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Abstract

Chemoattractant-induced reactive oxygen species (ROS) generation by adherent neutrophils
occurs in two phases: the first is very rapid and transient, and the second one is delayed and lasts
up to 30-40 min. We examined the role of phosphoinositide 3-kinases (PI3Ks) and Src-family
kinases (SFKs) in these responses using human neutrophils treated with inhibitory compounds or
murine neutrophils deficient of PI3Ky or Hck, Fgr, and Lyn. Our studies show that PI13Ky is
indispensable for the early, fMLF-induced ROS generation and AKT and ERK phosphorylation,
but is dispensable for the late response to fMLF. Additionally, the response to TNF, an agonist
triggering only the delayed phase of ROS generation, was also unaffected in PI3Ky-deficient
neutrophils. In contrast, inhibition of SFKs by a selective inhibitor in human, or SFK deficiency in
murine, neutrophils resulted in the inhibition of both the early and late phase of ROS generation,
without affecting the early phase of AKT phosphorylation, but inhibiting the late one. Selective
inhibitors of PI3Ka and PI3K& markedly reduced both the early and late response to fMLF and
TNF in human neutrophils. These findings suggest that class 1A PI13Ks may be activated by PI3Ky
via Ras in the early phase of the response and by SFKs in the late phase. The evidence that
inhibition of SFKs in human, or SFK deficiency in murine, neutrophils results in suppression of
Vav phosphorylation at all time points of the response to fMLF or TNF suggests that SFKSs are
indispensable for Vav phosphorylation.
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Myeloid leukocytes generate reactive oxygen species (ROS) upon interaction of a wide
variety of ligands with specific surface receptors due to the activation of a multimeric
NADPH oxidase, also referred to as NOX2, that transfers electrons from NADPH to
molecular oxygen (1). Besides exerting microbicidal actions, ROS are cytotoxic and, via
oxidative inactivation of tyrosine and serine/threonine phosphatases, enhance protein kinase
activities, leading to activation of transcription factors and amplification of inflammation

).

Early studies by Nathan and Ding (3) made the paradigm that neutrophil ROS generation, in
response to chemoattractants, occurs in two phases. The first phase is very rapid, transient,
independent of cell adhesion to cell and extracellular-matrix integrin counterreceptors and
enhanced by priming agents such as LPS, cytokines, and the F-actin depolimerizing
mycotoxin cytochalasin B (CB). In contrast, the second phase ensues after several minutes,
lasts up to 30—-40 min, is strictly dependent on engagement of neutrophil integrins (4), and
inhibited by CB (reviewed in Ref. 5). A few cytokines, such as TNF, are able to trigger the
late integrin-dependent response selectively.

Studies in mice with the genetic deficiencies of various signal transduction components have
established the paradigm that the early phase of neutrophil ROS generation in response to
chemoattractants is absolutely dependent on the y isoform of phosphoinositide 3-kinase
(PI3KY) (6), whereas the adhesion, integrin-dependent late response requires Src-family
kinases (SFKs) (7) and Syk (8), a cytoplasmic tyrosine kinase acting downstream of SFKs
(9, 10). Later studies suggested a more complex scenario, providing evidence that in primed
neutrophils, also the PI3K 1A isoforms a, B, and & may be stimulated by the chemoattractant
fMLF, and SFKs may be implicated in this pathway (11, 12). Additionally, adhesion-
dependent neutrophil ROS generation in response to TNF was reported to depend on class
IA PI3Ks (13), and SFKs were implicated also in the early, adhesion-independent phase of
fMLF-induced superoxide generation (14).

Mechanisms by which PI13Ks and SFKs regulate NADPH oxidase activity are only partly
understood. Phosphatidylinositol phosphorylated at the 3 position of the inositol ring (PIP3),
formed by PI3Ks, provides a binding site for the PX domain of cytosolic NADPH oxidase
components (1). Activation of the Ser/Thr kinase AKT following its binding to PIP3 via its
pleckstrin homology domain results in phosphorylation of p47phox in its autoinhibitory
region (1, 15). Finally, PIP3 formation by PI3Ks regulates activation of at least three
different guanine nucleotide exchange factors (GEFs) for the small GTP-binding protein
Rac, a component essential for activation of NADPH oxidase (1, 16-18). Notably,
neutrophils deficient of one of these three GEFs (i.e., P-Rex1, Vav proteins, and DOCK2)
are markedly defective in NADPH oxidase activation (19-23).

Mechanisms of activation of NADPH oxidase by SFKSs are poorly understood. In the context
of the classical chemoattractant-induced early phase of ROS generation, SFKs have been
reported to regulate activation of PI3Ks (11, 12, 24). Additionally, SFKSs are required for
chemoattractant-induced Vav phosphorylation and Rac activation and neutrophils deficient
of Vavl or Hck and Fgr have a defect in NADPH oxidase activation by fMLF (14, 19).
Class 1A PI3Ks and Vav proteins have been reported to also regulate the integrin-dependent
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phase of neutrophil activation (12, 13, 25-27). An additional important substrate of the
integrin/SFKs/Syk signaling pathway regulating this late phase of ROS generation has been
recently identified as phospholipase C (PLC) y2 (28).

In this report, we addressed the role of PI3Ks and SFKSs in the early and late phase of ROS
generation by unprimed human and murine neutrophils in response to the chemoattractant
fMLF and TNF. Using inhibitory compounds, we found that PI3Ky and SFKs play essential
and nonredundant roles in activation of the early and the late phases of ROS generation in
human neutrophils. Deficiency of PI3Ky resulted in a total suppression of the early phase of
ROS generation in response to fTMLF in mouse neutrophils but did not affect the adhesion-
dependent late phase in response to different agonists. Conversely, the combined deficiency
of Hck, Fgr, and Lyn resulted in an almost total or total suppression of both the early and the
late phases of ROS generation, respectively, an effect that, based on the use of selective
inhibitors, was largely dependent on the class IA PI3Ks PI3Ka and PI13K3, as well as the
Rac GEF Vav. Collectively, these findings help define the mechanisms of regulation of ROS
production by PI3Ks and SFKs.

Materials and Methods

Cell preparation

Generation and maintenance of hck™~fgr/~lyn™" triple-knockout mice and P13Ky knockout
mice in the C57BL/6J background were as described (6, 29). Wild-type and knockout
animals used in the experiments were at 8-10 wk of age. Animals were housed at a
pathogen-free facility at the University of Verona or Turin and treated according to
protocols approved by the Minister of Health of Italy and the university animal care
committee. Mouse bone marrow neutrophils were isolated by centrifugation of bone marrow
cells flushed from femurs and tibias over a Percoll discontinuous density gradient
(Amersham, Arlington Heights, IL) exactly as described previously (14). After isolation,
neutrophils were washed in Ca2*/Mg?*-free HBSS then resuspended at 10 x 108/ml in
HBSS supplemented with 0.5 mM CaCl, and 5 mM D-glucose (HGCa). Routinely, cell
suspensions were left at room temperature for 1 h before assay. Human PMNs were
prepared from buffy coats of healthy volunteers by centrifugation through Ficoll Paque Plus
(Amersham). Patients provided their informed consent before samples were taken.
Contaminating erythrocytes were removed by Dextran 500 (Amersham) sedimentation
followed by hypotonic lysis. After isolation, cells were suspended in HGCa at 10 x 10%/ml
and left at room temperature for 1 h before assay. Neutrophils were either left untreated or
incubated for 10 min at 37°C with 10 pM 4-amino-5-(4-chlorophenyl)-7-(t-
butyl)pyrazolo[3,4-d]pyrimidine (PP2) (Calbiochem, Darmstadt, Germany), 100 nM
wortmannin (Calbiochem), 1 uM diphenyleneiodonium chloride (Calbiochem), or 50 U/ml
superoxide dismutase (Sigma-Aldrich, St. Louis, MO). For experiments with selective
inhibitors of different PI3K isoforms, human neutrophils were pretreated for 10 min at room
temperature with the PI3Ky inhibitor AS604850 (Alexis Biochemical, San Diego, CA), the
P13Ka inhibitor compound 15e (Alexis Biochemical), the PI3Kf inhibitor TGX22 (Alexis
Biochemical), the PI3KS inhibitor IC87114 (Symansis, Auckland, New Zealand), or the
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broad-specificity PI3K inhibitor compound P1103 (Cayman Chemical, Montigny-le-
Bretonneux, France) at the concentration indicated in the text.

Measurement of ROS production

Isoluminol-based chemiluminescence assays (30) were performed in HGCa in the presence
of HRP and isoluminol (both from Sigma-Aldrich) in a temperature-controlled Multilabel
Count Victor X5 (PerkinElmer). Assays were run in dark 96-well plates precoated with 250
pg/ml human fibrinogen (14) in HGCa containing (final concentration): 100 pM isoluminol
and 8 U/ml HRP. After addition of 1 x 10° human neutrophils or 7.5 x 105 mouse
neutrophils, plates were left at 37°C for 5-10 min and the reaction started by addition of the
stimulus (see text for concentrations). Light emission was recorded every minute.

Active Ras pulldown assay

Measurement of active RAS (Ras-guanosine triphosphate) was carried out using a RAS
Activation assay kit (EMD Millipore; Merck, Darmstadt, Germany) according to the
manufacturer's instructions. Neutrophils were stimulated in suspension with 5 uM fMLF,
and, at different time points, cells were lysed in ice cold lysis buffer. Cell lysates were
centrifuged at 4°C for 5 min at 13,000 rpm, and the supernatant was incubated with
glutathione GST-RAF-RBD coupled to glutathione agarose for 1 h at 4°C. Proteins bound to
the beads were washed three times in lysis buffer, and the amount of bound proteins was
quantified by Western blot analysis.

Western blotting

Murine or human neutrophils (10 x 108/ml) in HGCa were plated in 24-well plates
precoated with human fibrinogen (Sigma-Aldrich) and stimulated with fMLF (see text) or
human (10 ng/ml) (PeproTech, Rocky Hill, NJ) or murine TNF (5 ng/ml) (BioSource
International, Camarillo, CA) for the time indicated in the Results. At the appropriate time,
cell activation was stopped by addition of a half volume of ice-cold HBSS (without Ca2*
and glucose) containing a 3-fold concentration of protease inhibitors (Roche Molecular
Biochemicals, Mannheim, Germany) supplemented with 3 mM NazgVOy, 30 uM
phenylarsine oxide (Sigma-Aldrich), and 3 mM diisopropyl-fluorophosphate (Sigma-
Aldrich). Samples were kept in ice for 10 min before lysis with 4x Sample Buffer. Samples
were separated on SDS-PAGE gels and transferred to nitrocellulose Hybond C (Amersham).
After quenching with 3% BSA in TBS for 1 h, blots were incubated overnight at 4°C with
primary Abs, followed by HRP-conjugated donkey anti-rabbit or goat anti-mouse Abs
(Amersham). Immunoreactivity was detected using Immobilon Western detection reagent
(Millipore) and analyzed with a Quant Image LAS400 (GE Healthcare). Abs used in this
study were as follows: anti-phosphospecific Ab directed against Akt (Ser473), p38 MAPK
(Thri80/Tyrl82) ‘and ERK 1/2 MAPK (Thr292/Tyr204) were from Cell Signaling Technology
(Beverly, MA). Anti-protein Abs directed against Akt and p38 were from Cell Signaling
Technology. Anti-protein Abs directed against ERK1/2 were from Santa Cruz
Biotechnology. Anti-Vav Abs were from Upstate Biotechnology, and anti-phosphospecific
Ab directed against Vav (Y174) was from EnoGene Biotech (New York, NY).
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Cell spreading

Statistics

Results

Human or murine neutrophils in HGCa were plated in 24-well tissue-culture plastic in the
absence of any stimulus. Photos were taken with a x40 phase-contrast objective with a
Digital Compact Olympus (Olympus, Hamburg, Germany) camera.

The Student t test has been applied to examine the statistical significance of differences
between most of the data with the exception of the Ras activation data, which were
examined by the two-way ANOVA with Bonferroni post hoc test. Values of *p < 0.05 or
**p < 0.01 were taken as significant.

ROS generation in response to fMLF by unprimed human neutrophils occurs in two
distinct phases that require PI3K and SFK activities

In this study, ROS generation was assayed with a very sensitive chemiluminescence assay
(30) that allowed us to monitor neutrophil ROS generation in the absence of any priming
agent. fMLF-stimulated ROS generation by human unprimed neutrophils plated in
fibrinogen-coated well plates occurred in two phases (Supplemental Fig. 1A-D). One was
very rapid and, after a peak at ~0.5-1 min, declined rapidly. The second phase became
detectable within 5-10 min and steadily increased up to 25-30 min when a plateau was
reached. The detected chemiluminescence signal was due mainly to the extracellular
generation of superoxide anion by the NADPH oxidase because addition of superoxide
dismutase, which catalizes the dismutation of superoxide to hydrogen peroxide, significantly
suppressed the response (Supplemental Fig. 1A). Addition of diphenyleneiodonium
chloride, an NADPH oxidase inhibitor, completely blocked the response.

As predicted from previous studies (see Ref. 14 and references contained therein), inhibition
of SFKs by PP2 (Supplemental Fig. 1B) or PI3Ks using broad specificity inhibitors such as
wortmannin (Supplemental Fig. 1C) or P1-103 (Supplemental Fig. 1D) totally inhibited both
the early and the late adhesion-dependent response of human neutrophils to fMLF. Notably,
the dependence of these responses on both SFKs and PI3Ks seems to be a general feature of
signal transduction pathways ensuing from chemotactic peptide receptors, because similar
results were obtained using C5a instead of fMLF (Supplemental Fig. 1E). Consistent with
previous findings, PMA-induced ROS generation was not inhibited by PP2 or wortmannin
(Supplemental Fig. 1F).

SFKs are not implicated in activation of class IA PI3Ks in the course of the early response

to fMLF

Recent studies have demonstrated that class 1A PI13Ks may be activated, either directly or
indirectly, by trimeric G protein—coupled receptors (see Ref. 31). Notably, in TNF-primed
neutrophils, fMLF triggers two phases of PIP3 formation, the second of which peaks at 1
min, is dependent on class 1A PI3Ks, and inhibited by the SFK inhibitor PP1 (11). We
therefore examined the effect of a SFK inhibitory drug or SFK genetic deficiency on
phosphorylation of the PI3K downstream target AKT in human or murine neutrophils,
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respectively (Fig. 1). In our assay conditions, fMLF triggered a robust AKT phosphorylation
on the S473 residue within 1 min, which then declined but remained detectable up to 30 min
in human neutrophils. Whereas in wortmannin-treated neutrophils AKT phosphorylation
was totally blunted at all time points tested (Fig. 1A), the SFK inhibitor PP2 only slightly
decreased AKT phosphorylation at 1 min, but had a strong inhibitory effect at later time
points (Fig. 1B). In three distinct experiments (Fig. 1C), AKT phosphorylation in PP2-
treated neutrophils was 69.0 £ 6.9% at 1 min, compared with untreated cells; however, this
difference was not statistically significant. Consistently, deficiency of Hck, Fgr, and Lyn,
the three SFKs expressed at the highest levels in neutrophils, had a minor effect on fMLF-
induced AKT phosphorylation at 1 min (Fig. 1D), but resulted in a significantly reduced
AKT phosphorylation at later time points. We conclude that activation of PI3Ks occurring in
the first phase of oxidant generation (within 1 min) is mainly independent of SFK activity.
However, PI3K activity preceding, or concomitant with, the second adhesion-dependent
phase of oxidant generation requires SFKs.

PI3Kvy regulates activation of Ras and phosphorylation of the Ras downstream target ERK

proteins

Because class IA PI3Ks may also be activated via an increase in the GTP-bound form of Ras
(31), and fMLF has been demonstrated to activate GDP/GTP exchange on Ras (32), we
examined fMLF-stimulated phosphorylation of the Ras downstream target ERK proteins and
the dependence of these response on PI3K and SFK activities in human and murine
neutrophils. fMLF triggered a rapid, but transient, phosphorylation of ERK proteins that
peaked at 1 min and then declined to background levels in human neutrophils (Fig. 2).
Consistent with previous reports (12, 14), ERK phosphorylation was not affected by PP2
(Fig. 2A), but markedly inhibited by wortmannin (Fig. 2B). fMLF also induced tyrosine
phosphorylation of another MAP kinase member, p38, which peaked, similar to ERK
phosphorylation, at 1 min of stimulation; however, neither PP2 nor wortmannin had any
effect on this early p38 phosphorylation (Supplemental Fig. 2A, 2B).

The time course of fMLF-stimulated ERK phosphorylation in murine neutrophils differed
from that detected in human cells, displaying a maximum at 5 min (Fig. 2). ERK
phosphorylation at 1 min was defective in PI3Ky™~ neutrophils (Fig. 2C), but not in cells
deficient of Fgr, Hck, and Lyn (Fig. 2E). Notably, at this time point, AKT phosphorylation
was not affected by SFK deficiency (see Fig. 1D), but totally defective in PI3Ky ™~
neutrophils (Fig. 2D). At the 5-min time point after fMLF stimulation, both SFK and PI3Ky
deficiency resulted in a marked decrease of ERK phosphorylation, suggesting that they may
play nonredundant roles in activation of the Ras pathway. Notably, we reproducibly found
that PI3Ky deficiency causes a marked decrease in AKT phosphorylation also at the later
time points of 30 min (Fig. 2D). Although, we did not address this issue in detail, this
finding suggests that, independently of the mechanism involved, prolonged AKT
phosphorylation in response to fMLF requires PI3Ky (see Discussion).

We also examined the effect of a selective inhibitor of PI3Ky, the AS604850 compound, on
ERK phosphorylation in human neutrophils. At 1 pM, AS604850 inhibited the early PI13Ky-
dependent phase of ROS generation, but not the late, adhesion-dependent, and P13Ky-
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independent one (see below). Notably, at this same concentration, AS605240 markedly
inhibited (1-min time point) or totally suppressed (5-min time point) both AKT and ERK
phosphorylation (Fig. 2F, 2G).

A very recent report demonstrated that fMLF activates PI13Ky also downstream a PLCp/
diacylglycerol pathway that impinges on the Ras GEF RasGRP4, thus activating Ras (33).
To strengthen the evidence emerging from our studies (Fig. 2) that positive feedback circuits
of PI3K activation may also include a PI3Ky/Ras, besides a Ras/PI3Ky, pathway (33), we
addressed whether fMLF-induced Ras activation is defective in PI3Ky™~ neutrophils (Fig.
3). We found that deficiency of PI3Ky resulted in a marked inhibition of GTP loading on
Ras at 30 s after fMLF stimulation (i.e., at a time point preceding the peak of the early wave
of ROS generation).

Taken together, the data reported in Figs. 1-3 suggest that PI3Ky plays a major role in the
early response to fMLF and, via activation of Ras, it may establish a positive-feedback loop
of PI3K activation implicating the class IA isoforms. In contrast, SFKs play only a marginal
role in the regulation of PI3K activity in response to fMLF that occurs within 1 min
following stimulation, which is coincident with the first wave of ROS generation (see Fig. 4
and Supplemental Fig. 1).

The vy isoform of class | PI3Ks is indispensable for the early phase of ROS generation in
response to fMLF, but plays no role in the late, adhesion-, and SFK-dependent one

To better elucidate the role of class IA and class IB PI3Ks and SFKs in signal transduction
pathways implicated in the two waves of ROS generation in response to fMLF, we
examined this response in neutrophils with the genetic deficiency of PI3Ky and SFKs. As
reported in Fig. 4A, and in accord with previous studies in CB— primed hck/~fgr=/~
neutrophils (14), the early, fMLF-induced wave of ROS generation was markedly reduced in
triple-knockout hck™~fgr=lyn™'~ neutrophils and, as shown in human cells (Supplemental
Fig. 1B), totally suppressed by PP2 (data not shown). Notably, the integrin-dependent wave
of oxidant generation displayed a more stringent dependency on SFK activities, and,
according to previous data with hck~~fgr /= neutrophils (7), it was totally suppressed in
hck™/~fgr~/~lyn™'~ neutrophils (Fig. 4A).

Examining PI3Ky-deficient neutrophils, we found that, as expected from previous studies
(6), there was a total lack of the early response to fMLF (Fig. 4B). In contrast, the late phase
of ROS generation in wild-type and PI3Ky™'~ neutrophils was comparable. Consistently,
treatment of human neutrophils with the selective PI3Ky inhibitor AS604850 at 1 uM
concentration significantly inhibited the early, but not the late, adhesion-dependent phase of
ROS generation (Fig. 4C).

Adhesion-dependent, TNF-stimulated ROS generation by neutrophils requires SFKs but is
independent of PI3Ky

To strengthen the above-described findings suggesting that SFKs, but not PI13Ky, are
indispensable for the late adhesion-dependent phase of oxidant generation, we examined the
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response to TNF, an agonist that triggers only the late, adhesion-dependent phase of
neutrophil activation (3, 5, 7).

Experiments with human neutrophils treated with SFK or PI3K inhibitors showed a total
dependence of the response to TNF on these kinases (Supplemental Fig. 3A, 3B). Despite
some variability at the early time points (compare Supplemental Fig. 3C-E), the time course
of this response was coincident with the phosphorylation of the PI3K downstream target
AKT, being detectable at least after 5 min of stimulation (Supplemental Fig. 3C), a finding
confirming previous studies (13), but undetectable at earlier time points (see Supplemental
Fig. 3C-E). This delayed TNF-induced AKT phosphorylation was almost totally suppressed
by PP2 and wortmannin in human neutrophils (Supplemental Fig. 3D, 3E). In murine
neutrophils, TNF-induced AKT phosphorylation was less strong than that induced by fMLF
(Supplemental Fig. 3F, 3E, compare with Figs. 1D, 2D, respectively). However, whereas
deficiency of PI3Ky did not substantially reduce AKT phosphorylation at 5 and 30 min from
stimulation, deficiency of Hck, Fgr, and Lyn reduced AKT phosphorylation at these time
points (Supplemental Fig. 3G).

We then examined the response of murine neutrophils plated on fibrinogen and stimulated
with TNF or plated on plain tissue-culture plastic in the absence of any stimulus (Fig. 5). In
these assay conditions, ROS generation by SFK-deficient neutrophils is totally defective (7
and data not shown). In contrast, deficiency of PI3Ky did not significantly affect ROS
generation by neutrophils stimulated with TNF (Fig. 5A) or plated on plain plastic in the
absence of any stimulus (Fig. 5B).

Because ROS generation by neutrophils plated on fibrinogen in the presence of TNF or on
plain plastic is accompanied by cell spreading over the adherence surface, a response that
was reported to depend on B, integrins (34), we also examined neutrophil spreading on
plastic. Wild-type murine neutrophils spread nicely on plastic (Fig. 5C), and deficiency of
Hck, Fgr, and Lyn resulted in a total absence of this response (Fig. 5D). Notably, spreading
of PI3Ky-deficient neutrophils on plastic was comparable to that of wild-type cells (Fig.
5E), but totally suppressed by wortmannin (Fig. 5F). The selective PI3K8 inhibitor 1IC87114
reduced neutrophils spreading in wild-type (Fig. 5G) and PI3Ky-deficient (Fig. 5H)
neutrophils, suggesting that this class 1A PI3K isoform, together with other wortmannin-
sensitive PI3Ks, regulates neutrophil spreading. A quantitation of surface area of murine
neutrophils plated on tissue-culture plastic confirmed that selective PI3Ka and & inhibitors
reduced spreading of both wild-type and PI3Ky~/~ murine neutrophils (Table 1). In contrast,
a PI3K inhibitor did not inhibit or only marginally inhibited spreading of wild-type or
mutant neutrophils, respectively.

The dependence on class IA, but not class 1B, PI3Ks of integrin-dependent spreading was
confirmed by studies with human neutrophils treated with selective PI13K inhibitors
(Supplemental Fig. 4). In fact, spreading of human neutrophils on plastic in the absence of
any stimulus or on fibrinogen in the presence of TNF was markedly inhibited by PI3Ka and
§ inhibitors. In contrast, a PI3Ky inhibitor did not affect neutrophil spreading on plastic or
only marginally affected it on fibrinogen in the presence of TNF.
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PI3Ka and 6 are implicated in adhesion-dependent ROS generation

To identify PI3Ks responsible for the late, adhesion-dependent phase of ROS generation, we
used inhibitors that have been reported to display some selectivity for different class 1A
P13Ks (35). At 40 nM concentration, the compound TGX-221, which should selectively
inhibit the PI3Kp isoform by ~85% (26), had some inhibitory effect on the response to TNF
(Fig. 6A) and both the acute and the late response to fMLF (Fig. 6B). However, data of total
light units integrated over 2 min for the acute and 5-30 min for the late adhesion-dependent
response showed that differences between untreated and drug-treated neutrophils were not
statistically significant (Fig. 6C). This finding agrees with the evidence that TGX-221 only
marginally inhibited murine (Table I) or human (data not shown) neutrophil spreading. In
contrast, compound 15e, a relative selective inhibitor of PI3Ka, and compound 1C87114, a
relatively selective inhibitor of PI3K3, used at the low doses of 0.1 and 0.5 UM, respectively,
markedly suppressed the response to TNF (Fig. 6D, 6G). Data of total light units integrated
over 5-30 min (Fig. 6F, 61) showed that the response to TNF was inhibited by 76 + 16% (n
= 6) and 87 + 14% (n = 6) by the compound 15e and 1C87114, respectively.

Examining the effects of these two inhibitors on the response to fMLF (Fig. 6E, 6H), we
found that both the early and the late response were significantly inhibited. Using different
doses of compound 15e and 1C87114 on fMLF-induced ROS generation did not allow us to
find a concentration at which only the late adhesion-dependent response was inhibited (data
not shown). We conclude that, also in our experimental conditions, PI3Ka and/or PI3KS are
implicated in the early response to fMLF.

SFKs are essential for the early and late phase of Vav phosphorylation in response to
fMLF and TNF

Results described so far suggest that PI3Ks and SFKs play a coordinated but nonredundant
role in regulation of neutrophil ROS generation. Because GTP loading on Rac is
indispensable for activation of the NADPH oxidase and, among the three Rac GEFs
implicated in Rac activation in neutrophils (see Introduction), only Vav is known to be
directly activated downstream SFKs (36), we addressed the effects of SFK inhibitors and
SFK deficiency on Vav phosphorylation in human and murine neutrophils, respectively (Fig.
7). Specifically, we examined phosphorylation of Y174, the Vav1 residue that in its
unphosphorylated form dictates intramolecular inhibitory interaction between the Vav acidic
(Ac) motif and the DH domain; phosphorylation of Y174, or analogous residues of Vav 2/3,
releases this interaction and allows access of the DH domain to its target (36). As shown in
Fig. 7A, fMLF triggered a rapid Y174 phosphorylation of Vav that increased up to 30 min
[i.e., within the time frame of ROS generation (see Supplemental Fig. 1) in human
neutrophils]. In contrast, TNF-induced Vav phosphorylation was delayed (Fig. 7B), but,
similar to the fMLF-induced response, coincident with the time course of ROS generation
(see Supplemental Fig. 3). Notably, PP2 totally suppressed Vav tyrosine phosphorylation in
response to fMLF or TNF in human neutrophils at all of the time points tested. Time courses
of Vav phosphorylation in response to fMLF or TNF in wild-type murine neutrophils were
similar to those of human cells, but neutrophils deficient of Hck, Fgr, and Lyn were totally
defective in Vav phosphorylation at all time points tested and independently of the stimulus
used (Fig. 7C).
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Having established that SFKs are essential for Vav phosphorylation in both the early
adhesion-independent and the late adhesion-dependent phase of neutrophil responses, we
addressed the role of PI3Ks in the regulation of Vav phosphorylation using broad specificity
and selective PI3K inhibitors. As shown in Fig. 7D, wortmannin suppressed fMLF-induced
Vav phosphorylation in the course of both the early and late response; in contrast, the late
TNF-induced response was unaffected by wortmannin. Studies with selective class 1A
inhibitors showed that both PI3Ka and PI3K3 regulate the late adhesion-dependent phase of
Vav phosphorylation in response to fMLF. In fact, the PI3K8 inhibitor IC87114 alone
partially reduced Vav phosphorylation at the 15-and 30-min time points after fMLF
stimulation (Fig. 7E), and this late fMLF-induced response was more markedly reduced
when it was used in combination with the PI3Ka inhibitor compound 15e (Fig. 7F).
However, consistent with the data obtained with wortmannin, the PI3K3§ inhibitor alone or in
combination with the PI3Ka inhibitor did not affect the late response to TNF. These
findings suggest that in human neutrophils, Vav phosphorylation is regulated by PI3Ks in a
stimulus-dependent manner, and TNF-induced Vav phosphorylation is largely independent
of PI3K activities. The clear dissociation between inhibition of ROS generation by class 1A
PI3K inhibitors (Fig. 6) and Vav phosphorylation suggest that PIP3 formation is required for
activation of additional Rac GEFs (see Ref. 23 and references contained therein).

Discussion

In this report, we addressed signal transduction pathways regulating neutrophil ROS
generation in an experimental setting mirroring cell responses occurring in the context of
neutrophil adhesion to the vascular endothelium and/or the interstitium. Agonists of trimeric
G protein—coupled receptors trigger a very rapid and transient generation of ROS. These
same agonists, or some cytokines, induce a slower, but prolonged ROS generation, which
depends on adhesive interactions mediated by integrins (see Introduction and Ref. 5). This
modality of ROS generation is believed to play an important role in the induction of tissue
damage in inflammatory pathology. Our findings show that different PI3K isoforms and
SFKs play an essential and not redundant role in regulating both phases of ROS generation
(see Fig. 8 for a model).

As previously demonstrated (6), the class IB PI3K isoform PI3Ky plays an essential role in
stimulation of neutrophil ROS generation by fMLF in murine neutrophils. Neutrophils
deficient of PI3Ky (Fig. 4) are virtually unable to generate ROS in response to fMLF.
Together with previous evidence with TNF-primed neutrophils (11), this finding points to
the conclusion that PI3Ky play an indispensable role in the early phase of ROS generation
triggered by chemoattractants. However, relatively selective inhibitors of PI3Ka and PI13K&
reduced the early fMLF-induced phase of ROS generation (Fig. 6), confirming previous
reports (11, 25, 37) on the implication of class IA PI3Ks in the response to chemoattractants.

Also SFKs are indispensable for activating ROS generation by fMLF. Early and more recent
studies (14, 38) demonstrated a clear defect in responses to fMLF by neutrophils deficient of
Hck and Fgr or Hck, Fgr, and Lyn. The early fMLF-induced ROS generation is suppressed
by the SFK inhibitor PP2 in human neutrophils (Supplemental Fig. 1) and markedly
defective in Hck, Fgr, and Lyn-deficient neutrophils (Fig. 4). Combined with previous
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findings (11), one possible explanation of these results is that SFKs regulate class 1A PI3Ks,
establishing a positive-feedback circuit of PIP3 formation. However, examination of the
PI3K downstream target AKT led us to conclude that the role played by SFKs in regulation
of this response is mainly independent of activation of class IA PI3Ks. Indeed, PP2 only
slightly inhibited AKT phosphorylation at an early time point after addition of the stimulus,
and this was not defective in hck™~fgr/~lyn™~ neutrophils (Fig. 1).

An alternative mechanism of triggering of a positive-feedback circuit of PI3K activation is
based on activation of Ras and its direct interaction with PI3K catalytic subunits (31).
Examining phosphorylation of a Ras downstream target, the ERK proteins, we found that
this is almost totally suppressed by the broad-specificity PI3K inhibitor wortmannin and the
PI13Ky selective inhibitor A604850 in human neutrophils and by the lack of PI3Ky
expression in murine neutrophils (Fig. 2). Together with the evidence that fMLF activates
GDP/GTP exchange on Ras (32) and this is defective in PI3Ky-deficient neutrophils (Fig.
3), these findings suggest that PI3Ky may trigger activation of class IA PI13Ks via Ras
activation (Fig. 8). In light of the recent evidence that PI3Ky lies downstream of Ras in
neutrophils stimulated with fMLF (33) (Fig. 8), our findings point to the existence of a
complex, positive-feedback circuit of Ras/PI13Ky/Ras activation. Also this mechanism of
amplification of PI3K activities is likely independent of SFKs. In fact, whereas early (1 min)
phosphorylation of ERKSs requires PI3Ky, a defect of ERKs phosphorylation is detectable
only at later time points in hck™~fgr~lyn™'~ neu-trophils (Fig. 2) (i.e., when the early burst
of ROS generation is ceased) (Fig. 3). We conclude that SFKs play a honredundant role in
activation of the early phase of neutrophil ROS generation in response to fMLF and play a
minor role in the activation of class IA PI3Ks in this phase of the response (Fig. 8).

The late, adhesion-dependent response to two independent stimuli [i.e., fMLF (Fig. 4) and
TNF (Fig. 5)] and upon stimulus-independent interaction with plastic, a 3, integrin—
mediated phenomenon (34, 39) (Fig. 5), is independent of PI3Ky expression. However, the
broad-specificity inhibitor wortmannin (Supplemental Figs. 1, 2) and more selective PI3Ka
or PI3KS3 (Fig. 6) inhibitory compounds totally or markedly suppressed adhesion-dependent
ROS generation by human neutrophils, respectively. These inhibitors also hampered both
stimulus-independent neutrophil spreading on plastic and TNF-induced human and murine
neutrophil spreading on fibrinogen (Fig. 5, Supplemental Fig. 4, and data not shown). These
findings show that class IA PI13Ks play an indispensable, albeit overlapping, role in
adhesion-dependent neutrophil activation by adhesive surfaces. This is in concert with
previous studies that implicated class IA, but not class 1B, PI3Ks in integrin-dependent ROS
generation induced by neutrophil binding of Aspergillus fumigatus hyphae (26). In this last
study, PI3Kp was shown to play a greater role than PI3Ka in the ROS and spreading
response to Aspergillus hyphae, whereas the TNF-induced response (Fig. 6) was less
sensitive to PI3Kp rather than P13Ka or PI13KS3 inhibitors. One possible reason for this
discrepancy may be that the interaction of neutrophil with Aspergillus hyphae involves other
surface receptors in addition to 8, integrins (see Ref. 26 and reference contained therein).
Notably, although deficiency of PI3Ky did not result in a lack of late adhesion-dependent
responses (Figs. 4, 5), we found that AKT phosphorylation in response to fMLF (Fig. 2), but
not TNF (Supplemental Fig. 3), was dependent on PI3Ky expression. This finding suggests
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that at these late time points, there is not a simple relationship among PI3K activity, PIP3
formation, and AKT phosphorylation. It is tempting to speculate that chemoattractant
signaling can, independently of the net effect on PIP3 formation, impinge on pathways
regulating AKT dephosphorylation. Clearly, this issue deserves further investigation.

In the course of the late, adhesion-dependent phase of the neutrophil response, SFKs
regulate class IA PI3Ks. In fact, in response to both fMLF and TNF, the late phase of
phosphorylation of the PI3K downstream target AKT was totally suppressed by PP2 in
human neutrophils and reduced in hck™~fgr~/~lyn~/~ neutrophils (Fig. 1, Supplemental Fig.
3). Hence, whereas in the early response to chemoattractants PI3Ks and SFKSs play a largely
distinct, nonreduntant role, in the late adhesion-dependent response, activation of SFKSs is
also implicated in activation of class IA PI3Ks.

Independently of their role in regulating PI3K activities, SFKs deliver signals that are
indispensable for NADPH oxidase activation both in the early and late phase of ROS
generation. Activation of the small GTP-binding protein Rac is essential for activation of
NADPH oxidase (1, 16-18). Whereas PIP3 formation by PI3Ks regulates activation of at
least three different GEFs for Rac (see Ref. 23 and references contained therein), Vav family
proteins seem to be the only target of SFKs. Recent studies highlighted an essential
requirement for cooperation of P-Rex1 and Vav proteins in the early response to
chemoattractants (23) but confirmed previous studies assigning to Vav an exclusive role in
the regulation of responses depending on prolonged adhesion to Igs and integrin ligands (8,
27, 40, 41). SFKs play a central role in Vav protein phosphorylation in both the early and
delayed response to both fMLF and TNF (Fig. 7). This effect may be either direct or, at least
for the late, adhesion-dependent response, occur downstream of Syk (8) or Pyk2 (42). In the
light of the strong evidence implicating Vav proteins in activation of neutrophil ROS
generation (19, 23), this suggests that one major mechanism by which SFKs regulate ROS
generation is Vav protein phosphorylation. Interestingly, we found that VVav phosphorylation
is not absolutely dependent on PI3Ks (Fig. 7). In fact, TNF-induced activation of delayed
neutrophil responses is accompanied by Vav phosphorylation also in the presence of
wortmannin or more specific class 1A PI3K inhibitors. The clear dissociation between
inhibition of ROS generation and Vav phosphorylation in response to TNF by PI3K
inhibitors (Fig. 7, Supplemental Fig. 3) suggests that other PI3K/PIP3-dependent Rac GEFs
are also implicated in this response (see Refs. 14, 23 and references contained therein), and
SFK-dependent phosphorylation of Vav occurring downstream integrin engagement may be
independent of PI3K activities.

Mechanisms regulating neutrophil activation are attracting increasing attention due to the
high incidence of autoimmune diseases and the need to identify new targets to control
inflammation. We identified SFKs as a key component of signal transduction ensuing both
from G protein—coupled receptors for chemoattractants and from integrin receptors in the
presence of TNF. PI3Ks act in a coordinated, nonredundant fashion with SFKs in regulating
both type of the responses. Notably, PI3Ky is implicated only in the chemoattractant-
induced response, whereas class 1A PI3Ks, especially the PI3Ka and PI13K§ isoforms, are
essential for the regulation of the adhesion-dependent response. This scenario highlights a
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rationale to define possible strategies to control different forms of inflammatory responses

an

d inhibit sterile inflammation avoiding excessive depression of host defenses.
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Abbreviations used in this article

CB
GEF
HGCa
PI3K
PIP3
PLC
PP2
ROS
SFK

cytochalasin B

guanine nucleotide exchange factor

HBSS supplemented with 0.5 mM CaCl, and 5 mM o-glucose
phosphoinositide 3-kinase

phosphatidylinositol phosphorylated at the 3 position of the inositol ring
phospholipase C
4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine
reactive oxygen species

Src-family kinase
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Figure 1.
Different roles of PI3K and SFK activities in fMLF-induced AKT phosphorylation. Human

(A-C) or murine (D) neutrophils were plated in fibrinogen-coated wells and stimulated with
1 or 5 uM fMLF for human or mouse cells, respectively, in the presence or the absence of
PP2 or wortmannin as described in Materials and Methods. After different times of
incubation, cells were lysed and lysates subjected to immunoblot analysis with Abs of the
indicated specificity as described in Materials and Methods. (C) reports densitometric
analysis, expressed as ratio between the phosphoprotein versus the total specific protein
signal, of AKT phosphorylation at 1 min after the addition of fMLF in neutrophils treated or
not with 10 uM PP2. Mean results = SD of three independent experiments are reported. In
(E), histograms at the right of the immunoblot report densitometric analysis, expressed as
ratio between the phosphoprotein versus the total specific protein signal, of AKT
phosphorylation in wild-type versus hck/~fgr~lyn™'~ neutrophils. Mean results + SD of
three independent experiments are reported. *p < 0.05.
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Figure2.
Different roles of PI3K and SFK activities in fMLF-induced ERK phosphorylation. Human

or murine neutrophils were stimulated in the presence or the absence of the indicated
inhibitors and lysed as described in Fig. 1 and Materials and Methods. Lysates were
subjected to immunoblot analysis with Abs of the indicated specificity as described in
Materials and Methods. Human neutrophils stimulated with 1 pM fMLF in the presence or
the absence of PP2 (A) or wortmannin (B). Graphs to the right of the immunoblots report
densitometric analysis, expressed as ratio between the phosphoprotein versus the total ERK
protein signal. One representative experiment of three to four performed with identical
results is reported. (C and D) Wild-type or PI3Ky™~ murine neutrophils were left untreated
or stimulated with 5 uM fMLF and lysed at the time points indicated. Graphs to the right of
the immunoblots report densitometric analysis expressed as ratio between the
phosphoprotein versus the total ERK (C) or AKT (D) protein signal. Mean results = SD of
three independent experiments are reported. (E) Wild-type or hck~fgr/~lyn™/~ neutrophils
were stimulated as described above for analysis of ERK phosphorylation. Graphs to the right
of the immunoblots report densitometric analysis expressed as ratio between the
phosphoprotein versus the total ERK protein signal. Mean results + SD of three independent
experiments are reported. (F and G) Human neutrophils were stimulated with 1 uM fMLF in
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the presence or the absence of 1 uM AS604850 for analysis of AKT and ERK
phosphorylation. One representative experiment of two to three performed with identical
results is reported. *p < 0.05, **p < 0.01.
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Figure 3.
PI13Ky deficiency results in reduced Ras activation. Neutrophils were isolated from wild-

type or PI3y knockout mice and Ras activation after fMLF (5 uM) stimulation assayed as
described in Materials and Methods. (A) Representative detection of active Ras and total
Ras is shown. (B) Mean results of Ras activation obtained in four independent experiments.
Values were normalized by setting the percentage stimulation of PI3Ky*/* cells at time 0 s
to 1. *p < 0.05.
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Figure4.
Different roles of SFKs and PI3Ky in regulation of the early and late phase of fMLF-induced

ROS generation in murine neutrophils. (A and B) Neutrophils were isolated from wild-type,
hck~fgr~lyn™'~ knockout or PI3y knockout mice as described in Materials and Methods
and plated in fibrinogen-coated wells. Cells were stimulated with 5 uM fMLF, and
chemiluminescence was recorded every 1 min and up to 40 min. Mean results £ SD of three
to four independent experiments are reported. Graphs in the right panel report the total
chemiluminescence detected during the early (0-2 min) or the late (5-40 min) phase of ROS
generation.(C) Human neutrophils were stimulated with 1 pM fMLF in the presence or the
absence of 1 UM AS604850. Mean results + SD of four independent experiments are
reported. Graph in right panel reports the total chemiluminescence detected during the early
(0-2 min) or the late (5-30 min) phase of ROS generation. *p < 0.05, **p < 0.01. KO,
Knockout; WT, wild-type.
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Figure5.
Late, TNF-induced ROS generation is independent of PI3Ky. Neutrophils were isolated

from wild-type or PI3y knockout mice as described in Materials and Methods and plated in
fibrinogen-coated wells in the presence of 5 ng/ml TNF (A) or in tissue-culture plastic wells
in the absence of any stimulus (B). Mean results + SD of four independent experiments are
reported. (C—F) Neutrophils were isolated from wild-type, hck'~fgr~/~lyn~"knockout, or
P13y knockout mice as described in Materials and Methods and plated in tissue-culture
plastic wells in the absence of any stimulus. Note that whereas both wild-type and PI3y
knockout neutrophils spread on plastic, either deficiency of Hck, Fgr, and Lyn or treatment
with wortmannin totally suppressed spreading. Wild-type (G) or P13y knockout (H)
neutrophils were plated in tissue-culture plastic wells in the absence of any stimulus and in
the presence of 0.5 uM IC 87114. Photos were taken with a x40 objective after 20 min. KO,
Knockout; WT, wild-type.
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Figure®6.
Inhibitors of the a and & isoforms of class 1A PI3Ks inhibit the early and late phase of ROS

generation by human neutrophils. Human neutrophils were plated in fibrinogen-coated wells
and stimulated with 10 ng/ml TNF (A, D, G) or 1 uM fMLF (B, E, H) in the absence or the
presence of 40 nM TGX-221 (A-C), 0.1 uM compound 15e (D-F), or 0.5 uM 1C87114 (G-
). Chemiluminescence was recorded every 1 min and up to 40 min. Mean results + SD of
five experiments are reported. (C, F, and I) Histograms report the total chemiluminescence
detected during the early (0-2 min) or late (5-30 min) phase of ROS generation in the
absence or the presence of the indicated inhibitor. *p < 0.05, **p < 0.01.

J Immunol. Author manuscript; available in PMC 2014 December 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fumagalli et al.

Page 24

PPZ = - 4 - o . .
PP2 . . . T IR R
MLP - —_— . Stimulus - @3 @3 TNF
aVav(pY174) - B - i - aVavip¥174) i e H - -
Time(min) 30 1 s 10 ET) ET ] Time (min) 30 1 1 5 5 30
BV - - - — e — TVIY - ——— e —— o — - ——
C Stimulus: IMLP
P THE § 18 et £
+ o+ + + I T
a-NavipY174) - - - - - 1 1 _}_',: 1
 Pih A

Time (min) 30 1 1 5 § 3 330 W 5 5 W 30

o
éﬁl,.,r“rﬂfffff’ff 4 /
A

wortmannin = = + = * # - + - # -+ + - - o+ - o+ - o+ -+ - #
MLP - + - —fMLP— TNF - -
a-Vav(p174) - - B - = e . e w e e em am e e
Time (min) 1 5 10 15 20 30 1 5 15 30
VAV e e P S e W B TR N S S e
E et = = * = ok = % a2 A . WO b ol
- fMLP TNF
-Vavip174]
eVavipiTh TN . - S - e - -
Tieme (min) 1 5 15 30 1% 30
GV -y - - - - N
phospholproteinratle 03 15 12 27 27 29 20 21 11 04 05 05 15 13
per cent (drug-treated vs contol) 80 100 ] 52 100 87
F fMLP
a-Vavip174) - W — ———
Time (min) —1— — §f— —1§— — 30 —
— e W — — ——— —
IC87114 + Compound 158 - + - + - + = +
phospholprotein ratie 1.0 0.8 27 20 25 20 30 13 10
per cent (drug-treated vs contol) 80 74 80 43
TNF
a-VavipiTd) = — e G e— -
Time (min) —m— 5§ —— —1f— — ¥ —
VAV —— e
ICBT114 + Compound 15¢ = - + - + = +
phospholprotein ratic 1.0 06 0.7 18 13 24 23 1.0
per cant (drug-treated vs contol) 120 TE a3

Figure7.
SFKs are indispensable for phosphorylation of Vav during the early and the late phase of

ROS generation. Human neutrophils were plated in fibrinogen-coated wells and stimulated
with 1 uM fMLF (A) or 10 ng/ml TNF (B) in the presence or the absence of PP2 as
described in Materials and Methods. After different times of incubation, cells were lysed
and lysates subjected to immunoblot analysis with Abs of the indicated specificity as
described in Materials and Methods. One representative experiment of three performed with
identical results is reported. (C) Neutrophils were isolated from wild-type or
hck~/~fgr~/~lyn™/~ knockout mice as described in Materials and Methods and plated in
fibrinogen-coated wells. Cells were stimulated with 5 uM fMLF or 5 ng/ml TNF. After
different times of incubation, cells were lysed and lysates subjected to immunoblot analysis
with Abs of the indicated specificity. Graphs to the right of the immunoblot report
densitometric analysis, expressed as ratio between the phosphoprotein versus the total Vav
protein signal. Mean results £ SD of three independent experiments are reported. *p < 0.05,
**p < 0.01, ***p < 0.001 (D-F). Human neutrophils were plated in fibrinogen-coated wells
and stimulated with 10 ng/ml TNF or 1 uM fMLF in the absence or the presence of 100 nM
wortmannin (D), 0.5 uM 1C87114 alone, (E) or in combination with 0.1 uM compound 15e
(F). After different times, cells were lysed and processed for immunoblot analysis as
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described in Materials and Methods. One representative experiment of two to three
performed is reported.
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Figure8.
Model for signal transduction mechanisms regulating early, adhesion-independent, and late,

adhesion-dependent neutrophil ROS generation. Trimeric G proteins coupled to fMLF
receptor(s) (fMLF-R) dissociate in a p/y heterodimer and a Gai subunit upon ligand—
receptor interaction. The B/y heterodimer activates PI3Ky that promotes formation of PIP3.
The evidence that Ras activation and phosphorylation of the Ras downstream target ERK is
virtually absent in PI3Ky-deficient murine neutrophils (Figs. 2, 3) suggests that activation of
GEFs for Ras by PIP3 may result in activation of class A PI3Ks. However, this scenario is
complicated by the recent demonstration that G protein—coupled receptors impinge on
P13Ky via a PLCp/diacylglycerol/RasGRP4 pathway (blue arrows) that plays a key role in
P13K-dependent neutrophil responses (33). Taken together, these findings point to the
existence of a positive-feedback circuit of PI3K activation implicating Ras/PI13Ky/Ras. Gai,
B-arrestin bound to the receptor—G protein complex or the G protein— coupled receptor
directly, impinges on SFKs (43, 44). For the sake of simplicity, only the first possibility is
highlighted in the drawing. Although mechanism of activation of SFKs by trimeric G
protein—coupled receptors in neutrophils is still unknown, several reports pointed to a role of
SFKs in signal transduction by this class of receptors (14, 38, 45-49). Activation of PI3Ky
and SFKs are both essential for the early activation of NADPH oxidase by fMLF, and either
deficiency or inhibition of these kinases results in a marked or total suppression of ROS
formation in murine or human neutrophils, respectively (Fig. 4, Supplemental Fig. 1).
Because inhibitors of the class IA PI3K isoforms PI3Ka and PI3KS inhibit the early phase
of ROS generation (Fig. 6), it is likely that a positive-feedback circuit triggered by
PI3Ky/Ras results in activation of class IA PI3Ks. Albeit, using selective inhibitors, we
found that PI3K plays a minor role in the early response to fMLF, this PI3K isoform has
been implicated in the prolonged, late phase of ROS generation by neutrophils adhering to
Aspergillus hyphae or immune complexes (26, 50). It is likely that class IA PI13Ks play a
highly redundant role in regulation of this response. SFKs play a minor role in activation of
class 1A PI3Ks (broken arrow) in the early response to fMLF. In fact, inhibition of SFKs by
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PP2 in human, or deficiency of Hck, Fgr, and Lyn in murine, neutrophils only slightly
inhibits, or has no effect on, phosphorylation of the PI3K downstream target AKT,
respectively (Fig. 1). SFK inhibition (Supplemental Fig. 1) or deficiency (Fig. 4) result in a
total or marked reduction of ROS generation. One important target of SFKs is the Vav
family of GEFs for Rac. Inhibition of SFKs by PP2 in human, or deficiency of Hck, Fgr, and
Lyn in murine, neutrophils results in a total inhibition of Vav phosphorylation (Fig. 7).
Following interaction with chemoattractants, TNF, or other cytokines, neutrophils generate
ROS in a fashion characterized by lateness and 3, integrin dependency (6). This response is
totally independent of PI3Ky (Figs. 4, 5), and requires class 1A PI3Ks and SFKs (Figs. 5, 6).
SFKs regulate class IA PI3Ks in the course of this response (Fig. 1, Supplemental Fig. 3)
and are essential for phosphorylation of VVav proteins (Fig. 7).
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Table |
PI3Ka and 6 inhibitors reduce murine neutrophil spreading on uncoated tissue-culture

plastic

Mouse Strain Untreated +1C87114 (PI3K8 Inhibitor) + Compound 15e (PI3Ka Inhibitor) + TGX-221 (PI3Kp Inhibitor)

Wild-type? 98.6 + 24.3 69.7 +15.0"" 571+75 " 96.7 £29.7 (NS)

PI3Ky~2 1145+22.0 86.9+25.0"" 63.0+65 " 89.0+21.3"

Mean areas (+ SD) from =50 analyzed cells in two separate experiments are reported. Data are expressed in umz.

aMean area of both wild-type and PI3KY_/_ neutrophils plated on plastic in the presence of wortmannin [i.e., in condition totally inhibiting cell

spreading (see Fig. 5)] was ~50 umz.

*
p<0.05,

*%

p<0.01,

*%

*
p < 0.001.
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