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IMMUNOLOGY

The regulatory subunits of PI3Ky control distinct
neutrophil responses

Arnaud Deladeriere, Laure Gambardella,* Dingxin Pan, Karen E. Anderson,
Phillip T. Hawkins, Len R. Stephens’

Neutrophils, which migrate toward inflamed sites and kill pathogens by producing reactive oxygen spe-
cies (ROS), are important in the defense against bacterial and fungal pathogens, but their inappropriate
regulation causes various chronic inflammatory diseases. Phosphoinositide 3-kinase y (PI3Ky) functions
downstream of proinflammatory G protein (heterotrimeric guanine nucleotide-binding protein)-coupled
receptors (GPCRs) in neutrophils and is a therapeutic target. In neutrophils, PI3Ky consists of a p110y
catalytic subunit, which is activated by the guanosine triphosphatase Ras, and either a p84 or p101 regula-
tory subunit. Loss or inhibition of p110y or expression of a Ras-insensitive variant p110y (p110yPASAADASAA)
impairs PIP; production, Akt phosphorylation, migration, and ROS formation in response to GPCR ac-
tivation. The p101 subunit binds to, and mediates PI3Ky activation by, G protein gy subunits, and p101~-
neutrophils have a similar phenotype to that of p110y~~ neutrophils, except that ROS responses are
normal. We found that p84~"~ neutrophils displayed reduced GPCR-stimulated PIP; and Akt signaling,
which was indistinguishable from that of p101~"~ neutrophils. However, p84~'~ neutrophils produced less
ROS and exhibited normal migration in response to GPCR stimulation. These data suggest that p84-
containing PI3Ky controls GPCR-dependent ROS production. Thus, the PI3Ky regulatory subunits enable
PI3Ky to mediate distinct neutrophil responses, which may occur by targeting PIP3 signaling into spatially

distinct domains.

INTRODUCTION

Class I phosphoinositide 3-kinases (PI3Ks) are activated by cell surface
receptors to generate the signaling phospholipid phosphatidylinositol
3.,4,5-trisphosphate [PI(3,4,5)P3, also known as PIP;]. This signal engages
a diverse family of effector proteins, including, for example, Akt [also
known as protein kinase B (PKB)], which typically contain pleckstrin ho-
mology domains and coordinate cellular responses, such as growth and
movement. All of the class I PI3Ks are heterodimers composed of regu-
latory and catalytic subunits. There are four catalytic subunits (p1100,
p110B, p1103, and p110y), which give their name to the relevant complex
(1). PI3KYy is found in many cell types, but it is most abundant in myeloid
cells, particularly neutrophils (2). Selective inhibitors and genetic deletion
of p110y showed that it is required for G protein (heterotrimeric guanine
nucleotide-binding protein)—coupled receptors (GPCRs) to stimulate PIP;
accumulation, Akt activation, and a collection of proinflammatory re-
sponses in isolated mouse and human neutrophils, such as the formation
of reactive oxygen species (ROS) and chemokinesis (increased cell move-
ment) (3-6). PI3Ky is required for neutrophils to accumulate at sites of
inflammation in vivo (7).

PI3Ky can contain one of two possible regulatory subunits: the more
widely distributed p84 subunit or the relatively myeloid-specific p101 sub-
unit (8, 9). The p101 and p84 subunits are closely related to one another,
but not to other proteins; they function only in complex with p110y.
GPCRs can regulate PI3Ky through three major mechanisms. First, By
subunits released from G proteins activate p110y directly (10, 11), but this
interaction is substantially augmented through a further, probably direct,
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interaction between GBy subunits and p101 (12, 13). The sensitivity of
p84-PI3Ky to activation by Gy is, at least, much lower than that of
p101-PI3Ky (8), and some reports suggest that it is insensitive (/4).
The structure and contacts within the GBy-activated PI3Ky complex re-
main unclear. Second, p110y contains a Ras-binding domain that enables
p110y to be activated directly by guanosine triphosphate (GTP)-bound
(active) Ras (Ras-GTP) (15, 16); however, GBy subunits and Ras-GTP
activate PI3Ky synergistically. Another study led to the hypothesis that
Ras-GTP activates p84-PI3Ky and that GBy subunits activate p101-PI3Ky
(14). In neutrophils, GPCRs increase Ras-GTP abundance through the
phospholipase C-f2 and -B3 (PLC-B2/B3)—dependent, diacylglycerol
(DAG)-mediated activation of RasGRP4 (Ras guanine nucleotide—releasing
protein 4) (/7). Third, in mast cells, which express only p84, the Ca**- and
Akt-mediated phosphorylation of p110y at Ser®* (S582) is thought to cause
dissociation of p84 from p110y and, because the regulatory subunits
suppress pl10y activity, an increase in p110y activity (/8); however, some
studies indicate that Ca>* and protein kinase C (PKC) family members do not
control the GPCR-stimulated accumulation of PIP; in neutrophils (19, 20).

We previously demonstrated that mouse neutrophils expressing the var-
fant p110yPASAADASAA 'which is insensitive to activation by Ras-GTP, have
a very similar, but slightly milder, phenotype than that of p1 10y neutrophils
(21). In contrast, p101™" neutrophils show reductions in the accumulation of
PIPs, activation of Akt, and cell migration in response to GPCR agonists,
which are similar to those elicited by the presence of p110yPASAAPASAA
but their ability to generate ROS is unchanged (21). These results could be
explained in several ways. First, GPCR-stimulated ROS formation might
be controlled only by Ras activation and not by the regulatory subunits.
Second, the p84 subunit might be required for ROS formation. Third, the
p84 and p101 subunits might operate redundantly, such that ROS formation
depends simply on the amount of PIP; that is produced, regardless of its
origin. This latter possibility suggests that loss of p101 might fail to reduce
PIP; generation sufficiently to affect ROS formation and that loss of p84 might
reduce ROS formation because it causes a more substantial reduction in
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Fig. 1. Analysis of the amounts of stearoyl/
arachidonoyl-PIP, stearoyl/arachidonoyl-PIP,,
and stearoyl/arachidonoyl-PIP in fMLP-
stimulated neutrophils. (A to C) Neutrophils
were left unstimulated or were stimulated for
the indicated times with 10 uM fMLP and then
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but had normal red blood cell counts. There

was evidence that the abundance of either

p84 or pl01 in neutrophils was slightly

increased in the absence of the other subunit (fig. S1, D and E), suggesting
that some compensation had occurred and that both subunits are found in
the same cells. Note that the loci of the genes encoding p84 (PIK3R6) and
pl01 (PIK3R5) are within 5 kb of each other on mouse chromosome 11.
Hence, the likelihood of obtaining p84 " p101~"~ doubly deficient mice by
interbreeding the two strains is extremely low and would require that the
PIK3R6 and PIK3RS5 loci on the same embryonic stem cell chromosome
were appropriately targeted (work in progress).

Time (s)

p84 and p101 support similar amounts of PIP;
accumulation and equivalent PI3Ky activation

in mouse neutrophils

We measured PIP; accumulation in bone marrow—derived neutrophils
from p84~", pl017", pl10yPASAAPASAA “ang p110y 7 mice, as well as
from their respective wild-type strains (Fig. 1). This analysis showed
that, consistent with previous studies, p110y”" neutrophils displayed an
about 95% reduction in PIP; accumulation in response to the GPCR
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ligand formylated Met-Leu-Phe (fMLP) (3-5, 22) compared to that in
wild-type neutrophils, demonstrating the dominant role of PI3Ky in
this response. PIP; accumulation in response to fMLP was reduced

by about 65% in pl10yPASAAPASAA pey
trophils and by 50% in both p84 ' and
plOlf/ "~ neutrophils compared to that in
wild-type cells (Fig. 1) (21), which suggests
that p84 and p101 have similar, nonredun-
dant roles in this response. In contrast, none
of these genetic modifications had any sub-
stantial effects on the total amounts of PIP,
(phosphatidylinositol 4,5-bisphosphate) [most-
ly PI(4,5)P,)] or PIP (Fig. 1).

One of the most characteristic responses
to PIP; accumulation is phosphorylation of
Akt on Thr'®® (T308, numbering based on
human Aktl) by PDK-1 (3-phosphoinositide-
dependent protein kinase 1) and on Ser*”
(S473) by mammalian target of rapamycin
complex 2 (mTORC?2). This process repre-
sents a readout of PIP; abundance by a
cellular effector. We measured the phos-
phorylation of Akt-Thr*%® and Akt-Ser*”
in neutrophils (which have both Aktl and
Akt2) from the above genetically modified
models in response to fMLP (Fig. 2, A and
B), leukotriene B, (LTB,) (Fig. 3A), and
C5a (fragment of complementary protein
C5) (Fig. 3B); for the latter two agonists,
we measured responses only in wild-type
and p84 ' neutrophils. This analysis re-
vealed that both phosphorylation events
followed the same pattern of dependency
on p84, pl01, Ras-GTP, and p110y as
did PIP; accumulation, albeit with different
kinetics. To resolve the potentially different
effects of these genetic modifications on
Aktl and Akt2, we used Western blotting
analysis to detect phosphorylated S473-
Aktl and S474-Akt2 This approach showed
that phosphorylation of both isoforms of
Akt had a similar pattern of dependency
on p84, p101, and p110y (Fig. 4). We next
addressed whether loss of p84 or p101
might differentially affect the increase in
cytosolic free Ca®", an important response
required for activation of the neutrophil ox-
idase complex. We found that loss of
p110y, p84, or p101 did not substantially
reduce fMLP-stimulated Ca®" signaling (fig.
S2, A and B).

DAG is an important intracellular sig-
naling lipid thought to have roles in regula-
tion of ROS formation and Ras activation
through the activation of DAG sensors such
as members of the PKC family or RasGRP4
(17). Stearoyl/arachidonoyl molecular spe-
cies of DAG are thought to represent the
“signaling” component of total cellular
DAG that preferentially activates DAG

sensors. More saturated and abundant DAG species are thought to be in-
volved in the do novo synthesis of phospholipids. The origins and mecha-
nisms segregating these distinct pools of DAG are not fully understood, but
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Fig. 2. Phosphorylation of Akt in response to fMLP is reduced in neutrophils from p84~"-, p101 -+, p1107’/’,
and p110yP® mice. (A) Neutrophils isolated from p84~"~, p101™~, p110y™~, and p110y™® mice as well as
from their corresponding WT strains were left untreated or were treated with 10 uM fMLP for the indicated
times. Samples were then analyzed by Western blotting with specific antibodies to detect Akt phosphoryl-
ated at Thr*® (pThr®®®) and Ser*”® (pSer*’®). Tg, transgenic mice. Representative Western blots are
shown. (B) Quantification of the relative amounts of pAkt from the experiments represented in (A). Data
were corrected for input material by analyzing the same membranes with antibody specific for p47°"°* and
calculating the pAkt signal/p47°"° signal for each sample. Data are mean fold increases in the abundance
of the indicated pAkt relative to that in WT control samples + SEM from 16 experiments for WT cells,
5 experiments for p84~'~ and p101~~ mice, and 3 experiments for p110y™~ and p110y”® mice, with every
point in each experiment being performed in duplicate. Application of a ratio-paired t test to the areas
under the curve between each genotype and its corresponding WT strain gave the following P values
for Akt-pThre®8: p84~-, P = 0.0096; p101~~, P = 0.0003; p110y™~, P = 0.0008; p110y°°, P = 0.0204,
and the following P values for Akt-pSer*”>: p84~~, P = 0.0354; p101~~, P = 0.0113; p110y™~, P =
0.0073; p110yPP, P = 0.0256. p110y°™ cells were compared to p110y*’* cells in this test.
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Fig. 3. Phosphorylation of Akt in response to chemoattractants is reduced in neutrophils from p84‘/‘ mice.
(A and B) Neutrophils isolated from WT and p84~/~ mice were left untreated or were treated with (A) 100 nM
C5a or (B) 100 nM LTBy for the indicated times. Samples were then analyzed by Western blotting, and the
relative amounts of Akt-pThr*® and Akt-pSer*”® were determined as described for Fig. 2. Data are means +
SD from three independent experiments, each performed in duplicate. The extent of phosphorylation of Akt
at Thr®® after 10 s of stimulation with either C5a or LTB, was statistically significantly lower in P84~ neu-
trophils than in WT neutrophils (P = 0.02 for C5a and P = 0.04 for LTBy, by t test).
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Fig. 4. Phosphorylation of Ser*”® (Akt1) and Ser*’* (Akt2) in fMLP-stimulated neutrophils. Neutrophils
isolated from p84~"~, p101™~, and p110y~"~ mice, as well as from their corresponding WT strains, were
left untreated or were treated with 10 uM fMLP for the indicated times. Samples were then analyzed by
Western blotting, and the relative amounts of Akt1-pSer?”® (left) and Akt2-pSer*”* (right) were determined
as described for Fig. 2. Data are means + SEM from nine experiments for WT cells and from three
experiments each for p84’/’, p101’/’, and p110y™~ cells. Application of a ratio-paired t test to the areas
under the curve between each genotype and its corresponding WT stain gave the following P values for
p110y™~: Akt1, P = 0.036; Akt2, P = 0.015.
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an important feature is that the phospho-
inositide substrates of PLCs are enriched
in stearoyl/arachidonoyl species; hence,
PLC activity generates DAG enriched in
those species (23). This means that stearoyl/
arachidonoyl-DAG, and not total DAG, is
the best measure of cellular PLC activity and
the likely activation of DAG sensors. Hence,
we addressed the question of whether PI3Ky
signaling regulates stearoyl/arachidonoyl-DAG
formation as a precursor to considering the
possibility that p84-PI3Ky and p101-PI3Ky
might differentially control neutrophil re-
sponses through their ability to selectively
control stearoyl/arachidonoyl-DAG accumu-
lation. We found that loss of p110y had no
marked effect on fMLP-stimulated stearoyl/
arachidonoyl-DAG production (fig. S2C).
Given that the phenotypes resulting from loss
of p84 or p101 are very likely to be a part of
the p110y ™" phenotype, we assumed it unlikely
that p84 and p101 might differentially con-
trol stearoyl/arachidonoyl-DAG production.

These data support the notion that p84-
and p101-containing PI3Ky complexes sup-
port PIP; accumulation, PI3Ky activation,
and Akt activation to similar extents. Fur-
thermore, other important intracellular signals
did not appear to be differentially regulated
by the PI3Ky regulatory subunits. These
data also showed that p84, similar to p101,
p110y, and the Ras-dependent activation of
PI3KYy, functions downstream of a number
of GPCRs on neutrophils and not just
fMLP receptors.

In contrast to p101, p84 has

no role in the regulation of
neutrophil migration either

in vitro or in vivo

Mouse neutrophils accumulate in the peri-
toneum after mice are injected with sterile
chemical irritants, and previous studies
showed that p110y and the Ras-dependent
activation of p110y and p101 are required for
this process (3—3, 21). We measured the ac-
cumulation of neutrophils in the peritoneum
after thioglycollate was injected into p84 "
and p101~ mice and their respective wild-
type controls. We found that the accumula-
tion of neutrophils in the peritoneum was
substantially reduced in p101~~ mice com-
pared to that in wild-type controls, consistent
with previous work (21), but not in p84 ™"
mice (Fig. 5A). A previous study indicated
that the accumulation of neutrophils in an
inflamed peritoneum requires p110y to be
present in bone marrow cells and endothe-
lial cells (24). We therefore investigated
whether this apparent lack of a role for
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Fig. 5. The migration of neutrophils in vivo depends on p101, but not p84. (A)
Thioglycollate was injected into the peritoneums of mice of the indicated geno-
types. As a negative control, some of the indicated mice were not injected. After
4.5 hours, the neutrophils that accumulated in the peritoneums of the injected and
control mice were collected and quantified. Data are expressed as a percentage
of the number of cells that accumulated in the peritoneums of thioglycollate-
injected WT mice. Data are means = SEM from four experiments for p84~'~ mice,
representing 16 mice each for WT and p84~~, and from four experiments for
p101‘/‘ mice, representing 15 mice each for WT and p101‘/‘. Application of a
ratio-paired t test to compare between each genotype and its corresponding
WT stain gave the following Pvalues: p84~'~, P= 0.3906; p101~/~, P = 0.0047.
(B) Lethally irradiated WT mice that had been reconstituted with bone marrow
(BM) cells from WT, p84~'~, or p101~~ mice, as indicated, were left uninjected
or were injected with thioglycollate, and the numbers of neutrophils that ac-
cumulated in the peritoneum were determined as described in (A). Data are
means + SEM from three experiments representing 12 mice for each of the
backgrounds. Application of a ratio-paired t test gave the following P values:
p84~'~ cells into WT, P = 0.5963; p101~~ cells into WT, P = 0.0016. (C) Bone
marrow cells (1 x 10°) from mice of the indicated genotype were loaded into
the upper chamber of a Transwell insert. Control buffer or 1 uM fMLP was
placed in the lower chamber. Migration was assessed by counting the numbers
of neutrophils that appeared in the lower chamber after 1 hour of incubation.
Data are expressed as a percentage of the number of WT neutrophils that mi-
grated to fMLP. Data are means + SEM from four experiments for each genotype.
Application of a ratio-paired t test to compare each genotype with its corre-
sponding WT strain gave the following P values: p84~"~, P = 0.7937; p1017~, P=
0.0219; p110y™~, P = 0.0383. *P < 0.05; **P < 0.01.

p84 in neutrophil accumulation during peritonitis was because an under-
lying role in bone marrow cells was masked by compensating roles for
p84 in other tissues that normally suppress the response. To do this, we
generated bone marrow chimeric mice by transferring stem cells from
p84™ or p101” mice or their wild-type controls into irradiated recipi-
ent p84 ", p101™", or wild-type control mice. We found that loss of p101,
but not p84, in the bone marrow cells alone, reduced neutrophil accumu-
lation in the peritoneum (Fig. 5B).

To further refine these observations, we measured the movement of
isolated neutrophils in two in vitro assays of migration. First, we used
Transwell filter assays, which measure chemokinesis and have been used
to show that p110y ™", p1017", and p110yPASAAPASAA pentrophils have
reduced chemokinetic responses to chemoattractants compared to those
of wild-type neutrophils (6, 21). Second, we used microscopic observa-
tion chambers with stable gradients of chemoattractants, which enabled
us to measure individual cell tracks and therefore the chemotactic effi-
ciency of migration. This latter assay has been used to demonstrate that
p110y is required for chemokinesis, but not for normal gradient-sensing
or chemotactic efficiency (6, 25). We found that p1017™~, p110y ™", and
pL10yPASAADASAA heutrophils, but not p84 "~ neutrophils, had reduced
chemokinetic responses in both assays (Figs. 5C and 6A) (21). Consist-
ent with previous work (6), the absence of p110y had no effect on
chemotactic efficiency, and furthermore, nor did the absence of p84 or
p101 or the expression of a Ras-insensitive variant of p110y (Fig. 6B).
These types of PI3Ky-sensitive defects in chemokinesis are associated
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with, and are thought to be caused by, reductions in the speed and extent
of chemoattractant-induced polarization of polymerized actin (F-actin)
(6). Consistent with this, p110y "~ neutrophils exhibit less efficient po-
larization of their F-actin in response to chemoattractants than do wild-
type neutrophils. We measured the polarization of F-actin in control and

chemoattractant-stimulated p847/ ~, plo1™, p110y™", and wild-type neu-
trophils and found that it was substantially reduced in p101” and p110y ™",
but not p847/ ~, neutrophils (Fig. 6C). Collectively, these results suggest that
p101 has a distinct, nonredundant role in PI3Ky-dependent chemokinesis
and cytoskeletal rearrangement.
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Fig. 6. Migration of neutrophils in vitro and polarization of F-actin depend on p101,
but not p84. (A) Neutrophils from mice of the indicated genotypes were loaded
on one side of an EZ-TAXIScan chamber, with 30 uM fMLP on the other side.
Migration was assessed by counting the number of neutrophils that had moved
a total accumulated distance of more than 25 um. Data are expressed as per-
centages of the numbers of WT cells that migrated. Data are means + SEM from
four experiments for each genotype. Application of a ratio-paired ¢ test to com-
pare between each genotype and its corresponding WT strain gave the following
P values: p84~"~, P = 0.7168; p1017~, P= 0.0369; p110y~"~, P= 0.0267; p110y°",
P =0.0295. (B) The individual tracks of neutrophils from the experiments presented
in (A) were analyzed to measure their migratory index: the distance from the origin/
the total distance travelled. None of the migratory indexes were statistically sig-
nificantly different from that of the WT control cells: P = 0.65, 0.13, 0.81, and 0.76
for p84~"~, p101™~, p110y™~, and p110yPASAAVPASAA ais respectively. (C) Neu-
trophils isolated from mice of the indicated genotypes were left unstimulated or
were stimulated with 5 uM fMLP for 1 min before F-actin was labeled with TRITC
(tetramethyl rhodamine isothiocyanate)-phalloidin. Data are expressed as a
percentage of the number of WT cells that had polymerized F-actin. Data are
means + SEM from three experiments for each genotype and represent a total of
at least 400 cells each. Application of a ratio-paired ttest to compare each geno-
type with its corresponding WT strain gave the following P values: P84~ P =
0.8305; p101™~, P=0.0051; p110y™~, P=0.0132. *P < 0.05; **P < 0.01.

p84, but not p101, has an important role in
chemoattractant-stimulated ROS formation
Chemoattractants stimulate isolated neutrophils to produce a burst of ROS
that is substantially diminished in the absence of p110y (3-5) or in cells
expressing p110yPASAAPASAA Lyt is unchanged by the absence of p101
(21). We measured ROS production in neutrophils stimulated by fMLP,
LTB,4, C5a, or the phorbol ester phorbol 12-myristate 13-acetate
(PMA). The results showed that loss of p84 or p110y or expression of
p110yPASAADASAA "t not loss of p101, reduced ROS formation to a
range of submaximal concentrations of fMLP (Fig. 7, A and B). Further-
more, p84~ neutrophils produced less ROS in response to C5a and LTB,
than did wild-type neutrophils (Fig. 7, C and D), whereas their ability to
produce ROS in response to phorbol esters was unchanged (Fig. 7E).
These results suggest that the loss of p84 did not reduce the capacity of
the neutrophils to produce ROS, that p84 functions downstream of a num-
ber of GPCRs on neutrophils, and that p84 has distinct, nonredundant
roles in the GPCR-dependent regulation of ROS formation. Although
the absence of p101 had no effect on the peak ROS response to fMLP,
it seemed to slow the kinetics of the response slightly without substantially
reducing the total amount of ROS formed over time (Fig. 7B). Perhaps this
was a consequence of the small increase in p84 abundance in neutrophils
in the absence of p101, which highlights the potential risks of overexpress-
ing PI3Ky subunits.

DISCUSSION

Thus far, there have been no genetic studies of the physiological or path-
ological functions of the endogenous p84 subunit; however, several studies
identified roles for p84. A role for p84, but not p101, in mast cell secre-
tory responses was defined by heterologously expressing p84, p101, or
p110y in cultured primary p110y”" mouse mast cells (26). Because
p101 is not found in mast cells, the relevance of this apparent selectivity

A EZ-TAXIScan - percentage of migrating cells
150

mWT
m p84T-

= p101--
< m p110y~-
3 m p110y°P
T 100
g
% : *
©
[0]
[®)]
S 50
c
[0}
o
[0}
o

0

30 pM fMLP

B EZ-TAXIScan - migratory index

150

mWT

-
o
o

Percentage of stimulated WT
<

LTOZ ‘TE Yo |\ uo /6o Bewsous 10s9Xi1s//:dy woJ) pepeojumoq

0
30 uM fMLP
(o8 Polarization of F-actin polymerization

150
mWT
m B4

p101--

m p110y™"

N
o
o

Percentage of stimulated WT
o
o

Unstimulated

5 uM fMLP

for p84 is not clear. Some evidence indicates that p84 can associate more
strongly than an equivalent p101 construct with heterologously expressed
phosphodiesterase-3B (PDE-3B) in human embryonic kidney cells (9),
suggesting that p84 may have a role in the PI3Ky-mediated regulation

of PDE and myocardial contractility (27). Finally, in contrast to p101,
p84 suppresses the growth of breast cancer—derived cell lines (28). Because
nontransformed human breast epithelial cells do not have any PI3Ky sub-
units, this finding may only be a pathophysiologically relevant observation.
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Fig. 7. The p110y-dependent production of ROS by mouse neutrophils is
dependent on p84, but not p101. (A) Unprimed neutrophils isolated from
p84~~, p1017~, p110y™~, and p110y®® mice, as well as from their cor-
responding WT strains, were stimulated with the indicated concentrations
of fMLP, and the amounts of ROS produced were quantified by chemi-
luminescence assay. WT represents an average of the response of neutro-
phils isolated from p84**, p101**, and p110y*"* mice. Data are expressed
as percentages of the response of neutrophils isolated from WT mice. Data
are means = SEM from six experiments for WT cells; four experiments each
for p84~"~, p101~~, and p110y™~ cells; and three experiments for p110y™"°
cells. Application of a ratio-paired t test to compare each genotype to its
corresponding WT strain gave the following P values: p84: 30 uM, P =
0.006; 10 uM, P =0.004; 3 uM, P = 0.022; 1 uM, P = 0.026; p101: 30 uM,
P=0.149; 10uM, P=0.257;3uM, P=0.552; 1 uM, P=0.815; p110y~: 30 uM,
P=0.002; 10 uM, P=0.0005; 3 uM, P=0.006; 1 uM, P=0.021; and p110y°P:
30 uM, P=0.0006; 10 uM, P=0.002; 3 uM, P=0.052; 1 uM, P=0.051. The

difference between p84~'~ neutrophils and either p110y™"~ or p110y°P neu-

trophils was statistically significantly different (p110y™~, P=0.002; p110y°"®,
P =0.003). (B) The rate of ROS formation by unprimed neutrophils isolated
from p84~"~ and p101~~ mice, as well as from their respective WT strains, was
measured in the same experiments presented in (A). Data are expressed
as the fold increase in ROS production compared to that of WT neutrophils at
t=0s. Data are means + SEM from five experiments for WT cells, four experi-
ments each for p84~~ and p101’/’ cells, and three experiments for p1 1OyD/D
cells. (C to E) Unprimed neutrophils isolated from WT (p84*+) and p84~"~ mice
were stimulated with the indicated concentrations of (C) C5a, (D) LTB,, and (E)
PMA, and the amounts of ROS produced were quantified by chemiluminescence
assay. Data are expressed as percentages of the response of neutrophils
isolated from WT mice. Data are means + SEM from five experiments each
for C5a and PMA and four experiments for LTB,4. Application of a ratio-paired
ttest gave the following Pvalues: C5a: 100 nM, P=0.002; 30 nM, P=0.272;
LTB4: 100 nM, P= 0.006; 50 nM, P=0.01. *P< 0.05; **P< 0.01; **P< 0.001.
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phosphorylation of p47P"* (47-kD protein
component of the phagocyte oxidase that
generates ROS) or other PIP; sensors, is
unresolved.

These results rule out two of the three
potential mechanisms that could explain
the PI3Ky-dependent regulation of ROS
formation (see Introduction), and show that
p84 and Ras activation and binding to
p110y, but not p101, are required. Forming
this conclusion appears to support the idea
that Ras-GTP activates only p84-PI3Ky.
However, the discrepancies between the phe-
notype of p110yPASAADASAA oy yressing
neutrophils and that of p84~~ neutrophils
suggest that this is an oversimplification.
The simplest explanation we can see for
these observations is that only those mole-
cules of PI3Ky that contain p84 and that
are activated by Ras-GTP provide the ap-
propriate signal to control ROS formation,
although Ras-GTP can also activate p101-
PI3Ky. This suggests that it is the PIP; that
is generated by the form of PI3Ky that is
activated by Ras-GTP and contains p84
that is crucial, and that the PIP; generated

Migration

by other PI3Ky complexes, even if similar
in abundance, is less important. This would
imply that stringent signal filtering is in
operation. Given the known properties of
the PIP; signaling system, it seems reason-

ROS
production

Fig. 8. Proposed model of PI3Ky-dependent neutrophil functions. After activation of a neutrophil GPCR, a
number of intracellular signals, in the forms of relevant changes in Ras, DAG, Gfy, and PIP3, are elicited.
These factors engage further signaling that leads to the emergence of ROS and migratory responses. p84-
containing PI3Ky complexes generate PIP3 in the context of other relevant signals, which is crucial for the
formation of ROS. p101-containing PI3Ky complexes generate PIP3 in the context of a distinct set of rele-
vant signals, which are important for migration. NADPH, reduced form of nicotinamide adenine dinu-

cleotide phosphate.

Mouse neutrophils have both p84 and p101. Our results suggest that
these subunits contribute almost equivalently to the production of PIP; and
the phosphorylation of Akt, but differentially to specific cell responses.
Because there was some increase in the abundance of one subunit when
the other subunit was lost, it is possible that our results represent under-
estimates of the true dependencies on p84 and p101. This question will be
partially clarified with the availability of a p101~ p84 " doubly deficient
mouse.

Our results suggest that p84 has distinct physiological roles in neutro-
phils, which cannot be supported by p101 (or indeed, by marginally in-
creased amounts of p101), in the pathway by which GPCRs control ROS
formation. This role is entirely consistent with the known roles of p110y,
and it is likely that the effect of loss of p84 on ROS formation is because
of its effects on PIP; accumulation in response to GPCRs. The identities
of the PIP;-binding proteins that regulate the neutrophil oxidase complex
after G protein activation remain unclear. The guanine nucleotide exchange
factors PRex1 and PRex2 and DOCK2 (dedicator of cytokinesis 2) and the
small guanosine triphosphatases (GTPases) RhoG, Racl, and Rac2 are
involved (29), but the scale of the role of Akt, possibly through the direct

able to speculate that it is the location of
the PIP; that is key.

There are a number of PIPz-independent
signals that are required in the pathway by
which GPCRs control ROS production,
such as the PLC-$2/B3—dependent activation
of Ca?*, DAG, and PKC signaling. These
additional signals have their own spatio-
temporal dynamics that must have physical
overlap with each other and relevant PIP;
signals to enable them to combine to control ROS formation. The activa-
tion of Ras in neutrophils is stimulated by the PLC-2/B3—stimulated gen-
eration of DAG. Thus, one could argue that the relevant part of the total
Ras-GTP signal is generated within a similar spatial signaling domain to
that in which the ROS-relevant DAG and PKC signals are formed. This
suggests that spatially defined coincidence detection is built into this cascade.
This form of filtering could ensure that PIP; generated by other PI3Ky
complexes that are subject to other distinct patterns of regulation, and that
might regulate other cell responses, would not affect ROS formation.

We do not know the nature of these proposed spatially restricted sig-
naling domains, containing Ras-GTP-p84-PI3Ky and perhaps PKCs, which
are key regulators of ROS formation by GPCRs. Work over the last decade
has begun to reveal that Ras-GTP signaling can be concentrated into na-
nodomains in the plasma membrane (and other membranes) of 10 to 80 nm
in scale that are very dynamic and transient in nature and are held together by
large numbers of low-affinity lipid-protein, lipid-lipid, and protein-protein
interactions (30). We would argue that these types of domains could po-
tentially explain our findings. It would not be possible to visualize these
types of domain with current fluorescent PIP; or DAG reporters through
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standard confocal fluorescence microscopy; however, there was a report
that in cultured, transfected mouse mast cells, a PIP; sensor showed a
difference in distribution when the cells were forced to express p101 as
compared to p84 (26).

This compartmentalized view of PI3Ky signaling suggests that do-
mains are assembled (or may self-assemble) that help to orchestrate the
coincident signals required to engage specific cell responses. Hence, al-
though PIP; is only one of the key signals, it is likely to be part of the
domains that control ROS formation. PIP3 probably accumulates in these
regions because it is generated by p84-containing PI3Ky molecules that
have been recruited to those sites by their regulators and Ras-GTP. We
propose that this PIP; is then detected by PIP; sensors and effectors (in-
cluding PRex1, PRex2, DOCK2, RhoG, Racl, and Rac2) that can only
work productively when present together in the correct context to enable
activation of the neutrophil oxidase complex (Fig. 8). In conclusion, our
findings, together with those of others, suggest that p84, p101, and Ras
function with other components of GPCR signaling pathways in neutro-
phils to enable apparently common signals to be filtered and resolved into
a potentially rich repertoire of discrete, cell response—tuned codes.

MATERIALS AND METHODS

Mice

A targeting vector for p84 (which is encoded by PIK3R6) had already
been generated by the European Conditional Mouse Mutagenesis Program
(EUCOMM) project and was provided by W. C. Skarnes (from the Wellcome
Trust Sanger Institute, UK) (37). The targeting vector consisted of two
homology arms, the 5’ arm comprising exon 3 and the 3’ arm comprising
exons 5 to 8 (fig. S1A). Exon 4 was flanked by two loxP sequences, and
its removal from the genome would generate a shift in the open reading
frame after splicing and an early termination of translation. The remaining
peptide, of limited length, does not contain any known important domain
and is likely to be degraded. The selection cassette was a promoterless
neomycin resistance cassette, enabling the endogenous promoter to drive
the expression of the resistance gene. The promoterless selection cassette
present in the EUCOMM vector was replaced by two elements present
in pACN (32): a neomycin resistance gene under the control of a PGK
(phosphoglycerate kinase) promoter and a self-excising Cre recombinase
cassette under the control of a testis-specific angiotensin-converting en-
zyme (tACE) promoter. Because both elements are flanked by /loxP sites
(fig. S1A), this construct enabled the cassette to be deleted in the testis of
the male chimeras, giving spontaneously heterozygous p84"”~ germline
cells (fig. S1B). The 5’ and 3’ probes were amplified by polymerase chain
reaction (PCR) with the primers 5’ probe forward, 5’ probe reverse, 3’
probe forward, and 3’ probe reverse (table S1), and they were used to de-
tect a 13-kb Bam HI fragment for the wild-type allele (fig. S1B). For the
targeted allele, a 6.4-kb Bam HI fragment was detected with the 5" probe,
and a 7.2-kb Bam HI fragment was detected with the 3’ probe. An internal
probe, NeoP, was used to assess the number of copies of the targeting
vector that had been incorporated into the genome. This probe was am-
plified by PCR with the primers NeoP forward and NeoP reverse (table S1).
In the case of a correct single insertion of the vector, a 1.6-kb fragment was
detectable with the NeoP probe (fig. S1B). Two of 10 cell clones, BH12 and
BD?9 (fig. S1B), were chosen to be expanded and injected into C57BL/6J-
Tyr“ (“white C57BL/6J”) embryos (fig. S1B) by the Gene Targeting Fa-
cility at the Babraham Institute. The p84 ' mice were viable and of normal
size with normal blood counts (Fig. 1C). We used this first generation of
p84~" mice and their p84™" littermates to set up breeding pairs and provide
us with sufficient p84 " and p84™* mice. The p84 " mice were fertile and

born at the expected Mendelian ratio. The p110y~ (3), p1017~ (21), and
pL10yPASAADASAA (5 1y mouse strains were described previously. For
each experiment, wild-type mice that were closely related to the experi-
mental strain were used as controls, unless otherwise stated. All mice used
in further experiments were between 8 and 12 weeks of age, unless stated
otherwise. Mouse strains were all housed in the Babraham small animal
unit at the Babraham Institute and were kept under specified pathogen—
free conditions. A PCR-based genotyping strategy using the primers
listed in table S1 was implemented to manage the breeding of the dif-
ferent strains.

Purification of primary mouse neutrophils for
ROS, Akt, and PIP; assays
To purify neutrophils from bone marrow, a discontinuous gradient of
Percoll (GE Healthcare) was used. A 90% stock was made with 1x HBSS
(Hanks’ balanced salt solution) made from 10x HBSS (Gibco, Life Technol-
ogies). The 1x HBSS was supplemented with NaHCO; (3.5 g/liter, Sigma).
Mice were culled by increasing concentrations of CO, and cervical
dislocation, and the hind femurs and tibias were removed and collected.
Once the muscle and the distal ends of the bones were removed, the
bone marrow was collected with a 21-gauge needle into HBSS without
Ca*" and Mg*" (Sigma) supplemented with 15 mM Hepes (1 M Hepes,
endotoxin-free, Sigma), 0.5% fatty acid—free bovine serum albumin (BSA,
Sigma), and 64 ml of doubly distilled water (ddH,O) (Gibco) per liter of
solution; this buffer will be called Wash Buffer. The bone marrow cells
were then resuspended in Wash Buffer, and any clumps were allowed to
resettle. The suspension of cells was then centrifuged once at 500g in
Wash Buffer, resuspended in 3 ml of Wash Buffer, and loaded onto a
Percoll gradient (4 ml of 55% Percoll overlaid on 6 ml of 62% Percoll)
and centrifuged at 1400g at room temperature for 30 min. The cells at
the interface were harvested and centrifuged at 500g in Wash Buffer at
room temperature. The cells were then resuspended in 5 ml of Gey’s so-
lution, which is a 7:2:0.5:0.5 mixture of ddH,O, Gey’s A (130 mM NH,CI,
5 mM KCl, 0.8 mM Na,HPO,, 0.176 mM KH,PO,, and 5.56 mM
glucose), Gey’s B (1.035 mM MgCl,-6H,0, 0.284 mM MgSO,4-7H,0,
and 1.53 mM CacCl,-2H,0), and Gey’s C (13.39 mM NaHCO;) for
5 min to eliminate red blood cells. The suspension was then washed
three more times. Cell purity was assessed by flow cytometry (forward
scatter and side scatter only) and was typically between 60 and 80%.
The total number of cells was counted on a hemocytometer, and the
final concentration of cells in Dulbecco’s phosphate-buffered saline (dPBS,
Sigma) containing Ca?* and Mg** (dPBS"") supplemented with 0.03%
NaHCOs; (Sigma) and 0.1% glucose (Sigma) was adjusted depending
on the assay.

Purification of mouse neutrophils for in vitro

EZ-TAXIS assays, Transwell assays, and

measurement of F-actin polymerization

Mice were culled, and the femurs and tibias were removed and collected in
ice-cold Wash Buffer as described earlier. The bone marrow was collected
with a 21-gauge needle into ice-cold Wash Buffer and then resuspended,
and the clumps were allowed to settle. The suspension of cells was then
centrifuged once at 500g in ice-cold Wash Buffer, resuspended in 20 ml of
ice-cold Wash Bulffer, loaded onto 10 ml of ice-cold 55% Percoll, and
centrifuged at 1400g at 4°C for 30 min. The cells at the surface of the
Percoll phase were discarded, and the cell suspension was centrifuged at
500g in Wash Buffer at 4°C. The cells were then resuspended in 5 ml of
ice-cold Gey’s solution for 5 min to eliminate red blood cells. The suspen-
sion was then washed once more in ice-cold Wash Buffer. Neutrophil pu-
rity was assessed by flow cytometry and was typically between 35 and
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45%. The total number of cells was counted on a hemocytometer, and
the final concentration of cells in ice-cold dPBS*™, 0.25% BSA, 15 mM
Hepes (supplemented with NaHCOj; and glucose) was adjusted to 3 x 10°
neutrophils/ml.

Western blotting analysis

SDS—polyacrylamide gel electrophoresis (SDS-PAGE) gels were made
with separating buffer [750 mM tris (pH 8.8), 0.2% SDS] and stacking buffer
[250 mM tris (pH 6.8), 0.2% SDS], acrylamide (Bio-Rad), ammonium per-
sulfate, and TEMED (tetramethylethylenediamine) (Bio-Rad). The mem-
branes were blocked in 5% milk (Marvel) in 1x tris-buffered saline [TBS;
tris (3 g/liter), NaCl (8 g/liter), KCI (2 g/liter), and AnalR] supplemented
with 0.1% Tween 20 (Sigma). Neutrophils (6.25 x 10° cells per sample)
were resuspended in 1% SDS-PAGE sample buffer, sonicated (three times
for 10 s each at room temperature), and loaded onto an SDS-PAGE acryl-
amide gel. The presence and relative quantities of the three class IB PI3K
subunits in neutrophils were assessed by Western blotting analysis with non-
commercial primary antibodies: rabbit anti-p84 (21), sheep anti-p101 (21),
and rabbit anti-p110y [Onyx Pharmaceuticals (27)]. These antibodies were
used in TBS (pH 8.0), supplemented with 0.1% Tween 20 and 4% milk,
and were detected with a horseradish peroxidase (HRP)—conjugated goat
anti-rabbit antibody for p84 and p110y (Bio-Rad) or an HRP-conjugated
rabbit anti-sheep antibody for p101 (Jackson ImmunoResearch Laboratories)
and visualized with ECL reagent (Amersham).

Analysis of the phosphorylation of Akt

Neutrophils (1 x 10° cells per sample) were stimulated with different agonists
for different times (as indicated in the figure legends) at 37°C. The sources
of agonists were as follows: fMLP (Sigma, no. F3506), C5a (Sigma, no. C5788),
LTB, (Biomol, Enzo Life Sciences, no. LB-004), and PMA (Sigma, no.
P8139). At an appropriate time, the cell suspensions at 37°C were diluted
in ice-cold PBS to stop the reaction, centrifuged, and resuspended in 1x
SDS-PAGE sample buffer. The samples were then sonicated (three times
for 10 s each at room temperature), resolved by SDS-PAGE, and analyzed
by Western blotting. Phosphorylation of Akt at Thr*®® and Ser*’® was as-
sessed with a mouse anti-Akt-pThr**® antibody (Cell Signaling/New England
Biolabs) and a rabbit anti-Akt-pSer*”* antibody (Cell Signaling) in TBS
(pH 8.0), 0.1% Tween 20, and 5% BSA. Rabbit antibody against p47°"*
was used to assess equal loading of lanes on each gel. Membranes were
then incubated with LI-COR specific secondary antibodies (Odyssey 800,
no. 926-32210, and Odyssey 680, no. 926-32221). The membranes were then
scanned by the LI-COR Odyssey membrane scanner and analyzed with
Odyssey software version 3.0.1.

PIP; and stearoyl/arachidonoyl-DAG assays by

mass spectrometry

After purification, neutrophils were resuspended in dPBS (2.50 x 10 cells
per sample in a total volume of 153 pl), stimulated with 10 pM fMLP (17 pl
ofa 100 uM fMLP solution) at 37°C for the times indicated in the legends,
and diluted in 750 pl of a 20:10:1 mixture of CHCl3/MeOH/0.01 M HCL
Phosphoinositide internal standards (C16- and C17-PL -PS, and -PIP;) were
added (100 ng per standard and per sample). The phases were then split by
adding 725 ul of CHCl; (Romil) and 70 pl of 2 M HCl, and the solution was
centrifuged for 3 min at 2000g. The lower phase was collected and washed
with 708 ul of a 3:48:47 mixture of CHCl;/MeOH/0.01 M HCI for 3 min at
2000g. The lower phase was then collected, and every trace of aqueous
solution was removed with a Gilson 200-pl air pipette. We then added 10 ul
of trimethylsilyl-diazomethane (Sigma) to each sample to rapidly and
completely methylate the phosphate groups of the inositol ring of the
phosphoinositides. After 10 min, glacial acetic acid (6 pl per sample)

was added to stop the reaction, and the solution was washed twice with
a 3:44:47 mixture of CHCl;/MeOH/H,O. The lower phase was collected,
and 100 ul of 90% MeOH was added before the sample was dried. The
drying was performed in a SpeedVac concentrator (Savant) for 45 min at
the lowest pressure at room temperature. The lipids were then resuspended
in 100 pl of 80% MeOH and analyzed by the lipidomics facility at the
Babraham Institute (33). Stearoyl/arachidonoyl-DAG was measured as
described previously (/7).

Measurement of free cytoplasmic Ca®* concentrations in
mouse neutrophils

We used a flow cytometry—based approach with Fluo3 AM and Fura Red
AM to measure the free Ca*>* concentration in the cytoplasm of isolated
mouse neutrophils in suspension, as described previously (34).

In vivo migration assays

Mice were injected intraperitoneally with 0.25 ml of 3% thioglycollate
(thioglycollate broth, Sigma) 4.5 hours before culling. Noninjected mice
were used as controls. Once the mice were culled, their peritoneums were
washed with a solution of PBS, 5 mM EDTA, and the collected cells were
counted with a Casy cell counter (Innovatis AG). The cell suspension was
labeled with fluorescein isothiocyanate (FITC)—conjugated anti-GR1 (anti—
granulocyte receptor 1) antibody (BD Pharmingen) and phycoerythrin-
conjugated anti-CD11b antibody (BD Pharmingen) to detect neutrophils
with a Fortessa flow cytometer, and the percentages of neutrophils in the
cell suspensions were calculated. The total number of peritoneal neutrophils
was finally calculated for each mouse and plotted as shown in the figures.

Reconstitution of recipient mice with bone marrow cells
The p84™", p84™", p101™", and p101™ recipient mice were subjected to y-
irradiation 24 hours before the injection process with two doses of 5 Gy,
which were separated by 3 hours. The p84 ", p84", p101**, and p101™7~
donor mice were culled, and their bone marrow was collected with a 21-
gauge needle into PBS, 10% fetal bovine serum (Bioclear) and filtered
through a 40-um cell strainer (BD Falcon). Once resuspended at a con-
centration of 5 x 107 cells/ml, 100 ul of the bone marrow suspension was
injected intravenously in the tail veins of the selected recipient mice with a
21-gauge needle. The injected mice then received drinking water containing
neomycin at a final concentration of 2 mg/ml for 2 weeks to minimize their
chances of becoming infected during the critical period of reconstitution.

Transwell assays

Bone marrow cells were collected into Transwell assay buffer [TAB: HBSS
with Ca®" and Mg*" (Sigma) containing 0.25% fatty acid—free, low-endotoxin
BSA and 14 mM Hepes—NaOH (pH 7.2)] at 37°C at a concentration of
5 x 10° cells/ml. These cell suspensions (200 ul) were added to the top
of a Transwell filter insert (polycarbonate, 3-um pore; Millipore) inserted
into a 24-well plate (Ultra-Low Attachment; Costar, Corning) containing
300 pul of TAB containing fMLP or vehicle. The plates were then transferred
to an incubator (37°C, atmospheric CO,, humidified). After 1 hour, the filter
inserts were discarded, and the medium in the lower chamber was removed,
retained, and replaced by 300 ul of Wash Buffer containing 5 mM EDTA.
After 30 min on ice, the buffer in each of the wells was removed and pooled.
A further 300 pl of Wash Buffer was rinsed through the wells and added to
the pools, which were made up to 1 ml with Wash Buffer. The cells recov-
ered from each of the wells were analyzed by flow cytometry, counting neu-
trophils through a gate defined by Grl1™ cells in the total bone marrow.
The total bone marrow preparation was stained for Gr1 (after incubation
in Fc block) with FITC-conjugated anti-GR1 antibody (0.125 mg/ml)
before being washed and analyzed by flow cytometry. This analysis
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was used to define a gate through which the number of neutrophils that
went into each upper chamber could be estimated and to quantify the
number of neutrophils that had migrated into the lower chamber.

In vitro chemotaxis EZ-TAXIS assays

To measure chemotaxis, we used the EZ-TAXIS chamber (35). Briefly, the
chamber is composed of a silicon chip clamped to a fibrinogen-coated glass
coverslip (Sigma, no. F8630) to form six compartments. Each of these
compartments has two wells into which the cells and agonists are added.
These wells are separated by a 300-um long and 5-um high bridge on
which the cells migrate. After filling the chamber with Migration Buffer
(dPBS"" supplemented with 0.1% fatty acid—free BSA and 15 mM
Hepes) and eliminating the air bubbles inside the unit, 2 pl of the cell
suspension (3 x 10° cells/ml) was added on one side of the bridge. To align
the cells against the bridge, 7 ul of buffer was removed from the agonist
side well. Once set, 1 pul of 30 uM fMLP was added to the agonist well with
a PB-600 repeating dispenser equipped with a 25 ul Hamilton syringe.

Measurement of F-actin polymerization

Mouse neutrophils were isolated at 4°C, suspended at 5 x 10° cells/ml in
Migration Buffer, and equilibrated for 2 min at 37°C. Per sample, 1 x 10°
cells were stimulated, for the indicated periods, with 10 uM fMLP and
then were fixed in an equal volume of 4% paraformaldehyde (to give a
final concentration of 2%) for 15 min at room temperature. Fixed cells were
diluted in an excess volume of Migration Buffer and centrifuged at 500g
for 4 min at room temperature, after which the supernatants were dis-
carded. Cells were resuspended in 1 ml of Migration Buffer and recentri-
fuged. Supernatants were discarded, and cells were resuspended in 200 pl
of staining buffer [Migration Buffer containing 1% Triton X-100 and
TRITC-phalloidin (50 ng/ml, Sigma)] and incubated for 15 min at room
temperature. Cells were then washed twice in Migration Buffer, suspended
in 200 pl of Migration Buffer, and imaged under wide-field epifluorescence
with an Olympus CellR microscope and a 60x objective.

Analysis of ROS production

After purification, neutrophils were resuspended in dPBS™ supple-
mented with 0.03% NaHCOs and 0.1% glucose at 6.25 x 10° cells/ml
and incubated with 300 uM luminol (Sigma) and HRP (55 U/ml, Sigma)
for 5 min at 37°C. Cells were then added to a prewarmed, polystyrene
96-well plate (Berthold Technologies) that contained varying concentra-
tions of agonists (as described in the figure legends), and measurement
was started immediately. Light emission was recorded by a Berthold
Microlumat Plus luminometer (Berthold Technologies).

Statistical analysis
The tests of statistical significance we applied are defined in the figure
legends.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/8/360/ra8/DC1

Fig. S1. Targeting of PIK3R6 and analysis of blood cell counts for p84~"~ mice.

Fig. S2. Ca®* and stearoyl/arachidonoyl-DAG signaling in mouse neutrophils.

Table S1. Primers used to generate probes for Southern blotting and for genotyping the
different mouse strains.
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