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Abstract

Lysophospholipids, exemplified by lysophosphatidic acid (LPA) and sphin-
gosine 1-phosphate (S1P), are produced by the metabolism and perturba-
tion of biological membranes. Both molecules are established extracellular
lipid mediators that signal via specific G protein—coupled receptors in ver-
tebrates. This widespread signaling axis regulates the development, physi-
ological functions, and pathological processes of all organ systems. Indeed,
recent research into LPA and S1P has revealed their important roles in cellu-
lar stress signaling, inflammation, resolution, and host defense responses. In
this review, we focus on how LPA regulates fibrosis, neuropathic pain, abnor-
mal angiogenesis, endometriosis, and disorders of neuroectodermal develop-
ment such as hydrocephalus and alopecia. In addition, we discuss how S1P
controls collective behavior, apoptotic cell clearance, and immunosurveil-
lance of cancers. Advances in lysophospholipid research have led to new
therapeutics in autoimmune diseases, with many more in earlier stages of
development for a wide variety of diseases, such as fibrotic disorders, vascu-
lar diseases, and cancer.
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1. INTRODUCTION AND HISTORY OF LYSOPHOSPHOLIPID
MEDIATORS

Phospholipids, the main component of biological membranes, usually have two fatty acid
chains. Phospholipids with a single fatty acid are called lysophospholipids, even though their
concentrations are much lower than those of conventional phospholipids in cells and tissues.
Like phospholipids, lysophospholipids are classified by their polar head structure. For exam-
ple, lysophosphatidylcholine (LPC) has choline in its polar head and lysophosphatidylserine
(LysoPS) has r-serine. Lysophospholipids are also classified as glycerolysophospholipids or
sphingolysophospholipids depending on whether they have a glycerol or sphingosine backbone,
respectively. Lysophospholipids detected in vivo consist of many molecular species that differ in
the combinations of their polar groups and acyl groups. Lysophospholipids such as lysophospha-
tidic acid (LPA), sphingosine 1-phosphate (S1P), lysophosphatidylinositol, and LysoPS have their
own synthetic routes; can induce cellular responses such as cellular morphological changes, cell
proliferation, cell migration, and cytoskeletal changes; and have various pharmacological actions
(1). Thus, these lysophospholipids have been termed bioactive lysophospholipids or lysophospho-
lipid mediators. To elucidate the biological roles of lysophospholipids, researchers must identify
their receptors, transporters, and metabolic enzymes. Over the past two decades, many of these key
molecules have been identified. In addition, studies of knockout mice have shown that lysophos-
pholipids have a variety of pathophysiological functions (2-6). In this review, we focus on LPA and
S1P (Figure 1), two of the bioactive lysophospholipids, and outline their production, mechanism
of action, cellular responses, and function in the pathogenesis of disease in multiple organ systems.
We also summarize recent findings on S1P and contrast its pathobiology with that of LPA.
Historically, the name lysophosphatide was given to the product formed by the action of snake
venom enzymes on phospholipids from egg yolks and brain. Around the turn of the twentieth
century, biochemists named such materials lysolecithin and lysocephalin and noticed associated
hemolytic and thromboplastic activities, respectively. The famed biochemist Seymour Cohen,
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Figure 1

Structures of lysophosphatidic acid (LPA) and sphingosine 1-phosphate (S1P). LPA is classified as
1-acyl-LPA, 2-acyl-LPA, or 1-alkyl-LPA according to the differences in the linkage of a fatty acid to the
glycerol backbone. S1P is classified as S1P, dihydro S1P, or phyto S1P on the basis of differences in the
sphingosine backbone. The fatty acid carbons of S1P are not diverse, whereas the fatty acids of LPA are
extremely diverse in terms of their length and degree of unsaturation, which results in different biological
activities (via receptor activation).
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along with Erwin Chargaff (7), described the chemical composition of lysophosphatides and sug-
gested the existence of lipid esterases in the formation of substances that contain fatty acids and
a phosphoglycerol backbone. Because lysophospholipids were chaotropic for membranes, they
have since been considered as lytic compounds involved in cell death. However, LPA regulates
arterial ring contraction ex vivo and modulates systemic blood pressure when injected in vivo
(8). Moolenaar and colleagues (1, 9) described G protein—coupled mechanisms that are required
for the proliferative effects of LPA on fibroblasts, suggesting the existence of specific membrane
receptors. This was followed by serendipitous cloning of LPA receptors (LPARs) (10), which ulti-
mately led to the identification and characterization (11) of six receptors for LPA (2). S1P, which
was considered an intracellular second messenger involved in cell proliferation induced by growth
factors, was demonstrated to be a high-affinity ligand for the G protein—coupled receptor (GPCR)
EDG-1, previously cloned as an inducible endothelial gene. It was identified as the first S1P re-
ceptor (SIPR1) (12, 13). This also led to the ultimate characterization of four additional S1PRs
(S1PR2-5) (Figure 2).
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Figure 2

Production, degradation, transport, and action of lysophosphatidic acid (LPA) and sphingosine

1-phosphate (S1P). Whereas LPA is produced extracellularly, S1P is produced intracellularly. At

least two pathways are postulated for LPA. (D) In the autotaxin (ATX) pathway, lysophospholipids (LPLs),
mainly lysophosphatidylcholine (LPC), are produced by the action of phospholipase A; or Ay (PLAj/2), and
the resulting LPLs are converted to LPA by ATX. (®) In the non-ATX pathway, phosphatidic acid (PA) is
generated on the cell membrane, possibly by phospholipase D (PLD), and the resulting PA is converted to LPA
by PA-selective phospholipase A1 (PA-PLA; ). LPA targets the six LPA receptors (LPA_¢). LPA is specifically
degraded by lipid phosphate phosphatases (LPPs) to monoacylglycerol (MAG) and phosphate. S1P is
produced mainly from sphingosine (Sph) by a phosphorylation reaction. Two sphingosine kinases (SphK1 and
SphK2) have been identified. S1P produced intracellularly is transported outside by S1P-specific transporters
(Spns2 and MFSD2B). Meanwhile, S1P is degraded by lyase to hexadecenal (HD) and phosphoethanolamine
(PE). After transport to the extracellular milieu, SIP binds to ApoM on high-density lipoprotein (HDL) and
circulates in the bloodstream. LPPs are also responsible for extracellular degradation of S1P. HDL-bound
S1P is brought close to the receptors (S1P_s), which then activates intracellular signaling pathways.
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2. PHYSICOCHEMICAL CONSIDERATIONS AND GENERAL
PRINCIPLES OF LYSOPHOSPHOLIPID SIGNALING

Membrane phospholipid composition, asymmetry, and turnover are dynamically regulated to
maintain the optimal function of cells (14). Cellular perturbations such as biomechanical forces
(shear stress, pressure, surface tension), thermal changes, and reactive oxygen species (due to ra-
diation and cellular sources) induce disorder in membrane organization (15, 16). Thus, organisms
have developed complex mechanisms to restore homeostatic states of biological membranes. Such
mechanisms require the actions of metabolic enzymes, phospholipid transporters/flippases, and
binding proteins. Lysophospholipids, which are generated during membrane perturbation and
homeostasis, possess unique shapes, solubility, and dynamic properties (17).

In general, the two types of ester bonds found in the structure of phospholipids—
phosphodiester and ester bonds—are easily cleaved by esterases. In addition, various types of
phospholipases activated in disease states target these chemical bonds, producing lipid metabolites
such as eicosanoids and lysophospholipids (14). In contrast, lysophospholipids with ether bonds,
lysoplasmalogens, are more stable to esterases. The unique biology of lysoplasmalogens (18, 19)
is not covered here.

Because of their single acyl chain content (Figure 1), lysophospholipids are less hydropho-
bic than diacyl phospholipids. This property enables them to be released from membranes
and lipoproteins. Thus, many biophysical and biochemical stimuli induce the formation of
lysophospholipids. Highly potent animal venoms and pathogenic microorganisms contain en-
zymes to rapidly generate lysophospholipids, which mediate part of the toxic effects (20). In
general, lysophospholipids are short-lived, as they are rapidly degraded by dephosphorylation,
acylation, or deacylation. Cell surface-localized degradative enzymes such as lipid phosphate
phosphatases (LPPs) degrade these molecules and thus reduce their activities on cells (Figure 2).
Like eicosanoids (prostaglandins and leukotrienes), lysophospholipids are produced by specific
pathways and target GPCRs (21) (Figure 2). Through these receptors lysophospholipids exert
diverse pathophysiological functions.

Structural, biochemical, pharmacological, and signal transduction properties of GPCRs for
LPA and S1P have been extensively discussed in previous reviews (2, 22, 23). In this review, we
address the recent findings of lysophospholipid pathophysiology.

3. LYSOPHOSPHOLIPIDS AND PATHOLOGICAL MECHANISMS
3.1. Cellular Stress Signaling

Cell stress due to mechanical trauma, radiation (X-ray, UV), heat, hypoxia, reoxygenation,
and microbial insults leads to membrane phospholipid disturbances due to physical forces,
presence of phospholipase enzymes, and reactive oxygen species. This leads to the formation of
lysophospholipids (24-28). The role of these lipids, which have unique biophysical properties, in
membrane function is poorly understood but may well underlie the molecular basis of membrane
perturbations, for example, swelling, blebbing, and endocytosis (29). In addition, such molecules,
for example, LPA and S1P, are readily solubilized, particularly facilitated by chaperone molecules
and lipoprotein particles that can stably bind them. Lysophospholipid molecules released from
cell membranes change membrane properties and provide a pool of paracrine mediators that
influence neighboring cells that express GPCRs for such mediators. Lysophospholipids that are
cell associated can act as autocrine signaling molecules on GPCRs that are expressed in the same
cell (4). Such signaling mechanisms have diverse biological effects, as discussed below. GPCRs
for lysophospholipids have been found only in vertebrates, whereas the ligands are present
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throughout all organisms that contain phospholipids in membranes. Thus, it is likely that GPCR
signaling of extracellular lysophospholipids coevolved with vertebrates.

As discussed in detail in previous reviews (2, 22), GPCRs for LPA and S1P exhibit diverse
signaling mechanisms that depend on differential coupling to multiple cytosolic effectors and
coreceptors. Most cells have more than one type of lysophospholipid GPCR, which indicates the
widespread nature of this signaling axis in embryo development and physiology. Downstream
processes, including cellular contraction, shape change, adhesion (cell-cell and cell-matrix), mi-
gration, survival, and death, are all regulated by various lysophospholipid GPCRs. Because these
processes are also regulated by multiple signals (i.e., cytokines, growth factors, and hormones), co-
operation between multiple receptor-dependent mechanisms may be important for the eventual
outcome of cell survival or death during stressful stimuli. The role of lysophospholipid signaling
in stress signaling of long-lived cells versus cells that rapidly turn over, for example, neurons and
endothelial cells versus neutrophils and epithelial cells, respectively, is currently not known. In ad-
dition, their roles in cellular senescence and organismal aging are an understudied area of research.

3.2. Inflammation and Resolution Processes

The five cardinal signs of inflammation, rubor (redness), tumor (swelling), calor (heat), dolor (pain),
and functio lnesa (loss of function), are induced by multiple mediators. The protective mechanisms
of normal inflammation are reversed by resolution processes (30). Lysophospholipids are gen-
erated during many of these processes and participate in them (4-6). For example, vasodilation,
vasoconstriction, and vascular leak are regulated both positively and negatively by lysophospho-
lipids. Endothelia-expressed G;-coupled S1PRs mediate vasodilatation, whereas vascular smooth-
muscle-expressed Gq- and Gy,/13-coupled SIPRs and LPARs induce vasoconstriction. The former
also inhibit vascular leak by inducing adherens junction assembly in endothelial cells, whereas the
latter are either expressed in some endothelial cells constitutively (albeit at lower levels) or induced
during inflammatory conditions to promote vascular leak. Thus, lysophospholipids likely influence
the function of classical mediators of vascular permeability, for example, histamine, serotonin, and
bradykinins. In addition to vascular intrinsic effects, lysophospholipids regulate hematopoietic and
immune cells during inflammation. For example, platelet aggregation, red blood cell metabolism,
neutrophil phagocytosis, macrophage fate switching, mast cell release of mediators, innate im-
munity, natural killer and dendritic cell migration, hematopoietic stem/progenitor cell release
into circulation, and adaptive (T and B) cell trafficking and tissue residency are all regulated by
lysophospholipid signaling via GPCRs (4, 6, 31, 32). Modulation of SIPR1-dependent autore-
active immune cell trafficking by GPCR functional antagonists is currently a first-line pharma-
cotherapy for multiple sclerosis and is undergoing clinical trials for systemic lupus erythematosus
and inflammatory bowel disease. Thus, lysophospholipid GPCRs regulate both innate and adap-
tive immune responses in a complex manner to affect inflammatory and resolution responses (33—
35).In addition, direct action of LPA and S1P on neuronal and neural cells induces pain responses
in both central and peripheral nervous tissues (36). Therefore, altered lysophospholipid concentra-
tions due to cell perturbation, vascular leak, immune cell composition changes, or a combination
thereof lead to inflammatory and neuropathic pain. In this context, cannabinoid receptors, which
are closely related to lysophospholipid receptors, inhibit pain in many systems. In contrast, the role
of lysophospholipid mediators in the resolution of inflammatory responses is poorly understood.

3.3. Host Defense and Infectious Disease

Due to their broad roles in cell-cell communication events, lysophospholipids have been im-
plicated in the host defense response against bacterial and viral infections. In systemic bacterial
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infections (sepsis), reduced level of S1P in plasma is associated with poor outcomes in severe sepsis
in humans as well as in preclinical animal models (37). The ability of circulating S1P to maintain
vascular tone and maintain blood pressure and organ perfusion appears to be critical for the host to
withstand acute circulatory shock and plasma volume depletion (38). Viral infection (influenza and
respiratory syncytial virus)-induced cytokine storm, which damages the host and leads to severe
disease and death, is attenuated by the activation of vascular endothelial SIPR1 by small-molecule
agonists in animal models (39). Suppression of vascular leak and attenuation of the inflammatory
responses may be involved in this protective effect. Indeed, in humans with severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) infections, reduced levels of S1P and chaperone ApoM in
plasma are associated with poor outcomes (40, 41). However, because SIPR1 agonists have com-
plex effects on vascular and immune systems, therapeutic modulation of this system awaits addi-
tional basic research into pathogenetic mechanisms and the development of novel therapeutics.

4. LYSOPHOSPHATIDIC ACID
4.1. Structure

LPA is the simplest glycerophospholipid, consisting of an acyl group and a phosphate group that
is attached covalently to a glycerol backbone (Figure 1). LPA detected in vivo is composed of sev-
eral molecular species with various types of fatty acids (e.g., oleic acid, arachidonic acid) at either
the sn-1 or the sn-2 position of the glycerol backbone. It should be stressed that the structural
differences of LPA affect its receptor activation (11, 42) and thus its physiological activity. Spe-
cific mechanisms of LPA production as stated below give rise to different LPA molecular species.
Liquid chromatography with tandem mass spectrometry (LC-MS/MS) is currently the best
method to distinguish and detect LPA species (43). S1P is structurally similar to LPA except that it
has a sphingosine backbone (Figure 1). Unlike LPA, S1P is found in only a few molecular species.

4.2. Receptors for Lysophosphatidic Acid

It was recognized early on that LPA and S1P induce similar cellular behaviors, such as cell mi-
gration, morphological change, and proliferation (1, 9). LPA;/Edg2/Vzg-1 was proposed by the
Chun group (10) as a GPCR for LPA that induced neurite retraction, which was subsequently
shown to be correct when the high-affinity ligand binding assays were done. LPA; belongs to the
endothelial differentiation gene (EDG) family (12, 44), which consists of eight members. After the
discovery of LPA/Edg2, the characterization of other EDG family members led to the identifica-
tion of another two LPARs (LPA,/Edg4 and LPA;/Edg7) (3, 23). EDG-1, originally cloned as an
inducible gene from endothelial cells, was identified as an S1PR independently by a novel cell—cell
adhesion assay that involved adherens junction assembly (13). The remaining four GPCRs (Edg3,
Edg5, Edg6, Edg8) were soon identified as SIPRs. These studies in the late 1990s had revealed
that LPA and SIP were recognized by similar but distinct GPCRs. In 2003, Ishii and colleagues
(45) identified the fourth LPAR (LPA4/P2Y9). LPA4/P2Y9 belonged to the P2Y receptor fam-
ily, which in a phylogenetic tree was distant from the EDG family. Subsequently, LPAs/GPR92
and LPA4/P2Y5, both of which are close homologs of LPA4, were reported as the fifth and sixth
LPARs, respectively (2). Thus, currently there are six receptors for LPA. These LPARs are divided
into two subfamilies: the EDG family LPARs (LPA;, LPA;, and LPA;) and the non-EDG (or P2Y)
family LPARs (LPA4, LPAs, and LPAg).

After the discovery of LPARs and S1PRs, several GPCRs for other lysophospholipids were
found. These include GPR34, P2Y10,A630033H20, and GPR174 for LysoPS (46) and GPRS55 for
sugar-containing lysophospholipids such as lysophosphatidylinositol and lysophosphatidylglucose
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(47). All five of these GPCRs are members of the P2Y family. Generally, P2Y family members
recognize nucleotides such as ATP and ADP, which have phosphodiester bonds in their structure.
Because the phosphodiester bonds are also present in the structure of lysophospholipids, P2Y
family members share a common feature that recognizes the phosphodiester bond in nucleotide
or lysophospholipid. The recent elucidation of the crystal structures of P2Y1, P2Y12 (receptors
for ADP), and LPA4/P2Y5 also supports this idea (48-50).

4.3. Metabolic Enzymes for Lysophosphatidic Acid

Although LPA and S1P are recognized by similar receptors (i.e., EDG family members), they are
produced by different mechanisms. LPA is produced extracellularly (Figure 2), whereas S1P is
synthesized intracellularly and is transported outside the cell via specific transporters (51). LPA
is also produced inside the cell by the acylation reaction from glycerol-3-phosphate. However,
this conserved pathway is thought to be responsible for de novo synthesis of phospholipids and
may not be involved in the production of LPA as a signaling molecule.

Extracellular synthesis of LPA can occur via multiple routes. In one route, LPA is converted
from lysophospholipids by lysophospholipase D, which cleaves the polar groups of lysophospho-
lipids, including LPC (Figure 2). In 2002, our group (52) and Tokumura et al. (53) purified the
responsible enzyme from fetal calf and human sera, respectively, which was shown to be identical
to autotaxin (ATX). ATX was originally identified as a motility-stimulating factor in culture me-
dia from highly metastatic melanoma cells. This finding led to the idea that ATX promotes the
migration of cancer cells via LPAR and that LPA is involved in tumor metastasis and invasion.
Indeed, ATX-induced cancer cell migration was effectively blocked when LPA; receptors on the
cancer cells were inactivated (54). Thus, LPARs and the LPA-producing enzyme ATX attracted
much attention as targets for cancer treatment.

LPA is also produced by deacylation of phosphatidic acid (PA) (Figure 2). We biochemically
identified a secreted enzyme called PA-selective phospholipase A; [PA-PLA;q, also known as
lipase H (LIPH)], which was responsible for deacylating PA on the cell surface (55). However,
PA-producing enzymes such as phospholipase D and diacylglycerol kinases are confined to the
cytoplasm. Thus, LPA production mediated by PA-PLA;a is thought to be coupled with PA
production and transport.

Of the two LPA-producing enzymes, secreted ATX is present in various biological fluids, in-
cluding plasma, cerebrospinal fluids, urine, and cancer ascites. The ATX substrate, LPC, is also
present in these fluids and is especially abundant in plasma and ascites. Thus, LPA appears to be
continuously produced and present in various parts of the body that are exposed to these biolog-
ical fluids. In fact, LPA has been detected in biological fluids such as plasma, cerebrospinal fluids,
seminal fluids, and saliva (56-58). Especially in incubated plasma and serum, LPA can be present
at the micromolar level, which is sufficient to elicit LPAR activation (59). LPC is also the major
component of the cellular phospholipids. Indeed, LPC is present on the outer leaflet of the lipid
bilayer of plasma membrane in various cell types. These LPC species also serve as a substrate
for ATX. Addition of recombinant ATX protein to the culture can induce cellular migration in
serum-free media in a LPAR-dependent manner, suggesting that cellular LPC is the functional
substrate for ATX.

LPA and S1P have a unique exposed phosphate group (Figure 1), which is necessary for binding
to their receptors and can be a possible target for degradation. Several ecto-phosphatases present
on the cell surface (i.e., LPPs) have been identified. LPPs are specific to lipid phosphates such as
LPA, S1P, PA, and ceramide 1-phosphate (60) and negatively regulate LPA signaling as well as
S1P signaling by dephosphorylating and inactivating LPA and S1P.
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4.4. Physiological Regulation of Lysophosphatidic Acid Levels

As stated above, LPA is present in various body fluids, including blood (serum and plasma), cere-
brospinal fluid, seminal plasma, and saliva (57, 61-63). Several clinical studies have reported ele-
vated levels of LPA in plasma in patients with various diseases, including malignant tumors (64,
65), hepatitis (66), and acute coronary syndrome (67, 68), raising the possibility that plasma LPA
could be used as a biomarker for these diseases. Although levels of LPA in plasma are clinically
significant, reported LPA concentration, even under physiological conditions, can vary by an or-
der of magnitude depending on sample collection and processing techniques. For example, levels
of LPA in plasma varied widely in both patients with ovarian cancer (1.0-43.1 wM) and healthy
controls (0.1-6.3 pM) (69). Also, LPA concentrations of 200 nM (70), 120 nM (71), and several
tens of nanometers (72) in plasma from healthy human subjects have been reported. The analyses
have shown a large scattering even in the same test, suggesting that the different ways in which
the blood samples were handled and the LPA postsample collection was generated were the rea-
sons for this variation. We recently established an optimized plasma preparation method that pre-
cisely reflects the concentration of LPA in the circulating blood (73). When this method was used,
LPA levels in human and mouse were much lower than those previously reported, ranging from
40 to 50 nM, the suboptimal concentration for receptor activation. The plasma S1P concentra-
tions reported so far were much higher than those for LPA, ranging from 400 to 1,000 nM (74), the
concentrations sufficient to activate S1PRs. Accumulating evidence has suggested that the level
of ATX substrates (i.e., LPC) is elevated in various diseases, including neuropathic pain (75) and
lung fibrosis (76). Thus, in contrast to SI1P, which is available to cells in the blood and lymphatic
vascular systems, LPA is thought to be produced locally depending on disease states.

LPA is also detected in cells and tissues. It is an integral intermediate in the de novo synthesis
of phospholipids and is present in essentially all cells. However, we know little about whether this
intracellular LPA stimulates receptors outside the cell, because unlike S1P, which is synthesized
intracellularly and transported outside the cells, transporters for LPA have not been described. In
addition, we have been unable to determine whether LPA detected in tissues is present inside or
outside the cells. Mice in which LPP3, which regulates the levels of extracellular LPA and SIP,
was knocked out had higher levels of LPA and S1P in their tissues (60), clearly showing that a part
of tissue-associated LPA and S1P exists outside the cells and is available for both receptors and
LPP3.

4.5. Cellular Functions of Lysophosphatidic Acid

As with other GPCR-targeting ligands, LPA induces intracellular signals via G proteins. The G
proteins are roughly divided into four subgroups, Gai, Gag, Gas, and Gozi3, and each LPAR
is coupled with a single or multiple G proteins to induce intracellular signals. In various cells
and cell lines, the EDG family LPARs LPA;, LPA, and LPA; couple with Go;, Gag/Ga;, and
Gay, respectively (2). LPA4, LPAs, and LPA4, which do not belong to the EDG family, couple
primarily with Goz/13. The coupling of LPARs with G proteins has been verified only in cells
that are easily transfected, such as HEK293 and CHO-K1 cells, so it is uncertain whether the
result can be applied to cells that intrinsically express LPARs. For example, although the LPA4
receptor couples with Goy (77), it is not clear whether LPA4 couples with Go, in LPA4-expressing
cells in vivo.

Before we could understand the holistic pathophysiological functions (i.e., in vivo functions
of LPA), we attempted to understand the cellular functions of LPA through each LPAR using
reductionist approaches. The functions of LPA at the cellular level have been studied by examining
the effect of LPA on various cell types in vitro. For example, LPA promotes cell proliferation (78)
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and can retract elongating axons of neurons (1, 9). In addition, ATX, one of the LPA-producing
enzymes, was originally characterized as a motility factor for cancer cell migration (79).

The development of LPAR gene-deleted mice (knockout) and receptor-selective antagonists
(80) has made it possible to verify the cellular functions of LPA in vitro. These analyses revealed
that LPA stimulates cell migration of fibroblasts and cancer cells via LPA; (54) and that LPA repels
the growth of nerve cell axons via a Gay;-coupled LPAR (81), possibly LPAs. However, these in
vitro functions of LPA have not been demonstrated at the in vivo level. At present, it is unclear
whether LPA functions observed in vitro reflect those observed in vivo, as discussed in Section 4.6.

4.6. Pathophysiological Functions of Lysophosphatidic Acid

After the discovery of LPARs and LPA-producing enzymes, most of the pathophysiological func-
tions of LPA have been elucidated by analyzing the knockout mouse phenotypes of LPARs and
LPA-producing enzymes. Some pathological functions of LPA have been deduced through stud-
ies of human patients that are genetically deficient in LPARs or LPA-producing enzymes. The
following subsections describe some examples in both mice and humans.

4.6.1. Fibrosis. In 2008, Tager et al. (82) first demonstrated that LPA levels are high in bron-
choalveolar lavage fluid following lung injury in the bleomycin model of pulmonary fibrosis in
mice and in patients with idiopathic pulmonary fibrosis. Furthermore, they showed that mice
lacking LPA; were markedly protected from lung fibrosis and death in the bleomycin model. The
absence of LPA; led to reduced fibroblast recruitment and vascular leak, which are the two hall-
marks of injury-induced lung fibrosis. Later, the Natarajan group (83) demonstrated that LPA,
had a protective role in bleomycin-induced lung fibrosis. The involvement of other LPARs in
lung fibrosis has not been demonstrated. Among the LPARs, LPAg is highly expressed in the lung,
as are LPA; and LPA,, implicating a potential role of LPA; in the development of lung fibrosis.
LPA, has been implicated in the fibrosis of other tissues, such as the kidney and the skin. Us-
ing a mouse model of unilateral ureteral obstruction-induced renal fibrosis, the Tager group (84)
demonstrated that accumulations of both fibroblasts and myofibroblasts were significantly atten-
uated in LPA; knockout mice. The same group also demonstrated that bleomycin-induced skin
fibrosis (a model of scleroderma) was significantly attenuated in LPA; but not in LPA, knockout
mice (85). Thus, LPA; appears to be responsible for the fibrosis of many organs. Within these
tissues, fibroblasts predominantly express LPA;. Indeed, fibroblasts and their relative cells such as
chondrocytes, myofibroblasts, and osteoblasts highly express LPA; receptors. These cells have a
critical role in producing extracellular matrices such as collagen and fibronectin. The LPA; signal
appeared to be involved in the development of cartilage and bone in mice (86).

In contrast to the receptors, the LPA-producing enzymes involved in the pathology of fibro-
sis are less studied. In the bronchoalveolar lavage fluids from both mouse models of lung fibrosis
and patients, high levels of ATX proteins were detected with significant levels of LPA and LPC,
suggesting the involvement of ATX (Figure 34). However, this possibility was once denied be-
cause levels of LPA in the bronchoalveolar lavage fluids in bleomycin-induced lung fibrosis did
not decrease in animals treated with an ATX inhibitor (76). However, the Aidinis group (87) has
demonstrated that the ATX-LPA; axis promoted bleomycin lung fibrosis in mice. They showed
increased concentrations of ATX in both murine and human fibrotic lungs. The deletion of the
ATX gene specifically in bronchial epithelial cells or macrophages attenuated disease severity. Fur-
thermore, the pharmacological inhibition of ATX dramatically reduced the development of the
disease. Another study, performed by Maher et al. (88), showed that treatment with the ATX
inhibitor GLPG1690 had positive effects on the progression of lung fibrosis in humans. The
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Pathophysiology of lysophosphatidic acid (LPA). LPA signaling via specific LPA-producing enzymes and LPA receptors is involved in
pathophysiological conditions, including (#) lung fibrosis, (b)) neuropathy pain, () uterine decidualization, and (4) hair follicle
formation. (#) Upon lung injury, lysophosphatidylcholine (LPC) and autotaxin (ATX) levels increase and activate the LPA; receptor on
fibroblasts in the alveolar compartment, which leads to the progression of fibrosis by depositing extracellular matrix (ECM)
components. (b)) Upon nerve injury, newly produced LPC is converted to LPA by ATX, which is always present in cerebrospinal fluid.
LPA then acts on LPA; in myelin, inducing demyelination and the subsequent manifestation of pain. () When fertilized eggs interact
with uteri (implantation), LPC present in eggs is converted to LPA by ATX, which is expressed abundantly on the surface of uteri
(uterine epithelium). Accordingly, LPA3 is activated, as the epithelium also expresses a high level of LPA3, which then activates the
decidualization factors such as cyclooxygenase-2 (COX-2), heparin-binding epidermal growth factor (HB-EGF), Wnt4, and Bmp2.
Ectopic activation of LPA3 also induces endometriosis (not shown). (d) An LPA-producing enzyme, phosphatidic acid (PA)-selective
phospholipase A; (PA-PLA;a), and an LPA receptor, LPAg, are expressed in specific layers of keratinocytes in hair follicles. Activation
of LPA¢ induces an ectodomain shedding of transforming growth factor o (TGFu), an epidermal growth factor receptor (EGFR) ligand
in the skin, which leads to the formation of hair follicles.

observation that ATX inhibitors can stabilize and, in some cases, improve lung function was an
encouraging result for patients with idiopathic pulmonary fibrosis, and GLPG1690 is currently
in two phase III clinical trials.

4.6.2. Neuropathic pain. In 2004, Ueda and colleagues (89) found that allodynia and hyper-
algesia, induced by neuropathy, were greatly reduced in LPA; knockout mice. In support of this
finding, intraspinal administration of LPA demyelinated the dorsal root nerve, which was also
LPA; dependent. Intraspinal administration of lysolecithin (LPC) has long been used as a model
for demyelination and its associated pain (90). Cerebrospinal fluid contains a high concentra-
tion of ATX (approximately twice that of plasma). However, unlike plasma, it contains little LPC.
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Therefore, it was expected that lysolecithin administered into the spinal cord would be converted
to LPA by the action of ATX and would induce demyelination and pain via the LPA; receptor
(Figure 3b). The same group demonstrated the plausibility of this hypothesis, showing an im-
portant role for the ATX-LPA-LPA; axis in developing neuropathic pain, at least in rodents (36).
These studies have suggested that the production of LPC is induced as a result of nerve injury.
Indeed, it is the case both in animal models and in the clinic. The level of various lysophospho-
lipids, including LPC and LPA, can be readily determined by LC-MS/MS. The Yatomi group (91)
detected very high levels of LPC and LPA in cerebrospinal fluid of patients with neuropathic pain,
including scoliosis, and showed that the levels correlated well with pain. The group also showed
that levels of LPC and LPA in cerebrospinal fluid are elevated in a rat model of scoliosis and
that ATX inhibitors ameliorate the progression of the condition in this case (75). These studies
have demonstrated that LPC and LPA are diagnostic markers and that both ATX and LPA; are
promising targets for neuropathy pain.

4.6.3. Normal and pathological angiogenesis. A study of mice in which ATX, a major LPA-
producing enzyme in plasma, was knocked out revealed that LPA signaling had a critical role in
embryonic blood vessel formation (92) (Figure 32). ATX knockout mice were lethal at embry-
onic day 10.5 due to impaired embryonic vessel formation. The knockout of several key signal
molecules downstream of ATX-LPA signaling such as Gay; and Rho kinases (ROCKs) caused a
similar vascular defect phenotype (93). Endothelial cell-specific Go; conditional knockout mice
also showed this vascular defect (94). Thus, the ATX-LPA-Ga,3-ROCK signaling axis in endothe-
lial cells is thought to be involved in regulating embryonic blood vessel formation. LPA4 and LPA4
may be involved in this signaling axis, as both LPARs are coupled mainly with Gay; and are highly
expressed in endothelial cells. This idea is also supported by the finding that impaired vessel for-
mation caused by LPA4 knockout was partially lethal at the neonatal stages (95).

Does LPA signaling regulate blood vessel formation in the adult? Capillary vessels in a solid
tumor formed by transplanting cancer cells into mice had abnormalities such as disorderly branch-
ing and low blood flow. The abnormal capillaries are thought to impede the delivery of anticancer
drugs to tumor tissues and thus to contribute to anticancer drug resistance (96). Recently, Takara
etal. (97) reported that after LPA was administered to tumor-bearing mice, the abnormal capillar-
ies were normalized. The LPA effect was observed within 24 h; LPA induced the morphological
change (elongation) instead of promoting endothelial cell growth. LPA, but not LPA4 knockout
mice failed to exhibit the normalization action of LPA on tumor blood vessels. These results sug-
gest that LPA, signaling in endothelial cells contributes to the normalization of tumor vascular
function. The authors showed that LPA dramatically enhanced the potency of anticancer drugs in
preclinical mouse models of cancer. Thus, LPA4-mediated normalization of tumor blood vessels
may contribute to anticancer drug treatment.

4.6.4. Embryo implantation and uterine decidualization. Analysis of LPA; receptor knock-
out mice unexpectedly revealed that LPA signaling via LPA; in the uterus contributed to embryo
implantation and uterine decidualization (98) (Figure 3¢). LPA; knockout female mice showed
extremely small litter size compared with wild-type counterparts. Analysis of the uterus of
pregnant female LPA; knockout mice and mice treated with ATX inhibitors revealed that uterine
implantation and decidualization rarely occurred in LPA; knockout mice (99). Decidualization is
a series of uterine morphological changes during early pregnancy and is essential for subsequent
placenta formation and fetal development. Decidualization occurs only in the vicinity of the em-
bryos. When LPA;, which is highly expressed in epithelial layers of the uterus, is stimulated with
an agonist, decidualization was observed throughout the uterus (99). LPA; signaling in epithelial
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layers of the uterus leads to the upregulation of two prominent decidual factors, heparin-binding
epidermal growth factor (HB-EGF) and cyclooxygenase-2 (COX-2), which then contribute to
decidualization by inducing Wnt4 and Bmp2, which are well-characterized executioner molecules
for decidualization. Implanted embryos express high levels of LPC, indicating that LPC serves as
a substrate for ATX, and the resulting LPC stimulates LPA at the embryo-epithelium boundary,
which then induces decidualization via the canonical HB-EGF and COX-2 pathways (Figure 3c).

4.6.5. Endometriosis. HB-EGF, COX-2, and Wnt4 have been implicated in the progression
of endometriosis, the abnormal growth of endometrial tissues outside the uterus (100-102). In the
mouse model of endometriosis, endometrial tissues from LPA; knockout mice were significantly
less developed. Thus, the LPA-ATX-LPA; axis is critical in the development of endometriosis.
Furthermore, HB-EGF, COX-2, and Wnt4, as well as Bmp2, are risk factors for sex-hormone-
dependent diseases such as prostatic hyperplasia, breast cancer, and ovarian cancer (103-105).
Because LPA; is highly expressed in the prostate, mammary gland, and ovary (11), LPA; signaling
might contribute to the progression of such diseases and is a potential drug target.

4.6.6. Brain development. Historically, the first LPAR LPA;/Edg2 was identified as a GPCR
highly expressed in neuroprogenitor cells in the ventricular zone of the brain. Accordingly, the
initial studies performed by the Chun group (106, 107) were focused mainly on the brain. LPA,
knockout mice showed 50% perinatal lethality associated with defects in the olfactory system and
other nervous systems. Whole cerebral cortical tissues isolated and cultured ex vivo in the pres-
ence of LPA formed thicker cortices through decreased cell death within the ventricular zone
and had an increased postmitotic neuronal population (108). The LPA effect was absent in LPA,
and LPA;/LPA; knockout mice. Pathologically, LPA signaling via LPA; and LPA, appeared to
be involved in the development of hydrocephalus, as hydrocephalus severity was ameliorated
in LPA; and LPA;/LPA, knockout mice or by the use of pharmacological LPA; antagonism.
Hydrocephalus is the accumulation of cerebrospinal fluid within the brain and is characterized
by macrocephaly. Fetal hydrocephalus, one of the most common neurological diseases of perina-
tal life, has been linked to overactive LPA signaling in an embryonic mouse model of the disease
(109). Several neurological disorders, including hydrocephalus, are strongly correlated with a pre-
ceding hemorrhagic event during development. Because LPA is abundant in blood, the hemor-
rhagic event may result in enhanced LPA signaling through blood exposure in these disorders.

4.6.7. Lymphocyte trafficking. ATX receptors and LPARs are expressed in specific blood ves-
sels, where they regulate lymphocyte entry into secondary lymphoid organs. Kanda et al. (110)
showed that ATX was highly expressed in high endothelial venules (HEVs) of lymphoid organs.
Chemokine-activated lymphocytes expressed enhanced receptors for ATX, possibly integrins, and
facilitated lymphocyte entry into lymphoid organs by producing LPA. The Miyasaka group also
showed that ATX was highly expressed in HEVs (111) and that LPA produced locally in the vicin-
ity of HEVs by ATX facilitated the binding of lymphocytes to HEVs, possibly through LPA4 and
LPA; receptors (112). In addition, same group showed that LPA, was the receptor involved in
lymphocyte migration (113). Thus, like S1P, LPA regulates lymphocyte trafficking, even though
its mechanisms of action at secondary lymphoid organs differ significantly.

4.6.8. Hair follicle development and hair growth. In 2006, Kazantseva et al. (114) reported
that LIPH, which encodes the LPA-producing enzyme PA-PLA;a (LIPH), is the causative gene of
congenital alopecia, which was found in a gene analysis of a Russian family who suffered from the
disease. Subsequent analysis showed that LIPH is the major causative gene of congenital alopecia
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all over the world (115, 116). In 2008, independent studies showed that a similar type of congen-
ital alopecia was caused by the recessive mutation of an LPA4 receptor—encoding gene (LPARG)
(117, 118). Mutations in Liph and Lpar6 genes cause phenotypes of curly hair in mice and rabbits
(119, 120). Because both PA-PLA;a/LIPH and LPAg are highly expressed in hair follicles, it was
assumed that an LPAg signal evoked by LPA that is produced by PA-PLA;« in the hair follicles
has an important function in hair follicle formation (Figure 3d). Furthermore, analyses of hair
follicles in PA-PLA; a knockout mice, together with the analyses of mutant mice that showed phe-
notypes similar to those of PA-PLA;o/LIPH knockout mice, suggested that a PA-PLA;a-LPA-
LPAg axis regulates epidermal growth factor (EGF) signaling in hair follicles (120). In this scheme
(Figure 3d), LPA produced by PA-PLA;a stimulates the LPA¢ receptor, which is expressed in a
specific epithelial layer in the hair follicle. Then, a membrane-bound protease (ADAM17) is ac-
tivated downstream of LPAs and T'GFa is shed from the membrane. TGFa is an EGF ligand
that has a role in hair follicle formation. This model is also supported by the observations that a
deficiency in ADAM17 or TGFa resulted in phenotypes similar to those observed in LPA4 and
PA-PLA, a deficiencies: curly hair in mice and congenital alopecia in humans (121). Because LPA4
is intact in PA-PLA; o/LIPH-deficient individuals, LPA4 agonists have been expected to be ideal
drugs for treatment of congenital alopecia in the clinic. Recent elucidation of the LPAs X-ray
crystal structure will accelerate the development of LPA4 agonists.

5. SPHINGOSINE 1-PHOSPHATE
5.1. Introduction and Background

Although structurally similar, S1P differs from LPA in several aspects. The presence of the amine
group on the sphingosine backbone provides a unique solubility and a zwitterionic nature in phys-
iological situations. The poor solubility of S1P required the presence of chaperones, which are
binding proteins that transport this lipid to receptors for signaling as well as allow unique extra-
cellular spatial gradients in biological compartments (4). In addition, the sphingosine backbone,
in contrast to some fatty acids on LPA that are prone to oxidation, is resistant to oxidative stress.
Furthermore, lack of a labile lipid ester linkage makes S1P much more stable as a lysophospho-
lipid. These remaining subsections focus on recent advances in S1P research and on topics not
addressed in previous recent reviews on this subject (2, 4-6, 31, 33).

5.2. Signal Transduction and Transcriptional Output

S1PR isotypes have been characterized extensively with respect to signal transduction properties
that use G proteins. Downstream of G proteins, small GTPases, cellular ionic fluxes, and protein
kinases are activated (2, 22). It is generally accepted that cytosolic signaling mechanisms lead to
nuclear transcriptional changes that change cellular phenotypes. Recent studies have begun to
elucidate how S1PR signals lead to downstream alterations to the transcription factor and changes
to the cellular phenotype (122, 123). During postnatal angiogenesis and retinal vascular matu-
ration events, SIPRs expressed in endothelial cells are needed for suppressing excessive vascular
endothelial growth factor (VEGF) signaling, which causes vascular sprouting (124). In addition,
cell—cell and cell-matrix adhesive events downstream of S1PRs regulate blood vessel morpho-
genesis, which is needed for proper blood flow and tissue oxygenation (4). By conducting RNA
sequencing analysis and chromatin profiling techniques, we showed that SIPRs downregulate
levels of activator protein 1 (AP-1) transcription factor (JunB) (123). Accurate expression levels
of this transcription factor are needed for proper neurovascular guidance and for organotypic
specialization of the central nervous system (CNS) vasculature, which involves expression of the
proper repertoire of transporters and adhesion molecules. In the absence of SIPR signaling,
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high levels of JunB drive hypersprouting, defective morphogenesis, and differentiation into CNS
vasculature by suppressing Norrin/Wnt signaling and enabling excessive VEGF signaling.

In adult animals, vascular SIPR signaling is not needed for host survival or vascular stability.
However, animals that lack SIPRs in the endothelial cells exhibit increased vascular leak and mild
inflammatory phenotypes. Such animals exhibit exaggerated inflammatory response to stressful
stimuli, poor regenerative response of the liver, increased fibrotic responses, poor recovery after
traumatic injury, and ischemic insults (4, 6). These studies suggest that normal vascular function
requires SIPR signaling in endothelial cells. Some of these phenotypes were recapitulated in mice
that lack high-density lipoprotein (HDL)-bound S1P (i.e., Aporz knockout mice), albeit to a lesser
degree. Thus, plasma HDL-S1P-/endothelial SIPR-dependent vascular function is needed for
optimal recovery from stressful stimuli. Unbiased transcriptome analyses and chromatin inter-
rogations suggest that endothelial SIPR signaling restrains extracellular stimuli-activated stress
pathways such as AP-1 and nuclear factor kB (NF-kB) transcription factors (122). The specific
intracellular mechanisms by which SIPRs restrain these transcription factors are not known.

5.3. Collective Cell Behavior and Apoptotic Cell Clearance

Most biological processes depend on the synchronized behavior of a collection of cells, also known
as collective cell behavior. Processes such as cell migration, differentiation, wound healing, main-
tenance of barriers, and morphogenesis require synchronized behavior of adherent cells, in which
each cell can sense the behavior of its neighbors. Localized signal transduction at cell-cell adhesion
sites is critical for this phenomenon (125). Recent work has revealed the critical role lysophospho-
lipids play in these processes.

Epithelial monolayers are characterized by high cell turnover while proper barrier function is
maintained. Mature epithelial cells migrate from basal to apical regions and die by apoptosis. Dead
cells must be removed rapidly while the barrier function of important organs lined by epithelial
sheets, for example, the intestine, skin, mucosal surfaces, and airways, is maintained. Defects in
apoptotic epithelial cell removal are thought to lead to inflammation and oncogenesis. Recent
studies have revealed that apoptotic cells send cell-cell adhesion-dependent signals to neighbors
to induce a specific contractile ring, which pushes the apoptotic cell to the apical space while
maintaining the barrier. This required cadherin-dependent Rho activation at the contractile ring.
S1P signaling via SIPR2 and the Gy,/13 pathway is essential for this process to occur (126). This
coincidental detection system requires the coordinated action of tension-dependent mechanosig-
naling from the apoptotic cell and lysophospholipid-dependent signals in neighboring cells, which
allows the epithelial barrier integrity to be maintained collectively (127). This type of multicellu-
lar coordinated behavior may require several GPCRs for lysophospholipids that are ubiquitously
present in multiple cellular compartments. Whether processes such as morphogenesis, collective
migration, and convergent extension require lysophospholipids is not known, but many of these
processes are regulated by both LPARs and S1PRs (128, 129).

5.4. Sphingosine 1-Phosphate and Cancer Immunosurveillance

In situ carcinoma development leads to error-prone DNA replication and introduction of so-
matic mutations into the proteome. Immune surveillance mechanisms keep such processes in
check, as evidenced by the increased development of cancers during chronic immunosuppres-
sive pharmacotherapy. Recent studies suggest that S1P signaling mediates several complex effects
on surveillance and antitumor functions of the immune system. For example, S1P secretion from
the transporter Spns2 in the lymphatic endothelium of the lymph nodes is critical for efficient
T cell egress into lymph and metabolic fitness (130). If this process is blocked by S1PR1 inhibitors,
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tumor-draining lymph nodes fail to release cells that are essential to mount an antitumor response
by precise homing and induction of cytotoxic responses (131). Blockage of sphingosine kinase-1
also leads to an impaired antitumor response due to poor metabolic fitness of immune cells (132).
Furthermore, chemokinetic and cytotoxic activities of CD8" T cells are inhibited if SIP signal-
ing via S1PR1 is inhibited (133). In addition, tissue residency of immune cells is regulated by
complex modulatory systems that involve multiple S1PRs (134). However, the role of S1P in the
tumor microenvironment is complex and involves interactions with other cell types, for exam-
ple, T regulatory cells, innate lymphoid cells, myeloid-derived suppressor cells, vascular cells, and
tumor-associated fibroblasts.

Given the importance of SI1P signaling in lymphocyte trafficking and local immunity, CNS
tumors pose an especially daunting problem for successful immunosurveillance and immunother-
apy. The blood-brain barrier is a significant barrier for lymphocyte homing to CNS. Further,
the presence of CNS tumors downregulates SIPR1 expression in T cells systemically via a pro-
cess that is incompletely understood (135). Overcoming such tumor-specific processes that inhibit
S1P signaling may lead to better immunotherapeutic approaches to combat not only CNS tumors
but also other tumors amenable to cytotoxic T cell defenses.

6. CLINICAL AND THERAPEUTIC ISSUES

More than two decades have passed since the receptors for lysophospholipids were discovered.
Since then, much has been learned about the pathophysiological roles of LPA and S1P from the
studies of receptors, synthetic enzymes, transporters, and chaperones, mainly from the analyses
using animal models. Currently, significant challenges in the field are to determine the significance
of abnormal lysophospholipid signaling in human diseases and to develop novel therapeutics.

6.1. Measurement of Lysophospholipids in Clinical Samples

Lysophospholipids have been detected in biological fluids such as plasma, serum, urine, saliva,
and cerebrospinal fluid. In addition, tools for detecting lysophospholipids precisely and quanti-
tatively, such as LC-MS (43, 56, 70), help us understand the pathophysiological significance of
lysophospholipids in the clinic. As stated above, lysophospholipids can be produced as a result
of cellular perturbations. Previous studies have indicated that levels of LPA and ATX in blood
increased in pathophysiological conditions, including pregnancy (136, 137), liver fibrosis (138),
and cancers such as follicular lymphoma (139). Also, patients with acute coronary syndrome (with
blocked arteries and a high risk for myocardial infarction) had higher levels of LPA-containing
docosahexaenoic acid (DHA) in plasma (68). Cerebrospinal fluid from patients with neuropathy
pain showed significantly elevated levels of LPC and LPA. Plasma ATX has been approved as a
biomarker for liver cirrhosis since 2018 (63, 140).

6.2. Lysophosphatidic Acid Receptor Modulators

As mentioned above, dysregulation of LPA signaling via LPARSs can lead to pathologies such as
neuropathy pain, fibrosis, and cancer. Thus, LPARs are promising targets. Various small-molecule
ligands for the six LPARs have been developed. These are principally divided into two categories:
LPA-like compounds (LPA analogs) and nonlipid ligands. Several groups, including our group,
took the former strategy and identified potent and receptor-specific agonists (141-143), which
contributed to the elucidation of LPARs. By contrast, nonlipid ligands were developed mainly by
pharmaceutical companies, which have been summarized in previous reviews (80, 144).
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6.3. Autotaxin Inhibitors

ATX is a major LPA-producing enzyme and thus is involved in many pathological conditions,
including neuropathy pain, fibrosis, glaucoma, renal and lung fibrosis, and cancer. Accordingly,
researchers in academia and at pharmaceutical and biotechnology companies have tried to develop
potent AT X inhibitors. For the current state of development of AT X inhibitors, we refer the reader
to two excellent recent reviews (145, 146).

6.4. Sphingosine 1-Phosphate Receptor Modulation by Small-Molecule
and Protein Therapeutics

Currently, three small-molecule-based drugs that target the S1IPRs have been approved for
use in the treatment of multiple sclerosis (both relapsing-remitting and progressive). Several
compounds in the same class are being tested for use in the treatment of other autoimmune
diseases, including ulcerative colitis and systemic lupus erythematosus. While this manuscript
was under review, the US Food and Drug Administration approved an SIPR modulator in
the treatment of ulcerative colitis. Such studies target the SIPRI in autoreactive lympho-
cytes as a functional antagonist by inducing irreversible GPCR endocytosis (4). However,
additional clinical trials for other indications have been initiated that are based on thera-
peutic targeting of SIPRs on other cell types such as vascular endothelium (https://www.
clinicaltrials.gov/ct2/results?recrs=&cond=&term=sphingosine&cntry=&state=&city=

&dist=). However, small-molecule-based compounds that exhibit selective GPCR-biased signal-
ing, show tissue selectivity, or both may offer advantages in enhancing efficacy while minimizing
adverse effects.

S1P chaperones that bind to the ligand in the extracellular space and present to GPCRsin a spe-
cific manner are being explored as potential therapeutics. Due to the larger size of the chaperone-
S1P complex, differential effects on immune versus vascular systems have been described, which
may offer additional therapeutic opportunities. Moreover, recent studies suggest polarized signal-
ing of SIPRs in apical versus basolateral plasma membranes of adherent cells in tissues. This may
also provide an additional level of specificity in therapeutics. For example, blood-brain barrier—
penetrating SIPR1 agonists appear to be needed to protect the vasculature in the ischemic brain
tissue after stroke (147).

7. EMERGING AREAS, OUTSTANDING QUESTIONS,
AND FUTURE PERSPECTIVES

7.1. Non-G Protein-Coupled Receptor Modes of Signaling

As we have discussed, lysophospholipids exert their main effects through GPCRs. However, mech-
anisms other than GPCRs have also been postulated. The Tominaga group (148) found that
LPA activated a subtype of transient receptor potential (TRP) transmembrane calcium channels,
TRPV1, and transduced signaling, leading to itch sensing. TRP channels are activated directly or
indirectly by a variety of biologically active substances to act as sensors of environmental changes.
Thus, one such biologically active substance sensed by TRP channels is LPA. LPA may also ac-
tivate one of the nuclear receptors, namely the lipid-sensitive peroxisome proliferator-activated
receptor y (PPARY) (149), and modulate its activity as a transcription factor. Intracellular pools of
LPA may be involved in this mode of signaling. The biological significance of the LPA-PPARY sig-
naling axis is not yet clear.
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7.2. Lysophospholipid Reporter Systems

GPCR ligand-sensing systems (reporters) that can monitor the activation of receptors for S1P in
living organisms have been developed. Because SIPRs undergo rapid endocytosis in response to
ligand binding, transgenic mice expressing fluorescent-protein-tagged S1PRs have been used to
provide an indirect measure of extracellular S1P levels in various organs and tissues. This approach
was used to define heterogeneous S1P gradients in secondary lymphoid organs such as spleen
and lymph nodes (150-152). The Proia group (153, 154) described two mouse models: one that
enables detection of SIPR1 activation in real time at the tissue level and another that records
receptor activity at cellular resolution in mice. In the former system, upon receptor activation
and subsequent B-arrestin2 recruitment, an active luciferase enzyme complex is produced that
can be detected by in vivo bioluminescence imaging. In the latter system, B-arrestin2-dependent
transcriptional activation induces nuclear GFP, which can be detected by fluorescence microscopy
or flow cytometry. This imaging strategy reveals the dynamics and spatial specificity of SIPR1
activation in normal and pathophysiological contexts in vivo (122, 155). Similar approaches may
yield novel insights into extracellular lysophospholipid gradients and cellular sites of receptor
signaling during normal and pathological conditions both spatially and temporally.

7.3. Direct Measurement of Lysophospholipid Gradients In Vivo

Even though the reporter systems provide the existence of extracellular lysophospholipid gradi-
ents, recent advances in MS technology have made it possible to detect LPA and S1P in tissue
samples. For example, the increased sensitivity of LC-MS technology allows the detection of
1 fmol of S1P (156), which is sufficient to detect S1P from tiny tissue sections (micron resolution)
excised by laser microdissection. MS imaging has emerged as a tool for detecting the spatial
localization of various phospholipids. We have recently developed a novel MS imaging method
for LPA and S1P based on derivatization on tissue sections (157) that enables the direct visual-
ization of the distribution of LPA and S1P on tissue sections (i.e., lysophospholipid gradients)
(Figure 4). This MS imaging method showed marked SIP and LPA accumulation in specific
regions of the brain sections from LPP3 or S1P lyase knockout mice. Because lysophospholipid
gradients are involved in the physiological homeostatic regulation of organ systems as well as
induction of pathological mechanisms, the ability to directly assess them in freshly isolated tissue
sections is expected to lead to unprecedented insights.

8. OUTLOOK

More than two decades have passed since the lysophospholipid receptors were cloned and first
described. Much has been learned from cellular and pharmacological studies of receptor isoforms
and the studies using mice in which genes for LPARs and S1PRs and metabolic enzymes have been
knocked out. We now understand that lysophospholipid signaling is widespread and essential in
vertebrate embryogenesis, postnatal homeostasis, and various disease processes. However, many
key questions remain about fundamental logic in lysophospholipid signaling. For example, we
have little insight into why multiple lysophospholipids exist to activate a multitude of receptors
in all organ systems examined so far. Given that membrane perturbation would lead to changes in
the levels of lysophospholipids, the generality of this signaling system is perhaps not surprising.
However, this multiorgan ubiquity also poses a major challenge in fully understanding the phys-
iological and pathological impact. New technologies that address such challenges are warranted.
Furthermore, therapeutic intervention strategies become challenging due to unwanted side effects
from targeting a single receptor or metabolic enzyme that is involved in the regulation of multiple

www.annualreviews.org o Lysophospholipid Mediators in Health and Disease

475



Matrix

Tissue On-tissue s
cryosection derivatization deposition MALDI-MSI
° e
OOO
0o o

LPA + S1P
l Phos-tag Mouse
brain
section
OH S
O~
o) o) LPA High _
\\P/O 18:1 S
X S NAe -
| o0 © | 5
N \ N z
NS, 72+ 3
Zn\ e “
o7\ A s1P %
ZN Nl - dig:1 Low =
x N Z x
Phos-tag complex

Figure 4

Mass spectrometry imaging of lysophosphatidic acid (LPA) and sphingosine 1-phosphate (S1P). The molecular imaging of LPA and
S1P by matrix-assisted laser desorption ionization (MALDI)-mass spectrometry imaging (MSI) is combined with on-tissue
derivatization using Phos-tag. LPA and S1P form a complex with Phos-tag, which increases detection sensitivity and selectivity of LPA
and S1P in MALDI-MSI analysis. The experimental procedure is as follows: The tissue cryosections are sprayed with Pho-tag. The
matrix, organic substances facilitating the ionization, is deposited and then MALDI-MSTI analysis is performed. After data processing
with spatial information, the distributions of LPA and S1P are visualized as an ion intensity of the Phos-tag complex.

processes. Nevertheless, drugs that target the SIPRs have become established as therapeutics
that are currently benefiting hundreds of thousands of patients worldwide. Clinical trials are
underway for additional targets in this signaling axis, namely ATX inhibitors, LPAR modulators,
and sphingosine kinase inhibitors. Recent progress in basic lysophospholipid research as well as
new technologies such as MS imaging, receptor reporters, photoactivatable lysophospholipids,
and ligand sensors should be of great help during this exciting time in the field of lysophospholipid
research.
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