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Oxidative burst, a critical antimicrobial mechanism of neutrophils, involves the rapid generation and release 
of reactive oxygen intermediates (ROIs) by the NADPH oxidase complex. Genetic mutations in an NADPH 
oxidase subunit, gp91 (also referred to as NOX2), are associated with chronic granulomatous disease (CGD), 
which is characterized by recurrent and life-threatening microbial infections. To combat such infections, 
ROIs are produced by neutrophils after stimulation by integrin-dependent adhesion to the ECM in con-
junction with stimulation from inflammatory mediators, or microbial components containing pathogen-
associated molecular patterns. In this report, we provide genetic evidence that both the Vav family of Rho 
GTPase guanine nucleotide exchange factors (GEFs) and phospholipase C–γ2 (PLC-γ2) are critical mediators 
of adhesion-dependent ROI production by neutrophils in mice. We also demonstrated that Vav was criti-
cally required for neutrophil-dependent host defense against systemic infection by Staphylococcus aureus and 
Pseudomonas aeruginosa, 2 common pathogens associated with fatal cases of hospital-acquired pneumonia. We 
identified a molecular pathway in which Vav GEFs linked integrin-mediated signaling with PLC-γ2 activation, 
release of intracellular Ca2+ cations, and generation of diacylglycerol to control assembly of the NADPH oxi-
dase complex and ROI production by neutrophils. Taken together, our data indicate that integrin-dependent 
signals generated during neutrophil adhesion contribute to the activation of NADPH oxidase by a variety of 
distinct effector pathways, all of which require Vav.

Introduction
Neutrophil oxidative burst, a critical antimicrobial mechanism, 
involves the catalytic conversion of dimolecular oxygen into super-
oxide anion by the NADPH oxidase complex. Superoxide and sec-
ondarily produced reactive oxygen intermediates (ROIs) and halide 
derivatives possess potent antimicrobial properties and serve to 
combat a diverse array of pathogens (1). In fact, human patients 
with genetic deficiencies in NADPH oxidase components develop 
chronic granulomatous disease (CGD), which is characterized by 
recurrent life-threatening infections with both Gram-negative and 
Gram-positive bacteria as well as fungi (2). The genetic basis of 
CGD has been extensively characterized, and mutations in many 
of the NADPH oxidase subunits have been reported in patients 
(2). In the most common form of CGD, which is X-linked, patients 
bear mutations in the membrane-bound gp91 (also known as 
NOX2) protein, which pairs with p22 to form cytochrome b558, 
the catalytic core of the NADPH oxidase complex (3). However, 
the cytochrome b558 complex is not catalytically active until it 
associates with the GTPase Rac and the NADPH oxidase regula-
tory subunits including p67phox, p47phox, and p40phox. Activation of 
Rac can be performed by several different Rho guanine nucleotide 

exchange factors (GEFs) during neutrophil activation. In addition, 
the phox subunits become phosphorylated during neutrophil 
activation and translocate to the membrane, where they associate 
with gp91 and p22 catalytic subunits (4, 5). Reduced expression or 
loss-of-function mutations in gp91, p22, p47phox, and p67phox have 
been causatively linked to CGD (3). In addition, a patient bearing 
a mutation in Rac2 was reported to exhibit severe neutrophil defi-
ciencies including defective oxidative burst (6, 7). As a consequence 
of reduced or absent oxidative burst, CGD patients frequently 
develop lymphadenitis, skin abscesses, and pneumonia and con-
tract infections with a variety of microbes including Staphylococcus, 
Salmonella, Aspergillus, and Candida species (8).

In the context of microbial infection, neutrophils become activat-
ed and undergo oxidative burst after encountering proinflamma-
tory signals such as those from cytokines, chemokines, opsonized 
particles, or pathogen-associated molecular patterns. However, 
optimal neutrophil activation also requires signals generated by 
integrins as the cell undergoes adhesion to the extracellular matrix 
(9, 10). Thus, oxidative burst induced by proinflammatory signals is 
amplified by orders of magnitude in adherent neutrophils (9, 11, 12).  
Consistent with this observation, mice with genetic deletions of 
molecules involved in integrin signaling exhibit profound defects 
in adhesion-dependent oxidative burst (13–21). Notably, integ-
rin signaling in neutrophils was recently shown to proceed via a 
canonical immunoreceptor tyrosine-based activation motif–medi-
ated (ITAM-mediated) pathway in which Src family kinases phos-
phorylate ITAMs in DAP12 and FcRγ chains, thus creating docking 
sites for Syk family kinases (13), which phosphorylate numerous 

Nonstandard abbreviations used: BAL, bronchoalveolar lavage; BAPTA, 1,2-
bis(aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid; CGD, chronic granulomatous 
disease; DAG, diacylglycerol; GEF, guanine nucleotide exchange factor; ITAM,  
immunoreceptor tyrosine-based activation motif; PLC, phospholipase C–γ;  
pRGD, polyRGD; ROI, reactive oxygen intermediate.

Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J. Clin. Invest. 117:3445–3452 (2007). doi:10.1172/JCI32729.



research article

3446	 The Journal of Clinical Investigation      http://www.jci.org      Volume 117      Number 11      November 2007

downstream targets leading to the assembly of a signaling com-
plex composed of SLP-76, Vav, and phospholipase C–γ (PLC-γ)  
(22). However, the precise pathways that couple integrin signaling 
with NADPH oxidase assembly and activation remain to be eluci-
dated. A particular issue is the involvement of the Vav family GEFs 
(Vav1, Vav2, and Vav3) and the PLC-γ family enzymes (PLC-γ1 and 
PLC-γ2) in neutrophil oxidative burst, which to date has been only 
partially characterized.

The importance of Vav proteins in Rac activation in neutrophils 
has been established (23); however, specific receptor-mediated 
signal transduction pathways can use distinct GEFs to activate 
Rac during oxidative burst. While Vav1 was originally implicated 
in regulating oxidative burst in neutrophils activated by formyl-
methionyl-leucyl-phenylalanine (fMLP; refs. 24, 25), recent stud-
ies indicate that the Rac GEF P-Rex1 is required for fMLP-induced 
oxidative burst (26–28). Additionally, a recent report suggested the 
intriguing possibility that Vav1 could coordinate Rac and p67phox 
activation during NADPH oxidase assembly in reconstituted CHO 
cells (25), although Vav1-deficient neutrophils and macrophages 
show no obvious defects in ROI production in response to a variety 
of stimuli (28). Furthermore, Vav has also been implicated in ROI 
production downstream of TLR4 and Fcγ receptors (24, 28, 29).  
However, it remains to be determined whether Vav proteins are 
generally required for adhesion-dependent augmentation of oxi-
dative burst in neutrophils. In this regard, the expression of 3 
functionally redundant Vav genes, Vav1, Vav2, and Vav3, has com-
plicated the analysis of their requirement in neutrophils. Given 
that the function of individual Vav proteins is clearly redundant, 
a stringent analysis of the requirement for Vav in the regulation 
of oxidative burst necessitates the use of neutrophils that lack all 
Vav family proteins.

In addition to regulating Rac activation, Vav proteins can also 
play a critical role in the regulation of PLCγ-1 and PLCγ-2, for 
example during T and B cell activation downstream of ITAM-
associated antigen receptors (30–32). In this context, the catalytic 
activity of PLC-γ enzymes mediates conversion of PIP2 into IP3 and 
diacylglycerol (DAG). Consequently, the generation of IP3 leads to 
intracellular Ca2+ flux through opening of ER channels, which 
along with DAG production leads to the activation of PKCs and 
MAPKs. Such a Vav-dependent mechanism of PLC-γ regulation 

with subsequent release of intracellular Ca2+ cations and genera-
tion of DAG could conceivably be critical for oxidative burst in 
neutrophils in response to integrin- or adhesion-dependent stimu-
li, yet to our knowledge, the requirement for PLC-γ enzymes in the 
control of NADPH oxidase complex activation and ROI produc-
tion has not been tested by gene knockout approaches.

Herein, we used genetic and biochemical approaches to dem-
onstrate that the Vav GEFs and PLCγ-2 were essential for neu-
trophil oxidative burst induction by a variety of adhesion-depen-
dent stimuli. Moreover, we provide in vivo evidence that Vav was 
required for clearance of Pseudomonas aeruginosa and Staphylococcus 
aureus infections. Mechanistically, we identified Vav proteins and 
PLCγ-2 as critical components of a signal transduction pathway 
that links integrin-mediated adhesion to NADPH oxidase activa-
tion. In this context, we show that Vav regulation of neutrophil 
oxidative burst is mediated, at least in part, by Vav-dependent 
induction of PLC-γ2 activity.

Results
Vav is critically required for oxidative burst in response to adhesion-depen-
dent stimuli in neutrophils. Full activation of microbicidal effector 
functions in neutrophils requires adhesion mediated by integrin 
binding to the extracellular matrix, which profoundly augments 
oxidative burst. Consistent with this view, strains of mice with 
genetic lesions disrupting integrin signaling exhibit severe defects 
in neutrophil function and oxidative burst (13, 14, 16, 18). In this 
context, our previous observations indicated that Vav proteins are 
not required for integrin affinity modulation (inside-out signaling) 
in response to inflammatory stimuli such as fMLP and LTB4, but 
are involved in control of integrin outside-in signaling that medi-
ates firm adhesion (23). However, it remains unknown whether Vav 
proteins are required for adhesion-dependent oxidative burst. To 
test this hypothesis, we examined oxidative burst of WT neutrophils 
and neutrophils congenitally lacking Vav1, Vav2, and Vav3 GEFs 
(or the entire Vav family, referred to herein as VavNULL; ref. 30) upon 
adhesion to integrin ligands. Strikingly, VavNULL neutrophils failed 
to generate any detectable ROIs in response to various adhesion-
dependent stimuli (Figure 1). In contrast to the response in WT 
neutrophils, VavNULL neutrophils did not generate ROIs after adhe-
sion to the integrin ligand fibrinogen in the presence of TNF-α,  
a potent inducer of integrin activation by inside-out signaling  
(Figure 1A). Similarly, VavNULL neutrophils did not undergo oxida-
tive burst in the presence of the strong integrin ligand polyRGD 
(pRGD), a synthetic peptide composed of multiple repeating Arg-
Gly-Asp residues found in the integrin ligand fibronectin (Figure 1B).  
In addition, anti-CD18 antibody–mediated crosslinking of the 
integrin β2 chains induced oxidative burst in WT but not VavNULL 
neutrophils (Figure 1C). Importantly, WT and VavNULL neutrophils 

Figure 1
Adherent neutrophils require Vav to undergo oxidative burst in 
response to integrin ligands. ROI production in bone marrow–derived 
neutrophils was measured using lucigenin chemiluminescence. (A 
and B) WT and VavNULL neutrophils were stimulated in tubes coated 
with pRGD (A) or anti-CD18 (B). (C) Alternatively, neutrophils were 
stimulated in fibrinogen-coated tubes (100 μg/ml) with soluble TNF-α 
(50 ng/ml) (Fgn+TNF). (D) As a positive control, cells were stimulated 
with PMA (50 ng/ml) for 10–20 minutes or left untreated (Untx), and 
samples were performed in triplicate. Data shown are representative of 
at least 5 independent experiments. RLU, relative light units.
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expressed similar levels of β2 integrin, a primary integrin expressed 
in neutrophils (data not shown). Notably, the requirement for 
Vav in adhesion-dependent oxidative burst mirrored the find-
ings obtained with neutrophils lacking DAP12 and FcRγ chains, 
in which the integrin receptors are thought to be functionally 
uncoupled from downstream signaling pathways (ref. 13 and data 
not shown). Taken together, these results establish that Vav GEFs 
are critically required for induction of oxidative burst in response 
to adhesion-dependent stimuli in murine neutrophils. However, 
VavNULL neutrophils still produced ROIs in response to stimula-
tion with PMA (Figure 1D). We interpret these data as indicating 
that VavNULL neutrophils express all essential components of the 
core NADPH oxidase complex, while the requirement for Vav in 
their activation can be bypassed by phorbol esters (presumably as 
a result of their direct effects on downstream effector pathways), 
which is consistent with previously published reports that PMA 
bypasses integrin-proximal signaling events required for NADPH 
oxidase activation (16, 18).

Vav is essential for neutrophil oxidative burst in response to S. aureus 
and P. aeruginosa and is required for their clearance in models of pneu-
monia-induced sepsis. The importance of neutrophil ROI produc-
tion in host defense is highlighted in human CGD patients, who 
frequently develop microbial infections with Staphylococcus (8), 
and in mice lacking NADPH oxidase activity, which inefficiently 
clear Staphylococcus and Pseudomonas infections (33, 34). To deter-
mine whether Vav is required for oxidative burst in neutrophils in 
response to bacteria, we used WT and VavNULL neutrophils stim-
ulated with heat-killed S. aureus and P. aeruginosa and measured 
neutrophil ROI production. In striking contrast to WT neutro-
phils, which produced a robust ROI response to this stimulation, 
VavNULL neutrophils completely failed to generate detectable lev-
els of ROIs (Figure 2, A and B). Given that host defense against  
P. aeruginosa and S. aureus requires neutrophil oxidative burst, as 
evidenced by gp91-deficient and p40phox-deficient mice, which 
inefficiently clear S. aureus infections (33, 35), and p47phox-defi-
cient mice, which inefficiently clear P. aeruginosa (34), we examined 
whether Vav proteins are required for clearance of these pathogens 
in 2 different murine models of pneumonia-induced sepsis. Nota-

bly, both of these pneumonia models are dependent on neutrophil 
function, because depletion of neutrophils leads to increased mor-
tality after infection with S. aureus or P. aeruginosa (ref. 36 and our 
unpublished observations). To examine antimicrobial functions in 
vivo, we first subjected WT and VavNULL mice to intratracheal injec-
tion of P. aeruginosa and monitored them for survival over 7 days. 
Strikingly, while WT mice showed 100% survival at 7 days, VavNULL 
mice showed 100% mortality within the first 48 hours after infec-
tion (Figure 2C), indicating that deficiency in Vav renders sensitiv-
ity to P. aeruginosa infection. We next used a nonlethal model of 
pneumonia to examine the efficiency of bacterial clearance from 
the lungs of WT and VavNULL mice after infection with S. aureus. 
To this end, WT and VavNULL mice were subjected to intratracheal 
injection of S. aureus and killed at 20 hours after infection to assess 
bacterial counts in bronchoalveolar lavage (BAL) cultures. Strik-
ingly, VavNULL mice showed approximately 100-fold increase over 
WT mice in bacterial counts assayed by BAL culture from infected 
lungs (Figure 2D). Histological examination demonstrated similar 
amounts of cellular infiltrate in the airways of S. aureus–infected 
WT and VavNULL mice (data not shown), indicating that an inflam-
matory response was initiated in VavNULL mice. Consistent with 
this observation, uninfected VavNULL mice were not neutropenic 
(data not shown), indicating that defective antibacterial responses 
in VavNULL mice are not due to reduced numbers of neutrophils but 
to defective neutrophil function. Importantly, although VavNULL 
mice eventually recovered and overcame infection with S. aureus, 
clearance of the bacteria from the lungs was inefficient. Taken 
together, these results demonstrated that the Vav GEFs were criti-
cal components of host defense mechanisms responsible for clear-
ing systemic infections with common bacterial pathogens. Thus, 
while it is possible that Vav may also regulate other antibacterial 
mechanisms in vivo, our results clearly show that neutrophil oxida-
tive burst, a requisite component of host defense against S. aureus 
and P. aeruginosa (33–35), critically depends on Vav function.

Vav is required for membrane translocation of phox subunits. Given 
the strict requirement for Vav proteins in ROI production in 
response to adhesion-dependent stimuli, we examined whether 
Vav controls NADPH oxidase assembly and translocation of the 

Figure 2
VavNULL mice exhibit severely compromised host 
defense against bacterial pneumonia. (A and B) 
WT and VavNULL bone marrow–derived neutro-
phils were stimulated with P. aeruginosa (A) or 
S. aureus (B) and monitored for oxidative burst 
by lucigenin chemiluminescence. (C) WT and 
VavNULL mice were infected with P. aeruginosa 
by intratracheal instillation, and mouse viability 
was monitored over 7 days. n = 5 per group.  
P < 0.002. (D) After intratracheal infection with 
S. aureus, WT and VavNULL mice were sacrificed 
at 20 hours, and BAL was collected for quan-
titation of bacterial load in the lungs. n = 5 per 
group. P < 0.016.
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cytoplasmic NADPH oxidase regulatory subunits to the plasma 
membrane in adherent neutrophils. To this end, we analyzed 
translocation of p40phox and p47phox to the membrane in neu-
trophils undergoing adhesion to coverslips coated with fibro-
nectin. In contrast to WT neutrophils, which showed rapid 
translocation of p40phox to the membrane and colocalization 
with gp91 under these conditions, VavNULL neutrophils failed 
to exhibit such changes in p40phox localization (Figure 3A).  
Furthermore, p47phox translocation and colocalization with 
gp91 was observed in WT neutrophils adhering to fibronec-
tin, but was not detectable in VavNULL neutrophils (Figure 3B).  
However, both WT and VavNULL neutrophils showed rapid transloca-
tion of p40phox and p47phox in response to PMA treatment (Figure 3,  
A and B), consistent with normal production of ROIs in PMA-
treated VavNULL neutrophils. Taken together, these data show 
that Vav proteins were required for the translocation of phox 
subunits during NADPH oxidase activation. Given that p40phox 
and p47phox translocation occurs independently of Rac activa-
tion (37), these results indicate a broader role for Vav proteins 
in regulating neutrophil oxidative burst beyond functioning as 
a Rac GEF. Specifically, translocation of the p40phox and p47phox 
subunits is thought to involve their phosphorylation by PKC 
isoforms and tethering to the membrane through interactions 
between their PX domains and phosphoinositides (38, 39), all of 
which could be mediated by PLC-γ enzymes.

Vav is required for activation of PLC-γ2 in neutrophils. Given previ-
ously published studies implicating Vav proteins as essential 
upstream regulators of PLC-γ1 and PLC-γ2 in T and B cells stim-
ulated via their ITAM-containing antigen receptor complexes 

(30–32) and a recent discovery that 
integrin-dependent ROI production 
also involves ITAM-based signaling 
(13), we hypothesized that Vav may 
also control PLC-γ activation down-
stream of integrin receptors upon 
neutrophil adhesion. To test this 
hypothesis, we first examined tyro-
sine phosphorylation of PLC-γ2, a 
major PLC-γ isoform expressed in 
neutrophils, and observed robust 
phosphorylation of PLC-γ2 in WT 
neutrophils upon adhesion to 
pRGD (Figure 4A). Strikingly, how-
ever, phosphorylation of PLC-γ2  
was drastically diminished in 
VavNULL neutrophils under identical 
conditions. Consistent with these 
findings, phosphorylation of ERK 
was severely diminished in VavNULL 
neutrophils undergoing adhesion to 
pRGD compared with WT neutro-
phils (Figure 4B). Therefore, these 
results indicate that Vav is required 
for adhesion-dependent activation 
of PLC-γ2 and its downstream effec-
tors. However, it is not known at 
present whether PLC-γ2, or its activ-
ity, is required for the activation of 
NADPH oxidase and generation of 
oxidative burst in neutrophils.

The PLC-γ2 effectors Ca2+ and DAG regulate ROI production and 
oxidative burst in neutrophils. To determine whether the cata-
lytic activity of PLC-γ2 and generation of DAG and/or IP3 and 
Ca2+ flux are required for adhesion-dependent oxidative burst 
in neutrophils, we first used pharmacological inhibitors to 
block intracellular Ca2+ flux with the selective Ca2+ chelator 1,2-
bis(aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA). 

Figure 3
Vav is required for NADPH oxidase assembly during adhesion. (A) Bone marrow–derived neutrophils 
from WT and VavNULL mice were distributed onto untreated glass coverslips, coverslips coated with 
fibronectin (Fbn, 1 μg/ml), or uncoated coverslips with soluble PMA (50 ng/ml). After 30 minutes, cells 
were fixed, permeabilized, and stained with anti-gp91 (green) and anti-p40phox (red). (B) Neutrophils 
were treated as in A and stained with anti-gp91 (green) and anti-p47 (red). Data shown are representa-
tive of at least 100 cells examined per condition.

Figure 4
Vav regulates PLC-γ2 signaling during neutrophil adhesion. (A and B) 
WT and VavNULL neutrophils were stimulated on pRGD-coated tissue 
culture plates and lysed at the indicated time points. Lysates were 
resolved by SDS-PAGE and analyzed by Western blot for activated 
phosphorylated PLC-γ2 (pPLC-γ2) followed by total PLC-γ2 (A) and 
phosphorylated ERK (pERK) followed by total ERK2 (B). Data shown 
are representative of at least 3 independent experiments.
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These experiments showed that pretreatment of WT neutrophils 
with BAPTA completely blocked their ability to generate ROIs in 
response to adhesion to pRGD (Figure 5A). These data indicate 
that the mobilization of Ca2+ cations is required for ROI produc-
tion in neutrophils. To address the requirement for DAG-medi-
ated activation of PKCs during neutrophil oxidative burst, we 
used calphostin C, an antagonist of the DAG-binding site on 
PKCs. Strikingly, calphostin C treatment showed a dose-depen-
dent inhibition of ROI production in WT neutrophils upon 
activation with pRGD (Figure 5B). Taken together, these data 
indicate that the PLC-γ2 signaling effectors Ca2+ and DAG medi-
ate adhesion-dependent oxidative burst in neutrophils.

PLC-γ2 is essential for ROI production and oxidative 
burst in neutrophils. Having established that Ca2+ and 
DAG are required in the control of ROI production 
in adherent neutrophils, we sought to determine 
whether PLC-γ2 itself is essential in this process. To 
this end, we used neutrophils from mice congenitally 
lacking PLC-γ2 expression (40). Importantly, PLC-γ2 
did not appear to be required for neutrophil develop-
ment, because PLC-γ2–/– mice had normal numbers 
of neutrophils in peripheral blood and bone mar-
row and showed morphology indistinguishable from 
that of WT neutrophils (data not shown). Strikingly, 
however, PLC-γ2–/– neutrophils completely failed to 
generate any detectable levels of ROIs after stimu-
lation with various adhesion-dependent stimuli, 
including fibrinogen and TNF-α, pRGD, and anti-
CD18 antibodies (Figure 6). Thus, PLC-γ2–/– neutro-
phils exhibited defects in oxidative burst similar to 
those of VavNULL (Figure 1) or DAP12/FcRγ-deficient 
neutrophils (ref. 13 and data not shown). These data 
indicate that adhesion-dependent stimuli transduced 
by ITAM-associated receptors in neutrophils induce 
NADPH oxidase and activate ROI production via a 
signaling pathway involving Vav GEFs and PLC-γ2. In 
agreement with this model, PLC-γ2 was not required 
for oxidative burst induced in response to PMA, 
because PLC-γ2–/– neutrophils efficiently produced 
ROIs in response to PMA stimulation (Figure 6).  
Together, these data established the requirement 

for PLC-γ2 in adhesion-dependent oxidative burst in neutro-
phils and identified Vav GEFs as key regulators of PLC-γ2 and 
NADPH oxidase.

Discussion
Among the most common bacterial infections observed in patients 
with CGD are those involving Staphylococcus species; similarly, 
NADPH oxidase–deficient mice inefficiently clear S. aureus and  
P. aeruginosa infections (2, 8, 33, 34). Moreover, in human patients, 
S. aureus and P. aeruginosa account for 33%–62% of all intensive 
care unit pneumonias and are associated with significant morbid-
ity and mortality (41–43). In this context, we observed a striking 

Figure 5
PLC-γ2 effector pathways through calcium and DAG are required for adhesion-dependent oxidative burst. (A) Neutrophils were loaded for the 
indicated time periods in a 10-μM solution of the calcium chelator BAPTA and stimulated in luminometer tubes coated with pRGD (1 μg/ml). 
(B) Neutrophils were stimulated with the indicated concentrations of the PKC inhibitor calphostin C (Cal) and stimulated in luminometer tubes 
coated with pRGD (1 μg/ml). ROI production was measured using lucigenin chemiluminescence as in Figure 1. Data shown are representative 
of at least 3 independent experiments.

Figure 6
Adherent neutrophils require PLC-γ2 to undergo oxidative burst in response 
to integrin ligands. ROI production in bone marrow–derived neutrophils was 
measured using lucigenin chemiluminescence. (A and B) WT and PLC-γ2–/–  
neutrophils were stimulated in tubes coated with pRGD (A) or anti-CD18 
(B). (C) Alternatively, neutrophils were stimulated in fibrinogen-coated tubes  
(100 μg/ml) with soluble TNF-α (50 ng/ml). (D) As a positive control, cells were 
stimulated with PMA (50 ng/ml) for 10–20 minutes or were left untreated, and 
samples were performed in triplicate. Data shown are representative of 3 inde-
pendent experiments.
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increase in mortality in VavNULL mice compared with WT mice 
after infection with P. aeruginosa. In addition, VavNULL mice failed 
to efficiently clear S. aureus, as evidenced by a 100-fold increase in 
CFUs derived from BAL in VavNULL mice compared with WT mice. 
Although many mechanisms are responsible for bacterial clear-
ance in vivo, one critical effector pathway required for S. aureus 
and P. aeruginosa clearance is neutrophil oxidative burst (33–35). 
For example, mice lacking the gp91 subunit of NADPH oxidase 
exhibit an increased susceptibility to infection by S. aureus (33). 
In addition, p40phox-deficient mice fail to clear S. aureus infections 
(35), while p47phox-deficient mice show increased bacterial load in 
a model of P. aeruginosa–induced pneumonia (34).

Neutrophil adhesion is fundamentally important for oxidative 
burst induction by various proinflammatory agents associated 
with bacterial infections (9). In this context, we identified integrin 
signaling defects in VavNULL neutrophils that were accompanied by 
an absence of ROI production in these cells in response to various 
adhesion-dependent stimuli. Notably, a recent report identified 
an ITAM signaling pathway involving DAP12 and FcRγ adaptors 
triggered by integrin adhesion, which is critical for ROI produc-
tion in neutrophils (13). Thus, while additional inflammatory sig-
nals mediated by cytokines, opsonins, and pathogen-associated 
molecular patterns costimulate or synergize with integrin signals 
(9), our results presented here indicate that Vav is a critical media-
tor of such adhesion-dependent signals and plays a key role in the 
neutrophil activation program.

In addition, we identified what we believe to be a novel signal-
ing pathway controlled by Vav that regulates PLC-γ2 activation in 
the context of NADPH oxidase activation. We demonstrated that 
PLC-γ2 and its effector pathways mediated by intracellular Ca2+ 
flux and DAG production were required for adhesion-dependent 
oxidative burst in neutrophils. Both Ca2+ and DAG activate PKC 
isoforms that are capable of phosphorylating the cytosolic regula-
tory subunits of the NADPH oxidase complex (5). In this context, 
the adaptor molecule SLP-76 has been shown to interact with both 
Vav and PLC-γ (44), and SLP-76 was also implicated in oxidative 
burst in neutrophils (17, 18). Moreover, consistent with the notion 
that Vav is involved in PLCγ-2 activation during neutrophil adhe-
sion, Vav proteins have previously been shown to regulate PLC-γ1 
and PLC-γ2 downstream of ITAM-associated antigen receptors in 
T and B lymphocytes (30–32).

While our previous work indicated that Vav is required for 
integrin-mediated Rac activation in neutrophils (23), Vav and 
its GEF activity are also required for LPS- and FcRγ-mediated 
oxidative burst in macrophages and neutrophils (28, 29). In this 
context, a recent report suggested that Vav1 coordinates Rac 
and p67phox activation during NADPH oxidase assembly (25); 
however, Vav1-deficient neutrophils and macrophages show no 
obvious defects in ROI production (ref. 28 and data not shown). 
Therefore, while the significance of the findings linking Vav1 to 
p67phox and Rac still remains to be established, the function of 
individual Vav proteins is clearly redundant in the regulation of 
phagocyte oxidative burst.

Nevertheless, taken together with other published reports, 
our data indicate that integrin-dependent ITAM signals gener-
ated during neutrophil adhesion contribute to the activation of 
NADPH oxidase by a variety of distinct effector pathways, all of 
which require Vav. For example, Vav contributes to the integrin-
dependent activation of Rac GTPases, which are directly involved 
in activation of the NADPH oxidase complex (6, 7, 45–51).  

Another Vav-dependent pathway leads to the activation of PLC-
γ2, and intracellular Ca2+ flux and DAG production by PLC-γ2 
are critical for NADPH oxidase activation. In this context, we 
provide what we believe to be the first direct demonstration of 
the essential role of PLC-γ2 in this process, because PLC-γ2-defi-
cient neutrophils showed profound defects in ROI production 
and oxidative burst. Thus, by controlling the activation of Rac 
and PLC-γ2, Vav serves as a key regulator of adhesion-dependent 
signaling pathways that converge to activate NADPH oxidase 
during neutrophil oxidative burst.

Methods
Mice. VavNULL mice genetically deficient in all 3 Vav proteins (Vav1–/–, Vav2–/–, 
and Vav3–/–) have been previously described (30), as have PLC-γ2–/– mice (40). 
Strain-matched B6 mice were used as controls for knockout animals. All 
protocols involving mice were approved by the Institutional Animal Care 
and Use Committee at Washington University School of Medicine and were 
carried out in accordance with institutional guidelines and regulations.

Neutrophil purification. Bone marrow was harvested from femurs and tib-
ias prior to red blood cell lysis in hypotonic saline solution. Cells were then 
resuspended in HBSS (without Ca2+ and Mg2+) and overlaid on a discontin-
uous Percoll gradient composed of 70% and 60% Percoll fractions in HBSS. 
Neutrophils were recovered from between the 60% and 70% fractions, then 
washed and resuspended in HBSS (with 1.3 mM CaCl2 and 1 mM MgSO4). 
Neutrophil purity was typically greater than 90% as determined by FACS 
and morphological analysis.

Oxidative burst. Neutrophils were washed and resuspended in HBSS (with 
Ca2+ and Mg2+) at a concentration of 2.5 × 105 cells/ml. Lucigenin (Molec-
ular Probes) was added to the cells at a final concentration of 150 μM.  
Cells were immediately distributed into luminometer tubes and stimu-
lated with the indicated stimuli. TNF-α was obtained from Peprotech 
and used at 50 ng/ml. Where indicated, sheep fibrinogen (Sigma-Aldrich) 
was used at a concentration of 100 μg/ml in PBS to coat luminometer 
tubes for 2 hours at 37°C. Alternatively, pRGD peptide (Sigma-Aldrich) 
was used at a concentration of 1 μg/ml, or anti-CD18 (BD Biosciences 
— Pharmingen clone C71/16) was used at a concentration of 5 μg/ml in 
PBS to coat luminometer tubes for 2 hours at 37°C. The Ca2+ chelator 
BAPTA was obtained from Sigma-Aldrich. The PKC inhibitor calphos-
tin C (Calbiochem) was activated under a 50-W fluorescent light for  
15 minutes prior to use at the indicated concentrations. During stimu-
lation, lucigenin chemiluminescence was measured in each sample for  
10 seconds in an OptocompII luminometer (MGM Instruments Inc.). 
Samples were read over the indicated time course.

Pneumonia models. P. aeruginosa (ATCC strain 27853) was placed in trypti-
case soy broth with constant shaking overnight. The resulting culture was 
then centrifuged at 6,000 g and washed twice with 0.9% NaCl. The washed 
bacteria were resuspended in 0.9% NaCl to a density of 0.1 A600nm. S. aureus 
strain 313 (methicillin-resistant, Panton-Valentine leukocidin–negative, 
multilocus sequence type 5) was prepared in a similar manner to a den-
sity of 0.5 A600nm. Under isoflurane anesthesia, mice had a midline cervi-
cal incision and received an intratracheal injection of 40 μl of a solution 
containing either P. aeruginosa or S. aureus. The final density of P. aeruginosa  
inoculum was 1.5 × 108 CFU/ml, as determined by serial dilution and col-
ony counts. The final density of S. aureus inoculum was 5 × 108 CFU/ml. 
After instillation of bacteria, animals were held vertically for 10 seconds 
to enhance bacterial delivery into the lung. Mice were either sacrificed at  
20 hours for BAL and lung histology or followed for survival for 7 days.

Bacterial cultures and histology. NaCl (0.9%, 1 ml) was instilled into the tra-
chea and then returned. The resultant BAL fluid was serially diluted and 
cultured overnight on blood agar plates at 37°C using standard microbio-
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logical techniques. After BAL was performed, lungs were removed, fixed in 
formalin, and stained with hematoxylin and eosin. Slides were evaluated in 
a blinded fashion for severity and distribution of pneumonia on a scale of 
0–4 (no abnormality to most severe pneumonia) and 0–3 (no abnormality 
to most widespread pneumonia), respectively.

Neutrophil imaging. Glass coverslips were left unmanipulated or coated 
with bovine fibronectin (Sigma-Aldrich) at 1 μg/ml in PBS for 2 hours at 
37°C. Neutrophils were distributed onto coverslips, incubated at 37°C for  
30 minutes, and fixed in 4% paraformaldehyde. Cells were then permeabilized 
in 0.1% Triton X-100 and stained with the indicated antibodies. Mouse anti-
mouse gp91 (clone 53) was obtained from BD Biosciences — Pharmingen.  
Rabbit anti-mouse p47phox and p40phox were purchased from Upstate Bio-
tech. Alexa 594–conjugated goat anti-rabbit IgG and Alexa 488–conjugated 
goat anti-mouse IgG were purchased from Molecular Probes. Cells were 
mounted using Vectashield medium (Vector Laboratories) and were visu-
alized using a Nikon Eclipse E400 microscope equipped with a ×60/1.4 
numerical aperture oil objective. Images were captured using a Magnafire 
camera (Optronics) and processed with Nikon Elements software and 
Adobe Photoshop CS software (Adobe Systems).

Biochemistry. Each well in 6-well plates was coated with pRGD (Sigma-
Aldrich) at 1 μg/ml in PBS for 2 hours at 37°C. Cells were distributed 
onto pRGD-coated plates at a concentration of 2–10 × 106 cells/ml 
DMEM/well and incubated at 37°C for the indicated time course, after 
which each sample was processed. Media containing nonadherent cells 
was collected from the well, and cells were pelleted. The remaining 
adherent cells were lysed in the well in 75 μl RIPA buffer (PBS, 1% NP40, 
0.5% deoxycholate, 0.1% SDS, 10 mM EDTA, protease inhibitor cocktail 

[Boehringer], 10 mM NaF, and 1 mM Na3VO4), and this lysate was then 
added to the pelleted nonadherent cells. Clarified lysates were separated 
by PAGE and transferred to PVDF membranes (Millipore) for Western 
blotting. Rabbit anti–phosphorylated PLCγ2 (Tyr759) and mouse anti–
phosphorylated p44/42 MAPK (ERK) T202/Y204 were obtained from 
Cell Signaling. Rabbit anti-PLCγ2 and rabbit anti-ERK2 were purchased 
from Santa Cruz Biotechnology Inc. HRP-conjugated secondary anti-
bodies raised against mouse-IgG (Zymed) and rabbit-IgG (Amersham 
Biosciences) were used with enhanced chemiluminescence (Amersham 
Biosciences) to develop blots.

Statistics. Group survival differences were analyzed by log-rank analysis. 
BAL and quantitative histology scores were compared by Mann-Whitney 
test. Data analysis was performed using Prism 3.0 (GraphPad Software). A 
P value of less than 0.02 was considered significant.
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