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Abstract

Autotaxin (ATX or ENPP2) is a secreted glycoprotein
widely present in biological fluids. ATX primarily func-
tions as a plasma lysophospholipase D and is largely
responsible for the bulk of lysophosphatidic acid (LPA)
production in the plasma and at inflamed and/or malig-
nant sites. LPA is a phospholipid mediator produced in
various conditions both in cells and in biological fluids,
and it evokes growth-factor-like responses, including
cell growth, survival, differentiation and motility, in
almost all cell types. The large variety of LPA effector
functions is attributed to at least six G-protein coupled
LPA receptors (LPARs) with overlapping specificities
and widespread distribution. Increased ATX/LPA/LPAR
levels have been detected in a large variety of cancers
and transformed cell lines, as well as in non-malignant
inflamed tissues, suggesting a possible involvement of
ATX in chronic inflammatory disorders and cancer. In
this review, we focus exclusively on the role of the ATX/
LPA axis in pulmonary pathophysiology, analysing the
effects of ATX/LPA on pulmonary cells and leukocytes
/n vitro and in the context of pulmonary pathophysi-

(4 9

;guamaﬁ.,g@ WJR | www.wjgnet.com

77

ological situations /7 vivo and in human diseases.
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Core tip: In the lungs, autotaxin (ATX) is constitutively
expressed in the bronchial epithelium, and all pulmo-
nary cell types express some amount of lysophospha-
tidic acid (LPA) receptor. LPA affects all pulmonary cell
types, mainly promoting a pro-inflammatory state.
Increased ATX/LPA levels have been detected in vari-
ous pathophysiological situations, both in mice and
humans, including acute, allergic or chronic pulmonary
inflammation; fibrosis; and lung cancer. Genetic or
pharmacologic interventions targeting the ATX/LPA axis
have proved beneficial for modelled disease manage-
ment in animal models, establishing the ATX/LPA axis
as a possible therapeutic target.
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INTRODUCTION

Autotaxin (ATX, ENPP2) is a secreted glycoprotein
widely present in biological fluids, including the blood'.
It is 2 member of the exo/ecto-nucleotide/pyrophospha-
tase/phosphodiesterase family of ectoenzymes (NPPs)
that hydrolyse phosphodiester bonds of vatious nucleo-
tides and derivatives”. However, ATX primarily func-
tions as a plasma lysophospholipase D, and it is largely
responsible for the bulk of lysophosphatidic acid (ILPA)
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production in the plasma and at inflamed and/or malig-
nant sites™*”. LPA is a phospholipid mediator produced
in various conditions both in cells and in biological fluids,
and it evokes growth-factor-like responses, including cell
growth, survival, differentiation and motility, in almost all
cell types[z’41. The large variety of LPA effector functions
is attributed to at least six G-protein coupled LPA recep-
tors (LPARs) with overlapping specificities and wide-
spread distribution™”. Finally, a group of transmembrane
lipid-phosphate phosphatases have been suggested to
act as negative regulators of LPA metabolism™”. Beyond
the well-established role of the ATX/LPA axis in carci-
ro.tt high levels of ATX expression have been
observed in non-malignant, inflamed tissues, suggesting
a possible involvement of ATX in chronic inflammatory
disorders". Given the role of the ATX/LPA axis in
human disease, a large number of ATX inhibitors and
LPAR antagonists are being developedmﬂ in pursuit of a

nogenesis

compound with likely therapeutic potential. The reviews
cited above summarise the current knowledge on ATX,
LPA and LPA receptors and their therapeutic relevance
and targeting. In this review, we focus exclusively on the
role of the ATX/LPA axis in pulmonary pathophysiol-
ogy, analysing extensively the effects of ATX/LPA on
pulmonary cells and leukocytes 7 vitro, as well as discuss-
ing these effects in the context of pulmonary pathophysi-
ology 7n vivo and the pathogenesis of human diseases.

THE ATX/LPA AXIS IN THE HEALTHY
LUNG

The gene encoding ATX consists of 27 exons and,

through alternative splicing, gives rise to five protein iso-
forms, designated a-g, that differ by the presence or ab-
sence of sequences encoded by exons 12, 19 and 21,
All isoforms are catalytically active, and the polybasic
insertion in ATXq has been suggested to confer specific
binding to cell surface heparin sulphate (HS) proteogly-
cans™. In the absence of proteomic data, ATX mRNA
expression analysis indicates that ATXy is brain specific
and that ATXf is the more abundant isoform, exhibiting
a broad tissue distribution that includes the lungsm’m.
In sitn hybridisation localised ATX mRNA expression to
the basal cells of normal human bronchial epitheliumm],
and ATX can be detected in the bronchoalveolar lavage
fluid (BALF) of healthy humans (unpublished data). Ac-
cordingly, immunohistochemical studies have indicated
constitutive ATX expression predominantly in the mouse
bronchial epithelium that could also be detected in the
BALF of healthy mice™. Moteover, with genome-wide
linkage analysis coupled with expression profiling, ATX
was identified as a candidate gene involved in the control
of pulmonary functions (dead space volume, Vb; total
lung capacity, TLC; lung compliance, Ci; and diffusing
capacity for CO, Dco) )

Because ATX is a constitutively active enzyme, the
biological outcome of ATX’s enzymatic action - largely
LPA production and signalling - will depend on its ex-
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pression levels, the local availability of its substrates, and
the abundance and activity of the different LPA recep-
tors in the microenvironment.

Lysophosphatidylcholine (LPC), the main substrate of
ATX, is a highly abundant bioactive lysoglycerophospho-
lipid present at high concentrations (100-200 pumol/L) in
the circulation®™* and is predominantly associated with
albumin and lipoproteins[m. LPC can also be detected
in the BALF of healthy mice (< 1 urnol/ L, unpublished
data), whereas phosphatidylcholine (PC; mostly 16:0),
one of the main precursors of LPC, is a major constitu-
ent of the surfactant, which is a macromolecular complex
composed primarily of lipids (90%) and surfactant pro-
teins (SPs A-D) and is largely responsible for maintaining
minimal surface tension within the alveolar surfaces.
It remains unknown if BALF LPC is synthesised from
surfactant (or membrane) PC, if it diffuses from the cir-
culation or if it is transported with albumin. Therefore,
and given its abundance, LPC levels are not a limiting
factor in ATX’s enzymatic activity and LPA production,
although it is unknown whether LPC’s associations with
other molecules (e.g., carrier proteins) are masking the
bioavailability of LPC as an ATX substrate.

A 50% reduction or a 100% increase in systemic (and
BALF) ATX/LPA levels in genetically modified mice™*
does not result in any appreciable effect on gross lung pa-
thologyml, although further pulmonary functional studies
are needed. Conditional deletion of ATX from the bron-
chial epithelium results in significantly reduced (but not
completely abrogated) levels of BALF ATX, which do
not, however, affect lung development and gross patho-
physiology in healthy, non-stimulated mice”. Therefore,
fluctuations in ATX levels in the lung seem to be well
tolerated under normal, healthy conditions.

LPA can also be detected in the BALF of healthy hu-
man and mouse lungsm’}o’m, the bulk of which is most
likely synthesised from the enzymatic action of ATX on
BALF (and most likely membrane) LPC.

LPA receptors are widely expressed throughout the
body, and the lungs are no exception. All pulmonary cell
types have been reported to express different LPARs, as
summarised in Table 1. Compiled data analysis from mul-
tiple published works, including Northern analyses, real-
time PCR and microarray data, suggest a slightly different
expression profile in mouse (LPAR3 > LPARI1, LPAR2,
LPARS5; no LPAR4) and human (LPAR3 > LLPAR1; no
LPAR2, 4, 5) lungsm. Therefore, different LPA receptors
are expressed in the lung tissue of healthy mice, although
detecting their relative abundance in different cell types
will have to wait for the emergence of specific antibodies
and/or conditional KO mice. Interestingly, LPAR1 has
been found to be dually sequestered in caveolin-1 and
clathrin subcompartments of plasmalemmal fractions in
porcine cerebral microvascular endothelial cells™, and
LPART1 has been reported to heterodimerise with CD97,
an adhesion-linked GPCR™. LPAR1 has also been re-
ported to cluster with CD14, the LPS co-receptor, upon
treatment of MEL12 pulmonary epithelial cells with LPS,
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Table 1 Expression of lysophosphatidic acid receptor in pulmonary cell types and leukocytes

Cell type LPAR1 LPAR2 LPAR3 LPAR4 LPARS LPARS Ref.
NHBEs +++ ++ +++ - + + [41]
NHBEs +++ ++ +++ - ++ + [59]
NHBEs ++ ++ ++ - NA NA [43]
HBE ++ ++ NA NA NA NA [56]
HBE (BEAS-2B) ++ ++ ++ + ++ + [59]
HBE (HBEpCs) +++ + ++ + + NA [209]
HBE (HBEpCs) ++ ++ ++ NA NA NA [46]
HBE (HBEpCs) it it {HF NA NA NA [49]
HBE (HBEpCs) it it {HF NA NA NA [68]
Primary mouse tracheal EpCs ++ +++ ++ ++ - NA [57]
NHBE cells it it et - NA NA [43]
A549 alveolar epithelial carcinoma ++ NA NA NA NA NA [40]
A549 alveolar epithelial carcinoma +++ + - - NA NA [74]
NCI-H522 lung epithelial carcinoma - ++ + - NA NA [74]
RLCNR rat lung adenocarcinoma NA NA - NA ++ NA [283]
Primary mouse lung fibroblasts +++ + + + ++ NA [31]
human fetal lung fibroblasts MRC5 +++ ++ ++ + + NA [226]
Mouse embryonic fibroblasts Satats TFF T st T NA [101]
NHLFs CCL-151 +++ T ++ + + T [81]
NHLFs ++ ++ NA NA NA NA [42]
Primary mouse lung endothelial TFF TF - St TF NA [31]
HPAECs + ++ + + + +++ [106]
HMVECs + ++ + + + +++ [106]
HEV ECs NA NA NA ++ NA ++ [116]
Human eosinophils + - + NA NA NA [148]
Primary mouse neutrophils - +++ - - + NA [31]
Primary mouse alveolar macrophages - + + + + NA [31]
Human alveolar macrophages + ++ ++ NA NA NA [158]
Rat alveolar macrophages ++ + - NA NA NA [158]
Human monocytes + - - NA NA NA [176]
Mouse DCs ++ ++ A NA NA NA [58]
Human immature DCs + + + NA NA NA [172]
Human mature DCs + + + NA NA NA [172]
Human immature DCs + - NA NA NA [174]
Human mature DCs - + - NA NA NA [174]
Mouse immature DCs ++ + +++ ++ +++ NA [175]
Mouse mature DCs +++ + + ++ ++ NA [175]
Jurkat T cells + +++ - NA NA NA [178]
Jurkat T cells + + + NA NA NA [295]
Human CD4 T cells + +++ NA NA NA NA [177]
Human CD4 T cells + +++ - NA NA NA [176]
Human CD8 T cells - - - NA NA NA [176]
Mouse CD4 T cells + + + + NA [31]
Mouse CDS8 T cells + +++ + + ++ NA [31]
Human B lymphocytes - ¥ * NA NA NA [176]
Human platelets + NA + NA NA NA [296]
Human platelets + + + NA NA NA [295]
Human platelets + + + + + NA [297]
Human mast cells + + + + NA NA [199]
Human mast cells + + + - NA NA [200]
Human mast cells - ++ + - +++ ++ [201]
Lung resident mesenchymal stem cells Siaisis F i NA NA NA [298]

+++: Strong expression; ++: Moderate expression; +: Low expression; -: No expression; NA: Not available; LPAR: Lysophosphatidic acid receptor; NHBEs:

Normal human bronchial epithelial; HBE: Human bronchial epithelial; HBEpCs: Human bronchial epithelial cells; NHLFs: Normal human lung fibroblasts;

ECs: Endothelial cells; HPAECs: Human pulmonary arterial ECs; HMVECs: Human pulmonary microvascular ECs; HMVECs: Human pulmonary

microvascular ECs; HEVs: High endothelial venules; DCs: Dendritic cells.

an interaction abolished upon the disruption of lipid
rafts”™. Further studies are needed to explore possible
homo- and hetero-dimerisation of LLPARs and the effect
of their possible association with other GPCRs within
lipid rafts.

Complete genetic deletion of LPAR1-5 does not re-
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sult in any gross pathological signs in the lungs of non-
stimulated mice!”, with the exception of the development
of pulmonary hypertension in aged LPAR1 and 2 double
KO mice™, which is consistent with the proven role of
ATX/LPA in vascular development[(”zs’%’m and the ef-
fects of LPA on endothelial and smooth muscle cells
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physiology (see below).

ATX has been shown to be necessary for embryonic
development, as complete genetic deletion results in
aberrant vascular and neuronal development leading to
embryonic lethality™****, However, preliminary studies
with inducible complete genetic deletion of ATX in adult
mice or long-term potent pharmacological ATX inhibi-
tion indicate no gross pathological signs (unpublished
data). Moreover, and according to published reports, fluc-
tuations in ATX/LPA levels and the abrogation of LPA
receptor signalling are well tolerated in the lungs, with
the exception of aged mice. Therefore, the ATX/LPA
axis does not seem to have a major role in the pulmonary
physiology of healthy adult mice. However, more studies
are needed to determine the effect of lysophospholipid
homeostasis on healthy pulmonary functions and vice
versa.

LPA EFFECTS ON PULMONARY CELLS

The possible involvement of the ATX/LPA axis in pul-
monary pathophysiology has been widely explored in 7

vitro studies, mainly upon LPA treatment of various cell
types and lines, primary or established. The main find-
ings, exclusively concerning cells of pulmonary origin, are
summarised in Table 2, presented below together with
major findings from cells of different origin, and atre dis-
cussed later in the context of disease pathogenic mecha-
nisms. Notably, all reported effects were observed at LPA
concentrations much higher than the physiological LPA
levels in the plasma and BALE, and thus, they address
possible perturbed functions in pathophysiological situa-
tions involving the increased production of LPA at local
sites. Finally, differential effects have been observed for
different LPA species and in the presence of appropriate
carriers (e.g., albumin, gelsolin); however, the mechanisms
regulating phospholipid homeostasis and LLPA activity are
far from being understood.

Epithelial cells
The airway epithelium, the first line of defence of the
lungs against inhaled stimuli, plays a protective role
through its barrier activity to inhaled insults. Increased
epithelial apoptosis in response to injury is believed to
play a major role in the initiation of pulmonary patho-
physiological disorders, such as fibrosis. Moreover, dam-
aged epithelial cells release a plethora of factors that
contribute to repair mechanisms such as growth factors,
chemokines, cytokines and prostaglandinsm]. Mouse
bronchial epithelial cells have been reported to be the
major ATX-producing cell type in the mouse lungm, and
transformed pulmonary epithelial cell lines (A549) have
also been reported to express ATX™. All pulmonary cell
types have been reported (with some controversy) to ex-
press at least one LPA receptor, as indicated in Table 1.
LPA signalling through LPAR1 has been reported
to induce anchorage-dependent apoptosis in cultured
normal human bronchial epithelial cells (NHBES) 1 and
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the genetic deletion of LPAR1 or LPAR2 results in a de-
creased number of TUNEL" bronchial epithelial cells 7
vivo post-bleomycin (BLM)-mediated lung injury, which
specifically targets epithelial cells™* ATX expression
from epithelial transformed A549 cells has been reported
to induce their LPA-dependent and LPA-independent

rnigrationm]

, a crucial step for re-epithelisation and tissue
remodelling;

The stimulation of normal human bronchial epithelial
cells (HBEpCs) with LPA increases stress fibre forma-
tion, reorganises avB6 at their ends and leads to in-
creased transforming growth factor-beta (TGF-[3) activity
via LPAR2/Gaq and RhoA/Rho kinase™. TGF-B plays
crucial roles in tissue regeneration and cell differentiation,
and integrin qv6 has been shown previously to bind
and activate TGF-31, a mechanism that was suggested to
regulate pulmonary inflammation and fibrosis'*.

LPA induces interleukin-8 (IL-8) expression from
HBEpCs, the major chemoattractant of neutrophils,
through nuclear factor kappa B (NF-kB)/AP1 and
PKC8/p38/extracellular regulated protein kinases
(ERK)/c-Jun N-terminal kinase (JNK) pathways """,
LPA levels and their effects on IL-8 expression have been
reported to be regulated intracellulatly by acylglycerol ki-
nase (AGK)"" and extracellularly by lipid phosphatase-1
@CPPD)™ and ATX™. Moreover, the stimulation of TI.-8
expression is mediated, at least in part, by LPA-mediated
phosphorylation and transactivation of the epidermal
growth factor receptor (EGFR)"™\. In vitro results were
verified iz vivo, where intratracheal LPA administration
to mouse lungs stimulated the expression of MIP-2,
the mouse homologue of IL-8, and neutrophil influx®.
Another pro-inflammatory action of LPA in HBEpCs
in vitro is the induction of thymic stromal lymphopoietin
(TSLP) and chemokine CCL20 through CARMA3-medi-
ated NF-»B activation”™. TSLP stimulates dendritic cell
maturation, leading to antigen presentation to T cells and
the initiation of an adaptive immune response to an in-
haled antigenm, whereas CCL20 induces the chemotaxis
of T cells and dendpritic cells (DCS)[SZ]. Both cytokines
are expressed in the airway of asthmatic patients and
contribute to airway inflammation in mouse models of
asthma>>.

LPA has also been reported to induce 11.-13 decoy
receptor a2 expression and to inhibit IL.-13 signalling in
HBEpCs vitrd™. T1-13 is a Th2 cytokine and a media-
tor of allergic inflammation and disease, the levels of
which were found to be increased in the BALF of asthma
patients and ovalbumin-challenged mice™. LPA levels
were also found to be increased after segmental allergen
challenge™. Therefore, L.PA-induced stimulation of II-
13Ra2 and abrogation of 11.-13 signalling would conceiv-
ably abrogate the induction of allergic asthma in mice.
Heterozygous LPAR2 knockout mice exhibit reduced
neutrophil infiltration in the lungs upon treatment with
Schistosoma mansoni soluble egg antigen (SEA) ;. however,
the adoptive transfer of allergen-pulsed LPAR2'DCs
induce substantially more lung inflammation, pointing to
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Table 2 Lysophosphatidic acid effects on different cell types

Cell type Primary Species LPA effect Receptor Experiment  Carrier Ref
Alveolar and bronchial epithelial Yes Mouse Apoptosis LPAR1 In vivo Biological fluid [41]
Alveolar and bronchial epithelial Yes Mouse Apoptosis LPAR2 In vivo Biological fluid [41,42]
NHBEs Yes Human (anchorage dependent) Apoptosis LPAR1 In vitro FAF BSA [41]
NHBEs Yes Human TSLP, CCL20 induction In vitro No [50]
NHBEs Yes Human TGF-B activation LPAR2 In vitro No [43]
NHBEs Yes Human Induction of Soluble ST2 LPAR1,3 In vitro NA [61]
expression
Bronchial epithelial (HBEpCs) Yes Human EGEFR transactivation, IL-8 In vitro BSA; BSA [46,49]
secretion
Bronchial epithelial (HBEpCs) Yes Human Induction of IL-13 Ralpha 2 Gai linked  In vitro No [54]
Bronchial epithelial (HBEpCs) Yes Human Epithelial barrier integrity LPAR1,3 In vitro NA; BSA [56,209]
enhancement
Bronchial epithelial (HBEpCs) Yes Human  Decrease of EGFR-EGF binding In vitro BSA [66]
Bronchial epithelial (HBEpCs) Yes Human  COX-2 expression, PGE2 secretion Gai linked  In vitro No [63]
Bronchial epithelial (HBEpCs) Yes Human PDGFR-B transactivation In vitro BSA [68]
Bronchial epithelial (HBEpCs) Yes Human  c-Met redistribution on the In vitro No [70,299]
membrane
Bronchial epithelial (BEAS-2B) No Human  EGEFR transactivation In vitro BSA [66]
Bronchial epithelial (BEAS-2B) No Human RANTES inhibition LPAR1 In vitro FAF BSA [59]
R3/1 Alveolar epithelial No Rat Inhibition of attachment In vitro FAF BSA [41]
Tracheal epithelial Yes Mouse COX-2 expression, PGE2 secretion LPAR2 In vitrofvivo  No [57]
H292 lung cancer epithelial No Human  Decrease of EGFR-EGF binding In vitro BSA [66]
A549 alveolar epithelial carcinoma  No Human Decrease of EGFR-EGF binding In vitro BSA [66]
Ab49 alveolar epithelial carcinoma  No Human  p53 decrease In vitro FAF BSA [73]
A549 alveolar epithelial carcinoma  No Human Cell migration LPAR1 In vitro BSA; BSA [40,74]
NCI-H522 lung epithelial carcinoma No Human Cell motility In vitro BSA [74]
Fetal lung fibroblasts (HFL1) No Human Chemotaxis In vitro Biological fluid [31]
NLFs CCL151 No Human Proliferation, EGFR ectodomain  Gi/o linked In vitro No [81]
shedding
Fetal lung fibroblasts MRC5 No Human  proliferation LPAR1,3 In vitro No [226]
Fetal lung fibroblasts IMR-90 No Human Chemotaxis LPAR1 In vitro [95]
NLFs Yes Human Differentiation, TGF-f expression LPAR2 In vitro No [42]
and signaling
Lung fibroblasts Yes Mouse Differentiation, TGF-B expression LPAR2 In vitro No [42]
and signaling
Lung fibroblasts Yes Mouse Chemotaxis LPAR1 In vitro FAF BSA [31]
Lung fibroblasts Yes Mouse Protection from apoptosis LPAR1 In vitro FAF BSA [41]
NIH 3T3 fibroblasts No Mouse Protection from apoptosis, Gilinked  Invitro FAF BSA [99]
proliferation
NIH 3T3 fibroblasts No Mouse Migration, protection from In vitro BSA [100]
apoptosis, proliferation
Ratl/c-Myc fibroblasts No Rat Protection from apoptosis In vitro FAF BSA [99]
Lung endothelial Yes Mouse Vascular leak/extravasation LPAR1 In vivo Biological fluid [31]
HPAECs pulmonary endothelial Yes Human Increase of the endothelial layer ~LPAR6 In vitro FAF BSA [106]
permeability
BPAE pulmonary artery endothelial No Bovine Migration, chemotaxis In vitro FAF BSA [127-129]
Smooth muscle cells Yes Rabbit, cat Contraction Ex vivo BSA [140]
HASM airway smooth muscle cells ~ Yes Human Proliferation, stimulation of EGFR In vitro NA; BSA [139,141]
signaling
HASM airway smooth muscle cells ~ Yes Human Activation of TGF-$ In vitro NA [143]
Dendritic cells Yes Mouse Inhibition of activation LPAR2 In vitro, in vivo FAF BSA [58]
Lung resident mesenchymal Yes Human  Migration LPAR1 In vitro No [298]

stem cells

LPA: Lysophosphatidic acid; NHBEs: Normal bronchial epithelial; HBEpCs: Human bronchial epithelial cells; BEAS-2B: Bronchial epithelial cell line; NLFs:
Normal lung fibroblasts; HPAECs: Human pulmonary arterial endothelial cells; LPAR: Lysophosphatidic acid receptor; NA: Not available; TSLP: Thymic

stromal lymphopoietin; TGF-B: Transforming growth factor beta; EGFR: Epidermal growth factor receptor; BSA: Bovine serum albumin; FAF: Fatty acid free.

an anti-inflammatory role of LPA/ LPAR2™. Consistent
with a potential anti-inflammatory role of LPA signal-
ling, especially in the context of allergic inflammation,
LPA has been found to inhibit the tumor necrosis factor
(INF)/intetferon (IFN)-y-induced production of CCL5/
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RANTES in an established human bronchial epithelial
cell line (BEAS-2B)®. RANTES is a chemoattractant for
eosinophils, monocytes and T-cells and seems to exacer-
bate asthma®. LPA has also been reported to induce the
expression of soluble ST2 (sST2) from HBEpCs, a decoy
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receptor of I1.-33 that attenuates 11.-33 and endotoxin-
induced inflammatory responses'”. The increased expres-
sion has also been vetrified i vivo, where the intratracheal
administration of LPA increased sST2 levels in BALF".
However, the physiological relevance of this finding re-
mains unknown, as the abrogation of LPA signalling 7
vive, via the genetic deletion of LPAR1 or LPAR2, attenu-
ates LPS-induced responsesméz]. The controversial anti-
inflammatory effects of LPA are exemplified by its stim-
ulation of cyclo-oxygenase-2 (COX-2) expression and
prostaglandin E2 (PGE2) release from HBEpCs'®. In
vivo, LPAR2"" mice express less COX-2 and secrete lower
amounts of PGE2 compared to wild-type mice upon al-
lergic stimulation®™. COX-2 and PGEzare commonly
considered potent proinflammatory mediators and are
involved in several inflaimmatory diseases. However, in
the lungs, as opposed to other parts of the body, PGE2
has a role in limiting the immune-inflammatory response
and tissue repair processes[64’65]. The generation of condi-
tional knockouts for the different LPA receptors will be
instrumental in dissociating the inflammatory effects of
LPA in different cell types iz vivo. Moreover, the possible
differential effects of LLPA in stromal and innate immune
cells, as compared to adaptive immune cells, should be
addressed with appropriate bone marrow transfer experi-
ments.

LPA stimulates PGE2 production and I1.-8 secretion
in HBEpCs through EGFR phosphorylation and trans-
B4 introducing the concept that LPA can also
activate or modulate structurally distinct receptors. LPA
induces a decrease in EGFR binding of EGF both in
HBEpCs and established epithelial cell lines (BEAS-2B)
via different signalling pathways, including transactiva-
tion of EGFR“*". The decrease in EGF binding to its
receptor is sustained in normal cells but is rapidly re-
versed in cancer cell lines (H292, A549)m. LPA has been
found to transactivate receptor tyrosine kinases (RTKs)
other than EGFR, such as platelet-derived growth factor
receptor-B (PDGF) in lung epithelial cells. Specifically,
in primary cultures of HBEpCs, LPA stimulates tyrosine
phosphorylation of PDGFRp and threonine/tyrosine
phosphorylation of the downstream molecule ERK1/2,
both through PDGFR kinase, suggesting that PDGFR is
transactivated by LPA™. As PDGF promotes cell prolif-
eration™, PDGFR transactivation from LPA may have a
proliferative role in airway epithelium.

In general, transactivation of RTKs by GPCRs in-
duces tyrosine phosphorylation of RTKSs, thereby result-
ing in further signal transduction. Similarly, LPA induces
tyrosine phosphorylation of EGFR and PDGFR in
HBEpCs[()G’(’S]. By contrast, LPA has no effect on tyrosine
phosphorylation of another RTK, c-Met, which is the
receptor of hepatic growth factor (HGF) M Rather, LPA
in HBEpCs induces serine phosphorylation of c-Met and
its redistribution to the plasma membrane”. Moreovert,
LPA has an inverse effect on c-Met compared to the c-Met
ligand, HGE. HGF induces tyrosine phosphorylation of
c-Met and its internalisation, whereas LLPA reverses these

activation
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effects and promotes the redistribution of the c-Met-E-
cadherin complexes on the plasma membrane through
PKC8"™. The implication of LPA on c-Met signalling,
which is involved in tumour invasion and metastasis,
could be of importance in lung cancer (LC) in which
c-Met is overexpressedm. Conversely, the inhibition of
HGTF signalling by LPA is another link between LPA
and fibrosis, in which HGF has an important protective
role”.

The ATX/LPA axis is widely known to be implicated
in cancer """, however, limited studies have addressed the
role of ATX/LPA in LC. A549 lung carcinoma epithe-
lial cells express ATX, which localises to perinuclear and
exocytotic vesicle-like bodies and is later secreted in the
culture medium™”. ATX has been reported to induce the
migration of A549 cells, most likely through the phos-
phorylation of PKC3 and of the actin-binding protein
cortactin, which could be inhibited by an LPAR1/LPAR3
inhibitor or knock-down of LPAR1"". Interestingly, mu-
tant ATX or heat-inactivated cell supernatant were also
reported to promote cell migration, proving that ATX-
induced cell migration does not depend totally on ATX
enzymatic activity and LPA™, This LPA-independent
pathway of cell migration could be mediated by the bind-
ing of ATX to cell-surface receptors, such as integrin 34,
which, as shown by co-immunoprecipitations, takes place
even after ATX has been heat inactivated™.

Moreover, in the context of carcinogenic epithelial
cells, LPA has been shown to decrease the total cellular
content of the tumour suppressor p53 in A549 lung
epithelial cells, most likely through proteasomal degrada-
tion regulated by PI3K, and simultancously to decrease
the nuclear localisation of p53 and the p53-dependent
transcription of cell-cycle arrest genesm. Overexpression
of LPA receptors 1, 2 or 3 in A549 cells was found to be
sufficient to cause a severe reduction in p53-dependent
transcription'”. Moreover, LPA protects A549 cells from
genotoxic drugs, which normally cause nuclear accumula-
tion of p53 and apoptosis, by reducing the total levels
of p53 and preventing apoptosism]. This may explain
the protection that LPA offers to carcinoma cells against
chemotherapeutic agents. In addition, the fact that p53
inhibition regulates transcription by LPA means that LPA
suppresses the G1-S cell cycle arrest induced by p53 and
favours tumour cell growth. The same A549 cell line,
which predominantly expresses LPAR1, shows induc-
tion of cell motility by LPA™ whereas its migration and
invasion are inhibited 7z vitro by 1-bromo-3($)-hydroxy-
4-(palmitoyloxy) butyl-phosphonate (BrP-LPA), a dual-
function pan-antagonist of LPA receptors and inhibitor
of the lysophospholipase D activity of ATX, Expres-
sion of LPAR1 seems to be crucial for motility, as an-
other lung epithelial carcinoma cell line with no LPAR1
but significant LPAR2 levels is not susceptible to LPA-
induced cell motility”™. Intriguingly, when A549 cells are
injected along extracellular matrix (ECM) in nude mice,
the resulting tumours are inhibited, and the number of
vessels 1s decreased by BrP-LPA, an inhibitor of ATX
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and LPA signallingm. Therefore, LPA regulates many of
the aspects of A549 cells that promote carcinogenesis,
such as cell cycle promotion, migration, invasion and sut-
vival.

Taken together, these results show that LPA seems to
be involved in different aspects of pulmonary epithelial
pathophysiology, including migration, apoptosis, pro-(and
anti-) inflammatory gene expression and transactivation
of RTK receptors. However, most of the reported LPA
effects in epithelial cells described above were examined
in vitro, in the absence of cell-to-cell interactions and a
functional ECM, which are defining events especially in
the case of epithelial cells. Their implication on pulmo-
nary pathophysiological situations 7 vivo is discussed be-
low.

Fibroblasts

Fibroblasts are ubiquitous cells found in connective tissue
that provide mechanical strength to tissues by providing a
supporting framework of ECM"”. Moreover, fibroblasts
are important sentinel cells in the immune system, which
have been suggested to play a critical role in the switch
from acute inflammation to adaptive immunity and tissue
repairm. Fibroblasts from different anatomical regions
exhibit characteristic phenotypes that are maintained
even after prolonged culture 7 vitro, suggesting that many
fibroblasts have an imprinted phenotype. They are ex-
tremely versatile cells that display a remarkable capacity
to differentiate into other components of the connec-
tive tissue, such as cartilage, bone, adipocyte and smooth
muscle cells. Their differentiation to myofibroblasts,
under mechanical pressure from the ECM and/or pro-
fibrotic TGF-3 stimulation, regulates connective tissue
remodelling by combining the ECM-synthesising features
of fibroblasts with cytoskeletal characteristics of contrac-
tile smooth muscle cells. Myofibroblasts can have multi-
ple origins, regress and disappear by apoptosis on wound
epithelialisation, and may persist in fibrotic situations and
cause organ dysfunction, such as pulmonary fibrosis™.
Moreover, fibroblasts are associated with cancer cells
(cancer-associated fibroblasts) at all stages of cancer pro-
gression, and their functional contribution to this process
is beginning to emerge[gol.

Fibroblast proliferation is required in wound heal-
ing to fill an open wound. In the lungs, LPA has been
reported to promote the proliferation of established hu-
man normal lung fibroblasts (CCL151), along with ERK
phosphorylation and the transcription of ¢fos, HB-EGF
and amphiregulin genes[gﬂ. In accordance, cell migration,
rounding and proliferation in response to LPA are de-
creased in embryonic fibroblasts from LPAR1-null mice
but are not absent, consistent with redundant signalling
from LPA receptors™. In support of a role of LPA in
lung fibroblast proliferation, LPA stimulates prolifera-
tion of synovial fibroblasts mediated through the GPCR,
ERK, p38 and Rho kinase signalling pathways[gal. The

proliferative effects of LPA in synovial fibroblasts cor-
83]

relates with the development of actin stress fibres ", in
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agreement with early reports on LPA effects in Swiss
3T3 fibroblasts, also indicating tyrosine phosphorylation
of focal adhesion kinase (FAK), paxillin and p130[84’86].
Moreover, LPA-induced cytoskeleton reorganisation in
peritoneal mesothelial cells promotes connective tissue
growth factor (CTGF) expression, which in turn pro-
motes NIH3T3 fibroblast proliferation, an effect abol-
ished upon silencing of CTGF or LPAR1 in mesothelial
cells®™.

LPA has also been shown to augment human foetal
lung and human foreskin fibroblast-mediated contraction
of collagen gels[ss’m and to promote the contraction of
human myofibroblasts, isolated from the palmar aponeu-
rosis of patients with Dupuytren’s disease™. LPA-medi-
ated contraction of myofibroblasts has been suggested to
involve Rho/Rho kinase inhibition of myosin light chain
(MLC) phosphatase (MLCP)™. In accordance, LPA has
been found to increase the phosphorylation and thereby
the inhibition of MLCP in Swiss 3T3 fibroblasts in a
ROK-dependent mannet”", This would therefore suggest
that MLLCP inhibition could play a role in LPA-induced
fibroblast contraction by enhancing the effect of MLC
kinase (MLCK), leading to prolonged phosphorylation
of MLC and, subsequently, an increase in actin/myosin
cross-bridging and contraction. Moreover, LPA has also
been shown to induce an MLC-independent pathway
of cell contraction through rac, p21-activated kinase 1
(PAK1) and cofilin-1-mediated membrane ruffling.

In addition to promoting Rho-dependent cell con-
traction, LPA is also a potent stimulator of Rac, leading
to lamellipodia protrusion and cell migrationm’%l. This
involves Gi-dependent activation of PI3K that, in turn,
activates the Rac-specific guanine nucleotide-exchange
factor Tiam1"). Moreover, LPA synergises with EGE,
PDGF and B1A integrins in the stimulation of cell mi-
grationm]. In the lung, it has been shown that LPA bound
to albumin acts through LPAR1 as a chemoattractant for
primary mouse lung fibroblasts. Chemotaxis induced by
BALFs isolated from fibrotic mice is attenuated by more
than 50% when the fibroblasts are deprived of LPARI,
suggesting that LPA is the predominant fibroblast che-
moattractant in the airspaces of BLM-treated mice®. In
addition, a selective inhibitor for LPAR1, AM966, has
been found to inhibit the chemotaxis of IMR-90 human
lung fibroblasts mediated by LPA"™. The LPAR1-LPAR3
inhibitor Ki16425 inhibits chemotaxis of human foetal
lung fibroblasts induced by BALF from IPF patients,
showing the importance of LPART in LPA-induced fi-
broblast chemotaxis”". I vivo, LPAR1 deletion protects
against BLM-induced fibrosis in mice, most likely due to
the observed dectease in fibroblast accumulation. By con-
trast, fibroblast collagen production and differentiation to
myofibroblasts remain unaffected by LPAR1 deletion""
but have been suggested to be regulated by LPAR2™
In human lung fibroblasts, LPA induces the expression
of a-smooth muscle actin (a(SMA), fibronectin (FN),
collagen I a2 and TGF-B1 protein expression, mediated
through LPAR2", In support of an effect of LPA on
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the differentiation of lung fibroblasts to myofibroblasts,
tumour-secreted LPA promotes the differentiation of
peritumor fibroblasts to myofibroblasts and accelerates
hepatocellular carcinoma progression[%], as well as the
expression of alSMA in human adipose tissue-derived
mesenchymal stem cells”™™,

LPA signalling, specifically through LPAR1, has been
found to completely suppress the apoptosis of adher-
ent primary mouse lung fibroblasts induced by serum
deprivationm. Similar anti-apoptotic effects of LPA have
also been reported in NIH3T3, Swiss 3T3 and Rat-1
fibroblasts™ | as well as ATX-transfected NIH3T3 fibro-
blasts"", further supporting a role of ATX/LPA in me-
diating pathologic fibroblast accumulation.

Finally, signs of LPA-induced differential expres-
sion in fibroblasts can be extrapolated from an expres-
sion profiling study of mouse embryonic fibroblasts
(MEFs)""". LPA induces the transcription of more than
100 immediate-early genes associated with growth and
cell cycle progression, growth regulatory kinases and se-
creted factors such as chemokines, pro-angiogenic factors
and pro-fibrotic factors. Also very prominent is the acti-
vation of genes related to cytoskeletal organisation and
integrin signalling, which is in line with the role of LPA
in cell motility. Simultaneously, LPA-downregulated genes
are associated with adhesion""". Therefore, LPA seems to
have a plethora of actions on fibroblasts concerning cell
cycle, growth, motility and inflammation. However, when
used at low concentrations, LPA enhances mostly genes
associated with cell movement rather than cell growth,
indicating that LPA acts predominantly as a motility fac-
tor than a growth factor at low concentrations'"". The
effects of LPA on differential gene expression in MEFs
have been suggested to be mediated by beta-arrestin 2 in
an independent study!"?.

Endothelial cells

The endothelium is the thin layer of cells that lines the
interior surface of blood vessels and lymphatic vessels
forming an interface between circulating blood or lymph
in the lumen and the rest of the vessel wall. Endothelial
cells (ECs) are involved in many aspects of vascular bi-
ology, including barrier function, blood clotting, angio-
genesis, vasoconstriction and vasodilation"”. Although
endothelial dysfunction, or the loss of proper endothelial
function, is a hallmark for vascular diseases and often
regarded as a key early event in the development of ath-
erosclerosis and cardiovascular diseases, chronic lung
diseases such as COPD, pulmonary hypertension and
interstitial lung diseases have all been reported to have
a lung vascular disease component“m’mﬂ. Morteovet, the
interaction of endothelial cells with immune cells is in-
strumental for the extravasation of inflammatory cells at
local sites.

LPA increases the permeability of an endothelial layer
consisting of human pulmonary arterial ECs (HPAECs)
to FITC-dextran (in transwell assays) and reduces their
electrical impedance“%]. The LPA-induced loss of en-
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dothelial barrier function is associated with changes in
actin stress fibre formation". Similar observations have
been made in human umbilical vein ECs, in which it has
been shown that LPA induces endothelial hyperperme-
ability through the activation of RhoA and Rho kinase,
master regulators of signals to the cytoskeleton[m?’m()l.
Therefore, and despite some conflicting reports on the
effects of LPA on the permeability of other endothe-

FTH " the increased levels of LPA in certain

lial systems
pulmonary pathophysiological conditions could increase
endothelial permeability, thereby facilitating the influx of
inflammatory cells and soluble factors. Indeed, genetic
deletion of LPAR1 or LPAR2 and the resulting abroga-
tion of LPA signalling attenuate the BLM-induced vascu-
lar leakage observed during the development of modelled
pulmonary inflammation and fibrosis”"*.

Interestingly, ECs of high endothelial venules (HEVs),
largely responsible for lymphocyte extravasation into
secondary lymphoid organs, have been reported to ex-
press and secrete ATX, and chemokine-activated lym-
phocytes express receptors with enhanced affinity for
ATX">'™ Moreover, it has recently been shown that
HEV-expressed HS plays a role in chemokine presenta-
4 while the polybasic

mnsertion in ATXq has been suggested to confer specific
[

tion and lymphocyte homing!"'
binding to cell surface HS proteoglycans . Impressively,
intravenous injection of enzymatically inactive ATX at-
tenuates T-cell homing to lymphoid tissues, suggesting
that EC-bound-ATX is an adhesive substrate for homing
lyrnphocytes“m. In the same homing cascade, LPA locally
produced by HEV-ATX stimulates the polarisation, mo-
tility and transendothelial migration of naive T-cells" """
or the motility of the ECs"'”, Furthermore, LPA stimu-
lates the expression of 1L-1f, IL-8 and MCP-1 from
human ECs!""™ sia the p38 and JNK pathwaysm()], and
it has been reported that LPA activates ECs to secrete
chemokines which, in the presence of LPA, might modu-
late interactions between the endothelium and circulating
monocytes””. LPA increases ICAM-1 expression in HU-
VECs, which might also enhance interactions with leuko-
cytes' " through ROCK2" in an NF-xB dependent
mechanism”"'*. A similar effect has also been reported
in human aortic ECs, in which LPA stimulates E-selectin
and VCAM-1 expression and increases the binding of
monocytes and neutrophilsm}]‘ It has also been reported
that LPA upregulates the expression of pentraxin-3
(PTX3) in a human artificial EC cell line*, PTX3 is an
acute-phase protein produced at the sites of infection
and inflammation by various tissues and cells, in particu-
lar innate immunity cells, in response to proinflammatory
signals and Toll-like receptor engagement. In addition, it
has recently been reported that PTX3 regulates leukocyte
recruitment upon acute lung injury (ALI)“ZS], while ge-
netic variation in PTX3 is associated with primary graft
dysfunction after lung transplantationmﬂ. Although the
endothelial cells of HEVs (and other endothelial systems)
differ substantially from pulmonary endothelial cells,
similar mechanisms may be in play in the lung, further
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regulating inflammatory cell influx.

Beyond the effects of LPA in endothelial permeability
and the possible regulation of the influx of inflammatory
cells, LPA stimulates the migration of some (but not all)
pulmonary EC types through ECM-dependent cytoskel-
etal rearrangements involving focal adhesions"”"?!, The
migration, proliferation and differentiation of ECs ate all
essential steps in angiogenesis, and LPA has been report-
ed to be involved in all processes, in different EC systems
and experimental conditions (reviewed ian])_ Notably,
LPA dramatically downregulates the surface expression
of CD306, the receptor of thrombospondin-1 and other
anti-angiogenic proteins in primary microvascular endo-
thelial cells and promotes angiogenesis viz a PKID-1-de-
pendent signalling pathwaymﬂ. LPA enhances VEGF-C
expression in human endothelial cell lines through
LPAR1/3, COX-2, NF-kB and EGFR transactivation-
dependent mechanisms' ">, Therefore, the ATX/LPA
axis might also stimulate angiogenesis, thereby exacerbat-
ing carcinogenesis and possibly chronic lung diseases that
have been suggested to include a vascular component.

Smooth muscle cells

Smooth muscle cells (SMCs) play an important role in
mediating a wide range of physiological processes, such
as blood pressure regulation and airway responsiveness.
Their principle function is to contract or relax in response
to stimuli, and they are capable of major phenotypic
changes in response to alterations in local environmental
cues™. LPA has been suggested to be such a phenotypic
modulator of SMCs, and its possible involvement in vas-
cular diseases and atherosclerosis have been extensively
reviewed elsewhere! """ suggesting that isolated vascular
SMCs respond to LPA by proliferating and migrating,
The early growth response-1 (Egr-1) transcription fac-
tor”*"" which regulates the transcription of a large vari-
ety of genes in SMCs implicated in vascular diseases and
fibrotic genes in fibroblasts'™ has been proposed to be
central to LPA responses of vascular SMCs.

LPA has been reported to stimulate the proliferation
of airway SMCs in marked synergism with EGF" and
to enhance their contraction in response to serotonin and
methacholine!!. Moreover, LPA upregulates the expres-
sion of EGF receptors, increases EGF bindingm‘m] and
induces integrin ovf5-mediated TGF-f activation'*
suggesting a possible involvement of LPA in asthma and
obstructive lung diseases.

Remarkably, LPA has been suggested to target vascu-
lar and oncogenic pathways #ia the receptor for advanced
glycation end products (RAGE) 149 PA has been report-
ed to bind avidly to RAGE, which is required for LPA
effects in vascular SMCs, including Akt signalling, pro-
liferation and migrationﬂm. RAGE is a2 member of the
immunoglobulin superfamily and has been shown to be
a pattern recognition receptor that transduces the effects
of multiple ligands, including advanced glycation end
products (AGESs), advanced oxidation protein products,
$100/ calgranulins, high-mobility group box-1 (HMGB1)

K
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and amyloid-f3 peptide“m. RAGE is highly expressed in
the lungs, suggesting a potentially important role in lung
homeostasis, and the disruption of RAGE levels has
been implicated in the pathogenesis of a variety of pul-
monary disorders, including ALIL fibrosis and cancer .
The discovery that it can be transactivated by LPA opens
up novel research directions on the effects of LPA in the

lung,

LPA EFFECTS ON LEUKOCYTES

In addition to the different immunomodulatory effects
of ATX/LPA in stromal cells presented above, including
the modulation of bartier functions of endothelial cells,
vascular remodelling and cytokine secretion from epithe-
lial cells, LPA has been reported to have direct effects on
leukocytes. As with every cell in the body, primary alveo-
lar leukocytes all express some LPA receptors (Table 1P,

Granulocytes

Eosinophils have a unique contribution in initiating in-
flammatory and adaptive responses due to their bidirec-
tional interactions with DCs and T cells and to their large
panel of secreted cytokines and soluble mediators"*".
They are mainly involved in parasite infections and aller-
gic diseases; however, they have significant contributing
roles in a wide range of other diseases*". LPA exhibits
chemotactic activity towards human peripheral blood
eosinophils, shown to express LPAR1,3 mRNA, both i
vitrd™ and in the lung in vivd™. Moreover, LPA re-at-
ranges the eosinophil actin cytoskeleton, upregulates the
expression of the integrin CD11b on their surface and
stimulates Ca"" mobilisation and the production of reac-
tive oxygen intermediates'*”. The observed effects of
LPA in eosinophils, shown pharmacologically to be me-
diated through LPAR1/3-Gi/o, ate comparable to those
obtained from other well-known chemoattractants such
as C5a, PAF, CCL5, CCL11 and CCL13"*¥ suggesting
that LPA is a potent chemoattractant and activator of eo-
sinophils.

Like eosinophils, human peripheral blood neutrophils,
the most abundant granulocytes ot leukocytes in the
blood and the major effectors of acute inflammation"”",
respond to LPA by calcium flux and oxidative burst™".
LPA has also been reported to stimulate neutrophil de-
granulation'™ and to promote neutrophil chemotaxis
both in vitrd™ and in the lung in vive"*”. Despite the
limited studies and some conflicting reports[154], it seems
that LPA might have a role in neutrophilic responses and
therefore in acute inflammation and lung injury.

Macrophages

Macrophages (M®s), the most plastic cells of the haema-
topoietic system and the predominant resident immune
cells in the lungs, have well-established roles in lung ho-
meostasis, tissue repair and immunity!”>"", Peripheral
blood monocytes and/or tissue M®ds in mice, humans
and rats all express some of the receptors for LPA; how-
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ever, different publications, all based on RT-PCR data,
report different expression patterns” ">, while bone
marrow-derived M®ds were found to express all 5 major
LPARs (unpublished data and™). All transformed mono-
cytic cell lines (MM6, RAW, THP-1, J774A.1) have also
been reported to express LPA receptors' ™™, However,
a systematic study on LPAR expression during the differ-
entiation of monocyte to M®s and upon inflammatory
activation of primary, resident or immigrating cells is still
lacking,

The same is true for ATX, as there are limited reports
on ATX expression in monocytes/M®s. LPS-stimulated
transformed monocytic THP-1 cells have been reported
to express ATX mRNA""'*Y that is inhibited by phat-
macological inhibitors of PKR, JNK and p38 MAPK"",
More importantly, alveolar M®s from BLM-challenged
fibrotic mice and human IPF patients have been shown
with immunocytochemistry to express ATX™!. Mac-
rophage ATX expression has also been noted in LC
patients (unpublished data). Therefore, ATX expression
from inflammatory or tumour-associated M®s would
stimulate local LPA production and its plethora of ef-
fects.

As far as the effects of LPA on M®s themselves are
concerned, LPA has been shown to protect murine pri-
mary peritoneal M®s from apoptosis induced by serum
deprivation, suggested to be mediated through PI3K!".
By contrast, LPA has no effect on macrophage prolif-
eration”!. In THP-1 cells, LPA significantly increases
reactive oxygen intermediates (ROI) production and
prostaglandin E2 release!’”". In RAW264.7 cells, LPA
stimulates cell survival and induces monocyte lipid accu-
mulation from oxidised low-density lipoprotein (ox-LLDL),
suggested to be mediated through PPARy activation, and
CD36 scavenger receptor uptake“()é]. LPA in J774A.1 cells
also induces ox-LDL uptakemz] and 11.-1 expression“m.
In MMG cells, LPA has been reported to increase cyto-
solic Ca™", a second messenger of cellular activation that
regulates diverse biological processes such as the secre-
tion of cytokines and the expression of proinflammatory
genes“()o]. Therefore, the limited studies on the effects of
LPA in M®s point to a potential pro-survival and pro-
inflammatory role of the ATX/LPA axis, although more
studies are needed, especially in primary cells, employing
flow cytometry analysis of surface expression markers.

Dendritic cells

Dendritic cells (DCs) are the most potent antigen-pre-
senting cells specialised in the activation of naive T-lym-
phocytes and the initiation of the immune response and
are among the major immunological cells residing in the
lungs. LPA (50 pmol/L) has been shown to affect the dif-
ferentiation of peripheral circulating monocytes to DCs i
vitro, which, however, have impaired immunological func-
tions"*". Interestingly, LPC, the precursor of LPA and
the substrate of ATX, has also been reported to promote
dendritic cell maturation from monocytes, with the abil-

ity to stimulate IL-2 and IFN-y production by allogeneic
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T lyrnphocytes“(’gl. Notably, LPC released from apoptotic
cells has also been suggested to be a potent chemotactic
signal to M®s iz the phagocyte receptor G2AM,
Both mature and immature DCs express LPARs
but respond differently to LPA"™, LPA induces calcium
flux, actin polymerisation and chemotaxis of immature
DCs, whereas LPS-exposed mature DCs are insensitive.
However, LPA inhibits, in a PTX-insensitive manner, the
secretion of 11.-12, and TNF and enhances the secre-
tion of IL-10 from LPS-exposed mature DCs"™. Other
groups have suggested a predominance of LPAR2 in
DCs"'"™ and reported that LPA induces 1L.-6 and IL-8
in maturing DCs"™ but does not have these effects in
mature DCs!"™. Moreover, LPA does not exert a domi-
nant effect on the ability of DCs to stimulate Th cell
polarisation but does inhibit LPS-induced responses”m.
Similarly, unsaturated LPA species (as opposed to satu-
rated ones) are able to induce the chemotaxis of imma-

[1-3]

ture but not LPS-exposed mouse bone marrow-derived
DCs in vitro, attributed to LPAR3!"". Finally, LPAR2”
DCs have been reported to induce the proliferation of
co-cultured T cells and their I1.-13 secretion, motre so
than in wild-type DCs, suggesting that LPAR2 in DCs
has a suppressive role in the Th2 inflammation and air-
way response to allergens[sgl. Indeed, adoptive transfer of
LPAR2” DCs pulsed with ovalbumin (OVA) enhances
lung inflammation in comparison with OVA-pulsed wild-
type DCs™. However, a different group reported that
heterozygous LPAR2 KO mice are partially protected
from allergic inflammation®”.

Taken together, and despite the limited available in-
formation and observed discrepancies, LPA seems to
have a pro-inflammatory role in immature DCs, promot-
ing inflammatory cytokine secretion and their chemotaxis
and maturation, whereas in mature cells, LPA has a po-
tential anti-inflammatory role, which might depend on
the allergen.

Lymphocytes

Lymphocytes, the major cellular components of the
adaptive immune response, all express some LPARs,
as assessed with RT-PCR and in some rare case with
western blots, but the results have been somewhat con-
ﬂictingmﬁ’m]. Moreover, the presence of recently identi-
fied LPARSs remains to be examined. In one such study,
LPARS5 was reported to be highly expressed in gastro-
intestinal lymphocytesmq]. As with all cells, future FACS
studies on primary cells are needed to clarify the constitu-
tive and inducible regulation of LPA receptor expression
in T- and B-cell subsets. By contrast, no ATX mRNA
expression was detected in splenocytes, thymocytes and
CD8" T-cells, even upon their activation with phorbol
myristate acetate (PMA) (unpublished data and™), con-
sistent with the expression of other NPP family mem-
bers in these cells”. However, a human transformed pre-
B-cell line (Nalm-6) was reported to express and secrete
ATX, the effects of which on LPA production were sug-
gested to be counteracted by the simultaneous expression
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of LPP1"™,

LPA stimulates Jurkat leukemic T cells, leading to cal-
cium flux and proliferation[m]. Similarly, immortalised hu-
man B lymphoblasts respond to LPA with calcium flux,
MAPK activation, and immunoglobulin production[m]
However, there is a wide variety of responses to LPA re-
garding calcium flux depending on the cell line,

Jurkat cells also respond to LPA #n vitro by migrating
through a matrigel membrane, an experimental con-
nective tissue-like bartiet!™. As mentioned above, and
despite opposing ﬁndingsmﬂ, LPA produced locally by
HEV-ATX has been shown to stimulate the polarisa-
tion, motility and transendothelial migration of naive
T—cellsms’“ﬂ, and ATX/LPA has also been shown to af-
fect endothelial permeability and thus the regulation of
lymphocyte influx"">""”. Similar mechanisms may also
exist in B-cells, as LPA has been shown to enhance LLFA-
mediated adhesion of murine follicular and marginal
zone B-cells to ICAM-1 7n vitro, similar to the effects of
CXCL12 and CXCL13 chemokines and PMA"™, sug-
gesting that LPA may be involved in B-cell homing within
the spleen.

LPA has also been reported to inhibit the apoptosis
induced by antibodies to Fas, CD2 or CD3/CD28 of a
human T lymphoblast cell line (Tsup-1), accompanied
with the suppression of the apoptotic protein Bax""",
Similarly, LPA protects B-cell lines (BJAB and 1-83) and
primary chronic lymphocytic leukaemia cells from apop-
tosis. By contrast, LPA does not protect normal B-cells
from fludarabine- and etoposide-induced apoptosismsl,
LPA protects transformed pre-B cells (Nalm-1) from
spontaneous of staurosporine-induced apoptosis“sm.
However, indirect pro-apoptotic effects of LPA on T-cells
have been reported through the upregulation of Fas in
ovarian cancer cells!™"".

LPA, surprisingly in a PTX-insensitive manner, sup-
presses IL-2 secretion from anti-CD3/CD28-activated
CD4" T-cells, but not similarly activated CDS8" cells or
non-activated CD4" cells"", although opposing results
on IL-2 expression have been reported in Jurkat cells"™",
By contrast, LPA was reported to enhance PMA-induced
IL-13 promoter activity and gene expression in Jurkat
and human peripheral blood CD4" lymphocytes i vitro,
but only under submaximal conditions and not by it-
self'™. Therefore, it seems that LPA might co-stimulate
the polarisation to Th2 responses, although both cultured
human Th1 and Th2 cells responded to LPA by inducing

calcium flux and chemotaxis!™ "

Platelets and mast cells

Platelets are the principle effector cells in haemostasis
and have additional major functions in inflammation,
vascular integrity, and tissue repair. In the lungs, platelets
contribute to pulmonary vascular barrier function and are
required for defence against pulmonary haemorrhage[m].
Increased coagulation and depressed fibrinolysis, as a
consequence of the activation of circulating quiescent
platelets, result in diffuse alveolar fibrin deposition, which
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serves to amplify pulmonary inflammation, while the
interaction of platelets with endothelial cells and leuko-

cytes is critical in the pathogenesis of AL

. Moreover,
asthma is associated with a procoagulant state in the
bronchoalveolar space, further aggravated by impaired
local activities of the anticoagulant protein C system and
fibrinolysis' ™. ATX has been reported to bind to integ-
rins 31 and 3 on the surface of platelets“%], consistent
with the integrin-mediated binding of ATX to lympho-
cytes'™ and insights from the crystal structure™”. ATX
was found to inhibit fibrinogen-dependent platelet aggre-
gation and enhance their thrombin-induced LPA produc-

195 . . .
%1 wheteas systemic genetic overexpression of ATX

tion
in mice 4 vivo resulted in bleeding diathesis and attenua-
tion of thrombosis™. On the other hand, LPA levels in
serum prepared from platelet-rich plasma are 5-10-fold
higher than in platelet-poor plasma“ﬂ, indicating that
activated platelets are a major source of LPA in the circu-
lation. Therefore, the recruitment of circulating ATX to
the platelet sutface could enhance the local LPA produc-
tion during clotting, which in turn would exert its numer-
ous effects in adjacent cells. The effects of LPA on plate-
lets, which express the five major LPARs, include shape
change, fibronectin matrix assembly, platelet-monocyte
co-aggregate formation and synergism with other platelet
agonists, such as epinephrine and adenosine diphosphate,
and have been reviewed clsewhere!.

Mast cells, potent effector cells of the innate immune
system, are mainly implicated in pro-inflammatory re-
sponses to allergens but can also contribute to protection
against pathogens“%]. LPA potently induces the prolifera-
tion and differentiation of mast cells, which also express
LPARs""*" providing a synergistic signal with the
major mast cell growth factor, stem cell factor (SCH™,
LPA strongly enhances the formation of secretory gran-
ules and the cell-surface expression of kit™”. Mast cells
primed with IL-4 respond to LPA by the production of
chemokines, including macrophage inflammatory protein
(MIP)-1b, monocyte chemotactic protein (MCP)-1, and
11.-8""". Moteover, LPA induces histamine release from
rat peritoneal mast cells and mouse skin fragments[zuz],
and the subcutaneous administration of LPA increases
plasma exudation in the skin®™. Thus, LPA may both
support reactive mastocytosis (a feature observed in sev-
eral disease states) and serve as an amplifier of mucosal
inflammation, in which mast cell hyperplasia is mediated
by a Th2 cytokine-based mechanism.

THE ATX/LPA AXIS IN LUNG
PATHOPHYSIOLOGY

Acute lung injury

Acute lung injury (ALI), or mild acute respiratory distress
syndrome (ARDS), is a diffuse heterogeneous lung injury
characterised by arterial hypoxemia, respiratory failure and
low lung compliance, non-cardiogenic pulmonary oedema,
and widespread capillary leakage leading to alveolar flood-

. [204 . . ..
1ng[ | Bacterial or viral pneumonia is the most common
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cause of ALI and ARDS, but sepsis due to non-pulmonary
infections, the aspiration of gastric contents, major trauma
with shock and/or mechanical ventilation also commonly
precipitate this type of injury”™”. Altered permeability of
epithelial and endothelial bartiers, inappropriate accumula-
tion of leukocytes and uncontrolled activation of coagulation
pathways are among the main pathophysiological concepts in
ALI and ARDS™. and LPA seems to affect all of them.

Elevated ATX/LPA levels have been detected in an
animal model of LPS-induced ALI (unpublished data”™),
and the genetic deletion of LPAR1 or LPAR2 has been
reported to moderately attenuate inflammation but not
the epithelial/vascular leakage induced by LPSI>2%,
However, both pulmonary inflammation and vascular
leakage in response to BLM are entirely abrogated in the
absence of LPAR1 or LPAR2"*. The partial protection
of LPAR1- and LPAR2-null mice and attenuation of in-
flammation from LPS-induced lung injury are consistent
with the observed LPA stimulation of IL.-8 secretion
from pulmonary epithelial cells 7 vitro™*. 1L-8 is the
major chemoattractant of neutrophils®™, which in turn
predominate LPS-induced inflammatory responses in
ALI/ARDS™. LPA can also directly induce neutrophil
chemotaxis 7 vitro, as well as neutrophil activation and de-
granulation[153’208]. However, the exogenous administration
of LPA to the lungs has been reported to both increase
and decrease neutrophilic accumulation and LPS-induced
lung injurymg’zom, highlighting the importance of assessing
endogenous local control mechanisms of LPA produc-
tion. Conclusive insights are expected to be obtained by
the ongoing conditional genetic deletion of ATX and an
examination of LPS-induced ALI severity, as well as by
the creation of conditional knockouts for LPARs.

The ability of LPA to induce integrin-dependent
activation of TGF-B in pulmonary epithelial cells™’
points to another pro-inflammatory role of LPA. TGF-§
activation has been reported to disrupt the alveolar epi-
thelial barrier integrity, leading to alveolar ﬂooding[m’zm.
Moreover, TGF-f3 is known to induce the expression of
plasminogen activator inhibitor-1 (PAI1), a major inhibi-
tor of fibrinolysis, whereas fibrin deposition is a hallmark
of ALI®™, Therefore, by promoting TGF-3 activation in
the pulmonary epithelium, LPA could indirectly promote
epithelial barrier disruption and inhibit fibrinolysis in an
environment of high TGF-f§ content and in this manner
promote lung injury.

Moreover, LPA has been shown to increase the per-
meability of endothelial systems™*'"™ which could facili-
tate the entry of inflammatory cells in the alveolar space,
although there is much controversy on the issue! ™",
In vivo, genetic deletion of LPAR1 or LPAR2 attenuated
the BLM-induced vascular leak”"**, indicating that LPA
signalling indeed disrupts vascular endothelial barrier in-
tegrity, in turn promoting the infiltration of inflammatory
cells and possibly ALL

Idiopathic pulmonary fibrosis
Idiopathic pulmonary fibrosis (IPF) is a chronic, progres-
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sive, fibrotic form of diffuse lung disease that occurs
mainly in older adults and is characterised by a progres-
sive worsening of lung functions and a poor progno-
sisi?>*1, Clinically, IPF is characterised by progressive,
exertional dyspnoea and non-productive cough, worsen-
ing of pulmonary function and radiographically evident
interstitial infiltrates (honeycombing). Histologically, IPF
1s associated with the appearance of Usual Interstitial
Pneumonitis (UIP), which is characterised by patchy sub-
pleural and/or paraseptal interstitial fibrosis alternating
with areas of mild inflaimmation and normal lung. The
hallmark of IPF/UIP is the presence of hyperplastic
reparative epithelium overlying distinctive fibroblastic
foci that deposit exuberant ECM components, leading to
thickening of alveolar septa and the collapse of normal
lung architecture””. Although the aetiology and patho-
genesis of IPF remain poorly understood, a number of
conditions and risk factors are weakly associated with the
disease: cigarette smoking, occupational/environmental
factors, gastro-oesophageal reflux, latent viral infections,
and age/gender/genetic predisposition[m]. To study the
pathogenetic mechanisms that govern disease activation
and perpetuation, a number of animal models have been
developed that reproduce the clinical features of IPF,
although it remains unclear if they truly replicate the
chronic and progressive forms of the diseasc™". Among
them, the BLM model is the most widely used and best
characterised model and is responsible, together with the
site-specific and/or temporal overexpression ot ablation
of candidate pathogenic genes, for most of our knowl-
edge concerning IPF pathogenesisms’m]. In this context,
current research suggests that the mechanisms driving
IPF reflect abnormal, deregulated wound healing in re-
sponse to repetitive pulmonary epithelial damage, involv-
ing increased vascular permeability of the endothelium,
extravascular coagulation, TGF-f3 activation, fibroblast
persistence and differentiation to myofibroblasts, leading
to exaggerated collagen deposition[m’w].

Deregulated phospholipid homeostasis seems to be
an integral component of pulmonary fibrosis pathogen-
esis. Harly studies have reported the altered composition
of phospholipids in IPEP™ ! whereas experiments with
genetically modified mice implicate proinflammatory me-
diators, such as prostaglandins, thromboxanes and leukot-
rienes, in the pathogenesis of BLM-induced pulmonary
fibrosis™***!. These mediators derive from arachidonic
acid, which is the product of phosphatidylcholine (PC)
hydrolysis by PLA2"?! with concurrent release of LPC,
the substrate of ATX.

ATX shows strong staining intensity within the alveo-
lar epithelium immediately adjacent to fibroblastic foci
and lower intensity in interstitial M®s, fibroblast-like cells
and in areas of bronchiolar metaplasia in IPF lung sam-
ples™. A similar expression profile was also demonstrat-
ed in fibrotic non-specific interstitial pneumonia (fNSIP)
samples, a histopathological pattern sharing common
pathologic features with UIP. By contrast, ATX has mini-
mal expression within the inflammatory components of
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cellular NSIP lung samples and in areas of loose connec-
tive tissue, called Masson bodies, representing the patho-
genetic hallmark of cryptogenic organising pneumonia
(COP). The two latter pathologies represent two forms
of idiopathic interstitial pneumonias (IIPs) with favour-
able prognoses and excellent treatment response to cot-
ticosteroids, indicating that ATX upregulation is closely
associated with more progressive and irreversible forms
of pulmonary fibrosis, such as IPF/UIP and fNSTP?, Tn
the mouse BLM-induced fibrotic lung, high constitutive
ATX expression has been noted in the bronchial epithe-
lium, the major source of ATX in the lungs, as well as in
inflammatory alveolar M®s, resulting in increased ATX
BALF levels™". However, the increase in ATX BALF
closely follows BALF total protein levels, suggesting that
additional ATX could be extravasated from the circula-
tion. As a consequence of the increased ATX levels, LPA
levels are also increased in the BALFs of fibrotic mouse
and human lungsm’m, even at early time pointsm. Phar-
macological inhibition of ATX results in the attenuation
of LPA levels, confirming that ATX is solely responsible
for LPA production in the lung™.

Conditional genetic deletion of ATX from the ma-
jority of bronchial epithelial cells or MMs results in the
attenuation of BLM-induced pulmonary inflammation
and fibrosis, as indicated by the improved lung archi-
tecture, reduced inflammation and collagen production,
highlighting the importance of local pulmonary ATX
production and verifying ATX as a major contributor
to disease pathogenesis[z‘ﬂ. Likewise, genetic deletion of
either LPAR1 or LPAR?2 also results in attenuation of the
BILM-induced diseasem’m, suggesting that the ATX/LPA
axis is a candidate for therapeutic interventions. Indeed,
pharmacological inhibition of either ATX or LPARI1
results in attenuation of BLM-induced disease symp-
toms”™” and pharmacological inhibition of LPAR1/3
alleviates radiation-induced pulmonary fibrosis™. How-
ever, the relative contribution of each receptor to pulmo-
natry inflammation and fibrosis will have to be evaluated
in head-to-head studies, with animals of the same genetic
background and in comparison with littermate controls.

The apoptosis of alveolar epithelial cells is found
both in the lungs of IPF patients and in animal models
of the disease, correlating with the increased expression
of “death-inducing” TNF/TNF receptor family mem-
bers and various apoptotic markers™”. Furthermore,
induction of epithelial apoptosis is sufficient to initiate
a fibrotic response in animal models™ whereas genetic
or pharmacological blocking of apoptotic signals can
prevent a BLM-induced fibrotic responsem()]. These ob-
servations have contributed significantly to the prevailing
hypothesis that the mechanisms driving IPF reflect ab-
normal, deregulated wound healing in response to multi-
ple sites of on-going alveolar epithelial injury{m]. LPARI1-
and LPAR2-null mice, which are both protected from the
development of the BLM-induced disease, exhibit signifi-
cantly reduced numbers of TUNEL" epithelial cells®*]
suggesting that LPA promotes epithelial apoptosis upon
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lung injury. In agreement, LPA signalling through LPAR1
was reported to induce anchorage-dependent apoptosis
in cultured normal human bronchial epithelial cells™)
although the intracellular mechanisms and the role of
cell-to-cell and cell-to-ECM contacts need to be defined.
Interestingly, BLM-induced, epithelial cells undergoing
apoptosis 7 vivo express TNF?" which has been sug-
gested to stimulate ATX expressionm’zm. Therefore,
stimulation of apoptosis in epithelial cells from BLM in
mice or unidentified insults in humans can stimulate TNF
expression, which in turn promotes ATX expression and
the local production of LPA, perpetuating the damage.
Moreover, the critical involvement of the cytoskeleton in
epithelial apoptosis and BLM-induced disease™, as well
as the reported ability of LPA to rearrange the cytoskele-
ton of bronchial epithelial cells™, argue for an additional
intracellular pathway mediating the effects of LPA in epi-
thelial cells.

Increased fibroblast accumulation, due to increased
fibroblast proliferation and migration and to decreased
fibroblast apoptosis, is a hallmark of IPF pathogen-
esis®™. Consistent with a role for ATX/LPA in disease
pathogenesis, LPA stimulates lamellipodia protrusion
and fibroblast cell migration[74’93]. Moreover, LPA acts as
a chemoattractant for primary mouse lung fibroblasts,
and genetic deletion of LPAR1 attenuates lung fibroblast
chemotaxis induced by BALF from fibrotic mice, prov-
ing that LPA is the predominant fibroblast chemoat-
tractant in the airspaces of BLM-treated mice’". In
humans, BALFs from IPF patients with elevated LPA
levels induce fibroblast chemoattraction, in contrast
with BALF from healthy individuals, an effect abrogated
by an LPAR1 inhibitor”"] while LPA also induces the
chemotaxis of human lung fibroblasts 7z vitrd””. Thus,
the chemotactic effect of LPA on fibroblasts could be a
determining factor for the development of IPE. More-
over, the ability of LPA to promote the proliferation of
lung fibroblasts 7 vitrd™ % and its ability to completely
suppress the apoptosis of adherent primary mouse lung
fibroblasts"*"! or non-lung fibroblasts”” further indicate
that LPA promotes pathologic fibroblast accumulation
in the airspaces. Chronic fibrosis is characterised by the
persistence of myofibroblasts, which promote tissue
remodelling by expressing fibrogenic and extracellular
mediators™". LPA, through LPAR2, induces the differ-
entiation of human lung fibroblasts to myofibroblasts by
inducing aSMA, FN, collagen I a2 and TGF-B1 protein
expression™) whereas LPA-mediated differentiation of
peritumor fibroblasts to myofibroblasts in the liver has
also been shown"". Therefore, the ATX/LPA axis is
also implicated in pulmonary fibrosis through fibroblast
recruitment, proliferation and differentiation into myofi-
broblasts.

It is well accepted that inflammatory mediators play a
role both in the initiation and progression of pulmonary
fibrosis, despite the failure of anti-inflammatory treat-
ments”™ . A prominent effect of LPA in epithelial cells is
the production of TL-8"* a potent neutrophil chemoat-
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tractant, suggesting that the observed increased levels of
LPA in the ecarly phases on BLM-induced lung injury[m
can promote the initiation of the inflammatory cascade.
LPA stimulation of ECs also results in the upregulation
of inflammatory mediators, such as I1L-1f, IL-8 and
MCP-1"""""and adhesion molecules, such as ICAM-1,
VCAM-1 and E-selectin, that might enhance interactions
with leukocytes, facilitating their extravasation!'"*"'?,
Motreover, EC-bound-ATX has been shown to be an
adhesive substrate for homing lymphocytesmzl, whereas
LPA stimulates the polarisation, motility and transen-
dothelial migration of naive T-cells""*"”. Genetic dele-
tion of LPAR1 or LPAR2 results in the attenuation of
vascular leakage upon BLM treatment” ", whereas LPA
increases the permeability of an endothelial layer con-
sisting of human pulmonary arterial ECs"", Therefore,
LPA can also affect the inflammatory component of
pulmonary fibrosis through the stimulation of cytokine
production, through the modulation of the endothelial
barrier and through the promotion of inflammatory cells
extravasation.

TGF-B is the major pro-fibrotic factor in several or-
gans. In the lung, it is produced from a wide variety of
cells, including alveolar M®s and neutrophils, activated
epithelial and endothelial cells, fibroblasts and myofibro-
blasts™. When activated, TGF-B is a pleiotropic growth
factor with chemotactic and proliferative properties, in-
ducing macrophage and fibroblast recruitment and the
secretion of a number of pro-inflammatory and pro-
fibrotic cytokines™, TGF-f levels are increased in the
BALFs of fibrotic lungs in both BLM-challenged mice
and human IPF patients™”, whereas adenoviral delivery
of TGF-f is sufficient to promote fibrosis in the absence
of inflammation™"**. LPA induces TGF-B expression
in pulmonary fibroblasts vitrd™ | and stimulation with
LPA leads to increased TGF-f activity through integrin
avf36 in bronchial epithelial cells™ and through integrin
avp5 in smooth muscle cells"*”. Therefore, LPA can
indirectly promote pro-fibrotic responses by potentiating
TGF-B activation and possibly expression.

HGEF is a growth factor for epithelial and endothelial
cells. It is activated only in injured tissues, the lungs in-
cluded, and its expression increases post-lung injurymg].
In patients with IPE, HGF levels in BALF are increased
compared to healthy subjects; however, fibroblasts from
IPF patients express less HGF and have a decreased acti-
vation capability of pro—HGF[w]. In fact, the exogenous
administration of HGF alleviates fibrosis and induces
lung repair”>*”. The protective effect of HGFE has been
suggested to be mediated through the restriction of myo-
fibroblast recruitment, the promotion of proliferation
and the survival of lung epithelial and endothelial cells”
and the induction of myofibroblast apoptosis[zm. Com-
pared to HGE, LPA has the opposite effects on c-Met,
the basic receptor of HGE, in normal human bronchial
epithelial cells: LPA induces c-Met serine phosphoryla-
tion and its redistribution to the cell membrane, and it is
also capable of abrogating HGF-induced c-Met activa-
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tion' . Therefore, LPA could indirectly have profibrotic
consequences through the inhibition of HGF signalling;
Conclusively, the ATX/LPA axis may promote pul-
monary fibrosis in several ways, such as the induction of
vascular leakage, fibroblast migration, fibroblast differen-
tiation, epithelial cell apoptosis, inflammatory cell influx,
TGF-B signalling and HGF signalling suppression; how-

ever, anti-inflammatory effects have also been reported.

Asthma

Asthma, a common chronic inflammatory lung disease
that leads to airflow obstruction™, has an onset usually
early in life in association with sensitisation to common
acroallergens. Asthma can be divided into phases, such
as acute or chronic, severe or not severe, with the patho-
physiology of the disease differing among the distinct
phasesmo]. Acute asthma, or allergic asthma, is triggered
by allergens that lead to IgE reactions and the activa-
tion of mast cells located beneath the mucosa of the
lower airways of the respiratory tract. Mast cells release
their granules, thereby stimulating mucus production
and airway smooth muscle contraction, which constricts
the airway, causing the characteristic asthmatic wheez-
ing. Furthermore, a Th2 lymphocyte response is also a
predominant feature of acute asthma and, together with
mast cells, lead to cytokine secretion, thus mediating
inflammation in the form of eosinophil and other leuko-
cyte recruitment™***", Eosinophils, key players in asthma,
further promote inflammation and enhance airway hyper-
responsiveness and airflow obstruction™. Chronic asth-
ma is a result of the inflammation obtained from acute
asthma. The acquired chronic inflammation leads to mu-
cosal epithelium hypersensitivity so that even simple en-
vironmental agents such as smoke can evoke asthma at-
tacks. In persistent asthma, the lung epithelium is injured,
and airway smooth muscle becomes hypertrophic®*;
both these tissues secrete inflammatory mediators™".
Further changes in asthmatic lungs include mucus gland
hypertrophy, collagen deposition and thickening of the
basal lamina, increased matrix deposition and thickening
throughout the airway walls™***all of which contribute
to airflow obstruction.

The involvement of the ATX/LPA axis in asthma
was first established when it was shown that allergen ex-
posure leads to an increase in the LPA levels in the BALF
of humans®™ and a mouse model of asthma®”. Similar
results were obtained more recently: allergen challenge
in asthmatic patients leads to an increase in LPA levels,
accompanied by an increase in BALF ATX levels®. In a
triple allergen asthmatic mouse model, ATX expression is
localised in terminal bronchial epithelial cells and alveolar
Mas. Transgenic mice overexpressing ATX in the
liver, which leads to systemic 100%-200% increases in
the ATX levels in the serum™, develop increased pulmo-
nary inflammation and higher levels of 1L.-4 and IL-5 in
lung homogenates and BALFs upon triple allergen chal-
lengepw. Accordingly, heterozygous ATX full knockout
mice, with a 50% reduction of systemic/serum ATX and
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LPA levels”™, exhibit reduced inflammation and I1.-4/5
levels upon triple allergen challenge[m], indicating a major
role for ATX/LPA in asthma pathogenesis. Pharma-
cological treatment with an ATX inhibitor attenuates
e establishing ATX as a potential
drug target in the treatment of asthma.

Allergic inflammation in LPAR2” knockout mice is
also attenuated”*. Surprisingly, heterozygous LPAR1 or
LPAR2 knockout mice have also been reported to de-

velop distinct aberrant responses upon Schistosoma mansoni

disease development

egg sensitisation and challenge[sﬂ. However, and in a dif-
ferent mouse asthma model, using systemic immunisa-
tion with ovalbumin and alum, LPAR2” knockout mice
showed greater allergic sensitisation, higher eosinophilia
and Th2 inflammation”™. These observed discrepancies
could be due to the different allergens utilised and/or
the genetic backgrounds of the experimental and control
groups of mice, urging further comparative, genetic or
pharmacological studies.

As mentioned above, LPA has been reported to have
mainly pro-inflammatory effects in pulmonary cell types
and pulmonary inflammation, but anti-inflammatory
effects have also been reported. In support of a pro-
inflammatory role of the ATX/LPA axis in the develop-
ment of asthma, LPA stimulates I.-8 secretion from
HBEpPCs in vitrd™>*" and 11.-8 levels are elevated in mouse
lungs after intratracheal LPA administration™. 11.-8 is
a major chemoattractant for neutrophils and eosino-
philsmﬂ, and its levels are elevated in the BALFs of asth-
ma patientsm‘ﬂ. In accordance, intratracheal administra-
tion of LPA stimulates neutrophil infiltration in mice””
and both eosinophil and neutrophil infiltration in guinea
pigsmg], although no significant association was found
between LPA and eosinophil recruitment in humans®™.
However, LPA has been shown to act chemotactically on
human eosinophils 7 vitrd™*. Eosinophils have a primary
role in allergic inflammation, releasing upon activation
cytokines and leukotrienes and their highly inflammatory
granule components injuring the airway and causing per-
sistent inflammation”*”. The mast cell is another impor-
tant cell type in the initiation and perpetuation of allergic
inflammation through the release of leukotrienes and
cytokines™, whereas the release of histamine from their
granules activates the endothelium and increases blood
vessel permeability. LPA potently induces mast cell pro-
liferation and differentiation, formation of their secte-
tory granules”, chemokine production™ and histamine
release™. Therefore, the LPA-mediated chemoattraction
of eosinophils and mast cell activation, the impairment
of EC bartiers"”""™ and the enhancement of EC-leuko-

. . 120-123
cyte 1nteract10ns[ ]

can all be deteriorating factors in
the pathogenesis of asthma.

LPA has also been reported to stimulate lympho-
cyte horning[m’ml and TSLP and CCL20 secretion from
HBEpCs i vitro™. TSLP is produced from the airway
epithelium upon TLR activation and acts on dendritic cell
motility and activation™*" leading to the Th2 polarisa-

tion™ that is crucial in asthma. CCL20 contributes to
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airway inflammation in mouse models of asthma®™ and is
known to act on the recruitment of DCs and T cells on
the airway and other mucosal surfaces™*"** Therefore,
these results suggest that ATX/LPA could also regulate
adaptive immune responses in asthma.

Several other findings implicate LPA in other aspects
of asthma. LPA is capable of promoting the prolifera-
tion of airway smooth muscle cells"” and enhancing the
contraction of airway smooth muscle! which could
contribute to smooth muscle mass increase and airway
hypercontractility, respectively, both of which are key fea-
tures in asthma. Furthermore, by activating TGF-f3 in air-
way smooth muscle cells in an integrin av35-dependent
way““k LPA can again promote asthma, as TGF-f
induces airway remodelling, smooth muscle thickening,
ECM deposition and mucous production in an asthma
model®. Moteover, TGF-B is required for the differen-
tiation of the Th17 cells that are linked to asthma™"*"!
and Th9™? 2 Th2 subtype that participates in the inflam-
matory and the remodelling aspect of airway allergy[sa].
TGF-B also drives the differentiation of fibroblasts to
myofibroblasts, leading to the thickening of epithelial
basal lamina and airway walls®" that follows chronic and
severe asthma™. The observed activation of TGF-B by
LPA in the airway epitheliurnm] and smooth muscle!"*”
could, thus, affect many aspects of the disease.

The reported exacerbated allergic (OVA) inflamma-
tion in LPAR2” knockout mice is correlated with an LPA-
LPAR2 suppressive effect on dendritic cell activation,
the subsequent T cell proliferation and Th2 allergen re-
sponse™. In support of this proposed anti-inflammatory
role of LPA/LPAR?2 in asthma development, LPA was
found to inhibit the TNF-¢/IFN-y stimulated CCL5/
RANTES 24 production from HBEpCs 7 vitro™,
whereas RANTES was found to increase in BALFs of
asthmatic patients[zsﬂ, and the severity of asthma has been
associated with a polymorphism in the promoter of the
RANTES gene[zsgq. LPA has also been shown to induce
the expression of the decoy receptors for IL.-13 and 11.-33,
IL-13R2 and soluble ST2 in HBEpCs vitrd™*"), Notably
and concerning IL.-13, LPA has been shown to have an
opposite effect on T' cells at submaximal activation, where
it actually stimulates its gene expression“m]. Airway 11.-13,
found at higher levels in BALF of asthma patients[ss]
implicated in asthma in many ways: it promotes survival

, 18

and migration of eosinophils, activation of Mds, mast
cell maturation, permeability of airway epithelial cells,
airway hyperresponsiveness, mucus production and trans-
formation of airway fibroblasts to myofibroblasts leading
to collagen deposition[53’241’259’260]. In allergy, 11.-13 is also
necessary for the isotype switching of B cells from IgM to
IgE, whereas it restricts the differentiation of Th17 cells, a
subtype also implicated in asthma™"), although these pro-
cesses take place in secondary lymphoid tissues”™ . 11-33
is another cytokine expressed by the airway epithelium
upon PRR activation that activates lung DCs and helps
sustain the Th2 response in asthma™”*, Therefore, LPA
could attenuate asthmatic inflammation by suppressing
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1L-13 and IL-33 signalling, Finally, LPA has been shown
to stimulate PGE2 expression from HBEpCs i vitrd,
whereas epithelial cells from asthmatic patients cultured
in vitro were shown to overproduce PGE2 compared to
normal epithelium®™. Tn the lung, PGE2 is bronchopro-
tective and suppressive of inflammation in asthma!****>**
although some indications that it promotes Th2 differen-
tiation do exist™>**. Therefore, the induction of PGE2
by LPA could have complex consequences, mostly protec-

tive of the pathology.

Lung cancer

Lung cancer (LC) is the most prevalent form of ma-
lignancy and the major cause of cancer-related deaths
wotldwide. The prognosis for patients with LC remains
dismal, with a five-year survival rate of 14%. Current
therapeutic options are limited to classical adjuvant ther-
apy (a combination of radiation and chemotherapy with
cytotoxic drugs) following surgery[w’%g]. Histopathologi-
cally, LC can be divided into two major histopathological
groups: non-small-cell .C (NSCLC)"™ and small-cell L.C
(SCLO)®". Approximately 80% of L.C are NSCLC, and
they are subdivided into adenocarcinomas, squamous
cell, bronchoalveolar, and large-cell carcinomas” . SCLC,
which accounts for close to 18% of all lung tumours,
and large-cell neuroendocrine carcinomas both have a
very high proliferative and metastatic potential. SCLC
and NSCLC show major differences in histopathologic
characteristics that can be explained by the distinct pat-
terns of genetic lesions found in both tumour classes”™
The molecular origins of LC lie in complex interactions
between the environment (tobacco smoke and/or in-
haled carcinogens) and host genetic susceptibility. Lung
tumourigenesis appears to conform to a multistep model
in which 1) self sufficiency of growth signals; 2) insensi-
tivity to anti-growth signals; 3) evasion of apoptosis; 4)
increased replication potential; and 5) angiogenesis and
metastasis dictate the tumorigenic process[m].

ATX was originally isolated as an autocrine motil-
ity stimulation factor from the supernatant of highly
metastatic melanoma cells®™. Since then, increased ATX
expression has been detected in a large variety of cancers
such as neuroblastoma, hepatocellular carcinoma, breast
cancer, renal cell carcinoma, glioblastoma, thyroid carci-
noma, B-cell lymphomas, and non-small cell LC (reviewed
in"". Moreover, the plethora of actions of LPA are con-
cordant with many of the ‘hallmarks of cancer’, including
proliferation, the evasion of apoptosis, angiogenesis and
metastasis' . LPA levels are significantly increased in
malignant effusions, and its receptors are aberrantly ex-
pressed in several human cancers'", Notably, overexpres-
sion of ATX and/or LPARs in the mammary gland was
recently reported to result in spontaneous breast cancer
in aged mice”” whereas the genetic deletion of LPAR2
attenuates tumour formation in an experimental model
of colitis-associated cancer™™,

Despite the established role of the ATX/LPA axis in

carcinogenesis, little is known about its involvement in

(49

3ni§l:ﬂ£ng® WJR | www.wjgnet.com

92

LC. Meta-analysis of datasets from seven different micro-
array studies on NSCLC for differentially expressed genes
related to survival time identified ATX as one of the 64
genes predicting potential beneficial effects of aggressive
therapy of stage I I.C patients[zm. ATX mRNA is over-
expressed in poorly differentiated carcinomas in NSCLC
patients[zz], while the conditional deletion of ATX from
the lung attenuates chemically induced or k-ras-driven
lung carcinogenesis (unpublished data and®"™), suggest-
ing a major contribution of ATX in lung carcinogenesis,
although the related mechanisms are still not fully investi-
gated.

In support of these data, BrP-LPA, a dual function
pan-antagonist of LPA receptors and an ATX inhibi-
tor " inhibited tumour growth and angiogenesis in a
engineered three-dimensional tumour xenograft NSCLC
model composed of A549 lung carcinoma epithelial cells
encapsulated in 3-D ECM injected in nude mice®. Simi-
larly, genetic or pharmacologic neutralisation of LPAR1
attenuates mesenchymal stem cell-dependent angiogen-
esis and tumour growth in a murine xenograft model of
A549 human adenocarcinoma™’. In accordance, ATX
was independently reported to induce the migration of
A549 cells™| and, in the same cells, LPA was shown to
decrease the nuclear localisation and cellular abundance
of p53"™,

The expression of LPA receptors seems to vary in
different lung tumour cells (Table 1 and related refer-
encesm’zm’zgz]), possibly regulated by methylation[283’284],
and LPAR1 mutations were reported in a rat model of
lung carcinogenesis correlating with advanced stagingms].
Again, conditional knockout mice for the different
LPARs are needed to examine their individual contribu-
tion to lung carcinogenesis.

Genetic deficiency of ATX and its associated effects
on LPA production results in embryonic lethality due to
aberrant circulation and neural tube closure”™*™ sug-
gesting a major effect of ATX/LPA in angiogenesis. Sup-
porting in vitro studies have suggested that LPA stimulates
the expression of a large number of angiogenic genes in
different endothelial and cancer cells and regulates endo-
thelial proliferation and migration (see above; reviewed
in"™"). The conditional deletion of ATX and/or LPA
receptors in different endothelial systems is expected to
dissect the involvement of ATX/LPA to angiogenesis, an
obligatory component of carcinogenesis.

EGFR is overexpressed and functions aberrantly in
various human cancers, including NSCLC in \[leg}l(ﬂiCh it

, and

has been extensively used as a target of therapeutic ap-

enhances cancer invasion and brain metastasis

proachesmﬂ. LPA has been shown to induce squamous
8]

cell carcinoma cell proliferation and motility™, ovarian

cancer cell invasion™ and prostate cancer cell prolif-
eration”™”" through EGFR transactivation, introducing
the concept that LPA can amplify carcinogenic growth
signals. Likewise, LPA has been reported to affect c-Met
signallingm’z(m which was found to be overexpressed and

activated in NSCLC cell lines and tumour tissues™”. In
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addition, c-Met has been suggested to provide resistance
to EGFR targeted therapies[m]. Therefore, suggested ad-
juvant therapies targeting simultaneously both EGFR and
c-Met for the treatment of NSCLC™ could be possibly
enhanced by inhibitors of the ATX/LPA axis.

CONCLUSION

ATX is a secreted glycoprotein widely present in biologi-
cal fluids, including BALFs, largely responsible for the
bulk of LPA production in the plasma and at inflamed
and/or malignant sites. In turn, LPA evokes growth-

factor-like responses in almost all cell types, including
pulmonary cells, through its abundant GPCR receptors.
ATX/LPA have an established role in inflammation and
malignant transformation, and increased ATX and/or
LPA levels in the lung have been detected in both hu-
mans with pulmonary diseases such as acute lung injury,
IPF, asthma, and LC and/or the corresponding animal
models. Genetic or pharmacologic interventions target-
ing the ATX/LPA axis have proven to be beneficial for
disease management in animal models, establishing the
ATX/LPA axis as a possible therapeutic target.
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