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Background:The scavenger receptor CD36 is known to activate Vav proteins, which function asGEFs for RhoGTPases and
scaffolds for assembly of various signaling proteins.
Results: CD36-dependent activation of Vav proteins in macrophages by oxidized phospholipids was shown to trigger lipid
uptake and foam cell formation by activating dynamin 2 and generating calcium signals.
Conclusion: Vav family GEFs regulate CD36-mediated oxLDL uptake and foam cell formation via calcium and dynamin
2-dependent processes.
Significance: Results from these studies will have therapeutic interest because small chemical inhibitors of dynamin GTPase
activity or calcium antagonists may be useful as potential anti-atherosclerotic reagents.

Atherosclerosis, a chronic inflammatory disease, results in
part from the accumulation ofmodified lipoproteins in the arte-
rial wall and formation of lipid-laden macrophages, known as
“foam cells.” Recently, we reported that CD36, a scavenger
receptor, contributes to activation of Vav-family guanine nucle-
otide exchange factors by oxidatively modified LDL in macro-
phages.We also discovered thatCD36-dependent uptake of oxi-
dized LDL (oxLDL) in vitro and foam cell formation in vitro and
in vivo was significantly reduced in macrophages deficient of
Vav proteins. The goal of the present study was to identify the
mechanisms by which Vav proteins regulate CD36-dependent
foam cell formation. We now show that a Vav-dynamin signal-
ing axis plays a critical role in generating calcium signals in
mouse macrophages exposed to CD36-specific oxidized phos-
pholipid ligands. Chelation of intracellularCa2� or inhibition of
phospholipase C-� (PLC-�) inhibited Vav activation (85 and
70%, respectively, compared with vehicle control) and reduced
foam cell formation (approximately 75%). Knockdown of
expression by siRNA or inhibition of GTPase activity of
dynamin 2, a Vav-interacting protein involved in endocytic ves-
icle fission, significantly blocked oxLDL uptake and inhibited
foam cell formation. Immunofluorescence microscopy studies
showed that Vav1 and dynamin 2 colocalized with internalized
oxLDL in macrophages and that activation and mobilization of
dynamin 2 by oxLDL was impaired in vav null cells. These stud-
ies identified previously unknown components of the CD36 sig-
naling pathway, demonstrating that Vav proteins regulate
oxLDL uptake and foam cell formation via calcium- and
dynamin 2-dependent processes and thus represent novel ther-
apeutic targets for atherosclerosis.

The earliest atherosclerotic lesion, known as the fatty streak,
is primarily composed of lipid-laden macrophages or “foam
cells.” A crucial step in foam cell formation is recognition and
internalization of oxLDL3 by scavenger receptors, including
CD36 and scavenger receptor A (SR-A) (1). Cumulative results
from our group and others demonstrated that CD36 accounts
for a large proportion of foam cell formation in vivo and in vitro
(2–6). However, the precise molecular mechanisms required
for oxLDL uptake andmacrophage foam cell formation are not
fully understood. Notably, our newly published data revealed
that CD36 contributes to activation of Vav family proteins in
aortas from hyperlipidemic apoe null mice (7) and that oxLDL
induces activation of macrophage Vav in vitro in a CD36 and
Src family kinase-dependent manner (7). We also found that
CD36-dependent uptake of oxLDL and foamcell formationwas
significantly reduced in macrophages deficient of Vav proteins
(7). The studies outlined here uncover previously unknown
mechanisms by which Vav proteins regulate oxLDL uptake and
foam cell formation via calcium- and dynamin 2-dependent
processes.
Vav family proteins are multidomain signal transduction

molecules that primarily act as a guanine nucleotide
exchange factors (GEF) for the Rho/Rac/Cdc42 family of
small GTPases (8, 9). They also functions as adaptor plat-
forms for various signaling proteins including dynamin,
PLC-�, ZAP70, Lyn, and Syk (8, 9). They are activated by
ligation of several receptors, including the T-cell and B-cell
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antigen receptors, integrins, growth factor receptors, and
chemokine receptors (8, 10–12). Considerable evidence
supports a critical role for Vavs in receptor-dependent acti-
vation of MAP kinases (8, 13–15), generation of Ca2� flux (8,
16–18) and reactive oxygen species (8, 19–21), cytoskeletal
remodeling (8, 22–25), endocytosis (8, 21, 22), andmigration
in many cell types (8, 11, 26, 27). Among the three structur-
ally and functionally related members of the Vav family,
Vav1 is exclusively expressed in hematopoietic cells,
whereas Vav2 and Vav3 are ubiquitously expressed.
Vav proteins have been linked to calcium responses via

PLC-� activation in many cell types (8, 16). It has also been
reported that during T cell activation dynamin, a large GTPase,
interacts with Vav1 and regulates PLC�1 activation and Ca2�

mobilization (28, 29). Considerable evidence suggests that
Ca2� can increase endocytic vesicle size, accelerate membrane
fission, and regulate endocytic membrane retrieval (30). These
calcium-dependent processes may be critical during endocyto-
sis of oxLDL, an early event in foam cell formation. Given that
dynamin plays a critical role in endocytosis, it is rational to
hypothesize that activation of a Vav-dynamin pathway can reg-
ulate foamcell formation viaCa2�-dependent process.Wenow
show that Vav plays an important role in activation of dynamin
2 and generation of calcium signaling inmacrophages activated
by CD36-specific oxidized phospholipid ligands. Mechanisti-
cally we show that dynamin-2 is essential for CD36-mediated
foam cell formation, co-localizes with Vav1 and internalized
oxLDL in macrophages, and mediates endocytosis of oxLDL-
containing vesicles.

EXPERIMENTAL PROCEDURES

Antibodies, Cells, and Reagents—Antibodies to PLC�1 and
its phosphorylated form were from Cell Signaling Technology,
Inc. (Beverly, MA). Antibodies to actin, Vav1, and Vav2 were
from Santa Cruz Biotechnology, Inc. (Beverly, MA). Anti-dy-
namin2 antibody was from BD Transduction Laboratories.
Rabbit anti-mouseCD36 antibodywas fromDr.HuyOng (Uni-
versity of Montreal, Canada). Anti-p-tyrosine clone 4G10 was

from Upstate Biotechnology (Charlottesville, VA). KOdiA-PC
(1-(palmitoyl)-2-(5-keto-6-octenedioyl) phosphatidylcholine)
was fromCaymanChemical (AnnArbor,MI). LDLwas isolated
from fresh human plasma as described previously and stored
under N2 gas until use. All LDL concentrations were expressed
in terms of protein content as measured by Lowry assay. LDL
oxidized by the leukocyte myeloperoxidase/nitrite system
(NO2LDL) was prepared as described previously (2). As con-
trols for NO2LDL, the LDL particles were incubated with the
system in the absence of nitrite (-NO2LDL). DiI (1,1�-dioctade-
cyl-3,3,3�,3�-tetramethylindocarbocyanine iodide) and fura-
2/AMwere fromMolecular Probes (Eugene, OR), and U73122,
TFP (trifluoperazine), ionomycin, BAPTA/AM (O,O’-bis(2-
aminophenyl)ethylene glycol-N,N, N’,N’-tetraacetic acid/tet-
raacetomethyl ester) and dynasore were from Calbiochem (La
Jolla, CA). The SMARTpool siRNA formouse dynamin 2 and the
non-targeted control siRNA were obtained from Dharmacon
(Pittsburgh, PA). All other chemicals were obtained from Sigma
unless indicated. cd36, apoe, lyn, and fyn null mice and vav1;vav3
double-null mice were described previously. vav1 null mice were
provided by Dr. J. Rivera (National Institutes of Health, Bethesda,

FIGURE 1. Intracellular calcium regulates oxLDL-induced activation of
Vav proteins in macrophages. MPM pretreated with vehicle (DMSO),
BAPTA/AM (5 �M), methyl-�-cyclodextrin (M�CD) (5 mM), cytochalasin-D
(CytD) (20 �M), or sodium orthovanadate (NaOV) (20 �M) were exposed to
NO2LDL (50 �g/ml) and Vav activation status detected by IP followed by IB
analysis. Cells without NO2LDL treatment were used as control. In brief, whole
cell extracts were subjected to IP with antibodies to the two specific Vav
family members. Precipitates were then subjected to IB analysis with anti-
phospho-tyrosine, and the blots were then stripped and reprobed with anti-
bodies to the individual Vavs to assess total protein loaded. The bar graphs of
mean � S.E. from three separate experiments show an 85% decrease in Vav1
phosphorylation in the presence of BAPTA. ***, p � 0.0001, Student’s t test.
DMSO, dimethyl sulfoxide.

FIGURE 2. PLC�1 regulates oxLDL-induced activation of Vav proteins in
macrophages. A, IB of extracts from WT and vav1;vav3 double-null MPM
exposed to NO2LDL for timed points using antibodies to PLC-�1 and
p-PLC-�1 shows impaired phosphorylation in vav null cells compared with
the WT. The bar graphs show mean � S.E. from three separate experiments.
*, p � 0.05, Student’s t test. B, MPM pretreated with a PLC� inhibitor (U73122,
1 �M), calmodulin inhibitor (TFP, 5 �M), or calcium ionophore (ionomycin, 5
�M) were exposed to NO2LDL or untreated and assessed for Vav1 phosphor-
ylation by IP/IB as in Fig. 1. The blot is representative of three separate exper-
iments. C, WT and cd36 null MPM were treated with NO2LDL (50 �g/ml) for 2
min, and CD36 was immunoprecipitated with a monoclonal antibody. IPs
were analyzed by IB with antibodies to Vav1, PLC�1, and CD36. A cell lysate
from WT MPM was used as a positive control.
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MD). Mice were backcrossed at least six times to C57Bl/6 and
background matched WT control lines were used in all studies.
Thioglycollate-elicited mouse peritoneal macrophages (MPM)
were isolated and maintained as described previously (5). Bone
marrow-derived macrophages (BMDM) were derived from
mouse bonemarrow cells maintained in presence of macrophage
colony-stimulating factor for 6–10 days.
Binding and Uptake of NO2LDL—MPM were pretreated

with inhibitors or vehicle for 30 min and then incubated with
DiI-NO2LDL (5 �g/ml) for 30 min at 4 °C to assess binding.
Fluorescence intensity was examined by confocal or epifluores-
cence microscopy. To examine internalization, cells were then
warmed to 37 °C and imaged at timed points up to 30 min.
MPM harvested from cd36 null mice were used to assess non-
specific binding.
Foam Cell Assays—TG-elicited MPM from various strains

were plated on coverslips in RPMI 1640 medium supplied with
10% FCS. After removing non-adherent cells, fresh medium
was added and cells were maintained for 48h. MPM were then
incubated with 50 �g/ml of NO2LDL for 8 h in the presence or
absence of various inhibitors in the same media. Cells were
fixed with 4% formaldehyde, stained with Oil-Red-O, and foam

cells were counted by microscopy. For the in vivo assays, TG-
elicited MPM were collected from donor mice and 107 cells
were then injected intraperitoneally into each recipient apoe
null mouse maintained on a diet containing 0.15% cholesterol
and 42% milk fat (TD88137, Harlan-Teklad) for 6 weeks. After
3 days, recipient mice were lavaged and cells analyzed as above
by Oil-Red-O staining.
Immunoprecipitation (IP) and Immunoblot (IB) Analysis—

For IP studies, cells were lysed in 20 mM Tris-HCl (pH7.5),
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Nonidet P-40,
2.5 mM sodium pyrophosphate, 1 mM �-glycerophosphate, 1
mM Na3VO4, and 1 �g/ml leupeptide. The cleared superna-
tant containing 300–500 �g protein was incubated with 2–3
�g of antibody immobilized on agarose beads overnight at
4 °C. Beads were extensively washed in the same buffer and
then boiled in SDS-PAGE loading buffer for subsequent IB.
For CD36, coIP assays cells were treated with DSP (dithiobis-
succinimidylpropionate) before harvesting in lysis buffer
containing 1% CHAPS. Lysates were subject to IP using
monoclonal anti-CD36 IgA and protein L-agarose. IBs were
analyzed with a chemiluminescence detection system.

FIGURE 3. OxPL induce macrophage Ca2� flux in a Vav-dependent manner. MPM (106 cells/ml) loaded with fura2-AM (4 �M) for 60 min were transferred to
a cuvette, and fluorescence emission was recorded continuously at 340 and 380 nm after addition of KOdiA-PC (30 �g/ml). Intracellular Ca2� was measured as
above in WT, vav1 null, and vav1;vav3 double-null MPM (A) as well as lyn and fyn null MPM (B). The inset in Fig. 3B shows the basal level of Ca2� flux generation in various
cell types by KOdiA-PC in the absence of any external calcium. C, intracellular Ca2� flux in MPM treated with dimethyl sulfoxide (DMSO) or the dynamin GTPase inhibitor
dynasore (20 �M) for 30 min before stimulation with KOdiA-PC. In B and C, we compared calcium flux generation by KOdiA-PC because of influx of external calcium
from added CaCl2 (arrows). D, MPM pretreated with EGTA (2 mM) or BAPTA (10 �M) for 30 min were stimulated with KOdiA-PC (30 �g/ml) and intracellular Ca2�

measured as above. The arrow indicates the time of KOdiA-PC addition. Representative data from three experiments is shown.
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Transfection of BMDM with siRNA—At day 6 of culture,
BMDMwere transfectedwith siRNAoligos usingAccell siRNA
delivery media according to the manufacturer’s instructions
(Dharmacon). After 72 h, cells were harvested for immunoblot
analysis to examine knockdown efficacy and specificity.
Calcium Flux Analysis—Cells (2 � 106/ml) were loaded with

4 �M fura-2/AM inHanks’ balanced salt solution (with or with-
out Ca2�) for 60 min at 37 °C and then washed three times and
diluted to 106/ml. Fluorescence was continuously monitored
with a spectrophotometer with constant stirring using excita-
tion at 340 and 380 nm and detecting emission at 510 nm. The
ratio of 340/380 nm fluorescence was used to calculate intra-
cellular Ca2� concentration.
FluorescenceMicroscopy—MPMwere seeded on glass cover-

slips in RPMI 1640 medium with 10% FCS. After incubation
withDiI-NO2LDL (5�g/ml) for timed points at 37 °C cells were
fixed with 4% formaldehyde and incubated with primary anti-
bodies. Alexa Fluor-coupled secondary antibodies were then
applied and cells were analyzed by fluorescence microscopy.

RESULTS
PLC-�1 and Ca2� Are Necessary for Activation of Vavs in

Macrophages—Because intracellular calcium flux (8, 16–18),
actin polymerization (8, 22–25), lipid raft clustering (23, 24),

and phosphatases (31) have been shown to participate in Vav
activation in other systems, we examined the effect of selective
pharmacologic inhibitors of these processes on CD36-medi-
ated macrophage Vav activation. MPM pretreated with
BAPTA/AM to chelate intracellular calcium, methyl-�-cyclo-
dextrin to disrupt lipid rafts, cytochalasin-D to inhibit actin
polymerization, or sodium orthovanadate to inhibit phosphatases
were exposed to NO2LDL (a highly specific ligand for CD36), and
Vavphosphorylationwas assayedby IP/IB.Cell viabilitymeasured
by trypan blue exclusion was greater than 95% in all studies (data
not shown).As shown in the representativeblot inFig. 1,Vav1 and
Vav2 activation were blocked more than 85% by chelating intra-
cellular calcium,whereas the other inhibitors had no effect. These
data are consistent with previous reports that oxLDL can induce
Ca2� flux in leukocytes (32).

Because PLC-� plays a critical role in intracellular calcium
signaling, we next demonstrated by IBwith an antibody specific
to phospho-PLC-�1 (Fig. 2A) that NO2LDL induced a time-de-
pendent increase in PLC-�1 phosphorylation in MPM with a
3-fold increase seen at 30 min compared with the untreated con-
trol (0� min). No increases were seen inMPM isolated from vav1;
vav3 double-nullmice, showing that PLC-�1 activation by oxLDL
was Vav-dependent. Using specific pharmacologic inhibitors, we

FIGURE 4. CD36-mediated oxLDL uptake and foam cell formation are calcium-dependent. A and B, MPM were pretreated with an intracellular calcium
chelator (BAPTA/AM, 5 �M), PLC� inhibitor (U73122, 1 �M), calmodulin inhibitor (TFP, 5 �M), or vehicle control for 30 – 60 min and then exposed to DiI-NO2LDL
(5 �g/ml) for 30 min at either 4 °C or 37 °C. Cells were examined by fluorescence microscopy to detect binding (4 °C) or uptake (37 °C). cd36 null cells and WT
cells not treated with DiI-NO2LDL were used as a control. Differential interference contrast (DIC) and fluorescence images from WT control cells are shown.
C, vehicle or BAPTA pretreated MPM were exposed to DiI-labeled NO2LDL for 30 min at 4 °C to allow binding and then transferred to 37 °C to examine
internalization at 0-, 5-, 15-, and 30-min intervals. D, MPM from WT or cd36 null mice were treated with inhibitors as in A and B and then incubated for 8 h with
50 �g/ml of NO2LDL. Cells were then fixed, stained with Oil-Red-O, and analyzed microscopically to quantify foam cell formation. WT cells exposed to native
LDL are shown as control. The bar graphs show mean � S.E. from four randomly chosen fields from each group.
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found that inhibition of PLC-�1 by U73122 decreased CD36-me-
diated Vav phosphorylation by 70% (Fig. 2B), whereas TFP, a cal-
modulin inhibitor, or ionomycin, a calcium ionophore, had no
effect, suggesting a reciprocal oxLDL-CD36-mediated activating
mechanism involving Vav and PLC-�1. Interestingly, neither

PLC-�1 nor Vav1 were coprecipitated with anti-CD36 antibody
fromMPM(Fig.2C), suggesting that theroleofCD36was indirect.
OxPL-mediated Ca2� Signaling Is Disrupted in Vav-deficient

Macrophages—To test the hypothesis that Vavs mediate
macrophageCa2� flux generated byCD36-oxLDL interactions,

FIGURE 5. In vivo foam cell formation is dependent on calcium flux and Src kinase Lyn. BAPTA/AM- (5 �M) or dimethyl sulfoxide (DMSO)-pretreated WT cells
and lyn null cells were injected intraperitoneally into apoe null recipient mice (n � 3 for each group) that had been maintained on a Western diet for 6 weeks.
After 72 h, cells were recovered from the recipient mice and stained with Oil-Red-O to quantify foam cell formation. The bar graphs show mean � S.E. from five
randomly chosen fields from each group. **, p � 0.005; ***, p � 0.0002, Student’s t test.

FIGURE 6. CD36-mediated oxLDL uptake and foam cell formation are dependent on dynamin 2. A, BMDM were transfected with control scramble or
dynamin 2 siRNA duplex oligonucleotides for 72 h. Cell lysates obtained from siRNA-treated cells were immunoblotted with antibodies to dynamin 2 and actin
to determine the knockdown efficacy and specificity. B, BMDM were transfected with control-siRNA or dyn2-siRNA for 72 h, and then DiI-NO2LDL uptake was
visualized as in Fig. 4A. The bar graph shows mean cellular fluorescence. For quantitation we measured the fluorescence intensity of 7–9 randomly selected cells
from each group by ImageJ software. ***, p � 0.0001, Student’s t test. C, BMDM were transfected as above prior to incubation for 15 h with 50 �g/ml NO2LDL.
Cells were then fixed and stained with Oil-Red-O to quantify foam cell formation. The bar graphs show the mean � S.E. from four randomly chosen fields from
each group. **, p � 0.005, Student’s t test.
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Fura2-AM loaded MPM were monitored by recording contin-
uous fluorescence for 200–300 s after addition of CD36-spe-
cific oxidized phospholipid KOdiA-PC. To assess the roles of
Vavs in this process, we compared Ca2� flux in WT, vav1 null,
and vav1;vav3 double-null MPM in response to KOdiA-PC.
Basal levels of intracellular Ca2� were similar in all of the cells
(not shown) but although an increase in intracellular Ca2� was
seen in WT cells (Fig. 3A), vav1;vav3 double-null cells showed
approximately 50% less Ca2� flux based on measured areas
under the curve.Vav1 null-cells showed a reduction in the early
rapid rise, but the overall area under the curvewas similar to the
WT (Fig. 3A) perhaps because of compensation by Vav3.
Because Vav activation by CD36 is regulated by Src family
kinases (SFKs) (7) and because Ca2� flux generation is an early
event after oxPL-CD36 engagement, we also examined Ca2�

responses in MPM from lyn and fyn null mice. Fig. 3B shows
that the KOdiA-PC-induced Ca2� flux was moderately
decreased in fyn- and lyn null cells compared with WT. Pre-
treatment ofWTcells withKOdiA-PCbefore addition of CaCl2
caused a marked increase in Ca2� flux generation, possibly
because of both internal and external sources of calcium. As
shown in Fig. 3B (inset), in the absence of any external calcium
source, a small but detectable rise of calcium flux by KOdiA-PC

from intracellular stores was observed in WT cells, which sup-
ports this conclusion. Therefore, the robust increase in Ca2�

flux (Fig. 3B) after addition of CaCl2 in KOdiA-PC-pretreated
cells is attributed to both external and internal sources of cal-
cium. Together, these data show that Vav activation, presum-
ably via SFKs, may be involved in Ca2� signaling by oxLDL-
CD36 engagement in macrophages.
We also evaluated the role of dynamin, a Vav-interacting

large GTPase known to regulate intracellular vesicle fission, in
CD36-mediated Ca2� flux generation. Dynasore, a specific
dynamin GTPase inhibitor, markedly impaired the increase in
intracellular Ca2� induced by KOdiA-PC (Fig. 3C), suggesting
that endocytic or phagocytic vesicle fission may be a source of
Ca2�. To further examine the source of the increase in Ca2�

flux we used EGTA to chelate extracellular calcium and
BAPTA/AM to chelate intracellular calcium and found that
BAPTA/AMcompletely inhibited the rise in intracellularCa2�,
whereas EGTA inhibited it partially (Fig. 3D), suggesting that
both intracellular and extracellular sources are responsible for
CD36-generated Ca2� flux. In the presence of EGTA, release of
calcium from internal storage by addition of KOdiA-PC may
have contributed to the observed rise in calcium flux. Alto-
gether, these studies suggest a novel Ca2�-dependent positive

FIGURE 7. CD36-mediated oxLDL uptake and foam cell formation are dependent on dynamin GTPase activity. A and B, MPM were pretreated with an
inhibitor of dynamin GTPase activity (dynasore, 10 �M) or vehicle for 60 min, and then DiI-NO2LDL binding and uptake were visualized as in Fig. 4A. The bar
graph shows mean cellular fluorescence for DiI-NO2LDL uptake. For quantitation we measured fluorescence intensity of five to six randomly selected cells from
each group by ImageJ software. ***, p � 0.0001, Student’s t test. WT cells not treated with DiI-NO2LDL are shown as a control. C, MPM were pretreated as above
prior to incubation for 8 h with 50 �g/ml NO2LDL. Cells were then fixed and stained with Oil-Red-O to quantify foam cell formation. The bar graphs show the
mean� S.E. from four randomly chosen fields from each group. ***, p � 0.0001, Student’s t test.
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feedback regulatory mechanism for activation of Vavs in
macrophages. OxLDL-CD36 signaling induces Ca2� flux via a
SFK-Vav-PLC�1 pathway, which is also essential for activation
of Vavs by oxLDL.
Macrophage Ca2� Flux Is Necessary for CD36-specific oxLDL

Uptake and Foam Cell Formation—To address the pathophys-
iological importance of Ca2� signaling in macrophages, we
examined the binding and uptake of oxLDL by MPM treated
with BAPTA/AM using NO2LDL tagged with the fluorophore
DiI. Equivalent binding was observed to both treated and
untreated cells, but the uptake was nearly completely disrupted
in cells treated with the BAPTA (Fig. 4A). U73122, a pharma-
cologic inhibitor of PLC-�1, also severely disrupted the uptake
ofNO2LDLwithout impacting binding (Fig. 4B), suggesting the
possible involvement of PLC-�1 activity in this process.
Because Ca2�-dependent association of calmodulin (CaM)
with the inositol trisphosphate (IP3) receptor can regulate cal-
cium release from intracellular stores (33) and because the cal-
ponin homology domain of Vav1 has been shown to interact
with CaM inT cells (17), we also assessed uptake and binding of
NO2LDL in the presence of TFP, a specific CaM inhibitor (Fig.
4B). A similar pattern of NO2LDL binding and internalization
was seen in vehicle and TFP-treated cells, suggesting a non-
CaM-dependent mechanism involved in this process. Experi-
ments were also performed by incubating cells with DiI-
NO2LDL for 30 min at 4 °C to allow surface binding and then
transferring to 37 °C to measure uptake at timed points to 30
min. As before, no significant differences in binding were seen
but uptake was severely impaired throughout the 30-min warm
phase in BAPTA/AM-treated cells (Fig. 4C).
We next assessed the role of calcium signaling in macro-

phage transformation into foam cells. NO2LDL-induced foam
cell formation was quantified by microscopy after Oil-Red-O
staining of cells treated with BAPTA/AM, U73122, or TFP. Fig.
4D shows that intracellular calcium chelation or inhibition of
PLC-�1 activity caused up to 80% reduction in foam cell forma-
tion whereas inhibition of CaM activity had no significant
effect. To examine the in vivo role of Ca2� flux and Src kinase
Lyn (which moderately regulates Ca2� flux generation by
oxLDL) in macrophage foam cell formation we used an in vivo
foam cell assay involving transfer of BAPTA/AM-pretreated or
lyn null MPM into the peritoneal cavities of hyperlipidemic,
Western diet-fed, apoe null recipients. After 72 h, cells were
recovered from the peritoneal cavities, and foam cells were
quantified by Oil Red O staining. Results showed that in vivo
foam cell formationwas significantly impaired in both BAPTA-
pretreated and lyn null macrophages (Fig. 5), suggesting a crit-
ical role of calcium signaling and Lyn kinase in this process.
Vav-Dynamin Interactions Play a Critical Role in CD36-de-

pendent oxLDL Uptake and Foam Cell Formation via Regulat-
ing oxLDL-containing Endosomal Vesicle Trafficking—The
Vav-binding mechanochemical enzyme dynamin is critically
involved in fission of endosomes from the cell membrane dur-
ing endocytosis and hence in receptor-mediated uptake of
numerous ligands (28). Because of the defect in oxLDL-con-
taining endocytic vesicle formation/maturation seen in vav null
cells (7) we explored the role of dynamin in this system. Sun et
al. (34) recently reported that CD36-mediated oxLDL uptake

by transfected COS-7 cells is dependent on dynamin, and by
using CD36/SRB1 chimeric protein constructs they found that
the CD36 C-terminal cytoplasmic tail was necessary and suffi-
cient for dynamin-dependent oxLDL internalization (34). To
examine the role of dynamin 2 in primary macrophage foam
cell formation, we transfected BMDM with dynamin2-siRNA
(Fig. 6A) to knockdown dynamin 2 expression (the only form
expressed in macrophages) and assessed DiI-NO2LDL uptake.
Fig. 6B shows a significantly reduced uptake of fluorescent
NO2LDL in dynamin 2-siRNA treated cells compared with
control-siRNA. Consistent with these observations, dynamin
2-siRNA also significantly impaired foam cell formation in
BMDM (Fig. 6C). To evaluate the specific role of dynamin
GTPase activity inmacrophage foam cell formation, we treated
MPM with dynasore, an inhibitor of dynamin GTP hydrolysis
and assessed DiI-NO2LDL binding and uptake. Fig. 7A shows

FIGURE 8. Colocalization of Vav1 and dynamin-2 with internalized oxLDL
in macrophages. (A) MPM were incubated with DiI-NO2LDL (5 �g/ml) for 30
min at 37 °C then fixed and incubated with monoclonal antibodies to Vav1 or
dynamin-2 followed by Alexa 488-conjugated secondary antibody. Repre-
sentative microscopic images of DiI-NO2LDL (red), Vav1 (green), dynamin-2
(green), and merged (yellow or orange) are shown. B, MPM were incubated
with NO2LDL or nLDL (50 �g/ml) for 30 min at 37 °C then fixed and incubated
with antibodies to Vav1 or dynamin 2 followed by Alexa Fluor-conjugated
secondary antibodies. Representative microscopic images of Vav1 (red),
dynamin-2 (green), merged (yellow or orange), and differential interference
contrast (DIC) (black and white) are shown. Marked colocalization of Vav1 with
dynamin 2 at plasma membrane areas are indicated by arrows in control cells
treated with nLDL. C, Vav1 was immunoprecipitated from MPM (with or with-
out NO2LDL exposure) pretreated with dimethyl sulfoxide (DMSO), iono-
phore, U73122, or TFP (left panel). IPs were analyzed by IB with anti-dynamin
2 antibody. Cell extracts were immunoprecipitated with isotype-matched
control IgG or antibody to Vav1 to show specificity of its interaction with
dynamin 2 (right panel).
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normal binding of NO2LDL in the presence of dynasore but
severe disruption of NO2LDL uptake even after 30 min (Fig.
7B). Consistent with these observations, dynasore also
impaired foam cell formation in MPM by approximately 85%
(Fig. 7C).
To probe the mechanism by which dynamin 2 influences

CD36-mediated oxLDL trafficking and foam cell formation, we
used immunofluorescence confocal microscopy to first show
that both Vav1 and dynamin 2 colocalized with internalized
DiI-NO2LDL in MPM (Fig. 8A). We also found that Vav1 and
dynamin 2 fluorescence colocalizedmainly in perinuclear areas
in NO2LDL treated cells compared with nLDL-treated (Fig.
8B). In native LDL (nLDL)-treated cells Vav1 and dynamin 2
colocalized on plasma membrane areas (arrows) as well as in
perinuclear spaces. A direct interaction of Vav1with dynamin 2
in macrophages in vitro was also demonstrated by coIP (Fig.
8C). No decreased interaction was seen comparing oxLDL-
treated cells with U73122-treated or ionomycin-treated cells,
suggesting that the Vav-dynamin interaction is constitutive;
that is, not dependent on ligand engagement or Vav activation.
As a negative control, we performed IP with isotype-matched
control IgG (right panel). We also analyzed whether activation
of dynamin 2 by oxLDL ismediated via the CD36-Vav signaling
axis in macrophages. The results showed that stimulation of
macrophages by NO2LDL, a CD36-specific oxLDL, causes 1.8-
fold increased phosphorylation of dynamin 2 inWT compared
with vav1;vav3 double-null cells (Fig. 9A). To determine
whether dynamin 2 redistributes in response to oxLDL in a
Vav-dependent manner, fluorescence microscopy was used to
compare WT and vav1;vav3 double-null MPM after exposure
toDiI-NO2LDL for 30min. Translocation of dynamin 2 to peri-
nuclear areas by NO2LDL exposure was seen in WT cells but
was impaired in vav1;vav3 double-null cells (Fig. 9B, right

panel), suggesting a regulatory role for Vavs in translocation of
dynamin 2 during CD36-mediated endocytosis of oxLDL.

DISCUSSION
In this paper, we report that members of the Vav family of

guanine nucleotide exchange factors regulate CD36-dependent
foam cell formation via calcium and dynamin-dependent pro-
cesses. Perhapsmost significant is the critical role identified for
dynamin 2, a Vav-interacting large molecular weight GTPase.
Published studies have shown that Vavs regulate ligand-recep-
tor endocytosis in other cell types (8, 21, 22), and indeed, we
showed that vav-deficient macrophages had impaired matura-
tion of oxLDL-containing endocytic vesicles and thus impaired
ability to form foam cells (7). Dynamins are known to function
in the fission of endocytic vesicles from the plasma membrane
(28) and we found that dynamin-2 co-localized with oxLDL-
containing vesicles during CD36-mediated endocytosis of
oxLDL (Fig. 8). Furthermore, our siRNA-based studies revealed
that dynamin 2 is required for uptake of CD36-specific oxLDL
and macrophage foam cell formation (Fig. 6, B and C). On a
mechanistic level, we demonstrated that dynamin GTPase
activity is essential for efficient invagination and sorting of
oxLDL-containing endosomes, key processes for transforma-
tion of macrophages to lipid-laden foam cells (Fig. 7). We also
found that both Vav1 and dynamin 2 colocalized with internal-
ized oxLDL in macrophages in vitro and provided biochemical
data showing a direct interaction of Vav1 with dynamin-2 in
macrophages (Fig. 8). Together, these data support the hypoth-
esis recently put forward by Collins et al. (35) that CD36-medi-
ated uptake is via a “conventional” endocytic pathway, rather
thanmacropinocytosis. Our data, however, differ from those of
Collins et al. in that we demonstrated that dynamin GTPase
activity is necessary for CD36-mediated uptake, whereas they

FIGURE 9. Vav regulates oxLDL-mediated activation and translocation of dynamin 2. A, MPM from WT and vav1;vav3 double-null mice were exposed to
NO2LDL (50 �g/ml) for timed points to 30 min. Cell extracts were immunoprecipitated with antibody to dynamin 2, and precipitates were then subjected to
immunoblot analysis with anti-p-tyrosine antibody. Blots were stripped and reprobed with antibody to dynamin 2 to assess total protein loaded. Blots were
scanned to quantify band densities, and fold-change relative to total protein is indicated as mean � S.E. n � 3. *, p � 0.05, Student’s t test. B, untreated (left
panel) and DiI-NO2LDL-exposed (right panel) WT and vav1;vav3 double-null MPM were stained as above with anti-dynamin 2 antibody (green). Nuclei were
stained blue with DAPI. Merged images show impaired translocation of dynamin 2 to perinuclear areas in vav1;vav3 double-null cells exposed to NO2LDL (right
panel). C, model depicting how oxLDL-CD36 engagement induces a signaling cascade that leads to recruitment and activation of the SFK Lyn, which in turn
activates Vavs. Interaction of Vav proteins with PLC� causes generation of Ca2� flux, which in turn helps to maintain activation of Vavs, internalization of oxLDL,
and formation of foam cells. Vavs also interact with dynamin 2, which plays a critical role in CD36-dependent oxLDL uptake and foam cell formation by
regulating generation of Ca2� flux and trafficking of the oxLDL-containing endosomes.
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did not see any effect with a dominant negative dynamin con-
struct. Thismay relate to residualGTPase activity in cells trans-
fectedwith the dominant negative construct or to differences in
ligands utilized (CD36 antibodies versus NO2LDL).

We also uncovered an important role for CD36-mediated
calcium signaling in macrophage oxLDL uptake and foam cell
formation (Figs. 4 and 5). It has been reported that during T cell
activation, dynamin interacts with Vav1 and regulates PLC�1
activation and Ca2� mobilization (28, 29) and that in turn,
dynamin function and trafficking can be regulated by Ca2�.
Because phagocytic vesicles can carry Ca2� and dynamin plays
a critical role during vesicle formation, it is likely that dynamin
is playing a direct role in calcium signaling in macrophages in
response to oxLDL (28, 29, 36). In many cells, Ca2� increases
endocytic vesicle size, accelerates membrane fission, and regu-
lates endocytic membrane retrieval (30). Our studies also iden-
tified a novel Ca2�-dependent positive feedback regulatory
mechanism for Vav activation in macrophages. OxLDL-CD36
signaling induces Ca2� flux via a SFK-Vav-PLC�1 pathway,
which is essential for activation of Vavs and dynamin 2 (Figs. 1,
2, 3, and 9). Vav and dynamin 2 then contribute to further Ca2�

flux generation in oxPL-exposed macrophages (Fig. 3). This is
consistent with a recent report of an unbiased chemical screen
that identified inhibitors of PLC-� as modulators of oxLDL
uptake by J774 monocytic cells (37). Interestingly, calcium
antagonists have been shown to slow experimental atheroscle-
rosis in animals and to suppress the generation of new lesions
and the progression of existing lesions in humans (38).
In summary, we used a multipronged approach involving

macrophages from a panel of genetically null mice along with
specific inhibitors, highly specific oxidized phospholipid CD36
ligands, and in vivo and in vitro assays to identify mechanisms
that bridge CD36 to downstream signaling events via Vav pro-
teins. Themodel in Fig. 9C shows that oxLDL engagement with
CD36 triggers SFK-dependent activation of Vav-GEFs, which
results in activation of PLC�1 and generation of aCa2� flux that
mediates the sustained activation of Vav, the uptake of oxLDL,
and the formation of foam cells. Activation of Vavs and the
GTPase activity of its interacting partner, dynamin 2, play crit-
ical roles in macrophage foam cell formation via mechanisms
regulating trafficking of oxLDL-containing endosomes. We
found previously that CD36-dependent activation of JNK plays
a critical role in macrophage oxLDL uptake and foam cell for-
mation (6). It needs to be determined whether Vavs are
involved in oxLDL-mediated activation of JNK in this model.
These studies identified previously unknown components of
the CD36-signaling pathway that are important in atherogene-
sis and thus represent novel targets for therapeutics.
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