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FIGURE 3. Effects of dietary composition (high-carbohydrate, high-fat, or standard test meal) on forearm blood flow (FBF) and total reactive hyperemic
flow (flow debt repayment; FDR) in 12 healthy subjects (6 men and 6 women). A: Measurements were taken at baseline and during reactive hyperemia 120
and 240 min after the meals. B: Peak FBF was measured during reactive hyperemia before (0 min) and 120 and 240 min after the meals. C: Total reactive
hyperemic flow (FDR) was measured during reactive hyperemia. FDR (%) = (reactive hyperemic flow/blood flow debt) X 100. Data are presented as means
+ SEMs. One-factor ANOVA with Tukey’s post hoc test was used to compare intragroup means. “Significantly different from 0 min, P < 0.01.

glucose, insulin, and serum lipid concentrations were different,
and postprandial forearm endothelial function was impaired after
high-fat diet but not after the high-carbohydrate and standard test
meals.

Postprandial hyperlipidemia (4) and postprandial hyperglyce-
mia independently produce endothelial dysfunction and both are
now largely recognized as potential underlying mechanisms of
macrovascular events in subjects with normal or impaired glu-
cose tolerance (1, 2). Postprandial state is a complex dynamic
phase. Hyperlipidemia, hyperglycemia, or changes in the blood-
stream of various humoral factors are simultaneously present in
the postprandial phase. Thus, the specific molecule mostly re-
sponsible for endothelial dysfunction has not been determined.

We therefore examined the effects of diet composition on post-
prandial biochemical variables and endothelial function. The
study was done on 3 separate mornings, and the order in which
the 3 types of meals were ingested was randomized in a crossover
design to minimize the other confounding factors.

Plasma glucose and insulin concentrations increased at 60 min
and returned to baseline at 240 min after the high-carbohydrate
and standard test meals but did not change after the high-fat meal.
Serum FFA and triacylglycerol concentrations increased only at
120 and 240 min after the high-fat meal. Plasma adiponectin
concentrations did not change during the 240 min after either test
meal. Some (13, 14), but not all (15), studies reported that adi-
ponectin concentrations changed postprandially. Esposito et al
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FIGURE 4. Changes from baseline in peak forearm blood flow (Apeak
FBF) and flow debt repayment (AFDR) and changes in serum free fatty acids
(AFFA) and triacylglycerols 120 and 240 min after high-fat meal loading in
12 healthy subjects. After adjustment by ANCOV A with the use of time point
after loading as covariance, Pearson’s correlation coefficients (r) and P
values were calculated.

(13) reported that adiponectin concentrations decreased from
baseline after the high-fat meal, but not after the high-
carbohydrate meal. Although the reason for the discrepancy be-
tween their study and ours is unknown, the difference in the
percentage of energy as fat of the diets could be one reason (60%
compared with 32.9%).

We reported that the high-carbohydrate and standard test
meals did not produce endothelial dysfunction in healthy sub-
jects with normal glucose tolerance (16, 17). However, it has
been reported that the high-fat meal could impair endothelial
function, even in healthy subjects (4 7). Our results confirm the
previous findings that endothelial function is impaired after in-
gestion of a high-fat meal but not after ingestion of a high-
carbohydrate or standard test meal.

As shown in Figure 4, decreases in peak FBF and FDR after a
high-fat meal were well correlated with increases in serum FFA
concentrations, but not with the other biochemical variables,
including triacylglycerol, insulin, glucose, total cholesterol,
HDL cholesterol, or adiponectin. Because adiponectin concen-
trations did not change after the meals, adiponectin oscillation is
unrelated to postprandial changes in acute vascular reactivity.
Our previous study showed that plasma adiponectin concentra-
tions were well correlated with baseline (fasting) endothelial
function in nondiabetic subjects (11). We postulated that there
are 2 possible mechanisms by which hypoadiponectinemia de-
creases endothelial function: ) hypoadiponectinemia can cause
endothelial dysfunction by decreasing insulin sensitivity, and 2)
hypoadiponectinemia may be directly linked to early atheroscle-
rotic vascular damage and subsequent endothelial dysfunction.

In the present study, we showed that the FFA concentration,
rather than the plasma adiponectin concentration, is mainly as-
sociated with postprandial endothelial dysfunction in healthy
subjects. Taken together, hypoadiponectinemia could be linked
to chronic vascular injury but not to acute postprandial vascular
injury. It has been shown that the FBF response to the intraarterial
infusion of acetylcholine was impaired acutely after systemic

infusion of lipid and heparin in healthy subjects (9, 10). Previous
findings support the notion that acute hyperlipacidemia directly
impairs endothelial function, which was observed in this study.

The mechanism for such FFA-related endothelial dysfunction
could not be drawn from this study. One can assume that hyper-
triglyceridemia, a cumulative effect of endothelial activation, or
both may be associated with increased serum concentrations of
inflammatory cytokines such as tumor necrosis factor-a,
interleukin-6, intercellular adhesion molecule-1, and vascular
cell adhesion molecule-1 (13).

Another possible explanation is the production of reactive
oxygen species (ROS) by FFAs. Ceriello (7) reported that in-
creased production of ROS, determined by nitrotyrosine, was
closely associated with endothelial dysfunction after consump-
tion of a high-fat meal. We confirmed that FFA-induced endo-
thelial dysfuiction could be protected by co-infusion of antiox-
idant, vitamin C, in healthy humans (10). Experimentally, we
observed that FFA directly inhibited vascular response to ace-
tylcholine in stripped aorta isolated form normal animal models
(19). Also, we found that FFA directly enhanced the production
of vascular ROS via up-regulation of NADPH oxidase subunit
mRNA, and the inhibition of ROS production by N-acetyl-
cysteine (a general antioxidant), diphenyleneiodonium, and apo-
cynin (NADPH oxidase inhibitors) can prevent FFA-induced
endothelial dysfunction (19).

In summary, we investigated the effects of diet compositionon
postprandial plasma concentrations of adiponectin and endothe-
lial function in healthy subjects. Postprandial endothelial func-
tion was impaired only after ingestion of the high-fat diet and not
after consumption of the high-carbohydrate and standard test
meals. Because such endothelial dysfunction after a high-fat
meal was closely correlated with FFA concentrations, the post-
prandial state could be hazardous, mostly through acute hyper-
lipacidemia in healthy subjects.

None of the authors had a conflict of interest.
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A Secreted Soluble Form of LR11, Specifically Expressed in
Intimal Smooth Muscle Cells, Accelerates Formation of
Lipid-Laden Macrophages

Kenji Ohwaki, Hideaki Bujo, Meizi Jiang, Hiroyuki Yamazaki, Wolfgang J. Schneider, Yasushi Saito

Objective—Macrophages play a key role in lipid-rich unstable plaque formation and interact with intimal smooth muscle
cells (SMCs) in early and progressive stages of atherosclerosis. LR11 (also called sorLA), a member of low-density
lipoprotein receptor family, is highly and specifically expressed in intimal SMCs, and causes urokinase-type
plasminogen activator receptor-mediated degradation of extracellular matrices. Here we investigated whether the
secreted soluble form of LR11 (solLR11) enhances adhesion, migration, and lipid accumulation in macrophages using

animal models and culturcd systems.

Methods and Results—Immunohistochemistry showed solLR11 expression in thickened intima of balloon-denuded rat
artery. Macrophage infiltration into the cuff-injured artery was markedly reduced in LR11-deficient mice. In vitro
functional assays using THP-1-derived macrophages showed that solLR11 (1 pg/mL) significantly increased acetylated
low-density lipoprotein uptake by THP-1 cells and cell surface levels of scavenger receplor SR-A 1.7- and 2.8-fold,
respectively. SolLR11 dose-dependently increased the migration activity of THP-1 macrophages and adhesion to
extracellular matrices 2.0- and 2.1-fold, respectively, at 1 pg/mL. These effects of solLR1]1 were almost completely
inhibited by a neutralizing anti-urokinase-type plasminogen activator receptor antibody.

Conclusion—SolLR11, secreted from intimal SMCs, regulates adhesion, migration, and lipid accumulation in macro-
phages through activation of urokinase-type plasminogen activator receptor. The formation of lipid-laden macrophages
in atherosclerotic plaques possibly is regulated by SolLR11 of intimal SMCs. (Arterioscler Thromb Vasc Biol.

2007;27:1050-1056.)

Key Words: atherosclerosis m foam cells m macrophages m scavenger receptors ® smooth muscle cells

he early recruitment of monocytes to the arterial neoin-

tima, their subsequent differentiation to macrophages,
and lipid accumulation are key events in the pathogenesis of
atherosclerosis.!-2 Coincidentally, smooth muscle cells
(SMCs) migrate and accumulate in the developing neointimal
lesion, where intimal SMCs sccrete extracellular matrices,
such as elastin, collagen and proteoglycans, inflammatory
cytokines, and several proteases.™*

Recent functional studies using genetically modified ani-
mals or cells have revealed that certain receptors belonging to
the family of low-density lipoprotein (LDL) receptor relatives
(LRs) are important regulators of migration, proliferation,
and secretory functions of SMCs.5-1® We have demonstrated
that LR11 is abundantly and specifically expressed in intimal
SMCs during intimal thickening in a variety of experimental
models of atherogenesis, and that its expression is elevated in
early stages of neointimal formation.’*-13 LR11 enhances the
migration of SMCs by increasing cell-surface urokinase-type

plasminogen activator (uPA) receptor (WPAR) levels. LR11 is
secreted in soluble form from isolated cultured SMCs, espe-
cially in the logarithmic growth phase, and tumor necrosis
factor-a converting enzyme is responsible for the shedding of
the large ectodomain of LR11.1415 This secreted soluble form
of LR11 has biological activity toward SMC migration,
different from that of the membrane-bound form.)'16 This
finding strongly suggested a solLR11-mediated interaction of
intimal SMC and other players, particularly macrophages, in
the intima, However, the role of intimal SMCs in the process
of lipid accumulation in macrophages has not been well
characterized.

The uPAR on monacytes/macrophages is implicated in the
pathological infiltration of monocytes into the intima and in
the process of foam cell formation.!?18 Cell-surface expres-
sion of uPAR is significantly elevated in monocytes of
subjects with acute myocardial infarction and contributes to
enhanced cell adhesion in vitro.'” In apoE~"" mice, overex-
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pression of human uwPAR in macrophages enhances cell
adhesion to the aortic wall,' and targeted overexpression of
uPA, a ligand of uPAR, in macrophages accelerates athero-
sclerosis with increased foam cell formation.'

Thus, solLR11 might be expected to modify the macro-
phage foam cell formation through the activation of uPAR-
mediated extracellular matrix degradation. Here we demon-
strate the presence of solLR11 in hyperplastic intima, and
show that solLR11 deficiency drastically reduces the infiltra-
tion of lipid-laden macrophages into the intima of LR117/~
mice on a high-fat diet using a cuff-injury model. Cell culture
experiments showed that recombinant solLR11 increases the
migration and adhesion of macrophages to extracellular
matrix and SMCs through cnhanced expression of adhesion
molecules, as well as lipid accumulation through scavenger
receplors. These results support a novel function of intimal
SMCs in the regulation of macrophage-foam ccll formation in
the process of atherosclerosis.

Materials and Methods
Antibodies and Cells

Preparation and properties of the monoclonal and polyclonal anti-
bodies against human and mouse LR11, 5-4-30-19-2 and pmll,
respectively, were described previously.’! Monoclonal antibodies
against SR-A (KT022) was obtained from Wako (Tokyo, Japan).
Polyclonal or monoclonal antibodies against uPAR (AF807), VLA-4
(BBA37) and P-selectin glycoprotein ligand (PSGL)-1 (MAB996)
and rccombinant platclet-derived growth factor (PDGF)-BB (520-
BB) were from R&D systems (Minneapolis, Minn). Monoclonal
antibody against Mac-3 was from BD Pharmingen (San Diego,
Calif). Primary cultures of SMCs were prepared from the isolated
medial layer of rat aortas as described.?® COS7 cells were from
ATCC (CRL-1651; Manassas, Va). THP-1 cells were, obtained from
ATCC (TTB-202) and maintained in RPMI 1640 containing 10%
letal bovine serum, THP-1 cells were differentiated to macrophages
(THP-1 macrophages) by treatment with 200 nM of phorbol 12-my-
ristate, 13-acetate (PMA; Promega, Madison, Wis) for 24 hours at
37°C in the presence or absence of purified solLR11 at 1 pug/mL
(unless indicated otherwise) and/or of the indicated antibodies.

Animal Experiments

All animal studies were reviewed and approved by the animal care
and use committee of the Stockholm Animal Ethics Board. Male
Wistar rats (Charles River Laboratories, Chiba, Japan), weighing 400
10 450 grams, were anesthetized, and the left common carotid artery
was denuded by ballooning as described.2! The left carotid arteries
were isolated at 7 or 14 days after injury and used for histochemical
staining, immunohistochemistry and Western blot. Female LR117/~
and LR11*"* mice, aged ~40 weeks fed a high-fat diet (Research
Diets, Inc; 60 kcal% fat supplied from lard and soybean oil, 20 kcal%
carbohydrate from sucrose and maltodextrin, and 20 kcal% protein
from casein) from 3 days before surgery, were anesthetized, and the
left femoral artery was sheathed with-a polyethylene cuff made of
PES0 tubing as described,'! then maintained on high-fal diet. The left
femoral arteries were isolated at 7 days after cuff placement and used
for histochemical staining and immunohistochemistry.

Generation of Knockout Mouse

LR117™" mice were generaled as described (Jiang el al, submitted).
Briefly, an LR11 targeting vector was constructed with short (3.3 kb)
and long (4.4 kb) arms of homology and a Neo cassette (3.9 kb) to
target the first exon of mouse LR11. Cultured embryonic stem cells
were transfected with the LR 11 targeting vector. homologous recom-
binant clones were selected with G418, and confirmed by Southern
blotting. Germline-transmitted chimeras obtained were crossbred
with C57BL6/J females, and resulting heterozygous offspring were

LR11 and Lipid-L.aden Macrophages 1051

interbred. Wild-type, heterozygous, and homozygous mutant mice
were born in Mendelian ratios. All mice born were maintained under
standard animal house conditions with a 12-hour light/dark cycle and
were fed ad libitum with regular chow diet.

Immunohistochemistry and Western Blot

Serial paraffin-embedded sections (5 pm) were used for immuno-
histostaining as described.!? Briefly, sections were pretreated with
3% H,0, to inactivate endogenous peroxidase. Slides were then
stained with anti-LR11 (pm11, 1:50) or anti-Mac3 (1:25) for 1 hour
at 25°C in the presence of 0.1% bovine serum albumin. Vectastain
ABC-AP kit (Vector Laboratories) was used with biotin-conjugated
anti-mouse JgG or anti-rabbit IgG secondary antibodies (Wako)
according to the manufacturer’s instructions. Slides were counter-
stained with hematoxylin-cosin and elastica van Gieson. Western
blot analysis was performed as described previously2? using anti-
LR11 (pml1l, 1:500), anti-VLA-4 (1:250), anti-SR-A (1:250) and
anti-uPAR (1:250).

Construction, Expression, and Purification

of SolLR11

Materials and Methods for this study are fully described in the online
data supplement section (please see http://atvb.ahajournals.org).
Briefly, we first constructed an expression plasmid for the soluble
form of LR11 lacking 104 C-terminal amino acids containing the
transmembrane region. COS7 cells were transfected with the expres-
sion construct and solLR11 was purified using Ni**-chelating chro-
matography. The biological activity of purified solLR11 was con-
firmed by a SMC migration assay.'

Adhesion and Migration

Ccll adhesion was determined in 96-well plates as described.2? Wells
were coated with 5 pg/mL collagen or fibronectin for 2 hours at
37°C. THP-1 macrophages were fluorescently labeled by loading
with Calcein-AM dye for 1 hour at 5%X10° cells/mL in RPMI
containing | % fetal bovine serum. Calcein-loaded cells were then
added to the extracellular matrix coated plates at 2.5X 10" cells/well,
and incubated for 30 minutes at 37°C. Nonadherent cells were
removed by gently washing with phosphate-buffered saline, and
adherent cells were analyzed by measuring fluorescence using a
fluorescence microplate reader, SPECTRAmax GEMINT XS (Mo-
lecular Devices, Menlo Park, Calif). Cell migration was measured in
a 96-well micro-Boyden chamber with collagen type I-coated filters
as described.’? The lower chamber contained RPMI 1640 with 5
ng/mL PDGF-BB, and THP-1 macrophages were added to the upper
chamber and incubated for 4 hours at 37°C. Migrated cells were
quantitated using a fluorescence microplate reader.

Acetyl-LDL Uptake .
THP-1 macrophages were seeded on 96-well culture plates and
incubated with the indicated concentrations of 1,1'-dioctadecyl-
3,3,3,3'-tetramethylindocarbocyanine perchlorate (Dil)-labeled
acetylated LDL (Dil-AcLDL) for 4 hours at 37°C. Then, unincor-
porated Dil-AcLDL was removed by washing with phosphate-
buffered saline. Dil-AcLDL uptake was measured using a fluores-
cence microplate reader.

Statistics

The results are shown as mean=SD for each index. Comparison of
data were performed using the Student s test or Williams test;
P<0.05 was considered significant.

Results

LR11, Expressed in Intimal SMCs, Is Secreted as
a Soluble Form in the Intima of

Balloon-Denuded Artery

A soluble form of LR11 is secreted from cultured SMCs and
induces the migration activity of SMCs together with the
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EVG

LR11

Figure 1. SolLR11 expression in intimal SMCs in
balloon-denuded rat artery. A, Sections of balloon-
denuded carotid artery were subjected to histolog-

: «L,«j -4 SoiLR11
3 4

membrane-anchored form.!! To investigate the pathophysio-
logical relevance of solLRI1 in the process of neointimal

formation, the expression of soluble and membrane-anchored

"LR11 proteins were analyzed in the rat balloon injury model.

Immunohistochemistry and Western blot showed that LR11
is highly and specifically expressed in intimal SMCs, and that
its expression is higher at day 7 after injury than at day 14
(Figure 1A). This is in agreement with the finding that LR11
is specifically expressed in the proliferating phase of SMCs in
culture.!? Using the samples of thickend intima obtained at
day 14, secreted solLR11 with reduced molecular size com-
pared with that of membrane-bound LR11, was detected in
intima) homogenates, as expected from the results in cultured
SMC:s (Figurc 1B).

Maérophage Infiltration and Lipid Accumulation
in Intima of Cuff-Injured Artery Is Inhibited in
LR11 Knockout Mice

Blocking LR11’s function by neutralizing antibody signifi-
cantly reduccd neointimal thickening in cuff-injured femoral
artery in mice.'* We have recently established LR11 knock-
out mice, in which the coronary arterial structure appears
histopathologically normal (Jiang et al, submitted). To clarify
the role of solLLR11 in ncointimal formation, we applicd cuff
injury in femoral artery in the LR11™" mice on a high-fat
diet. Infiltration of Mac3-positive macrophages and lipid

ical analysis using elastica van Gieson staining
(EVG), and to immunohistochemistry with anti-
LR11 antibody (pm11) at day 7 (top) and day 14
(bottom) after injury. Arrowheads indicate the inter-
nal elastic layers. B, Intima from day 14 balloon-
denuded carotid artery was homogenized and an-
alyzed by Western blotting with anti-LR11 antibody-
{pm11). Ln 1: mock/COS7; lane 2: sollLR11/COS7;
lane 3: medial layer extract; lane 4: intimal layer
extract. Arrowheads indicate the full-length and
truncated soluble LR11, respectively.

accumulation in macrophages were detected at 7 days after
cuff placement, and clastin-rich ncointimal thickening was
observed at day 28 in wild-type mice on a hig- fat diet (Figure
2). The intimal thickness at day 28 after cull injury was
significantly reduced in the LR11™*" mice compared with the
mice on normal chow diet (Jiang et al, submitted). Surpris-
ingly, infiltration of Mac3-positive and lipid-laden macro-
phages was significantly decreased in the SMC-rich early
neointima. These data suggest that LR11 is involved in lipid
accumulation and macrophage infiltration into the intima at
an early stage of injury-induced neointimal formation.

Expression, Purification, and Biological Activity of
Recombinant SolLR11

To investigate the mechanism of decrease in intimal lipid-
laden macrophages after cuff injury, we analyzed the effect of
s0lLR11 on macrophages using the established cell line,
THP-1. Recombinant solLR11 was expressed using a COS7
expression system and purified by single step Ni**-chelating
chromatography (supplemental Figure 1, available online at
http://atvb.ahajournals.org). The addition of purified recom-
binant solLR11 at 1, 10, and 100 pg/mL strongly increased
the PDGF-induced migration activity of SMCs when com-
pared with SMCs transfected with vector alone or vector
containing full-length LR11 (supplemental Figure T). The
enhancement of SMC’s migrating activities by LR11s were
completely blocked by anti-LR11 antibody.
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LR11 /-

Day 7

Figure 2. Reduced macrophage infiltration
into intima of cuff-injured artery in LR11~/~

Mac3

mice. Sections of femoral artery obtained
at day 7 and day 28 after cuff injury in
LR11** and LR11~/~ mice on a high-fat
diet were subjected to histological analysis
using hematoxylin & eosin (HE) and EVG
staining, and to immunohistostaining with

anti-Mac3 antibody. Arrowheads indicate
the internal elastic layers.

Day 28

SolLR11 Increases Scavenger Receptor Expression
and Lipid Accumulation in THP-1 Macrophages
Because LR11KO mice showed reduced lipid-containing
macrophages (Figure 2), we next investigated the effect of
solLR11 on the regulation of scavenger receptor expression
and lipid accumulation of THP-1 macrophages. THP-1 mac-
rophages were cultured for 24 hours in the presence or
absence of PMA and/or solLR11 at 1 ug/mL, followed by
Western blot of plasma membrane preparations probed with
anti-SR-A and anti-uPAR antibodies. Although solLR11 did
not induce SR-A protein expression in the absence of PMA,
it increased SR-A expression 2.8-fold in its presence (Figure
3A). The cell-surface level of uPAR was increased by
solLR11, likely because of the solLR1]-mediated stabiliza-
tion of uPAR.!! To test whether solLR11 affects lipid
accumnulation in macrophages, we evaluated Dil-AcLDL
uptake in THP-1 macrophages (Figure 3B). Tn the undiffer-
entiated THP-1 cells, there was no significant Dil-AcLDL
uptake, and solLR11 did not affect Dil-AcLDL uptake (data
not shown). However, in THP-1 macrophages, solLR11 at ]
to 100 pg/mL significantly increased Dil-AcLDL uptake
(Figure 3C). Addition of neutralizing anti-LR 11 or anti-uPAR
antibodies almost totally inhibited the increase in Dil-AcLDL
uptake by the cells (Figure 3D). These data indicate that
solLR1! stimulates lipid uptake via SR-A, and that the
accelerated lipid accumulation in macrophages may be attrib-
utable to the LR11-mediated upregulation of uPAR levels.

Recombinant SolLR11 Increases Adhesion and
Migration of THP-1-Derived Macrophages

We next investigated the effect of solLR11 on the adhesion of
THP-1-derived macrophages (THP-1 macrophages) in vitro

using the recombinant protein. THP-1 cells were differenti-
ated to macrophages by the treatment with 200 nM PMA for
24 hours, and then the cells were labeled with fluorescent dye
Calcein-AM for quantitative analysis by the in vitro adhesion
assay. SolLR1! at I pg/mL significantly increased the
adhesion of THP-1 macrophages to collagen and fibronectin
(Figure 4A) 1.8- and 2.1-fold, respectively. The neutralizing
anti-LR11 antibody completely blocked solLR11-induced
increase in adhesion. Next, we tested the effect of solLR11 on
the adhesion of macrophages to SMCs, because of the drastic
decrease in macrophage recruitment in intima of cuff-injured
artery in LR117'" mice, principally caused by proliferating
SMCs. Pretreatment of THP-1 macrophages with 1 pg/mL
solLR11 incrcased cell adhesion to cultured SMCs 1.6-fold
(Figure 4B). The addition of neutralizing antibodies against
VLA-4 and PSGL-1 completely inhibited the increased ad-
hesion by solLR11, as observed with anti-LR11 or anti-uPAR
antibodies. Thus, we analyzed the effect of solLR11 on the
expression of adhesion molecules. SolLR11 enhanced the
expression of cell-surface VLA-4 in the presence and absence
of PMA (Figure 4C).

We next tested the effect of solLR11 on the migratory
functions of THP-1 macrophages by using the Boyden
chamber method. SolLR11 itself did not affect migration of
THP-1 macrophages in vitro (data not shown). When cells
were preincubated with 1 ug/mL solLR11 for 12 hours,
PDGF-BB-induced migration of THP-1 macrophage was
2.0-fold greater than in the absence of solLR1] (Figure 4D).
The stimulatory effect of solLR11 was decreased by addition
of neutralizing ant-LR11 or anti-uPAR aniibodies. These
data indicate that solLR11 induces adhesion and migration
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Figure 3. SolLR11 enhances cell-surface
expression of SR-A and uUPAR, and the
uptake of modified DL by THP-1 macro-

DitAc-LDL (pg/ml)

phages. A, Membranes of THP-1 mono-
cytes or macrophages, prepared from
cells obtained under the conditions indi-
cated in the bottom panel, were subjected
to Westemrn blotting with anti-SR-A or anti-
> uPAR antibodies. B, THP-1 macrophages
were preincubated with 1 pg/mL solLR11
(black circles) or phosphate-buffered
saline (white triangles). Cells were washed
and then incubated with the indicated
concentrations of Dil-AcLDL in the pres-
ence or absence of excess amount of
Ac-LDL. C, Dose-dependent effect of
sollLRB11 on Dil-AcLDL uptake by THP-1
macrophages. D, The effects of anti-uPAR
and anti-LR11 (5-4-30-19-2, 1:2 dilution)
antibodies on sollLR11-induced uptake of
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aclivities of macrophages through uPAR-mediated pathways,
possibly through increasing the levels of cell-surface adhe-
sion molecules.

Discussion

Tn this study, we have shown that LR11 is secreted in a
soluble form from intimal SMCs in a balloon injury model,
and that LR11-deficient mice show drastically decreased
lipid-accumulating macrophages in early intimal formation
after cuff injury in mice on a high-fat diet. Functional analysis
of recombinant solLR11 demonstrated that solLR11 can
regulate the functions of THP-1 macrophages toward foam
cell formation, such as lipid incorporation, adhesion, and
migration. The inducing effect on foam cell formation of
solLR11 was almost abolished by functional neutralization of
solLR1! or of its target protein, uPAR. Based on these
results, we propose ‘a new role of intimal SMCs in the
regulation of monocyte/macrophage functions involving the
secrction of soluble LR11,

Although LRI11 was originally identified as a type 1
transmembrane protein, significant amounts of LR11 are shed

solLR11 (¢ o/mi)

Dil-AcLDL (10 pg/mL) by THP-1 macro-
phages. DIACLDL uptake was visualized
by fluorescence microscopy and quantita-
tive measurement was obtained using a
fluorescence microplate reader. Data are
expressed as mean*SD, n=6 ("P<0.05,
*P<0.01).

sollR11 "
+oRthuPAR

from culured SMCs, IMR32 and BON cells, and hydra as a
soluble form of the large extracellular domain cleaved off by
metalloprotease.!11524 In CHO cells, it was demonstrated that
tumor necrosis factor-a convertase is responsible for the
proteolytic cleavage of LR11.1425 However, the physiological
function of solLR11 is still poorly understood because of the
lack of availability of recombinant protein. We have reported
that solLR11, secreted from cultured cells as well as the
membrane-bound form,!! enhance SMC migration, and that
the expression of solLR11 largely depends on the differenti-
ation stage of SMCs. The medial contractile type does not
express solLR11, whereas the intimal synthetic type does,
consistent with the expression of embryonic myosin isoform
SMemb.'6 These data suggest that LR11-expressing cells -
likely perform diverse functions via secretion of soluble
LR11 and/or expression of membrane-bound LR11,
respectively.

We detected solLR11 protein by Western blot of thickened
intima obtained 14 days after balloon injury (when neointimal
formation is almost accomplished). Although the level of
solLR11 expression was lower than that of the membrane-
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