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Lipid-laden macrophages or “foam cells” are the primary
components of the fatty streak, the earliest atherosclerotic
lesion. Although Vav family guanine nucleotide exchange fac-
tors impact processes highly relevant to atherogenesis and are
involved in pathways common to scavenger receptor CD36 sig-
naling, their role inCD36-dependentmacrophage foam cell for-
mation remains unknown. The goal of the present study was to
determine the contribution of Vav proteins to CD36-dependent
foam cell formation and to identify the mechanisms by which
Vavsparticipate in theprocess.We found thatCD36contributes
to activation of Vav-1, -2, and -3 in aortae from hyperlipidemic
mice and that oxidatively modified LDL (oxLDL) induces acti-
vation of macrophage Vav in vitro in a CD36 and Src family
kinase-dependent manner. CD36-dependent uptake of oxLDL
in vitro and foam cell formation in vitro and in vivo was signifi-
cantly reduced in Vav null macrophages. These studies for the
first time linkCD36andVavs in a signalingpathway required for
macrophage foam cell formation.

Atherosclerosis is a complex inflammatory process driven in
part bymacrophage uptake of oxidized lowdensity lipoproteins
(oxLDL)4 by scavenger receptors, such as CD36 and scavenger
receptor A (1), leading to formation of lipid-laden “foam cells,”
the primary component of the earliest atherosclerotic lesions.
Studies from our group and others demonstrated that CD36
accounts for a large proportion of foam cell formation in vitro
and in vivo and that interruption of CD36 expression or down-
stream signaling blocks oxLDL uptake and limits experimental
atherosclerosis in mice (2–9). CD36 is a multifunctional, mul-
tiligand transmembrane receptor expressed in a diverse array of
cells including monocytes/macrophages, platelets, and adipo-
cytes. Interestingly, CD36 deficiency is found in 0.5–1.0% of
African and Asian populations (10, 11), and although athero-
sclerosis has yet to be studied in these groups, monocyte-de-
rived macrophages collected from CD36-null individuals dem-
onstrated 40% less binding and uptake of oxLDL compared
with control individuals (12) with significant impairment of

oxLDL-induced activation of NF-�B and expression of proin-
flammatory genes (13). Numerous studies have revealed that
CD36 acts as a signaling receptor, transmitting signals via Src
family kinases (SFK) Lyn and Fyn, and MAP kinases JNK and
p38, in response to multiple endogenous and exogenous
ligands, includingmicrobial pathogens, oxLDL, apoptotic cells,
cell-derived microparticles, thrombospondin-related proteins,
and amyloid peptides (14–16). The precise molecular details,
however, by which ligation of CD36 leads to recruitment and
activation of a signaling complex are not fully understood. Iden-
tification of intracellular pathways required for oxLDL uptake
and foam cell formation is vital for understanding the initiating
stages of atherosclerosis and for designing novel targeted inhib-
itory agents. The studies outlined here demonstrate a critical
role for Vav proteins in mediating CD36-dependent oxLDL
uptake and foam cell formation in macrophages.
The three structurally and functionally related members

of the Vav family (Vavs) aremultidomain signal transduction
molecules that act as guanine nucleotide exchange factors
for Rac1 and Rho GTPases and also function as adaptor plat-
forms, interacting directly with signaling proteins including
dynamin, phospholipase C-�; ZAP70, Lyn, and Syk (17, 18). In
these capacities Vavs may regulate multiple processes, includ-
ing NADPH oxidase-mediated generation of reactive oxygen
species (19, 20) and fission of endocytic vesicles from the
plasma membrane (21, 22). Vav1 is expressed exclusively in
hematopoietic cells, whereas Vav2 and Vav3 are widely ex-
pressed. Vavs have both unique and overlapping functions and
can be activated by several pathways, including ligation of anti-
gen receptors, integrins, growth factor receptors, and chemo-
kine receptors (17, 23–25). In microglial cells Vav1 has been
implicated in CD36-mediated responses to fibrillar A� amyloid
peptides (21). Because Vav signaling impacts processes highly
relevant to atherogenesis and involves pathways common to
CD36 signaling, we hypothesized that Vavs could mechanisti-
cally link oxLDL-mediated CD36 signaling in macrophages to
proatherogenic responses. We now show that CD36 plays an
important role in vivo and in vitro in activation of Vavs during
hyperlipidemic conditions via activation of SFKs. Mechanisti-
cally we demonstrate that Vavs regulate CD36-mediated
macrophage foam cell formation by controlling internalization
of oxLDL in cells.

EXPERIMENTAL PROCEDURES

Antibodies, Cells, and Reagents—Antibodies to Vav1 and
Vav2 were from Santa Cruz Biotechnology (Santa Cruz, CA).
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Anti-Lyn antibody was from BD Transduction, and anti-phos-
photyrosine clone 4G10 and anti-Vav3 antibodies were from
Upstate Biotechnology. Antibody to inhibit CD36 was pur-
chased from Cayman Chemicals, and CD68 antibody was from
AbDSerotec (Oxford, UK). 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 asmeasured by Lowry assay. Copper-oxidized LDLwas
prepared by incubating LDLwithCuSO4 (5�M) for 8 h at 37 °C,
and LDL oxidized by the leukocyte myeloperoxidase/nitrite
system (NO2LDL)was prepared as described previously (2). DiI
and LY294002 were from Calbiochem. All other chemicals
were obtained from Sigma unless indicated.
CD36�/�, apoE�/�CD36�/�, Vav1�/�Vav3�/�, apoE�/�

mice were described previously. Vav1�/� mice were provided
by Dr. J. Rivera (National Institutes of Health).Mice were back-
crossed at least six times toC57BL/6, and background-matched
WT control lines were used in all studies. Thioglycollate-elic-
ited peritoneal macrophages were isolated and maintained as
described previously (5). THP-1 cells were from American
Type Culture Collection. 3T3L1 preadipocytes were differenti-
ated using the adipogenesis kit from Cayman Chemicals. All
cell culture reagents were purchased from Invitrogen.
Binding and Uptake of NO2LDL—Mouse peritoneal macro-

phages (MPMs) plated on coverslips were incubated with DiI-
NO2LDL (5 �g/ml) for 30 min at 4 °C. Fluorescence intensity
was examined by confocal or epifluorescence microscopy. To
assess uptake, cells were then warmed to 37 °C and imaged at
timed points up to 30 min. CD36�/� cells were used to assess
nonspecific binding.
Foam Cell Assays—Thioglycollate-elicited MPMs from vari-

ous strains were plated on coverslips in 12-well plates in RPMI
1640 medium supplied with 10% FCS. After 2 h, nonadherent
cells were removed, and freshmediumwas added for 48 h. Cells
were then incubated with 50 �g/ml native or modified LDL for
8 h. Cells were fixedwith 4% formaldehyde and stainedwithOil
Red O, and foam cells were counted by microscopy. For inhibi-
tion of CD36-mediated foam cell formation inVav1�/�MPMs,
cells were preincubated with anti-CD36 IgG or control IgG (10
�g/ml) for 4 h then continued for an additional 8-h incubation
in presence of NO2LDL. For the in vivo assays, elicited MPMs
were collected frommale donormice of various genotypes, and
107 cells were then injected intraperitoneally into each recipi-
ent apoE�/�mousemaintained on a diet containing 0.15% cho-
lesterol and 42% milk fat (TD88137; Harlan-Teklad) for 6
weeks. After 3 days, recipient mice were lavaged and cells ana-
lyzed as above by Oil Red O staining.
Immunoprecipitation and Immunoblot Analysis—For IP

studies, tissues or cells frommicewere lysed in 20mMTris-HCl
(pH 7.5), 150 mMNaCl, 1 mM EDTA, 1 mM EGTA, 1% Nonidet
P-40, 2.5 mM sodium pyrophosphate, 1 mM �-glycerophos-
phate, 1 mM Na3VO4, and 1 �g/ml leupeptide. The cleared
supernatant containing 300–500 �g of protein was incubated
with 2–3 �g of antibody immobilized on agarose beads over-
night at 4 °C. Beads were washed extensively in the same buffer
and then boiled in SDS-PAGE loading buffer for subsequent
immunoblotting. Immunoblots were analyzed with a chemilu-
minescence detection system.

RESULTS

CD36-dependent Activation of Vav by Hyperlipidemia and
Oxidized Phospholipids—To understand the role of Vavs in
CD36-dependent foam cell formation, we first examined the
activation status of Vav proteins in vivo using apoE�/� and
apoE�/�CD36�/� mice maintained on a Western diet for 12
weeks to induce hyperlipidemia (5). Vav proteins were immu-
noprecipitated from aorta and fat tissue lysates with specific
antibodies to the three Vav family members, and the immuno-
precipitates were then probed by immunoblotting with an anti-
phosphotyrosine (anti-(Tyr(P)) monoclonal IgG because both
the catalytic and adaptor activity ofVavs are dependent on tyro-
sine phosphorylation (17). Fig. 1A shows increased phosphory-
lation of all three Vavs in aorta and fat in apoE�/� mice com-
pared with apoE�/�CD36�/�. The -fold increases were 3.7,
10.6, and 4.2, respectively, for Vav-1, -2, and 3 in aorta and 5.0,
2.5, and 3.6 in fat. Immunoblots with antibody to CD68, a spe-
cific marker for tissue macrophages (Fig. 1A, lower panel)
showed equal amount of CD68 antigen in aorta and fat tissues
from apoE�/� and apoE�/�CD36�/� mice, suggesting that the
differences in Vav phosphorylation were not due to differences
in tissue macrophage content in the different genotypes. Mice
fed a chow diet showed less Vav phosphorylation than high fat
diet-fed animals, and no significant differences were observed
between apoE�/� and apoE�/�CD36�/� mice (Fig. 1B).

To examine Vav activation under more defined in vitro con-
ditions, MPMs were treated with copper-oxidized LDL (Cu2�-
oxLDL) or NO2LDL, a form of oxLDL that is highly specific for
CD36 (2) for timed periods from 2 to 30 min. Fig. 2A shows a
representative blot for Vav1 demonstrating significantly
increased phosphorylation induced by both forms of oxLDL
(p � 0.01) compared with the untreated control cells shown at
0 min. The bar graphs in Fig. 2B show the mean increases in
Vav1 (top) and Vav3 (bottom) phosphorylation at each time
point after treatment with Cu2�-oxLDL (left panels) or
NO2LDL (right panels). Cells treated with native LDL did not
show any increase in Vav1 or Vav3 phosphorylation over the
30-min period (data not shown). Human THP-1 monocytic
cells were also studied, and a 1.8-fold increase in phosphoryla-
tion of Vav1 was seen at 30 min in response to Cu2�-oxLDL
compared with native LDL (Fig. 2C; *, p � 0.05). The different
Vav1 activation kinetics in THP-1 cells compared with MPMs
(30min versus 2min) could be due to differences in recruitment
and activation of specific SFKs by oxLDL/CD36 engagement in
human versus mouse cells or in a transformed monocytic cell
line versus differentiated tissue macrophages. No significant
activation of Vav2 or Vav3 was detected in the human cells
(data not shown). To strengthen the observation that Vavs are
activated in a CD36-dependent manner, we also compared
Vav1 and Vav3 activation inWT and CD36�/� MPMs. Fig. 2D
shows representative blots and corresponding bar graphs for
Vav1 and Vav3 phosphorylation, demonstrating significantly
increased phosphorylation of both Vavs inWT compared with
CD36�/� MPMs. Isotype-matched control IgGs were used to
show specificity of the anti-Vav antibodies (Fig. 2F), and all
blots were stripped and reprobed with anti-Vav antibodies to
control for protein loading. Together, these results show that in
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atherogenic conditions Vavs are activated both in vivo and in
vitro in a CD36-dependent fashion.
During hyperlipidemic conditions aorta and fat tissues are

infiltrated by hematopoietic cells with abundant macrophages
present. Vav1 is expressed only in hematopoietic cells whereas
Vav2 and Vav3 are ubiquitously present in most of the cell
types. Therefore, it is reasonable to conclude that the Vav1
activation seen in aorta and fat (Fig. 1A) in advanced atheroma
is due in part to the presence of infiltrating hematopoietic cells

(most likely macrophages). Hematopoietic cells, adipocytes,
smoothmuscle cells, and possibly other cell types may contrib-
ute to the phosphorylated Vav2 and Vav3 seen in vivo. To
address these issues we examined Vav2 and Vav3 activation in
adipocytes by NO2LDL. Fig. 2E demonstrates increased phos-
phorylation of Vav2 (5-fold at 30 min) and Vav3 (3-fold at 5
min) compared with untreated control adipocytes differenti-
ated from 3T3L1 cells.
CD36-mediated Vav Activation Is Regulated by SFKs—We

recently showed that oxLDL-CD36 engagement on macro-
phages led to recruitment of a signaling complex containing
Lyn and the upstream MAP kinase kinase MEKK2 that led to
activation of JNK (9). To determine whether SFK activation is
upstream of Vav activation by oxLDL, MPMs were first treated
with a broadly active SFK inhibitor (PP2) prior to exposure to
NO2LDL. Immunprecipitation/immunoblot analyses revealed
that activation of Vav1 and Vav2 was nearly completely abro-
gated in the presence of the SFK inhibitor (Fig. 3A), whereas no
inhibition was observed in presence of an unrelated kinase
inhibitor, LY. To determine the role of Lyn in this system, spe-
cific immunoprecipitations of the three Vavs were done from
oxLDL-treated MPMs and from aorta and fat tissue lysates
from high fat diet-fed mice. Immunoprecipitates were then
probed by immunoblotting with anti-Lyn IgG, demonstrating
an interaction of Vavs with Lyn in cells (Fig. 3B). To show the
specificity of Vav1 interaction with Lyn, we performed immu-
noprecipitation/immunoblotting using isotype-matched con-
trol IgG (Fig. 3B, bottom panel). To validate the Vav-Lyn inter-
action, we also performed reciprocal immunoprecipitation. Fig.
3C shows that anti-Lyn IgG precipitated all three Vav proteins,
confirming the results shown in Fig. 3B. No increased interac-
tions were seen comparing oxLDL-treated cells with PP2-
treated or control cells, suggesting that the Vav-Lyn interac-
tion is constitutive; that is, not dependent on ligand
engagement or Lyn or Vav activation. Lyn also co-precipi-
tated with all three Vavs from aorta and fat, but substantially
more Lyn appeared to be associated with Vavs in apo�/� com-
pared with apoE�/�CD36�/� tissues (2.1-, 6.2-, and 2.7-fold
increases, respectively, in Vav1, Vav2, and Vav3 in aorta and
3.0-, 1.2-, and 1.7-fold, respectively, increases in fat) (Fig. 4).
These results suggest that Vav activation is regulated by SFKs
and CD36 facilitates interaction of Vav proteins with Lyn in
hyperlipidemic conditions.
Vavs Are Required for CD36-dependent Macrophage Foam

Cell Formation—To examine the in vivo role of Vavs in macro-
phage foam cell formation, we used an in vivo foam cell assay
developed by Li et al. involving macrophage transfer from
genetically defined donors into the peritoneal cavities of
hyperlipidemic, Western diet-fed apoE�/� recipients (26).
After 72 h, cells were lavaged from the peritoneal cavities
and foam cells quantified by Oil Red O staining. Fig. 5A
shows that �73% of WT donor macrophages stained with Oil
Red O, indicating foam cell formation, whereas only 16% of
those from Vav1�/�Vav3�/� donors took up the stain. To
examine foam cell formation under more defined in vitro con-
ditions, MPMs from genetically altered mice were treated with
NO2LDL, and foam cell formation was quantified by Oil Red O
staining. CD36-dependent in vitro macrophage foam cell for-

FIGURE 1. Hyperlipidemic conditions induce CD36-dependent activation
of Vav-family members in vivo. Extracts from aorta and fat obtained from
apoE�/� or apoE�/�CD36�/� mice maintained on Western (A) or normal
chow (B) diets for 12 weeks were immunoprecipitated (IP) with antibodies to
the three specific Vav family members. Precipitates were then subjected to
immunoblotting (IB) with anti-Tyr(P), and the blots then stripped and rep-
robed with antibodies to the individual Vavs to assess total protein loaded.
Blots were scanned to quantify band densities and normalized to the respec-
tive total protein loads. The -fold change comparing single-null to double-
null mice is indicated below each blot. To assess macrophage content, lysates
from aorta and fat tissues were also probed with anti-CD68 antibody (lower
panel). As a loading control and for normalization, blots were also probed for
actin. Blots from normal chow diets are shown separately because of higher
exposure times compared with blots shown in A due to less activation of
p-Vav1. Blots were quantified and normalized to the respective total protein
loads. Pooled extracts from at least three mice were used for each study.
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FIGURE 2. OxLDL induces CD36-dependent activation of Vav family members in vitro. A, representative in vitro study shows MPMs exposed to Cu2�-oxLDL
or NO2LDL (50 �g/ml) for timed periods to 30 min and Vav activation assessed as above by immunoprecipitation (IP)/immunoblotting (IB). B, blots as in A from
at least three separate experiments were scanned, and -fold changes in band densities of phosphorylated Vav1 (top panels) and Vav3 (bottom panels) were
plotted after normalization to the respective total protein loads. Error bars indicate S.D., and asterisks indicate statistical significance determined by one-way
ANOVA. C, human THP-1 monocytic cells exposed to native or oxLDL for timed periods were analyzed as in A for Vav1 phosphorylation. Blots from three
separate experiments were scanned to quantify band densities and normalized to the respective total protein loads. Error bars indicate S.D., and asterisks
indicate statistical significance determined by one-way ANOVA. D, representative in vitro study shows MPMs from WT and CD36�/� mice exposed to NO2LDL
(50 �g/ml) for timed periods to 15 min and Vav activation assessed as above by immunoprecipitation/immunoblotting. Blots from three separate experiments
were scanned, and -fold change in band densities of phosphorylated Vav1 and Vav3 were plotted after normalization to the respective total protein loads. Error
bars indicate S.D., and asterisks indicate statistical significance determined by one-way ANOVA. E and F, adipocytes differentiated from 3T3L1 cells untreated
or exposed to NO2LDL (50 �g/ml) for timed periods were analyzed for Vav2 and Vav3 phosphorylation as described above (E). Cell extracts were immunopre-
cipitated with isotype-matched control IgG or antibodies to either Vav1 or Vav3 to show specificity (F). In all studies *, p � 0.05; **, p � 0.01; and ***, p � 0.001.
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mation was partially impaired in Vav1-null MPMs (Fig. 5B),
whereas Vav1�/�Vav3�/� cells showed a much more severe
impairment. To link Vav proteins to CD36-mediated foam cell
formation causally, Vav1�/� cells were incubated with anti-
CD36 IgGprior to addingNO2LDL. Fig. 5C shows that�60%of
Vav1�/� macrophages treated with control IgG stained with
Oil Red O, indicating foam cell formation, whereas only 25% of
cells treated with anti-CD36 IgG took up the stain. Together,
these data suggest that Vavs plays critical role during CD36-
mediated macrophage foam cell generation.
Vavs Play a Critical Role in CD36-dependent OxLDL

Uptake in Macrophages—To probe the mechanism by which
Vavs influence CD36-mediated foam cell formation, we
examined binding and internalization of oxLDL in macro-
phages. MPMs from WT and Vav-null mice were incubated
with DiI-NO2LDL at 4 °C followed by 37 °C to assess the role
of Vavs in CD36-dependent binding and internalization of
oxLDL. No significant differences in binding to Vav1�/�

cells comparedwithWTwere observed, but null cells showed sig-
nificantly less fluorescenceaccumulationat30mincomparedwith
WT (Fig. 6, A and B). Because Vav family members have both
overlapping and unique functions we also assessed DiI-

FIGURE 3. Lyn associates with Vav in vitro and is necessary for oxLDL-induced Vav activation. A, MPMs were stimulated with NO2LDL (50 �g/ml) for 2 min
after preincubation with either vehicle (dimethyl sulfoxide (DMSO)) or a broadly active Src inhibitor (PP2, 10 �M) for 60 min. An inhibitor to PI3Ks (LY, 10 �M) was
used as an additional control. Top panels shows Vav1 and Vav2 phosphorylation, assessed by immunoprecipitation (IP)/immunoblotting (IB) as in Fig. 1. Bar
graph of means � S.E. from three separate experiments shows an 85% decrease in Vav1 phosphorylation in the presence of PP2 (***, p � 0.0001, Student’s t
test). B, extracts from MPMs treated as in A were subjected to immunoprecipitation with anti-Vav antibodies and then probed by immunoblotting with anti-Lyn
IgG. Cell extracts were immunoprecipitated with isotype-matched control IgG or antibody to Vav1 to show specificity of its interaction with Lyn (bottom panel).
C, for reverse immunoprecipitation, MPMs were stimulated with NO2LDL (50 �g/ml) for 2 min after preincubation with either vehicle (dimethyl sulfoxide) or a
broadly active Src inhibitor (PP2, 10 �M) for 60 min. Extracts were subjected to immunoprecipitation with anti-Lyn antibody and then probed by imunoblotting
with antibodies to Vav proteins and Lyn. Cell extracts were immunoprecipitated with isotype-matched control IgG to show specificity.

FIGURE 4. CD36 facilitates interaction of Vav proteins with Lyn in hyperlipi-
demic conditions. Aorta and fat extracts from hyperlipidemic apoE�/� and
apoE�/�CD36�/� mice were subjected to immunoprecipitation (IP) with anti-
bodies to the three Vav proteins followed by immunoblotting (IB) with anti-Lyn.
Pooled extracts from at least three mice were used for each group. Blots were
scanned and quantified as in Fig. 1 comparing single-null to double-null mice.
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NO2LDLbindinganduptake inVav1�/�Vav3�/�cells and found
that although binding was not affected, internalization was
severely impaired (Fig. 6C). After 30 min, WT cells showed
NO2LDL accumulation in a small number of large perinuclear

vesicles, whereas in the Vav1�/� and Vav1�/�Vav3�/� cells
NO2LDL accumulated in small vesicles mostly on or close to
the plasma membrane, suggesting a possible defect in vesicle
maturation.

FIGURE 5. CD36-mediated foam cell formation is Vav-dependent. A, MPMs were collected from WT and Vav1�/�Vav3�/� mice and injected intraperitone-
ally into apoE�/� recipient mice (n � 6 for each group) that had been maintained on a Western diet for 6 weeks. After 72 h, cells were recovered from the
peritoneal cavity and stained with Oil Red O to quantify in vivo foam cell formation. Bar graphs show means � S.E. from four randomly chosen fields from each
group (***, p � 0.0001, Student’s t test). B, MPMs from WT, Vav1�/�, and Vav1�/�Vav3�/� mice were incubated with NO2LDL (50 �g/ml) for 8 h, stained with
Oil Red O, and analyzed microscopically to quantify foam cell formation. Bar graphs show the means � S.E. from four randomly chosen fields from each group
(***, p � 0.0001, Student’s t test). C, MPMs from WT, Vav1�/�, and CD36�/� mice were incubated with NO2LDL (50 �g/ml) for 8 h after preincubation with
anti-CD36 or IgG control for 4 h. Cells were stained with Oil Red O and analyzed microscopically to quantify foam cell formation. Bar graphs show the means �
S.E. from four randomly chosen fields from each group.
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DISCUSSION

As part of the innate immune systemmacrophage CD36 par-
ticipates in recognition and clearance of exogenous pathogen-
derived ligands aswell as endogenousmodified “self”molecules
(14, 15). The latter role, which includes uptake of oxidized
lipoproteins, presumably serves a homeostatic function, but in
the context of a modern “Western” lifestyle that predisposes
to oxidant stress and hyperlipidemia, oxidized phospholipid
ligands are abundant, CD36 expression is up-regulated, and
CD36 signaling becomes pathological, promoting a proathero-
genic response. In this settingCD36-mediated lipid uptake can-
not bemitigated by effluxmechanisms, thereby contributing to
foam cell formation. Furthermore, activation of CD36-medi-
ated intracellular signaling cascades promotes vascular inflam-
mation and interferes with macrophage migration, leading to
their accumulation in the vessel wall (27, 28). Although there
has been some controversy about the contribution of CD36 to
atherogenesis (29), studies of several murine in vivomodel sys-
tems, including high fat diet-stressed apoE�/� and LDLR�/�

strains crossed into at least two CD36�/� strains, as well as
studies of CD36�/� bone marrow chimeras and CD36 inhibi-
tor-treated mice have shown dramatically smaller plaque
lesions and/or less complex lesions with less aortic cholesterol
in the absence of functional CD36 (5–8, 30, 31). Importantly,
recent genome-wide association studies in humans suggest a
link between CD36 polymorphisms and myocardial infarction,
further supporting this hypothesis (32).

Understanding themolecular details of the intracellular pro-
cesses activated by oxLDL-CD36 engagement is thus an impor-
tant goal and could lead to identification of novel therapeutic
targets for atherothrombotic disorders. CD36 signaling has
been studied in several cellular contexts, including micro-
vascular endothelial cell responses to thrombospondins,
microglial cell responses to A� amyloid peptides, macro-
phage and platelet responses to oxidized phospholipids, and
neuroepithelial cell responses to fatty acids (14, 15, 33).
These studies have revealed a common theme involving
recruitment and activation of cell-specific Src family nonre-
ceptor tyrosine kinases with subsequent activation of spe-
cific MAP serine/threonine kinases. Our laboratory showed
that the C-terminal cytoplasmic domain of CD36 is suffi-
cient for assembling a signaling complex that includes Src
family kinases and upstream MAP kinase kinases (9), and
others have defined a critical role for two cytoplasmic cys-
teine residues in mediating CD36 signals (34). We previously
reported a central role for Lyn in CD36-mediated macro-
phage responses to oxLDL and defined a signaling pathway
that included activation of theMAP kinase JNK and the tyro-
sine kinase focal adhesion kinase and inactivation of the
phosphatase SHP2 (9, 28). JNK activation was shown to be
required for oxLDL internalization and foam cell formation,
whereas sustained activation of focal adhesion kinase was
shown to contribute to oxLDL inhibition of migration and
“fixation” of macrophages at inflammatory sites.

FIGURE 6. CD36-mediated oxLDL uptake is regulated by Vav proteins. A, WT and Vav1�/� MPMs were incubated with DiI-labeled NO2LDL at 4 °C and then
transferred to 37 °C to measure uptake. B, bar graph shows mean cellular fluorescence. For quantitation we measured fluorescence intensity of 8 –10 randomly
selected cells from each group by ImageJ software. Experiments were repeated three or more times, and p values were calculated by unpaired Student’s t test.
C, higher power images of MPMs from WT, Vav1�/�, and Vav1�/�Vav3�/� mice were treated as above to show binding and uptake of DiI-labeled NO2LDL.
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In this paper we now identify an important role for the Vav
family of guanine nucleotide exchange factors in mediating
CD36 function. We used in vivo and in vitro models of hyper-
lipidemia and oxidant stress to show CD36-dependent activa-
tion of all three Vavs in a manner that requires Src kinases
(most likely Lyn). This is consistent with work from Landreth’s
group showing that engagement of CD36 onmicroglial cells by
A� peptide induced Vav1 activation (21). Interestingly,
whereas deletion of a single Vav (Vav1) led tomodest inhibition
of oxLDL uptake and foam cell formation, deletion of two Vavs
(Vav1 and 3) led to nearly complete loss of foam cell formation
(Fig. 5), suggesting overlapping and redundant functions for
these proteins. Mechanistically, we demonstrate that impaired
maturation of endocytic vesicles carrying oxLDL presumably
played a role in disrupted foam cell formation in cells deficient
of Vav proteins (Fig. 6C), suggesting that oxLDLmay be distrib-
uted to endocytic vesicles following a Vav-dependent pathway.
These data are consistent with published studies showing crit-
ical role of Vav members as regulator of ligand-receptor endo-
cytosis in various cell types (21, 22). Altogether, these studies
identified Vav proteins as a critical regulator of oxLDL-CD36
signaling pathway that is important in atherogenesis and thus
represent novel targets for therapeutics.
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