1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

NAT/%;
D:

(%)
s>’

O

HE

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J/mmunol. 2010 October 15; 185(8): 4714-4723. doi:10.4049/jimmunol.1001445.

PIPKIy90 negatively regulates LFA-1 mediated adhesion and
activation in antigen-induced CD4+ T cells!

Sarah A Wernimont”, Kyle R Legate®, William TN Simonson”, Reinhard FasslerT, and Anna
Huttenlocher¥

* Program in Cellular and Molecular Biology, University of Wisconsin, Madison WI 53705

T Department of Molecular Medicine, Max Planck Institute of Biochemistry, Martinsried, Germany,
82152

* Department of Pediatrics and Medical Microbiology and Immunology, University of Wisconsin,
Madison W1 53706

Abstract

T cell activation requires the formation and maintenance of stable interactions between T cells and
antigen presenting cells (APC). The formation of stable T cell-APC contacts depends on the
activation of the integrin, LFA-1 (CD11aCD18). Several positive regulators of LFA-1 activation
downstream of proximal TCR signaling have been identified including talin; however, negative
regulators of LFA-1 activity remain largely unexplored. PIPKIy90 is a member of the type |
phosphatidylinositol phosphate kinase family that has previously been shown to modulate talin
activation of integrins through production of phosphatidylinositol (4,5) bisphosphate, P1(4,5)P2,
and direct binding to talin. In this study, we show that PIPKIy90 negatively regulates LFA-1-
mediated adhesion and activation of T cells. Using CD4+ T cells from PIPKIy90-deficient mice,
we show that CD4+ T cells exhibit increased LFA-1 dependent adhesion to ICAM-1 and increased
rates of T cell-APC conjugate formation with enhanced LFA-1 polarization at the synapse. In
addition to increased adhesiveness, PIPKIy90-deficient T cells exhibit increased proliferation both
in vitro and in vivo and increased production of interferon-y and IL-2. Together, these results
demonstrate that PIPKIy90 is a novel negative regulator of antigen-induced T cell adhesion and
activation.
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Introduction

T cells are highly motile cells that can rapidly transition to form stable, long-lasting contacts
with antigen presenting cells (APC) bearing a peptide fragment in the context of MHC.
Contact sites between T cells and APC, known as the immune synapse, are characterized by
the polarization of signaling and adhesive molecules at the contact interface, including the
integrin LFA-1 (1). Recent advances in imaging have shown that T cells can maintain
contact with antigen bearing dendritic cells for up to 24 hours (2) and that the duration of
contact between T cells and APC correlates with the degree of proliferation and cytokine
production both in vitro and in vivo (3), (4), (5).

Formation of a stable immune synapse and stable T cell-APC interactions require the
polarization of the integrin, leukocyte function antigen-1 (LFA-1) (CD11aCD18). LFA-1-
deficient T cells and those treated with LFA-1 blocking antibodies fail to conjugate (1), (6).
Additionally, CD18-deficient mice show defects in CD4+ T cell proliferation and antibody
generation in response to antigen challenge (7). LFA-1 activity is regulated both by an
upregulation of affinity for its ligand, ICAM-1, and by clustering at the immune synapse
following TCR stimulation (reviewed in (8)). The cytoskeletal regulatory protein, talin, is an
important positive regulator of both LFA-1 affinity and clustering in T cells. Binding of the
talin FERM domain to the cytoplasmic tail of CD18 can increase integrin ligand affinity and
the talin rod domain can promote integrin clustering (9). Talin-deficient T cells fail to
conjugate normally due to impaired LFA-1 clustering at the immune synapse (9), (10). Other
identified positive regulators of LFA-1 activity in T cells include ADAP (11), Rap1 ((12)),
RAPL (13), (12), SKAP-55 (14) and Mst-1 ((15)) (reviewed in (16)). However, little is
known about negative regulators of integrin activity in T cells.

Previous work in non-hematopoetic cells has shown that an extended isoform of
phosphatidylinositol phosphate kinase type | gamma (PIPKIy90) is an important modifier of
talin-integrin interactions (17). PIPKIy90 phosphorylates phosphatidylinositol 4 phosphate
(P1(4)P) to generate P1(4,5)P2, which promotes talin-integrin interactions (18), actin
dynamics and endocytosis, and can be further modified to form the signaling intermediates
P1(3,4,5)P3, IP3 and diacylglycerol (DAG) (Reviewed in (19)). Several splice variants of
PIPKIy proteins, which all generate P1(4,5)P2 but differ in their subcellular localization,
have been identified including a 635 amino acid (87 kDa) and a 661 amino acid (90 kDa)
isoform (19). The 90 kDa isoform of PIPKIy90 differs from other isoforms of PIP5K by a C-
terminal extension capable of binding talin at the same site that talin uses to bind the
cytoplasmic tail of beta integrins (20), (17). Given the importance of the 90 kDa isoform in
regulating integrin activity during focal adhesion formation in fibroblasts (21),(22), we were
interested in determining if PIPKIly90 modulates LFA-1 activity in T cells.

No previous studies have specifically investigated the role of PIPKIy90 in the context of T
cell adhesion and activation. Recent studies investigating the function of PIPKIy in natural
killer (NK) cells (23), mast cells (24), and T cells (25) have depleted both PIPKIly isoforms.
This has clouded investigations into the relative contributions of the 87 and 90 kDa
isoforms. Previous work has shown that the 87 kDa isoform is the primary PIPKIy isoform
responsible for generating P1(4,5)P2 that mediates calcium signaling downstream of G-
protein coupled receptors (GPCRS) (26). Thus, recent findings showing that PIPKy depletion
in T cells decreases chemokine mediated adhesion to ICAM-1 are likely due to the depletion
of the 87, but not the 90 kDa isoform (25). Supporting this idea is a recent report showing an
essential role for PIPK Iy isoforms in target cell lysis by NK cells; however, they also
demonstrate that loss of PIPKIy results in a significant decrease in IP3 generation (23).
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We previously reported that primary T cells express PIPKIy90 and that it localizes to the T
cell uropod (27). Here, we investigate the role that PIPKIy90 plays in CD4+ T cell LFA-1-
mediated adhesion and proliferation. Using mice that are specifically deficient in the PIPKy
90 kDa isoform, we find that CD4+ T cell development is normal. However, cells from
these mice have increased adhesion to ICAM-1 and increased T cell-APC conjugate
formation. Immune synapses from PIPK90—/— CD4+ T cells show increased LFA-1
polarization, suggesting that PIPKIy90 is a negative regulator of T cell adhesion and LFA-1
clustering. These increased rates of adhesion correspond to increased rates of proliferation
and Th1 cytokine production in PIPKIy90 —/— cells compared to wild type cells. Together,
these findings suggest the PIPKI1y90 is a novel negative regulator of T cell activation,
adhesion and proliferation.

Materials and Methods

Mice

Reagents

PIPKIy90 —/— mice were generated by deleting the exon encoding the talin-binding
sequence (exon 17) of PIPKIy90 and backcrossed onto a C57BL/6 background for 6
generations (Manuscript in Preparation). Knockout mice were crossed with mice expressing
the OTII TCR Transgene that recognizes OVA peptide 223-230. All experiments used wild
type and knockout siblings confirmed by DNA genotyping of tail clips with the following
primers: Forward 5 TACTAACTGCTTCCCGCTGCTGC 3’ Reverse 5'
TTCCTGGGTTTTCTGTGTCTTGTCG 3’ Annealing temp 60.2 C. OTII TCR Tg and C57/
BI6 mice were obtained from Jackson Labs. All experimental protocols involving the use of
mice were approved by the Institutional Animal Care and Use Committee at the University
of Wisconsin.

For flow cytometry: PE anti-CD4, APC anti-CD4, PE anti-CD3, FITC anti-CD8, PE anti-
CD62L, FITC anti-CD44, APC anti-CD69, PE anti-Beta 2, PE anti-Beta 1, FITC anti-alpha
4, PE anti-alpha L, PE IFN-y, FITC IL-2, PE IL-10, FITC IL-4, APC B220, FITC CD11b
and PE CD11c were all from Ebioscience. For immunoblotting: Talin (8d4) and actin were
from Sigma. A PIPKIy-specific antibody was obtained by immunizing rabbits against a
KLH-conjugated peptide corresponding to amino acids 637-656 of the mouse PIPKIy90
isoform (TDERSWVYSPLHYSARPASD).

Cell culture and retroviral transduction

Single cell suspensions of primary mouse T cells were made from lymph nodes and spleen
from mice that were between 12 and 20 weeks of age. Following red blood cell lysis, mixed
lymphocyte populations were resuspended in complete RPMI supplemented with 25 u/ml
IL-2 (Chiron) and stimulated with OVA223_230 (Anaspec). OVA peptide expanded cells
were used days 7 to 10 following isolation for antigen-dependent in vitro assays.
Alternatively, CD4+ T cells were isolated from cell suspension by negative selection and
automacs sorting (Miltenyi). Isolated CD4+ cells were stimulated 1:1 with anti-CD3/CD28
coated beads according to manufacturer’s instructions (Invitrogen) and maintained in RPMI
supplemented with I1L-2 (Chiron). Anti-CD3/CD28 bead activated cells were used days 7 to
10 following isolation for in vitro assays.

LB27.4 B cell were purchased from ATCC and maintained in RPMI complete media. Mouse
D10 T cells and CH12 cells were maintained in culture as previously described (28). D10
cells were retrovirally transduced with PMX-GFP or PMX-GFP- PIPKI1y90 as described
(27) and sorted for GFP expression using FACS.
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RNA was isolated from anti-CD3/CD28 bead activated CD4+ T cells using Qiagen’s RNA-
easy protect kit. PIPKIy90 transcript was amplified using Qiagen’s one-step RT-PCR kit
with the following primers: Forward 5' GTGCACAACATCGATCAGCAGGA 3’ Reverse 5’
CTATAGTGAAGCGGGGAGTACAC 3. PIPKIy87 used the same forward primer as for
90 and the following reverse primer: 5 GCTGCTCCGATGTATCTGAAGG 3'. GAPDH
was amplified with the following primers: Forward 5 GAGTCAACGGATTTGGTCGTAT
3" Reverse 5’AGTCTTCTGGGTGGCAGTGAT 3.

Immunoblotting

For immunoblotting, anti-CD3/CD28 bead activated CD4+ T cells were lysed in 50 mM
Tris pH 7.6, 0.15 M NaCl, 0.1% SDS, 0.5% DOC, 1% NP-40 containing 0.2 mM PMSF, 1
ug/ml pepstatin, 2 ug/ml apoprotinin, 1 ug/ml apoprotinin, 1 ug/ml leupeptin and 1 mM
sodium orthvanadate on ice and cleared by centrifugation. Protein concentration was
determined by bicinchoninic acid protein assay kit (ThermoScientific), and equal
concentrations of protein were added to SDS sample buffer, boiled and run on a 6-20%
acrylamide gradient gel. Proteins were transferred to a nitrocellulose membrane and stained.
Blots were imaged with an Odyssey infrared imaging system (Licor Biotechnologies).

Characterization of Leukocyte Subsets and Tissue Distribution

Single cell suspensions were made from blood, 2 inguinal and cervical lymph nodes, 3
Peyer’s patch lymph nodes and/or spleen from wild type and PIPKIy90 —/— mice. Cells
were counted using trypan blue exclusion, stained with antibodies as described and analyzed
by flow cytometry to determine total cell and subset numbers.

Adhesion Assays

Adhesion assays were performed as previously described with minor modifications (9).
Briefly, 96 well plates were coated with 3 ug/ml rmICAM-1 (R and D systems) and blocked
with 1% BSA. Anti-CD3/CD28 bead activated CD4+ T cells were stained with 0.5 ug/ml
Calcein AM (Invitrogen) and left untreated or stimulated with 0.5 ug/ml biotinylated anti-
CD3 (Ebioscience) and streptavidin (Jackson labs), 20 ng/ml PMA (Sigma) or 10 uM MnCl,
(Sigma). Cells were allowed to adhere to plates for 25 minutes at 37 C and a prewash
fluorescence emission measured on a VictorV3 plate reader (Perkin Elmer). Plate was
washed by pipetting and post-wash fluorescence emission measured. Percent adhesion
determined by Fluorescencejnitisi-Fluorescence ¢ina/Fluorescenceipitial-

T Cell: APC Conjugation Assays

LB27.4 B cells were stained with 2.5 uM PKH-26 (Sigma) in 5% dextrose according to
manufacturer’s instructions and left untreated or loaded with 2.5 ug/ml OVA peptide for 30
minutes at 37C. OVA peptide expanded CD4+ T cells were stained with 0.5 ug/ml Calcein
AM (Invitrogen). Both cell types were resuspended in Hank’s Buffered Salt Solution
(Mediatech) supplemented with 2 mg/ml BSA (Sigma) and 1 mM Hepes (Mediatech). Equal
numbers were combined on ice and centrifuged at 0.6 RCF for 5 minutes. D10 cells
overexpressing GFP or PIPKIy90 were co-incubated with CH12 cells cultured for 18 hours
+/— 250 ug/ml conalbumin (Sigma) and stained as above. Pellets were incubated at 37 C for
indicated times prior to vortexing to dissociate non-specific conjugates. Conjugates were
analyzed using a FACS Caliber (BD Bioscience), and the percent conjugate formation
determined by the % double positive cells divided by the sum of % double positive and
single positives.
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Immunofluorescence

LB27.4 B cells were stained with 1 uM CMAC (Invitrogen) according to manufacturer’s
directions and pulsed with 2.5 ug/ml OV A peptide for 30 minute at 37 C. CH12 cells were
loaded for 18 hours with 250 ug/ml conalbumin and stained with 1 uM CMAC. Equal
numbers of T cells and B cells in RPMI were combined, centrifuged and incubated at 37 C
for 30 minutes prior to resuspension in PBS and pulse vortexing. Cells were allowed to
adhere to poly-I-lysine (Sigma) coated coverslips for 5 minutes prior to fixing with 3%
paraformaldehyde (Electron Microscopsy Services) for 15 minutes. Cells were
permeabilized with 0.2% Triton X-100 and blocked in goat serum. Cells were stained with
anti-PKC-theta (Santa Cruz), anti-LFA-1 (M17/4) (Ebioscience), and rhodamine phallodin
(Invitrogen) along with FITC/TRITC conjugated anti-rat or FITC conjugated anti-rabbit
secondary antibodies (Jackson Labs). Images were acquired on a laser scanning confocal
microscope (Olympus) using a 60X Plan Apo/1.45 oil immersion objective with a 1X or 10x
zoom factor and captured into Fluoview software (FV10-ASW version 01.07; Olympus).

Calcium Flux

Calcium flux was performed essentially as described previously (29). Briefly, CD4+ T cells
were stained with 10 uM Indo-1 in PBS for 30 minutes and washed in complete RPMI. Cells
were coated with biotinylated anti-CD3 (2C11) (Ebioscience) for 10 minutes on ice and a
baseline reading of fluorescence at 495 and 450 acquired on the LSRII flow cytometer (BD
Bioscience) for 45 seconds. Streptavidin (Jackson Labs) was added and fluorescence
measured for an additional 5 minutes. The ratio of fluorescence at 405 and 495 was analyzed
by FlowJo (Tree Star).

Live Imaging

Live imaging of T cell:APC interactions was done using methods adapted from previous
studies (30). CH12 antigen presenting cells were loaded overnight with 250 ug/ml
conalbumin. The following day, CH12 cells were labeled with 2.5 uM PKH-26 and allowed
to adhere to the bottom of a poly-I-lysine (Sigma) coated glass bottom plate. D10 T cells
resuspended in Hanks Buffered Salt Solution (Mediatech), supplemented with 1 mM Hepes
(Mediatech), 10% FBS (HyClone) and 0.25% low melt agarose (Fisher), were plated on
APC and overlayed with 1 ml of mineral oil (Sigma). Cells were maintained at 37 C for the
duration of acquisition. Confocal images of GFP-PIPK localization were obtained using a
laser scanning confocal microscope (Olympus) using a 60X Plan Apo/1.45 oil immersion
objective with 1 image every 2 minutes. Long-term conjugation was measured using an
epifluorescent microscope (Nikon) and a Coolsnap ES2 camera (Photometrics). 1 bright
field image was acquired every 2 minutes and a fluorescent image every eight minutes for 5
hours. Images were acquired using MetaMorph Imaging software (MDS Analytical
Technologies). Duration of conjugation was calculated as the time from initial T cell:APC
contact to reformation of a T cell uropod.

In vitro proliferation

OVA peptide expanded CD4+ T cells were stained with 0.25 uM CFSE (Invitrogen)
according to manufacturer’s directions. Cells were left unstimulated or stimulated with 1
anti-CD3/CD28 coated bead (Invitrogen) per cell, 5 ng/ml PMA and 0.5 ug/ml ionomycin
(Sigma). Additionally, CD4+ T cells were stimulated with irradiated splenocytes (3000 gy)
loaded with 0, 0.1 or 1 ug/ml OVA peptide. 72 hours following activation, cells were stained
with anti-CD4 and CFSE dye dilution in CD4+ T cells analyzed using a FACS Caliber (BD
Bioscience). Percentage of cells per division and proliferative index were determined using
ModFit 3.2.1 (Verity) analysis program.
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In vivo proliferation was performed essentially as described (7). Briefly, CD4+ cells from
wild type and knockout mice were isolated by CD4+ negative selection and stained with 2.5
uM CFSE (Invitrogen). 5 million cells were injected intravenously into age/sex matched
recipient mice. 18 hour later, 25 ug LPS (Sigma) or 25 ug LPS and 50 ug ovalbumin
(Sigma) was injected intraperitoneally. 72 hours later, mice were sacrificed and splenocytes
isolated and stained for CD4. The degree of CFSE dye dilution was determined for CD4+ T
cells on a FACS Caliber (BD Bioscience).

Th1/Th2 cytokine production

1.5X1076 OVA peptide expanded T cells were restimulated on days 7 to 10 following
isolation on 24 well plates coated with 1 ug/ml anti-CD3 (2C11) (Biolegend) along with 2
ug/ml soluble anti-CD28 (Ebioscience) in the presence of Brefeldin A (Ebioscience). Four
hours following restimulation, cells were stained with anti-CD4 and fixed with 4%
paraformaldehyde (Electron Microscopsy Services). Intracellular staining was performed
essentially as described (31). Briefly, cells were permeabilized in PBS supplemented with
0.1% saponin (Alfa Aesar), 2% FBS (Hyclone) and 0.01% sodium azide (Sigma), blocked
with CD32/16 (Ebioscience) and stained with PE IFN-y, FITC IL-2, PE IL-10, FITC IL-4
(Ebioscience). The percentage of CD4+ T cells producing cytokines was determined by flow
cytometry using a FACS Calibur (BD Bioscience) and analyzed using FlowJo (Tree Star).

Statistical Analyses

Results

Statistical analyses were performed using Prism 4 software (GraphPad Software Inc). Two
tailed paired T-test or one-way analysis of variance (ANOVA) with Tukey post-test was
used with P<0.05 considered statistically significant.

CDA4+ T cells from PIPKIly90 —/— mice develop normally

We previously identified PIPKIy90 as a novel component of the T cell uropod (27). To
determine if PIPKIy90 regulates T cell function, we characterized CD4+ T cells from
PIPKIy90-deficient mice. PIPKIy90—/— mice were generated by deleting the PIPKIy exon
encoding the talin-binding sequence (exon 17) (manuscript in preparation). These mice were
crossed onto the OTII TCR transgenic line, which recognizes OVAy23_230. We found that
PIPKIy90—/— mice and wild type mice had similar numbers of T cells, B cells, dendritic
cells and myeloid cells in the blood, spleen and Peyer’s patches (Supplementary Table 1).
While there was a trend towards fewer cells in the peripheral lymph nodes of knockout mice
compared to control, this difference was due to fewer B cells and dendritic cells, not T cells,
suggesting that T cell development and distribution remain intact in PIPKIy90—/— mice
(Supplementary Table 1).

CDA4+ T cells from PIPKIy90 —/— mice, as compared to T cells from wild type littermate
controls, specifically lacked expression of the 90 kDa isoform of PIPKIy by both RT-PCR
and immunoblotting using isoform-specific antibodies (Figure 1). T cells from PIPKIy90-
deficient mice had similar surface expression of CD3, CD4 and CD8 on cells from the
thymus, spleen and peripheral lymph nodes (Figure 2A). Further analysis of CD4+ subsets
also showed similar expression of CD62L and CD44 (Figure 2B), indicating that T cells
from PIPKI1y90-deficient mice develop normally. We observed an increase in CD69, but not
CD25, expression in CD4+ T cells from PIPKIy90-deficient mice compared to wild type
mice suggesting an increase in T cell activation in both lymph node and splenic populations
(Figure 2C and D). Importantly, while loss of the 87 kDa isoform has been reported to result
in calcium signaling defects in fibroblasts (26), T cells lacking the 90 kDa isoform
demonstrated no defects in calcium signaling in response to TCR cross linking (Figure 2E).

J Immunol. Author manuscript; available in PMC 2011 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wernimont et al. Page 7

Taken together, the findings suggest that PIPKIy90 is not required for T cell development in
vivo.

CD4+ T cells from PIPKIy90 —/— mice have increased adhesion to ICAM-1 and T Cell:APC
conjugate formation

Previous studies have shown that PIPKIy90 can bind to the talin FERM domain at a position
overlapping with talin’s primary integrin binding site and can impair integrin activation (17),
(20). In addition, it was recently reported that T cells deficient in both the 87 and 90 kDa
isoforms of PIPKIy have impaired chemokine-mediated adhesion to ICAM-1 (25). To
determine how the PIPKIy90 isoform specifically regulates LFA-1-mediated adhesion, we
assayed adhesion of PIPKIy90-deficient T cells on plate-bound ICAM-1. Although there
were no differences in basal levels of adhesion to ICAM-1, we observed a significant
increase in TCR-induced adhesion of PIPKIy90—/— CD4+ T cells to ICAM-1 compared to
control cells (Figure 3A), suggesting that PIPKIy90 is a negative regulator of T cell LFA-1-
mediated adhesion induced by TCR stimulation. Furthermore, we found that the defect in
adhesion was not present when T cells were stimulated with either MnCl, or PMA,
suggesting that PIPKIy90 specifically regulates LFA-1 adhesion in response to TCR
ligation. To determine if antigen-induced T cell-APC conjugation was also altered in
PIPKIy90-deficient T cells, we examined conjugate formation to OVA»,3_230 loaded
LB27.4 B cells. Using a flow cytometry based conjugation assay, we found that depletion of
PIPKIy90 resulted in a 20% increase in T cell-APC conjugate formation following 2, 5 and
10 minutes of contact (Figure 3B). Taken together, these findings suggest that PIPKIy90
negatively regulates both TCR-induced ICAM-1 adhesion and T cell-APC interactions.

PIPKIy90 —/— T cell-APC conjugates have increased LFA-1 polarization at the immune
synapse but no differences in integrin surface expression

Previous work has shown that depletion of talin results in impaired LFA-1, but not actin,
polarization to the immune synapse suggesting that talin is required for LFA-1 clustering at
the immune synapse (9). To determine if LFA-1 polarization is altered in PIPKIy90-
deficient T cells, we examined polarization of protein kinase C (PKC)-theta, LFA-1 and
actin in T cell-APC conjugates in CD4+ T cells from wild type and PIPK1y90—/— mice. We
found that LFA-1, actin and PKC-theta polarize to the immune synapse in both wild type
and knockout cells (Figure 4A and B). Interestingly, we observed an increase in LFA-1
polarization at the T cell-APC contact site in PIPKIy90-deficient T cells as compared to
control (Figure 4C). Using line scans of fluorescent intensity through the immune synapse of
fixed conjugates, we found no difference in polarized actin fluorescence intensity between
wild type and PIPKIy90—/— conjugates (Figure 4C and E). However, there was a 25%
increase in peak LFA-1 fluorescence intensity at the immune synapse in PIPKIy90—/—
conjugates compared to control (Figure 4C and D). This increase in LFA-1 fluorescence
intensity was not caused by an increase in LFA-1 surface expression, since flow cytometry
analysis of surface integrins indicated no difference in integrin expression between
PIPKIy90—/— and wild type CD4+ T cells (Figure 4F). Together, these data suggest that
PIPKIy90 negatively regulates LFA-1 clustering at the immune synapse and its absence
potentially contributes to the observed increase in T cell-APC conjugate formation.

Ectopic expression of PIPKIly90 impairs T Cell-APC contact duration in D10 T cells

To further characterize how PIPKIy90 expression affects T cell-APC conjugate formation,
we ectopically expressed wild type GFP-PIPKIy90 in D10 T cells and examined PIPKIy90
localization and conjugation with CH12 APC loaded with conalbumin. The advantage of
this system is that it is amenable to live imaging of GFP-PIPKIy90 dynamics in T cells
contacting APC. In accordance with our findings indicating that PIPKIy90 negatively
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regulates T cell-APC interactions, we found that ectopic expression of PIPKI1y90 impaired T
cell-APC conjugate formation at early time points by flow cytometry (Figure 5C).

Previous studies have demonstrated that talin concentrates at the immune synapse (1), (9).
To determine if PIPKIy90 also localizes to the immune synapse, we examined localization
of GFP-PIPKIy90 in T cell-APC conjugates by immunofluorescence. While LFA-1
localized to the T cell-APC contact site, GFP- PIPKIy90 showed a diffuse localization at the
membrane without specific concentration at the immune synapse (Figure 5A and B). In
contrast, we found that GFP-PIPKIy87 concentrated at the T cell-APC contact site and co-
localized with LFA-1 (Figure 5A and B). These findings suggest that PIPKIy90 and
PIPKI1y87 have distinct intracellular distributions in T cell-APC conjugates.

To further characterize the dynamics of GFP-PIPKIy90 in T cell-APC conjugates, live time-
lapse fluorescent imaging was performed. Using live cell imaging, we found that GFP-
PIPKI1y90 localized to the uropod of motile T cells not in contact with APC (27).
Interestingly, upon contact with antigen loaded CH12 cells, PIPKIy90’s uropod localization
was lost, and GFP-PIPKIy90 became diffusely localized at the cell membrane (Figure 5A
and Supplemental Movie 1). Quantification of T cell-APC contact times showed a reduction
in conjugation duration from around 4 hours in control cells expressing GFP alone to less
than 1.5 hours in cells expressing GFP-PIPKIy90 (Figure 5B), providing further evidence
that PIPKIy90 negatively regulates T cell-APC interactions. Further analysis of the live cell
imaging revealed that PIPKIy90 reestablishes uropod localization prior to T cell migration
away from the APC, suggesting that PIPKIy90 may play a role in release of T cell-APC
interactions (Figure 5A and C).

PIPKIly90 —/— CD4+ T cells exhibit increased proliferation in vitro and in vivo

Previous studies have reported that increased duration of T cell-APC interactions can result
in increased rates of proliferation both in vitro and in vivo (3), (4), (5). To determine if
altered conjugation duration is associated with increased proliferation of PIPKIy90-deficient
T cells, T cell proliferation was characterized both in vitro and in vivo. Following CFSE
labeling of CD4+ T cells from wild type and PIPKIy90 —/— mice, we stimulated cells with
anti-CD3/CD28 coated beads or PMA and ionomycin (Figure 6A). Each cell division
corresponds to a 50% decrease in CFSE intensity and the percentage of CD4+ T cells that
had undergone anywhere from 0 to 6 cell divisions was calculated. We found that PIPKIy90
—/— CD4+ T cells proliferated more than wild type cells to both anti-CD3/CD28 coated
beads and PMA/ionomycin stimulation. Indeed, the proliferative index of PIPKIy90—/—
cells was 50% greater than that for wild type cells. To determine if altered T cell
proliferation was also observed with specific antigen, CD4+ T cells from OTII+ wild type
and PIPKIy90 —/— mice were stimulated with irradiated splenocytes and varying
concentrations of OVA peptide (0, 0.1 and 1 ug/ml). Similar to our bead and PMA/
ionomycin stimulation, we found that CD4+ T cells from PIPKIy90 —/— mice proliferate
more than wild type cells (Supplemental Figure 1).

Finally, to determine if proliferation was also altered in vivo, we injected mice with CFSE
labeled CD4+ wild type and PIPKIy90 —/— T cells. Eighteen hours later, mice were injected
intraperitoneally with LPS alone or LPS and ovalbumin. Spleens were isolated 72 hours
following injection, and CD4+ T cells were analyzed for CFSE dilution by flow cytometry.
Consistent with our in vitro studies, we observed about a 2-fold increase in proliferation of
PIPKIy90 —/— cells compared to wild type cells in vivo (Figure 7). Taken together, these
findings indicate that PIPKIy90 negatively regulates T cell activation both in vitro and in
Vivo.

J Immunol. Author manuscript; available in PMC 2011 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wernimont et al.

Page 9

PIPKIy90 —/— CD4+ T cells exhibit increased IFN-y and IL-2 production

Since we observed increased CD4+ T cell proliferation in PIPKIy90 deficient mice, we
wanted to determine if PIPKIy90 also negatively regulated cytokine production in vitro. To
investigate this, control and PIPKIy90 deficient CD4+ T cells were activated in vitro with
OVA peptide. Seven days following activation, cells were restimulated for four hours with
anti-CD3 and CD28 in the presence of Brefeldin A, and cytokine production was assessed
by intracellular staining and flow cytometry. While unstimulated CD4+ cells did not have a
measureable cytokine response (data not shown), we found that CD4+ T cells from both
wild type and knockout mice produced Th1l cytokines (Figure 8A and B). Interestingly, there
were nearly twice as many IFN-y and 50% more IL-2 producing PIPKIy90—/— CD4+ cells
compared to control cells, suggesting that PIPKIy90 negatively regulates Thl cytokine
production.

Discussion

Appropriate activation of the integrin LFA-1 is critical for establishing and maintaining T
cell-APC interactions and generating T cell immune responses. Previous studies have
demonstrated that altered LFA-1-mediated adhesion is associated with impaired immune
responses and has significant pathological consequences ((32), (7)). Several positive
regulators of LFA-1 activation downstream of TCR signaling have been identified,
including Rapl, RapL, Skap55, Mst1 and talin. Depletion of these signaling components
results in defects in LFA-1 polarization toward the immune synapse (Reviewed in (16)).
While activation of LFA-1 is required for generation of immune responses, its deactivation
is also necessary (33). Factors involved in the negative regulation of LFA-1-mediated
adhesion in T cells are largely unknown. Most negative regulators of T cell activation,
including surface receptors CTLA-4, PD-1 and CD5, influence proximal TCR signaling
pathways and interfere with TCR signal transduction (Reviewed in (34)). This is the first
study to identify PIPKIy90 as a novel negative regulator of T cell activation that affects
LFA-1 polarization and adhesion induced by TCR ligation.

Previous studies have demonstrated that the PIPKI1y87 isoform is necessary for LFA-1-
mediated adhesion induced by chemokines (25). In contrast, we show that PIPKIy90 impairs
TCR-induced LFA-1 adhesion, suggesting that the two isoforms may have opposing
functions in regulating T cell adhesion. We show that depletion of PIPKIy90 enhances T cell
LFA-1 adhesion to ICAM-1 and T cell-APC interactions, while overexpression of PIPKIy90
impairs duration of T cell-APC interactions. The opposing roles of the two PIPKIy isoforms
is especially intriguing since the two isoforms differ by only 26 amino acids in the C-
terminus. It is possible that these opposing functions are caused by the distinct intracellular
distributions of the two isoforms. PIPKIy90 localizes to the T cell uropod and is not
polarized at the immune synapse. In contrast, PIPKIy87 is not a uropod component in motile
T cells (27) but colocalizes with LFA-1 at the immune synapse (Figure 5).

There have been several interacting proteins identified that specifically bind to the C-
terminal 26 amino acids of PIPKIy90, including talin. It is possible that the association of
PIPKIy90 with talin contributes to its negative regulation of LFA-1 adhesion and
polarization to the synapse. An attractive hypothesis is that PIPKIy90 binds talin and
sequesters it away from the synapse thereby negatively regulating LFA-1 clustering at the
immune synapse. Unfortunately, poor antibody staining and the large size of talin prohibited
us from testing this directly. However, we observed increased LFA-1 polarization at the T
cell-APC contact site in PIPKIy90-deficient T cells. Alternatively, the C-terminal tail of
PIPKIy90 also interacts with other binding partners that may affect T cell-APC interactions
and LFA-1 function. For example, previous work has supported a role for PIPKIy90 as a key
regulator of clathrin mediated endocytosis both through its generation of PI(4,5)P2 and its
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association with endocytic protein AP2 (35), (36), (37), (38). While it is possible that
PIPKI1y90 influences T cell conjugation and proliferation by affecting endocytosis and
internalization of the TCR or LFA-1, the finding that hyperproliferation is observed with
PMA and ionomycin stimulation argues against the possibility that P1(4,5)P2 generation by
PIPKI1y90 is solely responsible for the adhesion and proliferation defects observed with
PIPKI1y90-deficient T cells.

Live imaging of GFP-PIPKIy90 dynamics in motile T cells support the hypothesis that
PIPKI1y90 localization to the uropod may sequester key components that mediate T cell-APC
contact. We found that PIPKIy90 was predominantly at the uropod in motile T cells and that
with T cell-APC contact became diffusely localized to the membrane. Prior to cessation of T
cell-APC contact, we noted an early relocalization of PIPKIy90 back to the uropod and the
subsequent migration of T cells away from the APC. These findings support the intriguing
possibility that PIPK1y90 may negatively regulate T cell-APC contacts and T cell
proliferation by sequestering interacting proteins, such as talin, away from the synapse
thereby promoting release of T cell-APC contact. Interestingly, other T cell uropod
components, such as CD43, when depleted, are also associated with increased T cell
adhesion and proliferation, suggesting that the uropod may in part function to negatively
regulate T cell-APC contact and activation, although the mechanisms by which this occurs
may be distinct (39), (40), (41). Taken together, these findings suggest that uropod
components may potentially contribute to release of T cell-APC interactions and serve as
negative regulators of T cell activation.

Maintenance of T cell-APC interactions is critical for subsequent T cell proliferation with
increased duration of conjugation directly correlated with increased proliferation (4), (5).
Previous reports have shown that continuous calcium flux and PI(3,4,5)P3 signaling are
necessary for maintenance of T cell-APC interactions and T cell proliferation ((4,42). Here
we found, that in contrast to reports of PIPKIy87 (26), PIPKIy90 has no effect on TCR-
induced calcium flux. We also found that PIPKIy90 negatively regulates T cell proliferation
since T cell proliferation was significantly increased in PIPKIy90-deficient T cells both in
vitro and in vivo. Although, we do not know how PIPKIy87 affects T cell proliferation, its
reported role in calcium flux suggests that it may be required for proper T cell activation by
antigen.

In summary, our findings indicate that PIPKIy90 is working downstream of proximal TCR
signaling to negatively regulate T cell LFA-1 adhesion and proliferation. Our findings raise
the possibility that PIPK1y90 may negatively regulate T cell activation by affecting T cell
uropod formation and the localization or activation of interacting partners including talin. A
challenge for future investigation will be to identify the key binding partners that mediate
PIPKI1y90 localization at the uropod and play a role in its inhibitory function during T cell
activation. It will also be interesting to determine if expression of PIPKIy90 alters
susceptibility to the development of autoimmunity in animal models. It is intriguing to
speculate that PIPKIy90 may be an important downstream molecule responsible for down
regulating T cell activation in response to self-antigens. While there is no evidence of
systemic autoimmunity in PIPK1y90—/— mice to date, several known negative regulators of
TCR signaling also show no signs of systemic autoimmunity (reviewed in (34). Future
investigations will be focused on challenging PIPKIy90 —/— mice to determine how
PIPKI1y90 expression affects susceptibility to autoimmunity in animals, including models of
diabetes and EAE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. T cells from PIPKIy90 —/— mice are deficient in the PIPKI1y90 but not the PIPK1y87
isoform

A) Schematic showing the two isoforms of PIPK expressed in T cells. PIPKIy87 and
PIPKIy90 differ by the presence of a talin binding 26 amino acid C-terminal domain. B) RT-
PCR indicates the presence of PIPKIy87 but not PIPKIy90 in knockout T cells C)
Immunoblotting shows loss of PIPKIy90 expression in knockout T cells.
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Figure 2. CD4+ T cells from PIPKIy90 —/— mice develop normally and exhibit normal calcium
responses following TCR stimulation

Cells from lymph nodes and spleen of wild type and PIPKIy90 —/— mice were stained with:
A) CD3, CD4 and CD8 antibodies and expression of CD3+ subsets are shown. Results are
representative of 3 independent experiments and 4 mice. B) CD4, CD62L and CD44
antibodies and CD4+ subsets are shown. Plot is representative of 2 independent experiments
with 3 mice. C and D) CD4, CD25 and CD69 antibodies. Graphs represent normalized
CD25 and CD69 fluorescent intensity +/— SEM of CD4+ cells from lymph nodes (C) and
spleen (D) from 2 independent experiments with 3 mice. *=p<0.05. E) CD4+ T cells loaded
with Indo-1 were coated with biotinylated anti-CD3. After acquiring baseline ratio of
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bound:unbound calcium, streptavadin was added to induce TCR crosslinking and change in
the ratio of 405 to 495 was measured. Plot is representative of 3 independent experiments.
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Figure 3. PIPKI1y90 —/— CD4+ T cells exhibit increased adhesion to ICAM-1 and increased
conjugation to APC
a) Anti-CD3/28 bead activated CD4+ T cells were fluorescently labeled and adhered to

ICAM-1 coated plates untreated or following stimulation with anti-CD3 crosslinking, PMA
or MnCI2. Following washing step, the percentage of cells adherent to the plate was
determined. Results are averages from 3 independent experiments +/— SEM. #=p<0.01
compared to wild type anti-CD3 treated. B) OVA peptide expanded CD4+ T cells were
calcein labeled and incubated with PKH-26 labeled LB27.4 cells +/— 2.5 ug/ml OVA
peptide for the indicated times. Non-specific conjugates were dissociated by vortexing and
the percentage of OVA-dependent conjugation determined by flow cytometry. Results are
averages from 5 independent experiments +/— SEM *=p<0.05 **=p<0.0001 compared to
wild type.
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Figure 4. PIPKI1y90 —/— CD4+ T cells have increased LFA-1 polarization compared to wild type
control cells

OVA peptide expanded CD4+ T cells were allowed to interact with OVA peptide loaded
LB27.4 cells for 15 minutes. Conjugates were then fixed and stained with anti-LFA-1 and
PKC-theta (A) or with anti-LFA-1 and rhodamine phallodine (B). C) We observed increased
LFA-1 polarization in PIPKIy90 —/— CD4+ T cells compared to wild type cells. Scale bars,
5 um. All images are representative of at least 50 conjugates observed from 3 experiments.
D) Quantification of LFA-1 fluorescence intensity around the immune synapse. 0 um
corresponds to region of peak LFA-1 intensity at the immune synapse. E) Quantification of
rhodamine phalloidin fluorescence intensity around the immune synapse. D and E: Data are
averages +/— SEM from at least 30 cells from 2 independent experiments. *=p<0.05,
**=pP<0.01. F) Flow cytometry analysis of surface integrin expression in wild type and
PIPKIy90—/— OVA peptide expanded CD4+ T cells. Plots are representative of 4
independent experiments.
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Figure 5. Overexpression of PIPKIy90 impairs T cell conjugation and decreases duration of T
cell-APC contact
A) D10 T cells overexpressing GFP-PIPKIy90 or PIPKIy87 were fixed and stained with

anti-LFA-1 antibodies following conjugation to conalbumin loaded CH12 cells (represented
by star). Scale bar represents 5um. Images are representative of over 60 conjugates observed
in 4 independent experiments. B) Quantification of GFP polarization in T cells
overexpressing GFP-PIPKIy90 or PIPKIy87. Percentage of conjugates with polarized GFP
was determined by blinded observation of over 60 conjugates from 4 independent
experiments. *=P<0.05 C) D10 T cells overexpressing GFP or PIPKIy90 were allowed to
interact with PKH-26 labeled CH12 cells +/— conalbumin for 2 minutes prior to dissociation
of non-specific conjugates. Percentage of antigen dependent conjugates was determined by
flow cytometry. Data are mean +/— SEM from 3 independent experiments. *=P<0.05. D and
E) Time-lapse microscopy of GFP-PIPKIy90 overexpressing cells with PKH26 labeled
APC. Scale bar represents 10 um. D) PIPKIy90 is redistributed from the uropod following T
cell-APC contact. E) PIPKI1y90 reestablishes uropod localization following conjugation.
Images from C and D are representative of over 10 conjugation events observed in 4
independent experiments. F) Quantification of T-cell-APC duration in T cells
overexpressing GFP or GFP PIPKIy90. Data represent means +/— SEM from 4 independent
experiments of at least 10 conjugation events. *=P<0.01.
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Figure 6. PIPKIy90 —/— CD4+ T cells exhibit increased proliferation in response to CD3/CD28
coated beads and PMA/lonomycin

OVA peptide expanded CD4+ cells were stained with 0.25 uM CFSE and left unstimulated
(@) or stimulated with anti-CD3/CD28 coated beads (B) or PMA/lonomycin (c). CFSE
dilution was measured 72 hours following stimulation. The % of cells in each cell division
and proliferative index were determined by ModFIT analysis. D) Normalized proliferative
index from 5 independent experiments. Data represent averages +/— SEM from 5
independent experiments *=p<0.05, **=p<0.01. #=P=0.065
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Figure 7. PIPKIy90 —/— CD4+ T cells exhibit increased proliferation in vivo

Naive CD4+ T cells from wild type and PIPKIy90 —/— mice were labeled with 2.5 uM
CFSE and injected intravenously into age/sex matched recipients. 18 hours later, mice were
given an IP injection of 25 ug LPS (A) or 25 ug LPS and 50 ug ovalbumin(B). 72 hours
later, CFSE dilution was measured in CD4+ T cells by flow cytometry and proliferative
index (C) determined by ModFit analysis. Data are representative of 2 independent
experiments involving 3 wild type and knockout mice per condition.
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Figure 8. PIPKIy90 —/— CD4+ T cells have increased Th1l cytokine production in vitro

A and B) OVA peptide expanded CD4+ cells were restimulated on day 7-10 post isolation
with plate bound anti-CD3 and soluble CD28 in the presence of brefeldin A. Four hours
later, cells were stained with anti-CD4, fixed, permeabilized, stained with antibodies to IFN-
v and IL-4 (A) or IL-2 and IL-10 (B), and analyzed by flow cytometry. Results are
representative of 3 independent experiments with cells from 3 wild type and knockout mice.
C and D) Normalized IFN-y (C) and IL-2 (D) producing CD4+ cells +/— SEM from three
independent experiments.
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Table 1

Leukocyte populations in PIPKIy90—/— mice

Tissue and Cell Populations | Number of Cells (108) 1,2 P value3

wild type | PIPKIy90—/—

Lymph Nodes

Total 8.4+09 5613

CD3+ 43+0.7 3.14+0.7

CD4+ 2806 2105

CD8+ 1.2+0.1 09+0.2

B220+ 2102 1.3+£04 P<0.1

CD11c+ 0.7+0.01 03+0.1 P<0.05

CD11b+ 0.02+0.01 | 0.01+0.01

Peyer’s Patches

Total 8903 8716

CD3+ 15+05 1.9+07

CD4+ 1.2+£05 1.6+£0.7

CD8+ 0.3+0.02 0.2+0.03

B220+ 3705 3512

CD11c+ 0.7+0.1 0.6+0.2

CD11b+ 0.07 £0.06 | 0.02 +0.02

Spleen

Total 103+6.9 110+2.4

CD3+ 33+12 32+85

CD4+ 2011 20+6

CD8+ 11+£05 10+£23

B220+ 38+0.5 45+9.7

CD11c+ 16+4.4 14+3.6

CD11b+ 0.2+0.09 09038

Blood

Total 3.8+09 5619

CD3+ 0.8+0.09 0.7+0.3

CD4+ 0.5+0.09 0.4+0.2

CD8+ 0.3+0.03 0.3+0.1

B220+ 1504 2712

CD1lc+ 0.2+01 0.3+0.07

CD11b+ 0.2+0.08 0.3+0.04

Page 23

1Cells from 2 inguinal and 2 cervical lymph nodes (Lymph Nodes), 3 Peyer’s patches, spleen and blood were isolated from three, 5 month old

knockout and littermate control OTII positive mice. Cell populations were determined by flow cytometry. Data are mean +/— SEM.

2 . . L
For blood populations, units are cells per milliliter of blood
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3 . .
Probability was calculated using Students * T test.
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