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Abstract The effects of lysophospholipids (LPLs) on
cancer microenvironment is a vast and growing field.
These lipids are secreted physiologically by various cell
types. They play highly important roles in the development,
activation and regulation of the immune system. They are
also secreted by cancerous cells and there is a strong
association between LPLs and cancer. It is clear that these
lipids and in particular sphingosine 1-phosphate (S1P) and
lysophosphatidic acid (LPA) play major roles in regulating
the growth of tumor cells, and in manipulating the immune
system. These activities can be divided into two parts; the
first involves the ability of S1P and LPA to either directly or
through some of the enzymes that generate them such as
sphingosine kinases or phospholipases, induce the motility
and invasiveness of tumor cells. The second mechanism
involves the recently discovered effects of these lipids on
the anti-tumor effector natural killer (NK) cells. Whereas
S1P and LPA induce the recruitment of these effector cells,
they also inhibit their cytolysis of tumor cells. This may
support the environment of cancer and the ability of cancer
cells to grow, spread and metastasize. Consequently, LPLs
or their receptors may be attractive targets for developing
drugs in the treatment of cancer where LPLs or their
receptors are up-regulated.
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Introduction

The progression of malignant diseases occurs through
bilateral actions of cells and their microenvironment. Cells
such as vascular endothelium, fibroblasts, immune cells and
soluble factors comprise the microenvironment of cancer
cells, affecting features of the disease such as angiogenesis,
growth, metastasis and many more activities. Numerous
agents with promising results from experimental models
have failed to translate into prolonged survival of cancer
patients as well as reductions in endpoints such as
metastatic disease and tumor size. This has led to increased
interest in the field of tumor microenvironment, as it bears
promising possibilities for early prevention of cancer.

Lysophospholipids (LPLs) are derived from various cells
including platelets, endothelium and red blood cells under
physiological conditions, but are also secreted by cancer
cells. These molecules were first discovered as constituents
of cell membranes, and endothelium was later shown to
exert multiple functions as a response to these growth
factors, hence, their receptors were initially named endo-
thelial differentiation gene (Edg), but were renamed as
S1P1, S1P2, S1P3, S1P4, and S1P5, those that bind S1P. All
these receptors are coupled to G proteins (GPCRs) [1]. The
different receptors have been thoroughly reviewed and are
beyond our scope [1–4]. In short, virtually all cells that
engage in the immune response express LPL receptors, and
antibodies to these receptors as well as receptor-null mice
have provided us with insights into the importance of
combined effects of the different receptors on various
cellular activities.

After the detection of various receptors, research in the
field of LPLs has been extensive, opening new doors to
understanding the critical roles these compounds play in
central processes of the cancer microenvironment, as they
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stimulate angiogenesis, are anti-apoptotic, and they modu-
late the immune response through extravasation and
activation of leukocytes. It is thus clear that LPLs play a
crucial role in shaping the environment around cancer cells
and the development of cancer tissues. In this review, we
will summarize the different roles of LPLs in the microen-
vironment of tumor cells. However, the review is not meant
to discuss all aspects of LPLs in cancer, as a search in
PubMed gives more than 700 hits for LPA and cancer, and
more than 500 hits for S1P and cancer.

The two major classes of LPLs, lysoglycerophospholi-
pids and lysosphingophospholipids are exemplified by
lysophosphatidic acid (LPA) and sphingosine 1-phosphate
(S1P), respectively [1–5]. As an example of the growth-
regulated potentials, LPA is mitogenic or antimitogenic for
different cells [6], and both S1P and LPA protect T cells
from apoptosis [7]. LPLs are important regulators of most
stages in cancer development as they affect ovarian cancer
cells in terms of adhesion and migration [8], invasion [9]
and metastasis [9, 10]. More than 10 years ago it was
suggested that LPA may constitute a marker for ovarian
cancer patients since it is highly increased in both the serum
and ascitic fluids of women with this disease [11]. Recently
it has been established that LPA levels measured by non-
invasive method in ovarian cancer patients are associated
with histological stages of the disease [12]. In addition,
autotoxin (ATX) which produces LPA is increased in the
plasma of patients with B-cell neoplasm, and in particular
follicular lymphomas [13], suggesting that the levels of

ATX and/or LPA could be used as a biomarker for this
disease.

Many cell types produce S1P and LPA [14–16]. In the
blood, erythrocytes, peripheral mononuclear cells and
neutrophils contribute to S1P production in the resting
state but yield little secretion after stimulation, while a large
part of the platelet-derived S1P is secreted upon stimulation
[17, 18]. Concerning LPA, it appears that it may act as an
autocrine growth factor, as ovarian cancer cells (OCCs)
express receptors for LPA qualitatively different from those
detected on normal ovarian cells [19]. Both molecules are
pleotropic and they modulate and/or activate/inhibit various
cellular activities, as will be explained below (Fig. 1).

Effects of S1P

S1P was identified as a lipid metabolite that induces
intracellular calcium rises and NIH3T3 cell proliferation
acting intracellularly and extracellularly [20]. It is gener-
ated from sphingolipids, which are essential plasma
membrane lipids concentrated in liquid-ordered domains,
commonly known as lipid rafts [21]. It can be rapidly
synthesized following the activation of an enzymatic
cascade: sphingomyelin converted into ceramide by sphin-
gomyelinase, ceramide into sphingosine by ceramidase and
sphingosine into S1P by sphingosine kinase [22] (Fig. 2).
This pathway has been denoted “the sphingomyelin cycle”,
due to the fact that for all the steps of activation reverse

Fig. 1 a Sphingosine
1-phosphate (S1P) is pleotropic
lysophospholipid that exerts
multiple activities on cancer
cells as well as normal cells.
Most of these activities are
inhibited by the drug FTY720
which binds S1P1,3,4,5. b Similar
to S1P, lysophospholipid (LPA)
exerts different functions on
normal and cancer cells
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reactions may take place catalyzed by specific enzymes
such as S1P phosphatases, ceramide synthase and sphingo-
myelin synthase [23].

Even though S1P is synthesized by most cells, the levels
of this metabolite in tissues, including lymphoid tissues, are
small due to irreversible degradation by intracellular S1P
lyase or dephosphorylation by S1P phosphatases [24–27].
Inhibition of S1P lyase activity results in increased the level
of S1P in tissues, thus ablating the concentration gradient
between blood and tissues [28]. S1P in lymph is not derived
from erythrocytes or other hematopoietic cells, but there is
a reason to believe that lymph S1P and plasma S1P are
regulated by the endothelium, as the physiological stimulus
shear stress increased secretion of this lipid from these cells
[29]. In contrast, neither platelets nor mast cells seem to
play any role [29, 30]. The mechanisms for the constitutive
secretion of S1P from erythrocytes and endothelium cells
are unknown. It appears that one or more factors present in
plasma might be required for the constitutive secretion of
S1P from erythrocytes [31].

S1P in Cancer Development

S1P is considered to be a pro-survival lipid, because of its
involvement in malignant transformation, cancer prolifera-
tion, inflammation, vasculogenesis and resistance to apo-
ptotic cell death [32–34]. S1P is catalyzed by sphingosine
kineases, of which there are two forms (SK1 and SK2).
Over-expression of SK1 resulted in malignant transforma-
tion and tumor formation in 3T3 fibroblasts [35] whereas
partial inhibition of expression resulted in apoptosis of
MCF-7 human breast cancer cells [36]. An important role
for the SK1/S1P pathway as a carcinogenic marker in a
colon carcinogenesis model in rats has been shown, which
was linked to the up-regulation of Cox-2 and PGE2 [37].
Hence, S1P is a target of research in cancer, due to the
discovery that enhanced SK1 mRNA expression may
promote the growth of solid tumors [38, 39].

S1P generation can also be catalyzed by SK2, and
contrary to SK1, over expression of SK2 mediates
apoptosis and suppressed proliferation. However, it was
suggested that endogenous SK2 which is localized mainly
to the nucleus, might act similar to SK1 providing pro-
survival characteristics to cancer cells, as knock-down of
SK2 sensitized cells to drug induced apoptosis [40]. Thus,
available information supports the hypothesis that inhibi-
tion of SKs may enhance treatment of cancer, whereas
selective elevation of S1P through nuclear SK2 in normal
cells may provide protection against toxicity during
therapy.

Role of S1P in Brain Cancer Development
and Invasiveness

S1P enhances the motility and invasiveness of glioblastoma
(GBM) cell lines. As an indication of the importance of this
system in vivo, high expression of SK1 in GBM tissue
correlated with more than three folds shorter survival time
of GBM patients though expression of the receptors was
not increased [41]. S1P also stimulated U-373MG cell
migration, and in vitro invasion and adhesion in the
absence of a concentration gradient indicating a chemo-
kinetic response. Reports of high S1P levels in brain tissues
and secretion of S1P from rat C6 astroglioma cells led to
the idea of autocrine signaling [42].Thus, S1P could
increase the invasiveness of glioblastoma cells in vivo by
an autocrine or paracrine mechanism leading to enhanced
cell motility, without the requirement for a chemotactic
gradient.

S1P1 expression level is low in gliomas and glioblasto-
mas compared to normal brain tissues, in which it is
predominantly localized to the astrocytes [43]. In patients
with glioblastoma, down-regulation of S1P1 was correlated
with poor survival. S1P5 is present in oligodendrocytes of
normal brain [44], however, only very low levels of S1P5
expression in a limited number of glioblastoma cases and
several glioma cell lines were observed [45], suggesting
that the expression of S1P5 is incompatible with malignant
growth. S1P5 inhibited glioma cell proliferation when over-
expressed in these cells which is in accordance with the
observed inhibition of S1P1, 2 and 3—induced growth and
invasion of glioma cells by S1P5 [45]. It also inhibited
esophageal cancer cell proliferation [46]. Further, S1P5
over-expression decreased glioma cell adhesion, a response
that may be related to the process retraction and cell
survival seen in immature oligodendrocyte precursors [44].

Whereas overexpression of S1P1 enhanced B16F10
mouse melanoma cell migration and invasion through the
activation of Rac, S1P2 inhibited migration through RhoA
activation and Rac inhibition [45]. In addition, S1P2
potently enhanced expression of the matricellular protein

Fig. 2 Generation of the lipids described in this article. These can be
classified into lysosphingolipids (e.g. S1P) and lysoglycerolipids (e.g.
LPA). The enzymes that catalyze each step in theirgenerations are
shown in italics
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CCN1/Cyr61, which has been implicated in tumor cell
adhesion, and invasion as well as tumor angiogenesis [46].
Over-expression or knockout of S1P1 had a more potent
effect on glioma cell proliferation than either S1P2 or S1P3.
Glioma cell lines that did not express significant levels of
S1P1 were mitogenically unresponsive to S1P, but uncou-
pling of S1P1 by pertussis toxin in cell lines highly
expressing this receptor only partially inhibited prolifera-
tion indicating that pertussis toxin insensitive G proteins are
activated [46].

Effect of S1P on Tumor Angiogenesis

In many ways S1P is associated with endothelial cell
proliferation, migration, survival, and vascular morphogen-
esis [47] (Fig. 1a). Induction of chemotaxis in these cells
leads to angiogenesis [48]. It is well established that S1P is
able to promote endothelial cell barrier integrity through
S1P1 receptor function. Deletion of S1P1 receptor in mice
blocked vascular maturation, the phenomenon whereby
smooth muscle cells and pericytes stabilize newly formed
endothelial tubes [49]. On the other hand, S1P1 was
increased in angiogenic tumor vessels in vivo and siRNAs
targeting S1P1 in mouse suppressed growth of tumors by
inhibiting the stabilization of new vessels [50]. The most
dramatic abnormalities were seen in S1P1 knockout mice
where vascular integrity was not established due to
defective circumvascular migration and adherence of
smooth muscle cells and pericytes. The resultant intra-
placental hemorrhages led to embryonic lethality in 100%
of homozygous S1P1 knockout mice [51]. In addition,
treatment of mice with FTY720 or phosphorylated
FTY720, a high affinity drug for S1P1,3,4,5 [52, 53], led to
a strong inhibition of angiogenesis in the in vivo matrigel
plug assay, reduced tumor size, and significantly inhibited
metastatic spread of melanoma [54] indicating that blocking
or down-regulation of S1P receptors by this drug has a
beneficial effect for treating melanomas

S1P has atheroprotective effect, and it also confers
cardio-protection in a mouse model for ischemia-
reperfusion. S1P2,3 double knockout mice display signifi-

cantly increased infarct size and compromised survival of
endothelial cells and cardiomyocytes [55]. Furthermore, it
has been reported that monoclonal antibody to S1P
(Sphingomab™, which is being developed as a human
therapeutic) blocked endothelial cell migration, capillary
morphogenesis, and reduced tumor growth in murine
xenograft models [56]. Collectively these studies suggest
that cooperative and/or antagonistic signaling between S1P
receptor subtypes influence pathological angiogenesis,
permeability, wound healing, and other clinical syndromes
associated with cancer, sepsis, stroke, and heart diseases.

Effect of S1P on Tumor Cell Migration

The main function of many of the S1P receptors is perhaps
to facilitate cell migration. However, the chemotactic
response of a cell depends on which S1P receptor is the
predominant transducer. S1P1 and S1P3 signal chemotactic
responses and amplify those exerted by other growth
factors, whereas S1P2 signals inhibition of growth factor-
evoked chemotaxis [45]. The principal difference is in the
signaling pathways, namely stimulation of the small
GTPase Rac by S1P1 and S1P3, in contrast to inhibiting
Rac by S1P2 [57, 58]. Low concentrations of S1P promoted
chemotaxis in a S1P1 dependent manner, whereas high
concentrations seem to be inhibitory [59, 60]. This
inhibitory effect might partly be due to the down-
regulation of S1P1 by high concentrations of S1P, a
mechanism that could prove relevant in vivo during the
transit of cells in circulatory fluids, where the concentration
of S1P is high (Fig. 3).

S1P is strongly chemotactic for endothelial cells [48, 61]
as well as for immune cells [62] and cancer cells. It enhanced
motility and invasiveness of glioblastoma cell lines [42] in a
cooperative way with membrane type 1 matrix metal-
loproteinase [63], and migration in the absence of a
concentration gradient indicates that S1P also evokes
chemokinesis. It also induces the chemotaxis of OVCAR3
ovarian cancer cell migration [64]. In contrast, S1P-induced
inhibition of B16-melanoma cells is due to activation of
S1P2 [58], which prevents S1P-stimulated cell motility [65].

Fig. 3 High concentrations of S1P inhibit the chemotactic response of
cancer as well as untransformed cells, whereas low concentrations
activate this process by binding S1P1 which activates Rac. In contrast,

S1P binding to S1P2 inhibits Rac abut stimulates Rho, resulting in
inhibiting melanoma cell chemotaxis
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Effects of LPA

Generation of LPA

LPA production involves the activity of multiple highly
regulated enzymes such as phospholipases (PLA1 and
PLA2) and lysophospholipase D “lysoPLD, autotaxin”
[66] (Fig. 1b). In short, multiple forms characterized by
different patterns of saturatedness and plural ways of
synthesis [67] are known to form both the inner and outher
leaflet of the cell-membrane. LPA is known to regulate
blood pressure, platelet aggregation, and cell proliferation
by binding to multiple receptors, the most extensively
studied are known as LPA1-5. These receptors are coupled
to G proteins and mediate multiple downstream signaling
pathways [2–4, 68].

Certain cancer cells produce LPA which acts as an
autocrine growth factor. It is involved in multiple important
stages of cancer development [69, 70], induces the release
of angiogenic factors such as vascular endothelial growth
factor [71], and is involved in neovascularization and tumor
growth and survival. An inhibitor of LPA signaling pathway
induced tumor regression and loss of vascularity in a model
of tumor growth [72] Also, LPA2 as well as LPA1 and 3

expression is high in tumor cell lines [73, 74]. In contrast,
LPA2 deficiency provides protection against cancer devel-
opment [75], whereas LPA1 and LPA3 mRNA are elevated
in epithelium derived from prostate cancers compared to
benign glands [74]. This has led to suggesting that a switch
from LPA1 to LPA3 may be in involved in cancer
progression [74], while later expression of LPA1 might lead
to metastatic development [73, 76]. Further, LPA1 is known
to induce colony scattering of gastrointestinal cancer cells
[73].

Role of LPA in Ovarian Cancers

Elevated concentrations of LPA have been detected in
lesional fluids of ovarian cancer cells, at least some are
derived from the cancer cells [77]. In these cells a certain
LPA receptor expression pattern is associated with malig-
nancy [78], and LPA has the ability to stimulate cell
migration, invasion, and colony formation as well as
tumorigenesis/metastasis of mouse ovarian cancer cells
[70]. Analyses of mRNA encoding LPA receptors showed
that LPA2 and LPA3 were the predominant receptors in
ovarian cancer cells (OCCs) or ovarian cancer tissues, and
were expressed at far higher levels in almost all human
ovarian cancer tissue samples than in matching adjacent
non involved ovarian tissues [78]. In contrast, mRNA
encoding LPA1 was more abundant in ovarian epithelial
cells (OSEs) than OCCs [78]. Western blot results support
the findings of higher levels of LPA2 and LPA3 in OCCs

than non malignant ovarian epithelial cells, and higher
levels of LPA1 in OSE cells than OCCs has been reported.
Thus, it is expected that OCCs would be more responsive
functionally to LPA. Accordingly LPA stimulated the
proliferation of the OV202 primary line of OCCs, but not
ovarian epithelial cell line IOSE 29 cells. OV202 OCC
generation of type II insulin-like growth factor (IGF-II),
which is a potent mitogen for OCCs was increased to
significant levels by addition of LPA [78].

Angiogenesis

In sharp contrast to S1P receptor deficient mice, LPA1-3

appear to be dispensable for mouse embryonic vascular
cardiovascular development [79]. Of note, the effects of
LPA4 and LPA5 on cancer development is not yet clear.
Autotoxin deficient mice died at early embryonic develop-
ment due to impaired blood vessel formation in both yolk
sac and embryo [80], and LPA facilitated vascular network
establishment of mouse allantois explants, suggesting
functional importance both for LPA and its receptors in
the mouse vascular system. Expression of LPA receptors is
increased in ovarian cancer cells resulting in increased their
ability of invasiveness, the size of tumors as well as the
ascites volume, whereas receptor deficiency inhibited
migration and invation [81], pointing to a role for LPA in
neovascularization and spread of cancer cells. In addition,
LPA induced the release of angiogenic factors such as
vascular endothelial growth factor (VEGF) and stromal-
derived factor-1α (SDF-1α)/CXCL12 [82]. VEGF acts
back on endothelial cells by inducing autotaxin, PLA1
and LPA1 receptor expression [83]. Hence, LPA is involved
in neovascularization and tumor growth and survival [84].
It acts directly on the endothelium of breast cancer cells to
induce angiogenesis and expression of autotaxin and LPA
receptors increased tumorigenesis and metastases of these
cancers [85].

Effects of S1P and LPA on Immune Cells

The major effects of LPA and S1P on immune cells are
growth-related, and cytoskeleton-related. Promoting the
proliferation of many cells in a pertussis toxin (PTX)
inhibitable manner defines most action of LPLs. Indirect
effects such as increased autocrine secretion of growth
factors, and increased expression of plasma membrane
localized growth factors and their receptors contribute to
the diversity of biological effects. LPA stimulates a range of
responses in lymphocytes, eosinophils, macrophages, and
mast cells in vitro and it was thus suggested that it has
additional functions in vivo in the induction or amplifica-
tion of immune or inflammatory responses [66]. Further-
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more LPA induced the release of cytokines [86], as well as
MMP-7 [87] and it was linked to inflammation by the
induction of PLA2 leading to LPA synthesis by IL-1β [88].

Effects on T Cells

In earlier studies, LPA and S1P were shown to have striking
effects on T cell susceptibility to apoptosis due to alterations
in cellular levels of proteins of the Bcl-2 superfamily and of
the caspases [34]. Both LPA and S1P protected Tsup-1 cells
from apoptosis evoked by antibodies to surface proteins
[21]. In contrast, S1P but not LPA suppressed apoptosis
elicited by C6-ceramide. LPLs stimulation of CD4 T cell
proliferation is augmented by both suppression of apoptosis
and enhancement in expression of endogenous protein
growth factors [89].

One report shows that invasion of T lymphoma cells is
dependent on serum-borne S1P and LPA [90]. S1P
concentrations in lymphoid organs (low S1P concentration)
and circulation (high S1P concentration) control the
mechanism of lymphocyte egress and immune surveillance
[91]. On the receptor level, naïve mouse T cells express
S1P1 but the receptor is lost during activation [92]. Further,
mice with S1P1 over expressing T cells show increased T
cell egress from the lymph nodes and attenuated humoral
immunity response. This may be due to reduced numbers of
antigen-stimulated T cells in draining lymph nodes, which
is pertinent to provide help for B cells secreting immuno-
globulins [93]. In accordance, blocking S1P1 receptor
resulted in reduced naïve T cell release from the thymus
and a transient reduction of T cells egress from lymph nodes
[94].

Two approaches might explain the regulation of immune
cell trafficking by S1P, namely in a fashion that is immune
cell-centered or endothelial cell-centered [21, 91, 95]. The
lymphocyte-centered model claims that expression of S1P1
enables sensing of a gradient of S1P from lymph nodes
towards blood that directs cells out of lymph nodes while
overriding CC-chemokine receptor 7 (CCR7)-mediated
retention [60, 96]. Support was given to the lymphocyte-
centered model as it was shown that lack of S1P rendered
mice lymphocytes unable to egress into blood and lymph
[30]. The endothelium-centered model suggests that lym-
phocyte egress proceeds constitutively from lymphoid
tissues under physiological S1P concentrations but is
blocked by agonism of S1P1 on endothelial cells. This is
consistent with the induced block in lymphocyte egress by
S1P1 agonists such as FTY720, and the reported failure of
S1P1 antagonism to induce an egress block [97, 98].
FTY720 also reduced the infiltration of T helper 1 (Th1)
and Th2 cells into airway inflammatory sites [99].

We examined the effect of lysophospholipids on T cells.
Utilizing flow cytometric and RT-PCR analyses, we

reported the expression of S1P1, S1P3, S1P4 and S1P5 in
polyclonal T cells [100]. Activation of human T cells with
anti-CD3 plus anti-CD28 down-regulated the expression of
S1P1 and S1P4 in these cells. Further, S1P inhibited the
proliferation of human T cells stimulated with anti-CD3
plus anti-CD28 or PMA plus ionomycin [100]. Mouse T
cell proliferation was also inhibited by S1P upon activation
with anti-CD3 plus anti-CD28 or IL-7 [60].

The expression of receptors for S1P in Th1 and Th2
cells has also been reported [101, 102]. S1P1, S1P3,
S1P4, and S1P5 were found to be expressed in both cell
types. S1P induced the chemotaxis of Th1 and Th2 cells,
but the intracellular signaling pathways induced by this
lipid are different in the two T helper cell subsets. For
example, S1P enhanced Th1 cell chemotaxis through
pertussis toxin (PTX)-insensitive, and PI3K-dependent
pathways, whereas S1P-induced Th2 cell chemotaxis was
mediated by PTX-sensitive G proteins, and PI3K-
dependent pathway [101]. Finally, FTY720 inhibited T
regulatory (Treg) cell proliferation in vitro and in vivo,
suggesting that S1P may induce the proliferation and IL-2
expansion of these cells [102].

Effects on Dendritic Cells

Murine immature (i) dendritic cells (DCs), but not mature
(m) DCs, migrated toward S1P in a pattern correlated with
the upregulation of S1P1 and S1P3 during maturation [103].
This action is dependent on signaling through Rac/Cdc42
and Rho, as blocking of these small GTPases resulted in a
complete failure to migrate. Also, iDCs migrated toward
various chemokines and a combination of S1P with these
chemokines had a synergistic effect on their migration,
which in combination with a positive effect on iDC
proliferation suggests a cummulative effect of S1P towards
localizing these cells at the sites of antigen uptake [104].
Hence, part of the immune modulation accomplished by
FTY720, in many instances working through antagonizing
mechanisms on the S1P receptors, may be caused by
impaired DC migration and proliferation.

Immature as well as mature DCs expressed LPA1, LPA2

or LPA3, and LPA stimulates a PTX-sensitive calcium
mobilization, actin polymerization and chemotaxis
responses in iDCs [105]. Moreover, ELISA experiments
demonstrated that addition of LPA to immature DCs in the
presence of LPS enhances the secretion of CXCL8/IL-8 and
IL-6 [106]. Studies also showed that Gi protein and MAP-
kinase pathways are involved in these cell responses.
Corroborating these findings, LPA induced the phosphory-
lation of ERK1/2 in immature DCs but not in mature DCs
[106]. These findings suggest that the effect of LPA on the
release of CXCL8/IL-8 and IL-6 is rapid and occurs prior to
the maturation of these cells.
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Effects on NK Cells

The major functions of NK cells are tumor rejection and
inhibition of virally infected cells [107, 108], but usually
spare normal cells from killing. Although NK cells are
blood-born and primarily found in the blood circulation and
in the spleen, they migrate toward inflammatory or tumor
growth sites in order to lyse infected or metastatic cells. To
facilitate their distribution into these sites, NK cells express
receptors for various chemoattractants such as chemokines
[109]. We reported that resting as well as IL-2-activated NK
cells express receptors for S1P, and they move chemotac-
tically toward the concentration gradients of S1P [63]. It
was recently shown that S1P inhibited NK cell lysis of
human melanoma cell line Hs294T and the Burkitt’s
lymphoma cell line RAJI [110]. In addition, S1P inhibited
NK cells lysis of the human myleoid leukemia cell line
K562 as well as blocking NK cell killing of immature DCs
[111]. This is corroborated with increased expression of
HLA-I and HLA-E on the surfaces of DCs making them
resistant to NK cell lysis [111]. This effect of S1P was
reversed by FTY720 and the S1P1 blocker SEW2871.
Further, S1P reduced NK cell release of the inflammatory
cytokines IL-17A and IFN-γ [111]. These results indicate
that S1P may be an anti-inflammatory molecule suppress-
ing the release of inflammatory cytokines, rendering NK
cells unable to lyse target cells, and consequently, reducing
inflammtion.

It was also reported that activated human NK cells
express receptors for LPA, and that these cells are chemo-
taxed toward LPA [112]. This activity was inhibited by prior
treatment of the cells with PTX, suggesting that hetero-

trimeric Gαi/o protein is involved in the chemotactic
response. Furthermore, LPA induced the mobilization of
intracellular calcium in NK cells, an effect that was partially
inhibited by PTX, suggesting that [Ca2+]i is mediated by
both PTX-sensitive and -insensitive G proteins [112]. The
findings also determined that LPA1 is involved in both the
chemotaxis and calcium mobilization, whereas LPA2 only
induces the mobilization of intracellular calcium in activat-
ed NK cells. Similar to S1P, LPA inhibited NK cell lysis of
human melanoma cell lines and Burkitt’s lymphoma cells
[113], suggesting that this lipid may also act as an anti-
inflammatory molecule.

It is unclear at the present time why LPLs which are
chemoattractants for NK cells inhibit their cytolytic activity.
It remains a mystery why this strategy is followed with the
anti-tumor effector cells NK cells. It is plausible that tumor
cells might have developed the strategy of recruiting the
anti-tumor effector cells NK cells (Fig. 4, step 1), and at the
same time inhibit their cytolytic function (Fig. 4, step 2).
These findings may support the concept indicating that the
immune system initially attack cancer cells, but these cells
develop immunosuppreive barrier that dampen immune
attack [114]. Alternatively, this activity of LPLs might be a
bystander effect as a result of LPLs anti-inflammatory
effects, where the intention of these lipids is to subside
inflammation. NK cells secrete inflammatory molecules
such as IL-17 and IFN-γ as well as chemokines such as
CCL3 and CCL4 [111, 115], which recruit various
inflammatory cells, but these factors may also help promote
the growth of tumor cells (Fig. 4, steps 3 and 4a).
Alternatively, LPLs may down-regulate the cytoltic activity
of NK cells and consequently, may facilitate these cells to

Fig. 4 Tumor cell editing of
NK cells. In step 1, cancer cells
such as ovarian cancer cells
secrete lysophospholipids (S1P
and LPA, among others) which
recruit NK cells. At the same
time, these LPLs inhibit NK
cell-mediated cytotoxicity (Step
2). In Step 3, NK cells secrete
growth factors (CCL3 and
CCL4, among others) which
may facilitate the growth of
tumor cells (Step 4a).
Alternatively, the lipids may
preclude DCs lysis by NK cells
which may result in stimulating
the immune response (Step 4b)
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activate rather than lyse DCs, and hence, potentiating the
immune response (Fig. 4, step 4b). It is presently unclear
which pathway may be predominant at the sites of tumor
growth.

Conclusions

We have briefly touched on a vast and growing field
regarding the effects of LPLs on the cancer microenvi-
ronment. These lipids are secreted physiologically by
platelets and other cell types, play highly important roles
on the development, activation and regulation of the
immune system. Notably, they are also secreted by
cancerous cells and there is a strong association between
LPLs and cancer. It is clear that these lipids and in
particular S1P and LPA play major roles in regulating the
growth of tumor cells, and in manipulating the immune
system. Consequently, LPLs or their receptors may be
attractive targets for developing drugs to treat cancer and
other diseases.
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