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Abstract
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Class I phosphoinositide 3-kinases (PI3Ks) catalyze production of the lipid messenger
phosphatidylinositol 3,4,5-trisphosphate (PIP3), which plays a central role in a complex signaling
network regulating cell growth, survival, and movement. This network is overactivated in cancer
and inflammation, and there is interest in determining the PI3K catalytic subunit (p110α, p110β,
p110γ, or p110δ) that should be targeted in different therapeutic contexts. Previous studies have
defined unique regulatory inputs for p110β, including direct interaction with Gβγ subunits, Rac,
and Rab5. We generated mice with knock-in mutations of p110β that selectively blocked the
interaction with Gβγ and investigated its contribution to the PI3K isoform dependency of receptor
tyrosine kinase (RTK) and G protein (heterotrimeric guanine nucleotide–binding protein)–coupled
receptor (GPCR) responses in primary macrophages and neutrophils. We discovered a unique role
for p110β in supporting synergistic PIP3 formation in response to the coactivation of macrophages
by macrophage colony-stimulating factor (M-CSF) and the complement protein C5a. In contrast,
we found partially redundant roles for p110α, p110β, and p110δ downstream of M-CSF alone and
a nonredundant role for p110γ downstream of C5a alone. This role for p110β completely
depended on direct interaction with Gβγ, suggesting that p110β transduces GPCR signals in the
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context of coincident activation by an RTK. The p110β-Gβγ interaction was also required for
neutrophils to generate reactive oxygen species in response to the Fcγ receptor–dependent
recognition of immune complexes and for their β2 integrin–mediated adhesion to fibrinogen or
poly-RGD+, directly implicating heterotrimeric G proteins in these two responses.

INTRODUCTION

Author Manuscript
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Class I phosphoinositide 3-kinases (PI3Ks) are a family of signaling enzymes that
synthesize the second messenger phosphatidylinositol 3,4,5-trisphosphate (PIP3) and are
involved in regulating an array of critical cellular functions, such as growth, proliferation,
and cell survival (1–3). PIP3 exerts its effects through the recruitment and activation of
various effector proteins by specific PIP3-binding domains, the best studied being the
pleckstrin homology domain, which is present in PDK1 (phosphoinositide-dependent
protein kinase 1), Akt1 and Akt2, P-Rex1 (PIP3-dependent rac exchanger 1), Grp1 (general
receptor for phosphoinositides 1), and BTK (Bruton’s tyrosine kinase) (4, 5). The class I
family of PI3K enzymes consists of three class Ia members, which are heterodimers
consisting of a p110 catalytic subunit (p110α, p110β, or p110δ) combined with one of a
shared group of “p85” regulatory subunits (p85α, its splice variants p50-and p55α, p85β, or
p55γ), whereas the single class Ib member, PI3Kγ, consists of a p110γ catalytic subunit
coupled to either a p101 or p84 regulatory protein (3, 6). The p110α and p110β subunits are
ubiquitously present, whereas p110δ and p110γ are most abundant in hematopoietic cells (7,
8). Class Ia PI3Ks are classically engaged downstream of the activation of receptor tyrosine
kinases (RTKs) through the direct binding of two Src homology 2 (SH2) domains in the p85
regulatory subunits with sequence-specific phosphorylated tyrosine residues
(phosphotyrosines) in the receptors or their adaptor proteins. PI3Kγ activation occurs
downstream of G protein (heterotrimeric guanine nucleotide–binding protein)–coupled
receptor (GPCR) signaling through the binding of Gβγ subunits to both p110γ and either of
the p101 or p84 regulatory subunits (1, 3, 6). Class I PI3Ks can be further regulated through
binding to the small guanosine triphosphatases of the Ras, Rho, and Rab families (1, 3, 9).

Author Manuscript

Whereas all class I PI3K family members produce PIP3, and class Ia members share high
sequence homology and similar domain structures, as well as a common pool of p55 and
p85 regulatory subunits, it is becoming increasingly clear that individual PI3K isoforms can
play distinct roles in both physiology and pathology (1, 3, 10–12). To some extent, the
selective involvement of p110γ and p110δ in cellular responses can be explained by their
possession of a unique regulatory subunit or differential tissue distribution, respectively, but
the ubiquitous p110α and p110β subunits can also play remarkably selective roles in cell
signaling. For example, p110α positively regulates angiogenesis, growth, and anabolic
metabolism, and it is a prevalent oncoprotein (13–15), whereas p110β is required for
efficient platelet activation (16, 17), osteoclast-mediated bone resorption (18), and
spermatogenesis (19, 20), and it drives tumorigenesis in cells lacking the phosphatase PTEN
(phosphatase and tensin homolog) (21, 22).
Detailed investigations of the molecular properties of p110α and p110β have revealed a
plausible mechanism by which mutation in the gene encoding p110α more commonly
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creates hyperactive proteins, but how p110α is selectively recruited by several RTKs,
particularly receptors for insulin-like growth factor 1 (IGF1), platelet-derived growth factor
(PDGF), and epidermal growth factor (EGF), is still unclear (23). In contrast, there has been
substantial progress in understanding how p110β might be selectively regulated. Gβγ
subunits bind to and activate p110β, and this interaction supports substantial, synergistic
activation of p110β-p85 dimers by Gβγ and phosphotyrosine peptides in vitro (24, 25). This
interaction has been suggested to drive the p110β-dependent activation of Akt in response to
GPCRs invarious model cell systems, including mouse embryonic fibroblasts (MEFs) and
primary macrophages (26–28). The Gβγ-binding site in p110β is localized to the C2-helical
domain linker, and point mutations (KK532/533DD) and a cell-permeable peptide inhibitor
have been defined that selectively disrupt this interaction (24). This work has confirmed that
direct binding between Gβγ and p110β is essential for the activation of p110β by GPCRs in
model cells and PTEN−/− tumor cell lines (24).

Author Manuscript
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Furthermore, the Ras-binding domain (RBD) of p110β preferentially binds to guanosine
triphosphate (GTP)–bound (active) Rac and Cdc42 proteins, whereas the RBD of p110α
selectively binds to GTP-bound Ras proteins (9). Knock-in mutations in the RBD of p110β
that disrupt its binding to Rac and Cdc42 (S205D/K224A) abolish the p110β-dependent
activation of Akt in response to GPCR stimulation in MEFs and ablate the contribution of
p110β to a mouse model of lung fibrosis (9). In MEFs, GPCRs stimulate guanine nucleotide
exchange on Rac through the Gβγ-dependent regulation of ELMO1-DOCK180 (engulfment
and cell motility 1/dedicator of cytokinesis 180), thus providing an alternative input by Gβγ
into the regulation of p110β (9). The helical domain of p110β selectively binds to Rab5, and
this interaction appears to be important for supporting both kinase-dependent and kinaseindependent roles for p110β in the control of endocytosis and the induction of autophagy
(29, 30).
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However, the extent to which the individual properties of p110β described earlier define
unique roles for PI3Kβ heterodimers in vivo is still unclear, particularly with respect to its
role as a direct transducer of GPCR signaling. We have attempted to better understand the
importance of Gβγ binding to p110β by generating a knock-in mouse strain in which this
interaction is selectively ablated (p110βKK526/527DD). We characterized the activation of
PI3K isoforms by GPCRs and RTKs in primary macrophages and neutrophils isolated from
these mice and compared them to cells isolated from mice with a defective p110β RBD
(p110βS205D/K224A) or lacking active p110δ (p110δD910A) or p110γ (p110γKO). We
assessed PI3K activity by measuring PIP3 directly, thus avoiding the potentially nonlinear
readouts from measuring effector responses further downstream in the signaling pathway
(for example, the phosphorylation of Akt). We found that stimulation of GPCRs alone
resulted in the predominant use of p110γ, but coincident stimulation of a GPCR and an RTK
resulted in the direct binding of Gβγ to p110β to drive a synergistic PIP3 response. These
conclusions were supported by measuring additional PI3K-dependent functions of
neutrophils, including the production of reactive oxygen species (ROS) in response to
immune complexes, a response that depends on the coincident activation of FcγRs and
BLT1 (31).
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RESULTS
Mice expressing a mutant p110β isoform that cannot bind to Gβγ were generated
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To investigate the importance of the direct binding of Gβγ to p110β in vivo, we generated
knock-in mice (termed β-Gβγ mice) with two point mutations (KK526/527DD) in the gene
encoding p110β that block this interaction (fig. S1) (24). These mutations affect neither the
activation of p85-p110β heterodimers by phosphotyrosine peptides in vitro nor the binding
of Rac, Cdc42, or Rab5 to p110β (24, 32). The β-Gβγ mice were generated with a selfdeleting tAceCre-PGK-EM7-Neo resistance cassette (for the detailed targeting strategy, see
fig. S1B and the Supplementary Materials), and correct targeting was confirmed by Southern
blotting analysis (fig. S2A). The presence of the correct mutations was confirmed by
polymerase chain reaction analysis and the sequencing of genomic DNA from mouse tissue
(fig. S2, B and C). The β-Gβγ mice were healthy and fertile and displayed no overt
phenotype. The abundance of p110β in bone marrow–derived macrophages (BMDMs) or
bone marrow neutrophils (BMNs) from these mice was unaffected by the introduction of
these point mutations (fig. S3). The β-Gβγ mice were used in experiments together with βRBD (RBD-deficient p110β; p110βS205D/K224A) (9), β-KO (p110β-deficient) (31), γ-KO
(p110γ-deficient) (33), and δ-KI (kinase-inactive p110δ; p110δD910A) (34) mice, as well as
with p110β-selective (TGX221) (17), p110δ-selective (IC87114) (35), and p110α-selective
(BYL719) (36) inhibitors to evaluate the contributions of individual PI3K isoforms to the
generation of PIP3 in response to receptor stimulation. We did not perform experiments with
α-KO (p110α-deficient) mice because they exhibit a block in early embryonic development
(13).
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The C5a-stimulated generation of PIP3 in macrophages is driven by p110γ, whereas the MCSF–stimulated generation of PIP3 is driven by a combination of p110α, p110β, and p110δ

Author Manuscript

Previous work showed that primary BMDMs exhibit substantial class I PI3K–dependent
signaling in response to stimulation by macrophage colony-stimulating factor (M-CSF),
which acts through the RTK CSF1R (c-fms), or by C5a, which acts through the GPCR
C5AR1 (also known as CD88) (28, 33, 37). We initially established the kinetics and scale of
PIP3 generation in response to these agonists (the “PIP3 response”) in BMDMs isolated
from wild-type mice. Stimulation of serum-starved primary BMDMs with a submaximal
dose of C5a (30 nM; fig. S4A) produced rapid and substantial accumulation of PIP3, which
was maximal between 15 and 30 s after stimulation (Fig. 1, A and B). Stimulation with an
analogous concentration of M-CSF (30 ng/ml; fig. S4B) generated slightly greater amounts
of PIP3 but with very similar kinetics (Fig. 1, C and D). The PIP3 responses to C5a and MCSF in BMDMs were therefore well matched and offered an excellent opportunity to assess
the relative roles of class I PI3K isoforms in mediating GPCR- and RTK-dependent
responses, singly and in combination, within the same cell. The amount of PIP3 generated in
response to C5a (after 30-s stimulation) in BMDMs lacking p110γ (γ-KO) was similar to
that found in unstimulated wild-type cells; however, neither the loss of p110β (β-KO) nor
the expression of a kinase-inactive p110δ (δ-KI) reduced the PIP3 responses of those cells
(Fig. 1B). These results suggest that p110γ plays a dominant, nonredundant role in the
generation of PIP3 in response to C5a. In contrast, no single class I PI3K isoform played a
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similarly dominant role in the generation of PIP3 in response to M-CSF (Fig. 1D), at least at
30 s.

Author Manuscript

To interrogate further the potential roles of class Ia PI3Ks in the PIP3 response to M-CSF,
we investigated the effect of inhibiting different combinations of isoforms. First, p110β and
p110δ were inhibited in experiments with a range of concentrations of TGX221 and both
wild-type and δ-KI BMDMs. TGX221 has predicted IC50 (median inhibitory concentration)
values for p110β and p110δ of 7 and 100 nM, respectively (17, 38). We also investigated the
effect of a single high concentration of the p110δ-selective inhibitor IC87114, which has a
predicted IC50 for p110δ of 500 nM (35, 38). Either pharmacological or genetic inhibition of
p110δ or a combination of the two inhibited the M-CSF–dependent generation of PIP3 by
~40% compared to that in wild-type cells treated with dimethyl sulfoxide (DMSO) (Fig.
1E). Inhibition of p110β by low concentrations of TGX221 (up to 40 nM) also reduced the
amount of PIP3 generated by ~40%, whereas combined inhibition of p110β and p110δ (by
treating δ-KI BMDMs with 40 nM TGX221) reduced the amount of PIP3 generated in
response to M-CSF by about 65% (Fig. 1E).
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Next, the effects of increasing concentrations of the p110α-specific inhibitor BYL719,
which has a predicted IC50 in cells of ~100 nM (39), were investigated in both wild-type and
δ-KI BMDMs pretreated with 40 nM TGX221 (Fig. 1F). Relatively low concentrations of
BYL719 resulted in a ~25% further reduction in the amount of PIP3 generated in response to
M-CSF in δ-KI BMDMs pretreated with TGX221, resulting in an overall inhibition of ~90%
(Fig. 1F). Together, these data suggest that all three class Ia PI3K isoforms (p110α, p110β,
and p110δ) are engaged downstream of the M-CSF receptor and play substantial roles in
supporting PIP3 production. Our best estimate of the individual relative contributions
suggests that each isoform plays a largely additive role (40% δ, 30% β, and 30% α), but
these estimates are subject to significant error. The larger effect of pharmacological versus
genetic inhibition of p110β is assumed to result from partial compensation for the loss of
p110β protein by other class Ia isoforms; that is, heterodimers containing either p110α or
p110δ can occupy more activating phosphotyrosines in the absence of p110β.
Coincident activation of macrophages by C5a and M-CSF results in a synergistic PIP3
response that requires Gβγ to bind to p110β
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Simultaneous stimulation of wild-type BMDMs with a combination of both C5a and M-CSF
resulted in a synergistic PIP3 response (Fig. 2A). The amount of PIP3 produced in response
to this combined stimulation was ~85% greater than that predicted by the sum of the
individual responses (costimulation/additive ratio; Fig. 2A, right). This synergistic PIP3
response was changed to an additive response by the loss of p110β but not by the loss of
p110γ or the expression of kinase-inactive p110δ (Fig. 2B). The lack of involvement of
p110γ in the synergistic PIP3 response to the combination of C5a and M-CSF was
particularly striking because there was no measurable PIP3 generated in response to C5a
alone in γ-KO BMDMs (Fig. 2B, left). The synergistic PIP3 response to coincident
stimulation by C5a and M-CSF was also reduced to an additive response in β-Gβγ BMDMs,
which essentially phenocopied β-KO cells (Fig. 2C). However, substantial synergy was still
seen in β-RBD macrophages (Fig. 2C). These results suggest that the direct binding of Gβγ
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to p110β is required for the p110β-dependent production of PIP3 in response to stimulation
by both C5a and M-CSF.
Both the C5a- and fMLP-stimulated generation of PIP3 in neutrophils require p110γ

Author Manuscript

We and others previously showed that p110γ plays a major role in neutrophil activation by
various Gi-coupled GPCRs (33, 38, 40–42). Here, we reevaluated the relative involvement of
p110β and p110γ in GPCR-dependent PIP3 generation elicited by either 100 nM C5a or 10
μM f MLP (N-formyl-Met-Leu-Phe). Both C5a and f MLP stimulated very rapid and
substantial generation of PIP3 by wild-type BMNs, with an initial maximal accumulation of
PIP3 at 10 s, whereas f MLP also induced a second peak at 60 s (Fig. 3, A and B). The
amount of PIP3 generated by wild-type BMNs in response to C5a was greater than that in
response to fMLP (about threefold different) and was greater than the amount of PIP3
generated by wild-type BMDMs in response to C5a (about sixfold), but the kinetics of PIP3
production were similar. The amount of PIP3 that accumulated in γ-KO BMNs in response
to either f MLP or C5a was reduced by ≥90% compared to that in wild-type BMNs (Fig. 3,
C and D). In contrast, the amounts of PIP3 generated by wild-type BMNs in response to
either fMLP or C5a were not statistically significantly affected by inhibition of p110β with
40 nM TGX221, nor were they substantially reduced in β-KO neutrophils (Fig. 3, C and D).
However, TGX221 reduced the mean amount of PIP3 generated in γ-KO cells in response to
either f MLP or C5a by ~5 to 10%, which suggests that p110β might make a very small
contribution to basal or GPCR-stimulated PIP3 formation. Consistent with the lack of a
major role for p110β in the PIP3 responses to C5a and f MLP, the PI3K-dependent formation
of ROS in response to these agonists was also unaffected by 40 nM TGX221 (fig. S5A).
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Both intact Gβγ- and Rac/Cdc42-binding domains are required to support p110βdependent neutrophil activation by FcγRs and β2 integrins
We previously described an essential role for p110β in the responses of mouse neutrophils to
immune complexes and adhesive surfaces (31). These ligands are recognized initially by
FcγRs and integrins, respectively, which then drive a highly cooperative and complex
sequence of “outside-in” and “inside-out” signaling events that regulate increased binding
avidity, spreading, granule secretion, and NADPH (reduced form of nicotinamide adenine
dinucleotide phosphate) oxidase (NOX)–dependent formation of ROS (43, 44). Furthermore,
other observations suggest that these two receptor systems share several common signaling
elements, including phosphorylation of the γ chain of FcRs (Fc receptors) by an Src family
kinase and the consequent recruitment and activation of Syk (45).

Author Manuscript

Our previous studies suggested that a paracrine loop involving the inflammatory mediator
leukotriene B4 (LTB4) and its GPCR BLT1 is required downstream of FcγRs for the
efficient activation of p110β and NOX (31). Therefore, we were interested in exploring the
potential involvement of the direct binding of Gβγ to p110β in this response. The addition
of wild-type BMNs to immobilized immunoglobulin G (IgG)–bovine serum albumin (BSA)
induced cell adhesion, spreading, and the production of ROS, which was maximal at around
10 min and was maintained for over 40 min (Fig. 4, A to E). Pharmacological (40 nM
TGX221) or genetic (β-KO) inhibition of p110β reduced each of these responses by about
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70% (Fig. 4, C to E), confirming a central role for p110β. Cell adhesion and the production
of ROS, and to a lesser extent cell spreading, were substantially reduced in β-Gβγ BMNs
compared to those in wild-type BMNs (Fig. 4, C to E). Substantial reductions in adhesion
and ROS formation were also seen with β-RBD BMNs (Fig. 4, C to E). The addition of 40
nM TGX221 still resulted in small reductions in the ROS responses of β-Gβγ and β-RBD
neutrophils (Fig. 4E), which suggests that preventing the direct binding of Gβγ, Rac, or
Cdc42 to p110β results in the substantial, but incomplete, elimination of the role of p110β in
this response.

Author Manuscript

We extended these observations by evaluating the role of p110β in the generation of ROS in
response to the FcγR-dependent phagocytosis of IgG-opsonized sheep red blood cells
(SRBCs) by BMNs primed with tumor necrosis factor–α (TNF-α) and granulocyte M-CSF
(GM-CSF) [nonprimed cells do not generate ROS in response to IgG-SRBCs (46)]. The
addition of wild-type BMNs to IgG-SRBCs elicited the generation of less but still a
substantial amount of ROS than did their addition to IgG-BSA, which was maximal at
around 7 min and lasted for more than 40 min (Fig. 4B). Similar to the IgG-BSA response
described earlier, production of ROS in response to the phagocytosis of IgG-SRBCs was
highly dependent on p110β activity, being reduced by 70% in β-KO BMNs or by the
addition of TGX221 towild-type BMNs (fig. S5B). The amounts of ROS produced in
response to IgG-SRBCs were also greatly reduced in β-Gβγ or β-RBD neutrophils (fig.
S5B), with 40 nM TGX221 reducing the response further only in β-Gβγ cells, which
suggests that the RBD plays a particularly important role in the regulation of p110β in this
context.
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Neutrophils also adhere, spread, and generate ROS in response to the engagement of β2
integrins with extracellular ligands (47), although the ROS response in our experiments did
not require BLT1 (fig. S6). Adhesion of BMNs to the physiological Mac1 ligand fibrinogen
(FGN) in the presence of the proinflammatory cytokine TNF-α (Fig. 4C) or onto the
synthetic multivalent integrin ligand poly–Arg-Gly-Asp+ (poly-RGD+) (Fig. 4C) was
largely unaffected by the inhibition of p110β. However, cell spreading and the production of
ROS in response to both stimuli were substantially reduced in either β-KO BMNs or
TGX221-treated wild-type BMNs (Fig. 4, D and E). Furthermore, ROS production and, to a
lesser extent, cell spreading were reduced in β-Gβγ BMNs compared to those in wild-type
BMNs (Fig. 4, D and E), whereas β-RBD BMNs displayed reduced ROS production but had
unaffected spreading (Fig. 4, D and E). As before, preincubation with 40 nM TGX221
elicited further small reductions in ROS generation by β-Gβγ and β-RBD BMNs; however,
this did not reach statistical significance (Fig. 4E).
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Together, these data suggest that both an intact RBD and the direct binding of Gβγ subunits
substantially contribute to the regulation of p110β in FcγR- and β2 integrin–mediated
signaling pathways in neutrophils. The extent to which p110β activity controls various
downstream elements, such as receptor clustering and activation, cytoskeletal rearrangement,
or oxidase activation, is difficult to discern; however, because the relationships between
these pathways are still incompletely understood. From our data, it appears that adhesion,
spreading, and ROS formation in response to IgG-BSA are similarly dependent on p110β;
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however, ROS formation in response to integrin engagement is much more dependent on
p110β than is cell adhesion.
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Ideally, we would have wished to measure PIP3 formation in response to these agonists as a
more direct readout of p110β activity. Unfortunately, the sizes of the PIP3 responses elicited
in response to TNF-α–FGN, IgG-BSA, or IgG-SRBCs were too small to measure with
enough precision to enable a useful dissection of potential regulatory inputs into p110β. This
is possibly because of the imprecise time at which the neutrophils first encountered the
stimuli in these types of assay. However, a statistically significant 50% increase in PIP3
abundance above that in unstimulated cells was measured 10 min after BMNs were plated
onto poly-RGD+ (Fig. 5), and this was similarly reduced in β-KO, β-Gβγ, and β-RBD
BMNs or upon the addition of 40 nM TGX221 to wild-type BMNs (Fig. 5). These data
suggest that the RBD and Gβγ binding are required for p110β stimulation in response to
integrin activation. Furthermore, the basal amounts of PIP3 in BMNs in suspension were
reduced further by the addition of the pan-PI3K inhibitor wortmannin (100 nM), which
suggests that they were generated throughalargelyp110β-independentroute (Fig. 5).

DISCUSSION

Author Manuscript
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There is steadily accumulating evidence of selective roles for p110β in individual cell
responses and animal physiology (1, 3, 32). p110β is also implicated in driving pathology,
such as thrombosis (48), lung fibrosis (9), autoimmune inflammation (18, 39), and cancer
(49). Thus, p110β has been suggested to be a potentially useful therapeutic target (31, 50,
51). There has been substantial progress in defining some of the molecular properties of
p85-p110β dimers that may enable p110β to play such selective roles (24, 30, 52), but the
extent to which they are individually or cooperatively responsible in a given context in vivo
remains uncertain. In particular, there is debate over the extent to which p110β is a direct
transducer of GPCR signals. p85-p110β heterodimers were initially characterized as
responding to direct activation by Gβγ subunits in vitro, though the extent of this activation
was modest in the absence of costimulation by tyrosine-phosphorylated peptides (24, 25).
Furthermore, pharmacological or genetic inhibition of p110β suggested that p85-p110β
plays a widespread role downstream of several GPCRs (for example, receptors for
lysophosphatidic acid, CXCL12, or sphingosine 1-phosphate) and acts redundantly with
p101-p110γ heterodimers in cells in which both heterodimers are present (for example, cells
of hematopoietic origin) (27, 28). In contrast, p110β is generally accepted to play a
confusingly minor role downstream of many RTKs, particularly those responding to growth
factors, such as PDGF, EGF, or insulin (27, 28, 53), the exception being in circumstances in
which p110α activity is low, for example, after p110α-selective pharmacological inhibition
(54, 55) or when p110α signaling is inhibited by a PTEN-PIP3–mediated negative feedback
loop (56). Furthermore, a study described an alternative, indirect route for the Gβγdependent activation of p110β through the Gβγ-dependent regulation of guanine nucleotide
exchange on Rac and the subsequent binding of GTP-Rac to the RBD of p110β (9).
The identification of the Gβγ-binding site on p110β enabled the generation of point mutants
(KK532/533DD) that selectively ablate the binding of Gβγ but have no effect on basal
p110β activity, its interaction with Rab5, or the activation of p85-p110β heterodimers by
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phosphotyrosine peptides (24). This enabled us to generate a knock-in mouse (β-Gβγ)
expressing a mutant p110β to which Gβγ binding was selectively blocked, which then
provided us with an opportunity to investigate the role of this interaction in vivo. The
abundance of p110β-KK526/527DD was normal (comparable to that of the protein in wildtype cells) in primary macrophages and neutrophils, and homozygous knock-in mice were
born at normal Mendelian ratios with no overt phenotype. This contrasts with the growth and
developmental defects seen in p110β KO or p110β kinase–inactive knock-in mice, which
indicates that the β-Gβγ mice retain some p110β function (26–28).
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We chose to assess the effect of the KK526/527DD mutation on the GPCR-stimulated
formation of PIP3 in macrophages and neutrophils, because these cells contain all four class
I PI3K isoforms and exhibit both GPCR and RTK-dependent PI3K signaling. We measured
the accumulation of PIP3 formation at early times as the most linear readout of class I PI3K
activity available. Individual stimulation of BMDMs by C5a or of BMNs by C5a or fMLP
resulted in the rapid synthesis of PIP3 in a manner that was almost entirely dependent on
p110γ and largely independent of p110β. Previous work suggested that the C5a-stimulated
phosphorylation of Akt in macrophages is substantially dependent on both p110β and p110γ
(28). At present, we have no explanation for the difference between these results and ours;
however, the primary role of p110γ downstream of GPCR signaling in neutrophils agrees
with most previous studies and concurs with the much more sensitive and potent Gβγdependent activation of p101-p110γ than of p85-p110β in vitro (24, 57, 58).
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In BMDMs, the generation of PIP3 in response to M-CSF enabled a direct comparison of the
involvement of different PI3K isoforms in similarly sized RTK and GPCR responses. The
M-CSF–stimulated generation of PIP3 at 30 s involved cooperation between all three class Ia
PI3Ks, with similar contributions from p110α, p110β, and p110δ. In principle, the widely
held assumption that class Ia p110 isoforms share a common pool of phosphotyrosinebinding regulatory subunits provides a natural mechanism for redundancy downstream of
RTKs, although previous work implied a predominant role for either p110α or p110δ in the
responses of macrophages to M-CSF (59–61). It seems likely that the explanation for these
apparently disparate results lies in the different assays, time scales, and cell preparations
used. It is also possible that the level of redundancy among class Ia isoforms has been
generally underestimated in the past because of the use of cellular preparations exhibiting
widely differing relative amounts of p110 isoforms, poor quantitation of class I PI3K
activity, or both.

Author Manuscript

Coincident stimulation of BMDMs by C5a and M-CSF resulted in the synergistic production
of PIP3 in amounts that were about twice those that were expected on the basis of a purely
additive effect. Furthermore, loss of p110β selectively removed this synergistic component
of the response, whereas inhibition of p110α, p110γ, or p110δ had no effect on the degree
of synergy. In addition, β-Gβγ macrophages also failed to support the synergistic production
of PIP3 in response to C5a and M-CSF, which suggests that this role for p110β is entirely
dependent on its direct interaction with Gβγ. The role of the RBD in regulating p110β
activity in these responses was less clear; the mean amount of PIP3 produced by β-RBD
BMNs in response to both C5a and M-CSF was ~20% less than that produced by wild-type
BMNs, but this did not reach statistical significance.
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These results suggest that PI3Kβ does indeed have a direct role in transducing GPCR signals
but only in the context of parallel activation of an RTK. Thus, Gβγ binding to a p85-p110β
heterodimer alone is insufficient to elicit substantial PIP3 production; however, in the
context of simultaneous p85-phosphotyrosine docking (as occurs during parallel RTK
activation), the binding of Gβγ to p110β supports additional PI3Kβ activation, giving rise to
a synergistic increase in PIP3 formation. These conclusions align closely with studies
describing the direct and synergistic activation of p85-p110β heterodimers by Gβγ subunits
and phosphotyrosine peptides in vitro, and also our current mechanistic understanding of
how Gβγ and phosphotyrosine docking might cause enzyme activation (by increasing
membrane dwell time and allosteric activation, respectively) (6, 24, 49).

Author Manuscript
Author Manuscript

We sought to extend our understanding of the role of Gβγ in the regulation of p110β by
investigating ROS production in BMNs in response to several stimuli. We and others
previously established that the stimulation of mouse neutrophils with C5a and fMLP results
in the rapid and transient production of ROS, which is dependent on p110γ (38). We also
described a role for p110β in the more slowly developing and sustained production of ROS
in response to FcγR-mediated recognition of immune complexes and β2 integrin–mediated
adhesion (31). Here, we confirmed that BMN ROS responses to immobilized IgG-BSA or
adhesion to FGN or poly-RGD+ are all dependent on p110β activity. Furthermore, we
extended our studies to demonstrate that ROS generation in response to the FcγR-mediated
phagocytosis of IgG-opsonized SRBCs was also highly dependent on p110β, implicating
p110β activity in an important role downstream of the activation of FcγR and supporting
previous observations that proposed a common mechanism used by both FcγR and integrins
to activate NOX2 in neutrophils. ROS responses to IgG-BSA, adhesion, or IgG-SRBCs were
also substantially reduced in β-Gβγ and β-RBD BMNs compared to those in wild-type
BMNs. The relative scale of these reductions compared to those seen in β-KO cells and the
extent of additional TGX221-dependent inhibition suggest that both direct Gβγ binding to
p110β and input through the RBD play important and cooperative roles in p110β regulation.
The input through the RBD is most important in ROS production in response to IgG-SRBCs
and poly-RGD+, and this may correlate with the central role that GTP-Rac plays in these
responses (62).

Author Manuscript

These results indicate that Gβγ subunits are involved in the activation of p110β downstream
of FcγRs and β2 integrins, which directly implicates GPCRs in these responses. BLT1, the
GPCR for LTB4, has been suggested to play a role in FcγR-mediated phagocytosis by
macrophages (63) and in ROS production by neutrophils in response to immobilized
immune complexes (31). Neutrophils can generate substantial amounts of LTB4 in response
to FcγR activation, and thus, there is the potential to set up a paracrine loop in vitro that
involves coincident signaling through GPCR and tyrosine kinase signaling; FcγRs initiate
signaling through non-RTKs of the Src and Syk families (64). However, BLT1 did not
appear to be involved in the generation of ROS in response to β2 integrin stimulation (fig.
S6), which suggests that GPCR signaling plays a previously uncharacterized role in these
responses.
Our results suggest that the direct binding of Gβγ subunits to p110β cooperates with the
binding of Rac and Cdc42 to the p110β-RBD and also the binding of the p85 SH2 domain to
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phosphotyrosines to enable p85-p110β to play a unique role downstream of coincident
GPCR and RTK signaling. However, the extent to which the interaction with Gβγ can
operate independently of the other regulatory inputs to transduce isolated GPCR signals (for
example, in the absence of the more dominant p101-p110γ isoform) is still difficult to
assess. No mutations in p110β have yet been defined that selectively ablate allosteric
activation through SH2-phosphotyrosine docking, and almost all cells in their “basal” state
probably receive survival signals through low-level, phosphotyrosine-mediated activation of
class I PI3Ks, for example, through integrin-mediated adhesion (65). Nevertheless, with or
without coincident RTK signaling, there is a clear case for searching for previously
uncharacterized GPCR inputs where p110β plays a major role in physiology or pathology.

MATERIALS AND METHODS
Author Manuscript

Reagents

Author Manuscript

Bovine FGN, poly-RGD+, fMLP, luminol, TMS-diazomethane, wortmannin, fatty acid–free
BSA, and HRP were from Sigma-Aldrich. Murine GM-CSF and M-CSF were from
PeproTech, whereas murine TNF-α and recombinant human C5a were from R&D Systems.
SRBCs in Alsever’s were from TCS Biosciences. Hanks’ balanced salt solution and
Dulbecco’s phosphate-buffered saline (dPBS) with Ca2+ and Mg2+ were from Sigma. The
isoform-selective PI3K inhibitors IC87114 and TGX221 were from Calbiochem, whereas
BYL719 was from Active Biochem. All tissue culture products were from Invitrogen. All
buffer components were from Sigma-Aldrich and were endotoxin-free or low-endotoxin, as
available. Internal standards for lipid analysis, 1-heptadecanoyl-2-hexadecanoyl-snglycero-3-(phosphoinositol 3,4,5-trisphosphate) (C17:0/C16:0-PIP3, as a hepta sodium salt),
and C17:0/C16:0-PI were synthesized at the Babraham Institute. All chemicals and solutions
were of analytical reagent grade.
Mouse strains
Mice lacking p110γ (γ-KO) (33) or p110β (β-KO) (31) and mice expressing a kinaseinactive p110δ (δ-KI, p110δ-D910A) (34) or point mutations in the RBD of p110β (βRBD; Jackson Laboratory, JAX strain 025930) (9) have been previously described. We
generated knock-in mice expressing a point-mutated PI3Kβ that is deficient in binding to
Gβγ dimers (described below and in the Supplementary Materials). In all experiments, mice
were compared with appropriate age- and strain-matched wild-type controls. Mice were
housed in the Biological Support Unit at the Babraham Institute under specific pathogen–
free conditions. All work was performed under Home Office Project license PPL 70/8100.

Author Manuscript

Generation of knock-in mice expressing Gβγ-insensitive p110β
The amino acid residues that bind to and enable activation of p110β by Gβγ dimers, K532
and K533, have previously been identified in the human sequence (24). Through sequence
alignment of human and mouse p110β, we identified K526 and K527 as the corresponding
residues in mouse p110β (fig. S1A). The Pik3cbKK526,527DD targeting construct was
generated with a recombineering-based methodology as previously described (66). This
method uses the homologous recombination functions of the λ phage Red genes to subclone
and retrieve DNA from bacterial artificial chromosomes into higher-copy plasmids and
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enables insertions, mutations, or deletions to be made in the retrieved gene of interest. For
full details about generation of the targeting construct and resultant knock-in mice
expressing Gβγ-insensitive p110β, see the Supplementary Materials.
Preparation and stimulation of BMDMs

Author Manuscript

BMDMs were prepared essentially as previously described (60). Briefly, flushed bone
marrow was resuspended in complete medium [RPMI 1640 medium containing L-glutamine
supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS), 1% penicillin and
streptomycin, 1 mM sodium pyruvate, 1% nonessential amino acids, 0.5 μM βmercaptoethanol, and M-CSF (20 ng/ml)]. Cells were distributed to 10-cm2 tissue culture
plates (10 × 106 cells per plate) and cultured for 72 hours at 37°C, 5% CO2. BMDMs
(nonadherent cells) were harvested and stored frozen in 90% HI-FBS and 10% DMSO under
liquid nitrogen until use. Before experiments were performed, BMDMs were thawed and
grown in complete medium on nontissue culture dishes (1.2 × 106 cells per dish) for a
further 3 days before detaching (with versene) and replating on 10-cm2 tissue culture dishes
(at 1.2 × 106 cells per dish). Flow cytometric analysis of cells (to detect CD11b and F4/80)
revealed that >95% of the cells were macrophages. Before stimulation, the BMDMs were
starved overnight in medium in the absence of HI-FBS and M-CSF. Where indicated in the
figure legends, cells were pretreated with inhibitors (for 10 min at 37°C, 5% CO2) before
being stimulated for the times indicated in the figure legends (at 37°C, 5% CO2). Reactions
were terminated by aspiration of the buffer and the addition of 1 ml of ice-cold 1 M HCl.
Adherent cells, on ice, were harvested by scraping and transferred to 2-ml safe-lock
Eppendorf tubes on ice for centrifugation at 15,000g at 4°C and removal of the supernatant.
At this point, cell pellets could be snap-frozen in liquid nitrogen and stored at −80°C before
proceeding with lipid extraction.

Author Manuscript

Preparation of BMNs

Author Manuscript

For ROS assays and soluble agonist lipid analysis, mature mouse neutrophils were isolated
from bone marrow at room temperature on a discontinuous Percoll+ gradient as described
previously (38). Purity was determined by cytospin and Reastain QUICK-DIFF (Reagena)
staining, and preparations were at least 70 to 85% pure. After washing, BMNs were
resuspended in dPBS with Ca2+ and Mg2+, glucose (1 g/liter), and 4 mM sodium
bicarbonate (dPBS+). For phospholipid analysis of adherent cells, BMNs were prepared at
4°C as described previously (67). Cells (60 to 80% pure, as assessed by cytospin) were
resuspended at 5 × 106 cells/ml in dPBS+ in the presence of 0.05% endotoxin and
essentially fatty acid–free BSA (dPBS++). Cell suspensions were allowed to equilibrate for
5 min at room temperature and then for 10 min at 37°C in the presence or absence of 40 nM
TGX221, 100 nM wortmannin, or DMSO (vehicle control), as indicated, before adhesion.
Preparation of adhesive surfaces
Immune complexes were immobilized by coating luminometer plate wells (Berthold
Technologies; for ROS assays) or glass coverslips (for adhesion assays) overnight at 4°C
with PBS containing endotoxin-free and essentially fatty acid–free BSA (100 μg/ml). After
washing in PBS, wells or coverslips were blocked with 1% fat-free milk in PBS for 1 hour at
room temperature. After further washing, immune complexes were formed by the addition
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of a 1:10,000 dilution of monoclonal anti-BSA antibody (Sigma, B2901) in dPBS+ for 1
hour at room temperature, followed by washing to remove unbound antibodies. Bovine FGN
(150 μg/ml) was adsorbed onto luminometer wells (for ROS assays) or coverslips (for
adhesion assays) overnight at 4°C, and surfaces were washed with dPBS before assays were
performed. BMNs were preincubated with murine TNF-α (20 ng/ml) for 10 min at 37°C in
the absence or presence of inhibitor before being added to FGN-coated surfaces. Poly-RGD
+ in dPBS+ was adsorbed onto luminometer plates (at 20 μg/ml for ROS assays) or glass
coverslips (at 20 μg/ml for adhesion assays or at 100 μg/ml for phospholipid analysis) for 3
hours at room temperature and were washed with dPBS+ before the BMNs were added.
Preparation of IgG-opsonized SRBCs

Author Manuscript

IgG-opsonized SRBCs were prepared for ROS assays as previously described (46). Briefly,
10 μl of SRBCs in Alsever’s (TCS Biosciences) was washed, centrifuged at 1500g for 4 min,
and resuspended in 1 ml of dPBS++. SRBCs were opsonized with a 1:1000 dilution of IgG
anti-SRBC (rabbit, MP Biomedicals), rotating end over end at room temperature for 20 min.
SRBCs were then washed twice and resuspended in 800 μl of dPBS++.
Measurement of ROS production

Author Manuscript

Rate kinetics of ROS production were measured by chemiluminescence with a luminolbased assay in polystyrene 96-well plates (Berthold Technologies) as described previously
(68). Cells (0.5 × 106) were incubated with 150 μM luminol and HRP (18.75 U/ml) for 10
min at 37°C in the presence or absence of 40 nM TGX221 (or DMSO vehicle control,
0.05%) as indicated in the figure legends. BMNs were added manually to wells precoated
with FGN (150 μg/ml), poly-RGD+ (20 μg/ml), or immobilized immune complexes
(1:10,000 anti-BSA), which were prepared as described earlier. For IgG-opsonized SRBCgenerated ROS assays, BMNs were primed for 1 hour at 37°C in the presence of mouse
TNF-α (1000 U/ml) and GM-CSF (100 ng/ml). For all assays, measurements were started
immediately, and light emission was recorded by a Berthold MicroLumat Plus luminometer
(Berthold Technologies). Data output was in RLUs per second or total RLUs integrated over
the indicated measured time periods.
BMN adhesion and spreading assays

Author Manuscript

BMNs (0.5 × 106 cells for poly-RGD+ and IgG-BSA; 1 × 106 cells for FGN) from wildtype, p110β Gβγ–insensitive (β-Gβγ), p110β RBD–insensitive (β-RBD), or p110β
knockout (β-KO) mice were applied in duplicate to 15-mm glass coverslips in 24-well tissue
culture plates pre-coated with poly-RGD+ (20 μg/ml), IgG-BSA (1:10,000 anti-BSA), or
FGN (150 μg/ml), as described earlier, after a 10-min pretreatment at 37°C with 40 nM
TGX221 or DMSO vehicle. Cells were incubated at 37°C for 20 min, nonadherent cells
were aspirated, and adherent cells were fixed in 3.7% paraformaldehyde in dPBS (pH 7.4)
for 15 min at room temperature. After being washed three times in dPBS, the coverslips
were rinsed in MilliQ double-distilled water before being mounted on glass microslides with
Aqua-Poly/Mount antifading solution (Polysciences). Cells were visualized on wide field by
differential interference contrast, and images were captured with a Nikon Ti-E Live Cell
Imager inverted microscope with an integrated camera, using a 20× objective lens. Images
were analyzed for cell adhesion and spreading in Fiji X64 for 10 to 15 (poly-RGD+), 15 to
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20 (IgG-BSA), or 25 to 30 (FGN) random fields of view per coverslip, selecting for cell size
and cell brightness.
BMN adhesion assays: Preparation for lipid analysis

Author Manuscript

Isolated BMNs (1 × 106 cells in 200 μl) were added at 37°C to 32-mm glass coverslips
within 35-mm culture dishes precoated with poly-RGD+, as described earlier, containing
800 μl of dPBS++ (in the presence of 40 nM TGX221, 100 nM wortmannin, or 0.05%
DMSO as required) and were allowed to adhere for 10 min at 37°C. Reactions were
terminated by aspirating the buffer, adding 0.5 ml of ice-cold 1 M HCl, and placing the
dishes on ice. Adherent cells were scraped from coverslips and transferred to 2-ml safe-lock
Eppendorf tubes on ice. For suspension controls, 1 × 106 BMNs were incubated at 37°C for
10 min in the absence or presence of 40 nM TGX221, 100 nM wortmannin, or 0.05%
DMSO as required. Reactions were stopped by the addition of 1.5 ml of ice-cold 1 M HCl,
and the tubes were placed on ice. Cells from adhesion and suspension samples were pelleted
by centrifugation (18,000g for 10 min at 4°C), and the supernatant was removed. Cells
pellets were then processed for lipid analysis.
Lipid analysis

Author Manuscript
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BMN cell pellets from adhesion assays or BMDM cell pellets prepared as described earlier
were resuspended in 920 μl of primary extraction solution [CHCl3/MeOH/1 M HCl
(484/242/23.22)/H2O, 750:170 (v/v)]. The internal standards C17:0/C16:0-PI (100 ng) and
C17:0/C16:0-PIP3 (10 ng) were added to the initial extract resuspensions. The lipids were
extracted and derivatized with trimethylsilyl-diazomethane, and PIP3 and PI were analyzed
by MS, using neutral loss of derivatized head groups with an AB Sciex QTRAP 4000
connected to a Waters Acquity UPLC system as described by Clark et al. (69), with the
exception that final samples were dried in a rotary SpeedVac evaporator rather than under
nitrogen. For lipid measurements in BMNs exposed to soluble agonists, 0.5 × 106 BMNs in
150 μlwere equilibrated to 37°C for 3 min before stimulation at 37°C with 10 μM fMLP or
100 nM C5a for the times indicated in the figure legends. Where indicated in the figure
legends, BMNs were preincubated for 10 min at 37°C with 40 nM TGX221 or 0.05%
DMSO before being stimulated. Reactions were terminated by the addition of 750 μl of icecold CHCl3/MeOH/1 M HCl (484/242/23.22), and samples were placed on ice until
extraction (which occurred within 10 min). C17:0/C16:0-PIP3 and C17:0/C16:0-PI internal
standards were added, and the samples were processed as described earlier. Data were
generated as response ratios, calculated by normalizing the multiple reaction monitoring–
targeted, lipid-integrated response area to that of a known amount of relevant internal
standard. Where indicated, PIP3 amounts were divided by PI amounts to correct for any cell
input variability between experiments and are presented as nominal PIP3/PI ratios. For the
BMDM PIP3 data presented in Fig. 2, for each separate experiment, the “additive response”
was calculated by adding the individual C5a-mediated PIP3 response above control (control
being the amount of PIP3 in unstimulated cells) to the individual M-CSF–mediated response
above control, whereas the “costimulation response” represents the actual response to both
agonists added simultaneously (C5a and M-CSF) above control (that is, a single subtraction
for the amount of PIP3 in unstimulated cells was performed). A ratio of costimulation
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response divided by the additive response was then calculated for each separate experiment,
and the collected data were subjected to statistical analysis.
Statistics
Data are means ± SEM of at least three experiments performed with at least duplicate
samples (unless otherwise indicated). BMNs and BMDMs were isolated from at least two
pooled mice of each genotype for each experiment. One-way ANOVA followed by HolmSidak post hoc tests were performed on all BMN data (PIP3 and ROS) and for BMDM PIP3
responses, except for the use of ratio paired t tests with Holm-Sidak post hoc test to compare
costimulation and additive PIP3 responses to C5a and M-CSF. For each test, *P < 0.05, **P
< 0.01, ***P < 0.005, and ****P < 0.0001.

Supplementary Material
Author Manuscript

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Characterization of RTK- and GPCR-driven PIP3 responses in BMDMs: Roles of class I
PI3Ks

Author Manuscript

(A to D) Serum-starved BMDMs (1.2 × 106 cells) from wild-type (WT) mice were
stimulated with 30 nM C5a (A) or M-CSF (30 ng/ml) (C) for the indicated times, whereas
BMDMs (1.2 × 106) from WT (closed bars), β-KO (open bars), δ-KI (dark gray bars), or γKO (light gray bars) mice were serum-starved overnight before being stimulated for 30 s
with either 30 nM C5a (B) or M-CSF (30 ng/ml) (D) or vehicle control (B and D). Where
indicated (hatched bars, D), the p110α-selective inhibitor BYL719 (1 μM final) was added
to WT BMDMs 5 min before the cells were stimulated. (E) BMDMs (1.2 × 106 cells) from
WT or δ-KI mice were serum-starved and incubated with the indicated concentrations of
TGX221 (WT, black diamonds; δ-KI, black squares) or 1 μM IC87114 (WT, gray diamonds;
δ-KI, gray squares) for 5 min before being stimulated for 30 s with M-CSF (30 ng/ml). As a
control, WT BMDMs were also left unstimulated (gray triangle). (F) BMDMs (1.2 × 106
cells) from WT (black diamonds) or δ-KI (black squares) mice were serum-starved and
incubated with vehicle (WT) or 1 μM IC87114 (δ-KI) and the indicated concentrations of
BYL719 for 5 min before being stimulated for 30 s with M-CSF (30 ng/ml). As a control,
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WT BMDMs were also left unstimulated (gray triangle). (A to F) Reactions were quenched,
lipids were extracted, and the amounts of PIP3 and PI were quantitated by mass
spectrometry ( MS) as described in Materials and Methods. Data are means ± SEM of at
least three experiments, each performed in duplicate [except for the WT control in (E),
where n = 1], and are expressed as the ratio of the abundance of PIP3 to that of PI (PIP3/PI)
to account for any variations in cell input. The following statistical analyses were performed.
(B) For the comparisons shown: NS, not significant; *P < 0.05, **P < 0.01, by one-way
analysis of variance (ANOVA) with Holm-Sidak post hoc test. (E) For M-CSF + 0 nM
TGX221 versus M-CSF + IC87114, P = 0.0156 (WT), P = 0.7417 (δ-KI); for M-CSF
+ 0nMTGX221 versus M-CSF + TGX221, P <0.05 (WT), P < 0.05 (δ-KI), by ratio paired t
test with Holm-Sidak correction for multiple comparisons and independent t test. (F) For
comparison to the 0 μM BYL719 control, *P < 0.05, **P < 0.01, and ***P < 0.005 by
repeated-measures ANOVA with Holm-Sidak post hoc test, with Holm-Sidak correction for
multiple comparisons.
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Fig. 2. Synergistic PIP3 production by BMDMs in response to costimulation of RTKs and
GPCRs is dependent on p110β and requires binding to Gβγ proteins
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(A) Left: BMDMs (1.2 × 106 cells) from WT mice were serum-starved overnight before
being stimulated for 30 s with 30 nM C5a or M-CSF (30 ng/ml) alone or in combination, as
indicated. PIP3 was quantified by MS as described for Fig. 1. Data are means ± SEM of at
least 10 experiments, each performed in duplicate, and are expressed as a percentage of the
response to M-CSF. Right: Ratios for costimulation (the PIP3 response to simultaneous
addition of C5a and M-CSF) divided by additive (the sum of the individual PIP3 responses
to C5a and M-CSF) for the same experiments were calculated as described in Materials and
Methods. (B) Left: WT (closed bars), β-KO (open bars), δ-KI (dark gray bars), and γ-KO
(light gray bars) BMDMs (1.2 × 106) were left unstimulated (control) or were stimulated
with the indicated agonists, and PIP3/PI ratios were quantitated as described in (A). Data are
means ± SEM of at least three experiments, each performed in duplicate, and are expressed
as a percentage of the PIP3 abundance of WT macrophages in response to M-CSF. Data for
the unstimulated and singly stimulated cells include data from the experiments shown in (A)
and Fig. 1(B and D). Right: Ratios (costimulation/additive) for the same experiments were
calculated as described in (A). (C) Left: BMDMs from WT (closed bars), β-RBD (hatched
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bars), β-Gβγ (striped bars), and β-KO (open bars) mice were prepared and treated as
described in (A). Data are means ± SEM of at least three experiments, each performed in
duplicate, and are expressed as a percentage of the response of WT cells to M-CSF.
Right:Ratios (costimulation/additive) for the same experiments were calculated as described
in (A). *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.0001 by ratio paired t test (A,
right) with Holm-Sidak correction for multiple comparisons (B and C, right).
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Fig. 3. PIP3 generation in BMNs in response to the GPCR agonists f MLP and C5a requires
p110γ but not p110β
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(A and B) WT BMNs (0.5 × 106) were stimulated in suspension with 10 μM fMLP (A) or
100 nM C5a (B) for the indicated times. The reactions were quenched, and lipids were
extracted, derivatized, and quantitated by MS as described earlier. Data are means ± SEM of
the PIP3/PI ratio of at least three experiments, each performed in at least duplicate. (C and
D) BMNs (0.5 × 106) from WT, β-KO, and γ-KO mice were preincubated with 40 nM
TGX221 (hatched bars) or 0.05% DMSO (vehicle, closed bars) before being stimulated for
10 s with fMLP (C) or C5a (D). Reactions were then stopped, and lipids were extracted and
quantitated as described earlier. The PIP3/PI ratio in unstimulated WT BMNs (WT-CON) is
also shown. Data are means ± SEM of the PIP3/PI ratio of at least three experiments, each
performed in at least duplicate. NS, not significant. ***P < 0.005 by one-way ANOVA with
Holm-Sidak post hoc test comparisons as indicated (C and D).
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Fig. 4. Adhesion, spreading, and ROS production in BMNs in response to immune complexes
and adhesive proteins are p110β-dependent responses
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(A) BMNs from WT, β-Gβγ, β-RBD, and β-KO mice were incubated for 10 min with either
DMSO or 40 nM TGX221 before being applied to glass coverslips coated with poly-RGD+.
Cells were incubated at 37°C for 20 min, and adherent cells were fixed in 3.7%
paraformaldehyde, washed, and mounted on glass microslides before being visualized with a
Nikon Ti-E Live Cell Imager inverted microscope with a 20× objective lens. Images of a
1:15 field of view of adherent spread (S) and nonspread (NS) cells are representative of three
experiments performed in duplicate (except for cells from β-KO mice, for which n = 2). (B)
WT BMNs (0.5 × 106) were preincubated with horseradish peroxidase (HRP) and luminol
before being added to a 96-well plate coated with IgG-BSA (triangles), FGN (diamonds),
orpoly-RGD+ (circles), or to a plate containing IgG-opsonized SRBCs (squares). ROS
generation was measured in triplicate for each condition by chemiluminescence and
recorded with a Berthold MicroLumat Plus luminometer and are expressed as relative light
units (RLUs) per second. Data are from one experiment and are representative of at least
three experiments. (C and D) BMNs from the indicated mice were pretreated for 10 min
with either DMSO or 40 nM TGX221 before being incubated on duplicate coverslips coated
with IgG-BSA, FGN, or poly-RGD+, as indicated, and were processed as described for (A).
Images were analyzed for cell adhesion and spreading with ImageJ software (Fiji), selecting
for size and brightness as described in Materials and Methods. Data are means ± SEM of the
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number of adherent cells per field of view (C) and of the percentage of spread cells (D) from
three experiments performed in duplicate (except for cells from β-KO mice, for which n =
2). (E) BMNs (0.5 × 106) from WT, β-RBD, β-Gβγ, and β-KO mice were preincubated
with HRP/luminol in the presence of 40 nM TGX221 (hatched bars) or DMSO (0.05%,
closed bars) before being added to wells precoated with IgG-BSA, FGN, or poly-RGD+, as
indicated. ROS was then measured as described earlier. Data are means ± SEM for
accumulated light emission (RLU) over a 20-min recording of at least three experiments
performed in at least duplicate and are expressed as a percentage of the ROS generated in
DMSO-treated WT BMNs. *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001 by t
test with Holm-Sidak corrections for multiple comparisons.
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Fig. 5. The p110β-dependent generation of PIP3 in BMNs in response to adhesion to poly-RGD+
requires both an intact RBD and binding to Gβγ proteins

BMNs from WT, β-RBD, β-Gβγ, and β-KO mice were preincubated with 40 nM TGX221
or vehicle control before being added to glass coverslips coated with poly-RGD+ or were
left in suspension. Where indicated, WT BMNs were additionally preincubated with 100 nM
wortmannin (wort). Cells were allowed to adhere and spread for 10 min at 37°C and then
harvested for PIP3 measurement by MS as described earlier. Data are means ± SEM of
PIP3/PI ratios from three experiments (except for data from wortmannin-treated cells, for
which n = 2), each performed in duplicate. N.D., not determined. *P < 0.05 by one-sample t
test with Holm-Sidak correction for multiple comparisons.
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