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The accumulation of macrophage foam cells in ath-
erosclerotic lesions is associated with both initiation
and progression of this disease. Scavenger receptors
CD36 and SRA are the primary receptors responsible
for conversion of macrophages into foam cells. Inte-
grin aVf33 plays a role in the differentiation of several
cell types, but its involvement in the transition of
macrophages into foam cells and the potential role of
this receptor in atherosclerosis have not been exam-
ined. Using an in vitro model of single surface recep-
tor activation by binding with an immobilized mono-
clonal antibody specific to aVf33 integrin we show
that ligation of aV3 integrin prevents differentiation
of blood monocytes and macrophages into the foam
cell phenotype via coordinate down-regulation of
CD36 and SRA. This effect of V3 integrin ligation
can be reproduced by contact with endothelial cells,
whereas the inhibition of aVf33 receptor ligation re-
stores the uptake of oxidized low-density lipoprotein.
Moreover, we found that aVB3 integrin is readily
detected in situ on macrophages in early and ad-
vanced atherosclerotic lesions and that in vitro expo-
sure to oxidized low-density lipoprotein up-regulates
aVf33 integrin expression. We hypothesize that aV33
integrin regulates macrophage functional maturation
into foam cells in a persistent manner, and therefore,
by targeting aVB3 receptor it could potentially be
possible to regulate progression of atherosclerosis in
humans. (Am J Pathol 2004, 165:247-258)

Animal studies, as well as cell culture experiments and
studies of human tissue samples, support the view that
the initiation and progression of atherosclerosis repre-
sents a response of monocytes and macrophages to the
accumulation and modification of lipoproteins in the ar-
terial intima.”™” The recruitment of blood monocytes into
the arterial wall, followed by their differentiation into tissue

macrophages, is a key process in atherosclerosis.®~1°

During this differentiation, macrophages acquire the abil-
ity to take up oxidized low-density lipoprotein (oxLDL) by
scavenger receptor pathways. This unrestricted uptake,
which is not limited by intracellular cholesterol levels,
eventually leads to the formation of lipid-filled foam cells,
the hallmark of atherosclerosis.*© 193 Of the many cell-
surface proteins described as scavenger receptors, the
class A type | and Il macrophage scavenger receptors
(SRA) and CD36 are thought to be the major receptors
involved in foam cell formation, mediating the influx of
lipids into the macrophages'® 2% and play a key role in
atherosclerosis by regulating fundamental macrophage
functions. Identification and characterization of novel
genes regulating the scavenger receptor-dependent
macrophage functions and the transition of macrophages
into foam cells, particularly genes that persistently control
scavenger receptor activity, could be crucial in decipher-
ing the mechanisms of atherosclerosis. However, to date,
little is known regarding regulation of scavenger recep-
tors by specific receptor-mediated signaling pathways
and ligands.

The aVB3 integrin (CD51/CD61) is a ubiquitous recep-
tor that is expressed on a variety of cell types and inter-
acts with ligands present in extracellular matrix or ex-
pressed on the cell surface. As a consequence, this
integrin plays a role in diverse biological processes.?'2°
Consistent with its expression profile in vivo, aVB3 integrin
is thought to play a key role in the initiation or progression
of several human diseases, including osteoporosis, rheu-
matoid arthritis, cancer, and ocular diseases, as well as
restenosis of arteries after angioplasty.?*2%2” As a result,
aVB3 antagonists may be expected to provide an ap-
proach for the treatment of these conditions, and some
are currently in clinical trials.?®?” However, VB3 integrin
has received little attention as a potential contributor to
atherosclerosis, and possible effects of aVB3 integrin
antagonists on macrophage functions have not been
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taken into consideration. Monocyte and macrophage
functions are known to be profoundly influenced by ad-
herence.?®2° We have previously shown that adherence
of monocyte-derived macrophages (MDMs) to endothe-
lial cells (ECs) regulates proliferation of the MDMs in
response to the cytokine M-CSF.2° We therefore asked
whether adhesion molecules also regulate the process of
differentiation of monocytes into foam cells.

We now demonstrate that «VB3 integrin is consistently
detected on the macrophages in early and advanced
human atherosclerotic lesions, and that its expression is
up-regulated by atherogenic stimuli (oxLDL, M-CSF) in
vitro. Ligation of aVB3 receptor on human blood mono-
cytes and differentiated MDMs results in a sustained
phenotypic change characterized by persistent down-
regulation of multiple scavenger receptors and resultant
lipid accumulation. We postulate that the signaling path-
ways initiated by «VB3 integrin ligation play an important
role in progression of atherosclerosis by controlling mac-
rophage CD36- and SRA-dependent responses in the
vessel wall.

Materials and Methods

Antibodies and Reagents

Monoclonal antibodies (mAbs) to «VB3 (LM609) and
aVB5 (P1F6) integrins were from Chemicon International
(Temecula, CA), primary mAbs against macrophages
(HAM56 or CD68) were from DAKO Corp. (Carpinteria,
CA), anti-human smooth muscle cell (SMC) mAb (HHF35)
was from Enzo Life Sciences, Inc. Isotype control 1gG
and fluorescein isothiocyanate (FITC)-conjugated 1gG,
were from Pharmingen (San Diego, CA). A cocktail of
FITC-conjugated mAbs to CD11b, CD11c (Caltag Labo-
ratories, Burlingame, CA), CD15 (Pharmingen) was used
for MDM identification. FITC-conjugated mAb to human
CD36 (FA6-152) was from Immunotech (Marseille, France).
Human recombinant M-CSF (1.9 X 10 U/ml by bone
marrow assay) was a gift from Genetics Institute, Inc.
(Cambridge, MA). Cyclic RGD was a gift from Merck KGaA
(Darmstadt, Germany). Human lipoproteins were pur-
chased from Intracel (Rockville, MD) or Biomedical Tech-
nologies (Stoughton, MA). LY294002 and SB203580 were
purchased from Biomol Research Laboratories (Plymouth,
PA), PD98059 from New England Biolabs (Beverly, MA),
and wortmannin from Calbiochem (San Diego, CA).

Leukocyte Isolation and in Vitro Model of a3
Ligation

Human monocytes were obtained from 20 healthy donors
of either sex (24 to 38 years old) by leukocytopheresis
followed by counterflow centrifugation as described®°
under a protocol approved by our Institutional Review
Board. These cells (>95% monocytes by morphology
and cell surface markers) were either used immediately
or cryopreserved in liquid nitrogen. Fresh and frozen
monocytes behaved indistinguishably in all assays. Pe-
ripheral blood monocytes and MDMs were used. To ob-

tain MDMs, monocytes were differentiated in vitro for 5 to
9 days in the presence of M-CSF (200 U/ml) as de-
scribed.®® M-CSF is important in maintaining long-term
survival of MDMs,2'32 has been detected in atheroscle-
rotic lesions®® and has been found to enhance macro-
phage scavenger receptor functions and VB3 expres-
sion on MDMs in vitro.®*3% For aVB3 ligation, MDMs were
harvested on ice and reseeded on mAbs immobilized on
plastic dishes. Antibodies were immobilized on substrate
by incubating dishes with 10 wg/ml of mAbs in phos-
phate-buffered saline (PBS) for 18 hours at 4°C. Before
seeding, dishes were blocked for 40 minutes with 20%
fetal bovine serum in M199. When the effects of aVB3
ligation on monocyte differentiation were of interest,
monocytes were seeded directly on immobilized mAbs
and were cultured in the same conditions for 1 to 7 days
before analysis.

Analysis of Modified LDL Uptake, Intracellular
Lipid Accumulation, and CD36 Expression by
Flow Cytometry

For lipoprotein uptake measurement, monocytes cultured
on immobilized mAbs or reseeded MDMs were incu-
bated with Dil-labeled oxLDL (Dil-oxLDL) (5 mg/ml) or
Dil-labeled acetylated LDL (Dil-acLDL) (5 ng/ml) for 3
hours at 37°C, harvested on ice, fixed with 1% formalde-
hyde, and analyzed by flow cytometry. To examine lipid
accumulation in cholesterol storage vacuoles induced by
lipoproteins, cells were incubated with oxLDL (50 ug/ml)
or ac-LDL (100 ug/ml) for 48 to 78 hours and harvested
cells were stained with the lipophilic probe Nile Red>®
before analysis by flow cytometry. To examine CD36
surface expression (or aVB3 integrin expression) cells
were harvested mechanically and stained in suspension
with FITC-conjugated primary mAbs or FITC-conjugated
isotype-matched IgG, for 40 minutes at 4°C in 0.2%
bovine serum albumin/PBS before analysis by flow cy-
tometry. Where CD36 expression and oxLDL uptake by
the same cells were of interest, cells were first incubated
with Dil-oxLDL and then stained with anti-CD36 mAb as
described above.

Involvement of PI3-Kinase/Akt Signaling
Pathway

To elucidate which signaling pathways may be involved
in the regulation of CD36 expression and oxLDL uptake,
MDMs were harvested, preincubated for 20 minutes at
37°C in suspension with the PI3-kinase inhibitors
LY294002 (10 pmol/L) or wortmannin (100 nmol/L),
p38SAPK inhibitor (SB203580, 20 wmol/L), ERK-1,2 in-
hibitor (PD98059, 20 wmol/L), or control vehicle (dimethyl
sulfoxide), and then MDMs were reseeded on immobi-
lized mAbs in the presence of inhibitors for 6 hours.
MDMs were then incubated with Dil-oxLDL for 3 more
hours, and Dil-oxLDL uptake was analyzed by flow cy-
tometry. For CD36 detection, MDMs reseeded on anti-
aVB3 integrin mAb or control IgG, were analyzed by flow



cytometry using FITC-labeled mAb to CD36 or FITC-
conjugated isotype control antibody.

EC and Monocyte Co-Culture Model

Human umbilical vein ECs were isolated and co-cultured
with monocytes as previously described.®® To examine
the effect of adhesion of MDMs to ECs on oxLDL-induc-
ible foam cell formation, monocytes were co-cultured with
ECs for 5 days, then EC monolayers were mechanically
wounded to allow floating MDMs generated by prolifera-
tion in co-culture to adhere to denuded areas. Then co-
cultures were exposed to oxLDL (50 ug/ml) for 48 to 72
hours, fixed with buffered formaldehyde, and then
stained for lipids with Oil Red O and counterstained with
hematoxylin. To examine oxLDL uptake by MDMs both
adherent to ECs and floating, as well as the effect of aVB3
inhibitor cRGD on Dil-oxLDL uptake by these cells,
monocytes were co-cultured with ECs for 5 to 7 days
(which induced their proliferation and generated signifi-
cant numbers of MDMs both floating and adherent to
ECs®9). Co-cultures exposed to cRGD (10 ug/ml) for 24
hours or control co-cultures without cRGD treatment were
incubated with Dil-oxLDL (5 ug/ml) for 3 hours. Floating
and loosely adherent MDMs were harvested from ECs by
gentle pipetting; the remaining cells were then harvested
by trypsinization. Cells were stained with a cocktail of
FITC-labeled mAbs to the MDM lineage markers CD11b,
CD11c, CD15, or FITC-labeled isotype-matched control
mADb for 40 minutes at 4°C in 0.2% bovine serum albumin/
PBS, washed with PBS, fixed in formaldehyde, and ana-
lyzed by flow cytometry for Dil-oxLDL uptake by two
separate MDM populations.

Immunohistochemistry

Hearts and aortas (thoracic and abdominal) of patients
who died suddenly of coronary causes were obtained as
described previously.®” Atherosclerotic plaques were
classified using a modification of the American Heart
Association Scheme.®® Serial cryostat sections (6 um)
from advanced lesions of human coronary arteries iden-
tified as fibroatheromas (lesions with relativity thick fi-
brous cap and necrotic lipid core) or early lipid lesions
(fatty streak) from aortas were randomly selected from
seven and three patients, respectively, and used for im-
munohistochemical studies according to a standard pro-
tocol for cryostat tissue sections. The labeling of primary
antibodies was achieved using a biotinylated link anti-
body and positive staining was visualized using the
3-amino-9-ethylcarbazole substrate-chromogen system;
the sections were counterstained with Gill’s hematoxylin.
To demonstrate expression of «VB3 integrin on macro-
phages, co-localization studies were performed. Anti-
aVB3 mAb was labeled with a biotinylated link secondary
antibody and visualized with the fluorescent marker Alexa
Fluor 488 (Molecular Probes, Eugene, OR) conjugated to
streptavidin. After staining for aVB3 integrin, sections
were rinsed in PBS and incubated with anti-macrophage
mAb CD68 tagged with Alexa Fluor 568 using a Zeon
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labeling kit according to the manufacturer’s instructions
(Molecular Probes). Sections were counterstained with
4,6-diamidino-2-phenylindole and examined using a
Leica TCS SP2 spectral confocal imaging system (Leica,
Heidelberg, Germany).

Quantitative Real-Time Polymerase Chain
Reaction

MDMs differentiated for 5 days in culture were reseeded
on immobilized anti-aVB3 integrin mAb or immobilized
control 1IgG; mAb for 24 hours, and total RNA was iso-
lated using Qiagen RNeasy mini kit according to the
manufacturer’s instructions. For quantitative real-time re-
verse transcriptase-polymerase chain reaction analysis
of CD36 and SRA expression, total RNA was reverse-
transcribed and amplified by LightCycler System (Roche
Molecular Biochemicals) using primers for CD36, forward
primer 5’-GAG AAC TGT TAT GGG GCT AT-3' and re-
verse primer 5'-TTC AAC TGG AGA GGC AAA GG-3;
and for SRA, 5'-CCA GGG ACA TGG GAA TGC AA-3'
and 5’-CCA GTG GGA CCT CGA TCT CC-3'. B-Actin-
specific primers were used as control. Specific RNA lev-
els were quantified using the manufacturer’'s software
and compared to standard curves of control preparations
of MDMs RNA.

Reproducibility of Data

Experiments were repeated with monocytes isolated from
at least five different donors with consistent results.

Results

Expression of «/B3 Integrin on Macrophages in
Human Atherosclerotic Lesions

We initially investigated «VB3 integrin expression on
macrophages present in human early fatty streak lesions
and advanced plaques. We found that resident macro-
phages, including typical macrophage foam cells, accu-
mulated in the subendothelial compartment of early lipid
(fatty streak) lesions demonstrate high levels of aVB3
expression (Figure 1, A and B). In human coronary le-
sions (fibroatheromas), strongly positive cells that ex-
pressed «VB3 integrin were consistently found in the
perimeter of the necrotic core and shoulder of advanced
plagues in areas rich in CD68-positive macrophages
(Figure 1; C, D, and E). Using two-color staining for aVB3
integrin and the macrophage lineage marker CD68,
those cells were identified as macrophages (Figure 1F).
We also found that some of the SMCs within the plaque
showed positive staining for «VB3 integrin (Figure 1G),
but the vast majority of SMCs in the lesions examined was
aVB3 integrin-negative, whereas SMCs of the medial wall
demonstrated mild to moderate reactivity to «VB3 integrin
staining (data not shown). Immunostaining for VB3 inte-
grin was also noted in ECs localized to the lumen and in
occasional microvessels of the plaque (data not shown).
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Figure 2. M-CSF and oxLDL synergistically up-regulate aV3 integrin surface
expression on MDMs. Differentiation of freshly isolated blood monocytes in
the presence of M-CSF for 6 days results in increases in aV33 expression on
MDMs (compare lines 2 and 3). Treatment of these MDMs with oxLDL (20
ng/mb) for 24 hours significantly up-regulates aV 33 integrin expression (line
4). Monocytes and harvested MDMs were stained for VB3 integrin surface
expression with FITC-labeled anti-aVB3 integrin mAb or FITC-labeled iso-
type-matched control IgG, (line 1) and analyzed by flow cytometry (refer to
Materials and Methods).

Importantly, «VB3 integrin expression is not a constitutive
feature of all tissue macrophages. In contrast with mac-
rophages in atherosclerotic lesions, macrophages lo-
cated in uninvolved tissues such as tonsils (Figure 1H,
HAMb56-positive cells) do not express aVB3 integrin (Fig-
ure 11). Thus, to the best of our knowledge, here we
demonstrate for the first time that «VB3 integrin is ex-
pressed on activated macrophages in both fatty streak
and more advanced fibroatheromas, suggesting that this
receptor could be involved in lesion development and
progression. For this reason, and because lesion SMCs
showed little «VB3 integrin expression, subsequent stud-
ies were focused on macrophage Vg3 integrin.

Effect of M-CSF and oxLDL on «VB3
Expression on MDMs in Vitro

We next determined whether «VB3 integrin expression on
MDMs is regulated in vitro by M-CSF and oxLDL, which
are known to be present in lesions in vivo.? 193132 g
found that freshly isolated monocytes express a clearly
detectable level of aVB3 integrin (Figure 2, line 2). When
monocytes were differentiated in the presence of M-CSF
for 5 to 7 days they demonstrate a significant increase in
surface aVB3 expression (Figure 2, compare lines 2 and
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3). Treatment of these MDMs with oxLDL (20 ng/ml)
results in rapid (6 to 8 hours) and sustained (up to 72
hours) up-regulation of even this high level of aVB3 ex-
pression (Figure 2, line 4). Thus, when we mimic condi-
tions existing in atherosclerotic lesions using our cell
culture model, MDMs demonstrate significant increases
of VB3 integrin expression, which we speculate corre-
lates with our findings in vivo, suggesting that exposure of
lesion macrophages to atherogenic oxLDL could lead to
observed aVB3 expression on lesion macrophages.

Effect of aV/B3 Ligation on Scavenger Receptor
Activity and Foam Cell Formation

Ligation of «VB3 Integrin on Blood Monocytes

We next examined the effects of aV33 ligation on blood
monocyte phenotype when they were differentiated in
vitro on immobilized antibodies to aVB3 integrin. As func-
tional measures for scavenger receptor activity, we ana-
lyzed the effect of aVB3 ligation on uptake of Dil-oxLDL
and Dil-acLDL, and on lipid accumulation induced by
exposure to these modified LDLs. Under these condi-
tions, cells differentiated on VB3 integrin mAb had per-
sistently (from day 3 up to day 7) reduced Dil-oxLDL and
Dil-acLDL uptake (Figure 3, A and B) and lipid accumu-
lation induced by modified LDL (Figure 3, C and D) as
compared with control (immobilized isotype-matched
IgG,) antibody, or antibody to the closely related aVB5
integrin. Because adhesion to all three antibodies was
comparable, the effect could not be attributed to adhe-
sion alone, suggesting that these effects are specific for
aVB3 integrin. Thus, ligation of VB3 integrin on blood
monocytes results in their differentiation into a sustained
phenotype characterized by decreased uptake of modi-
fied LDL and resultant lipid accumulation. From these
data (Figure 2 and Figure 3), we hypothesize that a
feedback mechanism leading from oxLDL to «VB3 ex-
pression and down-regulation of scavenger receptor ac-
tivity is important in foam cell formation.

Ligation of «VB3 Integrin on Differentiated MDMs

Scavenger receptor activity on terminally differentiated
macrophages is considered not to be down-regulated by
physiological stimuli in persistent manner. We therefore
next examined whether ligation of aVB3 integrin could
regulate CD36 and SRA activity on macrophages after
they had differentiated in vitro and acquired a phenotype
characterized by constitutive and unregulated high levels
of oxLDL and acLDL uptake. More than 95% of these

Figure 1. Expression of aV3 integrin on macrophages in a human atherosclerotic lesion. A: Accumulation of HAM-56-positive macrophages in early lipid lesion.
B: Macrophages in the same lesion show strong positive staining for aV33 integrin expression (brownish-red reaction product). C: Low-power view of a human
atherosclerotic plaque (fibroatheroma) from mid left anterior descending coronary artery. There is a large necrotic core (NC) and relatively thick fibrous cap
(arrow). D: High-power view of the black box represented in C demonstrating numerous CD68-positive macrophages in the perimeter of the necrotic core. E:
Positive staining for aVB3 integrin expression on macrophages in a similar area as in D. F: Image from confocal microscopy showing co-localization of
macrophages (red) and aVB3 integrin (green) in the perimeter of the necrotic core. Regions of overlap appear yellow. The nuclei (blue) are stained with
4,6-diamidino-2-phenylindole. G: Immunostaining for aVB3 integrin expression on SMCs within the fibrous cap of this lesion shows a relatively low number of
aVB3-positive SMCs. H: HAM-56-positive macrophages in tonsil. I: Absence of staining for aVB3 integrin in macrophage in tonsil. Scale bars: 20 um (A, B, D-F),

1 mm (C), 100 um (G), 29 um (H and D).
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Figure 3. Differentiation of blood monocytes on immobilized anti-aV3
integrin mAb results in down-regulation of Dil-oxLDL and Dil-acLDL uptake
and resultant lipid accumulation induced by modified LDL. Blood monocytes
were seeded directly on immobilized anti-aVB3 integrin mAb (thick line),
anti-aVB5 integrin mAb (thin line), or control isotype-matched 1gG, (dot-
ted line) and were cultured for 7 days. On day 7 MDMs were incubated with
5 png/ml of Dil-oxLDL (A) or 5 ug/ml of Dil-acLDL (B) for 3 hours. To induce
lipid accumulation in cholesterol storage vacuoles, MDMs were exposed to
50 wg/ml of oxLDL (C) or 100 ug/ml of acLDL (D) for 48 hours (from day 5
to day 7). At the end of the treatment cells were harvested, stained for
intracellular lipids with Nile Red (C and D only), and analyzed by flow
cytometry.

MDMs can be transformed into lipid-laden foam cells by
exposure to modified LDL,213:3940 gq this primary hu-
man monocyte-derived macrophage system is a useful
and well-characterized in vitro model of atherogenic foam
cell formation. Monocytes were differentiated in culture
for 5 to 9 days, harvested, and reseeded on anti-integrin
antibodies or on control antibody immobilized on sub-
strate. We found that MDMs reseeded on VB3 integrin
antibodies took up 5- to 10-fold less Dil-oxLDL than
MDMs reseeded on control IgG, (Figure 4A) or on anti-
bodies to aVB5 integrin (data not shown). Lipid accumu-
lation was correspondingly reduced in cells exposed to
aVB3 integrin ligation. When MDMs reseeded on «VB3
integrin antibodies were incubated with oxLDL (50 ug/ml)
for 48 to 72 hours, they demonstrated a greater than
fourfold reduction in intracellular cholesterol accumula-
tion (Figure 4B). Lipid accumulation, as viewed by Oil
Red O staining, was also visibly reduced by «VB3 ligation
(Figure 4C). The reduction in Dil-oxLDL uptake appeared
receptor-mediated. We found that ligation of «VB3 inte-
grin on MDMs resulted in more than fourfold down-regu-
lation of surface expression of CD36 as measured by flow
cytometry (Figure 4D). Two-color staining with FITC-la-
beled antibodies to CD36 and Dil-oxLDL of MDMs re-
seeded on «VB3 integrin mAb (Figure 4E) or control IgG,
(Figure 4F) further supported this hypothesis, demon-
strating that decreased CD36 expression correlated with
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Figure 4. Ligation of aVB3 integrin on differentiated MDMs decreases
Dil-oxLDL uptake and prevents oxLDL-induced foam cell formation via a
mechanism requiring down-regulation of CD36 expression. MDMs (5 to 9
days of culture in vitro) were harvested and reseeded on immobilized
antibodies to aVB3 integrin (thick line) or control isotype-matched IgG,
(dotted line), and analyzed by flow cytometry 24 hours after reseeding. A:
Dil-oxLDL uptake by MDMs after 3 hours of incubation with 5 ug/ml of
labeled oxLDL. B: Lipid accumulation in cholesterol storage vacuoles in-
duced by incubation with 50 wg/ml of oxLDL for 48 hours revealed by Nile
Red staining. C: Reduction of foam cell formation in vitro induced by incubation
with oxLDL (50 ug/ml) for 48 hours of MDMs reseeded on immobilized anti-
VB3 mAb. Top: MDMs reseeded on immobilized anti-aV3 mAb. Bottom:
MDM reseeded on immobilized control IgG,. Oil Red O lipid staining (red),
hematoxylin nuclear counterstain (blue). D: Down-regulation of CD36 surface
expression on MDMs induced by VB3 ligation revealed by staining with
FITC-labeled mAb to CD36 and after analysis by flow cytometry (thin line
shows isotype-matched control). E and F: CD36 surface expression (x axis) and
Dil-oxLDL uptake (y axis) by MDMs reseeded on aV3 integrin antibodies (E)
or control IgG, (F). Scale bars, 20 um.

a significant reduction of Dil-oxLDL uptake by the same
cells. Using quantitative real-time reverse transcriptase-
polymerase chain reaction, we found that ligation of aVB3
integrin on MDMs caused a twofold to ninefold reduction
in the amount of CD36 mRNA (n = 6), and a threefold to
fivefold fold reduction of SRA mRNA (n = 5), suggesting
that down-regulation of CD36 and SRA protein expres-
sion by VB3 integrin ligation occurred at the transcrip-
tional level. The effect of aVB3 integrin ligation on Dil-
oxLDL uptake and CD36 expression was persistent and
observed as early as 4 to 6 hours after reseeding, and
continued for up to 4 days (observation time). Ligation of
aVB3 integrin on differentiated MDMs, as well as on
blood monocytes, had an identical effect on both CD36
and SRA activity, consistent with coordinate regulation of
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Figure 5. Inhibition of PI3-kinase/Akt signaling pathway abolishes the
down-regulation of Dil-oxLDL uptake and CD36 expression induced by
aVB3 integrin ligation on MDMs. MDMs were differentiated in vitro for 6
days, harvested, incubated in suspension with LY294002 (10 wmol/L) or
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bilized antibodies to aVB3 integrin (thick line) or control 1gG, (dotted
line) for 6 hours in the presence of inhibitor. MDMs were incubated with
Dil-oxLDL (5 wg/ml) for 3 more hours, then Dil-oxLDL uptake was analyzed
by flow cytometry. For CD36 detection, MDMs reseeded on anti-aVB3 or
control mAbs were analyzed by flow cytometry using FITC-labeled mAb to
CD36 or FITC-conjugated isotype control antibody (thin line). A: Dil-oxLDL
uptake. B: CD36 expression by MDMs treated with vehicle control. C and D:
Treatment of MDMs with LY294002 prevents effects of aVB3 integrin ligation
on Dil-oxLDL uptake (C) and CD36 expression (D).
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CD36 and SRA expression by aVB3 integrin. Although
donor variability was evident, «VB3 integrin ligation on
MDMs consistently induced significant down-regulation
of scavenger receptor activity and prevented foam
cell formation in MDMs from all 20 donors tested. Thus,
aVB3 integrin ligation down-regulates expression of mul-
tiple scavenger receptors, even in fully differentiated
macrophages with high pre-existing expression of these
receptors.

Role of PI3-Kinase/Akt Signaling Pathway

Signal transduction via the phosphatidylinositol 3-kinase
(PI13-kinase)/Akt pathway is known to be important in
monocyte survival, proliferation, and differentiation.3%4
Data obtained from ECs and other cell types suggested
that the extracellular signal-regulated protein kinases
(ERK-1,2) and p38 stress-activated protein kinases
(P3B8SAPK) may also mediate cellular responses to «VB3
integrin activation.*'*? We found that specific inhibitors
of the PI3-kinase/Akt pathway LY294002 (10 umol/L) or
wortmannin (100 nmol/L) abolished the reduction of Dil-
oxLDL uptake (Figure 5, A and C) and down-regulation of
CD36 expression (Figure 5, B and D) induced by ligation
of aVB3 integrin. Inhibitors of p38SAPK (SB203580; 20
wmol/L) or ERK-1,2 (PD98059; 20 wmol/L) did not affect
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CD36 expression or Dil-oxLDL uptake (data not shown).
The effect of these inhibitors on Dil-acLDL uptake by
MDMs was identical, consistent with coordinate regula-
tion of CD36 and SRA expression by «VB3 integrin.
These data identified the PI3-kinase/Akt signaling path-
way initiated by aVB3 integrin ligation on MDMs as a
principal pathway for regulation of scavenger receptor
expression and resultant foam cell formation.

Effect of Adhesion of MDMs to ECs on
Scavenger Receptor Activity and Foam Cell
Formation

Finally, we wished to determine whether more physiolog-
ical adhesion of monocytes to ECs had the same effect
on lipid uptake as immobilized antibodies. Oil Red O
staining for lipids revealed that MDMs adherent to an
intact EC monolayer had low levels of lipid accumulation
(Figure BA, left). In contrast, MDMs adherent to plastic in
mechanically denuded areas of the same culture dem-
onstrated high-lipid accumulation and typical macro-
phage foam cell morphology (Figure 6A, right). These
results were confirmed by flow cytometry, which showed
that nonadherent and loosely adherent MDMs demon-
strated high levels of Dil-oxLDL uptake (Figure 6B, R1),
whereas the majority of MDMs that were firmly adherent
to ECs showed significantly less uptake of Dil-oxLDL
(Figure 6D, R2). To test the hypothesis that this effect on
lipid uptake was specifically because of ligation of VB3
integrin on MDMs by ECs, we used a specific inhibitor of
aVB3 integrin, cyclic RGD peptide (cRGD), which blocks
VB3 binding.?®2” We found that the population of ad-
herent MDMs with low lipid uptake in co-cultures of
MDMs and ECs that were treated with cRGD (10 ug/ml)
for 24 hours was significantly reduced from 70% (Figure
6D, R2) to 34% (Figure 6E, R2). Exposure to cRGD had
no effect on nonadherent MDMs, which displayed a uni-
formly high lipid uptake (Figure 6, B and C). Thus, al-
though we cannot totally exclude the possibility that some
of the effect of cRGD might be indirectly mediated (eg,
via an effect on ECs), these findings support the hypoth-
esis that contact with ECs down-regulates lipid uptake by
mechanisms involving «VB3 integrin, and that activation
of multiple adhesion molecules on MDMs by contact with
ECs does not abolish the effect of aVB3 integrin ligation
on scavenger receptor activity.

Scavenging of Modlified LDL by MDMs
Generated via Proliferation in Co-Culture
with ECs

We have previously demonstrated that monocytes co-
cultured with ECs undergo enhanced and prolonged pro-
liferation.®° In that study we found that firm adhesion of
monocytes to ECs was necessary for this proliferative
burst. We next examined the ability of MDMs generated
in co-culture to scavenge modified LDL. MDMs were
co-cultured with ECs for 5 days. All floating and loosely
adherent cells were then removed, and the accumulation
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Figure 6. Adhesion of MDMs to ECs prevents foam cell formation and down-regulates Dil-oxLDL uptake via mechanisms requiring aV3 integrin. A: Monocytes
were co-cultured with ECs for 5 days, then EC monolayers were partially denuded with a rubber scraper to allow floating MDMs from co-culture to adhere to the
plastic in the denuded area. Foam cell formation was induced by incubation of co-cultures with oxLDL (50 wg/ml) for 48 hours. MDMs adherent to ECs (left,
arrows) show low lipid accumulation compared to those adherent to denuded area (right). Oil Red O lipid staining (red), hematoxylin counterstain (blue). B-E:
Effect of the aVB3 inhibitor cRGD on Dil-oxLDL uptake by MDMs adherent or nonadherent to ECs. Monocytes were co-cultured with ECs for 5 days, then cRGD
(10 pg/ml) was added for 24 hours. Co-cultures were incubated with Dil-oxLDL (5 ug/ml) for 3 hours, then adherent and nonadherent MDMs were harvested
(refer to Materials and Methods) and analyzed separately by flow cytometry for MDMs lineage markers (x axis), and uptake of Dil-oxLDL (y axis). B: Nonadherent
MDMs from control co-cultures. C: Nonadherent MDMs from co-cultures treated with cRGD. D: Adherent MDMs from control co-cultures. E: Adherent MDMs from
co-cultures treated with cRGD. Gated regions represented populations of MDMs with high (R1, mean fluorescence = 330) and low (R2, mean fluorescence =

34) Dil-oxLDL uptake. Scale bars, 20 um.

of lipids by floating MDMs that arose from the adherent
population via proliferation was measured. The loss of
contact with ECs by MDMs resulted in a progressive
increase in lipid accumulation induced by both oxLDL
and aclLDL (Figure 7A). However, when these MDMs

were reseeded on anti-aVB3 integrin immobilized mAb,
and «VB3 was thus ligated, MDMs showed both signifi-
cant decreases in uptake of modified LDL (Figure 7, B
and C) and reduced CD36 expression (Figure 7D). Taken
together, these results suggest that when ligation of «VB3
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Figure 7. Scavenging of modified LDL by MDMs generated in co-culture via
proliferation may be reversed by aVB3 ligation. A: Monocytes were co-
cultured with ECs for 5 days, then all nonadherent MDMs were removed, and
cells were followed as they progressively proliferated, became nonadherent,
and lost contact with ECs. The nonadherent population harvested at 24 hours
(line 2), 48 hours (line 3), and 72 hours (line 4) after the initial wash shows
progressive increases in lipid accumulation induced by incubation with
acLDL (100 ug/ml) for 24 hours before harvest. Lipid uptake was analyzed by
flow cytometry after staining with Nile Red. In the top panel, line 1 shows
lipid accumulation by control MDMs differentiated on plastic for 8 days. B-D:
Ligation of aVB3 integrin on MDMs generated in co-culture down-regulates
uptake of modified LDL and CD36 expression. Floating MDMs from co-
culture (same MDMs as shown on A, line 4) were harvested and reseeded on
immobilized mAb to aVB3 integrin (thick line) or control 1gG, (dotted
line) and analyzed for Dil-oxLDL uptake (B), Dil-acLDL uptake (C), and
CD30 expression (D, thin line shows FITC-conjugated IgG, control) by flow
cytometry (see Materials and Methods).
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integrin is interrupted (floating MDMs), MDMs differenti-
ate into a phenotype with persistent high CD36 and SRA
activity, and thus are able to scavenge atherogenic LDL.
However, activation of aVB3 receptor on these macro-
phages by its ligand down-regulates scavenger receptor
activity and resultant lipid accumulation.

Discussion

Expression of aVB3 Integrin on Lesion
Macrophages in Situ and Its Regulation by
oxLDL in Vitro

To hypothesize that «VB3 receptor plays a role in the
pathogenesis of atherosclerosis, it should be demon-
strated that this receptor is expressed in vivo in patholog-
ical conditions and that its expression can be regulated
by pathogenic stimuli, but it is not significantly expressed
in normal tissues. Here we have demonstrated that «V3
integrin is highly expressed on the majority of macro-
phages present in both human aortic fatty streak lesions
and advanced fibroatheromas plaques located in the
coronary arteries. However, aVB3 expression is not a
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constitutive feature of all tissue macrophages, as shown
by its absence on macrophages in tonsil. In a previous
study in advanced coronary artery lesions obtained from
patients undergoing heart transplantation,*® it was found
that the number of lesion macrophages expressing aV33
integrin was insignificant, whereas SMCs in the lesion
showed positive staining for aVB3 integrin. We also have
demonstrated aVB3 integrin expression on SMCs present
in fibrous caps and in the medial wall, thus our data are
comparable with the cited one. The apparent discrep-
ancy in aVB3 integrin expression on macrophages may
be simply because of the high content of activated mac-
rophages in the lesion areas analyzed in our study (lipid-
rich core and shoulder of advanced plaques, but not in
the fibrous cap). Alternatively, it is possible that aVB3
integrin expression on macrophages depends on their
activation by risk factors or other as yet unknown stimuli.
Indeed, our data show that aVB3 integrin is significantly
expressed on MDMs differentiated in the presence of
M-CSF, and that exposure of these cells to oxLDL results
in sustained up-regulation of even this high level of «VB3
integrin expression. Nevertheless, local targeting of mac-
rophages in the zones of active plague development may
have therapeutic value for this disease. Expression of
aVB3 integrin on other cell types involved in atheroscle-
rosis (SMCs, ECs) has been shown, but these studies do
not link aVB3 integrin expression on cells present in the
lesion to the regulation of their functions by «VB3 integrin.
Lack of these data may explain contradictory results from
animal models. We hypothesize that the conditions exist-
ing in atherosclerotic plaques, but not in unaffected tis-
sue, can induce local increases of aVB3 expression on
macrophages in the lesion. Activation of aVB3 integrin on
these cells by its ligands will result in down-regulation of
scavenger receptor activity, decrease of oxLDL uptake,
and prevention of foam cell formation. Interruption of the
signaling pathway initiated by «VB3 integrin ligation, for
example by VB3 antagonists, adhesion to ECs or, as it
was recently shown in a mice model of atherosclerosis**
by deficiency of B3 integrin, will restore scavenger recep-
tor activity and resultant foam cell formation. Thus, the
balance between «aVB3 integrin expression and activa-
tion, exposure to atherogenic stimuli, and scavenger re-
ceptor activity is important in lesion development.

Ligation of aV/B3 Integrin on Blood Monocytes
and Macrophages Prevents Their Differentiation
into Foam Cell Phenotype in Vitro

Progression of the early fatty streak lesion to the more
complex, clinically significant atherosclerotic plaque is
characterized by activation of scavenger receptors on
macrophages and subsequent unregulated accumula-
tion of lipids, resulting in foam cell formation, and by
macrophage-related inflammatory responses.’®4® Our
studies have demonstrated a previously unrecognized
function of aVB3 integrin on human peripheral blood
monocytes and differentiated macrophages in regulating
foam cell formation. Specifically, these findings identify
persistent down-regulation of at least two key scavenger
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Figure 8. Hypothetical model of the regulation of foam cell formation by aV83 integrin ligation. Adhesion of blood monocytes to the endothelium results in aV33
ligation and leads to the down-regulation of CD36 and SRA expression and prevention of macrophage transition into foam cells. When these cells migrate deeper
into the lesion, they lose contact with ECs and may lose aV33 integrin activation although it is still expressed. As a result, these macrophages are differentiated
into foam cells. Alternatively, as suggested by our results, if «VB3 integrin is persistently activated via its ligation, the monocytes may differentiate to a macrophage
phenotype characterized by down-regulation of scavenger receptors, and thus they do not form foam cells as long as the aVB3 receptor is activated. Moreover,
our data suggest that if other ligands are present in a particular microenvironment that can activate aVB3-dependent signaling pathways, the foam cell phenotype
may be reversed by down-regulation of scavenger receptor activity (dotted line). The prediction from our hypothetical model is that when aVB3 integrin is
persistently ligated/activated, it will prevent macrophage differentiation into the foam cell phenotype. Conversely, blocking of the aVB3 receptor may lead to

up-regulation of scavenger receptor expression and increased foam cell formation.

receptors (CD36 and SRA) induced by aVB3 integrin
ligation as the mechanism that prevents the transition of
macrophages into foam cells. Additionally, these findings
demonstrate that a signaling pathway initiated by «VB3
integrin ligation can also reverse CD36 and SRA expres-
sion and the uptake of oxLDL by differentiated macro-
phages, which show maximal scavenger receptor activity
before ligation (Figure 4). To the best of our knowledge,
this is the first demonstration that the phenotype of hu-
man MDMs traditionally thought to be atherogenic (which
leads to foam cell formation and altered inflammatory
responses) can be reversed by «VB3 receptor ligation,

resulting in persistent down-regulation of multiple scav-
enger receptors.

Ligation of aVB3 Integrin on Blood Monocytes
and Macrophages Results in Sustained
Phenotypic Changes

Previous in vitro studies have demonstrated that multiple
soluble mediators and cytokines such as tumor necro-
sis factor-a, interferon-y, M-CSF, bacterial lipopolysac-
charide, as well as CD40/CD40 ligand and others may



transiently down-regulate or activate scavenger recep-
torg 3489404446748 However, the transition of macro-
phages into foam cells requires persistent activation of
scavenger receptors, and thus the transient down-regu-
lation of CD36 and SRA expression reported in these
previous studies would be unlikely to prevent foam cell
formation when macrophages are chronically exposed to
atherogenic LDL. In contrast, we found that VB3 ligation
on both blood monocytes and differentiated macro-
phages resulted in sustained down-regulation of scaven-
ger receptor activity and lipid accumulation. Thus, the
aVB3 signaling pathway emerges as a key regulator of
macrophage transition into the foam cell phenotype, a
process strongly associated with lesion progression.

Role of Contact with ECs

Adhesion of monocytes to endothelium, necessary for
their recruitment into the arterial wall, is known to pro-
foundly influence monocyte and macrophage functions
and the expression of multiple receptors. It is possible
that this complicated physiological process can modify
the effect of aVB3 integrin ligation by regulating its ex-
pression or by other as yet unknown mechanisms. Our
findings support the hypothesis that contact with endo-
thelium prevents foam cell formation by mechanisms in-
volving VB3 integrin, and that crosstalk between multi-
ple adhesion molecules activated by contact with ECs
does not abolish the effect of «VB3 ligation on scavenger
receptor activity.

Potential Role of aV/B3 Integrin Inhibition in
Atherosclerosis

The pathophysiological role of activation or inhibition of
scavenger receptors and terminal differentiation of mac-
rophages into the foam cell phenotype is still controver-
sial. It is not clear whether foam cells accelerate the
progression of lesions by activating proatherogenic re-
sponses or, alternatively, whether they are beneficial
scavengers of modified LDL. We have previously postu-
lated that, at least in early lesions, lipid accumulation by
macrophages, and their subsequent exit from the lesion
is anti-atherogenic and may contribute to lesion regres-
sion or reduced progression.*® However, if risk factors
are present constitutively, they will lead to continued
accumulation of foam cells in the lesion, resulting in in-
creases of lesion size, deposition of intra- and extracel-
lular lipids, cell death and formation of necrotic core, as
well as enhanced macrophage-related inflammatory re-
sponses leading to progression and complication of the
lesion. Contradictory data from animal models of athero-
sclerosis have been reported to suggest both that block-
ing of VB3 integrin in vivo may be protective and that the
lack of B3 integrin hastens progression of atherosclero-
sis. Taken together, our results establish an important
regulatory role for aVB3 integrin signaling in atheroscle-
rosis for both proatherogenic or anti-atherogenic scenar-
ios and raise the possibility that pharmacological target-
ing of aVB3 integrin may be of therapeutic value in human
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vascular diseases. Figure 8 illustrates our hypothetical
model of the regulation of foam cell formation by «VB3
integrin ligation and rationale for potential therapeutic
targeting of aVB3 receptor.
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