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Phosphatidylinositol 4-Phosphate 5-Kinase « and Vavl
Mutual Cooperation in CD28-Mediated Actin Remodeling
and Signaling Functions

Michela Muscolini,* Cristina Camperio,* Nicla Porciello,* Silvana Caristi,*
Cristina Capuano,* Antonella Viola,*’§ Ricciarda Galandrini,” and Loretta Tuosto*

Phosphatidylinositol 4,5-biphosphate (PIP2) is a cell membrane phosphoinositide crucial for cell signaling and activation. Indeed,
PIP2 is a pivotal source for second messenger generation and controlling the activity of several proteins regulating cytoskeleton
reorganization. Despite its critical role in T cell activation, the molecular mechanisms regulating PIP2 turnover remain largely
unknown. In human primary CD4* T lymphocytes, we have recently demonstrated that CD28 costimulatory receptor is crucial for
regulating PIP2 turnover by allowing the recruitment and activation of the lipid kinase phosphatidylinositol 4-phosphate 5-kinase
(PIPSKa). We also identified PIPSK« as a key modulator of CD28 costimulatory signals leading to the efficient T cell activation.
In this study, we extend these data by demonstrating that PIPSK« recruitment and activation is essential for CD28-mediated
cytoskeleton rearrangement necessary for organizing a complete signaling compartment leading to downstream signaling func-
tions. We also identified Vav1 as the linker molecule that couples the C-terminal proline-rich motif of CD28 to the recruitment and

activation of PIPSK«, which in turn cooperates with Vav1 in regulating actin polymerization and CD28 signaling functions. The

Journal of Immunology, 2015, 194: 1323-1333.

( : D28 is a crucial costimulatory receptor that following
engagement by its ligands, B7.1/CD80 and B7.2/CD86,
provides key TCR-dependent (1, 2) and TCR-independent

signals (2-6) necessary for the optimal activation of T lymphocytes.

Most of CD28 autonomous and costimulatory functions rely on its

unique intrinsic capability to trigger actin cytoskeleton rearrange-

ment events, which provides the forces for the recruitment and orga-
nization of molecular signaling complexes (7). In T lymphocytes,
actin cytoskeleton rearrangements are strictly regulated by signaling
molecules, which couple surface receptors to the activation of specific
guanine nucleotide exchange factors (GEF) for the Rho-family

GTPases Rho, Racl, and Cdc42, which link surface receptors to

Wiskott—Aldrich syndrome protein (WASp) activation and Arp2/3-

mediated actin nucleation (7, 8).

The dynamic and organization of actin cytoskeleton is tightly
regulated by membrane phosphoinositides, which may directly
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interact with key actin binding proteins, thus controlling the selective
localization of scaffolding molecules linking the actin cytoskeleton
to the plasma membrane (9). Among the phosphoinositides, the best
regulators of the actin cytoskeleton are phosphatidylinositol 3,4,
S—triphosphate (PIP3) and phosphatidylinositol 4,5-biphosphate
(PIP2). PIP3 is mainly generated by the activity of PI3K that
phosphorylates PIP2 at the D3 position of the inositol ring, thus
generating the docking site for binding the pleckstrin homology
domain of important regulators of the actin cytoskeleton, such as
the GEF for Rho GTPases Vavl (10, 11). However, the optimal acti-
vation of PI3K requires the replenishment of PIP2 pools to ensure
the direct regulation of actin cytoskeleton rearrangements (12).

In the majority of cell types, PIP2 is mainly generated by type |
phosphatidylinositol 4—phosphate 5—kinases (PIP5K), which phos-
phorylate phosphatidylinositol 4—phosphate on the D5 position of
the inositol ring (13). Three PIPSK isoforms (o, B, and y) have been
identified with differential subcellular localizations, thus providing
both temporarily and spatially regulated distinct pools of PIP2
(14-16). Primary T cells express all three PIP5K isoforms, which
are differentially enriched to the immunological synapse (IS) du-
ring T cell activation (17). PIP5Ka, for instance, is localized at the
plasma membrane, where it promotes several actin-based processes
(18-22). Despite much progress that has been made in elucidating
the dynamic of PIP2 and PIP3 turnover in T lymphocytes, the
mechanisms and surface receptors coupling PIP2 and PIP3 to cor-
tical actin remodeling remain poorly understood.

CD28 is known to have a major role in cytoskeleton rear-
rangements (23-28) by triggering the tyrosine phosphorylation of
Vavl and leading to both Cdc42 and Racl activation (29). The
connection among CD28, membrane phospholipids, Vavl, and
actin-regulating proteins has long been attributed to the CD28 in-
trinsic ability to recruit and activate class IA PI3K and increase the
cellular amount of PIP3 (30, 31). However, we have recently
demonstrated that CD28 also recruits and activates PIPSKa that
ensures the PIP2 pool necessary for CD28 signaling functions (32).
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In this study, we extend these findings by showing that PIP5Ka
is a critical regulator of CD28-mediated cytoskeleton reorganiza-
tion events necessary for the activation of downstream signaling
pathways. Indeed, we found that PIPSKa cooperates with Vavl,
and both are recruited to the C-terminal proline-rich motif of
CD28 to regulate a common signaling pathway promoting actin
polymerization in human primary CD4* T lymphocytes.

Materials and Methods
Cells, Abs, and reagents

Human primary CD4* T cells were enriched from PBMCs by negative se-
lection using a MACS microbead sorting kit (Miltenyi Biotec, Milan, Italy)
and cultured in RPMI 1640 supplemented with 5% human serum (Euroclone),
L-glutamine, penicillin, and streptomycin. The purity of the sorted population
was 95-99%. CD28-negative Jurkat T cell line CH7C17 (33) was maintained
as described above with the addition of 400 wg/ml hygromycin B and
4 pg/ml puromycin (Sigma-Aldrich, Milan, Italy). CH7C17 cells, stable
transfected with CD28 wild-type (WT), CD28Y'"'F, CD28-3A (P208A,
P211A, and P212A), or CD28F**F** (Y206F and Y209F) mutants, were
generated as previously described (34) and maintained as above with the ad-
dition of 2 mg/ml G418 (Sigma-Aldrich). All stable cell lines expressed
comparable levels of CD28. Murine L cells Dap3, Dap3 transfected with
human B7.1/CD80 (Dap/B7), HLA-DRB1#0101 (5-3.1), or 5-3.1 cotrans-
fected with B7.1/CD80 (5-3.1/B7) to obtain CD3 and CD28 coaggregation
were previously described (35, 36). The following Abs were used: goat anti-
PIP5SKa (N-20), goat anti-PIPSKa (C17), mouse anti-oc tubulin, rabbit anti-
Grb2 (C17), rabbit anti-Vav (H-110) and (C14), mouse anti-hemagglutin (HA)
(F7), and rabbit anti-HA (Y11) (Santa Cruz Biotechnology, Santa Cruz, CA);
mouse anti-CD28.2, mouse anti-CD3 (UCHT1), and goat anti-mouse (BD
Biosciences, Milan, Italy); mouse anti-myc (9E10) (Roche, Milan, Italy); and
rabbit anti-Vav, mouse anti-Racl, mouse anti-Cdc42, sheep anti-SLP76, and
GST-PAK]1 (Merck Millipore, Milan, Italy). Mouse anti-FLAG (M2) Ab, PIP2,
phosphatidylinositol 4—phosphate, and staphylococcal enterotoxin A were
purchased from Sigma-Aldrich. Staphylococcal enterotoxin E and staphylo-
coccal enterotoxin B (SEB) were from Toxin Technology (Sarasota, FL).

Plasmids, cell transfection, and luciferase assays

HA-tagged and FLAG-tagged PIP5SKa constructs were generated by PCR
(GenBank: BC007833) from the cDNA of human primary CD4* T cells
using oligonucleotides containing N-terminal Nhel and C-terminal Notl
restriction sites for cloning in pcDNA-HA or pcDNA-FLAG expression
vectors. HA-tagged kinase-dead mutant PIPSKa K182A mutated in the
highly conserved SDDEFIIKTV sequence within the kinase core domain
of human PIPSKa (15) was generated by PCR introducing the K182A
substitution into WT PIP5SKa by two-step PCR mutagenesis with the
following oligonucleotides: 5'-GAGTTCATTATTGCGACAGTCCAA-
CAT-3" and 5'-ATGTTGGACTGTCGCAATAATGAACTC-3'. The PCR
products were then coamplified with PIPSKa coding sequence 5’ and 3’
primers with Nhel and Notl restriction sites: 5'-TTGCTAGCGCGTCG-
GCCTCCTCCGGG-3" and 5'-TTGCGGCCGCATGGGTGAACTCTGA-
CTC-3'. pEF-Bos expressing C-terminal myc-tagged Vavl was previously
described (37). The substitution of Vav (K335A) mutant, derived from
C-terminal myc-tagged Vavl by replacing Lys>> with Ala, was previously
described (38). pm-Cherry and GFP constructs were generated by cloning
Vav1 and PIP5Ka, either WT or mutants, in EcoR1 and BamHI restriction
sites of pm-Cherry-C1 and pEGFP-N1 expression vectors (Clontech), re-
spectively. The sequences of all PIPSKa and Vavl constructs were verified
by DNA sequencing. pcDNA3 expressing myc-tagged Racl (N17) and
Cdc42 (N17) constructs were kindly provided by D. Cantrell (University of
Dundee, Dundee, U.K.) and A. Hall (Memorial Sloan-Kettering Cancer
Center), respectively. HA-tagged human Nckf (39) was kindly provided
by W. Li (The University of Southern California, Los Angeles, CA).
FLAG-tagged SLP-76 WT was kindly provided by G.A. Koretzky (Weill
Cornell Medical College, New York, NY).

The NF-«kB luciferase gene under the control of six thymidine kinase NF-
kB sites was kindly provided by J.F. Peyron (Faculté de Médicine Pasteur,
Nice, France). The NFAT luciferase reporter construct containing the lu-
ciferase gene under the control of the human IL-2 promoter NFAT binding
site was kindly provided by C. Baldari (University of Siena, Siena, Italy).

Primary CD4" T cells, resuspended in 100 pl Nucleofector solution
(Amaxa Biosystems), were electroporated with 1 g indicated expression
vector using the V-024 program of the Nucleofector.

For luciferase assays, 107 cells were electroporated (at 260 V, 960 wF) in
0.5 ml RPMI 1640 supplemented with 20% FCS with 2 pg NF-«kB lu-

ciferase or 10 pg NFAT luciferase together with 5 wg pEGFP and 20 pg
each indicated expression vector, keeping the total amount of DNA con-
stant (40 pg) with empty vector. Twenty-four hours after transfection, cells
were stimulated with Dap3 or Dap/B7 or 5-3.1 or 5-3.1/B7 cells prepulsed
with SEB (1 pg/ml) at 37°C for 6 h. Luciferase activity was measured
according to the manufacturer’s instruction (Promega). Luciferase activity
determined in triplicates was expressed as arbitrary luciferase units after
normalization to GFP values.

Cell viability was determined by quantifying the ability of cells to in-
corporate trypan blue and expressed as percent viability.

Cell stimulation and immunoblotting

Primary CD4" T cells and Jurkat cells were stimulated as indicated at 37°C.
At the end of incubation, cells were harvested and lysed for 30 min on ice in
1% Nonidet P-40 lysis buffer in the presence of inhibitors of proteases and
phosphatases. Extracts were precleared for 1 h with Protein-A (GE Health-
care) or protein G Sepharose (Sigma-Aldrich) and then immunoprecipitated
for 2 h with the indicated Abs preadsorbed on Protein-G or -A Sepharose
beads. Proteins were resolved by SDS-PAGE and blotted onto nitrocellulose
membranes. Blots were incubated with the indicated primary Abs, exten-
sively washed, and, after incubation with HRP-labeled goat anti-rabbit or
HRP-labeled goat anti-mouse (Amersham) or HRP-labeled donkey anti-goat
Abs (Santa Cruz Biotechnology), developed with the ECL’s detection system
(GE Healthcare). For anti-Grb2 Western blotting, HRP-labeled protein-A
(GE Healthcare) was used to reduce Ig L chain (IgL) binding.

PIP5K«a kinase assay and measurement of PIP2 levels

Primary CD4* T cells (20 X 10° were stimulated for 5 min with adherent
Dap3 or Dap3/B7 cells and carefully harvested to avoid detachment of ad-
herent cells. The FACS analysis of CD3 and CD28 expressions revealed that
the recovered T cell population was 95% pure. CH7C17 CD28WT Jurkat cells
were transfected with HA-PIPSKa WT or HA-PIPSKa (K182A) mutant. Cells
were lysed for 30 min on ice in 1% Nonidet P-40 lysis buffer in the presence of
inhibitors of proteases and phosphatases. Extracts were precleared for 1 h with
Protein-G Sepharose; endogenous or exogenous PIPSKo was immunopre-
cipitated and incubated with phosphatidylinositol 4—phosphate as previously
described (40). Briefly, phosphatidylinositol 4-phosphate was resuspended in
assay buffer (30 mM HEPES [pH 7.4], 100 mM KCI, 1 mM EGTA, 2 mM
MgCl,, and 0.05% Nonidet P-40) and sonicated. Beads containing PIPSKa
were incubated with 50 wl assay buffer containing phosphatidylinositol 4—
phosphate, MgATP (50 wM), and **y-ATP for 15 min at 30°C. The organic
phase containing PIP2 was separated by thin-layer chromatography on Silica
gel 20 X 10 plates (Merck, Darmstadt, Germany). The radioactive lipids
were visualized by autoradiography. The identity of PIP2 and phosphatidyl-
inositol 4—phosphate was confirmed by comparison with standard phospho-
lipids revealed by iodine vapor. The spot corresponding to PIP2 was
quantified by densitometric analysis using the Image] program (National
Institutes of Health).

Confocal microscopy

A total of 15 X 10 murine L cells was adhered on cover glasses (12 mm)
overnight at 37°C. T cells or CH7C17 cells expressing CD28 WT or CD28
mutants were transfected for 24 h with 1 g or 20 pg, respectively, of the
indicated expression vectors, seeded on cover glasses for 15 min at 37°C,
fixed by 2% paraformaldehyde, and permeabilized by 0.1% saponin in PBS
containing 1% BSA. F-actin was stained by using phalloidin-633 (Molecular
Probes). Confocal observations were performed using a Leica DMIRE
apparatus (Leica Microsystems, Heidelberg, Germany) equipped with an
argon-krypton laser and double-dichroic splitters (488/568 nm). Image ac-
quisition and processing were conducted by using the Leica confocal
software (Leica Microsystems). Images were analyzed with the Adobe
Photoshop program (Adobe Systems). The relative recruitment index (RRI)
was calculated as previously described by the formula: RRI = (mean fluo-
rescence intensity [MFI] at synapse — background)/(MFI at all the cell
membrane not in contact with APC — background). At least 15 cells or
conjugates were examined quantitatively for each experiment. Statistical
significance was calculated using a Student ¢ test. Signals from different
fluorescent probes were taken in parallel. Several cells were analyzed for
each labeling condition, and representative results are presented.

Measurement of CD28 internalization

CD28-negative CH7C17 cells were transfected for 24 h with 10 pg PEF-Bos-
CD28 WT construct alone or together 20 g HA-PIP5SKa WT or HA-PIPSKa
(K182A) mutant. Cells were incubated with anti-CD28.2 (10 pg/ml) or iso-
type control mAb at 4°C to prevent receptor internalization, washed, and
either maintained at 4°C or shifted to 37°C for different times to allow re-
ceptor internalization. At the end of incubation, cells were returned to 4°C to
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stop receptor internalization, incubated with Alexa 488—conjugated secondary
Ab, and analyzed by flow cytometry (FACSCalibur; BD Biosciences, Milan,
Italy). The percentage of CD28 remaining on the cell membrane was calcu-
lated from the MFI values as: 100 X (MFI [37°C sample] — MFI [37°C
isotype control]/MFI [4°C sample] — MFI [4°C isotype control]).

Measurement of conjugate formation

Conjugate formation was measured as previously described (25). Briefly,
CH7C17 Jurkat cells expressing CD28 WT were transfected with GFP-
PIP5Ka WT or GFP-PIPSKa K182A constructs, and transfectants (3.5 X
10°) were incubated for 5 min at 37°C with Dap/B7 (1.2 X 10°) in a final
volume of 70 wl RPMI 1640, then diluted in 500 wl RPMI 1640, and
analyzed by FACS. Conjugates were identified on a total of 10° GFP-
positive events by gating for side scatter and forward light scatter (41)
and expressed as mean percentage * SD of triplicate samples.

Real-time PCR

Total RNA was extracted using the RNeasy MicroKit (Qiagen) from 5 X
10° cells and reverse-transcribed into cDNA by using Moloney murine

1325

leukemia virus reverse transcriptase (Invitrogen). TagMan Universal PCR
Master Mix, IL-8, IL-2, and GAPDH primer/probe sets were purchased
from Applied Biosystems. The relative quantification was performed using
the comparative threshold cycle method.

Statistical analysis

Statistical analyses were performed with Microsoft Excel software
(Microsoft) using the Student ¢ test. Differences were assumed significant
when p was <0.05.

Results

PIP5Ka lipid kinase activity regulates CD28-mediated
actin cytoskeleton reorganization events required for
CD28-dependent signals

We have recently demonstrated that, in the absence of TCR en-
gagement, CD28 stimulation by either B7.1/CD80 or agonistic
Abs recruits and activates PIPSKa in human primary CD4" T

A - B Total Lysate
o med MONEE Vec K182A
2 % o K182A
1 - — e

FIGURE 1. PIPSKa kinase activity is § - - |4 HA-PIP5K
required for CD28-induced functions. (A) o g -
NF-«kB luciferase activity of Jurkat cells ] 15 1 % Blot: anti-HA
expressing CD28 WT transfected with 1'2" 5 10 4 € HA-PIP5K«
empty vector or HA-PIP5Ka K182A mutant =~ 5 4 —-—— - < PIP5Ka
and stimulated with B7-negative (Dap3) or _“
Dap/B7 cells. (E) NFAT luciferase activity 0- Blot: anti-PIP5K«
of CD28 WT cells transfected with empty Dap3 Dap3/B7
vector or HA-PIP5Ka K182A mutant and
stimulated with 5-3.1/B7 cells prepulsed or C 20 - D Total Lysate
not (Med) with SEB (1 pg/ml). The results M Vec —_—
are expressed as the mean of luciferase units + = g [KIB2A Vec  K182A
SD after normalization to GFP values. The w
data are representative of three independent 12 A
experiments. *p < 0.001 calculated by Student g S| < HA-PIPSKa
t test, compared with stimulated cells trans- E 8 4 Blot: anti-HA
fected with Vec. Real-time PCR was used to 3 =
measure IL-8 mRNA (C) or IL-2 mRNA (G) T a4
levels in primary CD4" T cells transfected
with empty vector (Vec) or HA-PIPSKa o L.
(K182A) mutant and stimulated for 6 h with IgG CcD28
control IgG or anti-CD28 Abs (C) or anti-CD3
or anti-CD3 plus anti-CD28 Abs (G). Data are E 12 4 F 60 -
expressed as fold inductions (FL) over the >.E 10 4 H\Vec
basal level of cells stimulated with control IgG g 5 K182A 5 50 1
(O) or arbitrary units (AU) (G). Bars show the e 81 E 40 -
mean * SD of three independent experiments. : E 6 >
*%p < 0.01 calculated by Student 7 test, E e 3 301
compared with anti-CD28 (C) or anti-CD3 Z8 44 3-_ 20 1
plus anti-CD28—stimulated (G) cells trans- = * °
fected with Vec. Anti-HA and anti-PIPSKa 21 10 1
Western blottings were performed on total ) — =—— 0
lysates from CD28 WT cells (B) or primary Med SEB K182A
CD4" T cells (D) transfected with Vec or HA-
PIP5SKa K182A. The positions of endogenous G 50 - H o
PIP5Ka (B) or HA-PIP5SKa K182A (B and D) BVec
are indicated on the right. Cell viability was = 404 K182A > 50
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lymphocytes (Supplemental Fig. 1A) and that silencing of PIPSKa
impairs CD28-mediated signaling functions (32). The lipid-kinase
activity of PIP5Ka was crucial for the regulation of both CD28
unique signals or CD28/TCR costimulatory signals, as demonstrated
by the inhibitory effects exerted by overexpressing a lipid-kinase-
dead mutant of PIPSKa (K182A) (15, 42) (Supplemental Fig. 1B) in
both primary CD4" T cells and Jurkat cells (Fig. 1). Indeed, the
overexpression of PIPSKa (K182A) mutant strongly impaired CD28
autonomous signaling regulating NF-«kB transcriptional activation in
both CH7C17 cells expressing CD28 WT (Fig. 1A) and Jurkat cells
(Supplemental Fig. 1E). Consistent with the role of RelA/NF-«kB in
regulating IL-8 gene transcription in CD4" T cells (3, 6), the over-
expression of PIPSKa (K182A) significantly inhibited IL-8 tran-
scription (65%) induced by CD28 individual ligation (Fig. 1C).
PIPSKa (K182A) overexpression also impaired NFAT transcrip-
tional activity (Fig. 1E) and IL-2 gene expression induced by CD28
costimulation (Fig. 1G). Any effects on cell viability were observed
in neither CD28 WT Jurkat cells (Fig. 1F) nor primary CD4" T cells
(Fig. 1H) following expression of PIP5Ka K182A mutant.

Most of the CD28-mediated signaling functions rely on its in-
trinsic ability to regulate the remodeling of actin cytoskeleton
necessary for the initiation of both autonomous and TCR costim-

A PIP5Ka Actin

FIGURE 2. PIP5Ka kinase-dead mutant
impairs CD28-mediated actin cytoskeleton Ctr
reorganization without affecting CD28
downregulation. (A) CD28 WT cells were
transfected with GFP-PIP5Ka WT or
K182A mutant constructs (10 wg) for 24 h B7
and then stimulated for 15 min in the ab-
sence (Ctr) or presence of Dap/B7 cells
(B7). After fixing and permeabilization,
F-actin (blue) was stained with 633-conju-
gated phalloidin and analyzed by confocal

PIP5Ka
WT

microscopy. Scale bar, 10 um. The RRI was i
calculated as described in Materials and PIP5Ka

Methods and represents the mean = SD of K182A

15 conjugates analyzed in each group.

**p < 0.01 calculated by Student ¢ test Bl
compared with controls. More than 70% of

T-Dap/B7 conjugates showed PIPSKa WT

RRI >5. The mean percentage * SD of

PIPSKa WT and PIPSKa KI82A localiza- B o
tion in the T-Dap/B7 contact zone was 84 + 2 40 1
4.8 and 36 * 3, respectively. The results are E
representative of three independent experi- 8 30 4
ments. (B) CD28 WT cells were transfected %

with GFP-PIP5Ka WT or K182A mutant 2 20
for 24 h and then stimulated for 5 min with '§
Dap/B7 cells. Conjugate formation was ; 10 4
measured by FACS and expressed as the 5

ulatory signaling (26, 34, 43). Thus, we explored the role of
PIP5Ka in CD28-induced actin remodeling. Confocal microscopy
analyses revealed that CD28 stimulation by B7 induced PIPSKo
recruitment as well as the polarization and accumulation of F-actin
at the T-APC interface (Fig. 2A). In contrast, K182A mutation
strongly impaired PIPSKa polarization at the T-APC contact zone
following CD28 engagement by B7. Interestingly enough, the
overexpression of PIP5SKa (K182A) impaired the polarization and
accumulation of F-actin in B7-stimulated cells (Fig. 2A), without
affecting conjugate formation (Fig. 2B), thus evidencing a crucial
role of PIPSKa in regulating CD28-induced actin remodeling.

Because actin-based processes are needed for CD28 internali-
zation (30, 44) and PIP5Ka has been also implicated in receptor-
mediated endocytosis (20, 21), we investigated whether PIP5SKa
might play a role in CD28 internalization. To this end, CD28-
negative CH7C17 Jurkat cells were cotransfected with CD28
WT expression vector together with empty vector or HA-PIP5Ka
WT or K182A mutant. As shown in Fig. 2C, CD28.2 mAb induced
a marked downmodulation of CD28 of 40-50% by 1 h up to 70%
by 8 h. No significant differences on the rate of CD28 downreg-
ulation were observed in cells expressing PIPSKa WT or PIP5SKa
(K182A) compared with the empty vector.
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10 4 - m PIP5Ka
8 - o Actin
g ©7
o
4
2 r
o ]

K182A

mean percentage = SD of three independent
experiments performed in triplicates. (C)
CH7C17 Jurkat cells were cotransfected C 120
with CD28 WT and with empty vector (Vec)

PIPSKa WT

PIP5Ka K182A

—o— Vec
—a— PIPS5Ka WT
—0— PIP5Ka K182A

or HA-PIP5Ka WT or K182A mutant con- § 100
structs (20 pg) for 24 h, and surface CD28 @ g0 4
downregulation was measured by FACS g
analysis as described in Materials and : 60 1
Methods. The results express the percentage 840 -
of CD28 expression on the surface. Data b
represent the mean = SD of three inde- =207
pendent experiments. 0 5

Time (h)
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Altogether, these data indicate that the kinase activity of PIPSKa nucleation (1, 2, 46, 47). We analyzed if Vavl and PIPSKa were
controls CD28-mediated actin remodeling processes needed for corecruited and accumulated at the T-APC interface following
CD28 signaling functions but not for receptor endocytosis. CD28 engagement. Primary CD4" T cells were transfected with
GFP-PIP5Ka WT together with pmCherry-Vavl WT constructs
and then stimulated for 15 min with B7.1/CD80-positive (B7") or
B7.1/CD80-negative (B7 ) cells. Confocal analyses revealed that
Vavl was efficiently recruited and polarized with PIP5Ka at the
In T lymphocytes, Vavl is a critical GEF for Racl and Cdc42 T-APC contact zone (Fig. 3A). To assess the role of PIPSKa
GTPases (45) and required for CD28-dependent signals and actin kinase activity in regulating Vavl-dependent signals downstream

PIP5Ka/Vavl complexes are recruited to the T-APC interface
and regulate Vavl-dependent signaling functions in response to
CD28 stimulation
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FIGURE 3. PIP5Ka kinase-dead mutant impairs Vav1-dependent NFAT activation in CD28 stimulated cells. (A) Primary CD4" T cells were transfected
with 1 pg GFP-PIP5Ka WT together with 1 pg pCherry-Vavl constructs and then stimulated for 15 min in the absence (Ctr) or presence of adherent
murine B7-negative (B7 ) or B7-positive (B7*) cells. After fixing, cells were analyzed by confocal microscopy. Scale bar, 10 wm. The RRI of Vavl (red)
and PIPSKa (green) was calculated and represents the mean * SD of 15 conjugates analyzed in each group. **p < 0.001 calculated by Student 7 test
compared with controls. The mean percentage *+ SD of Vavl and PIP5Ka localization in the T-APC/B7 contact zone was 86 * 4 and 83 = 5, respectively.
The results are representative of three independent experiments. (B) NFAT luciferase activity of CD28 WT cells transfected with empty vector (—) or Vavl
WT alone or in combination with HA-PIP5Ka K182A mutant and stimulated in the absence (Med) or presence of B7-negative (5-3.1) or 5-3.1/B7 cells.
Data are expressed as fold inductions (F.I.) over the basal level of cells transfected with empty vector (—) and unstimulated (Med), after normalization to
GFP values. Bars show the mean = SD of one experiment representative of three. *p < 0.001 calculated by Student ¢ test, compared with stimulated cells
transfected with Vavl WT alone. (C) The expressions of myc-Vavl (top panel) and HA-PIPSKa K182A (bottom panel) were analyzed by Western blotting.
The position of HA-PIP5SKa K182A is indicated on the right. The upper band is a nonspecific band recognized by the anti-HA Ab. All data are repre-
sentative of three independent experiments. (D) NFAT luciferase activity of CD28 WT cells transfected with empty vector (—) or FLAG-SLP-76 WT alone
or in combination with HA-PIPSKa K182A mutant and stimulated in the absence (Med) or presence of B7-negative (5-3.1) or 5-3.1/B7 cells. Data are
expressed as F.I. over the basal level of cells transfected with empty vector (—) and unstimulated (Med), after normalization to GFP values. Bars show the
mean * SD. (E) The expressions of FLAG-SLP-76 (top panel) and HA-PIPSKa K182A (bottom panel) were analyzed by Western blotting.
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of CD28, we looked at NFAT activation, an event that we have
previously demonstrated to depend on both Vavl1 (37) and PIP5Ka
(32). As already described (37), overexpression of Vavl strongly
activated NFAT-dependent transcription induced by CD28 en-
gagement in the absence of TCR engagement. The expression of
PIP5SKa (K182A) dominant-negative mutant strongly impaired
Vavl-mediated NFAT activation in CD28-stimulated cells
(Fig. 3B), without affecting cell viability (data not shown). On the
contrary, the overexpression of SLP-76, a known Vavl binding
partner (48, 49), did not activate NFAT following CD28 engage-
ment, and, consequently, PIPSKa K182A did not exert any sig-
nificant effect (Fig. 3D).

These findings suggest a tight connection between PIPSKa and
Vavl in CD28 signaling functions.

Reciprocal interdependence of Vavl and PIP5Ka activities in
regulating CD28 actin reorganization

Our data on the corecruitment of Vavl and PIP5Ka, together with
the ability of PIPSKa to regulate actin polymerization in response
to CD28, prompted us to investigate the specific contribution of
each molecule in their reciprocal recruitment. More than 75% of
conjugates expressing PIPSKa WT exhibited a strong polarization
and accumulation of Vavl at the T-APC contact site. On the
contrary, the percentage of conjugates with polarized Vavl was
strongly reduced (12%) in PIPSKa-transfected (K182A) cells
(Fig. 4A). Interestingly, when we looked at the role of Vavl GEF
activity on PIP5Ka recruitment, we found similar results. Indeed,
the overexpression of Vavl (K335A), a mutation that impairs
Vavl GEF activity and its ability to induce actin rearrangement
(50), reduced the percentage of conjugates (6%) exhibiting
PIP5Ka recruitment at the T-APC interface (Fig. 4B). No dif-

A PIP5Ka Vavi

PIP5Ka
WwT

PIP5Ka
K182A

B PIP5Ka Vav1i

Vav1
K335A

ferences in the total number of conjugates were observed in cells
expressing Vavl (K335A) or PIP5SKa (K182A) mutants compared
with the WT (not shown).

Altogether, these data evidence a reciprocal interdependence of
Vavl and PIPSKa activities in regulating CD28 actin rearrange-
ments functions.

The C-terminal proline-rich motif of CD28 is essential for Vavl
and PIP5Ka recruitment and CD28 costimulatory functions

CD28 short cytoplasmic tail has no enzymatic activity but contains
several motifs crucial for the activation of downstream signaling
cascade. CD28 contains an N-terminal YMNM motif that follow-
ing phosphorylation binds the p85 subunit of PI3K (51-53) and
Grb2 (54, 55), an N-terminal proline rich domain that binds the
Src homology (SH) 3 domain of Itk (56), and a C-terminal proline
rich motif (YQPYAPP) that binds the SH3 domain of Lck (57) and
is critical for the recruitment of the actin-binding protein filamin A
(26, 34). Because we have recently found that the C-terminal
proline-rich motif of CD28 is involved in the recruitment of
PIP5Ka (32), we verified if the same domain also regulated Vavl
polarization. To this aim, we used Jurkat cells expressing CD28
WT or CD28 mutants in the YNMN motif (CD28 Y'*'F) or in the
C-terminal YQPYAPP motif (CD28-3A). Confocal microscopy
analyses evidenced that CD28 Y'®'F mutant did not affect the
localization and recruitment of neither Vavl nor PIPSKa. On the
contrary, CD28-3A mutant failed to recruit both PIPSKa and Vavl
at the T-APC interface (Fig. 5A) and to induce actin rearrange-
ment (Supplemental Fig. 4A) without affecting CD28 downregu-
lation (Supplemental Fig. 4B). Consistent with the key role of
PIP5Ka and Vavl in the regulation of CD28 signaling functions,
both IL-8 (Fig. 5B) and IL-2 (Fig. 5C) gene expressions were

__ 100
£
§ E 80
23 60
o
BF o
S8 20 *
Sg [
PIP5Ka WT PIPSKa K182A
Vavi WT
gg; 100
52 s
o8
®a 60
2% 40
5 N
o8 20 *
g 0 I
Vavi WT Vav1 K335A
PIP5Kc WT

FIGURE 4. PIP5Ka and Vavl activities are required for their reciprocal recruitment to CD28. CD28WT cells were transfected with pm-Cherry Vavl
vector together with GFP-PIPSKa WT or K182A mutant constructs (A) or with GFP-PIPSKa WT together with pm-Cherry Vavl WT or Vavl K335A
mutant (B); after 24 h, cells were stimulated for 15 min with adherent Dap/B7 cells. After fixing, cells were analyzed by confocal microscopy. Scale bar,
10 wm. The frequency of conjugates (total 30) showing significant Vavl (A, right panel) or PIPSKa WT (B, right panel) polarizations (RRI >2.5) were
calculated, and data represent the mean * SD of three independent experiments. The localization of each protein in the T-Dap/B7 contact zone was
quantified, and the mean percentages = SD were as following; in PIPSKa WT-expressing cells, Vavl WT was 75 = 8, and PIPSKa WT was 78 = 7; in
PIPSKa K182A-expressing cells, Vavl WT was 30 * 8, and PIPSKa K182A was 35 * 7; in Vavl K335A-expressing cells, PIPSKa WT was 36 = 6, and
Vavl K335A was 30 = 7. *p < 0.001 calculated by Student ¢ test compared with controls.
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FIGURE 5. The C-terminal pro-
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for Vavl and PIPSKa recruitment
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negative CH7C17 cells (CD287'7)
or CD28 WT or CD28 Y''F or
CD28-3A mutants were transfected
with 20 pg of GFP-PIP5SKa together
with pm-Cherry-Vavl constructs and
then stimulated for 15 min with ad-
herent Dap/B7 cells. After fixing,
cells were analyzed by confocal
microscopy. Scale bar, 10 wm. The
RRI of Vavl (red) and PIP5Ka
(green) was calculated and repre-
sents the mean * SD of 15 con-
jugates analyzed in each group.
**p < 0.01 calculated by Student
t test compared with controls. Real-
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strongly impaired by mutation in the C-terminal proline-rich do-
main of CD28, and the overexpression of PIPSKaa WT did not
reverse the inhibition mediated by CD28-3A mutant (data not
shown).

The mechanism suggested for Vavl recruitment to CD28
involves Grb2 (58), which has been found to interact with both
Vavl (59, 60) and the YMNM as well as the C-terminal proline-
rich motif of CD28 (54, 61). To elucidate the dynamic of Vavl and
PIP5Ka recruitment to CD28, primary CD4* T cells were stim-
ulated or not with B7-expressing APC and the association of Vavl
or PIP5SKa with CD28 was analyzed. Consistent with previous
reported data (58), Vavl coprecipitated with CD28 following
stimulation (Fig. 6A, fop panel). Any direct association between
CD28 and PIP5Ka was found (Fig. 6A, middle panel). Moreover,
when we looked at Grb2, we did not observe any association with
CD28 in unstimulated or stimulated human primary CD4* T cells
(Fig. 6B, top panel). Similar results were obtained in Jurkat cells
(Supplemental Fig. 2A). Consistent with our previously published
data (3), the p85 adaptor subunit of PI3K efficiently bound to
CD28 in stimulated primary CD4" T cells (Fig. 6B, middle left
panel), and Grb2 was found constitutively associated with SLP76
in unstimulated cells (Fig. 6B, fop right panel). No association
between Vavl and Grb2 or PIP5Ka and Grb2 was detected in
primary CD4™ T cells (Fig. 6C).

We next investigated which domain of CD28 was involved in the
association with Vavl. Jurkat cells expressing CD28 WT or CD28
Y'"'F or two mutants within the C-terminal proline-rich motif,
CD28-3A or CD28 FZO(’FZOQ, were transfected with myc-Vavl WT,
and CD28/Vavl association was analyzed after stimulation with
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Dap/B7 cells. As expected, the mutation of YMNM motif im-
paired the recruitment of the p85 regulatory subunit of PI3K
(Supplemental Fig. 2B) without affecting Vavl binding to CD28
(Fig. 6D). On the contrary, CD28-3A and CD28 F*°°F**® mutants
in the C-terminal proline-rich motif exhibited a strong reduction
of Vavl binding (Fig. 6D).

Altogether, these data suggest that Vavl may mediate CD28/
PIPSKa association in a Grb2-independent manner by binding
either directly or indirectly to phosphotyrosine residues within the
C-terminal proline-rich motif of CD28.

PIP5Ka associates with Vavl in a trimolecular complex
containing Nck

There is extensive evidence that Rho family GTPases recruit and
activate PIPSKs. Racl and Cdc42 can interact with all PIP5K
isoforms in a GTP-independent manner allowing PIP5Ks re-
cruitment to the plasma membrane (18, 19, 42, 62). In contrast to
that observed in other cell types, no association of endogenous
PIP5Ka with Racl or Cdc42 was observed in primary CD4"
T lymphocytes neither unstimulated nor activated with adherent
B7-expressing cells (Fig. 7A, bottom panel). On the contrary, we
found that PIPSKa constitutively associated with Vavl in unsti-
mulated primary T cells, and the association did not change fol-
lowing CD28 stimulation (Fig. 7A, top panel). Efficient binding of
activated Cdc42 and Racl with PAK-1 was observed in primary
CD4" T lymphocytes (Fig. 7B). Similar results were obtained
when PIPSKa was coexpressed with Racl (Fig. 7C), Cdc42
(Fig. 7D), and Vavl (Fig. 7E) in Jurkat cells. Consistent with
previously published data (63), we also found that Vav1 associated
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with NckB (Fig. 7E, 7F), a critical adaptor that cooperates with
PIP5Ks in promoting N-WASp localization and actin polymeri-
zation (64). No direct association between PIPSKa and Nck was
observed (Fig. 7F). The association of Vavl with PIP5SKa was not
affected by either K335A or K182A mutations (Fig. 7G).

Based on these results, we propose that, in human T lymphocytes,
Vavl binds to the C-terminal proline-rich motif of CD28 after its
engagement, thus favoring the initial recruitment of both PIP5SKa
and Nck. PIP5Ka synergizes with PI3K, generating the high local
concentration of PIP2 and PIP3, which in turn stabilizes the
membrane localization of Vavl and Nck/WASp/Arp2-3 complexes
needed to promote actin polymerization and activation of down-
stream signaling pathways (Supplemental Fig. 3).

Discussion

T cell activation is accompanied by a dynamic reorganization of
actin cytoskeleton that allows clustering of TCR and costimulatory
receptors toward the T-APC interface. CD28 costimulation is
crucial for the cytoskeleton rearrangement events required for the
relocalization of receptors, lipid rafts, and signaling complexes at
the IS (23-27). Interestingly, CD28 regulates the remodeling of
the actin cytoskeleton independently of TCR (29, 43), thus de-
livering a unique signal necessary for both the initiation of TCR
signaling as well as for CD28 autonomous functions (47, 65). De-
spite much progress that has been made in elucidating the mecha-
nisms involved in CD28-mediated cytoskeleton reorganization, the
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15

10

Fold induction

0
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upstream molecules coupling CD28 triggering to cortical actin
remodeling remain poor understood. In this study, we demonstrate
that PIP5SKa and Vavl are critical mediators of CD28-dependent
actin rearrangement necessary for its biological activities.

PIP2 are pivotal for the remodeling of the actin cytoskeleton by
binding and activating several actin regulating proteins and af-
fecting various cellular processes, such as endocytosis, exocytosis,
and membrane ruffles (9). In different cell types and in response to
several receptors, PIPSKa promotes actin assembly and mem-
brane ruffles (18, 19), receptor-mediated phagocytosis, and en-
docytosis (20, 21) as well as lytic granule exocytosis and retrieval
(22, 66). In T lymphocytes, the spatiotemporal analysis of both
PIP2 distribution and turnover evidenced that PIP2 concentrates at
the IS very early during Ag recognition (67) and that PIP2 syn-
thesis occurs at the T-APC interface, where PIPSKa accumulates
in a sustained fashion (17). In this study, we evidence that CD28 is
the main regulator of PIP5Ka recruitment to the T-APC interface
and that PIP5SKa activity is essential for CD28-mediated actin
polymerization (Fig. 2A). Indeed, kinase-dead PIP5Ka (K182A)
retains its localization at the plasma membrane (62), but fails to
polarize to the T-APC contact zone. Furthermore, we also found
that PIPSKa activity is dispensable for CD28 endocytosis
(Fig. 2C). These data are consistent with the results obtained by
Doughman et al. (19) showing that PIPSKa kinase activity is
essential for platelet-derived growth factor— and Racl-mediated
actin remodeling in fibroblasts. However, in T lymphocytes,
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PIP5Ka does not interact with Racl or Cdc42. Instead, we found
that PIPSKa associates with Vavl (Fig. 7). We also evidence that
PIPSKa activity is pivotal for Vavl-regulated signaling pathways
downstream of CD28 (Fig. 3B).

Vavl is a critical signal transducer of both TCR and CD28
molecules. It controls the downstream signaling pathways triggered
by both TCR and CD28 as well as cytoskeleton reorganization events
necessary for cell polarization and IS formation (45, 68). Vavl is
also a critical mediator of CD28 autonomous signaling leading to
NFAT, NF-kB activation, and IL-2/IL-4 transcription in a TCR-
dependent manner (35, 37, 69). These critical signaling functions
of Vavl have been reported to depend on its GEF activity. Con-
sistently, we found that the overexpression of Vavl (K335A)
mutant, defective in its GEF activity (50), impairs CD28-induced
PIPSKa recruitment to the T-APC contact site (Fig. 4). Further-
more, PIP5SKa kinase activity appears to be fundamental for Vavl

effector functions as the overexpression of the PIPSKa (K182A)
kinase-dead mutant significantly reduced CD28-dependent Vavl
recruitment and signaling functions (Figs. 3, 4). These data evi-
dence a reciprocal interdependence between Vavl and PIP5Ka in
promoting the actin polymerization events required for the effi-
cient recruitment and activation of essential signaling complexes.
Moreover, we also confirmed the cooperative interaction of Vavl
with Nckp (63) (Fig. 7). Nckp adapter plays an important role in
mediating actin cytoskeleton reorganization (70) and a synergistic
relationship between Nckf and PIP2 in promoting N-WASp—-de-
pendent actin rearrangements in living cells has been also evi-
denced (64). Our data strongly support a critical role of Vavl in
connecting PIP2 and PIP5Ka to localized Nck/WASp-mediated
actin polymerization. The analyses of the molecular basis of
PIP5Ka/Vavl association as well as the identification of Vavl
domains involved in binding PIPSKa are in progress.
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The key feature of CD28 signal capability derives from the se-
quence of its small cytoplasmic domain (41 aa) (47). We evidenced
that the C-terminal motif of CD28 is critically involved in the
dynamics of actin polymerization (Supplemental Fig. 4A) and in
the recruitment of both PIPSKa (32) and Vavl (Fig. 5), but not in
CD28 downregulation (Supplemental Fig. 4B). On the basis of the
ability of Vavl to interact with Grb2 (59, 60), Grb2 binding to
CD28 has been also suggested as the mechanism by which CD28
recruits Vavl (58). Interestingly, in addition to bind the YMNM
motif through its SH2 domain, Grb2 interacts with CD28 by
binding the C-terminal motif YQPYAPP (54, 61, 71). However,
when we verified the existence of Vav1l/Grb2 complexes or the
recruitment of Grb2 to CD28 in human primary CD4* T cells, we
did not find any association neither between CD28 and Grb2 (Fig.
6B) nor between Vavl and Grb2 (Fig. 6C). The reason for these
discrepancies may be due to the fact that all data on CD28/Grb2 as
well as on Vav1/Grb2 association were obtained in mouse cells, in
in vitro binding assays, or following overexpression of exogenous
proteins in different cell lines. Conversely, we found that, in human
primary CD4" T cells and Jurkat cells stimulated by B7, in the
absence of TCR stimulation, CD28 associates with Vavl through
its C-terminal YQPYAPP (Fig. 6D) but not through the YMNM
that selectively binds the p85 subunit of PI3K (Supplemental Fig.
2B). Moreover, our data on the loss of CD28/Vav1 interaction by
mutating the tyrosine residues within the C-terminal proline-rich
motif of CD28 (Fig. 6D) suggest a role for the SH2 domain of
Vavl. Considering the different consensus sequences (e.g., YESP,
YEEP, YMEP, YADP, YLNP) identified as optimal binding sites
for the SH2 of Vavl (48, 72-75), the phosphorylated Y?*’APP>'>
within the C-terminal proline-rich motif of CD28 may likely rep-
resent an optimal binding motif. Alternatively, a CD28- and Vavl-
binding partner may function as a linker, thus favoring CD28/Vavl
interaction. Experiments are in progress to verify this hypothesis.

In conclusion, our data provide evidence that Vavl is the linker
molecule that couples CD28 to PIPSKa activation and strongly
fit with a potential model in which CD28 regulates PIP2 synthe-
sis and turnover in T lymphocytes: 1) by binding Vavl, the C-
terminal proline-rich motif of CD28 recruits PIP5Ka, which in
turn synthesizes PIP2, a crucial source for both actin polymeri-
zation and second messenger generation; and 2) the YMNM motif
recruits and activates class IA PI3K that phosphorylates PIP2 to
generate PIP3 lipids, which are the docking sites for Vavl and
important mediators of both CD28 autonomous and TCR co-
stimulatory signals (Supplemental Fig 3).
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