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Abstract: The tumor microenvironment (TME) may be best conceptualized as an ecosystem comprised
of cancer cells interacting with a multitude of stromal components such as the extracellular matrix
(ECM), blood and lymphatic networks, fibroblasts, adipocytes, and cells of the immune system. At the
center of this crosstalk between cancer cells and their TME is the bioactive lipid lysophosphatidic
acid (LPA). High levels of LPA and the enzyme generating it, termed autotaxin (ATX), are present
in many cancers. It is also well documented that LPA drives tumor progression by promoting
angiogenesis, proliferation, survival, invasion and metastasis. One of the hallmarks of cancer is the
ability to modulate and escape immune detection and eradication. Despite the profound role of LPA
in regulating immune functions and inflammation, its role in the context of tumor immunity has not
received much attention until recently where emerging studies highlight that this signaling axis may
be a means that cancer cells adopt to evade immune detection and eradication. The present review
aims to look at the immunomodulatory actions of LPA in baseline immunity to provide a broad
understanding of the subject with a special emphasis on LPA and cancer immunity, highlighting the
latest progress in this area of research.

Keywords: immunosurveillance; immunoediting; immunosuppression; lysophosphatidic acid; LPA;
autotaxin; cytotoxic T cells; immune checkpoint; immune cells; tumor-associated macrophages; tumor
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1. Introduction

Lysophosphatidic acid (LPA) is a bioactive lipid involved in regulating a wide range of biological
responses in neoplastic cells as well as non-transformed cells. The effects of LPA on malignant
transformation, migration, metastasis, invasion, proliferation, survival, angiogenesis, and therapy
resistance have been reviewed in detail in [1–6] and will not be discussed here. LPA elicits its
physiological and pathological effects via cognate extracellular or intracellular receptors expressed
in almost every cell type and tissue. These receptors include the extracellular G-protein coupled
receptors (GPCRs) LPAR1-6 and the intracellular peroxisome proliferator-activated receptor gamma
(PPARγ). It is well documented that LPA is secreted by various cell types such as platelets, adipocytes,
fibroblasts, as well as by cancerous cells. In fact, the lysophospholipase D enzyme responsible for the
major production of LPA in biological fluids, termed autotaxin (ATX) and known as ectonucleotide
pyrophosphatase/phosphodiesterase 2 (ENPP2), was first identified in melanoma cells [7]. There are
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numerous publications on the upregulation of ATX-LPA signaling axis in many types of cancers,
suggesting that this is a common pathway that cancer hijacks for its progression [2,4,8]. In particular,
high levels of LPA and ATX were found to be present in the ascites of ovarian cancer patients [9–12] and
are associated with a short relapse-free survival [12]. Likewise, other cancers such as hepatocellular
carcinoma (HCC) [13,14], pancreatic cancer [15], and follicular lymphoma [16] all reported increased
levels of LPA and/or ATX. Moreover, studies have found that in the mammary tumor microenvironment
(TME), breast cancer cells, via secretion of tumor-derived cytokines, reprogram adjacent adipocytes to
increase secretion of ATX, which further drive tumor growth, metastasis, and therapy resistance [17–20].
However, the role of LPA in the regulation of immunity has received less attention than in the
physiology and pathophysiology of other organ systems. The reasons behind this selective neglect
may have stemmed from some early reports that used Jurkat T cells and human peripheral blood
neutrophils to test for LPA-activated Ca2+ responses only to find lack of responsiveness [21]. This was
in sharp contrast to fibroblasts that showed robust Ca2+ mobilization following LPA exposure.
Another research group also used a Jurkat cell line and found that LPA activated robust Ca2+

transients [22]. These authors found that LPA desensitized the Ca2+ response to subsequent application
of sphingosylphosphorylcholine (SPC) or lysophosphatidylserine. Interestingly, in their experiments
LPA did not seem to reduce the Ca2+ signal elicited by activation of the T cell receptor (TCR). LPA in
this Jurkat cell line served as a mitogen in the presence of low serum concentration and increased
IL-2 secretion by five-fold after cotreatment with phorbol myristate acetate (PMA) compared to
PMA alone [22]. We found that cross-desensitization between LPA and SPC response is likely due
to 1-O-cis-alk-1′-enyl-2-lyso-sn-glycero-3-phosphate contamination of the SIGMA—Aldrich brand
SPC [23]. It was only years later that LPA responsiveness was demonstrated in T lymphocytes [24],
B cells [25–27], eosinophils [28], neutrophils [29], macrophages [30], mast cells [31], dendritic cells
(DC) [32–34], and natural killer (NK) cells [35–37]. Although these studies clearly and firmly established
the immunoregulatory role of LPA in various immune cell types, most of them were conducted prior
to the identification of all currently known LPA receptors (LPAR1-6), and not specifically in the context
of cancer immunity.

Cancer immunity is a complex and dynamic process best explained using the cancer immunoediting
theory proposed by Dunn et al. in 2002. This theory divides cancer immunity into three phases:
elimination, equilibrium, and escape (Figure 1). In the first phase, the innate and adaptive immune
system detects and eliminates nascently transformed cells (i.e., cancer immunosurveillance). Tumor cells
that manage to survive the anti-tumor immune response enter into an equilibrium phase—a period
of low tumor growth rate as the surviving tumor cells continue to mutate and adapt to the constant
anti-tumor immune pressure (i.e., editing). Tumor subclones that successfully develop immune tolerant
mechanisms escape detection and eradication by the immune system, and enter an unrestrained growth
period, also known as the escape phase. The cancer immunoediting concept provided an important
insight into how tumor cells are shaped and sculpted by the continuous interaction with immune
cells of the TME and vice versa [38]. In order to escape immune-mediated detection and eradication,
tumor cells must develop strategies that disrupt the proper execution of the anti-tumor immune
response. These strategies include shutting down T cell activation by means of binding to immune
checkpoint receptors such as program death protein 1 (PD-1) or cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), impairing antigen presentation machinery, secretion of immunosuppressive factors,
and recruitment of immunosuppressive cell types into the TME [39].

Cellular communication inside the TME is led by a complex system composed by cytokines, growth
factors, enzymes, and lipids. Recent studies have provided some insights that altered lysophospholipid
profile such as LPA in the TME may be one of the strategies that tumor cells utilize to escape anti-cancer
immune response [12,40,41]. This is not surprising based on the numerous reports mentioned above
that established an immunoregulatory role for LPA. The role of endogenous LPA in possibly limiting
tumor immunity was demonstrated recently using ATX heterozygous mice (Enpp2+/−) that have
50% lower circulating LPA level. Briefly, C57BL/6 wild type or Enpp2+/− mice were treated with a
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cocktail of anti-CD40, pI:C and OVA, an immunization protocol known to increase the number of
endogenous OVA-reactive CD8+ T cells [42]. The cytotoxic function of CD8+ T cells in vivo was
measured by transferring CD45.1 C57BL/6 cells pulsed with the SIINFEKL peptide (which serve as
‘target cells’) into immunized wild type C57BL/6 or Enpp2+/− mice. Quantification of the number
of antigen-specific peptide pulsed target cells revealed that the in vivo CD8+ T cell cytotoxicity was
significantly higher in Enpp2+/- mice (2-fold increase in cell killing) compared to wild type C57BL/6
mice, suggesting that systemic levels of LPA can modulate anti-tumor immune response [43]. Findings
from a recent study aimed at understanding the interrelation between sphingolipid, LPA signaling
axis, and immune-related genes in the context of ovarian cancer found that S1P and one of its
receptors S1PR4, along with the ATX/LPA/LPAR5-6 signaling axes were critical for immune infiltrates.
Surprisingly, increased levels of enzymes associated with S1P generation, such as sphingosine kinase,
and LPA production, such as ATX, were detected in immune high tumors (i.e., high expression of the
immune-associated markers CD163, CD14, CD68, CD45, CD20, and CD3E). In immune low tumors,
an increased expression of ceramide kinase and PPAP2C (the gene encoding lipid phosphate 2, LPP2,
which is responsible for the breakdown of LPA) were detected. Additionally, LPAR2 and LPAR3 were
also enhanced in immune low tumors [40]. However, the exact regulatory roles played by each member
of the sphingolipid/lysophosphatidate signaling axis in the context of tumor-immune interactions
remains to be elucidated. These lines of evidence coupled with the roles of LPA in regulating immune
cell functions raise the question of whether high levels of LPA within the TME may serve as an
inhibitory mechanism that regulates cancer immunity. In this context, the surface expression of
functional LPAR subtypes is a critical unanswered question in order to predict the effects of LPA on the
tumor cells, lymphoid cells, and cell types of the TME. An equally pressing question is the cellular
origins of ATX in the TME. These questions should take center stage of future investigations.Cancers 2020, 12, x 3 of 21 

 

 
Figure 1. Cancer immunoediting concept–the dual host-protecting and tumor-sculpting actions of the 
immune system proposed by Dunn et al. [24]. Oncogenic stimuli cause normal cells to undergo 
transformation and become tumorigenic. Transformed cells are recognized and eradicated by the innate 
and adaptive immune systems during the elimination phase. In the equilibrium phase, surviving tumor 
cells continue to adapt to the constant anti-tumor immune pressure. The escape phase is largely associated 
with the outgrowth of immunoedited tumor cells capable of evading the immune systems through 
various means; loss of immunogenicity, loss of antigenicity, and/or orchestrating an immunosuppressive 
microenvironment (i.e., recruitment of immunosuppressive cell types such as regulatory T cells (Treg), 
tumor-associated macrophages (TAM), and myeloid-derived suppressor cells (MDSC)). 
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Figure 1. Cancer immunoediting concept–the dual host-protecting and tumor-sculpting actions of
the immune system proposed by Dunn et al. [24]. Oncogenic stimuli cause normal cells to undergo
transformation and become tumorigenic. Transformed cells are recognized and eradicated by the innate
and adaptive immune systems during the elimination phase. In the equilibrium phase, surviving
tumor cells continue to adapt to the constant anti-tumor immune pressure. The escape phase is largely
associated with the outgrowth of immunoedited tumor cells capable of evading the immune systems through
various means; loss of immunogenicity, loss of antigenicity, and/or orchestrating an immunosuppressive
microenvironment (i.e., recruitment of immunosuppressive cell types such as regulatory T cells (Treg),
tumor-associated macrophages (TAM), and myeloid-derived suppressor cells (MDSC)).

Studies that investigated the immunomodulatory functions of LPA in the context of cancer
immunity were for the most part underappreciated but have begun to gain more interest recently.
In the present review, we summarize some of the earlier studies that led to the discovery of the
immunomodulatory functions of LPA in various immune cell types of innate and adaptative immunity



Cancers 2020, 12, 1202 4 of 20

with a special emphasis on reports that investigated the immunoregulatory functions of LPA in the
context of cancer immunity.

2. ATX-LPA-LPAR Signaling Axis in Regulating Innate Immunity

Part of the cancer immunosurveillance process involves the deployment of polymorphonuclear
leukocytes (including neutrophils, eosinophils, and basophils), mast cells, monocytes, macrophages,
DC, and NK cells. The activation of these innate immune cells will in turn, trigger adaptative immunity,
recruiting new actors such as T and B cells. It is important to point out that in the field of oncology,
current knowledge in the role of LPA on cells participating in innate immunity is limited to macrophages
and NK cells. In fact, how LPA regulates polymorphonuclear leukocytes, mast cells and DC, in the
context of cancer, has not been investigated yet. However, some studies have highlighted interesting
features of LPA in other pathological contexts. In this section, we discuss both the current knowledge
and the lack thereof on how LPA regulates cells of the innate immunity.

2.1. LPA in the Regulation of Macrophage and Tumor Associated Macrophage

Among the cells that participate in innate immunity, macrophages are the most studied.
Macrophages can arise from embryonic progenitor cells, adult hematopoietic stem cell progenitor cells,
or monocyte-derived cells. Interestingly, in both humans and mice, LPA has been reported to convert
monocytes into macrophages via activation of PPARγ [44]. PPARγ is an important transcription factor
that regulates immune functions such as the inhibition of macrophage proinflammatory genes [45,46]
and lung immunity [47]. In breast cancer, LPAR3 expression was associated with macrophage
infiltration [48]. Whereas in an experimental model of colitis-associated cancer, it was demonstrated
that Lpar2−/− mice presented reduced macrophage infiltration and less tumors than the wild type or
Lpar2+/− mice [49]. On the contrary, in colorectal cancer (CRC), silencing 1-acylglycerol-3-phosphate
O-acyltransferase 4 (Agpat4) induced the production of LPA from CRC cells and consequently polarized
peritoneal macrophages in a M1 phenotype through LPAR1 and LPAR3. The authors demonstrated
that LPA stimulated the p38 mitogen-activated protein kinase (MAPK) and the p65 subunit of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathways in M1 macrophages
leading to an increase in proinflammatory cytokines secretion. This promoted the activation and
recruitment of T cells into the TME and resulted in cancer suppression [50].

Although the majority of tumor associated macrophages (TAM) have been shown to adopt an
M2-like phenotype (which is classified as anti-inflammatory/pro-tumor), the remarkable functional
plasticity of macrophages enables them to exhibit different activation states (spanning M1-like to
M2-like) depending on the immunostimulatory cytokines within the TME [51]. TAM represent
a major immune cell subset that populate the TME and are commonly associated with poor
prognosis [52]. In most cancers, they are regarded as machinery that amplify tumor promoting
factors driving angiogenesis, invasion, and metastasis. In addition, TAM are indispensable in creating
an immunosuppressive microenvironment via secretion of anti-inflammatory cytokines such as TGF-β,
IL-10 and prostaglandin-E2 (PGE2), and modifying the immune cell composition within the TME;
increase in the recruitment of immunosuppressive cell types (e.g., Tregs) while inhibiting the anti-tumor
functions of tumor infiltrating lymphocytes (TILs) and NK cells [53,54]. Recently, it was reported that
TAM may be the predominant source of LPA production in the ascites of ovarian cancer patients via a
consecutive action by platelet-activating factor acetylhydrolase (PAF-AH) and ATX [12]. The expression
levels of both enzymes were found to be higher in ascites-derived TAM than ovarian cancer cells.
Moreover, LPA receptors were also differentially expressed in ovarian cancer cells and TAM. With both
tumor cells and TAM expressing similar levels of LPAR1 and LPAR2, LPAR3 was predominantly
expressed in tumor cells, while LPAR5 and LPAR6 were selective for TAM [12]. What role these LPA
receptors play in terms of TAM functions remains to be elucidated.
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2.2. Natural Killer Cells Responses to LPA

NK cells function to detect and kill physiologically stressed cells such as virally infected cells
or tumor cells [55]. To date, there are only two articles describing a role of LPA in regulating NK
cell function. In 2003, Jin et al. first reported that IL-2 activated human NK cells expressed LPAR1-3
and were capable of migrating towards an LPA gradient in a pertussis toxin (PTX)-sensitive manner,
suggesting the involvement of the heterotrimeric Gαi proteins. The authors also found that LPA
induced intracellular Ca2+ mobilization and increased interferon gamma (IFNγ) secretion in activated
NK cells, a proinflammatory cytokine critical for viral and tumor eradication [35].

Another study in 2009 described the additional role of LPA in inhibiting the cytolytic functions of
IL-2 activated human NK cells. The authors demonstrated that LPA via a PTX-independent manner
blocked the release of perforin by human NK cells and prevented the cytolysis of human A2058
melanoma cells and Burkitt’s lymphoma cells. Although human NK cells express LPAR1-3, it was
LPAR2 that was involved in mediating the inhibitory effect of LPA on NK cell functions via enhanced
cAMP levels and activation of protein kinase A (PKA). Moreover, treatment of NK cells with cholera
toxin, which activates adenylyl cyclase via Gs protein inhibited the cytotoxicity of NK cells towards
tumor cells, indicating that the cAMP pathway is critical for this function [56]. Therefore, these in vitro
studies appear to suggest that LPA can recruit NK cells via Gi proteins and inhibit its cytolytic function
via the Gs-cAMP mediated pathway by activating different LPAR. Considering that LPA can be secreted
by several tumor cells, it would be interesting to investigate these functions more thoroughly in an
in vivo cancer model.

2.3. Neutrophil Responses to LPA

The link between LPA and neutrophils has been studied in lung-related diseases where it was
demonstrated that LPA increased IL-8, a major neutrophil chemoattractant, principally through LPAR
1 and 3 [57]. In vivo, it has been shown that intratracheal LPA administration to mice stimulates the
expression of MIP-2, the murine counterpart of IL-8, and neutrophil influx [58]. Similar findings
were reported in guinea pigs, where LPA stimulated both eosinophil and neutrophil infiltration into
the pulmonary airways [59]. However, in a mouse model of renal injury, a decrease in neutrophil
influx following LPA treatment was documented [60]. In pneumonia patients, LPA exerts greater
neutrophil chemoattraction compared to control subjects, and neutrophils have been reported to express
LPAR1 [61]. Interestingly, it was demonstrated that epithelial ovarian carcinoma cells exposed to LPA
and IL-8 were more invasive [62]. In cancer, numerous studies showed that neutrophils are involved
in both pro- and anti-tumor processes. Studies from mice and humans support the evidence that these
roles may be strongly related to the tumor stage [63]. Among the large heterogeneity of neutrophils and
their diverse roles in tumorigenesis [63,64], IL-8 has been described to attract neutrophils into the TME
and promotes tumor progression in several cancer types [65]. Tumor associated neutrophils have been
associated with poor clinical outcome in most studies of human cancers [63]. Furthermore, due to its
ability to display several pro-tumoral functions, neutrophils could be targeted for immunotherapy [63].
In this sense, a bigger picture of the interactions mediated by neutrophils is needed. Exploring the link
between LPA and neutrophil subsets in tumorigenesis, for example by the ability of LPA to stimulate
IL-8 and induce a neutrophil influx in the TME, would be of great interest to expand our current
understanding and/or develop new anti-tumor approaches.

2.4. Eosinophil Leukocyte Regulation by LPA

In an in vitro model of allergy, it was shown that the eosinophil granule protein, eosinophil
peroxidase, increases the expression of LPAR1-3 in the human cholinergic neuroblastoma cell
line IMR-32, and that LPA can promote eosinophil recruitment by inducing the transcriptional
over-expression of CCL26, an eosinophil chemoattractant [66]. LPA was also demonstrated to stimulate
the infiltration of eosinophils in guinea pigs [59]. In a lung inflammation model induced by the parasite
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Schistosoma mansoni, the influx of eosinophils was attributed to LPAR2 [67]. In human eosinophils,
LPA was reported as an inducer of chemotaxis and reactive oxygen species generation [28]. However,
in allergic subjects, although LPA was detected in bronchoalveolar fluid, it did not appear to be a
dominant chemoattractant for eosinophils [68]. Eosinophils are present in the TME of numerous human
tumor types. They have been correlated with a good outcome in most cancers [69], except for cervical
cancer [70,71], Hodgkin’s lymphoma [72,73], and lymphoma [74]. Taken together, investigating the
ability of LPA in challenging an influx of eosinophils as a cancer therapeutic target would be relevant.

2.5. Modulation of Basophils by LPA

There have been limited studies investigating the relationship between LPA and basophils as well
as basophils and cancer. One study showed that LPA stimulates the release of histamine by basophils,
resulting in wheals and itch [75]. In parallel, early studies showed that the peripheral number of
basophils in blood and degranulation were increased in bronchial carcinoma [76]. A recent study
using Foxp3DTR mice depleted in Treg cells has shown that basophils induced the recruitment of
CD8+ T cells into the tumor via the production of CCL3 and CCL4. Moreover, they demonstrated that
basophils were essential for melanoma tumor rejection [77]. In contrast, in a mouse model of pancreatic
ductal adenocarcinoma, it has been reported that basophil-deficient mice were protected from full
tumor development compared to wild type mice [78]. Although more studies would be needed to
determine how LPA or LPAR might affect basophil immune regulation, these few indications tend to
demonstrate that basophils act as full players in tumorigenesis.

2.6. Mast Cells and LPA

LPA was reported to induce the proliferation and differentiation of mast cells (MC) by accelerating
the acquisition of MC granules and increase the expression of Kit [31]. LPA was also reported to induce
the production of pro-inflammatory cytokines via an LPAR2-mediated pathway requiring IL-4 priming
and MAPK signaling [79]. LPA induced histamine release from MC [80], and consequently, plasma
exudation in the skin [81]. More recently, LPAR5 has been identified as the dominant LPA receptor in
human MC [82]. In parallel, a subpopulation of MC has been reported to express ATX in the human
gastrointestinal tract [83]. In the context of atherosclerosis, the activation of MC by LPA enhanced the
microvascular leakage in vivo, which could affect plaque stability. Regarding cancer, the position of
MC remains poorly understood [84].

2.7. Dendritic Cells and LPA

Monocytes recruited to the site of inflammation are able to differentiate into DC depending on the
environmental conditions [85]. In vitro, LPA was reported to affect monocyte-to-DC differentiation
by blocking the expression of the surface molecule CD1a. However, this induced an impaired
phenotype characterized by a different capability to drive naïve T cell polarization [86]. Another group
demonstrated that LPA slightly enhanced the ability of immature DC to stimulate T cell proliferation
and attenuated the ability of lipopolysaccharide to enhance IL-6 production from DC [87]. LPA exerts
a different effect on immature and mature DC. On immature DC, LPA induces Ca2+ mobilization, actin
polymerization, and chemotaxis [34]. Chemotaxis was shown to be mediated by LPAR3 in response
to unsaturated LPA species [32]. Whereas on maturing DC, LPA reduces the production of IL-12
and TNFα and increases IL-10 [34], IL-6 and IL-8 [88]. LPA-induced IL-6 and IL-8 production was
demonstrated to be regulated via PKC and Rho [88]. In a murine model of allergy, LPA was identified
as a suppressor of DC activation through LPAR2 [89]. Besides LPA receptors, Leslie et al. [90] reported
that LPA via PPARγ differentially regulates the development of group 1 and group 2 (CD1d) DC.
Specifically, LPA-PPARγ axis reduced the transcription and cell surface expression of group 1-specific
CD1 markers, and conversely increased CD1d, involved in lipid antigen presentation by DC to T cells.
The various effects of LPA in modulating innate immunity are summarized in Table 1.
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Table 1. Effects of lysophosphatidic acid (LPA) in Immune Cell Types of Innate Immunity.

Cell Type Physiological Roles Regulation through LPA in Pathological Context

Neutrophils

The most abundant leukocytes in the bloodstream.
Considered as the first line of defense in the innate

immune system through their ability to trap, capture,
and phagocytose microorganisms

LPA induces neutrophil recruitment in vitro [58], in vivo [59]
and in pneumonia patients [61], but decreases the recruitment

of neutrophils in a model of renal injury [60]

Eosinophils Associated with inflammatory responses, particularly
caused by parasitic infection and allergic reaction

Eosinophil peroxidase increases the expression of LPAR1 and
LPAR3 in human cholinergic neuroblastoma cells [66]

LPA promotes eosinophil recruitment [66] and infiltration in
guinea pigs [59] but not in allergic subjects [68]

Basophils Involved in hypersensitivity, chronic inflammation
and immune cell memory [91] LPA stimulates histamine release from basophils [75]

Mast cells Function principally as effectors of
allergic inflammation

LPA induces histamine release from MC [80] and the
proliferation and differentiation of MC through LPAR1,3

and PPARγ [31]

Macrophages
Maintain tissue homeostasis, role in controlling

angiogenesis and metabolism [92]
LPA differentiates monocytes into macrophages [44]

Pro-neoplastic actions of LPA: LPAR3 and LPAR2 are
associated with macrophages infiltration in breast cancer [48]

and colitis-associated cancer [49]
TAM may be the predominant source of LPA production in the

ascites of ovarian cancer patients [12]
Anti-neoplastic actions of LPA: LPA via LPAR1 and LPAR3
polarizes macrophages into a M1 phenotype, which in turn

activate T cells and recruit them into the TME [50]

Dendritic cells Antigen-presenting cells capable of inducing naïve T
cell activation and effector differentiation

LPA affects monocyte-to-DC differentiation but impairs
antigen presentation by DC and alter DC phenotype [86]
LPA induces different effects that are dependent on the

activation state of DC:

• In immature DC, LPA induces calcium mobilization,
actin polymerization, chemotaxis [34], and enhances the
ability of DC to stimulate T cell proliferation [87] but
suppresses DC activation through LPAR2 in vivo [89]

• In mature DC, LPA reduces IL-12 and TNFα and increases
IL-10, IL-6 and IL-8 production [34,88]

NK cells Detect and kill physiologically stressed cells [55]

Pro-neoplastic actions of LPA: It blocks the release of perforin
by NK cells and prevents the cytolysis of human cancer cells

in vitro, through LPAR2 [56]
Anti-neoplastic actions of LPA: In vitro, LPA induces the

chemotaxis of NK cells, intracellular calcium mobilization and
enhances IFNγ secretion in activated NK cells [35], which in

turn might augment elimination of neoplastic cells

3. ATX-LPA-LPAR Signaling Axis in Regulating Adaptive Immunity

The adaptive immune system, which consists of T and B lymphocytes, is an important line of
defense against cancer. T cells are the second immune cell type, after TAM, found in the TME. Activation
of T cells is triggered when innate immune antigen presenting cells (APC) present tumor-associated
Ag peptides in association with a major histocompatibility complex receptor that is recognized by
and engages the T cell antigen receptor (TCR) and co-stimulatory molecules. This process leads to
T cell proliferation, cytokine secretion, and recruitment of other effector cells. In turn, activated Th1
CD4+ T cells activate CD8+ T cells and activated Th2 CD4+ T cells stimulate B cells. Importantly,
this mechanism is also negatively regulated by the expression of inhibitory molecules, such as PD-1
and CTLA-4, at the T cell membrane, via evolved physiological process that exist to normally terminate
adaptive immune responses. Cancer cells can take advantage of this feature to suppress T cell cytotoxic
functions by stimulating these inhibitory molecules prematurely. We report in this section, the effects
of LPA on T and B lymphocytes in cancer.

3.1. B Lymphocyte Responses to LPA

The first evidence of an LPA effect on B lymphocytes was documented in 1998. Using Epstein Barr
Virus (EBV)-immortalized human B cells as a study model, the authors demonstrated that LPA induced
intracellular Ca2+ mobilization, MAPK activation, B lymphoblasts proliferation, and immunoglobulin
(Ig) production [25]. In 2010, Nam et al. extended these studies to include mature and immature
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B cell lines, as well as freshly isolated mouse B cells and found that the effect of LPA on these cells
varies significantly. Specifically, LPA increased intracellular Ca2+ levels via the phospholipase C
(PLC)-dependent pathway and enhanced thapsigargin-induced store-operated Ca2+ entry (SOCE)
only in mature Bal-17 B cells but not in immature WEHI-231 B cells. Interestingly, LPA had minimal
effect on PLC-dependent Ca2+ mobilization in freshly isolated mouse splenic B cells (which consist
of mature B cells) and bone marrow B cells (a mixed population of pro-, pre- and immature B cells).
However, LPA was still capable of augmenting thapsigargin-induced SOCE, with a higher magnitude
observed in bone marrow B cells compared to splenic B cells. Thus, it seems that LPA can induce
different calcium responses based on the maturation status of B cells [93].

Isolated human B cells were found to express LPAR2 [24] whereas primary murine splenic B
cells and the A20 B cell line were found to express LPAR2 and LPAR5 [24,94]. It remains to be
determined if primary human B cells also express the LPAR5 since the study was conducted prior
to the discovery of the receptor. Interestingly, we found that the newly discovered LPAR5 acts as
an inhibitory receptor that blocks antigen-induced B cell receptor (BCR) signaling both in isolated
murine splenic B cells and the A20 B cell line. BCR signaling is essential for the survival, development,
proliferation, and antigen-driven priming of B cells into antibody-secreting cells. We demonstrated
that in the presence of LPA, antigen induced Ca2+ mobilization and expression of CD69 and CD86
activation markers were all diminished in B cells. This inhibitory action of LPAR5 appears to be
mediated by the Gα12/13-Arhgef1 pathway. Furthermore, Lpar5−/− mice produced higher amounts of
antigen-specific IgM compared to wild type littermates four days after immunization with NP-Ficoll,
suggesting that LPAR5 may have a role in regulating humoral immune response [94].

While the majority of research on cancer immunity focuses on T cells, B cells have been found
to be present in 25% of breast cancer cases and account for ~40% of the TILs population [95–98].
Moreover, infiltrating CD20+ B cells have also been reported in ~40% of high grade serous ovarian
cancer [99]. Their anti-tumor role may consist of serving as APCs, producing tumor-reactive antibodies,
and secretion of cytokines and chemokines to regulate T cell responses [98]. Not much is known in
terms of the function of ATX-LPA-LPAR signaling in tumor infiltrating B lymphocytes (TIBLs) except
an earlier study by Yang et al. in 1999 where they discovered that non-small-cell lung cancer biopsies
had a significant infiltration of CD20+ TIBLs, which showed intense staining of ATX compared to
adjacent normal bronchial epithelium [100]. In line with this, Lin et al. recently reported that B cells
are a major source of ATX in human and mouse colon and contribute to the severity of inflammation in
chronic colitis [101]. Thus, the significance of high ATX expression in B cells in the context of cancer
remains unknown and warrants further investigation.

3.2. T Lymphocyte Responses to LPA

The regulatory role of LPA on T cell function is well established but is complex and confounded
by several limitations. First, qPCR data, in several reports, confirm the simultaneous expression of
multiple LPAR in T cells. Second, the expression of LPAR in T cells changes in response to their
activation state. For example, naïve CD4+ T cells predominantly express LPAR2 over LPAR1 and
exposure of these cells to LPA results in inhibition of IL-2 secretion. However, after activation with the
mitogen phytohemagglutinin (PHA), LPAR1 expression increases instead, and LPA enhanced TCR
activated IL-2 secretion [102]. The third confounder is the lack of availability of high-specificity agonists
and antagonists to LPAR. In this context, the seminal work by the Goetzl group using LPAR1 and LPAR2
specific activation monoclonal antibodies (MAb) raised to a peptide composed of residues of 9-27 LPAR
has been instrumental in validating the pharmacological results obtained with LPA in PHA-stimulated
CD4+ T cells [103]. They showed that anti-LPAR2 MAb stimulation inhibits, whereas anti-LPAR1
MAb stimulation enhances, TCR-activated IL-2 production in human CD4+ T cells and in CD3+ PMA
activated Jurkat T cells. Thus, the shift in LPAR2 predominance to LPAR1 and LPAR2 codominance
represents an important aspect of LPAR plasticity caused by mitogen activation of human CD4+ T cells.
Another instance of LPAR mediating different biological responses in T cells was demonstrated by
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Zheng and colleagues. The authors examined the transmigration of Jurkat T cells with forced expression
of either LPAR1 or LPAR2, across polycarbonate filters coated with basement membrane-like Matrigel.
Treatment of LPA (10−9–10−6 M) or the anti-LPAR2 MAb (30–300 ng/mL) stimulated the transmigration
of LPAR2 Jurkat transfectants with a concomitant increase in matrix metalloproteinase secretion and
the production of the migratory chemokine RANTES. In contrast, neither LPA nor the anti-LPAR1 MAb
induced a migratory response in LPAR1 Jurkat transfectants [104]. Taken together, these studies convey
two important points; first, LPAR can be differentially expressed based on the activation state of T cells
and secondly, these LPAR may exert different or opposing biological functions. Hence, the response to
LPA may represent the summation of the varying actions mediated by the different LPAR subtypes
being expressed in either naïve or activated T cells. This observation might be relevant to the migratory
behavior of activated T cells that upregulate LPAR1 expression causing inhibition of T cell homing and
migration when exposed to high levels of LPA in the TME. Conversely, LPAR2 might play an important
role in the penetration of naïve T cells into target tissues. Thus, the mechanism that regulates the
dynamic interplay between LPAR expression and how it affects the behavior of T cells in the TME
remains unknown and warrants further investigation.

LPA has also been documented in lymphocyte homing to secondary lymphoid organs. In particular,
high amounts of ATX are expressed by cuboidal high endothelial venules (HEV), which are specialized
blood vessels found in lymphoid tissues that function as portals for lymphocyte entry to lymph
nodes [105]. A subsequent report noted that LPAR4 and LPAR6 are highly expressed in HEV cells and
selective individual knockout of these receptors in mice leads to the accumulation of lymphocytes in
the endothelial cell layer and unable to enter the lymph node [106]. The mechanism of LPA-dependent
homing of lymphocytes into sites of metastasis is not clear, although the involvement of LPAR1,
LPAR5 in the seeding of B16 melanoma-derived lung metastasis has been demonstrated using
knockout mice for these LPAR subtypes [107]. It has been demonstrated that some tumor infiltrating
blood vessels in melanoma, breast and ovarian carcinoma biopsy specimen share many of the properties
of HEV cells. These tumor-associated HEVs function as portals for the entry of naïve, central memory,
and activated effector memory T cells into the TME to facilitate tumor destruction [108]. In a study
with 225 melanoma patients, the density of HEV-like cells in the tumor correlated with reduced tumor
size, expression of Th1 marker genes and accumulation of dendritic cells [109,110]. Although the
expression of the peripheral node Addressin protein marker in primary breast intratumoral vessels,
which is considered a marker of HEV, was correlated with longer disease-free survival; extratumoral
HEV at the invasion margin in colorectal cancer correlated with a poor prognosis [108]. The HEV-like
properties of the endothelium in tumor-induced vessels remains poorly understood and somewhat
controversial, hence it requires more research [111,112].

The concentrations of LPA active in modulating lymphocyte responses are remarkably low with
maximal efficiency in the 10−10 to 10−8 M range characterized with a bell shape dose-response curve
dropping off above 1 µM [102,104]. This is three orders of magnitude lower than the critical micellar
concentration values of LPA which are 1.850, 0.540, 0.082, and 0.346 mM, respectively, when the acyl
group is myristoyl, palmitoyl, stearoyl, and oleoyl [113]. Although no direct evidence for the actual LPA
concentration in the TME has been reported yet, the subnanomolar in vitro potency of LPA in T cells
suggests that the 10–100 nM plasma concentration of LPA [11,114] is sufficient to evoke LPAR activation
of immune cells. Indeed, nanomolar to subnanomolar concentrations of LPA have been demonstrated
to protect CD4+CD8+3low Tsup-1 human T cell line from apoptosis induced by a combination of
antibodies to Fas, CD2, or CD3 plus CD28 [103]. The signaling mechanism behind the antiapoptotic
effect of LPA was mediated via a reduction in Bax and did not affect Bcl2 or Bcl-xL levels in these cells.
Moreover, treatment with antisense RNA to LPAR1 and LPAR2 completely abolished the anti-apoptotic
effect of LPA, suggesting that these two LPAR are critical in protecting T cells from apoptosis. In the
Jurkat T cell line, An and colleagues [115] showed by transfecting LPAR1 or LPAR2 together with
a SRE-driven luciferase reporter gene that LPAR2 robustly (20-fold over control) but LPAR1 to a
lesser extent (5-fold over control) induced LPA-dependent luciferase expression. LPAR2 mediated
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reporter gene expression was partially sensitive to PTX and the C3 toxin indicating Gi and Rho GTPase
dependent signals. The Jurkat cell subline used for transfection by these authors showed significant
specific binding of [3H-LPA] along with weak Ca2+ mobilization upon LPA treatment but only trace
expression of LPAR1 and LPAR2 based on semiquantitative PCR method. These authors suggested
that the responses in vector transfected cells could have been due to a yet unidentified LPAR at the
time. It is important to note that these studies predated the discovery of the non-EDG LPAR members
LPAR4, 5 and 6.

It was only later that we discovered that LPAR5 is abundantly expressed in murine and human
CD8+ T cells and functions as an inhibitory receptor that blocks the anti-tumor actions of effector
CD8+ T cells. Specifically, activation of LPAR5 by LPA blocked antigen-induced activation of TCR,
intracellular Ca2+ mobilization, ERK signaling, and prevented CD8+ T cells from proliferating [43,116].
In addition, stimulation of CD8+ T cells with a metabolically stabilized analog of LPA, octadecyl
thiophosphate (OTP), impaired granule exocytosis resulting in a decreased in vitro tumor cell killing
function by both mouse and human CD8+ T cells [43]. These in vitro data were further supported by
in vivo observations that adoptive transfer of CD8+ T cells isolated from Lpar5−/− mice were more
effective at reducing the growth rate of both EG7 lymphoma and B16F10 melanoma tumors compared
to wild type CD8+ T cells [43,116]. In a separate study, the incidence of B16F10 melanoma-derived lung
metastases were found to be reduced by 85% in Lpar5−/− mice [107]. In the few mice that presented lung
metastasis, an increase infiltration of CD8+ T cells were observed compared to wild type littermates
(Figure 2). Taken together, these studies suggest that inhibition of LPAR5 in distinct immune cell types
such as CD8+ T cells may boost anti-tumor activity and impede metastasis.
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(WT). In the few Lpar5−/− mice (n = 3 out of 12 mice) that had low numbers of metastatic tumors,
higher incidence of lymphocyte infiltration was observed and positively stained for CD8. No or lesser
lymphocyte infiltration was seen in wild type littermates. Scale bar (50 µm), 200×magnification.

Interestingly, a recent study [41] found that ATX secreted by melanoma cells acts as a
chemorepellent to block migration of TILs into the tumor sites. In particular, the authors showed
that conditioned media derived from ATX-expressing melanoma cells suppressed the basal migration
of both TILs derived from melanoma patients and peripheral CD8+ T cells isolated from healthy
donors. No effect was observed when conditioned media from ATX knockdown melanoma cells was
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used. When these experiments were performed in the presence of ATX inhibitors (e.g., PF-8380 or
IOA-289), conditioned media derived from ATX-expressing tumor cells failed to inhibit the migration
of T cells, suggesting that the chemorepellent effect of ATX was due to the production of LPA. Indeed,
treatment of LPA not only suppressed the spontaneous migration of TILs and CD8+ T cells, but also
inhibited their migration towards the chemokine CXCL10. These in vitro findings were confirmed
in vivo using a mouse vaccination tumor model where they demonstrated that melanoma tumors with
high ATX expression had less infiltrating CD8+ T cells compared to melanoma tumors with low ATX
expression. Furthermore, single-cell RNA seq analysis of 32 clinical melanoma samples showed an
inverse correlation of ATX expression in tumor cells with intratumoral CD8+ T cells accumulation.
This finding from human patients agrees with our findings using Enpp2+/− mice that showed enhanced
tumor cell killing compared to wild type mice [43]. The chemorepellent effect of ATX/LPA was proposed
to be mediated in part by activation of LPAR6 on TILs. Specifically, TILs derived from three melanoma
patients predominantly expressed LPAR6 with low expression of LPAR2, whereas peripheral CD8+ T
cells expressed LPAR6 > LPAR2 > LPAR5 > LPAR4. A combination of factors such as ex vivo culture
expansion or in situ immunoediting in the TME may in part account for the loss of LPAR5 and LPAR4
expression in patient derived TILs compared to naïve CD8+ T cells [41]. In line with this study, tumor
associated T cells isolated from the ascites of ovarian cancer patients also showed higher expression of
LPAR5 and LPAR6, whereas LPAR1-4 expression was comparable to ovarian cancer cells [12].

Taken together these studies underscore a prominent role of ATX-LPA-LPAR signaling axis in
the regulation of cancer immunity while at the same time highlight a critical need to expand our
understanding in this area of research. In particular, many different types of immune cells can infiltrate
the TME and the effects of LPA on these cells remain largely unexplored (Figure 3).
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Figure 3. Potential role of ATX-LPA-LPAR signaling axis in the regulation of cancer immunity.
Upregulation of LPA in the tumor microenvironment (TME) may serve as an inhibitory mechanism that
suppress anti-tumor immunity via modulating the function of different immune cell types. For example,
LPA may suppress the cytolytic actions of natural killer (NK) cells against tumor cells via LPAR2;
block antigen-induced CD8+ T cell activation, proliferation and tumor-cell killing via LPAR5 receptor;
and inhibit migration of CD8+ T cell into the tumor via LPAR6. Furthermore, the recruitment of TAM
into the TME may serve as another source of LPA via the actions of PAF-AH and ATX. How LPA
regulates TAM, CD4+ T cells, B cells, NKT cells, T reg and myeloid-derived suppressor cells in the TME
remains to be determined.
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4. Conclusions

Since the clinical success of ipilimumab, a checkpoint inhibitor targeting CTLA-4 in 2011, at least 20
other immunotherapies have been approved by the U.S. Food and Drug Administration (FDA) to treat
cancers of the skin, lung, bladder, kidney, stomach, liver, prostate, breast, multiple myeloma, leukemia,
and Hodgkin’s diseases [117]. Although immunotherapy is highly effective, only a small fraction
of patients within a large cohort respond favorably to the treatment. A recent 2018 study estimated
that at least 44% of cancer patients are eligible for current checkpoint inhibitor drugs, with 13% of
patients estimated to respond to these therapies, a modest improvement from the 0.14% response
rate in 2011 [118]. Hence, understanding the mechanisms that regulate immune response to cancer is
warranted in order to develop treatment strategies that benefit a larger percentage of patients.

The emerging data on the role of LPA signaling axis in regulating cancer immunity demonstrates
the value of this target in cancer therapy. As an example, inhibition of LPAR5 in distinct cell types,
such as CD8+ T cells could help boost its immunosurveillance activity against cancer and impede
metastasis. There is currently no FDA-approved LPA receptor antagonist for cancer therapy. A thorough
review of the literature revealed three partially characterized LPAR5 antagonists: (TC-LPA5-4 [119],
UA-02-085 [120], and AS2717638 [121]) in cell-based assays using human platelets, human MC, murine
microglial cells, and in rat models of neuropathic pain, respectively. We obtained both TC-LPA5-4 and
UA-02-085 and tested for LPAR5 antagonism in two independent assays: Ca2+ mobilization [122] and
β-Arrestin recruitment. As shown in Table 2, UA-02-085 inhibited LPA-induced Ca2+ mobilization
and β-Arrestin recruitment with an IC50 of 3 µM and 16.9 µM, respectively. Contrary to the findings
published by Kozian et al. [119] we found that TC-LPA5-4 was inactive in both assays. The alkyl
ether analogs of LPA, designated as alkyl glycerophosphate (AGP), are the most potent LPA species
at activating LPAR5 [123–126] and PPARγ [127,128]. AGP is present in several tissues and biological
fluids including tumor ascites [129], atherosclerotic plaques [130], aqueous humor of the eye [131],
and in platelet rich plasma [132–135]. Thus, alkyl-LPA might have multiple actions in the TME
as well as the cancer cells. Intriguingly, we found that both UA-02-085 and TC-LPA5-4 failed to
inhibit AGP-induced Ca2+ mobilization (unpublished). We included as a positive control, Amgen35,
a compound originally discovered by AMGEN investigators to be a LPAR2 antagonist with an IC50

of 0.8 µM [136]. The AMGEN publication predated the discovery of the LPAR4-6. When screened
against these receptors, we found that Amgen35 at remarkably high concentrations inhibited LPAR5
in both assays, suggesting that the discrepancy observed with TC-LPA5-4 is unlikely due to the
assays employed (Table 2). Amgen35 has also been reported to have off-target effects in vivo [136].
Additional selectivity screening at other LPAR and ATX revealed that UA-02-085 also inhibited LPAR4
(IC50 = 0.9 µM), and both TC-LPA5-4 and UA-02-085 inhibited ATX with an IC50 of 7.1 µM and 3 µM,
respectively, casting doubt on their in vivo utility and specificity (Table 2). The other putative LPAR5
antagonist compound, AS2727638, reported by Astellas Pharma in Japan, has only been characterized
at LPAR1-3 but not at the other LPAR with high homology of LPAR5 [121].

The relatively recent understanding that tumors avoid elimination by promoting inhibitory
receptor signaling by tumor-specific CD8+ T cells has led to remarkable, but limited, success in
the treatment of certain cancers through the use of checkpoint blockade therapies. To improve on
this success, in the future we will need to consider combinations of checkpoint blockade therapies,
each targeting a distinct suppressive pathway. In this regard, we consider that antagonism of LPAR5
signaling by tumor-specific CD8+ T cells may be an important addition to the arsenal of checkpoint
inhibitors. Importantly, unlike the currently targeted CD8+ T cell inhibitory receptors, PD-1 and
CTLA-4, which are expressed only after a CD8+ T cell has been activated, LPAR5 signaling would be
expected to also lower the activation threshold of naïve tumor-specific CD8+ T cells displaying weak
affinity for tumor antigens ultimately promoting a more robust anti-tumor CD8+ response.
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Table 2. Characterization of Amgen35, UA-02-085 and TC-LPA-5 compounds at LPAR2, LPAR4, LPAR5,
and ATX. UA-02-085 and Amgen35 blocked LPA-induced Ca2+ mobilization in LPAR5 expressing B103
cells and β-arrestin recruitment in LPAR5 expressing CHO-K1 cells. TC-LPA-5 had no effect on all
LPAR tested. Both UA-02-085 and TC-LPA-5 inhibited ATX activity measured using the fluorescent
FS-3 substrate assay.

ATX and LPAR Inhibition by Published LPAR Antagonists

Compounds ATX
IC50

LPAR2
IC50

LPAR4
IC50

LPAR5
IC50 (Ca2+

Mobilization)

LPAR5
IC50

(β-arrestin)

Amgen35 NT 0.8 ± 0.5 NE 60.5 ± 10.1 99.2 ± 30.0

UA-02-085 3.0 ± 0.3 NE 0.9 ± 0.2 3.0 ± 0.3 16.9 ± 2.8

TC-LPA-5 7.1 ± 0.6 NE NE NE NE

Values represent IC50 ± SD in µM. NT = Not tested; NE = No effect.

Author Contributions: M.A.D., S.C.L., R.M.T., G.J.T., C.E.A.-S., D.D.N., L.B.—writing, review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NCI grant number CA092160-18 (GT), the Harriet Van Vleet Endowment
for Basic Oncology Research (GT), UTHSC CORNET award (SCL), NIH R01AI143261 (RT), 1R43CA232844-01A1
(CA-S), and NIAID HHSN272201400010I, (CA-S).

Acknowledgments: The skillful assistance of Jorge Solares, Cindy Lazar with the immunostaining is gratefully
acknowledged. The authors thank Bob Bostwick and his laboratory personnel for conducting high-throughput
screens using the β-arrestin assay for LPAR5 antagonists. UA-02-085 was kindly shared with us by Marc Nazare
from Leibniz-Institut für Molekulare Pharmakologie FMP, Germany.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, Y. Targeting lysophosphatidic acid in cancer: The issues in moving from bench to bedside. Cancers 2019,
11, 1523. [CrossRef] [PubMed]

2. Tigyi, G.J.; Yue, J.; Norman, D.D.; Szabo, E.; Balogh, A.; Balazs, L.; Zhao, G.; Lee, S.C. Regulation of tumor
cell—Microenvironment interaction by the autotaxin-lysophosphatidic acid receptor axis. Adv. Biol. Regul.
2019, 71, 183–193. [CrossRef] [PubMed]

3. Valdes-Rives, S.A.; Gonzalez-Arenas, A. Autotaxin-lysophosphatidic acid: From inflammation to cancer
development. Mediat. Inflamm. 2017, 2017, 9173090. [CrossRef] [PubMed]

4. Benesch, M.; MacIntyre, I.; McMullen, T.; Brindley, D. Coming of age for autotaxin and lysophosphatidate
signaling: Clinical applications for preventing, detecting and targeting tumor-promoting inflammation.
Cancers 2018, 10, 73. [CrossRef]

5. Tsujiuchi, T.; Araki, M.; Hirane, M.; Dong, Y.; Fukushima, N. Lysophosphatidic acid receptors in cancer
pathobiology. Histol. Histopathol. 2014, 29, 313–321. [CrossRef]

6. Yung, Y.C.; Stoddard, N.C.; Chun, J. LPA receptor signaling: Pharmacology, physiology, and pathophysiology.
J. Lipid Res. 2014, 55, 1192–1214. [CrossRef]

7. Stracke, M.L.; Krutzsch, H.C.; Unsworth, E.J.; Arestad, A.; Cioce, V.; Schiffmann, E.; Liotta, L.A. Identification,
purification, and partial sequence analysis of autotaxin, a novel motility-stimulating protein. J. Biol. Chem.
1992, 267, 2524–2529.

8. Houben, A.J.; Moolenaar, W.H. Autotaxin and LPA receptor signaling in cancer. Cancer Metastasis Rev. 2011,
30, 557–565. [CrossRef]

9. Xu, Y.; Gaudette, D.C.; Boynton, J.D.; Frankel, A.; Fang, X.J.; Sharma, A.; Hurteau, J.; Casey, G.; Goodbody, A.;
Mellors, A.; et al. Characterization of an ovarian cancer activating factor in ascites from ovarian cancer
patients. Clin. Cancer Res. 1995, 1, 1223–1232.

10. Xu, Y.; Shen, Z.; Wiper, D.W.; Wu, M.; Morton, R.E.; Elson, P.; Kennedy, A.W.; Belinson, J.; Markman, M.;
Casey, G. Lysophosphatidic acid as a potential biomarker for ovarian and other gynecologic cancers. JAMA
1998, 280, 719–723. [CrossRef]

http://dx.doi.org/10.3390/cancers11101523
http://www.ncbi.nlm.nih.gov/pubmed/31658655
http://dx.doi.org/10.1016/j.jbior.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30243984
http://dx.doi.org/10.1155/2017/9173090
http://www.ncbi.nlm.nih.gov/pubmed/29430083
http://dx.doi.org/10.3390/cancers10030073
http://dx.doi.org/10.14670/HH-29.313
http://dx.doi.org/10.1194/jlr.R046458
http://dx.doi.org/10.1007/s10555-011-9319-7
http://dx.doi.org/10.1001/jama.280.8.719


Cancers 2020, 12, 1202 14 of 20

11. Baker, D.L.; Morrison, P.; Miller, B.; Riely, C.A.; Tolley, B.; Westermann, A.M.; Bonfrer, J.M.; Bais, E.;
Moolenaar, W.H.; Tigyi, G. Plasma lysophosphatidic acid concentration and ovarian cancer. JAMA 2002, 287,
3081–3082. [CrossRef] [PubMed]

12. Reinartz, S.; Lieber, S.; Pesek, J.; Brandt, D.T.; Asafova, A.; Finkernagel, F.; Watzer, B.; Nockher, W.A.; Nist, A.;
Stiewe, T.; et al. Cell type-selective pathways and clinical associations of lysophosphatidic acid biosynthesis
and signaling in the ovarian cancer microenvironment. Mol. Oncol. 2019, 13, 185–201. [CrossRef] [PubMed]

13. Wu, J.M.; Xu, Y.; Skill, N.J.; Sheng, H.; Zhao, Z.; Yu, M.; Saxena, R.; Maluccio, M.A. Autotaxin expression and
its connection with the TNF-alpha-NF-kappaB axis in human hepatocellular carcinoma. Mol. Cancer 2010, 9,
71. [CrossRef]

14. Enooku, K.; Uranbileg, B.; Ikeda, H.; Kurano, M.; Sato, M.; Kudo, H.; Maki, H.; Koike, K.; Hasegawa, K.;
Kokudo, N.; et al. Higher LPA2 and LPA6 mRNA levels in hepatocellular carcinoma are associated with
poorer differentiation, microvascular invasion and earlier recurrence with higher serum autotaxin levels.
PLoS ONE 2016, 11, e0161825. [CrossRef] [PubMed]

15. Nakai, Y.; Ikeda, H.; Nakamura, K.; Kume, Y.; Fujishiro, M.; Sasahira, N.; Hirano, K.; Isayama, H.; Tada, M.;
Kawabe, T.; et al. Specific increase in serum autotaxin activity in patients with pancreatic cancer. Clin. Biochem.
2011, 44, 576–581. [CrossRef] [PubMed]

16. Masuda, A.; Nakamura, K.; Izutsu, K.; Igarashi, K.; Ohkawa, R.; Jona, M.; Higashi, K.; Yokota, H.; Okudaira, S.;
Kishimoto, T.; et al. Serum autotaxin measurement in haematological malignancies: A promising marker for
follicular lymphoma. Br. J. Haematol. 2008, 143, 60–70. [CrossRef]

17. Meng, G.; Tang, X.; Yang, Z.; Benesch, M.G.K.; Marshall, A.; Murray, D.; Hemmings, D.G.; Wuest, F.;
McMullen, T.P.W.; Brindley, D.N. Implications for breast cancer treatment from increased autotaxin production
in adipose tissue after radiotherapy. FASEB J. 2017, 31, 4064–4077. [CrossRef]

18. Volden, P.A.; Skor, M.N.; Johnson, M.B.; Singh, P.; Patel, F.N.; McClintock, M.K.; Brady, M.J.; Conzen, S.D.
Mammary adipose tissue-derived lysophospholipids promote estrogen receptor-negative mammary epithelial
cell proliferation. Cancer Prev. Res. 2016, 9, 367–378. [CrossRef]

19. Benesch, M.G.; Tang, X.; Maeda, T.; Ohhata, A.; Zhao, Y.Y.; Kok, B.P.; Dewald, J.; Hitt, M.; Curtis, J.M.;
McMullen, T.P.; et al. Inhibition of autotaxin delays breast tumor growth and lung metastasis in mice.
FASEB J. 2014, 28, 2655–2666. [CrossRef]

20. Benesch, M.G.; Tang, X.; Dewald, J.; Dong, W.F.; Mackey, J.R.; Hemmings, D.G.; McMullen, T.P.; Brindley, D.N.
Tumor-induced inflammation in mammary adipose tissue stimulates a vicious cycle of autotaxin expression
and breast cancer progression. FASEB J. 2015, 29, 3990–4000. [CrossRef]

21. Jalink, K.; van Corven, E.J.; Moolenaar, W.H. Lysophosphatidic acid, but not phosphatidic acid, is a potent
Ca2+-mobilizing stimulus for fibroblasts. Evidence for an extracellular site of action. J. Biol. Chem. 1990, 265,
12232–12239. [PubMed]

22. Xu, Y.; Casey, G.; Mills, G.B. Effect of lysophospholipids on signaling in the human Jurkat T cell line. J. Cell
Physiol. 1995, 163, 441–450. [CrossRef] [PubMed]

23. Liliom, K.; Fischer, D.J.; Virag, T.; Sun, G.; Miller, D.D.; Tseng, J.L.; Desiderio, D.M.; Seidel, M.C.; Erickson, J.R.;
Tigyi, G. Identification of a novel growth factor-like lipid, 1-O-cis-alk-1′-enyl-2-lyso-sn-glycero-3-phosphate
(alkenyl-GP) that is present in commercial sphingolipid preparations. J. Biol. Chem. 1998, 273, 13461–13468.
[CrossRef] [PubMed]

24. Goetzl, E.J.; Kong, Y.; Voice, J.K. Cutting edge: Differential constitutive expression of functional receptors for
lysophosphatidic acid by human blood lymphocytes. J. Immunol. 2000, 164, 4996–4999. [CrossRef]

25. Rosskopf, D.; Daelman, W.; Busch, S.; Schurks, M.; Hartung, K.; Kribben, A.; Michel, M.C.; Siffert, W. Growth
factor-like action of lysophosphatidic acid on human B lymphoblasts. Am. J. Physiol. 1998, 274, C1573–C1582.
[CrossRef]

26. Satoh, Y.; Ohkawa, R.; Nakamura, K.; Higashi, K.; Kaneko, M.; Yokota, H.; Aoki, J.; Arai, H.; Yuasa, Y.;
Yatomi, Y. Lysophosphatidic acid protection against apoptosis in the human pre-B-cell line Nalm-6. Eur. J.
Haematol. 2007, 78, 510–517. [CrossRef]

27. Perova, T.; Wasserman, M.J.; Li, P.P.; Warsh, J.J. Hyperactive intracellular calcium dynamics in B lymphoblasts
from patients with bipolar I disorder. Int. J. Neuropsychopharmacol. 2008, 11, 185–196. [CrossRef]

http://dx.doi.org/10.1001/jama.287.23.3081
http://www.ncbi.nlm.nih.gov/pubmed/12069669
http://dx.doi.org/10.1002/1878-0261.12396
http://www.ncbi.nlm.nih.gov/pubmed/30353652
http://dx.doi.org/10.1186/1476-4598-9-71
http://dx.doi.org/10.1371/journal.pone.0161825
http://www.ncbi.nlm.nih.gov/pubmed/27583415
http://dx.doi.org/10.1016/j.clinbiochem.2011.03.128
http://www.ncbi.nlm.nih.gov/pubmed/21439952
http://dx.doi.org/10.1111/j.1365-2141.2008.07325.x
http://dx.doi.org/10.1096/fj.201700159R
http://dx.doi.org/10.1158/1940-6207.CAPR-15-0107
http://dx.doi.org/10.1096/fj.13-248641
http://dx.doi.org/10.1096/fj.15-274480
http://www.ncbi.nlm.nih.gov/pubmed/2373690
http://dx.doi.org/10.1002/jcp.1041630303
http://www.ncbi.nlm.nih.gov/pubmed/7775587
http://dx.doi.org/10.1074/jbc.273.22.13461
http://www.ncbi.nlm.nih.gov/pubmed/9593679
http://dx.doi.org/10.4049/jimmunol.164.10.4996
http://dx.doi.org/10.1152/ajpcell.1998.274.6.C1573
http://dx.doi.org/10.1111/j.1600-0609.2007.00849.x
http://dx.doi.org/10.1017/S1461145707007973


Cancers 2020, 12, 1202 15 of 20

28. Idzko, M.; Laut, M.; Panther, E.; Sorichter, S.; Durk, T.; Fluhr, J.W.; Herouy, Y.; Mockenhaupt, M.; Myrtek, D.;
Elsner, P.; et al. Lysophosphatidic acid induces chemotaxis, oxygen radical production, CD11b up-regulation,
Ca2+ mobilization, and actin reorganization in human eosinophils via pertussis toxin-sensitive G proteins.
J. Immunol. 2004, 172, 4480–4485. [CrossRef]

29. Chettibi, S.; Lawrence, A.J.; Stevenson, R.D.; Young, J.D. Effect of lysophosphatidic acid on motility, polarisation
and metabolic burst of human neutrophils. FEMS Immunol. Med. Microbiol. 1994, 8, 271–281. [CrossRef]

30. Hornuss, C.; Hammermann, R.; Fuhrmann, M.; Juergens, U.R.; Racke, K. Human and rat alveolar macrophages
express multiple EDG receptors. Eur. J. Pharm. 2001, 429, 303–308. [CrossRef]

31. Bagga, S.; Price, K.S.; Lin, D.A.; Friend, D.S.; Austen, K.F.; Boyce, J.A. Lysophosphatidic acid accelerates the
development of human mast cells. Blood 2004, 104, 4080–4087. [CrossRef] [PubMed]

32. Chan, L.C.; Peters, W.; Xu, Y.; Chun, J.; Farese, R.V., Jr.; Cases, S. LPA3 receptor mediates chemotaxis of
immature murine dendritic cells to unsaturated lysophosphatidic acid (LPA). J. Leukoc. Biol. 2007, 82,
1193–1200. [CrossRef] [PubMed]

33. Llodra, J.; Angeli, V.; Liu, J.; Trogan, E.; Fisher, E.A.; Randolph, G.J. Emigration of monocyte-derived cells
from atherosclerotic lesions characterizes regressive, but not progressive, plaques. Proc. Natl. Acad. Sci. USA
2004, 101, 11779–11784. [CrossRef] [PubMed]

34. Panther, E.; Idzko, M.; Corinti, S.; Ferrari, D.; Herouy, Y.; Mockenhaupt, M.; Dichmann, S.; Gebicke-Haerter, P.;
Di Virgilio, F.; Girolomoni, G.; et al. The influence of lysophosphatidic acid on the functions of human
dendritic cells. J. Immunol. 2002, 169, 4129–4135. [CrossRef] [PubMed]

35. Jin, Y.; Knudsen, E.; Wang, L.; Maghazachi, A.A. Lysophosphatidic acid induces human natural killer cell
chemotaxis and intracellular calcium mobilization. Eur. J. Immunol. 2003, 33, 2083–2089. [CrossRef] [PubMed]

36. Jo, S.H.; Kim, S.D.; Kim, J.M.; Lee, H.Y.; Lee, S.Y.; Shim, J.W.; Yun, J.; Im, D.S.; Bae, Y.S. Lysophosphatidylglycerol
stimulates chemotactic migration in human natural killer cells. Biochem. Biophys. Res. Commun. 2008, 372,
147–151. [CrossRef] [PubMed]

37. Maghazachi, A.A. G protein-coupled receptors in natural killer cells. J. Leukoc. Biol. 2003, 74, 16–24. [CrossRef]
38. Dunn, G.P.; Bruce, A.T.; Ikeda, H.; Old, L.J.; Schreiber, R.D. Cancer immunoediting: From immunosurveillance

to tumor escape. Nat. Immunol. 2002, 3, 991–998. [CrossRef]
39. Beatty, G.L.; Gladney, W.L. Immune escape mechanisms as a guide for cancer immunotherapy. Clin. Cancer

Res. 2015, 21, 687–692. [CrossRef]
40. Meshcheryakova, A.; Svoboda, M.; Jaritz, M.; Mungenast, F.; Salzmann, M.; Pils, D.; Cacsire Castillo-Tong, D.;

Hager, G.; Wolf, A.; Braicu, E.I.; et al. Interrelations of sphingolipid and lysophosphatidate signaling with
immune system in ovarian cancer. Comput. Struct. Biotechnol. J. 2019, 17, 537–560. [CrossRef]

41. Matas-Rico, E.; Van der Haar Avila, I.; Van Zon, M.; Morris, A.J.; Koster, J.; Salgado-Polo, F.; De Kivit, S.;
De Rink, I.; Lança, T.; Alba, J.M.; et al. Secreted autotaxin through LPA suppresses chemotaxis and tumor
infiltration of CD8+ T Cells. bioRxiv 2020. [CrossRef]

42. Ahonen, C.L.; Doxsee, C.L.; McGurran, S.M.; Riter, T.R.; Wade, W.F.; Barth, R.J.; Vasilakos, J.P.; Noelle, R.J.;
Kedl, R.M. Combined TLR and CD40 triggering induces potent CD8+ T cell expansion with variable
dependence on type I IFN. J. Exp. Med. 2004, 199, 775–784. [CrossRef] [PubMed]

43. Mathew, D.; Kremer, K.N.; Strauch, P.; Tigyi, G.; Pelanda, R.; Torres, R.M. LPA5 is an inhibitory receptor that
suppresses CD8 T-cell cytotoxic function via disruption of early TCR signaling. Front. Immunol. 2019, 10.
[CrossRef] [PubMed]

44. Ray, R.; Rai, V. Lysophosphatidic acid converts monocytes into macrophages in both mice and humans. Blood
2017, 129, 1177–1183. [CrossRef]

45. Jiang, C.; Ting, A.T.; Seed, B. PPAR-gamma agonists inhibit production of monocyte inflammatory cytokines.
Nature 1998, 391, 82–86. [CrossRef]

46. Ricote, M.; Li, A.C.; Willson, T.M.; Kelly, C.J.; Glass, C.K. The peroxisome proliferator-activated
receptor-gamma is a negative regulator of macrophage activation. Nature 1998, 391, 79–82. [CrossRef]

47. Nobs, S.P.; Kopf, M. PPAR-gamma in innate and adaptive lung immunity. J. Leukoc. Biol. 2018, 104, 737–741.
[CrossRef]

48. Cha, Y.J.; Koo, J.S. Expression of autotaxin(-)lysophosphatidate signaling-related proteins in breast cancer
with adipose stroma. Int. J. Mol. Sci. 2019, 20, 2102. [CrossRef]

http://dx.doi.org/10.4049/jimmunol.172.7.4480
http://dx.doi.org/10.1111/j.1574-695X.1994.tb00452.x
http://dx.doi.org/10.1016/S0014-2999(01)01329-2
http://dx.doi.org/10.1182/blood-2004-03-1166
http://www.ncbi.nlm.nih.gov/pubmed/15319282
http://dx.doi.org/10.1189/jlb.0407221
http://www.ncbi.nlm.nih.gov/pubmed/17709403
http://dx.doi.org/10.1073/pnas.0403259101
http://www.ncbi.nlm.nih.gov/pubmed/15280540
http://dx.doi.org/10.4049/jimmunol.169.8.4129
http://www.ncbi.nlm.nih.gov/pubmed/12370341
http://dx.doi.org/10.1002/eji.200323711
http://www.ncbi.nlm.nih.gov/pubmed/12884281
http://dx.doi.org/10.1016/j.bbrc.2008.05.004
http://www.ncbi.nlm.nih.gov/pubmed/18468510
http://dx.doi.org/10.1189/jlb.0103019
http://dx.doi.org/10.1038/ni1102-991
http://dx.doi.org/10.1158/1078-0432.CCR-14-1860
http://dx.doi.org/10.1016/j.csbj.2019.04.004
http://dx.doi.org/10.1101/2020.02.26.966291
http://dx.doi.org/10.1084/jem.20031591
http://www.ncbi.nlm.nih.gov/pubmed/15007094
http://dx.doi.org/10.3389/fimmu.2019.01159
http://www.ncbi.nlm.nih.gov/pubmed/31231367
http://dx.doi.org/10.1182/blood-2016-10-743757
http://dx.doi.org/10.1038/34184
http://dx.doi.org/10.1038/34178
http://dx.doi.org/10.1002/JLB.3MR0118-034R
http://dx.doi.org/10.3390/ijms20092102


Cancers 2020, 12, 1202 16 of 20

49. Lin, S.; Wang, D.; Iyer, S.; Ghaleb, A.M.; Shim, H.; Yang, V.W.; Chun, J.; Yun, C.C. The absence of LPA2

attenuates tumor formation in an experimental model of colitis-associated cancer. Gastroenterology 2009, 136,
1711–1720. [CrossRef]

50. Zhang, D.; Shi, R.; Xiang, W.; Kang, X.; Tang, B.; Li, C.; Gao, L.; Zhang, X.; Zhang, L.; Dai, R.; et al.
The Agpat4/LPA axis in colorectal cancer cells regulates antitumor responses via p38/p65 signaling in
macrophages. Signal Transduct. Target. Ther. 2020, 5, 24. [CrossRef]

51. Anfray, C.; Ummarino, A.; Andon, F.T.; Allavena, P. Current strategies to target tumor-associated-macrophages
to improve anti-tumor immune responses. Cells 2019, 9, 46. [CrossRef] [PubMed]

52. DeNardo, D.G.; Ruffell, B. Macrophages as regulators of tumour immunity and immunotherapy. Nat. Rev.
Immunol. 2019, 19, 369–382. [CrossRef] [PubMed]

53. Argyle, D.; Kitamura, T. Targeting macrophage-recruiting chemokines as a novel therapeutic strategy to
prevent the progression of solid tumors. Front. Immunol. 2018, 9, 2629. [CrossRef] [PubMed]

54. Chen, Y.; Tan, W.; Wang, C. Tumor-associated macrophage-derived cytokines enhance cancer stem-like
characteristics through epithelial-mesenchymal transition. Onco Targets Ther. 2018, 11, 3817–3826. [CrossRef]
[PubMed]

55. Mandal, A.; Viswanathan, C. Natural killer cells: In health and disease. Hematol. Oncol. Stem Cell 2015, 8,
47–55. [CrossRef] [PubMed]

56. Lagadari, M.; Truta-Feles, K.; Lehmann, K.; Berod, L.; Ziemer, M.; Idzko, M.; Barz, D.; Kamradt, T.;
Maghazachi, A.A.; Norgauer, J. Lysophosphatidic acid inhibits the cytotoxic activity of NK cells: Involvement
of Gs protein-mediated signaling. Int. Immunol. 2009, 21, 667–677. [CrossRef]

57. Saatian, B.; Zhao, Y.; He, D.; Georas Steve, N.; Watkins, T.; Spannhake, E.W.; Natarajan, V. Transcriptional
regulation of lysophosphatidic acid-induced interleukin-8 expression and secretion by p38 MAPK and JNK
in human bronchial epithelial cells. Biochem. J. 2006, 393, 657–668. [CrossRef]

58. Cummings, R.; Zhao, Y.; Jacoby, D.; Spannhake, E.W.; Ohba, M.; Garcia, J.G.; Watkins, T.; He, D.; Saatian, B.;
Natarajan, V. Protein kinase Cdelta mediates lysophosphatidic acid-induced NF-kappaB activation and
interleukin-8 secretion in human bronchial epithelial cells. J. Biol. Chem. 2004, 279, 41085–41094. [CrossRef]

59. Hashimoto, T.; Yamashita, M.; Ohata, H.; Momose, K. Lysophosphatidic acid enhances in vivo infiltration
and activation of guinea pig eosinophils and neutrophils via a Rho/Rho-associated protein kinase-mediated
pathway. J. Pharmacol. Sci. 2003, 91, 8–14. [CrossRef]

60. De Vries, B.; Matthijsen, R.A.; Van Bijnen, A.A.; Wolfs, T.G.; Buurman, W.A. Lysophosphatidic acid prevents
renal ischemia-reperfusion injury by inhibition of apoptosis and complement activation. Am. J. Pathol. 2003,
163, 47–56. [CrossRef]

61. Rahaman, M.; Costello, R.W.; Belmonte, K.E.; Gendy, S.S.; Walsh, M.T. Neutrophil sphingosine 1-phosphate and
lysophosphatidic acid receptors in pneumonia. Am. J. Respir. Cell Mol. Biol. 2006, 34, 233–241. [CrossRef] [PubMed]

62. So, J.; Navari, J.; Wang, F.-Q.; Fishman, D.A. Lysophosphatidic acid enhances epithelial ovarian carcinoma
invasion through the increased expression of interleukin-8. Gynecol. Oncol. 2004, 95, 314–322. [CrossRef] [PubMed]

63. Lecot, P.; Sarabi, M.; Pereira Abrantes, M.; Mussard, J.; Koenderman, L.; Caux, C.; Bendriss-Vermare, N.;
Michallet, M.-C. Neutrophil heterogeneity in cancer: From biology to therapies. Front. Immunol. 2019, 10,
2155. [CrossRef] [PubMed]

64. Masucci, M.T.; Minopoli, M.; Carriero, M.V. Tumor associated neutrophils. Their role in tumorigenesis,
metastasis, prognosis and therapy. Front. Oncol. 2019, 9, 1146. [CrossRef]

65. Xie, K. Interleukin-8 and human cancer biology. Cytokine Growth Factor Rev. 2001, 12, 375–391. [CrossRef]
66. Costello, R.W.; Maloney, M.; Atiyeh, M.; Gleich, G.; Walsh, M.T. Mechanism of sphingosine 1-phosphate-

and lysophosphatidic acid-induced up-regulation of adhesion molecules and eosinophil chemoattractant in
nerve cells. Int. J. Mol. Sci. 2011, 12, 3237–3249. [CrossRef]

67. Zhao, Y.; Tong, J.; He, D.; Pendyala, S.; Evgeny, B.; Chun, J.; Sperling, A.I.; Natarajan, V. Role of
lysophosphatidic acid receptor LPA2 in the development of allergic airway inflammation in a murine
model of asthma. Respir. Res. 2009, 10, 114. [CrossRef]

68. Georas, S.N.; Berdyshev, E.; Hubbard, W.; Gorshkova, I.A.; Usatyuk, P.V.; Saatian, B.; Myers, A.C.; Williams, M.A.;
Xiao, H.Q.; Liu, M.; et al. Lysophosphatidic acid is detectable in human bronchoalveolar lavage fluids at baseline
and increased after segmental allergen challenge. Clin. Exp. Allergy 2007, 37, 311–322. [CrossRef]

69. Varricchi, G.; Galdiero, M.R.; Loffredo, S.; Lucarini, V.; Marone, G.; Mattei, F.; Marone, G.; Schiavoni, G.
Eosinophils: The unsung heroes in cancer? Oncoimmunology 2017, 7, e1393134. [CrossRef]

http://dx.doi.org/10.1053/j.gastro.2009.01.002
http://dx.doi.org/10.1038/s41392-020-0117-y
http://dx.doi.org/10.3390/cells9010046
http://www.ncbi.nlm.nih.gov/pubmed/31878087
http://dx.doi.org/10.1038/s41577-019-0127-6
http://www.ncbi.nlm.nih.gov/pubmed/30718830
http://dx.doi.org/10.3389/fimmu.2018.02629
http://www.ncbi.nlm.nih.gov/pubmed/30483271
http://dx.doi.org/10.2147/OTT.S168317
http://www.ncbi.nlm.nih.gov/pubmed/30013362
http://dx.doi.org/10.1016/j.hemonc.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25571788
http://dx.doi.org/10.1093/intimm/dxp035
http://dx.doi.org/10.1042/BJ20050791
http://dx.doi.org/10.1074/jbc.M404045200
http://dx.doi.org/10.1254/jphs.91.8
http://dx.doi.org/10.1016/S0002-9440(10)63629-2
http://dx.doi.org/10.1165/rcmb.2005-0126OC
http://www.ncbi.nlm.nih.gov/pubmed/16224106
http://dx.doi.org/10.1016/j.ygyno.2004.08.001
http://www.ncbi.nlm.nih.gov/pubmed/15491751
http://dx.doi.org/10.3389/fimmu.2019.02155
http://www.ncbi.nlm.nih.gov/pubmed/31616408
http://dx.doi.org/10.3389/fonc.2019.01146
http://dx.doi.org/10.1016/S1359-6101(01)00016-8
http://dx.doi.org/10.3390/ijms12053237
http://dx.doi.org/10.1186/1465-9921-10-114
http://dx.doi.org/10.1111/j.1365-2222.2006.02626.x
http://dx.doi.org/10.1080/2162402X.2017.1393134


Cancers 2020, 12, 1202 17 of 20

70. Xie, F.; Liu, L.-B.; Shang, W.-Q.; Chang, K.-K.; Meng, Y.-H.; Mei, J.; Yu, J.-J.; Li, D.-J.; Li, M.-Q. The infiltration
and functional regulation of eosinophils induced by TSLP promote the proliferation of cervical cancer cell.
Cancer Lett. 2015, 364, 106–117. [CrossRef]

71. van Driel, W.J.; Hogendoorn, P.C.W.; Jansen, F.-W.; Zwinderman, A.H.; Trimbos, J.B.; Fleuren, G.J.
Tumor-associated eosinophilic infiltrate of cervical cancer is indicative for a less effective immune response.
Hum. Pathol. 1996, 27, 904–911. [CrossRef]

72. Enblad, G.; Sundstrom, C.; Glimelius, B. Infiltration of eosinophils in Hodgkin’s disease involved lymph
nodes predicts prognosis. Hematol. Oncol. 1993, 11, 187–193. [CrossRef] [PubMed]

73. von Wasielewski, R.; Seth, S.; Franklin, J.; Fischer, R.; Hubner, K.; Hansmann, M.L.; Diehl, V.; Georgii, A.
Tissue eosinophilia correlates strongly with poor prognosis in nodular sclerosing Hodgkin’s disease, allowing
for known prognostic factors. Blood 2000, 95, 1207–1213. [CrossRef] [PubMed]

74. Utsunomiya, A.; Ishida, T.; Inagaki, A.; Ishii, T.; Yano, H.; Komatsu, H.; Iida, S.; Yonekura, K.; Takeuchi, S.;
Takatsuka, Y.; et al. Clinical significance of a blood eosinophilia in adult T-cell leukemia/lymphoma: A blood
eosinophilia is a significant unfavorable prognostic factor. Leuk. Res. 2007, 31, 915–920. [CrossRef] [PubMed]

75. Hashimoto, T.; Satoh, T. Generalized pruritus in primary sclerosing cholangitis: Implications of histamine
release by lysophosphatidic acid. Br. J. Derm. 2015, 173, 1334–1336. [CrossRef] [PubMed]

76. Anthony, H.M. Blood basophils in lung cancer. Br. J. Cancer 1982, 45, 209–216. [CrossRef]
77. Sektioglu, I.M.; Carretero, R.; Bulbuc, N.; Bald, T.; Tüting, T.; Rudensky, A.Y.; Hämmerling, G.J. Basophils

promote tumor rejection via chemotaxis and infiltration of CD8+ T cells. Cancer Res. 2017, 77, 291–302. [CrossRef]
78. De Monte, L.; Wörmann, S.; Brunetto, E.; Heltai, S.; Magliacane, G.; Reni, M.; Paganoni, A.M.; Recalde, H.;

Mondino, A.; Falconi, M.; et al. Basophil recruitment into tumor-draining lymph nodes correlates with Th2
inflammation and reduced survival in pancreatic cancer patients. Cancer Res. 2016, 76, 1792–1803. [CrossRef]

79. Lin, D.A.; Bagga, S.; Boyce, J.A. Lysophosphatidic acid induces human mast cell activation via an
LPA2-mediated pathway. J. Allergy Clin. Immunol. 2005, 115, S186. [CrossRef]

80. Hashimoto, T.; Ohata, H.; Momose, K.; Honda, K. Lysophosphatidic acid induces histamine release from
mast cells and skin fragments. Pharmacology 2005, 75, 13–20. [CrossRef]

81. Hashimoto, T.; Ohata, H.; Honda, K. Lysophosphatidic acid (LPA) induces plasma exudation and histamine
release in mice via LPA receptors. J. Pharmacol. Sci. 2006, 100, 82–87. [CrossRef] [PubMed]

82. Lundequist, A.; Boyce, J.A. LPA5 is abundantly expressed by human mast cells and important for
lysophosphatidic acid induced MIP-1β release. PLoS ONE 2011, 6, e18192. [CrossRef] [PubMed]

83. Mori, K.; Kitayama, J.; Aoki, J.; Kishi, Y.; Shida, D.; Yamashita, H.; Arai, H.; Nagawa, H. Submucosal connective
tissue-type mast cells contribute to the production of lysophosphatidic acid (LPA) in the gastrointestinal
tract through the secretion of autotaxin (ATX)/lysophospholipase D (lysoPLD). Virchows Arch. 2007, 451,
47–56. [CrossRef] [PubMed]

84. Varricchi, G.; Galdiero, M.R.; Loffredo, S.; Marone, G.; Iannone, R.; Marone, G.; Granata, F. Are mast cells
MASTers in cancer? Front. Immunol. 2017, 8, 424. [CrossRef]

85. Randolph, G.J.; Beaulieu, S.; Lebecque, S.; Steinman, R.M.; Muller, W.A. Differentiation of monocytes into
dendritic cells in a model of transendothelial trafficking. Science 1998, 282, 480–483. [CrossRef]

86. Martino, A.; Volpe, E.; Baldini, P.M. The influence of lysophosphatidic acid on the immunophenotypic
differentiation of human monocytes into dendritic cells. Haematologica 2006, 91, 1273–1274.

87. Chen, R.; Roman, J.; Guo, J.; West, E.; McDyer, J.; Williams, M.A.; Georas, S.N. Lysophosphatidic acid modulates
the activation of human monocyte-derived dendritic cells. Stem. Cells Dev. 2006, 15, 797–804. [CrossRef]

88. Oz-Arslan, D.; Ruscher, W.; Myrtek, D.; Ziemer, M.; Jin, Y.; Damaj, B.B.; Sorichter, S.; Idzko, M.; Norgauer, J.;
Maghazachi, A.A. IL-6 and IL-8 release is mediated via multiple signaling pathways after stimulating
dendritic cells with lysophospholipids. J. Leukoc. Biol. 2006, 80, 287–297. [CrossRef]

89. Emo, J.; Meednu, N.; Chapman, T.J.; Rezaee, F.; Balys, M.; Randall, T.; Rangasamy, T.; Georas, S.N. Lpa2
is a negative regulator of both dendritic cell activation and murine models of allergic lung inflammation.
J. Immunol. 2012, 188, 3784–3790. [CrossRef]

90. Leslie, D.S.; Vincent, M.S.; Spada, F.M.; Das, H.; Sugita, M.; Morita, C.T.; Brenner, M.B. CD1-mediated
gamma/delta T cell maturation of dendritic cells. J. Exp. Med. 2002, 196, 1575–1584. [CrossRef]

91. Denzel, A.; Maus, U.A.; Rodriguez Gomez, M.; Moll, C.; Niedermeier, M.; Winter, C.; Maus, R.;
Hollingshead, S.; Briles, D.E.; Kunz-Schughart, L.A.; et al. Basophils enhance immunological memory
responses. Nat. Immunol. 2008, 9, 733–742. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.canlet.2015.04.029
http://dx.doi.org/10.1016/S0046-8177(96)90216-6
http://dx.doi.org/10.1002/hon.2900110404
http://www.ncbi.nlm.nih.gov/pubmed/8144133
http://dx.doi.org/10.1182/blood.V95.4.1207.004k34_1207_1213
http://www.ncbi.nlm.nih.gov/pubmed/10666192
http://dx.doi.org/10.1016/j.leukres.2006.10.017
http://www.ncbi.nlm.nih.gov/pubmed/17123603
http://dx.doi.org/10.1111/bjd.13992
http://www.ncbi.nlm.nih.gov/pubmed/26122943
http://dx.doi.org/10.1038/bjc.1982.35
http://dx.doi.org/10.1158/0008-5472.CAN-16-0993
http://dx.doi.org/10.1158/0008-5472.CAN-15-1801-T
http://dx.doi.org/10.1016/j.jaci.2004.12.757
http://dx.doi.org/10.1159/000085784
http://dx.doi.org/10.1254/jphs.FPJ05030X
http://www.ncbi.nlm.nih.gov/pubmed/16404130
http://dx.doi.org/10.1371/journal.pone.0018192
http://www.ncbi.nlm.nih.gov/pubmed/21464938
http://dx.doi.org/10.1007/s00428-007-0425-4
http://www.ncbi.nlm.nih.gov/pubmed/17554559
http://dx.doi.org/10.3389/fimmu.2017.00424
http://dx.doi.org/10.1126/science.282.5388.480
http://dx.doi.org/10.1089/scd.2006.15.797
http://dx.doi.org/10.1189/jlb.1205751
http://dx.doi.org/10.4049/jimmunol.1102956
http://dx.doi.org/10.1084/jem.20021515
http://dx.doi.org/10.1038/ni.1621
http://www.ncbi.nlm.nih.gov/pubmed/18516038


Cancers 2020, 12, 1202 18 of 20

92. Jantsch, J.; Binger, K.J.; Muller, D.N.; Titze, J. Macrophages in homeostatic immune function. Front. Physiol.
2014, 5, 146. [CrossRef] [PubMed]

93. Nam, J.H.; Shin, D.H.; Min, J.E.; Ye, S.K.; Jeon, J.H.; Kim, S.J. Ca2+ signaling induced by sphingosine
1-phosphate and lysophosphatidic acid in mouse B cells. Mol. Cells 2010, 29, 85–91. [CrossRef] [PubMed]

94. Hu, J.; Oda, S.K.; Shotts, K.; Donovan, E.E.; Strauch, P.; Pujanauski, L.M.; Victorino, F.; Al-Shami, A.;
Fujiwara, Y.; Tigyi, G.; et al. Lysophosphatidic acid receptor 5 inhibits B cell antigen receptor signaling and
antibody response. J. Immunol. 2014, 193, 85–95. [CrossRef] [PubMed]

95. Coronella-Wood, J.A.; Hersh, E.M. Naturally occurring B-cell responses to breast cancer. Cancer Immunol.
Immunother. 2003, 52, 715–738. [CrossRef]

96. Chin, Y.; Janseens, J.; Vandepitte, J.; Vandenbrande, J.; Opdebeek, L.; Raus, J. Phenotypic analysis of
tumor-infiltrating lymphocytes from human breast cancer. Anticancer Res. 1992, 12, 1463–1466.

97. Marsigliante, S.; Biscozzo, L.; Marra, A.; Nicolardi, G.; Leo, G.; Lobreglio, G.B.; Storelli, C. Computerised counting
of tumour infiltrating lymphocytes in 90 breast cancer specimens. Cancer Lett. 1999, 139, 33–41. [CrossRef]

98. Nelson, B.H. CD20+ B cells: The other tumor-infiltrating lymphocytes. J. Immunol. 2010, 185, 4977–4982. [CrossRef]
99. Milne, K.; Kobel, M.; Kalloger, S.E.; Barnes, R.O.; Gao, D.; Gilks, C.B.; Watson, P.H.; Nelson, B.H. Systematic

analysis of immune infiltrates in high-grade serous ovarian cancer reveals CD20, FoxP3 and TIA-1 as positive
prognostic factors. PLoS ONE 2009, 4, e6412. [CrossRef]

100. Yang, Y.; Mou, L.; Liu, N.; Tsao, M.S. Autotaxin expression in non-small-cell lung cancer. Am. J. Respir. Cell
Mol. Biol. 1999, 21, 216–222. [CrossRef]

101. Lin, S.; Haque, A.; Raeman, R.; Guo, L.; He, P.; Denning, T.L.; El-Rayes, B.; Moolenaar, W.H.; Yun, C.C.
Autotaxin determines colitis severity in mice and is secreted by B cells in the colon. FASEB J. 2019, 33,
3623–3635. [CrossRef] [PubMed]

102. Zheng, Y.; Voice, J.K.; Kong, Y.; Goetzl, E.J. Altered expression and functional profile of lysophosphatidic acid
receptors in mitogen-activated human blood T lymphocytes. FASEB J. 2000, 14, 2387–2389. [CrossRef] [PubMed]

103. Goetzl, E.J.; Kong, Y.; Mei, B. Lysophosphatidic acid and sphingosine 1-phosphate protection of T cells from
apoptosis in association with suppression of Bax. J. Immunol. 1999, 162, 2049–2056. [PubMed]

104. Zheng, Y.; Kong, Y.; Goetzl, E.J. Lysophosphatidic acid receptor-selective effects on Jurkat T cell migration
through a Matrigel model basement membrane. J. Immunol. 2001, 166, 2317–2322. [CrossRef]

105. Kanda, H.; Newton, R.; Klein, R.; Morita, Y.; Gunn, M.D.; Rosen, S.D. Autotaxin, an ectoenzyme that produces
lysophosphatidic acid, promotes the entry of lymphocytes into secondary lymphoid organs. Nat. Immunol.
2008, 9, 415–423. [CrossRef]

106. Hata, E.; Sasaki, N.; Takeda, A.; Tohya, K.; Umemoto, E.; Akahoshi, N.; Ishii, S.; Bando, K.; Abe, T.; Kano, K.;
et al. Lysophosphatidic acid receptors LPA4 and LPA6 differentially promote lymphocyte transmigration
across high endothelial venules in lymph nodes. Int. Immunol. 2016, 28, 283–292. [CrossRef]

107. Lee, S.C.; Fujiwara, Y.; Liu, J.; Yue, J.; Shimizu, Y.; Norman, D.D.; Wang, Y.; Tsukahara, R.; Szabo, E.; Patil, R.;
et al. Autotaxin and LPA1 and LPA5 receptors exert disparate functions in tumor cells versus the host tissue
microenvironment in melanoma invasion and metastasis. Mol. Cancer Res. 2015, 13, 174–185. [CrossRef]

108. Martinet, L.; Garrido, I.; Filleron, T.; Le Guellec, S.; Bellard, E.; Fournie, J.J.; Rochaix, P.; Girard, J.P. Human
solid tumors contain high endothelial venules: Association with T- and B-lymphocyte infiltration and
favorable prognosis in breast cancer. Cancer Res. 2011, 71, 5678–5687. [CrossRef]

109. Martinet, L.; Garrido, I.; Girard, J.P. Tumor high endothelial venules (HEVs) predict lymphocyte infiltration
and favorable prognosis in breast cancer. Oncoimmunology 2012, 1, 789–790. [CrossRef]

110. Martinet, L.; Le Guellec, S.; Filleron, T.; Lamant, L.; Meyer, N.; Rochaix, P.; Garrido, I.; Girard, J.P. High
endothelial venules (HEVs) in human melanoma lesions: Major gateways for tumor-infiltrating lymphocytes.
Oncoimmunology 2012, 1, 829–839. [CrossRef]

111. Ager, A.; May, M.J. Understanding high endothelial venules: Lessons for cancer immunology. Oncoimmunology
2015, 4, e1008791. [CrossRef] [PubMed]

112. Bento, D.C.; Jones, E.; Junaid, S.; Tull, J.; Williams, G.T.; Godkin, A.; Ager, A.; Gallimore, A. High endothelial
venules are rare in colorectal cancers but accumulate in extra-tumoral areas with disease progression.
Oncoimmunology 2015, 4, e974374. [CrossRef] [PubMed]

113. Li, Z.; Mintzer, E.; Bittman, R. The critical micelle concentrations of lysophosphatidic acid and
sphingosylphosphorylcholine. Chem. Phys. Lipids 2004, 130, 197–201. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fphys.2014.00146
http://www.ncbi.nlm.nih.gov/pubmed/24847274
http://dx.doi.org/10.1007/s10059-010-0020-4
http://www.ncbi.nlm.nih.gov/pubmed/20069383
http://dx.doi.org/10.4049/jimmunol.1300429
http://www.ncbi.nlm.nih.gov/pubmed/24890721
http://dx.doi.org/10.1007/s00262-003-0409-4
http://dx.doi.org/10.1016/S0304-3835(98)00379-6
http://dx.doi.org/10.4049/jimmunol.1001323
http://dx.doi.org/10.1371/journal.pone.0006412
http://dx.doi.org/10.1165/ajrcmb.21.2.3667
http://dx.doi.org/10.1096/fj.201801415RR
http://www.ncbi.nlm.nih.gov/pubmed/30481488
http://dx.doi.org/10.1096/fj.00-0492fje
http://www.ncbi.nlm.nih.gov/pubmed/11024010
http://www.ncbi.nlm.nih.gov/pubmed/9973477
http://dx.doi.org/10.4049/jimmunol.166.4.2317
http://dx.doi.org/10.1038/ni1573
http://dx.doi.org/10.1093/intimm/dxv072
http://dx.doi.org/10.1158/1541-7786.MCR-14-0263
http://dx.doi.org/10.1158/0008-5472.CAN-11-0431
http://dx.doi.org/10.4161/onci.19787
http://dx.doi.org/10.4161/onci.20492
http://dx.doi.org/10.1080/2162402X.2015.1008791
http://www.ncbi.nlm.nih.gov/pubmed/26155419
http://dx.doi.org/10.4161/2162402X.2014.974374
http://www.ncbi.nlm.nih.gov/pubmed/25949892
http://dx.doi.org/10.1016/j.chemphyslip.2004.03.001
http://www.ncbi.nlm.nih.gov/pubmed/15172836


Cancers 2020, 12, 1202 19 of 20

114. Baker, D.L.; Desiderio, D.M.; Miller, D.D.; Tolley, B.; Tigyi, G.J. Direct quantitative analysis of lysophosphatidic
acid molecular species by stable isotope dilution electrospray ionization liquid chromatography-mass
spectrometry. Anal. Biochem. 2001, 292, 287–295. [CrossRef]

115. An, S.; Bleu, T.; Hallmark, O.G.; Goetzl, E.J. Characterization of a novel subtype of human G protein-coupled
receptor for lysophosphatidic acid. J. Biol. Chem. 1998, 273, 7906–7910. [CrossRef]

116. Oda, S.K.; Strauch, P.; Fujiwara, Y.; Al-Shami, A.; Oravecz, T.; Tigyi, G.; Pelanda, R.; Torres, R.M.
Lysophosphatidic acid inhibits CD8 T cell activation and control of tumor progression. Cancer Immunol. Res.
2013, 1, 245–255. [CrossRef]

117. Cancer Research Institute. Immunotherapy and Timeline of Progress—Treatment Approved. Available
online: https://www.cancerresearch.org/immunotherapy/timeline-of-progress (accessed on 27 January 2020).

118. Haslam, A.; Prasad, V. Estimation of the percentage of US patients with cancer who are eligible for and
respond to checkpoint inhibitor immunotherapy drugs. JAMA Netw. Open 2019, 2, e192535. [CrossRef]

119. Kozian, D.H.; Evers, A.; Florian, P.; Wonerow, P.; Joho, S.; Nazare, M. Selective non-lipid modulator of LPA5

activity in human platelets. Bioorg. Med. Chem. Lett. 2012, 22, 5239–5243. [CrossRef]
120. Kozian, D.H.; Von Haeften, E.; Joho, S.; Czechtizky, W.; Anumala, U.R.; Roux, P.; Dudda, A.; Evers, A.;

Nazare, M. Modulation of hexadecyl-LPA-mediated activation of mast cells and microglia by a chemical
probe for LPA5. ChemBioChem 2016, 17, 861–865. [CrossRef]

121. Murai, N.; Hiyama, H.; Kiso, T.; Sekizawa, T.; Watabiki, T.; Oka, H.; Aoki, T. Analgesic effects of novel
lysophosphatidic acid receptor 5 antagonist AS2717638 in rodents. Neuropharmacology 2017, 126, 97–107. [CrossRef]

122. Khandoga, A.L.; Fujiwara, Y.; Goyal, P.; Pandey, D.; Tsukahara, R.; Bolen, A.; Guo, H.; Wilke, N.; Liu, J.;
Valentine, W.J.; et al. Lysophosphatidic acid-induced platelet shape change revealed through LPA1–5

receptor-selective probes and albumin. Platelets 2008, 19, 415–427. [CrossRef] [PubMed]
123. Williams, J.R.; Khandoga, A.L.; Goyal, P.; Fells, J.I.; Perygin, D.H.; Siess, W.; Parrill, A.L.; Tigyi, G.; Fujiwara, Y.

Unique ligand selectivity of the GPR92/LPA5 lysophosphatidate receptor indicates role in human platelet
activation. J. Biol. Chem. 2009, 284, 17304–17319. [CrossRef] [PubMed]

124. Jongsma, M.; Matas-Rico, E.; Rzadkowski, A.; Jalink, K.; Moolenaar, W.H. LPA is a chemorepellent for B16 melanoma
cells: Action through the cAMP-elevating LPA5 receptor. PLoS ONE 2011, 6, e29260. [CrossRef] [PubMed]

125. Fujiwara, Y.; Sardar, V.; Tokumura, A.; Baker, D.; Murakami-Murofushi, K.; Parrill, A.; Tigyi, G. Identification
of residues responsible for ligand recognition and regioisomeric selectivity of lysophosphatidic acid receptors
expressed in mammalian cells. J. Biol. Chem. 2005, 280, 35038–35050. [CrossRef] [PubMed]

126. Kotarsky, K.; Boketoft, Å.; Bristulf, J.; Nilsson, N.E.; Norberg, Å.; Hansson, S.; Owman, C.; Sillard, R.;
Leeb-Lundberg, L.M.F.; Olde, B. Lysophosphatidic acid binds to and activates GPR92, a G protein-coupled
receptor highly expressed in gastrointestinal lymphocytes. J. Pharmacol. Exp. Ther. 2006, 318, 619–628.
[CrossRef] [PubMed]

127. Tsukahara, T.; Tsukahara, R.; Fujiwara, Y.; Yue, J.; Cheng, Y.; Guo, H.; Zhang, C.; Balazs, L.; Bolen, A.; Re, F.;
et al. Phospholipase D2-dependent inhibition of the nuclear hormone receptor PPARγ by cyclic phosphatidic
acid. Mol. Cell 2010, 39, 421–432. [CrossRef]

128. Tsukahara, T.; Tsukahara, R.; Yasuda, S.; Makarova, N.; Valentine, W.J.; Allison, P.; Yuan, H.; Baker, D.L.; Li, Z.;
Bittman, R.; et al. Different residues mediate recognition of 1-O-oleyllysophosphatidic acid and rosiglitazone
in the ligand binding domain of peroxisome proliferator-activated receptor gamma. J. Biol. Chem. 2006, 281,
3398–3407. [CrossRef]

129. Xiao, Y.J.; Schwartz, B.; Washington, M.; Kennedy, A.; Webster, K.; Belinson, J.; Xu, Y. Electrospray ionization
mass spectrometry analysis of lysophospholipids in human ascitic fluids: Comparison of the lysophospholipid
contents in malignant vs nonmalignant ascitic fluids. Anal. Biochem. 2001, 290, 302–313. [CrossRef]

130. Rother, E.; Brandl, R.; Baker, D.L.; Goyal, P.; Gebhard, H.; Tigyi, G.; Siess, W. Subtype-selective antagonists
of lysophosphatidic Acid receptors inhibit platelet activation triggered by the lipid core of atherosclerotic
plaques. Circulation 2003, 108, 741–747. [CrossRef]

131. Liliom, K.; Guan, Z.; Tseng, J.L.; Desiderio, D.M.; Tigyi, G.; Watsky, M.A. Growth factor-like phospholipids
generated after corneal injury. Am. J. Physiol. 1998, 274, C1065–C1074. [CrossRef]

132. Sugiura, T.; Fukuda, T.; Miyamoto, T.; Waku, K. Distribution of alkyl and alkenyl ether-linked phospholipids
and platelet-activating factor-like lipid in various species of invertebrates. Biochim. Biophys. Acta 1992, 1126,
298–308. [CrossRef]

http://dx.doi.org/10.1006/abio.2001.5063
http://dx.doi.org/10.1074/jbc.273.14.7906
http://dx.doi.org/10.1158/2326-6066.CIR-13-0043-T
https://www.cancerresearch.org/immunotherapy/timeline-of-progress
http://dx.doi.org/10.1001/jamanetworkopen.2019.2535
http://dx.doi.org/10.1016/j.bmcl.2012.06.057
http://dx.doi.org/10.1002/cbic.201500559
http://dx.doi.org/10.1016/j.neuropharm.2017.08.032
http://dx.doi.org/10.1080/09537100802220468
http://www.ncbi.nlm.nih.gov/pubmed/18925509
http://dx.doi.org/10.1074/jbc.M109.003194
http://www.ncbi.nlm.nih.gov/pubmed/19366702
http://dx.doi.org/10.1371/journal.pone.0029260
http://www.ncbi.nlm.nih.gov/pubmed/22195035
http://dx.doi.org/10.1074/jbc.M504351200
http://www.ncbi.nlm.nih.gov/pubmed/16115890
http://dx.doi.org/10.1124/jpet.105.098848
http://www.ncbi.nlm.nih.gov/pubmed/16651401
http://dx.doi.org/10.1016/j.molcel.2010.07.022
http://dx.doi.org/10.1074/jbc.M510843200
http://dx.doi.org/10.1006/abio.2001.5000
http://dx.doi.org/10.1161/01.CIR.0000083715.37658.C4
http://dx.doi.org/10.1152/ajpcell.1998.274.4.C1065
http://dx.doi.org/10.1016/0005-2760(92)90244-P


Cancers 2020, 12, 1202 20 of 20

133. Sugiura, T.; Nakane, S.; Kishimoto, S.; Waku, K.; Yoshioka, Y.; Tokumura, A.; Hanahan, D.J. Occurrence
of lysophosphatidic acid and its alkyl ether-linked analog in rat brain and comparison of their biological
activities toward cultured neural cells. Biochim. Biophys. Acta 1999, 1440, 194–204. [CrossRef]

134. Nakane, S.; Tokumura, A.; Waku, K.; Sugiura, T. Hen egg yolk and white contain high amounts of
lysophosphatidic acids, growth factor-like lipids: Distinct molecular species compositions. Lipids 2001, 36,
413–419. [CrossRef] [PubMed]

135. Tokumura, A.; Sinomiya, J.; Kishimoto, S.; Tanaka, T.; Kogure, K.; Sugiura, T.; Satouchi, K.; Waku, K.;
Fukuzawa, K. Human platelets respond differentially to lysophosphatidic acids having a highly unsaturated
fatty acyl group and alkyl ether-linked lysophosphatidic acids. Biochem. J. 2002, 365, 617–628. [CrossRef]

136. Beck, H.P.; Kohn, T.; Rubenstein, S.; Hedberg, C.; Schwandner, R.; Hasslinger, K.; Dai, K.; Li, C.; Liang, L.;
Wesche, H.; et al. Discovery of potent LPA2 (EDG4) antagonists as potential anticancer agents. Bioorg. Med.
Chem. Lett. 2008, 18, 1037–1041. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S1388-1981(99)00127-4
http://dx.doi.org/10.1007/s11745-001-0737-1
http://www.ncbi.nlm.nih.gov/pubmed/11383695
http://dx.doi.org/10.1042/bj20020348
http://dx.doi.org/10.1016/j.bmcl.2007.12.024
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	ATX-LPA-LPAR Signaling Axis in Regulating Innate Immunity 
	LPA in the Regulation of Macrophage and Tumor Associated Macrophage 
	Natural Killer Cells Responses to LPA 
	Neutrophil Responses to LPA 
	Eosinophil Leukocyte Regulation by LPA 
	Modulation of Basophils by LPA 
	Mast Cells and LPA 
	Dendritic Cells and LPA 

	ATX-LPA-LPAR Signaling Axis in Regulating Adaptive Immunity 
	B Lymphocyte Responses to LPA 
	T Lymphocyte Responses to LPA 

	Conclusions 
	References

