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The Journal of Immunology

The 3BP2 Adapter Protein Is Required for
Chemoattractant-Mediated Neutrophil Activation

Grace Chen,*,†,1 Ioannis Dimitriou,*,†,1 Laura Milne,‡ Karl S. Lang,x,{ Philipp A. Lang,†,x

Noah Fine,†,‖ Pamela S. Ohashi,*,†,‖ Paul Kubes,‡ and Robert Rottapel*,†,‖,#,**

3BP2 is a pleckstrin homology and Src homology 2 domain-containing adapter protein mutated in cherubism, a rare autosomal-

dominant human bone disorder. Previously, we have demonstrated a functional role for 3BP2 in peripheral B cell development and

in peritoneal B1 and splenic marginal zone B cell-mediated Ab responses. In this study, we show that 3BP2 is required for G protein-

coupled receptor-mediated neutrophil functions. Neutrophils derived from 3BP2-deficient (Sh3bp22/2) mice failed to polarize their

actin cytoskeleton or migrate in response to a gradient of chemotactic peptide, fMLF. Sh3bp22/2 neutrophils failed to adhere,

crawl, and emigrate out of the vasculature in response to fMLF superfusion. 3BP2 is required for optimal activation of Src family

kinases, small GTPase Rac2, neutrophil superoxide anion production, and for Listeria monocytogenes bacterial clearance in vivo.

The functional defects observed in Sh3bp22/2 neutrophils may partially be explained by the failure to fully activate Vav1 guanine

nucleotide exchange factor and properly localize P-Rex1 guanine nucleotide exchange factor at the leading edge of migrating cells.

Our results reveal an obligate requirement for the adapter protein 3BP2 in G protein-coupled receptor-mediated neutrophil

function. The Journal of Immunology, 2012, 189: 000–000.

N
eutrophils are highly motile cells that play an essential
role in the innate immune response by phagocytosing,
killing, and digesting microbial pathogens. Neutrophils

are the most abundant leukocyte found in blood, with ∼5 3 106

cells per milliliter of blood in humans (1), and they are usually the
first cells recruited to the sites of infection (1). Neutropenia or
syndromes that compromise neutrophil function are associated
with increased susceptibility to bacterial or fungal infections (2).
Mobilization of neutrophils to sites of infection is orchestrated

by the elaboration of bacterial-derived peptides such as N-for-
mylmethionyl oligopeptides fMLF (3), the production of IL-8 by
phagocytes (4), and the activation of the complement system with
the local release of fragment C5a (5). These factors are ligands for
heptahelical, heterotrimeric G protein-coupled receptors (GPCRs)
on the surface of neutrophils, which trigger the production of
reactive oxygen species (ROS), the exocytosis of antimicrobial

factors, and migratory behavior of neutrophils into sites of in-
flammation. G proteins are composed of a, b, and g subunits.
Based on their sequence and functional similarities, the a subunits
can be grouped into four families: Gas, Gai, Gaq, and Ga12 (6).
Ligand-bound receptors activate G proteins by catalyzing the
exchange of GDP bound to the a subunit with GTP, resulting in
dissociation of the GTP-bound Ga subunit from the Gbg subunit
complex (7). The GTP-Ga and the free Gbg subunit interact with
their respective effector proteins that further amplify the signal.
GPCR activation triggers rapid protein tyrosine phosphorylation in
neutrophils (8, 9), and treatment with inhibitors of tyrosine kinases
blocks neutrophil responses to chemoattractants (10, 11). Among
cytosolic tyrosine kinases, members of the Src family have been
implicated in fMLF-mediated signal transduction (12–14). Neu-
trophils derived from Hck/Fgr-deficient mice or human neutro-
phils treated with the Src kinase inhibitor 4-amino-5-(4-chloro-
phenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (15) demonstrated
a critical role for Src kinase in fMLF-mediated respiratory burst
and formation of F-actin (16). GPCR ligation also leads to acti-
vation of lipid kinases, guanine nucleotide exchange factors
(GEFs), and small GTPases (17). The Ras-related small GTPase
family, including Rac1, Rac2, RhoA, and Cdc42, is key in regu-
lating many chemoattractant-mediated neutrophil responses (18–
26). Among the Rho GTPase subfamily, Rac2 is uniquely required
for both fMLF-mediated chemotaxis and superoxide production of
neutrophils (19, 20, 27, 28). Studies using mutant mice have
identified several Rac2 GEFs, including DOCK2 (29), GIT2 (30),
and P-Rex1 (31), required for neutrophil function. Whereas
DOCK2 and GIT2 regulate both Rac1 and Rac2 activities (29, 30),
genetic data suggest that P-Rex1 functions as a predominant Rac2
GEF in mouse neutrophils (31). P-Rex1–deficient neutrophils
demonstrate a selective defect in Rac2 activation following fMLF
stimulation, and P-Rex12/2 neutrophils phenocopy many of the
functional defects observed in Rac22/2 cells (19, 27, 31).
The role of adapter proteins in GPCR signaling has not been

extensively examined. We and others have identified 3BP2 as a
binding protein of c-Abl (32), Syk (33), and Vav (34). 3BP2 is
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composed of an N-terminal pleckstrin homology domain followed
by a proline-rich region, and a C-terminal Src homology 2 do-
main. We have previously reported that 3BP2 is required for op-
timal B cell activation (35) and osteoclast and osteoblast function
(36). In this study, we report that in the absence of 3BP2, neu-
trophils fail to polarize their actin cytoskeleton and migrate to-
ward an fMLF gradient in vitro and fail to crawl to optimal sites of
emigration in response to fMLF superfusion in vivo. Neutrophils
lacking 3BP2 are unable to release optimal levels of superoxide
anion in response to fMLF in vitro, and 3BP2-deficient mice are
defective in efficiently clearing Listeria monocytogenes bacterial
infection. In addition to defects in F-actin polarization, we also
demonstrate a failure of Sh3bp22/2 neutrophils to accumulate
P-Rex1 at the leading edge during chemotaxis in response to an
fMLF gradient. We show that 3BP2 is required for full activation
of Src family kinases, Vav1, Rac2, Pak, and Erk kinases following
fMLF stimulation. 3BP2 is therefore an adapter protein that links
fMLF-induced receptor-proximal signaling events to the actin
cytoskeleton and NADPH oxidase complex in neutrophils re-
quired for effective bactericidal function in vivo.

Materials and Methods
Sh3bp2 gene-targeted mice

Sh3bp2+/+ and Sh3bp22/2 mice were generated as described previously
(35). Mice used in all experiments were in F7 backcross generation and
were maintained at the animal facilities of the Ontario Cancer Institute
under specific pathogen-free conditions according to University Health
Network Animal Care Committee Guidelines.

Abs

Western blotting was performed using the following primary Abs: anti–
phospho-Src family (Tyr416), anti-Src, anti–phospho-PAK1 (Thr423)/PAK2
(Thr402), anti–phospho-PAK1 (Ser199)/PAK2 (Ser192), anti-PAK1, anti-
PAK2, anti–phospho-p44/42 (Erk1/Erk2) (Thr202/Tyr204), anti-Erk1/Erk2,
anti–phospho-p38 (Thr180/Tyr182), anti-p38, anti-phospho-Akt (Ser473),
and anti-Akt were all purchased from Cell Signaling Technology. Anti-
Vav1 (C-14) and anti-phosphotyrosine Abs (pY99) were purchased from
Santa Cruz Biotechnology. Abs used to immunoprecipitate 3BP2 and de-
tect 3BP2 on Western blots were generated as described (35). HRP-
conjugated anti-mouse or anti-rabbit secondary Abs were from Amer-
sham Pharmacia Biotech.

Isolation of bone marrow neutrophils

Mouse bone marrow (BM) neutrophils were isolated from femurs and tibias
as described by Lowell et al. (37). Briefly, marrow cells were flushed from
bones using HBSS (without Ca++/Mg++) plus 0.1% BSA followed by
lysing RBCs with 0.155 M NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA.
The remaining leukocytes were washed twice with Ca2+/Mg2+-free HBSS
and resuspended in 3 ml 45% Percoll (Amersham Biosciences) solution in
Ca2+/Mg2+-free HBSS. A portion of the cell suspension was used for Gr-1
staining using PE-labeled anti–Gr-1 Ab to determine the percentage of Gr-
1+ cells in BM of Sh3bp2+/+ and Sh3bp22/2 mice. The rest of the cell
suspension was loaded on top of a Percoll density gradient prepared in a
15-ml polystyrene tube by layering successively 2 ml 62, 55, and 50%
Percoll solutions on top of 3 ml 81% Percoll solution. Cells were then
centrifuged at 2500 rpm for 30 min at room temperature. The cell band
formed between the 81 and 62% layer was harvested using a Pasteur pi-
pette and washed twice with Ca2+/Mg2+-free HBSS plus 0.1% BSA. The
isolated mature neutrophils were resuspended in Ca2+/Mg2+-containing
HBSS before each of the experiments unless otherwise indicated. FACS
analysis of cell preparations revealed high expression of murine gran-
ulocyte marker Gr-1 on ∼80–90% of the cells isolated from the 62–81%
interface.

Blood neutrophil cell count

Blood was collected from the tails of 9- to-11 wk-old mice using EDTA-
coated capillary tubes and transferred to Eppendorf tubes. Blood was
allowed to mix with EDTA in Eppendorf tubes for 30 min at room tem-
perature. The samples were analyzed using a Hemavet 950 (Drew Scientific
Group) by the Toronto Center for Phenogenomics.

Chemotaxis assay

BM neutrophils were resuspended in HBSS plus 1% gelatin at 53 106 cells/
ml. The cell suspension was allowed to attach to BSA-coated glass cov-
erslips (22 3 40 mm) at 37˚C for 20 min. The coverslip was inverted onto
a Zigmond chamber (Neuro Probe), and 100 ml HBSS media was added to
the left chamber with 100 ml HBSS media containing 10 mM fMLF
(Sigma-Aldrich) added to the right chamber. Neutrophil movement in
Zigmond chambers was recorded with time-lapse video microscopy
(Nikon upright Optiphot). Images were captured at 60-s intervals with a
Nikon CoolSNAP-Pro color camera. Cell-tracking software (Retrac ver-
sion 2.1.01 freeware) was used to characterize neutrophil chemotaxis from
the captured images.

Actin polymerization and F-actin localization

BM neutrophils were resuspended in HBSS and stimulated with 10 mM
fMLF for different time intervals. Cells were immediately fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100, and stained
with Alexa Fluor 488-conjugated phalloidin (1 U/500 ml cell suspension;
Molecular Probes) to detect F-actin content. Samples were analyzed with
a FACSCalibur flow cytometer.

For visualization of F-actin localization, chemotaxing neutrophils (under
the 10 mM fMLF gradient) on coverslips were fixed with 4% parafor-
maldehyde and permeabilized with 0.2% Triton X-100 in PBS. Cells were
then incubated in PBS containing 3% BSA and stained with Oregon Green
514-conjugated phalloidin (Molecular Probes). All images were taken with
a laser scanning confocal microscope (Zeiss LSM510).

P-Rex1 localization

To visualize P-Rex1 localization, chemotaxing neutrophils (under the 10
mM fMLF gradient) on coverslips were fixed with 4% paraformaldehyde
and permeabilized with 0.5% Triton X-100 in PBS. Cells were then in-
cubated in PBS containing 10% donkey serum and stained with 5 mg/ml
rat anti–P-Rex1 mAb (a gift from M. Hoshino, Kyoto University, Kyoto,
Japan) followed by incubation with secondary, Alexa Fluor 488-conju-
gated anti-rat IgG (Molecular Probes). The distribution of P-Rex1 was
examined with a laser scanning confocal microscope (Zeiss LSM510).

Intravital microscopy

Sh3bp2+/+ and Sh3bp22/2 male mice were anesthetized with a mixture of
200 mg/kg ketamine hydrochloride (Rogar/STB, Montreal, QC, Canada)
and 10 mg/kg xylazine (Bayer HealthCare, Animal Health, Toronto, ON,
Canada) injected i.p. The right jugular vein was cannulated for adminis-
tration of additional anesthetic. The cremaster muscle was used to study
the behavior of leukocyte recruitment as previously described (38). Briefly,
an incision was made in the scrotal skin to expose the left cremaster
muscle, which was exteriorized following dissection from associated tis-
sues and placed on a clear viewing pedestal. A cautery pen was used to
make a longitudinal cut in the cremaster muscle, which was then held flat
against the pedestal by securing silk sutures to the perimeter of the muscle.
The muscle was superfused initially with bicarbonate-buffered saline (pH
7.0, 37˚C), followed by superfusion with fMLF (pH 7.0, 37˚C). C57BL/6J
mice (The Jackson Laboratory) were used as a control for the assay.

The preparation was visualized using an intravital microscope (Axi-
oskop; Carl Zeiss) with a 325 objective lens (L25/0.35; E. Leitz, Munich,
Germany), which was connected to a video camera (5100 HS; Panasonic,
Osaka, Japan). The same five sections of single unbranched cremasteric
venules (20–40 mm in diameter) were observed throughout the experiment.
The images were recorded on a videocassette for video playback analysis
to determine rolling flux, rolling velocity, adhesion, and emigration of
leukocytes. Rolling leukocytes were defined as those cells moving at a
velocity less than that of erythrocytes within a chosen vessel. The rolling
flux was measured as the number of leukocytes that pass through a 100-mm
section of vessel per minute. The rolling velocity was calculated from the
time required for a cell to roll along a 100-mm length of vessel and is
expressed as micrometers per second. A cell was deemed adherent when it
remained stationary for at least 30 s. Leukocyte emigration constitutes the
total number of cells observed in the extravascular space adjacent to the
observed venule within the microscopic field of view.

Crawling

Neutrophil crawling within the venules was recorded using a340 objective
and 723 time-lapse video recorder. Single unbranched venules (20–30 mm
in diameter) were imaged before and after fMLF (0.5 mM) superfusion.
The crawling distance, crawling velocity, and percentage of adherent cells
that crawl were recorded. The time-lapse video (time-lapsed to a total of
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9003; 1 frame = 30 s) of crawling cells was tracked manually in an
ImagePro 6.2. All crawling was assumed to occur in two dimensions.

Superoxide production

BM neutrophils (1 3 105) resuspended in HBSS were stimulated with
10 mM fMLF or 1 mM PMA (Sigma-Aldrich). The chemiluminescence
was counted with an enhancer-containing, luminol-based detection system
(National Diagnostics) using a luminometer. Superoxide dismutase was
added to some samples to be used as negative controls.

L. monocytogenes infection

Nine- to 11-wk-old mice were injected i.v. with 2 3 104 CFU L. mono-
cytogenes (clinically isolated wild-type strain 10403s) and sacrificed on
day 2 postinfection. Numbers of viable L. monocytogenes in livers and
spleens of infected animals were determined by plating serial dilution of
organ homogenates in PBS on brain–heart-infused agar. For survival assay,
mice were injected i.v. with 105 CFU L. monocytogenes. The end point of
the assay is 14 d after infection.

Coimmunoprecipitation, immunoprecipitation, and
immunoblotting

BM neutrophils were lysed with ice-cold 1% Triton X-100 lysis buffer
(50 mM HEPES [pH 7.0], 150 mM NaCl, 10% glycerol, 1% Triton X-100,
1.5 mM MgCl2, 1 mM EGTA, 1 mM sodium orthovanadate, 1 mM PMSF,
and Roche complete protease inhibitor mixture tablets) for 20 min on ice.
Nuclei were pelleted by centrifugation for 10 min at 16,000 3 g and 4˚C.
For immunoprecipitation, lysates were incubated for 2 h with the indicated
Abs, followed by incubation with either protein A- or protein G-Sepharose
beads (Amersham Biosciences) for 1 h at 4˚C. After incubation, pellets
were washed five times with ice-cold 0.2% Triton X-100 lysis buffer and
resuspended in SDS sample buffer. Eluted immunoprecipitates or whole-
cell lysates were resolved by SDS-PAGE, transferred to polyvinylidene
difluoride membranes, probed with the indicated primary Abs and HRP-
conjugated secondary Abs, and developed using an ECL kit (Amersham
Biosciences) according to the manufacturer’s instructions. Quantification
of band ODs for Western blots was calculated using the Quantity One
program (Bio-Rad Laboratories).

PAK-p21 binding domain pull-down assay

BM neutrophils were lysed as described above. Aliquots of the cell extracts
were kept for total lysate controls, and the remaining extracts were incu-
bated with GST-fusion, p21 (Cdc42/Rac)-binding domain of PAK1 (GST-
PAK1-PBD; Cytoskeleton) at 4˚C for 1 h preceded by a 1-h incubation of
glutathione agarose beads with GST-PAK1-PBD. The bound proteins and
the comparable amount of total lysates were analyzed by SDS-PAGE, and
blots were probed with Rac1-specific Ab (BD Transduction Laboratories),
Rac2-specific Ab (Upstate Biotechnology), or Cdc42-specific Ab (BD
Transduction Laboratories).

Statistical analysis

Averaged numerical data were presented as means 6 SEM. Unless other-
wise indicated, a Student t test was used to determine the statistical sig-
nificance of differences between groups. Data for intravital microscopy
and crawling experiments are presented as means 6 SEM and analyzed
using GraphPad Instat 3 software (GraphPad Software). Unless otherwise
noted, results were analyzed using ANOVA with Bonferroni correction.
A p value of ,0.05 was considered statistically significant.

Results
Sh3bp22/2 neutrophils are defective in fMLF-induced
chemotaxis

To examine the role of 3BP2 in controlling neutrophil chemotaxis,
BM-derived neutrophils from Sh3bp2+/+ and Sh3bp22/2 mice
were subjected to time-lapse videomicroscopy to track individual
cell migration in response to an fMLF gradient. In the absence
of chemoattractants, neither Sh3bp2+/+ nor Sh3bp22/2 neutrophils
demonstrated significant cellular movement (data not shown).
Addition of fMLF to the cells induced rapid and directionally
random movements of both Sh3bp2+/+ and Sh3bp22/2 neutrophils
with similar speed (Fig. 1A, left panels). In response to an fMLF
gradient, Sh3bp2+/+ neutrophils moved toward the fMLF gradient,

whereas the Sh3bp22/2 neutrophils displayed an indecisive wan-
dering behavior (Rayleigh test of uniformity, p value of 3.76 3
10212 for Sh3bp2+/+ cells and a p value of 0.87 for Sh3bp22/2

cells) (Fig. 1A, right panels, 1B). Neutrophils derived from both
strains of mice moved at similar speeds of 4.57 6 0.36 mm/min
(Fig. 1C).
Polymerized F-actin formation provides the primary driving force

for neutrophil locomotion, and the accumulation of F-actin at the
leading edge of migrating neutrophils correlates with the directional
movement of neutrophils (39, 40). We examined both the formation
of total F-actin and the location of accumulated F-actin in fMLF-
stimulated neutrophils by phalloidin staining using flow cytometry
and immunofluorescence. Total cellular F-actin assembled after
fMLF stimulation was similar in both Sh3bp2+/+ and Sh3bp22/2

neutrophils (Fig. 1D). However, in response to an fMLF gradient,
40% of wild-type neutrophils reorganized F-actin in a polarized
manner at the leading edge of the cell toward the fMLF gradient,
whereas only 16% of the Sh3bp22/2 neutrophils had polarized F-
actin structures by 15min (Fig. 1E). In no case did the 3BP2-deficient
neutrophils demonstrate as compact and highly polarized actin
structures as those observed in neutrophils derived from wild-type
mice (Fig. 1E). Therefore, 3BP2 is required for directional move-
ment and for the establishment and/or maintenance of asymmetrical
polymerized actin in response to fMLF chemotactic gradients.

3BP2 is required for normal neutrophil in vivo chemotaxis to
fMLF

To test the capacity of Sh3bp22/2 neutrophils to migrate in vivo,
we assayed the chemotaxis of Sh3bp2+/+ and Sh3bp22/2 neu-
trophils within the cremaster muscle in response to superfusion of
fMLF. In unstimulated mice, ∼50-60 cells/min rolled past a given
point on the video screen (Fig. 2A) at a velocity of ∼35 mm/s (Fig.
2B). Both Sh3bp2+/+ and Sh3bp22/2 neutrophils showed compa-
rable basal values for rolling flux (Fig. 2A) and rolling velocity
(Fig. 2B). In response to superfusion of fMLF, the rolling flux
and rolling velocity decreased similarly for both Sh3bp2+/+ and
Sh3bp22/2 groups (Fig. 2A, 2B). However, although neutrophil
adhesion in Sh3bp2+/+ mice increased 6-fold during the course of
60 min in response to fMLF superfusion, neutrophil adhesion in
Sh3bp22/2 mice increased only 3-fold during the same duration
(Fig. 2C). Emigration increased 4-fold in Sh3bp2+/+ after 60 min of
fMLF superfusion whereas Sh3bp22/2 neutrophils exhibited 50%
less emigration than was seen in Sh3bp2+/+ neutrophils (Fig. 2D).
Given defective adhesion and emigration of Sh3bp22/2 neu-

trophils in response to fMLF superfusion in vivo, time-lapse mi-
croscopy was performed to elucidate the restricted emigration
of Sh3bp22/2 neutrophils. We observed that virtually100% of
Sh3bp2+/+ neutrophils that adhered to the vessel wall crawled
along the venule lumen and subsequently emigrated out of the
vessel. In comparison, the Sh3bp22/2 neutrophils that adhered to
the vessel luminal wall successfully were defective in their ability
to crawl to final emigration sites (Fig. 2E). Only ∼40% of
Sh3bp22/2 neutrophils were capable of crawling following ad-
hesion (Fig. 2E) and crawled at a reduced velocity (30% less than
that of Sh3bp2+/+ cells) covering a shorter distance compared with
Sh3bp2+/+ cells (half of the distance traveled by Sh3bp2+/+ cells)
(Fig. 2F, 2G). These results demonstrated that 3BP2 is required for
optimal neutrophil adhesion to the vessel wall, as well as crawling
and emigration toward fMLF in vivo.
We next investigated whether the transendothelial migratory defect

in 3BP2- deficient neutrophils was due in part to a cell nonautonomous
function of 3BP2 in endothelial cells given that 3BP2 is expressed in
endothelial cells (Supplemental Fig. 1A). To test the integrity of the
endothelial barrier in the absence of 3BP2, we adoptively transferred
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FIGURE 1. 3BP2 is required for neutrophil chemotaxis and spatially restricted F-actin assembly. (A) Plots of neutrophil migration in the Zigmond

chamber assay are shown. Neutrophils undergoing chemokinesis (left panels) and chemotaxis (right panels) in response to fMLF were recorded using time-

lapse imaging. Tracings were used to plot the final position of cells after 30 min. Each datum point on the plot represents one individual cell. The diagrams

shown contain the combined traces from three independent experiments. Units are in micrometers. The final positions of Sh3bp2+/+ and Sh3bp22/2

neutrophils were subjected to the Rayleigh test of uniformity (p value of 3.76 3 10212 for Sh3bp2+/+ cells and p value of 0.87 for Sh3bp22/2 cells). (B)

Rose diagram of cell tracks shown in (A). (C) Average speeds (means 6 SEM) of all chemotaxing Sh3bp2+/+ (filled bar) and Sh3bp22/2 (open bar)

neutrophils in (A). (D) A representative plot of FACS analysis of fMLF-stimulated total F-actin generation of Sh3bp2+/+ (d) and Sh3bp22/2 (s) neutrophils

is shown. Freshly isolated BM neutrophils were stimulated with 10 mM fMLF for the indicated time and analyzed for the content of F-actin by staining the

cells with phalloidin. The results are expressed as the mean channel fluorescence. The plot is representative of three separate (Figure legend continues)
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wild-type neutrophils either into wild-type control mice or into
Sh3bp22/2 mice and quantified the number of Gr-1+ neutrophils
recruited into peritoneal cavity following thioglycolate-induced
peritonitis (Supplemental Fig. 1B, 1C). We observed a significant
defect in neutrophil recruitment into peritoneal cavity of the 3BP2-
deficient host mice compared with the wild-type controls (16 0.33
104 cells in Sh3bp22/2 recipient mice compared with 2.76 0.63 104

cells in wild-type recipient mice; Supplemental Fig. 1C). These data
revealed a role of 3BP2 in the maintenance of the endothelial barrier
regulating neutrophil recruitment into inflammatory sites. We have
shown that the in vivo migratory defect of Sh3bp22/2 neutrophils
resulted from the combined effects of 3BP2 in both the neutrophil and
endothelial cell compartments.

Superoxide production is reduced in Sh3bp22/2 neutrophils

Neutrophils produce superoxide anions rapidly after exposure to
proinflammatory mediators such as complement fragment C5a and
N-formylmethionyl oligopeptides (41). We examined the effect of
3BP2 deficiency on fMLF-induced production of superoxide in

primary neutrophils. Both Sh3bp2+/+ and Sh3bp22/2 neutrophils
produced superoxide following fMLF stimulation that was
quenched by superoxide dismutase. The kinetics of superoxide
production were similar between both strains of mice. However,
compared with Sh3bp2+/+ cells at 30 s following fMLF stimula-
tion, Sh3bp22/2 neutrophils produced 36% less superoxide anions
(Fig. 3A). Phorbol ester-stimulated superoxide production was
modestly but consistently lower in Sh3bp22/2 neutrophils (Fig.
3B). Based on these results, we concluded that 3BP2 is involved in
both chemoattractant- and PMA-induced superoxide production.

Increased susceptibility of Sh3bp22/2 mice to L.
monocytogenes infection

Both functional neutrophils and the fMLF receptor (formyl peptide
receptor) are required for efficient clearance of L. monocytogenes
infection (42–45). Given the defects in fMLF-induced chemotaxis,
vascular emigration, and superoxide production that we observed in
the Sh3bp22/2 neutrophils, we next tested whether 3BP2-deficient
mice might have reduced capacity to clear bacterial infections.

experiments with a consistent pattern. (E) Neutrophil chemotaxing under an fMLF gradient were stained with phalloidin and the percentages of Sh3bp2+/+

(filled bar) and Sh3bp22/2 (open bar) neutrophils with polarized F-actin structures were compared. Results presented are average numbers from three

independent experiments (means 6 SEM) (500 cells were counted per genotype per experiment; **p , 0.01). Cells were judged to have polarized F-actin

when F-actin staining is confined to less than one third of the circumference. Scale bar, 10 mm.

FIGURE 2. The role of 3BP2 in leukocyte recruitment and crawling in response to fMLF in vivo. Rolling flux (A), rolling velocity (B), adhesion (C), and

emigration (D) of leukocytes before and after superfusion of fMLF (0.5 mM). All values are means of n = 56 SEM. (E) The percentage of adherent cells that

crawled prior to emigrating out of the vessel in Sh3bp2+/+ (filled bar) and Sh3bp22/2 mice (open bar). (F) The crawling velocity of adherent Sh3bp2+/+ (filled

bar) and Sh3bp22/2 (open bar) neutrophils. (G) The distance crawled by a Sh3bp2+/+ (filled bar) and Sh3bp22/2 (open bar) neutrophils from the point of

adhesion to where the emigration took place. All values are means of n = 4 6 SEM. *p , 0.05, **p , 0.01, ***p , 0.001 compared with Sh3bp2+/+ mice.
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3BP2 is not required for maintaining the steady-state levels of
neutrophils, as both Sh3bp2+/+ and Sh3bp22/2 mice had a similar
percentage of Gr-1+ cells in their BM and comparable numbers of
neutrophils in circulation (Fig. 3C). To test the role of 3BP2 in
host defense, we compared the susceptibility of Sh3bp2+/+ and
Sh3bp22/2 mice to infection with L. monocytogenes. We infected
mice with 2 3 104 CFU L. monocytogenes and measured the bac-
terial burden 2 d later, a time interval when the innate immune re-
sponse is principally responsible for infection control (45). Relative
to wild-type control mice, Sh3bp22/2 mice carried 47- and 76-fold
more bacteria in spleen and liver, respectively (Fig. 3D). We next
tested the resistance of Sh3bp22/2mice to a higher bacterial burden
of L. monocytogenes infection. Micewere challenged with 105 CFU
bacteria and then analyzed 4–8 d later. After the first 4 d, 80% of
wild-type mice were alive compared with 53% survival of the
Sh3bp22/2 mice cohort. By the day 8 after infection, 47% of
Sh3bp2+/+ mice were alive whereas only 20% of Sh3bp22/2 mice
had survived (Fig. 3E). The results from both the bacterial burden
assay and the survival assay demonstrated that 3BP2 is required for
mice to mount an effective host defense against Listeria infection.

3BP2 is required for activation of Src family kinases and Rac2
GTPase

We have demonstrated that 3BP2 is required for fMLF-mediated
neutrophil chemotaxis in vitro and in vivo and for maximal ROS

production in vitro. To determine what signaling events down-
stream of fMLF require 3BP2, we interrogated the signal trans-
duction pathways activated in response to fMLF in both wild-type
and Sh3bp22/2 neutrophils. Neutrophil stimulation by fMLF
results in acute tyrosine phosphorylation of several proteins, in-
cluding one species with a molecular mass of 80 kDa, which may
correspond to 3BP2 (46, 47). We examined 3BP2 tyrosine phos-
phorylation in response to fMLF and found that it is acutely ty-
rosine phosphorylated following fMLF stimulation (Fig. 4A). Src
tyrosine kinases have been identified as downstream effectors of
formyl peptide receptor signaling (16) and may regulate neutro-
phil integrin function (48, 49). Because we have previously
demonstrated that 3BP2 binds to Src kinase and is required for
integrin-mediated Src activation in osteoclasts (36), we examined
3BP2 dependency of Src activation in response to fMLF in neu-
trophils. We found that in the absence of 3BP2, the basal level of
Src phosphorylation was reduced by 25% and the levels of fMLF-
induced Src phosphorylation were diminished by 40% at 10 s and
50% at 40 s following stimulation compared with wild-type
neutrophils (Fig. 4B).
The small GTPases Rac1 (20, 21, 50), Rac2 (19, 28, 50), and

Cdc42 (23, 25) are known to be key regulators of the actin cy-
toskeleton whereas Rac2 is uniquely critical for activating the
NADPH oxidase system in neutrophils (19, 27, 28). We assessed
the levels of active Rac1, Rac2, and Cdc42 following fMLF

FIGURE 3. Effect of 3BP2 deficiency on

superoxide production and antilisterial host

defense. Sh3bp2+/+ (d) and Sh3bp22/2 (s)

neutrophils were stimulated with 10 mM

fMLF for 3 min (A) or stimulated with 1 mM

PMA for 10 min (B). Kinetic plots of

chemiluminescence intensity are shown. The

plots presented are representative of three

individual experiments. Each point is the

mean of three individual measurements, and

the error bars are the SD of triplicate readings.

(C) Sh3bp2+/+ and Sh3bp22/2 BM cells were

stained with PE-anti-Gr-1 Ab to determine the

percentage of Gr-1-positive cells. The plots

presented are representative of three individ-

ual experiments. Blood was collected from 9-

to 11-wk-old Sh3bp2+/+ and Sh3bp22/2 mice,

and the absolute number of blood circulating

neutrophils was determined using a Hemavet

950 (Drew Scientific Group) by the Toronto

Center for Phenogenomics (n = 6 in each

group; p = 0.155). (D) Nine- to 11–wk-old

Sh3bp2+/+ (d) and Sh3bp22/2 (s) mice were

injected with 2 3 104 CFU L. monocytogenes

in the tail vein. The bacterial burden from

whole spleen and liver was determined 2

d after infection. Results presented are from

a single experiment with sex-matched mice

(n = 8 in each group) and are representative

of three separate experiments with a consis-

tent pattern. The mean values are indicated as

sold bars. *p , 0.05, Mann–Whitney U test.

(E) Nine- to 11-wk-old Sh3bp2+/+ (d) and

Sh3bp22/2 (s) mice were injected with 105

CFU L. monocytogenes in the tail vein. The

percentage of death in the two groups was

recorded for the duration of 14 d. Results

presented are the combined results from three

independent experiments with sex-matched

mice (n = 15 in each group; p = 0.0404,

Gehan–Breslow–Wilcoxon test).
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stimulation using the GTPase binding domain from Pak1 as an
affinity reagent. In wild-type neutrophils, both Rac1 and Rac2
were GTP bound with little further induction of the GTP-bound
state in response to fMLF. In Sh3bp22/2 neutrophils we detected
a significant reduction in Rac2 activation, whereas Rac1 activation
was unaffected in these cells (Fig. 4C, left and middle panels).
Additionally, we observed that the activation of Cdc42 was di-
minished in the absence of 3BP2 (Fig. 4C, right panel). Our data
show that 3BP2 is required for the specific activation of Rac2 and
the optimal activation of Cdc42 but has little impact on Rac1-GTP
loading.

3BP2 is required for p21-activated protein kinase activation
and MAPK activation in response to fMLF stimulation

Rac and Cdc42 GTPases are potent activators of the p21-activated
serine/threonine protein kinases (Paks) (51), and Paks are activated
following fMLF stimulation in neutrophils (52, 53). Pak family
kinases contain an N-terminal regulatory domain that is composed
of the PBD overlapping with an autoinhibitory domain (54). Con-
trol of Pak kinase activity depends on both the N-terminal regula-
tory region and the state of phosphorylation of Thr423 in the kinase
activation loop (55, 56). Crystal structure of Pak1 showed that it
exists as a homodimer where the N-terminal regulatory domain of
one Pak1 molecule binds and inhibits the C-terminal catalytic
domain of the other (57, 58). The structural data (57, 59, 60) and
biochemical studies (61, 62) support a model in which Rac and
Cdc42 GTPase binding to the PBD of Pak disrupts dimerization and
leads to a series of conformational changes that rearrange the kinase

active site of Pak into a catalytically competent state (57). Phos-
phorylation at Thr423 in the activation loop of Pak1 catalytic do-
main by phosphoinositide-dependent kinase-1 (63) is critical to
reinforce the active catalytic state of Pak1 (56, 64). With a defi-
ciency in both Rac2 and Cdc42 activities, we hypothesized that Pak
would fail to be fully activated in the absence of 3BP2. To examine
the requirement of 3BP2 for fMLF-mediated Pak activation, we
used phospho-specific Abs against Pak1 phospho-Ser199/Thr423 and
Pak2 phospho-Ser192/Thr402 as surrogate indicators of their acti-
vation state following stimulation. We observed that whereas both
Pak1 and Pak2 were acutely phosphorylated in wild-type neu-
trophils, phosphorylation of Pak1 and Pak2 was significantly di-
minished in the absence of 3BP2 (Fig. 5A).
Pak kinases have been implicated in the regulation of MAPKs

(65–69), cytoskeletal dynamics (70–72), and activation of NADPH
oxidase complex (52, 73). The MAPK Erk p42/p44 is one of the
Pak substrates and is activated in neutrophils following chemo-
attractant stimulation (19, 74, 75). Erk p42/p44 phosphorylation of
p47phox, one of the cytosolic components of the NADPH oxidase
complex (76), is thought to be functionally important because
selective MAPK pharmacologic inhibitors block fMLF-mediated
superoxide production in neutrophils (77–79). The role of p38
MAPK in fMLF-mediated respiratory burst, in contrast, remains
controversial (76, 80). We examined the phosphorylation of these
MAPKs in response to fMLF to assess whether their activation
was defective in the absence of 3BP2. We found that phosphor-
ylation of Erk p42/p44 MAPK was significantly diminished in
Sh3bp22/2 neutrophils compared with wild-type neutrophils (Fig.

FIGURE 4. 3BP2 is tyrosine phosphorylated and is required for Src kinases and Rac2 GTPase activation. (A) Resting Sh3bp2+/+ BM neutrophils were

either left unstimulated or stimulated with 10 mM fMLF for indicated time intervals at 37˚C before lysis. 3BP2 was immunoprecipitated, resolved by SDS-

PAGE, and probed with anti-phosphotyrosine Ab, pY99, and the same membrane was stripped and reprobed with anti-3BP2. (B) Cell lysates from

unstimulated and 10 mM fMLF-stimulated Sh3bp2+/+ and Sh3bp22/2 neutrophils were resolved by SDS-PAGE gel and probed with a phosphospecific Ab

against phospho-Src. The same membrane was stripped and reprobed with an anti-Src Ab. (C) The levels of active Rac2 (left panel), Rac1 (middle panel),

and Cdc42 (right panel) were determined in 10 mM fMLF-stimulated BM neutrophils via the GST-PBD pull-down assay.
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5B), whereas no difference in the phosphorylation state of p38
MAPK was observed between Sh3bp2+/+ and Sh3bp22/2 neu-
trophils (Fig. 5C). These results closely resemble the biochemical
defects observed in fMLF-stimulated Rac22/2 neutrophils (19),
suggesting that Rac2 is a major downstream component of the
3BP2 pathway in neutrophils.

3BP2 is required for the tyrosine phosphorylation of GEF Vav1
and the localization of GEF P-Rex1 to the leading edge in
response to fMLF stimulation

Several Rac GEFs, including Vav (81, 82), GIT2 (30), and P-Rex1
(83, 84), are required for full fMLF response in neutrophils. Vav1
undergoes Src family kinase-dependent tyrosine phosphorylation
in murine neutrophils stimulated with fMLF (82). Functionally,
Vav1 participates in fMLF-induced neutrophil migration, F-actin
polymerization, and superoxide production (82). Vav1 interacts
with p67phox, a target of Rac-GTP in the oxidase complex (85, 86),
which enhances superoxide production by increasing nucleotide
exchange on Rac (87). This localized pool of Rac2-GTP seems to
be small, as the overall cellular level of Rac2-GTP induced by
fMLF stimulation was not reduced in the absence of Vav1 (82).
The attenuation in fMLF-induced superoxide production found in
Sh3bp22/2 neutrophils prompted us to examine Vav1 activation in
these cells. We found that 3BP2 constitutively bound to Vav1 in
neutrophils (Fig. 6A). The induction of Vav1 tyrosine phosphor-
ylation was significantly reduced in the absence of 3BP2 after 1
min fMLF stimulation compared with wild-type neutrophils (Fig.
6B). Because we observed a substantial decrease in the overall
levels of Rac2-GTP in Sh3bp22/2 neutrophils (Fig. 4C), we
conjectured that 3BP2 deficiency most likely is required for the
function of other GEFs in neutrophils.

P-Rex1–deficient neutrophils demonstrated a differential effect
on Rac2 compared with Rac1 activation in response to fMLF (84).
Moreover, P-Rex1 is required for neutrophil migration rate and
superoxide production in response to fMLF (31, 84). P-Rex1
polarizes to the leading edge of neutrophils during chemotaxis in
a region where phosphatidylinositol 3,4,5-trisphosphate (PIP3)
accumulates following activation of class I PI3K (26, 88, 89). P-
Rex1 activation requires the coincident input of PIP3 phospholi-
pids and Gbg dimers (83), suggesting that its localization in
proximity to these two agonists at the leading edge may be a re-
quirement for its full activation. Because Sh3bp22/2 neutrophils
closely phenocopied the biologic defects observed in P-Rex12/2

neutrophils, we investigated the possibility that 3BP2 and P-Rex1
are functionally coupled. We were unable to demonstrate an en-
dogenous 3BP2/P-Rex1 protein complex in neutrophils, nor were
we able to show that the levels of P-Rex1 tyrosine phosphorylation
were altered in 3BP2-deficient neutrophils (data not shown). We
next examined the subcellular localization of P-Rex1 in neu-
trophils under basal conditions and in an fMLF gradient. Under
basal conditions, P-Rex1 was distributed in a nonpolarized uni-
form manner in both Sh3bp2+/+ and Sh3bp22/2 neutrophils. In
response to an fMLF gradient, we observed that P-Rex1 moved to
the leading edge of the cell in ∼40% of wild-type neutrophils
undergoing chemotaxis. In comparison, only ∼14% of Sh3bp22/2

neutrophils displayed a polarized P-Rex1 distribution when ex-
posed to an fMLF gradient (Fig. 6C). The failure of P-Rex1 lo-
calization was not due to lack of PI3K activation and PIP3 pro-
duction because the phosphorylation of Akt was not reduced in the
absence of 3BP2 (Fig. 6D). Our results demonstrate a requirement
for 3BP2 in specifying the leading edge polarization of P-Rex1
during neutrophil chemotaxis and suggest that this defect may be

FIGURE 5. 3BP2 is required for the full activation

of Pak1/2 kinase and Erk1/2 MAPK but not p38

MAPK. (A) Cell lysates from unstimulated and 10 mM

fMLF-stimulated Sh3bp2+/+ and Sh3bp22/2 BM neu-

trophils were resolved by SDS-PAGE gel and probed

with phospho-specific Abs against phospho-Pak1/2

(Thr423/Thr402) and phospho-Pak1/2 (Ser199/Ser192).

The levels of Pak1/2 proteins were examined using

anti-Pak1 and anti-Pak2. (B) Cell lysates were prepared

as described above and a phospho-specific Ab against

phospho-Erk1/2 was used to compare the levels of

phospho-Erk1/2 in Sh3bp2+/+ and Sh3bp22/2 BM

neutrophils. The same membrane was stripped and

reprobed with anti-Erk1/2. (C) Cell lysates were pre-

pared as described above and a phospho-specific Ab

against phospho-p38 was used to compare the levels of

phospho-p38 in Sh3bp2+/+ and Sh3bp22/2 BM neu-

trophils. The same membrane was stripped and

reprobed with anti-p38.

8 3BP2 IS REQUIRED FOR NEUTROPHIL ACTIVATION

 at U
niversity of T

oronto L
ibrary on July 31, 2012

http://jim
m

unol.org/
D

ow
nloaded from

 

http://jimmunol.org/


related to the failure of Rac2 to become activated in the absence
of 3BP2.

Discussion
In this study, we report the requirement for the pleckstrin homol-
ogy/Src homology 2-containing adapter protein 3BP2 for optimal
neutrophil function both in vitro and in vivo.Mice lacking 3BP2 are
unable to mount an effective response to acute L. monocytogenes
infection, and neutrophils from these mice are defective in intra-
vascular crawling and endothelial emigration in response to fMLF
in vivo. The inability of Sh3bp22/2 neutrophils to respond to
fMLF in vivo is mirrored by their inability to undergo produc-
tive chemotaxis in response to an fMLF gradient in vitro. More-
over, neutrophils lacking 3BP2 fail to polarize their polymerized
actin cytoskeleton toward the fMLF gradient, an obligate step

during chemotaxis. We also observed that Sh3bp22/2 neutrophils
were unable to generate normal ROS levels in response to fMLF
in vitro. These observations provide genetic evidence that 3BP2
couples fMLF signaling to the actin cytoskeleton reorganization
during chemotaxis and to the NADPH oxidase complex.
fMLF signals through a GPCR system, which recruits lipid

kinases, protein kinases, GEFs, and small GTPases (17). In this
study, we show that 3BP2 adapter protein is required in neu-
trophils for maximal Src family kinase activation and is itself
rapidly tyrosine phosphorylated following fMLF stimulation. The
most profound signaling defect we observed in the 3BP2-deficient
neutrophils was attenuated Rac2 activation in the context of nor-
mal Rac1 activation in response to fMLF. This defect manifested
a phenotype reminiscent of Rac22/2 neutrophils, including de-
creased superoxide production (27), defective directed migration

FIGURE 6. 3BP2 constitutively binds to Vav1 and is required for Vav1 tyrosine phosphorylation and P-Rex1 localization following fMLF stimulation.

(A) Resting Sh3bp2+/+ neutrophils were either left unstimulated or stimulated with 10 mM fMLF for indicated time intervals at 37˚C before lysis. 3BP2 was

immunoprecipitated, resolved by SDS-PAGE, and probed with anti-Vav1 Ab. The same membrane was stripped and reprobed with anti-3BP2. (B) Kinetics

and magnitude of immunoprecipitated Vav1 tyrosine phosphorylation following fMLF stimulation were compared between Sh3bp2+/+ and Sh3bp22/2

neutrophils. (C) Neutrophil chemotaxing under an fMLF gradient were stained with anti–P-Rex1 mAb as described in Materials and Methods. The data

shown here contained both immunofluorescence image (left side) and differential interference contrast image (right side) of the same cell. The percentages

of Sh3bp2+/+ (filled bar) and Sh3bp22/2 (open bar) neutrophils with asymmetrical accumulation of P-Rex1 were compared. Scale bars, 10 mm. Results

presented are average numbers from three independent experiments (mean 6 SEM) (∼1000 cells were counted per genotype per experiment, *p , 0.05,

**p , 0.01). (D) Cell lysates from unstimulated and 10 mM fMLF-stimulated Sh3bp2+/+ and Sh3bp22/2 neutrophils were resolved by SDS-PAGE gel and

probed with a phospho-specific Ab against phospho-Akt. The same membrane was stripped and reprobed with anti-Akt.
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(19), and poor F-actin polarization (28). These observations sug-
gest that 3BP2 and Rac2 may share a common biochemical
pathway. In distinction to Rac1, Rac2 exists in at least two distinct
functional and spatially resolved pools in neutrophils (28). Rac2
is enriched in a perinuclear pool critical for activation of the
NADPH oxidase complex (27, 28, 86) and in regions interior to
but distinct from cortical F-actin within the lamellipodium re-
quired for pseudopodium formation and cell polarization in re-
sponse to fMLF stimulation (28). The C-terminal prenylation
sequence of Rac2, RQQKRP, is both necessary and sufficient for
directing Rac2 to the perinuclear region and is indispensable for
Rac2-mediated superoxide production in neutrophils (28), whereas
the RQQKRP sequence together with aspartic acid at position 150
are both required for localization to the cytoplasm associated with
F-actin polarization and directed migration (28). Although Rac1-
GTP cannot compensate for Rac2-dependent superoxide produc-
tion in the absence of Rac2, replacement of the C-terminal se-
quence of Rac1 with the RQQKRP sequence derived from Rac2 is
sufficient to restore the superoxide production in Rac22/2 neu-
trophils (28). These distinct pools of Rac2 may be regulated by
distinct guanine nucleotide exchange factors. We show that Vav1
is a 3BP2-binding partner in neutrophils. Vav1 forms an fMLF-
inducible complex with p67phox and Rac2 in human neutrophils
(87). The kinetics of this association are similar to the kinetics of
superoxide formation elicited by fMLF (87), suggesting that Vav1
is the principal GEF that controls the activation of the perinuclear
pool of Rac2 responsible for neutrophil ROS production. The
restricted regulation of the perinuclear Rac2 pool by Vav1 may
explain, in part, the paradox that whereas the overall cellular
Rac2-GTP levels are near normal in Vav12/2 neutrophils, the
superoxide production is reduced 3-fold in these cells in response
to fMLF (82). Consistent with the defect in superoxide production
observed in Sh3bp22/2 neutrophils, we observed a significant
reduction in Vav1 phosphorylation in the absence of 3BP2 in re-
sponse to fMLF.
Our data demonstrating a severe reduction in total Rac2-GTP in

Sh3bp22/2 neutrophils suggest that 3BP2 regulates the activity of
other Rac GEFs in addition to Vav. The selective Rac2-GTP loading
defect in the absence of altered Rac1-GTP levels in Sh3bp22/2

neutrophils closely phenocopies a similar defect observed in the
P-Rex1–deficient neutrophils (31). Although we were unable to
demonstrate an inducible 3BP2/P-Rex1 protein complex in neu-
trophils or show that P-Rex1 tyrosine phosphorylation levels were
dependent on 3BP2, we observed that 3BP2 is required for polar-
ization of P-Rex1 to the leading edge of cells migrating in an fMLF
gradient. P-Rex1 activation is dependent on both Gbg dimers and
the PI3K lipid product PIP3 (83). The precise mechanism of how
Gbg subunits and PIP3 activate P-Rex1 is currently unknown. One
model suggests that the Gbg subunits and PIP3 lipids bind to and
activate P-Rex1 by inducing an allosteric reorganization of its GEF
catalytic domain (83). In chemoattractant-stimulated neutrophils,
PIP3 accumulates asymmetrically at the leading edge of the cell as
a result of local accumulation of active PI3K in this region (22). The
confinement of PIP3 to the inner leaflet of the leading edge of the
cell (26, 88) serves to activate P-Rex1 and hence Rac2 in a tem-
porally and spatially restricted manner (90). We have shown that in
wild-type neutrophils, P-Rex1 accumulates at the leading edge in
a region where PIP3 and active Rac levels are known to be elevated
(88, 90–92). In the absence of 3BP2, P-Rex1 fails to localize to the
leading edge, which suggests that this localization defect could
therefore uncouple P-Rex1 from PIP3-mediated activation and
subsequent efficient Rac2-GTP loading (31).
In addition to defects in superoxide generation, neutrophils de-

ficient in Rac2 are incapable of polarization of polymerized actin

(28) required for chemotaxis (19). The redistribution of Rac2 in-
terior to F-actin in response to fMLF is required to mediate F-actin
polarization and chemoattractant-induced cell migration in neu-
trophils (28). Genetic analyses of Vav12/2 (82) and P-Rex12/2

neutrophil Rac-GTP loading (31, 84) suggest that whereas Vav1 is
involved in activation of perinuclear Rac2 responsible for super-
oxide generation, P-Rex1 may control the activation of global
Rac2 activation. The failure of P-Rex1 polarization to the leading
edge might contribute to the quantitative deficiency in Rac2-GTP
levels observed in Sh3bp22/2 neutrophils and the defects in
chemotaxis and superoxide production observed in these cells.
More recently, P-Rex1 and Vav1 have been shown to cooperate

in the regulation of fMLF-dependent neutrophil response (93).
Neutrophils lacking both P-Rex1 and Vav1 have severe defects in
fMLF-dependent ROS formation, chemotaxis, and adhesion,
whereas these responses are normal or near normal in cells lacking
the entire P-Rex family or the entire Vav family (93). These ob-
servations further confirmed the role of 3BP2 in the activation
of different GEFs downstream of the fMLF receptor. Because
these two GEFs are activated through separate pathways down-
stream of the fMLF receptor, that is, P-Rex1 is targeted by Gb/g
and PIP3 (83), whereas Vav1 is activated by protein tyrosine ki-
nase (82), 3BP2 is most likely involved in both signaling path-
ways.
In concert with the Rac2 defect we observed a severe defect in

the activation of Rac/Cdc42 downstream kinases Pak1 and Pak2.
Interestingly, Pak1 has a dual role of being an effector of Cdc42 and
a stimulator for Cdc42 activation (25). A requirement for Pak1 in
chemoattractant-induced Cdc42 activation and chemotaxis of cells
was demonstrated using small interfering RNA-mediated Pak1
mRNA knockdown in RAW274 macrophage-like cell line and in
differentiated HL-60 cells (25). Cdc42 controls cellular polariza-
tion and directional sensing (25, 94–97). The lack of optimal
levels of Cdc42-GTP in Sh3bp22/2 neutrophils therefore might
also contribute to the chemotaxis defects observed in these cells.
The in vivo data presented in this study show that 3BP2 is re-

quired for neutrophil intraluminal crawling to optimal sites of
emigration. Whereas all wild-type neutrophils that adhered to the
venule wall immediately began crawling, neutrophils lacking 3BP2
were significantly impaired in their ability to crawl, which in turn
led to impaired emigration. Intraluminal crawling has previously
been described as a means for neutrophils to reach optimal emi-
gration sites following adhesion (98). We observed that the few
Sh3bp22/2 neutrophils that successfully emigrated out of the
vasculature crawled much shorter distances and their crawling
velocities were also decreased. These data indicate that cells
lacking 3BP2 either had impaired engagement of integrins and
other adhesion molecules or suffered from an inability to disen-
gage adhesive mechanisms. Intraluminal neutrophil crawling re-
quires b2 integrin Mac-1 (aMb2, CD11b/CD18) and its ligand,
ICAM-1, whereas b2 integrin LFA-1 (aLb2, CD11a/CD18) is
needed for neutrophil adhesion (98). The defect in Sh3bp22/2

neutrophil emigration is reminiscent of, but is less severe than, the
defects observed in neutrophils lacking the b2 integrins Mac-1 or
LFA-1 (98), suggesting that 3BP2 likely modulates integrin
function and is required for optimum integrin-dependent adhesion
and crawling. Most leukocyte integrins exist in a resting state until
activated by stimuli (99). Activation of neutrophils by fMLF
stimulation provides inside–out signals that activate their integrin
receptors by increasing the adhesive activity of these integrins
(100). The stimulation-dependent integrin activation prevents the
spontaneous adhesion of circulating leukocytes to the blood vessel
wall (101). The inside–out signaling initiated by GPCR activates
integrin receptors through enhanced ligand affinity (102–105) and
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clustering of integrins by changing their lateral surface motility to
achieve increased avidity for the ligand (106, 107). fMLF activates
b2 integrins by increasing receptor avidity and binding affinity
(100). The specific mechanism and molecular components in-
volved in the inside–out signal from the fMLF receptor to b2

integrin remain to be elucidated (108). b2 integrin-mediated out-
side–in signaling, however, is known to require activation of the
Src family kinases Fgr and Hck (48), Syk (109), and Vav GEFs
(110). We speculate that 3BP2 is required to couple fMLF stim-
ulation with b2 integrin activation. However, 3BP2 may also be
directly required for outside–in integrin signal transduction.
Lastly, we uncovered a previously unanticipated role of 3BP2

in regulating the integrity of the endothelial barrier controlling the
recruitment of neutrophils into inflammatory sites. Further study
will be required to fully elucidate the role of 3BP2 in endothelial
cells.
We have identified a new component, the adapter protein 3BP2,

to a pathway that couples fMLF stimulation to actin polarization
and ROS production in neutrophils. The cellular defects observed
in the absence of 3BP2 stem from the inability to activate Src
family kinases, Vav1 GEF, and properly localize P-Rex1, which is
needed for Rac2 activation and its downstream effector proteins. As
a result, 3BP2-deficient neutrophils have difficulty getting to sites
of infection and effectively manifesting an antimicrobial response
to L. monocytogenes once a bacterial target is encountered.
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