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Abstract: Lysophosphatidic acid (LPA) is a bioactive lysophospholipid that regulates multiple biological

functions, including cell migration, survival, and proliferation, through the binding of specific G-protein

coupled receptors. Although LPA is known to enhance immune cell migration, the identity of the LPA-

expressing cells and the mechanism by which LPA regulates leukocyte migration in lymphoid tissues have

remained unclear. Using imaging mass spectrometry and intravital two-photon microscopy, we examined the

localization of LPA in the lymph nodes and determined its role in lymphocyte migration. We found that LPA

is produced by the vascular endothelial cells and other stromal cells within the lymph nodes by the action

of the ectoenzyme, autotaxin (ATX). We also found that LPA regulates both lymphocyte transendothelial

migration across high endothelial venules (HEVSs), and interstitial lymphocyte migration, by acting on both

stromal cells and lymphocytes through specific cell-surface receptors for LPA. In this review, we focus on

recent advances in our understanding of the expression and function of LPA in immune cell trafficking.
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Lysophosphatidic acid (LPA) and its receptors

LPA is a bioactive lysophospholipid that regulates multiple
biological processes, including cell growth, survival, and
migration (1). Lysophospholipids consist of a glycerol
backbone, a phosphate group, and a single acyl chain. They
are more soluble in water than are diacyl phospholipids,
which are the major components of the cell membrane.
Notably, the hydrophilicity of lysophospholipids allows
them to function as intercellular signaling molecules.
The term LPA does not reflect a single molecular species,
but represents multiple related species with fatty acids of
different lengths and degrees of saturation (Figure I). LPA
is found in plasma at a concentration of approximately
100 nM, and circulating LPA is mainly generated by
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the enzymatic action of the secreted lysophospholipase
D, autotaxin (ATX)/ectonucleotide pyrophosphatase/
phosphodiesterase-2 (ENPP-2), on lysophosphatidylcholine
(LPC), the most abundant lysophospholipid in plasma
(concentration, 100-200 pM). LPA is also produced from
cell membrane-derived phosphatidic acid by the activities of
phospholipase A; (PLA,) and PLA, (2). Once produced in
the bloodstream, LPA is rapidly degraded into biologically
inactive monoacylglycerol by membrane-bound lipid
phosphate phosphatases (3) and then cleared from the
circulation.

LPA binds specific receptors, including LPA, ,, which
are all G-protein coupled receptors. These receptors are
coupled to multiple G proteins, including G;, Gy13, G, and
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Lysophosphatidic acid (LPA)
Figure 1 The structure of LPA. LPA consists of a glycerol
backbone, a phosphate group, and a single fatty acid. LPA is not
a single molecular species, but includes multiple related species
with different fatty acid lengths and degrees of saturation, which
exhibit different affinities for ATX and the LPA receptors. LPA,
lysophosphatidic acid; ATX, autotaxin.

G.. Ligand binding to these receptors induces the activation
of several intracellular signaling components, including
the Ras, Rac and Rho GTPases, depending on which G
proteins associate with the receptor. LPA ; was identified
as members of the endothelial differentiation gene (EDG)
family, which also includes S1P,, a receptor for another
lysophospholipid, sphingosine-1-phosphate (S1P). LPA,
is newly discovered non-EDG family receptors, belonging
to the purinergic P2Y receptor family (4). LPA also binds
non-G-protein coupled receptors, including the receptor
for advanced glycation end (RAGE) products (5), transient
receptor potential cation channel V1 (TRPV1) (6), and
the proliferator-activated receptor gamma (PPARY) (7),
although the biological significance of these interactions is

unclear.

Generation of LPA by ATX/ENPP2

ATX/ENPP-2 is a member of the ENPP family.
Other members of this family exhibit ATPase and ATP
pyrophosphatase activities, and ENPP-3, ATX’s closest
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relative, converts mast cell- and basophil-derived ATP into
ADP, which suppresses chronic allergic inflammation (8).
In contrast, our data indicate that ATX is devoid of such
activities (Yegutkin G and Miyasaka M, unpublished
observation). AT'X was originally identified as a cancer cell-
derived autocrine motility factor, and was subsequently
found to have lysophospholipase D activity, which converts
LPC into LPA, and stimulates cell motility through LPA
production (9). ATX-deficient mice die at E9.5-E10.5
due to defective vascular development in both the yolk
sac and embryo proper (10-12). In contrast, we found
that endothelial cell-specific ATX-deficient mice (Tie2-
cre ATX"" mice) survive without any obvious vascular
abnormalities (Takeda A, unpublished data), indicating that
endothelial cell-derived ATX is not essential for vascular
development. ATX is also expressed in adipose tissues, and
adipocyte-specific ATX-deficient mice (aP2-Cre ATX""
mice) exhibit a moderate reduction in plasma LPA levels
(to approximately 40% of wild-type levels), and after being
fed a high-fat diet, they exhibit a higher fat mass and larger
adipocyte size than control mice (13). The physiological
role of adipocyte-derived LPA is currently unclear.

ATX is synthesized and N-terminally cleaved
intracellularly in multiple cell types, and then exported
through the classical secretory pathway. In some cases,
ATX acts as an ectoenzyme on the cell surface by binding
to glycosaminoglycan and integrins. ATX has four known
splicing variants, ATXa, B, v and 8. The predominant
isoform is ATXp, which is identical to plasma-borne
lysophospholipase D (14). The longest isoform, ATXa, is
the original cancer cell-derived motility-inducing factor, and
is characterized by an insertion of 52 amino acid residues in
its catalytic domain (15). These residues mediate its binding
to negatively charged heparin, and ATXa, but not ATX}p,
exhibits up to a two-fold higher lysophospholipase D activity
after binding to heparin (15). Thus, depending on the ATX
isoform produced, locally immobilized ATX may have
stronger lysophospholipase D activity than soluble ATX.

Regulation of lymphocyte extravasation across
endothelial cells

Emerging evidence suggests that the ATX/LPA axis is
important in lymphocyte migration across high endothelial
venules (HEVs) (16), which mediate the constitutive
migration of lymphocytes from the circulating blood into
the lymph nodes (17) (Figure 2). Both our group (18) and
Kanda et al. (19) found that ATX mRNA is transcribed
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Figure 2 Role of LPA in lymphocyte migration in the lymph nodes. Lymphocytes enter the lymph nodes from the blood by migrating

across specialized venules, termed HEVs, and subsequently crawl along FRCs to encounter cognate antigen-presenting cells (dendritic

cells, etc.). ATX is expressed in HEV endothelial cells and FRCs, and the end-product LPA regulates lymphocyte extravasation across the
HEV basal lamina and lymphocyte crawling on the FRCs. LPA, lysophosphatidic acid; ATX, autotaxin; HEV, high endothelial venule; FRC,

fibroblastic reticular cell.

abundantly in the endothelial cells of HEVs. ATX
expression appears 1 day after birth, which coincides with
the postnatal recruitment of lymphocytes into the lymph
nodes (18). This expression is independent of that of HEV-
associated chemokines, including CCL21 and CXCL13, and
is also unrelated to innate immunological signals mediated
by TLR4 or MyD88 (18). In addition, ATX expression is at
least partially regulated by lymphotoxin-p receptor signaling
(Takeda A et al., submitted for publication), which also
critically controls HEV differentiation and function (20).
The major ATX isoform expressed in HEV endothelial cells
is ATXP (Takeda A, unpublished data), which does not bind
heparin (15), as described above. Given that the constitutive
association of ATX with the cell surface of HEV endothelial
cells is cation independent (21), neither heparin/heparin
sulfate nor integrins appear to anchor ATX to the HEV
endothelial surface. Thus, the mechanism by which ATX
associates with HEV endothelial cells is currently unknown.

Using imaging mass spectrometry, which is a powerful
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tool for visualizing the distribution of lipids in tissues (22),
we found that LPA is localized to the vicinity of HEVs in the
lymph nodes (Figures 2,3). Among the LPA species, LPA 18:1,
18:2, and 20:4 which bind ATX strongly (23) are much more
abundantly expressed in the lymph nodes than in skeletal
muscle, whereas LPA 18:0, which binds ATX only weakly (23),
is detected at comparable levels in these tissues (21), suggesting
that the forms of LPA expressed in HEVs have an effect that is
biologically relevant for that tissue.

Recent studies indicate that the ATX and LPA produced
in HEVs regulate lymphocyte extravasation across these
vessels. Kanda et 4/. showed that the intravenous injection
of enzymatically inactive ATX inhibits HEV-mediated
lymphocyte migration into the lymph node parenchyma (19),
although it was unclear which step in lymphocyte extravasation
(rolling, adhesion, or transmigration) is inhibited by the
mutant ATX. Using intravital two-photon microscopy, we
demonstrated that the local administration of ATX and/or
LPA receptor inhibitors substantially inhibits lymphocyte
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Figure 3 Visualization of LPA in the lymph nodes by imaging

mass spectrometry. Fluorescein-conjugated dextran (yellow) was
injected into mouse footpads to visualize the lymphatics, and
the popliteal lymph nodes were collected. Signals corresponding
to LPA (20:4) were visualized by imaging mass spectrometric
analysis (magenta). The signals were observed predominantly in
the paracortex, at sites that were either close to (dotted lines) or
distant from (arrows) the HEVs. In contrast, the LPA signals were
observed only marginally in the medulla. LPA, lysophosphatidic
acid; HEVs, high endothelial venules.

transmigration across HEVs (21) and that local administration
of LPA abrogates this effect, indicating that the ATX/LPA
axis plays a role in regulating lymphocyte transmigration (21).
In addition, using transmission electron microscopy, we
found that ATX/LPA axis inhibitors induce lymphocyte
accumulation in both the endothelial cell layer and the sub-
endothelial compartment of HEVs, and that this accumulation
is prevented by a local application of LPA (21). These
findings suggest that the ATX/LPA axis regulates lymphocyte
transmigration across the basal lamina of HEVSs, but does not
affect lymphocyte migration into the endothelial cell layer. In
addition, the systemic inhibition of ATX by a specific inhibitor,
HA-130, also attenuates the T cell migration across HEVs (24).

At least two mechanisms, which are not mutually
exclusive, can be envisioned for how the ATX/LPA axis
promotes lymphocyte extravasation across HEVs: one is that
the ATX/LPA axis acts primarily on lymphocytes, and the
other is that it acts on endothelial cells. Zhang et 4/. showed
that treating naive T cells with LPA or LPC plus ATX
enhances their transendothelial migration across a mouse
brain endothelial cell (bEnd.3) monolayer. In addition, they
showed that ATX associates with the lymphocyte surface via
Mn’**-activatable receptors, suggesting that ATX is anchored
on the lymphocyte surface via integrin binding, and that

ATX-produced LPA acts directly on the lymphocytes (24).

© Translational Cancer Research. All rights reserved.

Takeda et al. LPA as a regulator of lymphocyte trafficking

However, the ATX binding to undisturbed naive
lymphocytes is minimal, and hence, the significance of ATX
binding to naive lymphocytes in lymphocyte trafficking
across HEVs remains unclear. In contrast, our group
reported that both LPC and LPA induce morphological
changes in HEV endothelial cells; LPC’s effect is abrogated
by ATX inhibition, whereas LPA’s effect is abrogated by
ATX/LPA receptor inhibition, but not by ATX inhibition
alone, in agreement with the previous finding that ATX is
required to convert LPC to LPA. Using primary cultured
HEV endothelial cells in an in vitro transmigration assay,
we also found that ATX inhibition impairs the release of
lymphocytes that migrate underneath HEV endothelial
cells, and that this effect can be abrogated by adding LPA.
The lymphocyte release from HEV endothelial cells is also
attenuated by treating endothelial cells with the myosin II
inhibitor blebbistatin (21). These findings indicate that LPA
also acts on endothelial cells to induce lymphocyte release in
a myosin 1I-dependent manner, thus regulating lymphocyte
transmigration across the basal lamina of HEVs. HEV
endothelial cells express LPA, and LPA,, which are both G;
protein-coupled receptors. Recent results from our group
indicate that LPA,-deficient endothelial cells specifically
compromise the lymphocyte transmigration process,
whereas the effect of LPA,-deficient endothelial cells is
much milder, indicating that the signals evoked in HEV-
endothelial cells via LPA, and LPA, differentially regulate
lymphocyte extravasation across HEVs in the peripheral
lymph nodes (Hata E er /., submitted for publication).

LPA’s role in interstitial lymphocyte migration
within lymph nodes

Recently, Katakai et a/. reported that ATX is also expressed
in lymph node CCL21" CD31" stromal cells. Using two-
photon microscopic analysis of explanted lymph node tissue
slices, they also showed that pharmacological inhibition of
ATX/LPA reduces the velocity of T cell migration in the
lymph node parenchyma (25), although they failed to show
whether LPA directly promotes lymphocyte motility. On the
other hand, we found that CCL19" fibroblastic reticular cells
(FRC:s), along which lymphocytes migrate in a chemokine-
dependent manner in the lymph node parenchyma (26),
express AT'X and produce LPA via ATX’s enzymatic activity.
As shown in Figure 3, LPA is expressed in the lymph node
paracortex at sites that are either close to or distant from
HEVs, but it is only expressed marginally in the medulla, as
revealed by imaging mass spectrometry of lymph node frozen
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sections. As mentioned earlier, certain LPA species, including
LPA 18:1, 18:2, and 20:4 are produced preferentially in
the lymph nodes (21). Notably, those biologically relevant
species located at sites distal to HEVs are selectively reduced
in FRC-specific ATX-deficient mice (CCL19-Cre ATX""
mice) (27), in agreement with the hypothesis that FRCs
produce LPA by the LPA-generating enzyme, ATX on their
cell surface. Furthermore, intravital two-photon microscopic
analysis showed that T cell migration in the parenchyma is
significantly attenuated in the conditional ATX-deficient
mice compared to that in control mice and that ATX/LPA-
dependent T cell motility is mediated by the LPA receptor,
LPA,, on the T cell surface (Takeda A et al.; submitted for
publication). These results, together with the finding that
LPA activates Rho-ROCK-myosin I pathways via LPA,
in lymphocytes, suggest that the LPA generated by FRCs
acts locally on T cells via LPA,, thereby regulating T cell
contractility and motility in the lymph node reticular network
(Takeda A et al.; submitted for publication).

LPA’s roles in the migration of other immune
cells and inflammation

LPA also plays important roles in the pathogenesis of
inflammatory diseases, including arthritis, lung fibrosis, and
asthma. Arthritic synovial fibroblasts express high levels
of ATX, and treating the fibroblasts with LPA induces
fibroblast proliferation, migration, and cytokine secretion
in a manner that is at least partially dependent on LPA,-
mediated signaling (28,29). The conditional ablation of
ATX in mesenchymal cells (collagen IV-Cre ATX"") or
LPA,-deficiency attenuates the development of arthritis in
animal models (28,30). LPA levels in the bronchoalveolar
lavage fluid increase following lung injury in the bleomycin-
induced lung fibrosis model, and LPA, deficiency attenuates
fibroblast recruitment into the lung and the degree of
fibrosis and mortality in this model (31). In addition, ATX
and LPA levels are increased in the bronchoalveolar lavage
fluid of patients or mice in response to airway allergen
challenge, and ATX overexpression in mice accelerates
allergic lung inflammation (32). The effect of LPA on lung
inflammation appears to depend, at least in part, on LPA,,
although LPA, signaling has also been reported to have a
negative effect on allergic lung inflammation (33).

Conclusions and perspectives

In this review, we discussed the roles of the ATX/LPA
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axis in lymphocyte transmigration across HEVs and in
interstitial lymphocyte migration in the lymph node
parenchyma, both of which are critical for proper adaptive
immune responses. In addition, this axis also plays key roles
in the pathogenesis of a number of inflammatory diseases.
Given that lysophospholipid receptors involved in immune
cell migration, such as the S1P receptors, have been
successfully targeted for the treatment of inflammatory
diseases, including multiple sclerosis (34), it is likely that
ATX and the LPA receptors will also be therapeutically
targeted for a variety of immunological disorders, including
inflammation. Indeed, two LPA, antagonists, SAR100842
and BMS986020, are currently in Phase 2 clinical trials
in the U.S. for the treatment of systemic sclerosis and
idiopathic pulmonary fibrosis, respectively (35). In addition,
recent advances in our understanding of the physiological
significance of other LPA receptors have prompted the
development of many different types of LPA receptor
antagonists, which are also being tested for clinical use.
Thus, therapeutics targeting ATX and LPA receptors
may play important roles in treating immunological/
inflammatory disorders in the near future.
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