be due
to its binding to cytoskeletal proteins other than F-actin, such as

December 2014 Volume 34 Number 23

myosin ITA (34), and/or to indirect interaction with F-actin. F-ac-
tin levels were significantly decreased in T cells from WIPAABD
mice. This was evidenced by the decrease in the amount of actin
that sedimented in the high-speed centrifugation pellet of cell
lysates and by the diminished intracellular F-actin content de-
termined by flow cytometry. In contrast to the decreased intra-
cellular F-actin content, the magnitude of the rise in cellular
F-actin content after TCR/CD3 or CCR?7 ligation was compa-
rable in T cells from WIPAABD mice and WT controls. These
observations indicate that WIP binding to F-actin is important
for the stability of F-actin in T cells and are concordant with
our earlier in vitro finding that WIP stabilizes F-actin (19);
however, the ABD is not critical for stimulation-induced F-ac-
tin polymerization in T cells.

WIPAABD T cells spread poorly over anti-CD3-coated cover-
slips, displayed smaller pseudopodia, and were less motile than
WT T cells. They also had a severely disrupted cortical actin cyto-
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FIG 6 Defective homing of adoptively transferred WIPAABD CD4 " T cells to cutaneous sites of Ag challenge in WT recipient mice. (A) Tritiated thymidine
(*°H-Td) proliferation and IL-2 and IFN-y production by splenocytes from WIPAABD and WT mice on the DO11.10 background after stimulation with OVA
(n = 5 for each group). n.d., not detected. (B and C) Representative FACS analysis of OVA-stimulated splenic CD4 " T cells from WIPAABD and WT mice on
the DO11.10 background for surface expression of CCR4, CD43, and PSGL-1 (B) and integrins LFA-1 and VLA-4 (C) (n = 5 for each group). The solid gray curve
in the histogram represents the isotype control. (D) Adhesion of OVA-stimulated splenic CD4" T cells from WIPAABD and WT mice on the DO11.10
background to ICAM-1 and VCAM-1 under conditions of physiologic shear stress flow (1 dyn/cm? n = 2 for each group). (E) Representative FACS analysis of
CD4" KJ1-26" cells in OVA- and PBS-challenged ears from WT recipients of OVA-stimulated CD4™" cells derived from DO11.10 WIPAABD or WT mice. (F)
Percentages and numbers of CD4" KJ1-26" cells in OVA- and PBS-challenged ears from WT recipients of OVA-stimulated CD4 " cells derived from DO11.10
WIPAABD or WT mice (n = 5 for each group). (G) Percentages of cells that have proliferated, as determined by dilution of CellTrace Violet (left panel), and of
annexin V" cells (right panel) among CD4" KJ1-26" cells in OVA-challenged ears from WT recipients of OVA-stimulated CD4™" cells derived from DO11.10
WIPAABD or WT mice (n = 4 for each group). Columns and bars represent means * the SEM. **, P < 0.01; *, P < 0.05; n.s., not significant.

skeleton. We previously showed that the cortical actin cytoskele- ~ whether the lack of WIP alone or the lack of both WIP and WASp
ton is disrupted in T cells from Wipfl '~ mice but not in T cells caused the disruption in the cortical actin cytoskeleton in
from Wasp~’~ mice (14, 16). Since Wipfl '~ mice express virtu- ~ Wipfl '~ T cells. Given the similar disruption of the cortical actin
ally no WASp, it had not been previously possible to determine  cytoskeleton in WIPAABD and Wipfl '~ mice, our results
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strongly indicate that WIP, and not WASp, is essential for the
integrity of the actin cytoskeleton and that the ABD plays a critical
role in this function.

T cells from WIPAABD mice displayed severely impaired che-
motaxis to CCL19 and SDF-la in vitro, and significantly de-
creased homing to LNs in vivo. Consistent with this homing de-
fect, T cell numbers in the LNs of WIPAABD mice were
significantly decreased. Chemotaxis to SDF-1a is significantly im-
paired in T cells from Wipfl~'~ mice but not in T cells from
Wasp~'~ mice (15). However, T cell homing to LN is impaired in
both strains, and T cell transendothelial migration is impaired in
Wasp™'~ T cells (15, 35). Taken together, these results indicate
that WIP, but not WASp, is essential for chemotaxis to SDF-1a in
vitro by virtue of its ability to bind and stabilize F-actin. In con-
trast, both WASp, which is important for de novo actin polymer-
ization in T cells (4, 36), and WIP binding to F-actin, which is
essential for the integrity of the actin cytoskeleton, are important
for the migration of T cells into LNGs.

TCR-mediated activation of WIPAABD T cells was intact. In
contrast, T cells from Wipfl~'~ mice, but not T cells from
Wasp™'~ mice, failed to proliferate in response to Ag stimulation
and to respond to IL-2, although they secreted normal amounts of
IL-2 (16). Given that T cells from WIPAABD and Wipfl '~ mice
have similar cytoskeletal abnormalities, our results suggest that
WIP domains other than the ABD are important for TCR-medi-
ated T cell activation.

In spite of a normal T cell response to i.p. and EC immuniza-
tion with Ag, WIPAABD mice had significantly impaired delayed
CHS reaction to hapten. Adoptive-transfer experiments revealed
that T cells were the major contributors to the impaired CHS in
WIPAABD mice. Given our previous observations that CHS is
deficient in Wipf1~/~ mice, but intact in Wasp™/~ mice (16), our
results indicate that the ABD of WIP is essential for the develop-
ment of CHS.

WIPAABD mice EC-sensitized with OVA had an impaired re-
sponse to cutaneous Ag challenge at a secondary site, despite a
normal systemic Ag-specific T cell response. We directly demon-
strated that Ag-specific CD4™ T effector cells from WIPAABD
mice are defective in their ability to home to sites of cutaneous Ag
challenge. In vitro-activated OVA TCR transgenic CD4 " T cells
from WIPAABD-DOI11.10 mice were normal in their ability to
proliferate, secrete cytokines, express selectin ligands, integrins,
and CCR4, and adhered normally to ICAM-1- and VCAM-1-
coated surfaces under physiologic shear flow conditions. How-
ever, they were deficient in their ability to accumulate in the skin
of recipients that have been challenged by the i.d. injection of
OVA. Their impaired accumulation in OVA-challenged skin was
not the result of decreased proliferation or increased apoptosis.
We also demonstrated that there was no significant difference be-
tween the accumulation of OVA TCR transgenic T cells from WT
mice in the OVA-challenged ears of WIPAABD and WT recipi-
ents, indicating that non-T cells do not play a significant role in the
homing defect observed in WIPAABD mice.

In summary, we have demonstrated that WIP binding to actin
maintains the integrity of the actin cytoskeleton and promotes T
cell migration, independently of its role in stabilizing WASp. Dis-
sociating these two functions was previously not possible because
of the susceptibility of WASp to degradation in the absence of
WIP. Based on our findings, we propose a model in which WIP
plays dual and complementary functions in T cells that are essen-
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tial for maintaining actin cytoskeleton integrity and promoting
migration: it stabilizes WASp, which drives de novo actin
polymerization, and stabilizes newly synthesized actin filaments.
Strategies aimed at disrupting WIP binding to actin to block T cell
homing to inflamed tissues could be of therapeutic value in in-
flammatory diseases.
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