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Abstract

The focal adhesion kinase inhibitor, PF-562,271, is currently in clinical development for cancer,
however it is not known how PF-562,271 affects T cell function. Here, we demonstrate inhibitory
effects of PF-562,271 on the activation of primary human and mouse T cells. PF-562,271 inhibits
T cell receptor signaling-induced T cell adhesion to intercellular adhesion molecule-1 and T cell
interactions with antigen-presenting cells. An additional focal adhesion kinase inhibitor,
PF-573,228, and genetic depletion of focal adhesion kinase also impair T cell conjugation with
antigen-presenting cells. PF-562,271 blocks phosphorylation of the signaling molecules zeta chain
associate protein of 70 kDa, linker of activated T cells, and extracellular signal-regulated kinase,
and impairs T cell proliferation. The effects observed on T cell proliferation cannot solely be
attributed to focal adhesion kinase inhibition, as genetic depletion did not alter proliferation. The
effect of PF-562,271 on T cell proliferation is not rescued when proximal T cell receptor signaling
is bypassed by stimulation with phorbol-12-myristate-13-acetate and ionomycin. Taken together,
our findings demonstrate that focal adhesion kinase regulates integrin-mediated T cell adhesion
following T cell receptor activation. Moreover, our findings suggest that PF-562,271 may have
immunomodulatory effects that could impact its therapeutic applications.
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1. Introduction

Focal adhesion kinase (FAK) plays a central role in cancer cell adhesion, migration, and cell
cycle progression and represents an intriguing anti-cancer target (reviewed in [1]). Previous
studies have demonstrated that FAK expression is amplified in human tumors, including
breast cancer, and mammary specific deletion of FAK impairs tumor progression and
metastasis in mouse models [2,3]. Therefore, there has been substantial interest in
developing agents that block FAK signaling. At least two FAK inhibitors are currently in
clinical trials for treatment of pancreatic, head and neck, and prostate cancers, including
PF-562,271 [4]. PF-562,271 (Figure 1A) is an inhibitor of FAK and Pyk2, with a 4-fold
increase in sensitivity for FAK over Pyk2 in cultured cells [5]. Animal studies with this
compound show dose-dependent decreases in tumor volume for prostate, breast, pancreatic,
colon, glioblastoma, lung, bone and hepatic tumors [5-8]. This compound has reached Phase
Il clinical trials and has shown promising effects for several tumor types with few adverse
effects [9,10]. However, it is not known whether or not FAK inhibitors such as PF-562,271
affect T cell function.

T cells express both FAK and its homolog Pyk2, which are tyrosine phosphorylated in
response to chemokines [11], signaling from integrins (including lymphocyte function-
associated antigen 1 (LFA-1, aLp2) [12], and ligation of the T cell receptor (TCR) [13,14].
Pyk2 knockout mice [15] are viable and fertile and demonstrate impaired macrophage [16]
and CD8+ T cell function [17]. CD8+ T cells from Pyk2-deficient mice demonstrate a defect
in LFA-1 mediated adhesion to intercellular adhesion molecule 1 (ICAM-1) and a decrease
in effector but not memory T cell responses [17]. There is evidence that at least some
patients with Systematic Lupus Erythematosus have increased Pyk2 expression and
phosphorylation in circulating peripheral blood mononuclear cells [18]. However, because
FAK knockout mice are not viable, studies on the functions of FAK in primary T cells have
lagged those of its homolog.

Here, we sought to determine how the clinical FAK inhibitor PF-562,271 modulates T cell
function. We demonstrate that PF-562,271 impairs primary CD4+ T cell activation by
affecting both proximal and distal TCR signaling and disrupts interactions between T cells
and antigen presenting cells. Impaired T cell conjugation was also seen with a second FAK
inhibitor. To further validate FAK as a drug target, we generated a conditional FAK knock
out mouse, which lacks FAK in CD4+ T cells, and used it to confirm that FAK depletion
impairs T cell conjugation. We also show that PF-562,271 inhibits T cell proliferation,
against which it is surprisingly more potent than the pan-Src kinase inhibitor PP2. However,
in contrast to PP2, the effect of PF-562,271 on T cell proliferation is not rescued when
proximal T cell receptor signaling is bypassed by stimulation with phorbol-12-myristate-13-
acetate and ionomycin. These findings suggest that FAK inhibition may alter T cell
conjugation, activation, and proliferation with potential implications for the treatment of
autoimmune disease.

2. Materials and Methods

2.1. Reagents and Supplies

Lymphoprep, RPMI-1640, Fetal Bovine Serum, B-mercaptoethanol, Phosphate Buffered
Saline, CellQuantiBlue, Triton X-100, PMSF, leupeptin, aprotinin, BD Optilux 384-well
tissue culture treated plates, and Greiner 96-well high protein binding capacity plates were
obtained from Thermo Fisher Scientific (Waltham, MA). PP2, bovine serum albumin,
PKH-26, PMA, ionomycin, phytohemagglutinin, phosphatase inhibitor cocktail, protease
inhibitor cocktail, and goat anti-mouse F(Ab)2 were obtained from Sigma-Aldrich (Saint
Louis, MO). p-zap70-Y319, p-LAT-Y191, total ZAP-70, total LAT, p-FAK-Y397, p-FAK-
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Y576/7, p-FAK-Y925, total FAK, RhoA, Rac1/2/3, and tubulin antibodies were obtained
from Cell Signaling (Danvers, MA). Calcein acetoxymethyl ester, carboxyfluorescein
diacetate, succinimidyl ester, CD3/CD28-coated Dynabeads, and Alexa-Fluor 680 goat-anti-
mouse 1gG were obtained from Life Technologies (Carlsbad, CA). Biotinylated CD3
antibody (2C11) and anti-CD4 antibody were obtained from eBioscience (San Diego, CA).
LB27.4 cells, CHO-ICAM-1 cells, and OKT3 hybridoma cells were obtained from ATCC
(Manassas, VA). PF-562,271 was obtained from Symansis (Timaru, New Zealand).
PF-573,228 was obtained from Tocris Bioscience (Bristol, United Kingdom). Interleukin 2
(IL-2) was obtained from (Chiron, Emeryville, CA). OVA peptide was obtained from
AnaSpec (Fremont, CA). Streptavidin was obtained from New England Biolabs (Ipswich,
MA). Agarose-conjugated GST-RalGDS-RBD, GST-Rhotekin-RBD, and PAK-1 PBD were
obtained from Millipore (Billerica, MA). Anti-Rapl was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). IRDye 800CW goat-anti-rabbit IgG was obtained from
Rockland Immunochemicals, (Gilbertsville, PA). Protein G Sepharose was obtained from
GE healthcare (Little Chalfont, United Kingdom).

2.2 T cell isolation and culture

CD4+ Human peripheral blood T cells were obtained from whole blood [19] using
Lymphoprep and resuspended in fresh T cell media (RPMI-1640, 10% heat-inactivated FBS,
1x HEPES, pyruvate, non-essential amino acids, p-mercaptoethanol). Peripheral blood
mononuclear cells were stimulated with phytohemagglutinin and expanded in the presence
of interleukin 2 (IL-2) (50 U/mL) for 5-10 days. Floxed FAK mice [20] were crossed with
C57BL/6 mice expressing Cre-recombinase driven by a CD4 promoter and the ovalbumin
(OVA) peptide specific transgenic TCR OTII [21] and housed at the University of
Wisconsin in accordance with IACUC. Single cell suspensions were made from lymph node
and spleen, were stimulated with OVA peptide, and maintained in culture. LB27.4 cells
were maintained in T cell media.

2.3. Generation of ICAM-1-coated plates

ICAM-1-Fc was purified from CHO-ICAM-1 cells by batch centrifugation with protein G
sepharose according to manufacturer’s protocol. For imaging experiments, BD Optilux 384-
well tissue culture treated plates were coated by addition of ICAM-1 (20 pL to each well) at
2.5 pg/mL in coating buffer (Tris pH 9.5). Plates were next incubated for 1 hour at 37° C.
After the coating step, the plates were washed and blocked by addition of 50 .l of 2% BSA
in 1x PBS for 1 hour. For adhesion experiments, 96-well high protein binding capacity
plates were used.

2.4. Quantification of adhesion

The monoclonal antibody OKT3 was purified from a hybridoma line by batch centrifugation
with protein G sepharose according to manufacturer’s protocol. Cells were suspended at 1
million/mL and labeled by addition of 1 M calcein acetoxymethyl ester for 15 minutes
[22]. Cells were collected by centrifugation and washed once with media. Cells were plated
and centrifuged at 500g for 5 minutes, then incubated for 30 minutes at 37° C in the
presence of inhibitors. For human cells, 1 pg/mL OKT3, a CD3 antibody known to
stimulate TCR signaling [23], was added for 10 minutes. For mouse cells, cells were pre-
coated for 15 minutes with 1 pg/mL of biotinylated CD3 antibody and stimulation was
initiated by addition of 1 pg/mL streptavidin immediately before plating, followed by a 25
minute incubation. Cells were aspirated and washed 3-6 times with culture media. Adherent
cells were quantified by plate reading and percent adhesion was determined as a ratio of
remaining fluorescence intensity over baseline.
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2.5. Live-cell imaging-based migration assay

50 wL of human peripheral blood T cells at 1 x 10%/mL (following 5-14 days of expansion)
were added to each well of a 384-well plate [24,25]. Cells were plated and centrifuged at
500g for 5 minutes, then incubated for 5 minutes at 37° C. Cells were washed twice with
media and test compounds were added. The T cell stop signal was induced with soluble
OKT3 (1 pg/mL) for 10 minutes after plating and washing the cells. Migration was
monitored using a Nikon microscope. Twenty-one images were acquired under 10x
magnification over a period of 15 minutes.

2.6. Cell-based conjugation assay

Conjugation assays were performed as described previously [26]. Briefly, OTII+ T cells at
day 7-10 post-activation were stained with 0.5 pg/mL calcein acetoxymethyl ester and re-
suspended in Hanks Buffered Salt Solution supplemented with 2 mg/mL bovine serum
albumin and 1x HEPES. Cells were pretreated with 40 M of test compound or DMSO
control for 30 minutes before combining with equal numbers of LB27.4 cells labeled with
2.5 pM PKH-26 in the presence or absence of 2.5 ng/mL OVA peptide. Cells were pelleted
by centrifugation at 960g for 3 minutes at 4° C and incubate at 37° C for 10 minutes. Non-
specific conjugates were dissociated by vortexing and the percentage of OVA-dependent
conjugation was determined by the percentage of double positive cells divided by the sum of
the percentage of double and single positive cells of the OVA-treated cells minus the
untreated cells.

2.7. T cell proliferation assay

To assess human T cell proliferation, T cells were obtained as described above. On day
6-20, 5000 cells/well were added to 384-well plates in 50 pL volume. Cells were stimulated
by addition of an equivalent number of CD3/CD28-coated Dynabeads for 96 hours. Where
described, cells were stimulated with a mixture of PMA (10 ng/mL) and ionomycin (1 uM).
During the last two hours, cells were labeled with 5 L of CellQuantiBlue reagent, and were
scanned with a Victor plate reader. To assess mouse T cell proliferation, rested OTII+CD4+
T cells were stained with 0.25 M carboxyfluorescein diacetate, succinimidyl ester
according to manufacturer’s directions. Cells were left unstimulated or stimulated with anti-
CD3/CD28 coated beads at a ratio of 1 bead per cell or 5 ng/mL PMA and 0.5 pg/mL
ionomycin. Additionally, CD4+ T cells were stimulated with irradiated splenocytes (3000
gy) loaded with 0 or 2.5 pg/mL OVA peptide. Cells were treated with 0.2, 1 or 5 uM PP2,
PF-562,271 or DMSO control through the 72 hour stimulation. Following activation, cells
were stained with anti-CD4 and dye dilution in CD4+ T cells analyzed using a FACS
Caliber. Histograms were produced using FlowJo software and the percentage of cells in
each division was determined using ModFit 3.2.1.

2.8. Western Blot Analysis

T cells (Day 5-10) at 2 x 107/mL in 0.5-1 mL media were incubated with compounds for 30
minutes [27]. For zeta chain associate protein of 70 kDa (ZAP-70) and linker of activated T
cells (LAT) analysis, cells were placed on ice for 5 minutes then coated with 1 pg/mL
OKT3 on ice for 20 minutes. Cells were suspended in 100 L of media containing goat anti-
mouse F(Ab)2 at 37° C for 3 minutes. Cells were lysed with 500 L ice cold lysing buffer
(25 mM Tris-HCI pH 7.6, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS).
Lysing buffer contained freshly added phosphatase inhibitor cocktail (1:100 dilution) and
protease inhibitor cocktail (1:100 dilution). Proteins were resolved by SDS-PAGE on 10%
gels, transferred to nitrocellulose, and blotted with p-zap70-Y319, p-LAT-Y 191, total
ZAP-70 and/or total LAT.
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For FAK analysis, cells that had been pre-treated with inhibitors were loaded onto 6 well
plates that had been pre-coated with 2 pg/mL OKT3 for 1 hour and pre-blocked with 2%
BSA for 1 hour. Cells were centrifuged at 500 rpm for 3 minutes and incubated at 37° C for
7 minutes. Floating cells were gently removed, pelleted, and placed on ice, while adherent
cells were lysed with ice-cold lysing buffer containing protease and phosphatase inhibitors.
Fractions were combined, and separated by SDS-PAGE on 7.5% gels, transferred to
nitrocellulose, and blotted with p-FAK-Y397, p-FAK-Y576/7, p-FAK-Y925, or total FAK
antibodies. Detection was performed using Alexa-Fluor 680 goat-anti-mouse 1gG and IRDye
800CW goat-anti-rabbit 1gG

2.9. Small GTPase activation assays.

3. Results

T cells (2-4 x 107/mL) were suspended in PBS, divided into 1 mL aliquots, and stimulated
as described above. Cells were lysed in 500 L Rapl lysis buffer (1% Triton X-100; 50 mM
Tris-HCI, pH 7.5; 100 mM NaCl; 10 mM MgCl,; 1 mM PMSF; 1 mM leupeptin; 0.5 mM
aprotinin) [28]. Lysates were cleared by centrifugation (16000 RPM for 10 minutes) and
incubated with either agarose-conjugated GST-RalGDS-RBD, GST-Rhotekin-RBD, or
PAK-1 PBD agarose for 45 minutes at 4° C with rotation. Beads were washed three times
with lysis buffer and subjected to Western Blot analysis with either anti-Rap1, anti-RhoA, or
anti Rac1/2/3. 30 pL of lysate was reserved to use as a loading control. Western blot
intensities were normalized to the mean value of all the lanes in each individual experiment,
then data from three or more independent experiments was combined and analyzed.

3.1. PF-562,271 inhibits TCR-induced FAK phosphorylation

FAK is phosphorylated in T cells following TCR engagement or integrin ligation [12,29]. In
fibroblasts, integrin engagement induces autophosphorylation of FAK Y397 providing
binding sites for Src family kinases and the subsequent phosphorylation of distal sites [30].
However, it has not been fully determined how TCR stimulation induces FAK
phosphorylation [29]. We used site specific phospho-antibodies to characterize the effects of
PF-562,271 on FAK phosphorylation in T cells following TCR stimulation (Figure 1B-D).

To test the effects of PF-562,271 on FAK phosphorylation in T cells, we pretreated T cells
with PF-562,271, the vehicle DMSO as a negative control, or the pan-Src inhibitor PP2 to
inhibit proximal TCR signaling (Figure 1C/D). We found that TCR stimulation resulted in
an approximately 1.5 fold increase in Y397 autophosphorylation of FAK relative to control
unstimulated T cells. Consistent with previous reports [29,31], treatment with PP2 reduced
FAK Y397 phosphorylation. Likewise, we found that pretreatment with PF-562,271
impaired TCR-induced FAK phosphorylation at Y397. In contrast to PP2, PF-562,271
reduced phosphorylation at FAK Y397 only to levels similar to unstimulated control cells,
suggesting that PF-562,271, and PP2 may be inhibiting FAK phosphorylation through
different mechanisms. PF-562,271 also inhibited phosphorylation of FAK at the Y576/577
and Y925 sites with a similar pattern of activity. Treatment with PF-562,271 in the absence
of TCR stimulation caused a perceptible decease in phosphorylation on all sites tested with a
statistically significant decrease seen at the Y925 site (Figure 1E/F).

3.2. PF-562,271 impairs TCR-induced morphological changes and RhoA activation

The integrin LFA-1 is important for T cell adhesion to antigen presenting cells and the
endothelium via its interaction with ICAM-1. FAK is critical for turnover of fibroblast
adhesions, and fibroblasts deficient in FAK show reduced focal adhesion turnover and
impaired migration [15]. To examine the effects of PF-562,271 on T cells, we analyzed the
effects of PF-562,271 on human peripheral blood T cell spreading. When plated on ICAM-1
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without inhibitor, T cells exhibited a polarized and migratory morphology, while TCR
stimulation resulted in loss of polarity and migration arrest (Figure 2A). Interestingly, upon
TCR engagement, PF-562,271 treated cells spread with an abnormal morphology
characterized by many elongated stellate projections. Because RhoA is critical for the
regulation of cytoskeletal organization and contributes to T cell migration and ICAM-1
binding [32], we tested whether FAK inhibition alters RhoA activation. Surprisingly,
PF-562,271 caused a substantial increase in RhoA GTP binding (Figure 2B). TCR
stimulation in the presence of PF-562,271 led to a decrease in GTP-bound RhoA, although
the levels were still higher than in the absence of the compound with TCR stimulation. In
contrast, there was no effect of PF-562,271 on levels of GTP-bound Rac (Figure 2C). These
findings demonstrate that PF-562,271 impairs TCR-induced T cell morphological changes
and alters activity of RhoA but not Rac.

3.3. PF-562,271 impairs TCR-induced T cell adhesion to ICAM-1

In Pyk2 knockout mice, CD8+ T cells have decreased adhesion to ICAM-1 [17]. Here, we
tested the ability of PF-562,271 to alter human peripheral blood T cell adhesion to ICAM-1
following TCR stimulation. Without TCR stimulation, control cells exhibited a low basal
rate of adhesion to ICAM-1 (Figure 2D). However, following TCR stimulation, there was a
7 fold increase in ICAM-1 adhesion in DMSO treated cells. As expected, PP2 treatment
abolished all TCR-mediated increase in T cell adhesion to ICAM-1. We found PF-562,271
also reduced TCR-induced T cell adhesion to ICAM-1.

3.4. PF-562,271 inhibits phosphorylation of ZAP-70 and LAT

Our findings of decreased T cell adhesion following treatment with PF-562,271 raised the
question of whether PF-562,271 alters proximal signal transduction following TCR
engagement. TCR engagement leads to rapid phosphorylation of Src family kinases Lck and
Fyn, which phosphorylate ZAP-70 and LAT to form signaling platforms that promote T cell
activation. Previous reports of Pyk2 activation in T cells, show that Pyk2 phosphorylation
precedes ZAP-70 phosphorylation induced by TCR engagement [29].

We induced TCR signaling in DMSO-treated cells and there was a robust increase in total
tyrosine phosphorylation (Figure 3A). As expected, treatment with PP2 dramatically
reduced TCR-induced tyrosine phosphorylation. However, PF-562,271 treatment of T cells
prior to TCR stimulation did not result in a general loss of tyrosine phosphorylation,
indicating that this inhibitor is not broadly inhibiting Src kinase signaling.

Surprisingly however, PF-562,271 impaired TCR-induced phosphorylation of ZAP-70,
similar to PP2 and also had modest effects on LAT phosphorylation (Figure 3B). These
results suggest that PF-562,271 impairs proximal TCR signaling. To further characterize
how PF-562,271 alters TCR signaling, we assessed how PF-562,271 affects TCR signaling
to extracellular signal-regulated kinase (ERK) and p38 mitogen activated protein kinase
(MAPK), which both contribute to activation-induced proliferation (Figure 3C-E). We
performed Western Blot analysis for phosphorylation of ERK and p38 MAPK in the
presence or absence of PP2 or PF-562,271. PP2 blocked phosphorylation of both ERK and
p38 MAPK. In contrast, PF-562,271 significantly inhibited phosphorylation of ERK but not
p38 MAPK.

3.5. Antigen-dependent T cell conjugation is impaired by PF-562,271

To determine if PF-562,271 alters conjugation between T cells and antigen presenting cells,
we performed quantitative analysis of conjugation efficiency using flow cytometry of T cells
from the TCR OTII transgenic mouse (Figure 4). Following TCR stimulation, T cells form
stable, long-lasting interactions with antigen presenting cells [33] that depend on the integrin
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LFA-1. In the OTII transgenic mouse, all T cells express the OTII TCR, which recognizes
an ovalbumin fragment (OVA peptide). T cells were treated with DMSO or various doses of
PF-562,271 and tested for their ability to form stable conjugates with LB27.4 cells (Figure
4A). Treatment with either PF-562,271 (Figure 4B) or a second FAK inhibitor, PF-573,228
(Figure 4C) impaired T cell conjugation with antigen presenting cells.

3.6. Generation of a genetic model for FAK depletion in T cells

A key limitation of kinase inhibitor studies is the difficulty in differentiating between on-
target and off-target effects. To investigate whether FAK itself is required for T cell
adhesion and conjugation, we generated a T cell specific conditional FAK knockout mouse
(see Methods). We used mice in which the FAK gene was flanked by two /oxPsites (Figure
5A), and bred them with mice expressing a gene for Cre recombinase driven by a CD4
promoter, which expressed Cre in CD4+ cells. These mice also were bred to express the
OTII transgenic TCR, to allow for OVA peptide based TCR stimulation as described above.
These mice showed no differences in viability relative to their littermates, and developed
CDA4+ T cells similar to C57BL/6 controls (Figure 5B). Additionally, there was no
difference in T cell activation as determined by expression of CD25 and CD69 (Figure 5C)
or in memory cell development based on expression of CD44 and CD62L (Figure 5D). FAK
deficient T cells expanded normally following OV A peptide stimulation, and there was no
significant difference in proliferation upon re-stimulation (Figure 5E). We analyzed the
expression of FAK in re-stimulated cells (Figure 5F,G) and observed about a 65% decrease
in FAK expression, with the residual FAK expression likely due to contaminating cells or
partial deletion. Taken together, these results show that FAK-deficient T cells do not show
significant defects in their development or proliferation.

3.7. FAK depletion impairs adhesion to ICAM-1 and conjugation to antigen presenting cells

To determine if FAK is important for LFA-1 activation in response to TCR signaling, we
performed an adhesion assay on ICAM-1 coated plates. We stimulated cells with a CD3
antibody, PMA, or MnCl,, which stabilizes the high affinity state (Figure 6A). As expected,
TCR stimulation led to increased adhesion, which was significantly reduced in the FAK-
depleted cells. In both PMA- and MnCl,-stimulated cells there was a slight reduction in
adhesion in FAK-deficient cells that was not statistically significant. We next tested whether
FAK was required for conjugation with antigen-presenting cells (Figure 6B). We observed
dose-dependent increases in T cell conjugation with antigen presenting cells in the presence
of OVA peptide. At higher concentrations of OVA there was a modest but statistically
significant decrease in conjugation in FAK-deficient cells. Because Rapl has previously
been shown to contribute to T cell LFA-1 activation [28], we then tested if FAK depletion
altered GTP binding of Rap1 and found that FAK depletion did not alter Rapl GTP binding
in the presence or absence of TCR stimulation (Figure 6C, D). However, because RhoA also
contributes to LFA activation in T cells [34] and we had seen altered RhoA activity with
FAK inhibitor treatment, we tested whether FAK depletion alters RhoA activation. FAK
depletion resulted in a significant decrease in the levels of GTP-bound RhoA (Figure 6E, F),
which was further decreased in the presence of TCR stimulation. We observed a similar
trend in Rac GTP binding, however this trend was not statistically significant after seven
independent experiments (Figure 6G, H). Taken together, FAK depletion impairs adhesion
and conjugation of T cells and alters RhoA signaling.

3.8. PF-562,271 inhibits antigen presenting cell-induced T cell proliferation

Because T cell conjugation was impaired by PF-562,271, we next wanted to determine if
PF-562,271 affects antigen-dependent T cell proliferation. To test this, OTII+ TCR
transgenic T cells were labeled with the cytoplasmic dye carboxyfluorescein diacetate,
succinimidyl ester and left unstimulated or stimulated with anti-CD3/CD28 coated beads or
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irradiated splenocytes loaded with or without OVA peptide (Figure 7). Three days following
stimulation, carboxyfluorescein diacetate, succinimidyl ester dye dilution was measured by
flow cytometry. The degree of proliferation can be assessed by the proliferative index, with
unstimulated cells having a proliferative index of one. This assay measures only viable cells
which fall within forward and side scatter gating limits, and stain positive for CD4
expression. We observed a dose-dependent decrease in proliferation following bead (Figure
7A), and OVA peptide (Figure 7B) stimulation in both PP2 and PF-562,271 treated T cells
compared to control. Surprisingly, the activity of PF-562,271 in this assay was similar to the
pan-Src inhibitor PP2, suggesting that PF-562,271 is a potent inhibitor of antigen-induced T
cell proliferation even though it is more selective in terms of inhibition of TCR induced
tyrosine phosphorylation of downstream targets.

3.9. PF-562,271 acts downstream of proximal signaling to inhibit mouse T cell proliferation

Because we demonstrated that PF-562,271 alters proximal TCR signaling, it was possible
that the anti-proliferative effects of PF-562,271 were due to its effects on proximal TCR
signaling. To test this possibility, we stimulated mouse T cells with phorbol-12-
myristate-13-acetate (PMA) (a protein kinase C agonist) and ionomycin (a calcium
ionophore), which together serve to activate T cells downstream of proximal TCR signaling.
Proliferation of PP2-treated T cells was restored with PMA and ionomycin treatment (Figure
7C). This is consistent with the known effects of PP2 on proximal TCR signaling. In
contrast, PMA and ionomycin stimulation did not restore proliferation in PF-562,271-treated
T cells. This finding suggests that PF-562,271 may affect T cell proliferation by also acting
downstream of proximal TCR signaling.

3.10. PF-562,271 inhibits human T cell proliferation induced by CD3/CD28 cross-linking

To determine if PF-562,271 also inhibits the proliferation of primary human T cells, we used
anti-CD3/CD28 coated beads or PMA and ionomycin to stimulate phytohemagglutinin-
activated resting T cells. We measured the number of viable cells using a fluorescent dye
that requires activation by cellular esterases as described in Materials and Methods. At 96
hours following stimulation, we found that both the pan-Src inhibitor PP2 (Figure 7D) and
PF-562,271 (Figure 7E) impaired anti-CD3/CD28 coated bead induced proliferation in a
dose-dependent manner with full inhibition achieved at 8 M for both PP2 and PF-562,271.
Notably, PF-562,271 exhibited a lower 1Csq value than PP2 (Figure 7F). Additionally,
similar to the mouse T cells, stimulation with PMA/ionomycin was able to rescue the
inhibition of PP2 on human T cell proliferation, but not inhibition caused by PF-562,271.
Taken together, the findings indicate that PF-562,271 exhibits stronger anti-proliferative
effects than PP2 and can act downstream of proximal TCR induced signaling.

4. Discussion

In this report, we provide the first evidence that the clinical FAK inhibitor PF-562,271
impairs primary mouse and human CD4+ T cell activation. PF-562,271 decreases adhesion
to ICAM-1 and reduces T cell conjugation with antigen-presenting cells. PF-562,271 also
impairs antigen-dependent and antigen-independent T cell proliferation by affecting both
proximal and distal TCR signaling. For the first time, we have demonstrated that
PF-562,271 increases activation of RhoA. Taken together, our findings suggest that
inhibitors of FAK may have immunomodulatory effects. Therefore, it may be important to
monitor for adverse immunological effects in patients taking PF-562,271 for solid tumor
therapy. Moreover, compounds such as PF-562,271 may also represent an attractive strategy
to treat autoimmune disease by affecting T cell activation.
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We characterized several site-specific effects of TCR-induced phosphorylation of FAK in
the presence or absence of PF-562,271. Previous reports were limited by use of a total
phosphotyrosine antibody, which could not distinguish between the auto-activation site
(Y397) and other phosphorylation sites [13,14]. We demonstrated that several important
tyrosine residues of FAK, including the autophosphorylation site (YY397) and the Src
dependent sites (Y576/7, Y925) are phosphorylated in response to TCR signaling, and that
this phosphorylation is blocked by both PP2 and PF-562,271. The magnitude of this effect
however was greater with PP2, than PF-562,271. The inhibition of Y925 is especially
relevant because it has been reported that Src-dependent phosphorylation of Y925 promotes
ERK/MAPK signaling and growth of a breast cancer cell line [35]. We observed both
inhibition of Y925 and ERK phosphorylation in T cells upon treatment with PF-562,271.

Src family kinases have previously been shown to be potent inhibitors of T cell activation
with therapeutic promise [36]. We now show that PF-562,271 inhibits T cell proliferation
and TCR signaling by different mechanisms than Src inhibition. While PP2 is a potent
inhibitor of all Src-dependent tyrosine phosphorylation in response to TCR stimulation,
PF-562,271 has more specific effects. FAK inhibition specifically limits TCR-induced
phosphorylation of ZAP-70, LAT and ERK, but not p38 or total phosphotyrosine. Despite
having more limited effects on TCR signaling than PP2, PF-562,271 is a more potent
inhibitor of T cell proliferation than PP2 likely through the modulation of other downstream
signaling pathways.

As is common with inhibitors, the effects of PF-562,271 are likely due to both FAK
inhibition and effects on other pathways including Pyk2. Based on initial in vitro kinase
activity characterizations [5], PF-562,271 has an I1Csq of 1.5 nM for FAK, 13 nM for Pyk2
and 277 nM for Fyn. Thus, at the concentrations we studied, it is possible that cellular Fyn
inhibition also occurred. However, cellular Fyn inhibition cannot account for the decreased
proliferation caused by PF-562,271, because proliferation in response to PMA and
ionomycin (which bypass proximal TCR signaling) is restored in cells treated with PP2 but
not PF-562,271. Additionally, the finding that PF-562,271 and PP2 have similar effects on
ERK phosphorylation but different effects on p38 MAPK phosphorylation further supports a
model in which PF-562,271 differentially affects signaling downstream of the TCR. Because
genetic depletion of FAK had no significant effect on T cell proliferation, it is unlikely that
the potent effects of PF-562,271 on T cell proliferation (Figure 7) are due to FAK inhibition,
but rather due to a yet unidentified kinase, possibly a cyclin dependent kinase [5], that acts
downstream of Src and FAK. A potential caveat is that the FAK knockout T cells may not
be fully depleted of endogenous FAK.

We found that T cell conjugation with antigen presenting cells and TCR-induced T cell
adhesion to ICAM-1 were both impaired in FAK-deficient T cells and in the presence of
PF-562,271, supporting a role for FAK in T cell interactions with antigen presenting cells.
However, the magnitude of the conjugation effects were more profound with PF-562,271
treatment, indicating that there are likely other effects of this compound in addition to FAK
inhibition. In support of this idea, we found that PF-562,271 and FAK depletion had
opposing effects on RhoA activation. PF-562,271 resulted in an over 10-fold increase in
RhoA GTP binding while FAK depletion led to a 50% reduction in RhoA activation. We
currently do not understand the basis for this differential regulation of RhoA activation but it
may be due to off target effects of the inhibitor. To our knowledge, this is the first report that
PF-562,271 affects RhoA activation, which merits future study in other cell types. However,
because RhoA was differentially regulated in the two models, it is unlikely that RhoA
activation contributes to the altered T cell adhesion and conjugation induced by FAK
inhibition.
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In summary, we find that PF-562,271 has inhibitory effects on T cell signaling and
proliferation in response to TCR signaling, and that these effects are different than treatment
with the Src inhibitor PP2. These findings suggest that there may be a potential clinical use
for PF-562,271 or similar compounds in the treatment of autoimmune diseases. Indeed, the
first phase of clinical trials for cancer suggest that PF-562,271 is relatively well-tolerated
[9]. Ultimately, future studies of PF-562,271 in advanced models of autoimmunity are
warranted to test its potential as an immunomodulatory agent.
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FIGURE 1.

PF-562,271 inhibits site-specific phosphorylation of FAK in human peripheral blood T cells
A) Chemical structure of the FAK inhibitor PF-562,271. B) Domain architecture of FAK
(FERM = 4.1 protein, ezrin, radixin and moesin, FAT = focal adhesion targeting). C)
Western Blot analysis of FAK phosphorylation relative to total FAK in the presence or
absence of 10 uM test compounds. Blots are representative of three independent
experiments. D) Quantification of FAK phosphorylation (mean +/- SD, n=3, p < 0.05
relative to DMSO control (*) or relative to TCR control (#), ANOVA). E) Western Blot
analysis of FAK phosphorylation relative to total FAK in the presence or absence of 10 uM
PF-562,271. Blots are representative of three independent experiments. F) Quantification of
FAK phosphorylation (mean +/- SD, n=3, p < 0.05 relative to DMSO control (*) or relative
to TCR control (#), ANOVA).
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FIGURE 2.

PF-562,271 alters human peripheral blood T cell morphology, RhoA GTP binding, and
adhesion to ICAM-1. A) Morphology of T cells treated with PF-562,271 in the presence or
absence of T cell receptor stimulation (representative of three independent experiments).
Cells were plated, incubated in the presence or absence of the test compounds for 30
minutes, then stimulated for 10 minutes with OKT3. B) PF-562,271 increases levels of
GTP-bound RhoA. Blots are representative of three independent experiments. Quantification
of RhoA GTP binding (mean +/- SD, n=3, p < 0.05 relative to DMSO control (*) or relative
to TCR control (#), ANOVA). C) PF-562,271 does not affect GTP-bound Rac. Blots are
representative of four independent experiments. Quantification of Rac GTP binding (mean
+/- SD, n=4, ns= so significant change, ANOVA). D) Adhesion to ICAM-1 (mean +/- SD,
n=3, p < 0.05 relative to DMSO control (*) or relative to TCR control (#), ANOVA).
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FIGURE 3.

Proximal TCR signaling through ZAP-70 and LAT is impaired by treatment with
PF-562,271. A) Western Blot analysis of total phospho-tyrosine levels relative to tubulin
levels in human peripheral blood T cells in the presence or absence of 10 pM test
compounds. Blots are representative of three independent experiments. B) Western Blot
analysis of ZAP-70 at Y319 and LAT phosphorylation at Y191 relative to total protein
levels in human peripheral blood T cells. Blots are representative of three independent
experiments. C) Western Blot analysis of ERK and D) p38 MAPK phosphorylation relative
to total protein levels in human peripheral blood T cells. Blots are representative of three
independent experiments. E) Quantification of ZAP-70, LAT, and ERK phosphorylation
(mean +/- SD, n=3, p < 0.05 relative to DMSO control (*) or relative to TCR control (#),
ANOVA).
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Antigen-dependent mouse T cell conjugation is impaired by PF-562,271 and PF-573,228.
Green-labeled OVA peptide expanded mouse T cells were pretreated with test compounds
for 30 minutes and allowed to interact with red-labeled LB27.4 B cell in the presence or
absence of antigen and analyzed by flow cytometry. A) Representative density plots of
conjugates following 10 M drug treatment. B) Mean +/- SD of antigen dependent
conjugation in the presence of varying doses of PF-562,271 from 3 independent experiments
*=p<0.05. C) Mean +/- SD of antigen dependent conjugation in the presence of varying
doses of PF-573,228 from 3 independent experiments *=p<0.05.
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FIGURE 5.

Generation of a mouse with depletion of FAK in CD4+ T cells. A) Tail DNA from floxed
FAK mice or C57BL/6 mice was analyzed by PCR. B) Expression of CD4+ T cells in whole
blood, lymph nodes, spleen, or thymus as a percentage of total CD3+ cells in the respective
organ was analyzed by flow cytometry (mean +/- SD, n=3). C) Expression of CD4+ T cells
positive for CD25 and CD69 in lymph nodes or spleen was analyzed by flow cytometry
(mean +/- SD, n=3). D) Expression of CD4+ T cells positive for CD44 and negative for
CD62L in lymph nodes or spleen was analyzed by flow cytometry (mean +/- SD, n=3). E)
CDA4+ T cells were expanded with OVA peptide and restimulated with CD3/CD28 coated
beads and the proliferative index was determined by ModFIT analysis (mean +/- SD, n=10).
F) OVA peptide expanded cells were analyzed by Western Blot analysis for expression of
FAK (one representative blot shown). G) Quantification of FAK expression (mean +/- SD,
n=3, p < 0.05, ANOVA).
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FIGURE 6.
FAK-deficient mouse CD4+ T cells exhibit reduced adhesion to ICAM-1 and reduced

conjugation with antigen-presenting cells. A) Adhesion to ICAM-1 (mean +/- SD, n=6, p <
0.05, ANOVA). B) Green-labeled OVA peptide expanded mouse T cells were allowed to
interact with red-labeled LB27.4 B cells in the presence or absence of antigen and analyzed
by flow cytometry. Mean +/- SD of antigen dependent conjugation from 6 independent
experiments *=p<0.05. C) Western Blot analysis of Rap1 GTP binding (one representative
blot shown) following 0 or 15 minutes of TCR stimulation as indicated. D) Quantification of
Rapl GTP binding (mean +/- SD, n=3, p < 0.05, ANOVA). E) Western Blot analysis of
RhoA GTP binding (one representative blot shown) following 0 or 15 minutes of TCR
stimulation. F) Quantification of RhoA GTP binding (mean +/- SD, n=3, p < 0.05,
ANOVA). G) Western Blot analysis of Rac GTP binding (one representative blot shown)
following 0 or 15 minutes of TCR stimulation. H) Quantification of Rac GTP binding (mean
+/- SD, n=7, ns=no significant change, ANOVA).
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FIGURE 7.

PF-562,271 inhibits T cell proliferation. OVA peptide expanded mouse CD4+ cells were
stained with 0.25 pM carboxyfluorescein diacetate, succinimidyl ester and stimulated with
anti-CD3/CD28 coated beads (A), irradiated splenocytes loaded 2.5 g/mL OVA peptide
(B), or PMA/lIonomycin (C). Cells were incubated with vehicle control or indicated
concentration of inhibitor. Carboxyfluorescein diacetate, succinimidyl ester dilution was
measured 72 hours following stimulation and representative plots from 5 uM treatments
(left panels) and data from dose response experiments (right panels) are shown. The
proliferative index was determined by ModFIT analysis. Data represent averages +/— SD
from 3 independent experiments *= p < 0.05. D) Dose-dependent growth inhibition of
human CD4+ T cells by PP2 (mean +/- SD, n=3, p < 0.05, ANOVA). E) Growth inhibition
of human CD4+ T cells by PF-562,271 (mean +/- SD, n=3, p < 0.05, ANOVA). F) Growth
inhibitory 50 values (Glsg) for PP2 and PF-562,271 following stimulation with either CD3/
CD28 coated beads or the combination of PMA and ionomycin (mean +/— SD, n=3, p <
0.05, ANOVA).
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