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Abstract

Sphingosine 1-phosphate (S1P), a sphingolipid mediator, regulates various cellular functions via
high-affinity G protein-coupled receptors, S1P, .. The S1P-S1P receptor signaling system plays
important roles in lymphocyte trafficking and maintenance of vascular integrity, thus contributing
to the regulation of complex inflammatory processes. S1P is enriched in blood and lymph while
maintained low in intracellular or interstitial fluids, creating a steep S1P gradient that is utilized to
facilitate efficient egress of lymphocytes from lymphoid organs. Blockage of the S1P-S1P receptor
signaling system results in a marked decrease in circulating lymphocytes because of a failure

of lymphocyte egress from lymphoid organs. This provides a basis of inmunomodulatory drugs
targeting S1P, receptor such as FTY720, an immunosuppressive drug approved in 2010 as the first
oral treatment for relapsing-remitting multiple sclerosis. The S1P-S1P receptor signaling system
also plays important roles in maintenance of vascular integrity since it suppresses sprouting
angiogenesis and regulates vascular permeability. Dysfunction of the S1P-S1P receptor signaling
system results in various vascular defects, such as exaggerated angiogenesis in developing retina
and augmented inflammation due to increased permeability. Endothelial-specific deletion of S1P,
receptor in mice fed high-fat diet leads to increased formation of atherosclerotic lesions. This review
highlights the importance of the S1P-S1P receptor signaling system in inflammatory processes.
We also describe our recent findings regarding a specific S1P chaperone, apolipoprotein M, that
anchors to high-density lipoprotein and contributes to shaping the endothelial-protective and anti-

inflammatory properties of high-density lipoprotein.
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Introduction

Sphingosine 1-phosphate (S1P) is a pleiotropic lipid mediator
involved in various cellular functions such as proliferation, mi-
gration, rearrangement of cytoskeleton, adhesion and inflam-
mation in many types of cells, most notably in the immune
and vascular systems. Regulation of immune cell trafficking
and vascular integrity are two important functions of the S1P-
S1P receptor signaling system that are highly relevant to the
regulation of inflammatory processes.

S1P activity is regulated in multiple steps. We begin
this review by overviewing the regulatory mechanisms of
the S1P-S1P receptor signaling system: S1P metabolism,
S1P transport and S1P receptors. We then detail the func-
tions of the S1P-S1P receptor signaling system in the regu-
lation of lymphocyte trafficking and vascular integrity. We
also describe our recent findings regarding a specific S1P
chaperone, apolipoprotein M (ApoM), its role in vascular in-
flammation and therapeutic approaches.

Overview of the S1P-S1P receptor signaling system

S1P is a lipid mediator that belongs to a class of lipids called
sphingolipids. Almost all cells metabolize sphingolipids,
which are building blocks of cellular membranes as well as
cellular signaling mediators (1). S1P activity as an intercel-
lular signaling mediator is regulated by multiple steps: S1P
metabolism, S1P transport and S1P receptors (Fig. 1). In this
section, we briefly summarize the regulatory mechanisms of
the S1P-S1P receptor signaling system.

S1P metabolism

De novo synthesis of sphingolipids starts with con-
densation of serine and palmitoyl-CoA to produce
3-keto-dihydrosphingosine by the action of serine
palmitoyltransferase, followed by several enzymatic reac-
tions to produce ceramide (Fig. 1A) (1, 2). Ceramide is further
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Fig. 1. Overview of the S1P-S1P receptor signaling system. (A) De novo sphingolipid metabolism starts at the endoplasmic reticulum where
serine palmitoyltransferase condensates serine and palmitoyl-CoA to produce ceramide. Ceramide, generated either from the de novo pathway
or from degradation of complex sphingolipids such as sphingomyelin and glycosphingolipids, is deacylated by ceramidase to sphingosine,
followed by phosphorylation by sphingosine kinase 1/2 to produce S1P. S1P is dephosphorylated to sphingosine by S1P phosphatase or by
lipid phosphate phosphatases, or is irreversibly degraded to phosphoethanolamine and hexadecenal by S1P lyase. (B) S1P produced intra-
cellularly is transported by specific transporters such as Mfsd2b [red blood cell (RBC) and platelet] and Spns2 (endothelial cells) and carried
by albumin and HDL-associated specific S1P chaperone protein, ApoM. (C) S1P activates S1P receptors, S1P, , which transmit diverse intra-
cellular signals depending on the coupled Ga subunits of heterotrimeric G protein and the expression pattern of each receptors in a given cell
type. Modified from Obinata and Hla (75) with permission.



metabolized to generate complex sphingolipids such as
sphingomyelin and glycosphingolipids, major phospholipids
in cellular membranes. On the other hand, ceramide can be
hydrolyzed by ceramidase to sphingosine, from which S1P is
produced by the action of sphingosine kinase 1 and 2, rate-
limiting enzymes for S1P production. Usually, intracellular
concentrations of S1P are maintained low by the action of
either S1P phosphatase or S1P lyase. S1P lyase irreversibly
degrades S1P to phosphoethanolamine and hexadecenal,
which serves as the final degradation step of sphingolipid
species (3).

Among all sphingolipids, S1P is the most well-characterized
intercellular signaling molecule. Structurally, S1P is classi-
fied as a lysophospholipid, with a polar head group and a
hydrophobic acyl tail. This amphipathic character allows
lysophospholipids to leave the plasma membrane and function
as a diffusible intercellular mediator. While S1P is maintained
low in intracellular or interstitial fluids, it is enriched in blood
and lymph in the sub-micromolar range, creating a steep S1P
gradient (4). This vascular S1P gradient is utilized to regulate
trafficking of immune cells such as lymphocytes and hemato-
poietic progenitor cells as discussed later in this review.

S1P transport

Major sources of circulating S1P are erythrocytes and endo-
thelial cells (Fig. 1B). Erythrocytes lack the S1P degrading
enzymes (5) and express the specific S1P transporter
Mfsd2b (6). Mfsd2b deficiency results in a 50% decrease
of the plasma S1P. Endothelial cells express another spe-
cific S1P transporter Spns2 and contribute to maintenance
of the circulating S1P concentration as well (7, 8). Spns2
deficiency results in a 40 and 80% decrease of the plasma
and lymph S1P concentrations, respectively, suggesting
that lymph S1P is mainly maintained by lymphatic endo-
thelial cells (9, 10). S1P secretion from endothelial cells is
stimulated by fluid shear stress (7). Platelets also lack the
S1P degrading enzymes and express the S1P transporter
Mfsd2b (6), but the contribution of platelets to the circulating
S1P concentration is negligible since mice that lack plate-
lets did not show changes in the plasma S1P concentration
(7, 11). Platelets probably contribute to local exaggerated
synthesis of S1P during thrombotic episodes (12). A family
of lipid phosphate phosphatases, which are localized on the
surface of endothelial cells and have broad substrate spe-
cificity to phosphate-containing lipid species, contributes to
the degradation of extracellular S1P (13).

Because of its hydrophobic nature, S1P is poorly water
soluble and requires carrier proteins for efficient transport
and circulation. In plasma, around 65% of S1P is carried
by high-density lipoprotein (HDL) and the remainder by al-
bumin (14). We have identified HDL-bound ApoM as a spe-
cific S1P chaperone (15), which is defined as a S1P carrier
protein that facilitate S1P receptor activation to evoke spe-
cific biological responses. ApoM is contained only in 5% of
plasma HDL particles, but all of the HDL-bound S1P is found
in ApoM-containing HDL particles (15). In ApoM-deficient
mice, the plasma S1P concentration decreases by 60%,
and the remaining S1P is found in the albumin fraction (15).
On the other hand, albumin-deficient mice show only a 15%
decrease in the plasma S1P concentrations (H. Obinata,
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unpublished observation), suggesting the importance of
ApoM as a physiologically relevant S1P chaperone.

S1P receptors

S1P exerts various physiological effects mostly via spe-
cific, high-affinity G protein-coupled receptors, while some
reports have also indicated potential intracellular S1P roles
(16, 17). So far, five subtypes of S1P receptors have been
identified and are named S1P,, (18). As illustrated in Fig.
1(C), S1P, , are widely distributed with highest expression
levels in the cardiovascular and immune systems. S1P, and
S1P, show limited expression in lymphatic and nervous sys-
tems, respectively, and the expression levels of S1P, and
S1P, are relatively low compared to S1P, .. S1P, exclusively
couples with the G, alpha subunit of heterotrimeric G pro-
teins, whereas S1P, and S1P, couple with G, , G and G,
and S1P, and S1P, with G, and G,,,,,. These differential but
overlapping expression patterns and intracellular signaling
pathways of each receptor probably form the molecular basis
for the diverse S1P functions.

S1P and lymphocyte trafficking

S1P-51P, signaling plays a pivotal role in the regulation of
lymphocyte egress from thymus and secondary lymphoid
organs (19). S1P receptors are the targets of Fingolimod
(FTY720), which is an immunomodulatory drug and was ap-
proved by the US Food and Drug Administration in 2010 as
the first oral treatment for relapsing—remitting multiple scler-
osis (20, 21). In this section, we summarize the functions of
the S1P-S1P receptor signaling system in lymphocyte traf-
ficking and the mechanisms of action of Fingolimod.

S1P and lymphocyte trafficking

Mutant mice that specifically lack S1P, in hematopoietic cells
show no clear defect in lymphocyte maturation, but show pro-
found lymphopenia (lack of circulating lymphocytes) due to
trapping in thymus and peripheral lymphoid organs (22). When
S1P -deficient mature lymphocytes are adoptively transferred
intravenously into wild-type mice, they enter but cannot exit
from secondary lymphoid organs (22). These observations
clearly show that S1P, is essential for the lymphocyte egress
from thymus and peripheral lymphoid organs but is otherwise
not needed for entry into secondary lymphoid organs.

As mentioned above, S1P concentrations are low in intra-
cellular and interstitial fluids, whereas S1P is enriched within
blood and lymph in the sub-micromolar range, creating a
steep S1P gradient. Lymphocytes utilize this S1P gradient
between lymphoid organs and the circulation as a cue for
the egress process. Disruption of the S1P gradient either by
inhibition of sphingosine kinase 1/2 (responsible for S1P pro-
duction) (11) or by inhibition of S1P lyase (responsible for S1P
degradation) (23) results in lymphopenia due to the defect in
the lymphocyte egress.

S1P, on thymocytes gets internalized almost completely
after incubation with as little as 1 nM S1P for 20 min ex vivo
(23), indicating that S1P. on lymphocytes is very sensitive to
S1P exposure. The internalization/desensitization of S1P, is
important for circulating lymphocytes to enter lymphoid or-
gans against the S1P gradient. Lymphocytes that lack GRK2
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(a critical regulator of internalization step) display a reduced
ability to enter lymphoid organs, which can be restored by
S1P, deficiency. Although S1P, is undetectable on the sur-
faces of circulating T cells, the receptor is readily detectable
on the surfaces of T cells in lymphoid organs (23). The current
model for the regulation of lymphocyte egress by S1P-S1P,
signaling is illustrated in Fig. 2. Lymphocytes in circulation
have their S1P, mostly internalized due to the high S1P con-
centration. When lymphocytes enter lymphoid organs where
the S1P concentration is low, they gradually recover the sur-
face expression of S1P, and regain the ability to migrate out
from lymphoid organs toward the high S1P in blood or lymph.
The same S1P gradient-dependent strategy is also utilized
for splenic B-cell shuttling (24) and regulation of trafficking of
the other immune cells, including dendritic cells (25), natural
killer cells (26, 27) and hematopoietic stem cells (28).

S1P and Fingolimod

Fingolimod (FTY720) is an immunomodulatory drug targeting
S1P receptors and approved as an oral treatment for re-
lapsing-remitting multiple sclerosis (Gilenya®) (20, 21).
FTY720 was synthesized as a potent immunosuppressor with
low cytotoxicity using myriocin as a lead compound (29).
Myriocin is one of the active ingredients of /saria sinclairii,
a fungus with medicinal properties used in Eastern trad-
itional medicine (30). Different from immunomodulatory drugs
targeting calcineurin, FTY720 does not affect proliferation
and activation of lymphocytes, but it induces a marked de-
crease of circulating lymphocytes (31, 32). Structural simi-
larity between FTY720 and sphingosine (Fig. 1A) led to the
elucidation that S1P signaling plays a critical role in lympho-
cyte trafficking as mentioned above, and that the phosphor-
ylated form of FTY720 modulates S1P signaling.

When administered in vivo, FTY720 gets phosphorylated
to FTY720-P by sphingosine kinase 2 (33-35), and FTY720-P
acts as an acute potent agonist on all of the S1P receptors

except S1P, in the nanomolar range (36, 37). Agonist stimu-
lation induces the desensitization of S1P, through phos-
phorylation of its C-terminal tail, followed by internalization
via clathrin-coated endocytosis (38, 39). In the case of S1P
stimulation, most of the internalized S1P, receptors recycle
back to the plasma membrane. In contrast, FTY720-P in-
duces sustained internalization followed by WWP2 (ubiquitin
E3 ligase)-dependent polyubiquitinylation and consequent
degradation of S1P., leading to the massive decrease of
S1P, expression level (39). As a result of this functional an-
tagonism of S1P,, FTY720 inhibits the lymphocyte egress
from lymphoid organs, which is a basis of FTY720 as a po-
tent immunosuppressor (Fig. 2). An S1P, mutant that lacks
C-terminal phosphorylation sites shows delayed internaliza-
tion and defective desensitization after agonist stimulation,
and the mice with this S1P, mutant exhibit significant resist-
ance against FTY720-induced lymphopenia (40), supporting
the idea that FTY720 exerts its effects through modulating the
cell surface residence and activity of S1P,.

While FTY720 is an effective oral treatment for relapsing-re-
mitting multiple sclerosis, its use is associated with several
serious adverse effects such as bradycardia and macular
edema. Bradycardia is associated with the agonistic effects
of FTY720-P on S1P,-dependent activation of the G protein-
coupled inwardly rectifying potassium (GIRK) channel in
cardiomyocytes in humans, while S1P, is involved in the GIRK
channel activation in rodents (41). Macular edema is likely
due to impaired vascular barrier function by functional antag-
onism of endothelial S1P, (42). Development of competitive
S1P, antagonists that specifically target hematopoietic S1P,
but not endothelial S1P, would be beneficial to avoid these
adverse effects of FTY720.

S1P and vascular integrity

Another important function of the S1P-S1P receptor signaling
system is the regulation of vascular integrity. In this section,
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Fig. 2. S1P and lymphocyte trafficking. Lymphocytes in circulation have their S1P, mostly internalized due to the high S1P concentration. Upon
entrance in secondary lymphoid organs where the S1P concentration is low, they gradually recover the surface expression of S1P, and regain
ability to egress from the lymphoid organs toward S1P in circulation. FTY720 is phosphorylated by sphingosine kinase 2 and induces the in-
ternalization and subsequent degradation of S1P, and thereby inhibits the lymphocyte egress. Reproduced from Obinata and Hla (75) with

permission.



we describe S1P function in vascular development as a po-
tent suppressor of sprouting angiogenesis. We also describe
the role of S1P in vascular inflammation as a regulator of vas-
cular permeability including our recent findings.

S1P in angiogenesis

Genetic deletion of S1P, results in embryonic lethality be-
tween E12.5 and E14.5 as a result of excessive vascular leak
and hemorrhage (43). Endothelial-specific deletion of S1P,
shows the same phenotype as the global deletion (44). Single
deletion of either S1P, or S1P, does not lead to the embryonic
lethality, but simultaneous deletion of S1P, and S1P, results in
about 50% embryonic death around E13.5 due to the hemor-
rhage (45-48). Triple null mice lacking all of the S1P, , show
the severest bleeding, leading to embryonic death between
E10.5 and E11.5 (48), which is earlier than S1P, single de-
letion. These results indicate that S1P, plays a pivotal role
in vascular maturation, with S1P, and S1P, redundant and/
or supportive roles. Double knockout of sphingosine kinase
1/2, the rate-limiting enzymes for S1P production, also leads
to the embryonic lethality with the same phenotypes as S1P. -
deleted mice (49), demonstrating the importance of the S1P-
S1P receptor signaling system in vascular development.

In S1P,-deleted mice, no clear defect is observed in
vasculogenesis or early angiogenesis. However, vascular
maturation is incomplete due to defective coverage by vas-
cular smooth muscle cells/pericytes in the dorsal aorta (43).
This is partly explained by the report showing that S1P, regu-
lates N-cadherin-mediated cell adhesion between endothe-
lial and mural cells (50). Close observation of the dorsal aorta
revealed a massive endothelial hyperplasia with abnormal
microvasculature around the aorta (51), which is considered
as another cause hampering proper coverage by pericytes.

We engineered inducible and endothelial-specific S1P -
deficient/-overexpressing mice, and observed that the
density of the vascular networks changed according to the
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S1P, expression levels in the postnatal angiogenesis in retina;
namely, S1P -deficient mice showed a denser vascular net-
work while S1P_-overexpressing mice had a sparser network
(562). In S1P -deficient mice, endothelial cells in the leading
front of the vascularization showed hyper-sprouting pheno-
types with an increased number of filopodia-containing tip
cells, branch points and dilated vessels, which results in the
formation of the denser network. In sprouting angiogenesis,
angiogenic growth factors like vascular endothelial growth
factor are produced in the region of hypoxia, and act on the
blood vessels to loosen adherens junctions and induce the
sprouting of endothelial cells (563). On the other hand, S1P,
strengthens the adherens junctions between endothelial cells
(61, 562). Probably, S1P, signaling acts as a vascular-intrinsic
stabilization mechanism, protecting developing blood ves-
sels against aberrant angiogenic responses (Fig. 3).

S1P in vascular inflammation

Regulation of endothelial adherens junctions by S1P
signaling also plays critical roles in the maintenance of the
vascular barrier integrity. A dysfunctional endothelial barrier
leads to increased vascular permeability, which is one of the
central features of inflammation, tumor metastasis and ath-
erosclerosis. Pro-inflammatory mediators such as histamine
and leukotrienes induce loosening of adherens junctions
between endothelial cells to allow exudation of plasma pro-
teins such as antibodies and complement, and migration of
leukocytes and lymphocytes to the site of the inflammation.
On the other hand, S1P signaling strengthens the adherens
junctions to limit exaggerated inflammation (Fig. 3). Mutant
mice engineered to selectively lack plasma S1P by an indu-
cible sphingosine kinase 1/2 double-deletion system display
increased vascular leak and impaired survival after ana-
phylactic challenges by platelet-activating factor or hista-
mine (54). Similarly, pharmacological antagonism of S1P_ or
ApoM deficiency results in increased vascular permeability
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Fig. 3. S1P and vascular integrity. S1P, either carried by albumin or HDL-ApoM, acts on S1P, and induces cytoskeletal stabilization and
tightening of adherens junctions (AJs) in endothelial cells, while angiogenic signals such as vascular endothelial growth factor from hypoxic
tissues or pro-inflammatory signals such as histamine and leukotrienes induce loosening of Ads. S1P carried by HDL-ApoM also suppresses
pro-inflammatory endothelial responses induced by cytokines. These anti-angiogenic and anti-inflammatory actions by the S1P-S1P receptor

signaling system contribute to the maintenance of vascular integrity.
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and augmented inflammation (15, 55). Brain endothelial S1P,
signaling also maintains the blood-brain barrier by regulating
the proper localization of tight junction proteins (56).

Important events to maintain vascular integrity are re-
arrangements of cytoskeleton and assembly of adherens
junctions in endothelial cells (Fig. 3). S1P induces re-
organization of the actin cytoskeleton and accumulation of
VE-cadherin and a-, 8- and y-catenin to the sites of cell-cell
contact in conjunction with adherens junction assembly (57).
Activation of small G proteins Rac and Rho downstream of
the S1P, and S1P, signaling pathways are involved in the pro-
cesses (Fig. 1C) (57, 58).

Although the precise molecular mechanisms remain to
be clarified, S1P, signaling is involved also in the regula-
tion of the inflammatory status of vascular endothelial cells.
When S1P, deletion was induced in an endothelial-specific
manner, up-regulations of the pro-inflammatory endothe-
lial markers such as VCAM-1 and ICAM-1 were observed in
the descending aorta (59), where expression of these pro-
inflammatory molecules are usually suppressed compared to
the inflammation-susceptible areas under the disturbed blood
flow such as larger curvature and bifurcation points of the
aorta. S1P, shows disturbed intracellular localization in the
inflammation-susceptible areas, while S1P, are accumulated
in the adherens junctions in the endothelial cells under the
laminar flow (52, 59). These observations indicate that proper
S1P, localization and signaling are important to maintain vas-
cular homeostasis, and that the impairment of S1P, signaling
because of receptor internalization predisposes endothelial
cells to an inflammatory phenotype. In accordance with this
notion, endothelial S1P -deficient mice that were fed a high-
fat diet show increased formation of atherosclerotic lesions in
the descending aorta (59).

Chaperone-dependent S1P functions

As mentioned in the first section, ~65% of the S1P in circu-
lation is carried by HDL-anchored ApoM and the remainder
by albumin (14). Identification of ApoM as a specific S1P
chaperone revealed the importance of ApoM-bound S1P
in mediating anti-inflammatory effects of HDL on endothe-
lial cells. In this section, we describe functional differences
between ApoM- and albumin-bound S1P, the contribution
of ApoM-S1P to the HDL functions and a novel therapeutic
strategy utilizing ApoM-S1P.

Functional differences between ApoM- and
albumin-bound S1P

In vitro studies showed that both ApoM- and albumin-bound
S1P can activate S1P_ , to evoke intracellular signaling events
such as ERK, , and Akt phosphorylation (Fig. 1C) (15, 59, 60).
However, suppression of cAMP production downstream of the
Go,-related pathway is only observed by albumin-bound S1P
in $1P -expressing cells (Fig. 1C), and S1P,-internalization
upon S1P stimulation is induced more efficiently by albumin-
S1P than by ApoM-S1P (59). In endothelial culture systems,
ApoM-S1P increases trans-endothelial electric resistance (an
indicator of the barrier function) in a sustained manner over
a few hours, while albumin-S1P induces a transient increase
that goes back to the base-line level after around 30 min (60,

61). In addition, only ApoM-S1P suppresses cytokine-induced
inflammatory responses in endothelial cells (Fig. 3) (59).
These results in endothelial cells suggest that ApoM is a more
physiologically relevant carrier protein for S1P than albumin in
terms of the maintenance of vascular integrity. In lymphocytes,
ApoM-S1P regulates lymphopoiesis in bone marrow (62).

The molecular basis for the functional differences between
ApoM- and albumin-bound S1P remains to be elucidated.
One possibility is that ApoM-S1P acts on the receptors in a
sustained release manner, because ApoM has higher affinity
to S1P than albumin and protects S1P from degradation by
lipid phosphate phosphatases (7, 63, 64). Another possibility
is that ApoM or some other molecules on HDL interact with
S1P receptors or other receptor-associated molecules to form
a signaling complex that allows context-dependent signaling
via S1P receptors. While albumin serves as a promiscuous
binding protein for various hydrophobic molecules, ApoM
probably plays pivotal roles as a specific S1P chaperone in
the S1P transport and the receptor activation to evoke spe-
cific biological responses.

Anti-inflammatory functions of AboM-S1P contained
in HDL

Multiple epidemiological studies have established the
inverse-correlation between HDL-cholesterol levels and
cardiovascular disease. This is mainly attributed to the
‘reverse-cholesterol transport’ by HDL that extracts exces-
sive cholesterol from peripheral tissues and carries it back to
the liver. In addition, HDL has various athero-protective func-
tions such as anti-oxidative, anti-thrombotic and anti-inflam-
matory properties (65). ApoM-S1P on HDL serves as one of
the main components that exert the anti-inflammatory effects.
Cytokine-induced inflammatory responses in endothelial cells
were suppressed by ApoM-S1P-containing HDL (Fig. 3) but
not by ApoM-deficient HDL prepared from ApoM knockout
mice (59). HDL particles prepared from patients with coronary
artery disease show a reduced S1P content and some func-
tional defects such as impaired NO-dependent vasodilation
and suppression of cytokine-induced inflammation of vas-
cular smooth muscle cells (66-69). A diminished HDL-S1P
content is also observed in acute myocardial infarction (66),
type Il diabetes (70, 71) and chronic kidney disease (72). It
remains to be elucidated how the decrease in HDL-S1P con-
tent is induced in these pathological conditions.

Novel therapeutic strategy utilizing ApoM-S1P

So far, clinical trials that raised the HDL-cholesterol levels
have not been successful in reducing the risk of cardiovas-
cular diseases. HDL function, rather than the HDL-cholesterol
level, is likely more important for the beneficial properties of
HDL (73). Since ApoM-S1P has been proven to be one of
the major components of HDL that carry anti-inflammatory
effects (59), therapeutic intervention that aims to increase
the ApoM-S1P concentration could be promising. Along the
lines of this concept, we engineered ApoM-Fc, in which the
C-terminal end of ApoM is fused with the Fc region of IgG
to avoid rapid clearance of free ApoM by kidney (74). S1P
bound to ApoM-Fc maintained the ability to activate S1P re-
ceptors and promoted endothelial function in a sustained



manner in vitro (60). When injected intraperitoneally in mice,
ApoM-Fc showed a plasma half-life of about 90 h and 100 ng
ApoM-Fc administration increased the plasma S1P concen-
tration by 30% after 24 h of the injection (60). On the other
hand, ApoM-Fc-TM (triple mutant ApoM that lacks the ability
of S1P binding) showed a comparable plasma half-life but
did not increase the plasma S1P concentration. ApoM-Fc ad-
ministration reduced blood pressure in hypertensive mice,
attenuated myocardial damage after ischemia/reperfusion
injury and reduced brain infarct volume in the experimental
model of stroke, which were not observed by ApoM-Fc-TM
administration (60). Reduction of the blood pressure and at-
tenuation of the ischemic injury are probably due to the in-
creased NO production and the improved vascular barrier
function, respectively, via the strengthened S1P, signaling by
ApoM-Fc in endothelial cells. In contrast, ApoM-Fc did not
modulate circulating lymphocyte numbers, suggesting that it
specifically activated endothelial S1P receptors. This study
suggests that selective and sustained targeting of endothelial
S1P receptors by ApoM-Fc could be a beneficial therapeutic
strategy in vascular diseases.

Conclusions

In this short review, we summarized the importance of the
S1P-S1P receptor signaling system in the regulation of inflam-
matory processes. The steep S1P gradient between lymphoid
organs and circulation, and fine tuning of the intracellular
S1P, localization enable efficient egress of lymphocytes
from lymphoid organs. Blockage of the S1P-S1P receptor
signaling system results in lymphopenia due to accumulation
of lymphocytes in lymphoid organs, which provides a basis
for immunomodulatory drugs targeting S1P,. The S1P-S1P
receptor signaling system also plays important roles in the
maintenance of vascular integrity as a potent suppressor of
sprouting angiogenesis as well as a regulator of vascular per-
meability and inflammation. Especially, ApoM-bound S1P on
HDL contributes to shaping the anti-inflammatory properties
of HDL. While blockage of the S1P-S1P receptor signaling
system in lymphocytes is beneficial for the suppression of in-
flammatory responses, it could have adverse effects in terms
of the maintenance of vascular integrity. Our recent study (60)
indicated that therapeutic intervention that aims to increase
the ApoM-S1P concentration could be beneficial for treating
vascular diseases without affecting lymphocyte trafficking.
Further studies in preclinical models as well as clinical trials
will warrant the development of immunomodulatory drugs
based on the anti-inflammatory property of ApoM-bound S1P.
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