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Sphingosine-1-phosphate (S1P) is a biologically active sphingolipid that has pleiotropic effects in a variety
of cell types including ECs, SMCs, and macrophages, all of which are central to the development of athero-
sclerosis. It may therefore exert stimulatory and inhibitory effects on atherosclerosis. Here, we investigated
the role of the S1P receptor S1PR2 in atherosclerosis by analyzing S1pr2~- mice with an Apoe~~ background.
S1PR2 was expressed in macrophages, ECs, and SMCs in atherosclerotic aortas. In S1pr2~/-Apoe~~ mice fed
a high-cholesterol diet for 4 months, the area of the atherosclerotic plaque was markedly decreased, with
reduced macrophage density, increased SMC density, increased eNOS phosphorylation, and downregulation
of proinflammatory cytokines compared with S1pr2*/*Apoe”~ mice. Bone marrow chimera experiments indi-
cated a major role for macrophage S1IPR2 in atherogenesis. S1pr2~/-Apoe”/~ macrophages showed diminished
Rho/Rho kinase/NF-kB (ROCK/NF-kB) activity. Consequently, they also displayed reduced cytokine expres-
sion, reduced oxidized LDL uptake, and stimulated cholesterol efflux associated with decreased scavenger
receptor expression and increased cholesterol efflux transporter expression. S1pr27/-Apoe~~ ECs also showed
reduced ROCK and NF-kB activities, with decreased MCP-1 expression and elevated eNOS phosphorylation.
Pharmacologic S1PR2 blockade in S1pr2*/*Apoe”~ mice diminished the atherosclerotic plaque area in aortas
and modified LDL accumulation in macrophages. We conclude therefore that SIPR2 plays a critical role in

atherogenesis and may serve as a novel therapeutic target for atherosclerosis.

Introduction
Atherosclerosis is a chronic inflammatory process involving com-
plex interactions of modified lipoproteins, monocyte-derived
macrophages or foam cells, T lymphocytes, ECs, and SMCs (1, 2).
Oxidized LDL (oxLDL) and other triggers induce dysfunction of
ECs, which leads to in increased adhesiveness of ECs to leukocytes
and production of proinflammatory cytokines including mono-
cyte chemotactic protein-1 (MCP-1), leading to recruitment of
monocytes into the intima. These monocytes then differentiate
into macrophages, which uptake oxLDL to become foam cells in
arterial lesions. The foam cells produce more proinflammatory
cytokines with the interactions with ECs and T cells, resulting in
further recruitment of monocytes.

Sphingosine-1-phosphate (S1P), a biologically active sphingolipid
mediator, exerts pleiotropic effects such as cell proliferation, surviv-
al, migration, and cell-cell adhesion in a variety of cell types includ-

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: ] Clin Invest. 2010;120(11):3979-3995. doi:10.1172/JCI42315.

The Journal of Clinical Investigation

http://www.jci.org

ing ECs, SMCs, and macrophages (3). S1P is present at the order of
107 to approximately 10-° M concentration in the plasma, largely in
forms bound to plasma proteins including HDL and albumin (4), and
at lower concentrations in the tissues (5, 6). S1P is generated by the
phosphorylation of sphingosine by sphingosine kinases 1 (Sphk-1)
and 2 (Sphk-2) (7). The major source of plasma S1P is believed to
be red blood cells and activated platelets (7, 8), which lack the S1P-
degrading enzyme S1P lyase (SPL). In addition, vascular endothelial
cells and other types of cells also likely contribute to production of
plasma S1P (6). Many of S1P’s actions are mediated by 5 members of
S1P-specific high-affinity GPCRs (S1IPR1-S1PRS) (7). S1P receptor
subtypes activate partially overlapping but receptor subtype-specific
distinct signaling pathways. Among 3 widely expressed receptor sub-
types, S1IPR1-3, S1PR1, and S1PR3 couple dominantly to G; to lead
to Rac activation and chemotaxis whereas SIPR2 couples mainly to
Gi2/13 to result in Rho activation, Rac inhibition, and stimulation
of the 3'-specific phosphoinositide phosphatase, phosphatase, and
tensin homolog (PTEN), leading to chemorepulsion (9). We previ-
ously demonstrated that SIPR2 in SMCs mediates inhibition of
Volume 120 3979

Number 11~ November 2010



research article

PDGF-induced Rac activation and chemotaxis in a Rho-dependent
manner (10). Our recent observations also showed that SIPR2 in
ECs mediates inhibition of cell migration and angiogenesis, which
contrasts with SIPR1’s actions in ECs (11, 12).

S1PR1 and S1PR2 are the major S1P receptor subtypes that are
expressed in monocytes/macrophages (13). Recent studies (13, 14)
demonstrated that S1P and S1P-containing HDL induce antiin-
flammatory phenotypes, including inhibition of leukocyte adhe-
sion and proinflammatory cytokine production in monocytes/
macrophages and ECs by stimulating the S1PR1 receptor. In
addition, S1P may stimulate or inhibit migration of monocytes/
macrophages via SIPR1 and S1PR2, respectively, depending on
relative abundance of these 2 receptors. FTY-720, the phosphoryla-
tion product of which is a high-affinity agonist for SIPR1, S1PR3,
S1PR4, and S1PRS but not S1PR2, inhibits development of ath-
erosclerosis in Ldlr-null mice and Apoe-null mice (15, 16). However,
it is unknown which S1P receptors exert antiatherogenic effects.
There is accumulating evidence that, among the complex array
of the GPCR-activated intracellular signaling pathways, Rho and
its downstream target the Rho kinase (ROCK) are involved in EC
dysfunction, thus contributing to atherogenesis (17, 18). It is an
intriguing possibility that the Gy,/13/Rho-coupled receptor SIPR2
could exert distinct effects on atherosclerosis. However, little is
thus far known about the role of SIPR2 in atherosclerosis.

We demonstrate here that compound mutant mice lacking SIPR2
and apoE (S1pr27/-Apoe”~ mice) exhibited marked inhibition of ath-
erosclerosis. SIPR2 in monocytes/macrophages plays critical roles
in the regulation of oxLDL uptake and cholesterol efflux, monocyte
transmigration into the intima, and proinflammatory cytokine pro-
duction through the mechanisms involving the Rho/ROCK/NF-kB
pathway, contributing to atherogenesis. In addition, SIPR2 in ECs
and SMCs appears to participate in atherosclerosis through regulat-
ing eNOS activation, proinflammatory cytokine production, and
cell migration. We further show that pharmacological blockade of
S1PR2 effectively reduces atherosclerosis. These results indicate that
S1PR2 possesses distinct atherogenic actions, providing what we
believe is a novel therapeutic tactic for atherosclerosis.

Results
Deletion of S1PR2 markedly inhibits the formation of atherosclerotic lesions in
Apoe”~ mice. We generated S1pr2/~Apoe”/~ double-knockout mice by
intercrossing Apoe”~ (C57BL/6 background) and SIpr2~~ mice that
had been backcrossed with C57BL/6 strain 2 to 6 times to enhance
congenicity and to reduce secondary sources of variance. In agree-
ment with a previous report (19), S1pr27/~ mice exhibited seizure
attacks, which resulted in death around weaning. Repeated back-
crossing further increased the death rate. In crossing with Apoe™
mice, only 16% of the weaned N3 offspring were S1pr2~/-Apoe”~
mice. This rate declined to 6% in the N7 generation (Supplemental
Table 1; supplemental material available online with this article;
doi:10.1172/JCI42315DS1). Therefore, it was difficult to obtain a
large enough number of S1pr27/-Apoe”~ mice that had been further
backcrossed with C57BL/6 mice (n > 7).

S1pr2~-Apoe”~ mice and their S1pr2”*Apoe~- littermates were fed
a high-cholesterol diet (HCD) for 8 weeks or 16 weeks. The food
intake, body weight gain, plasma lipid values, and plasma lipopro-
tein profiles were similar between S1pr27*Apoe~~ and S1pr2~/-Apoe~/~
mice (Supplemental Tables 2 and 3 and Supplemental Figure 1A).
Serum alanine aminotransferase (ALT), a marker of liver injury, in
both S1pr27-Apoe”~ and S1pr2*/*Apoe- mice fed HCD was similar
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to that in S1pr2**Apoe~~ mice fed regular chow, and liver histology
in HCD-fed mice did not show signs of liver damage as evaluated
with H&E staining (Supplemental Figure 1, B and C). There was no
difference in plasma S1P concentrations between SI1pr2~/-Apoe”~
and SIpr2*/*Apoe”~ mice (Supplemental Table 2).

Atherosclerotic lesions in the aorta were analyzed by en face analy-
sis of the spread total aorta and analysis of cross sections of the aorta.
The en face plaque area of the total aorta was reduced by 45%-55%
in both male and female S1pr27/-Apoe~~ mice (N3 generation) after
16 weeks but not 8 weeks of HCD compared with SIpr2*/*Apoe~/~
mice (Figure 1A and Supplemental Figure 2A); in S1pr2~/-Apoe”
mice, the progression of the plaque formation after 8 weeks of
HCD was nearly abolished. The cross-sectional plaque area of the
abdominal aorta was also reduced in SIpr27/-Apoe”~ mice com-
pared with S1pr2*/*Apoe~~ mice (Figure 1C). Male S1pr2~/-Apoe~~
mice of the N7 generation exhibited more than 70% reductions in
the plaque area compared with S1pr2*/*Apoe”/~ mice (Figure 1B).
The plaque area in SIpr2”-Apoe”~ mice was intermediate between
S1pr2~/-Apoe”~ and S1pr2*/*Apoe~~ mice, indicating that SIPR2
has a gene dose-dependent proatherogenic effect. Collagen depo-
sition in the plaque area was similar between S1pr2~-Apoe”~ and
S1pr2*/*Apoe”~ mice (N3 generation) (Figure 1D), but the infiltra-
tion of Mac-3-positive macrophages into the plaque areas was rela-
tively reduced in SIpr27/-Apoe”~ mice compared with SIpr2*/*Apoe~~
mice (Figure 1E), whereas a-SMA-positive SMCs in the intima
were relatively abundant in S1pr27-Apoe”~ mice compared with
S1pr2*/*Apoe”~ mice (Figure 1F). No difference in the abundance
of CD3-positive T cells was observed between SIpr27/-Apoe”~ and
S1pr2*/*Apoe”~ mice (Figure 1G). The density of activated mast
cells, which were found largely in the adventitia, was reduced in
SIpr27-Apoe”~ mice compared with S1pr2*/*Apoe”~ mice (Figure 1H).
These histological features suggest the increased stability of plaques
in S1pr27-Apoe”~ mice compared with SIpr27*Apoe”~ mice.

S1PR2 deficiency caused downregulation of proinflammatory cytokines
and VCAM-1, and stimulation of eNOS phosphorylation in the aorta. We
analyzed mRNA expression of proinflammatory and antiinflam-
matory cytokines and adhesion molecules in the aortas from
S1pr27/~Apoe”~ and S1pr2”/*Apoe”~ mice. Real-time PCR analysis
showed that mRNA expression levels of TNF-a, IL-6, IFN-y, and
MCP-1 corrected for 18S ribosomal RNA levels were all diminished
in HCD-fed SI1pr2/-Apoe”/~ mice compared with S1pr2*/*Apoe”
mice whereas that of antiinflammatory IL-10 was higher in
S1pr27/-Apoe”~ mice (Figure 2A). The cytokine mRNA expression
that was corrected for CD3 mRNA, which likely reflects plaque
burdens (Supplemental Figure 2C), also showed differences simi-
lar to those corrected for 18S ribosomal RNA levels (Figure 2A)
between S1pr2~/-Apoe”~ and SI1pr2*/*Apoe” mice, suggesting that
the cytokine expression changes reflected an SIPR2 function
rather than differences in plaque mass. The mRNA expression of
VCAM-1but not ICAM-1 was reduced in the aorta of S1pr27-Apoe”~
mice compared with SI1pr2*/*Apoe”~ mice (Figure 2B).
Immunohistochemistry showed that the expression of VCAM-1
in the neointima was decreased in SIpr27/-Apoe”~ mice compared
with S1pr2*/*Apoe~~ mice but that in the endothelium it was simi-
lar in both kinds of mice (Figure 2C). The expression of ICAM-1
in the endothelium and the intima was not different between
S1pr27/-Apoe”~ and S1pr2*/*Apoe”~ mice (Figure 2C). Double
immunofluorescence by using anti-VCAM-1 and either anti-
CD31, anti-CCR2, or anti-Mac3 showed that endothelial cells
and CCR2- and Mac3-positive intimal macrophages express
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Figure 1

Decreased atherogenesis in mice lacking S1PR2. (A and B) Representative oil red O staining of spread aortas from S7pr2++Apoe~- (n = 13)
and S1pr2--Apoe- (n = 12) mice (N3 generation) after 8 and 16 weeks of HCD (A) and S1pr2++Apoe~- (n = 11), S1pr2+-Apoe- (n = 7), and
S1pr2--Apoe~- mice (n = 5) (N7 generation) after 16 weeks of HCD (B). Quantification of plaque areas is shown (right). *P < 0.05; **P < 0.01.
(C-H) Histological analysis of the sections of the aortas from S1pr2++Apoe~- and S1pr2--Apoe~- mice (N3 generation). Oil red O staining (C);
Azan staining (D); immunostaining of Mac-3 (E), a-SMA (F), and CD3 (G); and toluidine blue staining (arrowhead and arrows denote resting and
activated mast cells, respectively) (H). Representative views are shown in the upper panels. Scale bars: 50 um. Quantified data are shown in
the lower panels (n = 5 each). *P < 0.05; **P < 0.01. Data are expressed as mean + SEM.
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Figure 2

S1PR2 deficiency inhibits the expression of inflammatory cytokines and adhesion molecules and stimulates the expression of an antiinflamma-
tory cytokine and phosphorylation of eNOS in the aorta of Apoe- mice. (A) mRNA expression levels of TNF-q, IL-6, IL-10, IFN-y, and MCP-1
(n =5 each). (B) mRNA expression levels of VCAM-1 and ICAM-1 (n = 4 each). mRNA expression levels in the aortas from S71pr2++Apoe~- and
S1pr2--Apoe-- mice fed HCD for 12 weeks were determined by real-time PCR in A and semiquantitative RT-PCR in B. 18S rRNA (for real-time
PCR) and GAPDH (for RT-PCR) were used as internal controls. Data are expressed as the ratio of the values in S7pr2--Apoe-- mice over
S1pr2++Apoe~- mice. *P < 0.05. (C) Representative immunostaining for VCAM-1 (upper panels) and ICAM-1 (lower panels) in the aortic sinus
from S1pr2++Apoe- (left panels) and S71pr2--Apoe- (right panels) mice fed HCD for 12 weeks. Magnified views of the smaller boxed areas
are shown in the insets (left upper of each panel). Scale bars: 100 um. (D) Phosphorylation of eNOS in the aortas from S71pr2++Apoe-- and
S1pr2--Apoe~- mice fed HCD for 12 weeks (n = 3 each). The extracts of the tissues were subjected to Western blotting, and quantified data are
shown in the right panel. **P < 0.01. Data are expressed as mean + SEM.

VCAM-1 in atherosclerotic lesions (Supplemental Figure 3, A-C).
It is reported that during the early stages of atheroma forma-
tion, there is a dramatic decrease in endothelium-derived NO,
which is a potent vasodilator and antiatherogenic mediator (20).
The protein expression of eNOS in the aorta was similar between
S1pr27/-Apoe”’/~ and SI1pr2*/*Apoe’/~ mice (Figure 2D). However,
the extent of phosphorylation of eNOS at Ser!!”7, which is the
activating phosphorylation site, was nearly 3-fold increased in
S1pr27/-Apoe”~ mice compared with SIpr2*/*Apoe”~ mice, suggest-
ing that stimulation of eNOS is involved in downregulation of
the proinflammatory cytokines and VCAM-1 and inhibition of
plaque formation.

S1PR2 is expressed in macrophages, SMCs, and ECs in atherosclerotic
lesions. We studied the expression of SIPR2 in atherosclerotic lesions
by using 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-gal)
staining of the aortic tissues from S1pr2te?/LeZApoe~~ mice, where
B-gal (LacZ) is knocked in at the locus of S1pr2 allele and B-gal gene
expression is driven by endogenous SIPR2 promoter. We recently
showed that S1PR2 is expressed mainly in ECs and SMCs of blood
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vessels in a variety of normal organs (12). Consistent with this, ECs
and SMCs in the nonatherosclerotic aorta of SIpr2Lec?/LaZApoe*/*
mice were positive for X-gal staining (Supplemental Figure 4A). In
the aortic sinus of S1pr2Le?/taz Apoe7/~ mice fed HCD, the plaque area
was strongly positive for X-gal staining (Supplemental Figure 4B);
double staining with either anti-Mac-3, anti-a-SMA, or anti-CD31
immunohistochemistry and X-gal staining showed that macro-
phages and SMCs in the plaque lesions and ECs expressed SIPR2
(Supplemental Figure 4, C-E). Real-time PCR analysis showed that
the mRNA expression of the 2 other S1P receptors, SIPR1 and
S1PR3, and the S1P synthesizing and degradation enzymes includ-
ing Sphk-1, Sphk-2, SPL, and S1P phosphatase 1 (SPP1) in the aorta
were not different between S1pr27/-Apoe”~ and SIpr2*/*Apoe”~ mice
(Supplemental Figure 4F).

Deletion of SIPR2 in BM cells inhibits the atherosclerotic lesion for-
mation. We studied the role of SIPR2 in BM-derived cells for
atherosclerosis by using a BM-transplantation technique.
S1pr2*/*Apoe”~ mice that had undergone transplantation of BM
from S1pr2~/-Apoe”~ mice showed reduced en face plaque areas of
Volume 120
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Deletion of STPR2 in BM cells inhibits the formation of atherosclerotic lesions. (A) Representative oil red O staining of spread aortas from
S1pr2++Apoe- mice that received transplantation of BM from S7pr2++Apoe-- (left panels) (n = 8) and S1pr2--Apoe~- (right panels) (n = 7)
donors 5 weeks prior to 12 weeks of HCD. Quantified plaque areas are shown (right). (B) Oil red O staining views of aortic cross sections of
S1pr2++Apoe- mice reconstituted with S7pr2++Apoe~- BM or S1pr2--Apoe- BM. Quantified stained areas are shown (right). **P < 0.01. Scale

bars: 50 um. Data are expressed as mean + SEM.

the total aorta after 12 weeks of HCD compared with mice that
had received S1pr2*/*Apoe”’~ BM (Figure 3A). The cross-sectional
plaque area in the abdominal aorta was also reduced in mice that
had been transplanted with S1pr2~/-Apoe”~ BM compared with
mice that received SIpr2”*Apoe”~ BM (Figure 3B).

S1pr2-deficient macrophages show decreased oxLDL uptake and foam
cell formation. We studied in vitro oxLDL uptake in BM-derived
macrophages from SIpr27/-Apoe~~ and S1pr2*/*Apoe”~ mice. BM-
derived macrophages from SIpr2”/*Apoe”~ mice expressed SIPR1
and S1PR2 but not other S1P receptor subtypes (Supplemental
Figure SA). BM-derived macrophages from SI1pr27/-Apoe”/~ mice
expressed alevel of SIPR1 mRNA similar to those of S1pr2¥*Apoe~~
macrophages but lacked SIPR2 mRNA expression. After 6 hours of
incubation of macrophages in oxLDL-containing medium, there
were approximately half as many oil red O-positive S1pr27/-Apoe~/~
macrophages as S1pr2*/*Apoe’~ macrophages (Figure 4, A and B).
We also analyzed modified LDL uptake by using Dil-labeled acet-
ylated LDL (Dil-acLDL). Accumulation of Dil-labeled acLDL in
S1pr2~/-Apoe”~ macrophages was about half of that in S1pr2*/*Apoe~~
macrophages (Figure 4, C and D), similar to the results in oxLDL
uptake (Figure 4, A and B). Cholesterol efflux in the presence of
HDL from SH-cholesterol-loaded S1pr27-Apoe”~ macrophages was
increased compared with S1pr2**Apoe”~ macrophages (Figure 4E).
These observations show that SIPR2 deficiency in macrophages
leads to a reduction of modified LDL uptake and stimulation of
cholesterol efflux, and thus inhibition of foam cell formation. We
also studied phagocytotic capacity by examining the phagocyto-
sis of fluorescent polystyrene microspheres. Phagocytotic activ-
ity was reduced in S1pr27/-Apoe’/~ macrophages compared with
S1pr2*/*Apoe”~ macrophages (Supplemental Figure 6).
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We investigated the potential mechanisms underlying decreased
modified LDL uptake and stimulated cholesterol efflux in SIpr2-
deficient macrophages. The mRNA and protein expression of CD36
and scavenger receptor class A (SR-A), which mediate uptake of mod-
ified lipoproteins in macrophages (21, 22), was decreased in BM-
derived SIpr27/-Apoe”~ macrophages compared with SIpr2*/*Apoe~~
macrophages (Figure 5, A and C), which was consistent with reduced
oxLDL uptake in SIpr27/-Apoe”~ macrophages (Figure 4, A and B).
However, the mRNA expression of scavenger receptor class B1 (SR-B1)
was rather increased in S1pr27-Apoe”~ macrophages compared with
S1pr2*/*Apoe”/~ macrophages. The mRNA and protein expression
of the cholesterol transporters ABCA1 and ABCG1, which mediate
the cholesterol efflux from macrophages (23, 24), was elevated in
S1pr27/-Apoe”~ macrophages compared with S1pr2**Apoe”~ macro-
phages (Figure 5, B and C). Moreover, we observed that the mRNA
expression of the transcription factors, liver X receptor o (LXRa) and
LXRp but not PPARY, which are implicated in upregulation of ABCAI
and ABCGI gene expression (25, 26), was increased (Figure SD).
These observations collectively suggest that SIPR2 deficiency in
macrophages leads to downregulation of the lipoprotein scavenger
receptors SR-A and CD36 and upregulation of the cholesterol trans-
porters ABCA1 and ABCG1, the latter of which likely involves the
upregulation of LXRa and LXRf.

Because larger amounts of macrophages were required for the
following experiments, we employed peritoneal macrophages, in
which S1PR2 deficiency recapitulated the reduced oxLDL uptake
and the scavenger receptor (CD36) mRNA expression as well as the
increased mRNA expression of the ABC transporters (ABCA1 and
ABCG1) and the upstream transcriptional regulator (LXRa) (data
not shown). Peritoneal macrophages from SIpr2**Apoe”~ mice
Volume 120 3983
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expressed mRNAs of all SIPR1-S1PRS (Supplemental Figure SA).
S1pr2/-Apoe”~ macrophages expressed levels of these receptors
similar to those of S1pr2”*Apoe”~ macrophages, but lacked SIPR2.
Consistent with the similar levels of SIPR1 expression in both
macrophage types, phosphorylated FTY-720 stimulated Rac com-
parably in S1pr27/*Apoe”~ and S1pr2/-Apoe”/~ macrophages (Supple-
mental Figure 5B). It has been reported that defective uptake of
oxLDL and enhanced cholesterol efflux delayed the formation of
foam cells and improved survival of macrophages from toxicity of
overloaded cholesterol (27). The unstimulated, basal level of Akt
phosphorylation, a cell survival signal, was similar between serum-
deprived S1pr27/*Apoe”~ and S1pr2~/-Apoe”~ peritoneal macrophages
(Supplemental Figure 7A). The addition of S1P decreased Akt phos-
phorylation in S1pr2*/*Apoe”~ macrophages, whereas S1P increased
Akt phosphorylation in SIpr27/-Apoe”~ macrophages. When macro-
phages were exposed to the apoptotic stimuli, TNF-, and cyclohex-
imide, in the presence of serum that contained S1P, S1pr2"/*Apoe~~
macrophages exhibited a much greater extent of caspase-3 activa-
tion at 12 and 24 hours than S1pr27/-Apoe”~ macrophages (Sup-
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plemental Figure 7B). Anti-cleaved caspase-3 staining of the ath-
erosclerotic lesions showed a higher number of apoptotic cells in
S1pr2*/+Apoe”~ mice than in S1pr27/-Apoe”~ mice (Supplemental
Figure 7C). Thus, S1pr27/-Apoe”~ macrophages are more resistant
to apoptosis compared with S1pr2*/*Apoe”~ macrophages.

The activity of the Rho/ROCK/NF-KB pathway is inbibited in S1pr2-
deficient macrophages. SIPR2 is coupled to the Gyz/13/Rho/ROCK
pathway (28). Previous reports (29, 30) demonstrated that ROCK
is involved in the activation of NF-kB, which plays a central role in
inflammatory processes. In serum-deprived SIpr2*/*Apoe”~ macro-
phages, S1P induced an increase in the amount of GTP-bound RhoA
whereas S1P failed to stimulate RhoA in S1pr27/-Apoe”/~ macro-
phages (Figure 6A). Consistent with this, S1P stimulated phosphor-
ylation of the ROCK substrate, MYPT1, at Thr®%° in a manner sensi-
tive to the ROCK inhibitor Y-27632 in S1pr2*”/*Apoe”~ macrophages,
whereas S1P did not in S1pr27/-Apoe”~ macrophages (Figure 6B).
S1P also stimulated nuclear translocation of NF-kB (p65RelA), a
reduction in the cytosolic Ik-Ba., and phosphorylation at Sers3¢ of
p6SRelA in SIpr27*Apoe”~ macrophages (Figure 6C and Supple-
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The effect of STPR2 deficiency on the mRNA and protein expression of genes involved in modified LDL uptake and cholesterol efflux in mac-

rophages. (A and B) mRNA expression levels of scavenger receptors

(A) and cholesterol efflux transporters (B) in BM-derived macrophages

from S1pr2++Apoe~- (white bars) and S7pr2--Apoe~- (black bars) mice. (C) Western blot analysis of the protein expression of CD36, ABCA1,
and ABCG1 from S7pr2++Apoe--and S1pr2--Apoe~- macrophages. (D) mRNA expression levels of transcription factors regulating cholesterol
transporter expression. (A, B, and D) mRNAs were determined by real-time PCR. 18S rRNA was used as an internal control. Data are expressed
as the ratio of the values in S1pr2--Apoe~- mice over S1pr2++Apoe-- mice (n = 4 each) and are shown as mean + SEM. *P < 0.05.

mental Figure 8, A and B). S1P-induced NF-kB phosphorylation
and nuclear translocation were abolished by either Y-27632 or
the S1PR2 antagonist JTE-K1 which specifically inhibited S1PR2-
mediated signaling (Supplemental Figure 8C) (31). In contrast, S1P
did not stimulate NF-kB phosphorylation in S1pr27/-Apoe/~ mac-
rophages. S1P stimulated the mRNA expression and the protein
secretion of the NF-kB target gene TNF-a in S1pr2*/*Apoe~~ macro-
phages, which was inhibited by either JTE-K1, Y-27632, or the NF-kB
activation inhibitor BAY11-7085, whereas S1P did not stimulate
TNF-0.mRNA or protein expression in S1pr27/-Apoe”~ macrophages
(Figure 6D and Supplemental Figure 8D). These results together
indicate that the S1PR2-coupled Rho/ROCK/NF-kB pathway
mediates S1P stimulation of TNF-a expression.

Previous studies showed antiatherogenic actions of HDL, which
is bound to S1P. We studied the effect of HDL on MYPT1 phos-
phorylation in macrophages. HDL at the final concentration, which
contained the equivalent amount of S1P to 0.1 uM unbound S1P,
induced an extent of MYPT1 phosphorylation at Thr® compa-
rable to that of unbound S1P in S1pr2*/*Apoe”~ macrophages (Sup-
plemental Figure 8E). This HDL effect was abolished by JTE-K1.
Thus, HDL-bound S1P activated the proatherogenic receptor
S1PR2, like unbound S1P.

Previous studies showed the involvement of the Rho/ROCK path-
way in the negative regulation of mRNAs of ABCA1 and LXRa. (32).
In S1pr2*/*Apoe”~macrophages but not SIpr27-Apoe”~ macrophages,
the addition of either JTE-K1 or Y-27632 induced upregulation
of mRNAs of ABCA1 and LXRa to the levels in S1pr27/-Apoe”/~
macrophages in the presence of serum that contained S1P
(Figure 6, F and G). In contrast, the upregulation of CD36 mRNA
in S1pr2*/*Apoe”~ macrophages compared with S1pr2~-Apoe”~ mac-

The Journal of Clinical Investigation

hetp://www.jci.org

rophages was abolished by either JTE-K1, Y-27632, or BAY11-7085
in the presence of S1P (Figure 6E). BAY11-7085 also strongly sup-
pressed CD36 mRNA expression in SIpr27/-Apoe”~ macrophages,
similarly to its effects on TNF-o. mRNA expression. These observa-
tions suggest that stimuli other than S1P substantially contribute
to activation of NF-kB under this experimental condition. Treat-
ment of S1pr2*/*Apoe”~ macrophages with either JTE-K1,Y-27632,
or BAY11-7085 reduced oxLDL accumulation (Figure 6H), which
was consistent with their effects on the expression of CD36 and
ABCAL. These observations indicate that SIPR2-coupled ROCK
pathway mediates upregulation of CD36 and downregulation of
ABCAL1, leading to promotion of foam cell formation.

S1P acts as a chemorepellent for macrophages via SIPR2. We studied
transwell migration of peritoneal macrophages in the presence of
either the positive (S1P in the lower chamber) or negative (S1P in
the upper chamber) S1P gradient (Figure 7, A and B). S1P alone
in the upper or lower chamber did not stimulate or inhibit migra-
tion of S1pr2*/*Apoe”/~ macrophages (Figure 7, A and B), prob-
ably because SI1pr2*/*Apoe”~ macrophages expressed both the
chemoattractant receptor SIPR1 (S1PR3) and the chemorepellent
receptor SIPR2 (Supplemental Figure SA). In S1pr2~/-Apoe”~ mac-
rophages, however, S1P alone in the lower chamber but not in the
upper chamber stimulated migration in a dose-dependent manner
very likely via the chemoattractant S1P receptors (Figure 7, Aand B).
MCP-1 is a potent chemokine that stimulates monocyte transmi-
gration into the arterial subendothelium. As reported previously
(33), MCP-1 alone in the lower chamber induced a typical tran-
swell migration response in both S1pr2*/*Apoe”~ (Supplemental
Figure 8F) and S1pr27/-Apoe”~ (data not shown) macrophages in a
dose-dependent manner. When applying S1P together with MCP-1
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Figure 6

The activity of the Rho/ROCK/NF-kB pathway is inhibited in S71pr2-
deficient macrophages. (A—C) Serum-starved peritoneal macrophages
from S1pr2++Apoe-- (white bars) and S7pr2--Apoe-- (black bars)
mice were stimulated with S1P (0.1 uM) for 2 minutes (A), 5 minutes
(B), or 20 minutes (C) and analyzed for GTP-Rho (A), phosphorylation
(Thr8%0) of MYPT1 (B), and phosphorylation (Ser536) of NF-xB (p65)
(C) as described in Methods (n = 3 each). (D) Peritoneal macrophages
were stimulated with S1P (0.1 uM) for 6 hours. TNF-o mRNA level
was determined by real-time PCR. (E-G) BM-derived macrophages
from S1pr2++Apoe-- (white bars) and S71pr2--Apoe-- (black bars)
mice were cultured in DMEM containing 10% FBS and treated with
either JTE-K1, Y-27632 (Wako), or BAY11-7085 (Merck-Calbio-
chem) for 6 hours. mMRNA expression levels of CD36 (E), ABCA1 (F),
and LXRa (G) were determined by real-time PCR (n = 5 each). (H)
Foam cell formation assay. Serum-starved BM-derived macrophages
from S71pr2++Apoe~- mice were exposed to oxLDL for 6 hours. S1P
(0.1 uM), JTE-K1, Y-27632, and/or BAY11-7085 were added 6 hours
before adding oxLDL. Quantified data of oil red O—positive cells are
shown (n =3 each). In A-H, the inhibitors (10 uM JTE-K1, 10 uM Y-27632,
and 10 uM BAY11-7085) were added 10-30 minutes before S1P addi-
tion and present in the medium throughout the subsequent incuba-
tion. *P < 0.05; **P < 0.01; ***P < 0.001, as compared with nontreated
S1pr2++Apoe~- macrophages. *P < 0.05; *P < 0.01; **P < 0.001, as
compared with S1P-treated S71pr2++*Apoe~- macrophages. Data are
expressed as the ratio of the values in treated cells over nontreated
cells and are shown as mean + SEM (n = 5 each).

in the lower chamber (Figure 7A), S1pr2/-Apoe”~ macrophages
showed marked stimulation of transwell migration in an S1P con-
centration-dependent manner by the cooperation of SIPR1 and
CCR2. In contrast, S1pr2*/*Apoe”’~ macrophages rather showed
suppression of migration in an S1P concentration-dependent
manner, indicating that SIPR2 acts as a chemorepellent receptor
for macrophages. On the other hand, when various concentra-
tions of S1P were added to the upper chamber in the presence of
MCP-1 in the lower chamber, S1pr27*Apoe”~ macrophages but not
S1pr27/-Apoe”~ macrophages showed robust transwell migration
(Figure 7B). Since the S1P concentration in the blood is thought to
be higher than that in the arterial wall tissue, the negative S1P gra-
dientillustrated as in Figure 7B seems to be mimicking the in vivo
situation. Therefore, these results suggest that MCP-1-directed
transmigration of circulating S1pr27/-Apoe”~ monocytes into the
arterial subendothelium in the presence of negative S1P gradient
is reduced compared with S1pr2%*Apoe”~ monocytes.

We determined cellular Rac activity, which plays a critical role in
cell migration (10, 28), in macrophages (Figure 7C). The unstimu-
lated, basal Rac activity in S1pr2”/*Apoe”~ and S1pr2~/-Apoe”/~ mac-
rophages was similar. MCP-1 stimulated Rac in both S1pr2*/*Apoe”
and SIpr2/-Apoe”/~ macrophages to a comparable extent. How-
ever, S1P stimulated Rac in SIpr27/-Apoe”~ macrophages but not
in S1pr2*/*Apoe”~ macrophages. Notably, S1P abolished MCP-1-
induced Rac activation in S1pr2"*Apoe”~ macrophages, but not in
S1pr27/-Apoe”~ macrophages.

To further investigate the role of SIPR2 in monocyte/macrophage
migration in vivo, we performed the macrophage homing assay
using GFP-expressing macrophages isolated from SI1pr2*/*GFP-Tg
and S1pr27/-GFP-Tg mice. The GFP-expressing macrophages were
injected via the tail vein into S1pr2"*Apoe”~ recipient mice fed
HCD. Forty-eight hours later, we isolated the aorta and determined
GFP-expressing macrophages that had infiltrated into the suben-
dothelium, by using confocal microscopy. The higher number of
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S1pr2*/*GFP-Tg macrophages was found to infiltrate into the arteri-
al wall compared with the injection of S1pr27-GFP-Tg macrophages
(Figure 7E). The protein expression levels of the integrins VLA-4
and LFA-1, the ligands of which are VCAM-1 and ICAM-1 on the
endothelium, and the major migratory chemokine receptor CCR2
were similar between SIpr2*/* and S1pr27~ macrophages (Figure 7D).
These observations together suggest that SIPR2 deficiency in
macrophages inhibits their transendothelial migration most likely
through a direct action of S1P/S1PR2 on cell migration rather than
secondary changes in other surface molecules involved in the tran-
sendothelial migration in S1pr2~/~Apoe”~ mice.

S1P affects leukocyte mobilization through S1PR1 and other
S1P receptors. We therefore examined the number of circulating
blood monocytes. After 8 weeks on the HCD diet, S1pr2*/*Apoe~~
and SIpr27/-Apoe”~ mice had similar numbers of total circulating
monocytes as well as lymphocytes and neutrophils (Supplemen-
tal Table 4). The CD11b*Ly6Ch monocyte subset is shown to be
preferentially recruited to atherosclerotic lesions (34). The num-
ber of circulating CD11b*Ly6Ch monocytes was similar between
S1pr2*/*Apoe”~ and S1pr27/-Apoe”~ mice (Supplemental Figure 9).

The activity of the Rho/ROCK/NF-KB pathway is inhibited and ARt is
enbanced in S1pr2-deficient ECs. EC dysfunction is generally accepted as
the first step in atherosclerosis (35) and the Rho/ROCK pathway is
implicated in EC dysfunction (29, 30, 36). Mouse lung ECs (MLECs)
from S1pr27*Apoe~~ mice expressed mRNAs of S1IPR1, SIPR2, and
S1PR3 (Supplemental Figure 10A). MLECs from S1pr27/-Apoe”~
mice expressed levels of SIPR1 and S1PR3 similar to those of
S1pr2*/*Apoe”’~ MLECs, but lacked S1PR2. S1P stimulated MYPT-1
phosphorylation in S1pr2*/*Apoe”~ MLECs and, to a lesser extent, in
S1pr27/-Apoe”~ MLECs, the latter being likely mediated by SIPR3.
Y-27632 abolished S1P-induced stimulation of MYPT-1 phosphoryla-
tion in S1pr2*/*Apoe~~and S1pr27-Apoe”~ MLECs (Figure 8, A and B).
S1P also stimulated NF-kB phosphorylation in S1pr2*Apoe”~ ECs
in a Y-27632-sensitive manner, but not in SIpr27/-Apoe”~ MLECs
(Figure 8, A and C). In contrast, S1P decreased Akt phosphorylation
in a Y-27632-sensitive manner in SIpr2*/*Apoe”~ ECs, whereas S1P
stimulated Akt phosphorylation in a Y-27632-insensitive manner
in S1pr27/-Apoe”~ MLECs (Figure 8, A and D). Consistent with the
S1P effects on Akt phosphorylation, S1P stimulated phosphoryla-
tion of eNOS at Ser!!”7, which is an Akt phosphorylation site, in
S1pr27/-Apoe”/~ ECs but reduced it in S1pr2*/*Apoe”~ ECs (Figure 8, A
and E). Consistent with the results on NF-xB phosphorylation, S1P
stimulated the mRNA expression of MCP-1 and GM-CSF, which
are the downstream targets of NF-kB, in S1pr2"/*Apoe”~ ECs but not
in S1pr27/-Apoe”~ ECs (Figure 8, F and G). The basal and S1P-stimu-
lated release of MCP-1 protein in SIpr27/-Apoe”~ ECs was reduced
compared with SIpr2*/*Apoe”~ ECs (Supplemental Figure 10C).

S1P acts as a chemorepellent for SMCs and inhibits SMC prolifera-
tion via SIPR2. SMCs from SIpr2*/*Apoe”~ mice expressed SIPR1,
S1PR2, and S1PR3 (Supplemental Figure 10B). SMCs from
S1pr27/-Apoe”~ mice expressed levels of SIPR1 and S1PR3 similar to
those from S1pr2*/*Apoe”~ mice, but lacked S1PR2. S1pr2~/-Apoe~~
SMCs showed more robust outgrowth from the aortic explants
compared with S1pr27/*Apoe”~ SMCs (Figure 9A). The increased
number of BrdU-positive SMCs was observed in the outgrowth
from the aortic explants of SIpr27/-Apoe”~ mice compared with
S1pr2*/*Apoe”~ mice (Figure 9A). In the transwell migration assay with
S1P in the lower chamber, SIpr27/*Apoe”~ SMCs showed inhibition
of both random migration and PDGF-directed migration in a S1P
concentration-dependent manner, whereas SIpr2~-Apoe”~ SMCs did
Volume 120 3987
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Figure 7

S1PR2 mediates migration inhibition in macrophages. (A and B) Effects of S1P and MCP-1 on transwell migration in serum-starved peritoneal
macrophages isolated from S71pr2++Apoe~-and S1pr2--Apoe~- mice. Macrophages were placed in the upper chamber. Various concentrations
of S1P were added to either the lower chamber (A) or the upper chamber (B) in the presence or absence of MCP-1 (100 ng/ml) in the lower
chamber. *P < 0.05 compared with the value in the absence of S1P (n = 4 each). (C) Effects of S1P and MCP-1 on Rac activity. Peritoneal mac-
rophages were not treated or treated with either S1P (0.1 uM) alone for 10 minutes, MCP-1 alone (100 ng/ml) for 3 minutes, or the combination
of S1P and MCP-1. In the combination treatment, S1P was added 7 minutes before the addition of MCP-1. Amounts of GTP-bound Rac were
determined by the pulldown assay (n = 3 each). *P < 0.05, compared with nontreated macrophages; #P < 0.05, compared with MCP-1-treated
macrophages. (D) Western blot analysis of VLA-4 (integrin af31), LFA-1 (integrin a.f2), and CCR2 expression on peritoneal macrophages,
with a-tubulin as internal control. (E) Macrophage homing assay. Peritoneal macrophages isolated from S7pr2++GFP-Tg and S1pr2--GFP-Tg
mice were injected via the tail vein into S7pr2++*Apoe~- mice fed HCD (n = 3 each). Sections of the aortic sinus were made and GFP-express-
ing cells infiltrating into the intima were observed under a fluorescent microscope (asterisks show the lumen), and GFP-positive cells were
counted. Sections were counterstained with DAPI. Representative images (left) and quantified data are shown (right). **P < 0.01. Scale bars:
50 um. Data are expressed as mean + SEM.

not show migration inhibition but rather S1P concentration-depen- Pharmacological blockade of SIPR2 inhibits atherosclerosis. Final-
dent stimulation of migration in the absence of PDGF (Figure 9B).  ly, we tested the effects of pharmacological SIPR2 blockade
In S1pr2**Apoe”~ SMCs, S1P alone did not change the amount of by systemic administration of the selective SIPR2 antagonist
GTP-Rac but inhibited PDGF-induced Rac activation, whereas SIP JTE-K1 into HCD-fed SI1pr2*/*Apoe”~ mice with C57BL/6 back-
alone stimulated Rac in S1pr2~/~Apoe”~ SMCs (Figure 9C). ground. Administration of JTE-K1 reduced the plaque area by
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S1PR2 deficiency inhibits the activity of the Rho/ROCK/NF-kB pathway but stimulates those of Akt and eNOS in ECs. (A) Phosphory-
lation of MYPT1 at Thr850, NF-xB (p65) at Ser536, Akt at Ser473, and eNOS at Ser1177. MLECs isolated from S71pr2++Apoe-- and
S1pr2--Apoe~- mice were serum starved for 15 hours and then stimulated with S1P (0.1 uM) for 5 minutes (for MYPT1), for 20 minutes
(for NF-kB), and for 20 minutes (for Akt and eNOS). Y-27632 (10 uM) was added 30 minutes before the addition of S1P and included in the
medium throughout subsequent incubations. Quantified data of phosphorylation of MYPT1 (B), NF-kB (C), Akt (D), and eNOS (E) in MLECs
from S1pr2++Apoe- (white bars) and S71pr2--Apoe~- (black bars) mice are shown (n = 3 each). (F and G) MLECs from both groups of mice
were serum starved for 15 hours and then stimulated with S1P (0.1 uM) for 6 hours. mMRNA expression levels of MCP-1 (F) and GM-CSF (G)
were determined by real-time PCR. 18S rRNA was used as an internal control (n = 5 each). *P < 0.05; **P < 0.01 compared with nontreated
S1pr2++Apoe~- MLECs. *P < 0.05; #*#P < 0.01 compared with S1P-treated S7pr2++*Apoe~- MLECs. 8P < 0.01 compared with S1P-treated

S1pr2--Apoe~- MLECs. Data are expressed as mean + SEM.

approximately 60% (Figure 10, A and B). Administration of the
S1PR2 inhibitor resulted in the lower density of macrophages
and higher density of SMCs in atherosclerotic lesions compared
with vehicle control (Figure 10, C and D). These results indicate
that pharmacological inhibition of SIPR2 successfully inhibits
the atherosclerotic lesion formation. Moreover, we studied the
effects of JTE-K1 on Dil-acLDL uptake and cholesterol efflux in
macrophages. Pretreatment of S1pr2*/*Apoe”~ macrophages with
JTE-K1 suppressed uptake of Dil-acLDL and stimulated choles-
terol efflux (Figure 10, E and F), thus mimicking the effects of
S1pr2 gene disruption (Figure 4, C-E).
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Discussion
Atherosclerosis is a chronic inflammatory disease in which mul-
tiple cell types are involved with complex interactions with each
other (1, 2). Available evidence suggests that S1P has both pro-
and antiatherosclerotic properties, and it is still debatable whether
S1P promotes or inhibits atherosclerosis (13, 37). It is unknown
which cell type and which S1P receptor mainly mediate the effects
of S1P and its analogue FTY720 on atherosclerosis. In the present
study, we focused on the role of SIPR2 in atherosclerosis because
S1PR2 is expressed in all monocytes/macrophages, ECs, and SMCs
and possesses a unique antimigratory activity. Our data provide
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S1PR2 mediates S1P-induced chemorepulsion and inhibition of proliferation in SMCs. (A) Enhancement of SMC growth from aortic explants from
S1pr2--Apoe~- mice. Outgrowth of SMCs from aortic explants from S7pr2++Apoe~-and S1pr2--Apoe~ mice are shown (n = 3 each). The explants
were individually placed in the culture dish and cultured for 4 days. (A) Phase contrast microscopic views (upper left) and quantified data of out-
growing cells are shown (upper right). Anti-BrdU immunostaining of proliferating cells. Outgrowing SMCs were labeled with BrdU and processed
for anti-BrdU immunofluorescence staining. Fluorescent microscopic views (lower left) and quantified data of proliferating cells are shown (lower
right). **P < 0.01. Scale bars: 100 um (upper panels); 20 um (lower panels). (B) Effects of S1P and PDGF on transwell migration of SMCs isolated
from S1pr2++Apoe- and S1pr2--Apoe- mice. Various concentrations of S1P were added to the lower chamber in the presence and absence of
PDGF-BB (10 ng/ml) in the lower chamber (n = 4 each). *P < 0.05, compared with the values in the absence of S1P. (C) Effects of S1P and PDGF
on Rac activity. SMCs isolated from S7pr2++Apoe-- (white bars) and S71pr2--Apoe~- (black bars) mice were not treated or treated with either S1P
(0.1 uM) alone for 5 minutes, PDGF-BB (10 ng/ml) alone for 3 minutes, or the combination of S1P and PDGF-BB. In the combination treatment, S1P
was added 2 minutes before the addition of PDGF. Amounts of GTP-bound Rac were determined by the pulldown assay (n = 3 each). *P < 0.05;
**P < 0.01 compared with nontreated SMCs. ##P < 0.01 compared with PDGF-BB-treated SMCs. Data are expressed as mean + SEM.

evidence that S1IPR2 exerts stimulatory effects on atherosclerosis,
which are mediated through distinct actions in these multiple cell
types with the major role of SIPR2 in monocytes/macrophages.
Furthermore, our observations indicate usefulness of pharmaco-
logical blockade of S1PR2 in the inhibition of atherosclerosis.
BM chimera experiments in the present study indicate that SIPR2
in BM-derived cells plays the major promoting role in atheroscle-
rosis. Circulating monocytes and monocyte-derived macrophages
play a critical role in atherosclerosis. Our data show that SIPR2 in
monocytes/macrophages promotes atherosclerosis through a multi-
tude of mechanisms including the regulation of modified LDL accu-
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mulation, cytokine production, and cell migration. First, SIPR2 defi-
ciency in macrophages markedly inhibits accumulation of modified
LDL through both substantial decrease in uptake of modified LDLs
and modest increase in cholesterol efflux, resulting in inhibition of
oxLDL accumulation (Figure 4). These effects of SIPR2 deficiency
lead to inhibition of foam cell formation and reductions in athero-
sclerotic lesions (Figure 1). Second, we observed that SIPR2 couples
dominantly to the proatherogenic signaling pathway Rho/ROCK
(38), which leads to NF-kB activation in macrophages as in other cell
types (Figure 6, A-C, and Supplemental Figure 7) (29, 39). Consistent
with S1IPR2-mediated NF-kB activation, S1P stimulated the expres-
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Pharmacological blockade of S1PR2 inhibits atherosclerosis. (A) S1PR2 antagonist JTE-K1 (25 mg/kg) was dosed to S71pr2++Apoe- mice by
oral gavage starting 2 weeks before 8 weeks of HCD. Representative oil red O staining of spread aortas from mice given vehicle (n = 7) or JTE-K1
(n =5). (B) Quantified data of oil red O—stained plaque areas are shown. *P < 0.05. (C and D) Immunostaining of Mac-3 (C) and a-SMA (D) in
the sections of the aortas from S7pr2++Apoe~- mice given vehicle or JTE-K1. Scale bars: 50 um. Quantified data are shown in the lower panels
(n =5 each). *P < 0.05. (E) Uptake of Dil-labeled ac-LDL in JTE-K1 treated and nontreated S7pr2++Apoe~- macrophages. Quantified data are
shown (lower) (n = 3 each). Scale bars: 20 um. *P < 0.05. (F) Cholesterol efflux in JTE-K1-treated and nontreated S7pr2++Apoe~- macrophages
(n = 3 each). *P < 0.05. Data are expressed as mean = SEM.
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sion of the NF-kB target gene TNF-o in a manner sensitive to the
inhibitors of ROCK and NF-kB (Figure 6D). It is noted that SIPR2
deficiency induced upregulation of IL-10, a potent antiinflamma-
tory cytokine, in the aorta and inhibited the phagocytotic activity of
macrophages (Figure 2A and Supplemental Figure 6), showing that
S1PR2 deficiency induced the changes of the phenotype and func-
tional activities in macrophages. On the other hand, S1PR2 did not
affect the differentiation of a circulating inflammatory monocyte
(CD11b*Ly6Ch) subset, which preferentially accumulates in plaques
and becomes foam cells (Supplemental Figure 9) (34).

The downstream target molecules of the SIPR2/Rho/ROCK path-
way in macrophages include the scavenger receptor CD36 and the
cholesterol efflux ABC transporters (Figure 6, E and F). The mRNA
expression of CD36 is upregulated by the SIPR2-coupled Rho/
ROCK/NF-kB pathway, whereas the mRNA expression of the cho-
lesterol efflux transporter ABCA1 is negatively regulated by S1IPR2
and ROCK (Figure 6, E and F). The latter action of SIPR2 and ROCK
seems to be atleast in part mediated through downregulation of LXR
expression (Figure 6G), which is a master regulator of cholesterol
homeostasis and essential for transcriptional activation of ABCAI
and ABCGI genes (25, 26). Eventually, the SIPR2-coupled Rho/
ROCK/NF-kB pathway in macrophages acts to stimulate inflamma-
tion and foam cell formation in atherosclerotic lesions (Figure 6H).

Third, the chemorepellent receptor SIPR2 has a profound impact
on transmigration of monocytes/macrophages to the arterial sub-
endothelium. SIPR2 mediated inhibition of macrophage migra-
tion directed toward a chemoattractant in the presence of a posi-
tive S1P gradient (Figure 7, A and B), as in several different types of
cells including SMCs, melanoma cells, and glioma cells (10, 40). In
the in vitro transwell migration assay condition in which S1P was
present in the upper chamber (negative S1P concentration gradi-
ent), which mimics a higher S1P concentration in the blood than in
the subendothelial tissue, S1P substantially potentiated migration
of S1pr2*/*Apoe”~ macrophages toward MCP-1 in the lower cham-
ber but not of S1pr27/-Apoe’~ macrophages (Figure 7B). The results
suggest that in the presence of a physiological S1P concentration
gradient between the blood and the vascular wall, SIPR2 might
promote macrophage transmigration into the subendothelium.
In fact, we observed by the in vivo infusion experiments of GFP-
expressing macrophages that SIPR2 possesses the stimulating role
in transmigration of macrophages into the vascular wall (Figure 7E).
The chemorepulsion of macrophages by SIPR2 is suggested to
involve Rac inhibition and Akt inhibition (Figure 7C and Supple-
mental 7A). There is the possibility that the reduced migration of
transferred SIpr2-deficient macrophages to the aortic intima could
be secondary to changes in other macrophage surface molecules
including integrins and chemokine receptors rather than reflecting
a direct action of SIP/S1PR2 on transmigration. The expression of
the major receptors for the adhesion molecules and the chemokine
receptor CCR2 was similar between S1pr2*/*Apoe”~and S1pr27/-Apoe~
macrophages (Figure 7D). However, it is not precluded that other
surface molecules including selectins and chemokine receptors
could be altered. Taken together, the stimulatory effects of SIPR2 on
modified LDL accumulation, cytokine production, and transendo-
thelial migration likely contribute to the proatherosclerotic role of
macrophage SIPR2. Besides monocytes/macrophages, BM-derived
mast cells, which also express SIPR2 to stimulate degranulation
and are implicated in plaque progression and destabilization (41),
may be involved in mediating the proatherogenic effect of SIPR2
because we observed a decrease in activated mast cells in the aortic
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wall of S1pr27-Apoe”~ mice (Figure 1H). Elucidation of the role of
mast cell SIPR2 in atherogenesis awaits further investigation.

Another substantial site of SIPR2 action in atherosclero-
sis may be ECs, which are the cells that release antiatherogenic
mediator NO and proatherogenic cytokines, and mediate adhe-
sion and transmigration of leukocytes. The NO-synthesizing
enzyme eNOS and its product NO have atheroprotective proper-
ties (20). S1PR2 deficiency resulted in heightened phosphoryla-
tion of eNOS in the aortas in vivo (Figure 2D). Consistent with
this, S1P induced stimulation of eNOS phosphorylation prob-
ably via SIPR3 (42) in isolated SIpr27/-Apoe’~ ECs, whereas in
S1pr2+/*Apoe”~ ECs, S1P inhibited eNOS phosphorylation, which
we found to be ROCK dependent (Figure 8, A and E). Most likely,
S1P stimulation of eNOS phosphorylation in S1pr2-deficient
ECs is mediated through the well-known eNOS-activating pro-
tein kinase Akt (43) because S1P stimulated Akt phosphorylation
in S1pr27/-Apoe”~ ECs but inhibited it in S1pr2*/*Apoe”/~ ECs in a
ROCK-dependent manner (Figure 8A). The negative regulation
of Akt phosphorylation by S1PR2 is likely mediated by ROCK-
dependent PTEN stimulation (9). Available evidence shows that
the mechanisms for the atheroprotective actions of NO involve
the inhibition of cytokine production, platelet aggregation and
adhesion, leukocyte adhesion and activation, and smooth muscle
proliferation (20). S1PR2 deficiency resulted in suppression of the
expression of the proinflammatory cytokines including MCP-1
and GM-CSF in ECs as well as the aortas (Figure 2A, Figure 8, F
and G, and Supplemental Figure 10C). MCP-1 is a powerful in
vivo chemoattractant for monocytes/macrophages, as evidenced
by the fact that MCP-1 deficiency markedly inhibits atheroscle-
rosis with fewer macrophages in the aortic wall in Ldlr-null and
Apoe-null mice (44, 45). GM-CSF was recently shown to be essen-
tial for proliferation of the intimal cells including dendritic cells
in early atherosclerotic lesions (46). Thus, SIPR2 in ECs could
participate in atherosclerosis by regulating adhesion molecule
expression, cytokine production, and consequently monocyte/
macrophage flux, platelet activation, and thrombus formation,
and intimal cell proliferation through Rho/ROCK/PTEN-medi-
ated Akt/eNOS regulation and Rho/ROCK/NF-kB-mediated
regulation of proinflammatory gene expression.

The present study suggests that SIPR2 in SMCs may destabi-
lize plaques by decreasing the density of a-SMA-positive SMCs,
which is likely mediated through inhibition of proliferation and
SMC migration into the intima (Figure 1F and Figure 9). How-
ever, the effects of SIPR2 on other SMC phenotypes, including
matrix metalloprotease production and cytokine release, are still
unknown. The relationship between macrophage apoptosis and
atherogenesis is also complex (47). Decreased uptake of modi-
fied LDL and increased cholesterol efflux delay the accumula-
tion of free cholesterol in macrophages, which is toxic to cells
(27). We observed that, in contrast with S1pr2*/*Apoe”~ macro-
phages in which S1P inhibited Akt phosphorylation, S1P stimu-
lated Akt phosphorylation and inhibited caspase-3 activation
in S1pr2~/-Apoe”/~ macrophages (Supplemental Figure 7). These
effects may affect macrophage survival and apoptosis and, as a
resulg, the state of inflammation in the plaque (47, 48). Further
study is required to define the effect of SIPR2 on plaque stabil-
ity and its mechanism.

HDL, an atheroprotective lipoprotein, is the principal protein
that is bound to S1P in plasma as well as albumin. The atheropro-
tective effects of HDL, including Akt-mediated eNOS stimulation
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and inhibition of E-selectin expression, were shown to be mediated
via S1PR3 (4, 42). Our in vitro data showing that HDL stimulated
MYPT1 phosphorylation in S1pr2*/* macrophages via SIPR2 and
ROCK (Supplemental Figure 8E) suggest that S1P that is bound
to HDL can activate SIPR2 to stimulate the proinflammatory sig-
naling pathway at least in vitro in macrophages. Therefore, it is
possible that the SIPR2-activating capacity of HDL may reduce an
atheroprotective activity of HDL.

Currently, most therapy for human atherosclerotic lesions is to
reduce the concentration of LDL particles in the blood mainly by
HMG CoA reductase inhibitors (1, 49). Statins inhibit the accumu-
lation of modified LDL in the subendothelial layer mainly by low-
ering blood cholesterol concentration. Although statins also exert
plaque stabilizing and antiinflammatory effects (1, 36, 49), no
therapy to directly target foam cell formation in the face of elevat-
ed circulating LDL is currently available. In genetic mouse models
for atherosclerosis, pharmacological blockade of chemoattractant
receptors that are expressed in monocytes, including leukotriene
B4 receptor and RANTES receptors, effectively inhibited plaque
formation (50, 51). In the present study, SIPR2 blockade using
systemic administration of a selective SIPR2 blocker reproduced
the phenotypes of S1pr2-deficient mice; it reduced plaque areas
and macrophage infiltration in the aorta and inhibited modified
LDL uptake and stimulated cholesterol efflux in macrophages
(Figure 10). It is of note that S1PR2 deficiency affects various cell
functions including migration, proliferation, apoptosis, cytokine
production, and lipid accumulation in macrophages, ECs, and
SMCs. Hence, clarification of differences in the effects between the
above-mentioned chemoattractant receptor antagonists and the
S1PR2 antagonist deserves further investigation. In conclusion,
these observations provide strong support for SIPR2 as a promis-
ing novel target for the treatment of atherosclerosis.

Methods

Materials. DL-erythro-1P was purchased from BIOMOL. MCP-1, HDL, and
oxLDL were prepared from human serum as described previously (52).
The following antibodies were used: phospho-(Ser*73)-Akt (#4060; Cell
Signaling), total Akt (#9272; Cell Signaling), phospho-(Thr%53)-MYPT1
(36-003; Upstate Biotechnology), total MYPT1 (PRB-457C; Covance),
phospho-(Sers3)-NF-kB (RelA/p65) (#3031; Cell Signaling), total NF-kB
(sc-8008; Santa Cruz Biotechnology Inc.), phospho—(Ser!!77)-eNOS (#9571;
Cell Signaling) and total eNOS (#9586; Cell Signaling), phospho-p44/42
MAPK (Thr202/Tyr204) (#4370; Cell Signaling), p44/42 MAPK (#9102;
Cell Signaling), CD36 (sc-9154; Santa Cruz Biotechnology Inc.), ABCA1
(NB400-164; Novus Biologicals), ABCG1 (AB36969; Abcam), integrin
a4 chain (AB1924; Millipore), aL chain (ab25173; Abcam), $1 chain
(sc-8978; Santa Cruz Biotechnology Inc.), B2 chain (557437; BD Biosciences —
Pharmingen), Histon H1 (sc-10806; Santa Cruz Biotechnology Inc.), and
CCR2 (Epitomics). 1-[1,3-Dimethyl-4-(2-methylethyl)-1H-pyrazolo|3,4-
b]pyridine-6-yl]-4-(2,6-dichloro-4-pyridinyl)-semicarbazide (JTE-K1)
was synthesized as described (31).

Animals. S1pr27- mice and LacZ-knockin (S1pr2t+#/*) mice were previously
described (12). S1pr27~ mice and SIpr2t«#/* mice that had been backcrossed
to C57BL/6 at indicated times were crossed with Apoe”~ mice (C57BL/6
background). Heterozygous mice (S1pr27/-Apoe*/~, S1pr2t«?/* Apoe*/~) were
intercrossed to generate homozygous Apoe”~ mice bearing combinations
of S1pr2+*, S1pr2*/-, S1pr2~/~, and S1pr2t«?/* mice. This process resulted in
the backcrosses to C57BL/6 of up to 7 generations. GFP-Tg mice, which
were kindly donated by Masaru Okabe (Osaka University, Suita, Japan),

were housed in a temperature-controlled conventional facility (24°C)
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under a 12-hour light/12-hour dark cycle with free access to regular chow
oran HCD (1.25% cholesterol, 7.5% cocoa butter, 7.5% casein, 0.5% cholate)
(Ninox), which started at 6 weeks of age, and water. JTE-K1 (25 mg/kg
in 200 ul/mouse, twice per day) suspended in 0.5% metolose (Shin-Etsu
Chemical) was dosed to Apoe”~ mice by oral gavage starting 2 weeks before
HCD. In parallel, control Apoe~~ littermates received 0.5% metolose. All
experiments using mice were approved by and performed according to the
Guidelines for the Care and Use of Laboratory Animals of Kanazawa Uni-
versity, which strictly conforms to NIH guidelines.

Atherosclerotic lesion analysis. After the indicated time period of HCD feed-
ing, mice were sacrificed with ether anesthesia and perfused with 4% PFA
in 0.9% saline. The entire aorta from the root, extending 5 to 10 mm after
bifurcation of the iliac arteries and including the subclavian, right, and left
carotid arteries, was dissected and opened longitudinally. After staining
with oil red O, the aortas were scanned and the percentage plaque area over
total aortic area was quantified using ImageJ (NIH) software. For histologi-
cal and immunohistological analyses, the aortas were snap-frozen in OCT
compound (Sakura FineTek). Serial cryostat sections of 10-um thickness
were prepared. For immunohistochemistry and immunofluorescence,
cryosections were incubated with primary antibodies against either Mac-3
(BD Biosciences), a-SMA (Sigma-Aldrich), CD3 (DAKO), CD31 (553171,
clone MEC13.3; BD Biosciences), VCAM-1 (BD Biosciences), ICAM-1
(BD Biosciences), or cleaved caspase-3 (Cell Signaling) followed by incuba-
tion with the secondary antibodies conjugated with horseradish peroxidase
or Alexa Fluor 488 and nuclear counterstaining with hematoxylin or DAPI
(Molecular Probes). The sections were observed with a microscope (BX41;
Olympus) or confocal fluorescence microscope (LSM 510 Pascal; Carl Zeiss).
Positive staining areas were quantified by using Image]J (NIH) software.

Blood and plasma analysis lipid measurements. For blood cell counting with
leukocyte differential analysis, blood was collected via vena cava from non-
fasted mice. For plasma lipid analysis, mice were fasted for 16 hours before
collecting blood. Plasma was separated by centrifugation and stored at
-80°C until further analysis. Plasma concentrations of total cholesterol
and triglycerides were determined with autoanalyzer by SRL. An HPLC sys-
tem with 2 tandem gel permeation columns was used to evaluate the size
distribution of plasma lipoprotein particles (Skylight Biotech Inc.). Plasma
S1P concentration and HDL-associated S1P were determined by high-per-
formance liquid chromatography as described previously (53).

Isolation and culture of circulating monocytes, peritoneal macrophages, and BM-
derived macrophages. Circulating monocytes were isolated by using Lym-
phoprep (Nycomed Pharma AS) density gradient centrifugation followed
by magnetic separation using CD11b Microbeads mouse/human and MS
columns (Miltenyi Biotec). Peritoneal macrophages were harvested from
mice 3 days after intraperitoneal injection of thioglycollate (2 ml, 4%) and
plated in DMEM containing 10% FBS. After 4 hours incubation at 37°C,
nonadherent cells were removed and adherent cells were used for the exper-
iments. For the preparation of BM-derived macrophages, BM cells isolated
from the femur and tibia were suspended in DMEM containing 10% FBS.
After treatment with red blood cell lysis buffer (Pharm Lyse; BD), cells were
cultured with DMEM containing 10% FBS and 5 ng/ml M-CSF (Sigma-
Aldrich) for 10 days. Almost all adherent cells expressed the macrophage-
specific markers, including Mac-3.

Isolation and culture of primary mouse lung endothelial cells and aortic SMCs.
Mouse lung endothelial cells (MLECs) were isolated from 6-week-old mice
by using digestion with collagenase A (Roche) magnetic separation using
rat anti-mouse CD105 antibody (550546; BD Biosciences) and goat anti-rat
antibody-conjugated magnetic beads, and MS columns (Miltenyi Biotec) as
described previously (12). MLECs were cultured on type I collagen (Nitta Gel-
atin) coated plastic dishes, in EBM-2 medium (Lonza) containing growth fac-
tor supplements and 2% FBS, according to the instructions of the supplier.
Volume 120 3993
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Mouse aortic SMCs were isolated by the explant method from 6-week-old
mice, as described previously (10). In brief, aortas were removed, deendo-
thelialized, and then cut open longitudinally. SMCs were cultured on type I
collagen-coated dishes in Advanced DMEM supplemented with glutaMAX
(Invitrogen) and 10% FBS. Proliferation was evaluated with anti-BrdU (BD
Biosciences — Pharmingen) immunofluorescence staining, in which SMCs
were incubated with BrdU (a final concentration of 10 uM) (BD Biosciences
— Pharmingen) for 30 minutes and then fixed in 4% PFA in PBS (54).

Phagocytosis assay. To examine phagocytotic capacity of macrophages, we
incubated peritoneal macrophages with fluorescent monodisperse poly-
styrene microspheres (Fluoresbrite Carboxylate Microspheres, 1.75 wm in
diameter; Polysciences Inc.) for 1 hour. After 100% methanol fixation, cells
were counterstained with DAPI; then positive cells were counted under a
fluorescent microscope.

Determination of oxLDL uptake, binding and uptake of Dil-acLDL, and choles-
terol efflux assary. To evaluate the ability of oxLDL uptake, macrophages were
incubated with human oxLDL (50 ug/ml) for 6 hours at 37°C, followed by
staining with oil red O and counterstaining with hematoxylin. The num-
ber of oil red O-positive foam cells was counted under a microscope. To
assess the intracellular uptake of Dil-acLDL (Harbor Bio-Products), mac-
rophages were incubated for 4 hours at 37°C. Fluorescence intensity was
observed using a confocal fluorescence microscope and quantified using
Image]J software. Macrophages were loaded with 3H-cholesterol by incubat-
ing them in DMEM plus 10% FBS containing 3H-cholesterol (2 uCi/ml) for
24 hours. Cholesterol efflux for 4 hours was determined in the presence of
DMEM containing either 0.2% BSA (Sigma-Aldrich), 2% FBS, or 50 pug/ml
HDL as acceptors. The cholesterol efflux was expressed as the percentage
of the radioactivity released from the cells in the medium relative to the
total radioactivity in the cells plus medium.

Transwell migration assay. Transwell migration of macrophages and SMCs
was determined in a modified Boyden chamber (Neuroprobe) using poly-
carbonate filters with 8-um pores as described in detail previously (28).
Peritoneal macrophages (2 x 10%) or SMCs (1 x 10%) in 200 ul of serum-free
medium containing 0.1% fatty acid-free BSA with or without S1P were load-
ed into the upper wells, whereas the lower wells were filled with the same
medium containing MCP-1 (Sigma-Aldrich) or PDGF-B chain (PeproTech).
The cells were allowed to migrate across the porous filter for 12 hours (for
macrophages) or 6 hours (for SMCs) at 37°C, followed by counting the cells
that migrated to the lower side of the filter under a microscope.

Macrophage homing assay. Macrophage homing assay was performed as
described previously (55). Macrophages from GFP-Tg mice resuspended at 107
cells/ml in PBS plus 0.1% BSA (200 ul) were injected into the tail vein of mice.
48 hours later, mice were sacrificed and perfused with 0.9% saline. Heart base
and ascending aorta were frozen by embedding in OCT and cryosectioned
at 15 um. GFP-positive macrophages infiltrating into the atherosclerotic
lesions were counted in 70 serial sections per mouse, spanning the proximal
1 mm of the aortic sinus region, by a confocal fluorescence microscope, and
their total number was divided by the oil red O-stained lesion area.

BM transplantation. BM transplantation (BMT) was performed as
described previously (12). Unfractionated BM cells (2 x 10° cells/recipient)
collected from S1pr2/-Apoe”~ and S1pr2*/*Apoe”~ mice were injected into
recipient mice via the tail vein. After transplantation, all mice were fed a
regular chow for 4 weeks before they were switched to HCD.

Flow cytometry. Mouse tail blood was collected with 5 mM EDTA, treated
with Fc Block (BD Biosciences), and stained with the following antibodies
(15 minutes at 4°C in the dark): CD45-APC-Cy7 (eBioscience), CD11b-
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PE-Texas Red (Invitrogen), Gr-1-Pacific Blue (eBioscience), CD3-PerCyP-
CyS.5 (eBioscience), TER119-PerCyP-CyS5.5 (eBioscience), CD19-PerCyP-
CyS.5 (eBioscience), NK1.1-PerCyP-Cy5.5 (eBioscience), and Ly6C-APC
(BioLegend). Red blood cells were then lysed with FACS lysing solution
(BD Biosciences). Cells were resuspended in 200 ul of FACS buffer (PBS
containing 2% FBS) and analyzed by FACS Aria IT (BD Biosciences). Data
were transferred and reanalyzed with FlowJo software (Tree Star Inc.).

Determination of the activities of Rho and Rac. Pull-down assays to determine
GTP-bound active forms of RhoA and Rac1 were performed as described
in detail previously (10). Cell lysates were prepared and incubated with
GST-Rhotekin (for determination of Rho activity) or GST-PAK1 (for
determination of Rac activity), which were immobilized onto glutathione-
S-sepharose 4B beads (GE Healthcare), followed by Western blotting using
specific monoclonal antibodies against RhoA (Santa Cruz Biotechnology
Inc.) and Racl (Upstate Biotechnology).

Isolation of mRNA, RT-PCR, and quantitative real-time PCR. Total RNA
was isolated from entire aortas, monocytes/macrophages, and ECs using
TRIzoL (Invitrogen). RT-PCR was performed as described previously by
using the reverse transcriptase ReverTra Ace and GoTaq Flexi DNA Poly-
merase. PCR products were separated on 2% agarose gels, visualized by
ethidium bromide staining, and normalized for the expression levels of
GAPDH mRNA. Sequences of specific primers and amplified product sizes
are listed in Supplemental Table 5. Real-time quantitative PCR was per-
formed using the ABI PRISM 7300 sequence detection system (Applied
Biosystems), as described previously (12). Primers are listed in Supple-
mental Table 6. ACt was calculated as (gene of interest Ct) - (18s rRNA
Ct) using Sequence Detector (Applied Biosystems) and Microsoft Excel
(Microsoft Corp.). The relative quantity of mRNA of gene of interest was
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ELISAs. Secretion of TNF-a and MCP-1 proteins from macrophages
and MLECs was determined by using the Quantikine ELISA kits from
R & D Systems.

Statistics. Unless otherwise mentioned, data are expressed as mean + SEM.
Unpaired 2-tailed Student’s ¢ test was performed for comparisons between
2 groups. For multiple comparison, 2-way ANOVA was followed by Bon-
ferroni’s test to determine statistical significance by using GraphPad Prism

software. P < 0.05 was considered to be statistically significant.
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