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The etiology of many diseases results from the dysregulation
of inflammation. Understanding the molecular mechanisms
controlling the inflammatory response is essential to formu-
late therapeutic strategies for the treatment of inflammatory
conditions. In fact, substantial research has unveiled impor-
tant aspects of the inflammatory machinery, both at the
cellular and molecular levels. Recently, sphingolipids (Sph)
have emerged as signaling molecules that regulate many cell
functions, and ample evidence emphasizes their role in the
regulation of inflammatory responses.

This special issue addresses the role of different Sph as
mediators of inflammation and/or of oncogenic inflamma-
tory signaling. The topics provide information about the
behavior of enzymes for sphingolipid metabolism and sphin-
golipid metabolites in vitro in various experimental cell
models as well as in vivo in animal and patient blood. The
issue includes thirteen papers, six reviews, and seven research
articles. The papers highlight the following aspects: the action
of Sph in various phases of acute inflammatory response, the
behavior of enzymes that produces ceramides (Cer), those
that utilize Cer to produce other bioactive molecules such
as Cer-1-phosphate (Cer1P) and sphingosine-1-phosphate
(S1P), and those that transform S1P such as S1P phosphatase
and S1P lyase in inflammation and cancer.

The different sphingolipids mediate their cellular effects
both as components of cellular membranes as well as they
act as signaling molecules in the cell. Membrane-bound
sphingolipids can be organized in so-called lipid rafts or
detergent-resistant membranes (DRMs). These temporal
and spatial restricted membrane areas are signaling plat-
forms for different membrane receptors. Instead, Cer, Cer1P,

sphingosine (S), and S1P play the role of second messengers
in transduction of signals from various external stimuli by
binding to their respective receptors or/and by interacting
with intracellular proteins. In this regard, the first review of
this special issue written by S. Grösch et al. “The Many Facets
of Sphingolipids in the Specific Phases of Acute Inflamma-
tory Response” summarizes the cellular effects of different
sphingolipids in the various phases of inflammation. We
addressed the role of sphingolipids in cell migration, recogni-
tion of exogenous agents, and in activation/differentiation of
immune cells. The second paper presents original research
data focusing on the role of DRMs in the pathophysiology
of cystic fibrosis. In the research article “Evidence for the
Involvement of Lipid Rafts and Plasma Membrane Sphingo-
lipid Hydrolases in Pseudomonas aeruginosa Infection of
Cystic Fibrosis Bronchial Epithelial Cells,” D. Schiumarini
et al. show that the infection of cystic fibrosis bronchial
epithelial cells with Pseudomonas aeruginosa is dependent
on the formation of such DRMs. Further, they demonstrate
that GBA1 and SMase activities are more than double
increased in these DRMs which contribute to an enhanced
IL-8 production in these cells.

The neutral sphingomyelinase (nSMase) plays also an
important role in the pathophysiology of Parkinson’s disease.
In the research paper “Neutral Sphingomyelinase Behaviour
in Hippocampus Neuroinflammation of MPTP-Induced
Mouse Model of Parkinson’s Disease and in Embryonic Hip-
pocampal Cells,”Cataldi S. et al. show that in the 1-methyl-4-
phenyl-1,2,3,6- tetrahydropyridine- (MPTP-) inducedmouse
model of Parkinson disease, the nSMase is downregulated.
Treatment of embryonic hippocampus cultured cells with
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vitamin D3 increased nSMase activity leading to a significant
decrease in the levels of saturated SM species and a significant
increase of unsaturated SM species. These changes might
determine enhanced dynamic properties of the cells con-
tributing to cell differentiation.

The ceramide produced by nSMase is phosphorylated by
Cer kinase (CerK) to form Cer-1-phosphate (C1P). In the
paper entitled “Implication of Ceramide Kinase in Adipogen-
esis,” Ordoñez et al. demonstrate the ability of CerK to regu-
late adipocyte differentiation associated with obesity. CerK
gene silenced by siRNA is responsible for the structure and
function changes of adipocytes as the reduction of lipid drop-
let formation, depletion of triacylglycerols, block of leptin
secretion, and downregulation of peroxisome proliferator-
activated receptor gamma, suggesting that targeting CerK
might be an innovative therapeutic strategy for obesity.

A link between inflammation and carcinogenesis has
been appreciated for over a century. Apart from cytokines
and chemokines, lipid mediators, particularly C1P and S1P,
contribute to inflammation and cancer. S1P is an important
player in inflammation-associated colon cancer progression.
On the other hand, C1P has been recognized to be involved
in cancer cell growth, migration, survival, and inflammation.
In N. C. Hait and A. Maiti’s review paper, the authors
presented “The Role of Sphingosine-1-Phosphate and
Ceramide-1-Phosphate in Inflammation and Cancer.” The
review demonstrates a role of S1P as a biomarker for cancer
progression after measuring the blood levels in human sub-
jects. Plasma S1P levels in ovarian cancer patients were
almost twice as high as in healthy controls. Few studies have
demonstrated that CerK activation and intracellular C1P are
involved in noncancer and cancer cell growth and survival.
CerK has also been found to be overexpressed in breast
cancer and associated with poor prognosis. CerK promotes
tumor cell survival and mammary tumor recurrence. Orig-
inally, CerK/C1P has been shown to enhance lung cancer
cell growth and survival. It has been shown that CerK/
C1P is involved in pancreatic cancer cell migration, invasion,
and survival.

A multitude of the immunomodulatory effects of S1P
have been attributed to signaling through S1PR1, whereas
the contribution of other S1P receptors remains largely
obscure. S1PR4 is particularly expressed by immune cells
and may therefore be critically involved in immunomodula-
tion by S1P. In C. Olesch’s review “Beyond Immune Cell
Migration: The Emerging Role of the Sphingosine-1-
Phosphate Receptor S1PR4 as a Modulator of Innate
Immune Cell Activation,” it summarized the current knowl-
edge about S1PR4 and discussed therapeutic implications of
interfering with its signaling, particularly in chronic inflam-
matory disease settings. S. N. Syed et al. in the review “S1P
Provokes Tumor Lymphangiogenesis via Macrophage-
Derived Mediators Such as IL-1β or Lipocalin-2” highlight
the role of S1P derived from tumor apoptotic cells in chang-
ing the tumor-associated macrophage phenotype to promote
lymphangiogenesis. In the “Effects of FTY720 on lung injury
induced by hindlimb ischemia reperfusion in rats,” L. Wang
et al. demonstrate that the use of a structural analogue of
S1P (FTY720) attenuates lung injury induced by ischemia-

reperfusion by modulating S1P lyase (S1PL), sphingosine
kinase 1 (SphK1), and SphK2.

The next two papers deal with the role of S1P in breast
cancer. The first paper written by J. Tsuchida et al. with the
title “Clinical Impact of Sphingosine-1-Phosphate in Breast
Cancer” summarizes the current knowledge about S1P in
breast cancer progression, the clinical impact of S1P in
human breast cancer patients, and S1P as therapeutic target
for breast cancer patients and its role in chemotherapy
resistance. The second paper is a research paper investi-
gating plasma S1P level in breast cancer patients with
the title “Paradoxical Association of Postoperative Plasma
Sphingosine-1-Phosphate with Breast Cancer Aggressiveness
and Chemotherapy” by R. Ramanathan et al. Here, plasma
S1P level of breast cancer patients and healthy volunteers
were compared as well as the changes of plasma S1P level
during and after chemotherapy detected.

It has been postulated that S1P levels inside cells are
tightly regulated by the balance between the S1P synthesizing
enzymes Sphk1/2 and by metabolizing/degrading enzymes
like phosphatases and S1P lyase (SGPL-1). SGPL-1 is thereby
irreversibly degrading S1P into hexadecenal and phos-
phoethanolamine. S1P phosphatases 1 and 2 (SGPP-1/2)
reversibly metabolize S1P into sphingosine. In A. Schwiebs
et al.’s paper “Nuclear Translocation of SGPP-1 and Decrease
of SGPL-1 Activity Contribute to Sphingolipid Rheostat
Regulation of Inflammatory Dendritic Cells,” the authors
showed that the major proportion of endogenous SGPP-1 is
located in the nuclear compartment in murine and human
differentiated dendritic cells. Upon inflammatory stimuli,
translocation of SGPP-1 into the ER occurs and potentially
contributes to S1P fate and sphingolipid rheostat in dendritic
cell immune response. Spns2 is only marginally expressed
in dendritic cells and is rather not relevant for S1P trans-
portation in inflammatory dendritic cell. Authors conclude
that the systematic shift of SGPP-1 from nucleus to cyto-
plasm contributes to the metabolism of S1P into sphingosine
and thus loss of cytoplasmic S1P. Current investigation
demonstrates quite complex sequence of S1P and sphingo-
sine rheostat with corresponding sphingolipid enzyme and
transporter expression.

Also, the next paper “S1P Lyase Regulation of Thymic
Egress and Oncogenic Inflammatory Signaling” by A. Kumar
and coauthors deals with the role of S1P lyase in oncogenic
inflammation. Cleavage of S1P by SPL represents the final
step in the sphingolipid catabolic pathway. Primarily through
its control of intracellular S1P levels and extracellular S1P
gradients, SPL regulates lymphocyte trafficking, inflamma-
tion, and other physiological and pathological processes.
For example, SPL located in thymic dendritic cells acts as a
metabolic gatekeeper that controls the normal egress of
mature T lymphocytes from thymus into the circulation,
whereas SPL deficiency in gut epithelial cells promotes
colitis and colitis-associated carcinogenesis (CAC). Authors
showed that they identified a complex syndrome comprised
of nephrosis, adrenal insufficiency, and immunological
defects caused by inherited mutations in human SGPL1, the
gene encoding SPL. Authors also summarize important
new insights regarding S1P metabolism, SPL structure,
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and recently recognized functions of SPL in the context of
embryonic development and the pathophysiology of human
disease. It discussed progress in the development of SPL
inhibitors and their potential therapeutic applications.

At the end, this special issue gives an overview about the
current knowledge of different sphingolipids in the many
processes of inflammation and gives also suggestions regard-
ing future experiments to explain clinical data demonstrating
changes in sphingolipid level in inflammatory processes.

Elisabetta Albi
Alice Alessenko
Sabine Grösch
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Review Article
The Many Facets of Sphingolipids in the Specific Phases of Acute
Inflammatory Response
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This review provides an overview on components of the sphingolipid superfamily, on their localization and metabolism.
Information about the sphingolipid biological activity in cell physiopathology is given. Recent studies highlight the role of
sphingolipids in inflammatory process. We summarize the emerging data that support the different roles of the sphingolipid
members in specific phases of inflammation: (1) migration of immune cells, (2) recognition of exogenous agents, and (3)
activation/differentiation of immune cells.

1. Introduction

1.1. What Are Sphingolipids, How They Are Metabolized, and
Where They Are Located? Sphingolipids are an important
class of lipids that play fundamental roles in cell life. The
main sphingolipids include sphingomyelin (SM), ceramide
(Cer), ceramide-1-phosphate (C1P), sphingosine (Sph),
sphingosine-1-phosphate (S1P), glucosylceramide (GluCer),
lactosylceramide (LacCer), gangliosides, and galactocerebro-
sides. All sphingolipids are metabolically interconnected in
the equilibrium within the cells; each of them is rapidly pro-
duced to be used as a structural molecule and/or as a lipid
mediator in response to a stimulus based on cellular needs.
The metabolic pathway of sphingolipids includes (1) the de
novo sphingolipid biosynthesis pathway with all intermedi-
ate bioactive molecules and (2) the SM catabolic pathway
with all intermediate and final bioactive molecules (Figure 1).

SM is one of the most abundant sphingolipids in
mammalian cell membranes. De novo synthesis of sphingoli-
pids starts by the action of serine palmitoyltransferase that
transfers the palmitic fatty acid to serine to form ketosphin-
ganine that by ketosphinganine reductase is transformed into
dihydroSph (also known as sphinganine). The dihydroSph is
N-acetylated by ceramide synthases (CerS) that exists in 6

isoforms (CerS1 to CerS6), which add fatty acyl chains of
defined chain length to dihydroSph to generate dihydroCer.
DihydroCer is converted to Cer by the action of dihydroCer
desaturase. Cer can be converted by the glucosylceramide
synthase (GluCer-synthase) to GluCer and further to LacCer
by the action of lactosylceramide synthase (LacCer-syn-
thase). The complex glycosylated ceramides are generated
by different glycosyltransferases which are specific to sugar
residues that they transfer to generate gangliosides. In addi-
tion, Cer can be converted by the Cer galactosyltransferase
into galactocerebroside. Cer is also a precursor for the syn-
thesis of SM by the SM-synthase that exists in 2 isoforms
SM-synthase 1 and SM-synthase 2, by adding to Cer the
phosphorylcholine (PPC) of phosphatidylcholine (PC) [1].
In the salvage pathway, SM is hydrolysed by the sphingomye-
linase (SMase) to PPC and Cer [1]. SMases are distinguished
on the basis of their optimal pH and Km values in neutral (n-
SMase), acid (a-SMase), and alkaline (alk-SMase) sphingo-
myelinase [2]. n-SMase is responsible for the degradation of
SM of cell membranes and cytosol, a-SMase in lysosomes,
and alk-SMase at intranuclear level [2, 3]. SM can also be
used to synthesize PC as the donor of PPC that is added to
diacylglycerol by the reverse sphingomyelin synthase
(RSM-synthase) [3]. Cer generated by the SMases can be
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either degraded to Sph and free fatty acids by the ceramidases
[4] or directly converted to C1P by the Cer kinase (CerK) [5,
6]. C1P is generated at the inner plasma membrane of cells
and transported to different intracellular compartments by
the human lipid transfer protein CPTP (ceramide-1-phos-
phate transfer protein) [7]. In the plasma membranes, Sph
is formed by neutral ceramidase in the presence of divalent
cations at neutral pH [8]. Five human ceramidase genes have
been identified, including ASAH1, ASAH2, ACER1, ACER2,
and ACER3, and their protein products are classified as the
acid (ASAH1), neutral (ASAH2), and alkaline ceramidase
(ACER1–3) subtypes according to their pH optimum for
their catalytic activity [9]. Ceramidases have diverse func-
tions depending on their subcellular location and the local
pH [10]. Acid ceramidase is responsible for the degradation
of Cer within lysosomes [11]. Sph generated by the cerami-
dases can be phosphorylated to S1P by sphingosine kinase
(SphK) [12]. There are 2 isoenzymes of the enzyme,
SphK1 and SphK2. SphK1 is the major enzyme responsi-
ble for S1P formation [13, 14]. SphK1 is distributed in
the cytosol, and SphK2 is localized in the nuclei [15].
The reaction is reversible thanks to SphPh. S1P can be
irreversibly broken down by S1P lyase (S1PL) to ethanol-
amine phosphate and hexadecenal.

Sphingolipids and their metabolizing enzymes are
expressed in almost all tissues of the mammalian organism
and are distributed in different structures of the cells. CerK
is particularly expressed in the brain, kidney, and liver, and

it is very low in the colon [16]. Free Sph is present in the liver
[17], HL60 cells [18], neutrophils [19], membranes, and puri-
fied nuclei [20, 21]. S1P is expressed at a very low amount in
fibroblasts [22].

1.1.1. Sphingolipids in Lipid Rafts. In cell membranes, sphin-
golipids are associated with sterols to form specialized
plasma membrane microdomains called lipid rafts that
facilitate ligand-receptor interaction, cellular signal trans-
duction, and membrane protein trafficking [23, 24]. At
the intranuclear level, the lipid microdomains are rich in
SM and cholesterol and n-SMase is associated to the inner
nuclear membrane of the liver [25] and embryonic hippo-
campal cells [26].

1.2. Phases of Acute Inflammation and Mediators. Inflamma-
tion can arise as a response of the immune system to damage
caused by foreign bodies and/or infectious, chemical, physi-
cal agents with the aim to protect the organism. The acute
inflammatory response envisages a series of specific phases
that requires the involvement of different cells and molecules
[27]. It begins with transient and nonconstant vasoconstric-
tion due to the release of catecholamines, serotonin, throm-
boxane A2, and prostacyclin by different cells followed by
vasodilation due to the release of nitric oxide, bradykinin,
histamine, and E and I series prostaglandins resulting in slow
blood flow. An increase in vascular permeability allows gran-
ulocytes (neutrophils, eosinophils, and basophils) or mast
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Figure 1: Sphingolipid pathways. The de novo synthesis occurs in endoplasmic reticulum (ER). Other biochemical pathways occur in the
plasma, lysosome, and nucleus membranes.
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cells, in relation to the stimulus that induced the inflamma-
tion, to interact with endothelium. The following sequence
of events involves margination, rolling, adhesion, and trans-
migration of the immune cells to the damaged tissue to exer-
cise their defense role. Circulating monocytes from the blood
migrate to the inflamed tissue and transform into macro-
phages. Each phase requires a set of specific bioactive mole-
cules [27]. For the resolution of inflammation, the following
fundamental stages occur: reepithelization, angiogenesis,
granulation tissue formation, and collagen deposition. If
inflammation does not resolve, B-lymphocytes are trans-
formed into plasma cells that produce antibodies against spe-
cific antigens of the exogenous agent that has caused the
damage. However, inflammation could also be directed
against autoantigens leading to an autoimmune response.
In addition to the release of antibodies by B-lymphocytes, a
hallmark of inflammation is the release of cytokines and che-
mokines by different cell types. Of particular importance in
several inflammatory and autoimmune diseases is the cyto-
kine tumor necrosis factor-α (TNF-α) produced by activated
monocytes and macrophages [28, 29]. TNF-α has been char-
acterized as a pleiotropic cytokine critical for cell trafficking
and inflammation [30] and host defense against various
pathogens [31–33]. It is associated with several autoimmune
and inflammatory diseases, such as rheumatoid arthritis [34],
septic shock [29], and inflammatory bowel diseases [35].

2. Sphingolipids in Cell Pathophysiology

Sphingolipids are fundamental molecules for cell life since
they play both structural and functional roles either in cell
membranes or in the nucleus. As actors in cell structure,
sphingolipids influence the fluidity of the cell membrane
[36], nuclear membrane [2], and nuclear matrix [37] and
form lipid rafts, as reported above. Functionally, sphingoli-
pids act as second messengers in various signaling pathways,
for example, via the activation or inhibition of several kinases
and phosphatases [38–46]. In particular, Sph is capable to
induce GTP cyclohydrolase [47], to inhibit NADPH oxidase
by preventing the translocation of 47-phox, a cytosolic com-
ponent of the enzyme, to the membranes [48], to inhibit
CTP:phosphocholine cytidylyltransferase [49], and to acti-
vate phospholipase D [50]. Activation of various plasma
membrane receptors, such as the PDGFR [22, 51], the FcεRI,
and FcγRI [52] as well as the C5aR [53], was found to rapidly
increase intracellular S1P production through the stimula-
tion of the SphK. Inhibition of SphK stimulation strongly
reduced or even prevented cellular events such as receptor-
stimulated DNA synthesis, Ca2+ mobilization, and vesicular
trafficking. Interest in S1P focused recently on two distinct
cellular actions of this lipid, namely, its function as an extra-
cellular ligand, activating specific G protein-coupled recep-
tors, and its role as an intracellular second messenger [54].
S1P acts through five specific receptors (S1P1, S1P2, S1P3,
S1P4, and S1P5) [55–57]. Moreover, numerous publications
demonstrate the ability of Sph [58–66] and S1P [67] to
induce mobilization of Ca2+ from intracellular stores. Ca2+

seems to be an important regulator of CerK activity most
likely by the interaction with calmodulin (CaM); the binding

of CaM to CerK enhances CerK activity and the formation of
C1P intracellular [65]. In this way, sphingolipids are now
known to mediate cell proliferation [66, 68], differentiation
[69], apoptosis [70, 71], stress response [72, 73], neuronal
physiopathology [74], platelet aggregation [75], inhibition
of blood coagulation [76], and cancer [77].

3. Roles of Sphingolipids in Specific Phases of
Acute Inflammation

Sphingolipids have different roles in fundamental phases of
the acute inflammatory response such as migration of
immune cells, recognition of exogenous agents, and activa-
tion/differentiation of immune cells.

3.1. Migration of Immune Cells. The infiltration of immune
cells into the sites of lesion and further their migration to
proximate lymph nodes requires their exit from the blood
stream and their migration across the basement membrane,
a process that involves the interaction of selectins and subse-
quent integrins on immune cells with glycoprotein ligands on
endothelial cells [78]. This process requires both sphingoli-
pids as intermediates of the de novo sphingolipid biosynthe-
sis pathway and sphingolipids as intermediates of the SM
catabolic pathway (Figure 2).

3.1.1. Sphingolipids as Intermediates of the De Novo
Biosynthesis Pathway. Inhibition of sphingolipid de novo
synthesis in THP-1 monocytes reduces their migration
toward MCP-1 (monocyte chemoattractant protein 1). This
could be achieved by knockdown of either serine palmitoyl-
transferase subunit 1 or partitioning defective protein 3
(Par3) in these cells [79]. In CerS2 knockout mice, migration
of neutrophils is impaired that is possibly related to reduced
production of very long chain glycosphingolipids and a
reduced G-CSF expression as well as Lyn signaling in these
mice [80]. Glycosphingolipids on human myeloid cells stabi-
lize the binding of these cells to E-selectin [81, 82]. Downreg-
ulation of GluCer synthase (UGCG) in HL-60 cells reduced
rolling of HL-60 on E-selectin but not on P-selectin bearing
human umbilical vein endothelial cells (HUVEC). This leads
to a reduced cell transmigration of UGCG-downregulated
HL-60 cells across a HUVECmonolayer [83]. Also, Iwabuchi
et al. have shown that migration of human neutrophils
depends on LacCer at the plasma membrane [84]. Binding
of a specific anti-Lac-Cer antibody (T5A7) to neutrophils
induces migration. This is likely due to the activation of
Src-family kinase Lyn and phosphoinositol 3 kinase (PI3K).
But possibly also a Gα- (i/o) coupled receptor is involved
[84]. Especially in this work, it was demonstrated that there
are distinct differences between human and mouse neutro-
phils. They detected a ∼20-fold lower LacCer content in
plasma membranes in mouse than in human neutrophils
[84]. Furthermore, the immune system of mice differs funda-
mentally from humans. For instance, in humans, neutrophils
constitute with approximately 50–70% of the major popula-
tion of circulating leukocytes, whereas in mice, neutrophils
represent only 5–10% of blood leukocytes [85]. Therefore,
comparing data generated in mice to human pathological

3Mediators of Inflammation



conditions is critical, as the genetic or chemical-induced
mouse disease models are only in part comparable to the sit-
uation in humans.

3.1.2. Sphingolipids as Intermediates of the SM Catabolic
Pathway. Treatment of neutrophils with the chemotaxin, for-
mylmethionylleucylphenylanaline, leads to a translocation of
n-SMase to plasma membranes where it is involved in the
spreading and the extension of pseudopods. In these cells,
n-SMase seems to influence the distribution of Rac 1/2 and
RhoA to the leading edge of migration as this polarized dis-
tribution is totally lost when n-SMase was inhibited [86]. In
line with these findings, factors associated with n-SMase
activity-deficient leukocytes show also a disrupted chemotac-
tic response. They protrude pseudopodia in all directions
instead of having one clear leading edge, indicating that these
cells are impaired in their navigation capacity to chemokines
[87]. a-SMase is involved in mast cell migration [88].

In CerK-deficient macrophages, the MCP-1/CCR2 sig-
naling pathway is attenuated implicating that C1P plays a role
in macrophage migration [89]. Incubation of macrophages

with C1P stimulates cell migration in a G(i) protein-
dependent manner that causes phosphorylation of extracellu-
larly regulated kinases (ERK) 1 and 2, protein kinase B, and
activation of phospholipase C-β2 (PLC-β2) [90, 91]. Also,
metalloproteinase- (MMP-) 2 and MMP-9 are upregulated
in a PI3K and ERK 1/2- dependent manner after stimula-
tion of macrophages with C1P [92]. Further studies show
that C1P induces the release of macrophage chemoattrac-
tant protein-1 (MCP-1/CCL2 (CC-chemokine ligand 2)),
which binds to the CCR2 or CCR4 receptor and influences
thereby monocyte migration [93]. The role of S1P in
immune cell activation and migration is already summa-
rized in another review within this special issue, to which
we want to refer here [94].

3.2. Recognition of Exogenous Agents. Toll-like receptors
(TLRs) together with Nod-like receptors (NLRs) belong
to a group of receptors (pattern recognition receptors
(PRRs)) that are able to indicate the presence of several
pathogen-associated molecular patterns (PAMPs) to
immune cells which enable them to distinguish foreign
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Figure 2: Activation, migration, and invasion of immune cells from the blood are influenced by several sphingolipids. (a) Initial adhesion step
mediated by activation of immune cells by cytokines or chemokines and subsequent activation of integrins. (b) Activated integrins translocate
into lipid rafts and bind to endothlial receptors like ICAM1. GluCer-enriched membranes are important for interaction with E-selectin. (c)
Migration of immune cells is dependent on n-SMase and C1P.
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organisms such as viruses, bacteria, fungi, and parasites
from host cells [95–97]. Many receptors, important for
the immune response, are clustered in lipid rafts upon
activation [98–100]. The regulation of T-cell receptor
signaling occurs in lipid raft [101–103]. Nevertheless, com-
plex sphingolipids can also act as direct recognition recep-
tors for microorganisms. However, binding of pathogens
to a single saccharide is only weak, but adherence to
multiple saccharides, as they are observed in lipid rafts,
is strong [104, 105]. Various TLRs exhibit a cholesterol
or sphingolipid binding-like sequence in their transmem-
brane region, indicating that they directly interact with
specific lipids associated with rafts in the membrane
[106]. Increased virus uptake was related to an enhanced
expression of CD150 in lipid rafts at the cell surface
[107]. The binding of pathogens to its cellular recognition
receptors involves both sphingolipids as intermediates of
the de novo biosynthesis pathway and sphingolipids as
intermediates of the SM catabolic pathway.

3.2.1. Sphingolipids as Intermediates of the De Novo
Biosynthesis Pathway. Knockout animals of the subunit 2 of
the serine palmitoyltransferase and of SM-synthase 1 or
SM-synthase 2 in macrophages influence TLR signaling by
preventing its proper translocation to the plasma membrane
[108–110]. In CerS2 knockout mice, we could demonstrate
that these mice develop more severe colitis after dextran
sodium salt (DSS) treatment than CerS2 WT mice. CerS2-
ko mice show significant changes in several sphingolipids like
a drop in very long-chain CerS/(dh)-CerS and an increase in
long-chain CerS/(dh)-CerS These changes are associated
with a loss of the tight junction protein ZO-1 in colon epithe-
lial cells leading to weakened endogenous defense against the
microbiome and an increase in several immune cells in the
colon [111]. Blocking of the dihydroCer desaturase, leading
to the accumulation of dihydroCer in cultured cells, inhibits
the infection of cells with HIV-1 [112]. GluCer or LacCer
form membrane microdomains for the recognition and
phagocytosis of microorganism. Microorganisms bind to
PRRs at dendritic cells which undergo a conformational
change, resulting in the translocation of the receptors into
LacCer-enriched platforms [113]. Additionally, it is has been
shown that LacCer and complex glycosphingolipids of cellu-
lar membranes such as Gb3 and GM1 are direct binding
structures for bacteria and viruses (like Haemophilus influ-
enza, Neisseria meningitidis, and Polyomavirus) [114, 115].
Berenson et al. could show that binding of E. coli enterotoxin
LT-IIc to glycosphingolipids requires the whole glycosphin-
golipid and that neither the oligosaccharide nor the Cer alone
is sufficient for binding. Furthermore, they demonstrated
that also the chain length of the glycosphingolipid is impor-
tant for the binding of LT-IIc [116].

3.2.2. Sphingolipids as Intermediates of the SM Catabolic
Pathway. The activation of the TLR4 by Helicobacter pylori
or lipopolysaccharide (LPS) is dependent on the activation
of a-SMase and Cer formation [117]. CerS are necessary
and sufficient to mediate TLR4 translocation to the plasma
membrane in a Src-dependent manner [117]. Avota and

coworkers demonstrated that binding of measles virus to pat-
tern recognition receptor on DCs leads to an activation of a-
SMase and enhanced virus uptake into DCs [107]. In fact, it
induces SMase activity that subsequently increases Cer-rich
membrane platforms and initiated intracellular signaling
processes by clustering different receptors into these plat-
forms. Also, infection of human epithelial cells by rhinovi-
ruses is dependent on a-SMase activity, as pharmacological
inhibition or genetic deficiency of a-SMase prevents this
infection [99]. This group showed further that activation of
a-SMase comprises its translocation from intracellular com-
partments onto the cell surface that takes place by a microtu-
bule- and microfilament-dependent transport mechanism.
Also, infection with Pseudomonas aeruginosa, Staphylococcus
aureus, or Neisseria gonorrhoeae requires the activation of a-
SMase and subsequently the formation of Cer-enriched
membrane platforms [114, 118, 119]. Treatment of mice with
the a-SMase inhibitor amitriptyline and antibiotics prevents
lethal Staphylococcus aureus-induced sepsis and death
[120]. This observation leads to a phase II randomised, dou-
ble-blind, placebo-controlled trial investigating the a-SMase
inhibitor amitriptyline in patients with cystic fibrosis. The
amitriptyline-treated CF patients showed a significant
increase in lung function and weight after treatment for 1–3
years in comparison to placebo-treated patients [120]. These
data indicate that inhibition of a-SMase might be a new ther-
apy option for patients with cystic fibrosis, who suffer from
perpetual infections.

3.3. Activation/Differentiation of Immune Cells.After binding
of microorganism, their toxins, or cytokines to extracellular
receptors, the immune cells get activated and reprogrammed
to distinct subtypes. This reprogramming is a cell type-
specific process and includes metabolic changes, DNA rear-
rangements, and differentiation. Furthermore, it leads to
the production and release of cytokines and chemokines by
these cells. The inflammasomes are multimeric protein com-
plexes in macrophages and neutrophils that are involved in
the production of the proinflammatory cytokine IL-1β and
activated after the binding of microbes to these cells [117].
Also, activation and differentiation of immune cells involve
both sphingolipids of the de novo biosynthesis pathway and
the sphingolipid metabolic pathway from SM catabolism.

3.3.1. Sphingolipids as Intermediates of the De Novo
Biosynthesis Pathway. In hepatocytes, overexpression of
CerS6, which is responsible for the production of C16-Cer,
leads to an elevated TNF-α secretion via the activation of
the p38 mitogen-activated protein kinase (MAPK) [121]. In
line with these data, Ali et al. observed an enhanced activity
of the TNF-α-converting enzyme (TACE) after the treatment
of CerS2 knockout mice with LPS [122]. This results in ele-
vated TNF-α level and worsens the outcome of LPS-
induced septic shock in CerS2-ko mice. CerS2 knockout mice
show also an upregulation of C16-Cer as a compensation
mechanism to the loss of C24:0- and C24:1-Cer [123]. The
activation of inflammasomes resulting in the release of IL-
1β in macrophages seems to be independent from the sphin-
golipid de novo synthesis [124].
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3.3.2. Roles of Sphingolipids as Intermediates of the SM
Catabolic Pathway. Both in the Cftr-deficient mice (mouse
model for cystic fibrosis) and in the high-fat diet- (HFD-)
induced glomerular injury mouse model, the activation of
aSMase is associated with enhanced activity of inflamma-
somes. Knockout of a-SMase or caspase 1 inhibition
protected Cftr-deficient mice from lung inflammation and
kidney from HFD-induced injury [123]. Furthermore,
knockdown of a-SMase in both mouse models prevents the
production and release of IL-1. These data indicate that the
activation of the a-SMase is an essential event in the activa-
tion of inflammasomes and subsequent production of proin-
flammatory cytokines. To which extent the generation of
CerS by the aSMase itself is important for the formation of
the inflammasome is not known as very recently it has been
shown that activation of the S1PR1 contributes to the expres-
sion of NLRP3 inflammasome. As mentioned above, all
sphingolipids are metabolically interconnected; therefore,
CerS generated by the a-SMase are subsequently degraded
by the ceramidase to sphingosine which can be phosphory-
lated to S1P that subsequently can activate different recep-
tors. Weichand et al. have shown that the knockdown of
the S1PR1 in tumor-associated macrophages leads to a
reduced NLRP3 3expression and reduced IL-1β levels
[125], indicating that S1P might be the important player in
the activation of the inflammasome. However, Wang et al.
demonstrated that loss of acid ceramidase 3 (Acer3), leading
to an elevation in C18:1-Cer in blood mononuclear cells
(BMCs), aggravates DSS-induced colitis, which is related to
the hyperactivation of the innate immune system [126]. In
vitro, Wang et al. could demonstrate that Acer3 deficiency
enhanced and prolonged LPS-induced increases in the
mRNA levels of IL-1β, IL-6, IL-23a, and TNF-α [126].
Activation of bone marrow-derived mast cells (BMMCs) by
antigen/IgE leads to a 2.5-fold increase in a-SMase activity,
an increase in [Ca2+]i, and the release of β-hexosaminidase.
All these were impaired in antigen/IgE-stimulated a-SMase
(−/−) BMMCs or by cotreatment with the a-SMase inhibitor,
amitriptyline [88]. These data indicated that a-SMase-
generated CerS are important for the activation of immune
cells and the production of proinflammatory cytokines. CerK
is also expressed in peripheral blood leukocytes. Here, it plays
a role in phagocytosis and promotes phagolysosomal forma-
tion and fusion in polymorphonuclear leukocytes in a Ca2+-
dependent manner [127, 128]. The degranulation of mast
cells after binding to IgE is not only associated to an activa-
tion of aSMase but also positively influenced by the Ca2+-
dependent CerK activation and consequent C1P production
[16, 65]. C1P is also involved in the release of various proin-
flammatory prostanoids like PGE2 (prostaglandin E2) as the
endogenous generation of C1P binds to the C2 domain
of the cytosolic phospholipase A2α (cPLA2α) promoting
thereby cPLA2α translocation to cellular membranes [129–
131]. Interestingly, PGE2 can either promote or inhibit mast
cell degranulation, dependent on the EP2/EP3 (E-prosta-
noid) receptor status of the cells [132]. This means that under
some circumstances C1P might also inhibit mast cell degran-
ulation. Unfortunately, all these mechanisms seem only
slightly to be influenced in CerK−/− mice [133], which calls

the importance of C1P and CerK for mast cell function
and eicosanoid synthesis into question. However, a
detailed lipid analysis in these mice demonstrated that
C1P levels are unchanged in the plasma of CerK−/− mice
[134], indicating that an adaptation mechanism takes place
in these mice that compensates for the loss of CerK. How-
ever, Wijesinghe et al. already assumed that C1P subspe-
cies especially not only d(18:1/18:0) but also C16:0 and
C24:0 or C24:1 C1P are generated by alternative pathways
besides CerK [135], but until now, it is not known how.
Additionally, to intracellularly generated C1P, also, extra-
cellular C1P influences immune cell activation. So the
addition of C1P to LPS-activated neutrophils inhibits LPS-
induced IL-8 production and NFκB activation [136]. Also
in vivo, in the LPS-induced acute lung injury mouse model,
C1P attenuates the LPS-induced inflammation [136]. These
data indicate that intracellular- and extracellular-generated
C1P influences immune cells thereby rather leading to con-
trary effects. Binding of invaders to glycosphingolipids is
important for entry into host cells by phagosomes and seems
to prevent their fusion with lysosomes [137]. Sph is capable
to inhibit phosphatidic acid phosphohydrolase in neutro-
phils [138] and the release of Ca2+ from endothelial cells
[139]. Among SphKs, SphK1 is the isoform activated by pro-
inflammatory cytokines [48] and plays an essential role in the
TNF-α-triggered intracellular Ca2+ signal, degranulation,
cytokine production, and activation of NFκB, thus suggesting
a pivotal role for SphK1 on the proinflammatory responses
triggered by TNF-α [140, 141]. It is known that some of the
effects of TNF-α are orchestrated by sphingolipid metabolites
[142]. TNF-α stimulates the elevation of Cer and Sph, which
has been shown to play a role in apoptosis in various cell
types [143]. We found that Sph accumulates in the liver of
mice treated with recombinant TNF-α [144]. The observed
relationship between the toxicity of TNF-αmutants, the tox-
icity of Sph, and the extent of its accumulation in a murine
liver provides evidence suggesting that Sph may be a media-
tor of TNF-α-induced cell damage and death [145]. TNF-α
activates SM cycle during the induction of apoptosis [145].
Stimulation of HL60 cells with TPA (12-O-tetradecanoyl-
phorbol-13-acetate) and simultaneous treatment with radio-
active labelled serine leads to an increase in radiolabelled
GluCer, LacCer, and GM3 in these cells after 48 h [146].
Receptors in LacCer-enriched platforms interact with the
Src family kinase Lyn initiating the phagocytosis of the
microorganism. The interaction between LynK and G pro-
tein can be influenced by the LacCer chain length thereby
impacting the activation of neutrophils [113, 147].

4. Conclusions

In conclusion, when we investigate the role of a specific
sphingolipid in physiological or pathophysiological pro-
cesses, we have to keep in mind that sphingolipids are in a
distinct equilibrium in the cell. Using mice, which bear a
knockout for a specific gene of the sphingolipid pathway,
the concentration of the sphingolipids depends on both the
specific enzyme which is downregulated and various other
sphingolipids which are a precursor or derivative of this
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sphingolipid. Several compensation mechanisms are induced
by the accumulation of one specific sphingolipid, due to the
knockdown of an enzyme using it as a substrate. This leads
to an increase in sideways which also metabolizes this sub-
strate leading to an upregulation of other sphingolipids.
Therefore, we have to keep in mind that the observed effects
in specific knockout mice might be related to the deregula-
tion of various sphingolipids and/or the disturbance of an
equilibrium and it is very likely that various sphingolipids
together influence inflammatory processes.
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A balanced sphingolipid rheostat is indispensable for dendritic cell function and survival and thus initiation of an immune
response. Sphingolipid levels are dynamically maintained by the action of sphingolipid enzymes of which sphingosine
kinases, S1P phosphatases (SGPP-1/2) and S1P lyase (SGPL-1), are pivotal in the balance of S1P and sphingosine levels. In
this study, we present that SGPP-1 and SGPL-1 are regulated in inflammatory dendritic cells and contribute to S1P fate.
TLR-dependent activation caused SGPL-1 protein downregulation with subsequent decrease of enzymatic activity by two-
thirds. In parallel, confocal fluorescence microscopy revealed that endogenous SGPP-1 was expressed in nuclei of naive
dendritic cells and was translocated into the cytoplasmatic compartment upon inflammatory stimulation resulting in
dephosphorylation of S1P. Mass spectrometric determination showed that a part of the resulting sphingosine was released
from the cell, increasing extracellular levels. Another route of diminishing intracellular S1P was possibly taken by its
export via ATP-binding cassette transporter C1 which was upregulated in array analysis, while the S1P transporter,
spinster homolog 2, was not relevant in dendritic cells. These investigations newly describe the sequential expression and
localization of the endogenous S1P regulators SGPP-1 and SGPL-1 and highlight their contribution to the sphingolipid
rheostat in inflammation.

1. Introduction

Besides its migratory effects, S1P importantly contributes to
inflammatory processes by intracellular signaling [1]. Its pro-
duction, metabolism, and transportation define the sphingo-
lipid rheostat which plays a critical role in dendritic cell (DC)
survival as well as cytokine secretion and antigen capture
[2–4]. S1P can function intracellularly as a second messen-
ger or be secreted out of the cell and act extracellularly by
signaling through S1P receptors in autocrine and paracrine
manners.We and others demonstrated that high extracellular

concentrations of S1P lead to the differentiation of DC popu-
lations producing less IL-12p70 after TLR4 stimulation [3, 5]
and a limited capacity to initiate Th1 responses [6]. Deletion
of one major S1P-producing enzyme sphingosine kinase 1
(Sphk1) in dendritic cells leads to a reduction of cell survival
and metabolic activity [2].

It has been postulated that S1P levels inside cells are
tightly regulated by the balance between the S1P synthesizing
enzymes Sphk1 and Sphk2 and by metabolizing/degrading
enzymes like phosphatases and S1P lyase (SGPL-1). SGPL-1
is thereby irreversibly degrading S1P into hexadecenal and
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phosphoethanolamine [7]. S1P phosphatases 1 and 2 (SGPP-
1/2) reversibly metabolize S1P into sphingosine [8, 9].

Initially described by Spiegel’s group, the S1P phospha-
tase 1 is highly specific toward long-chain sphingoid base
phosphates and degrades S1P, dihydro-S1P, and phyto-
S1P [9–11]. The transfection of a mammalian SGPP-1 into
NIH 3T3 fibroblasts decreased S1P levels, increased cer-
amide levels, and diminished cell survival [10]. Human
SGPP-1 is expressed in most tissues, with the strongest
levels found in highly vascularized tissues [12]. SGPP-1
is downregulated in human gastric cancer tissues and
plays a role in invasion and migration in gastric cancer cells
[13]. SGPP-1 contributes to ER stress-induced autophagy
in human breast adenocarcinoma MCF7 cells [14]. Its bio-
logical function has also a prominent role in keratinocyte
development by contributing to an imbalance between
S1P and ceramides [15].

Despite the obvious importance of S1P-degrading
pathways, only a sparse set of investigations focuses on S1P
phosphatases during cellular differentiation and cancer, with
actually no study dealing with SGPP-1 in immune cells.
Previously, we have described a dominant loss of S1P upon
TLR activation on dendritic cells [2]. Thus, in this consecu-
tive study, we investigated S1P dephosphorylating enzyme
SGPP-1 and the terminally degrading enzyme SGPL-1, as
well as other possible mechanisms to reduce intracellular
S1P levels in inflammatory dendritic cells.

2. Methods

2.1. Isolation, Differentiation, and Stimulation of Bone
Marrow Cells. Isolation, differentiation, and stimulation
of bone marrow cells were performed as described before
[2]. In brief, female C57BL/6 wild-type mice (Janvier,
Saint-Berthevin Cedex, France) were used. All animals were
bred at the local animal facility under specific pathogen-free
conditions. All animal experiments were performed in accor-
dance with the German animal welfare law and had been
declared to the Animal Welfare Officer as the chairperson
of the ethical oversight committee of the Goethe University
Frankfurt/Main. The animal housing facility was licensed
by the local authorities of the Regierungspraesidium Darm-
stadt (Az: 32.62.1). The methods used to euthanize the ani-
mals humanely were consistent with the recommendations
of the AVMA Guidelines for the Euthanasia of Animals.
Euthanized animal bone marrow was isolated from the
tibia and femur and washed, and erythrocytes were lysed.
Cells were differentiated in RPMI 1640 GlutaMax medium
(Thermo Fisher Scientific, Massachusetts, USA) supple-
mented with 10% FCS, 100 IU/ml penicillin, 100μg/ml
streptomycin, 10mM HEPES (Sigma-Aldrich, Steinheim,
Germany), 1mM sodium pyruvate, and 50μM 2-β-ME
(Thermo Fisher Scientific, Massachusetts, USA). GM-CSF-
differentiated cells have been supplemented with 40 ng/ml
GM-CSF for seven days (CD11c+ DCs). Flt3 differentiation
has been performed by the addition of 200 ng/ml Flt3 ligand
and 20ng/ml GM-CSF for ten days (CD103+ cDCs). Differ-
entiated bone marrow-derived DCs were then harvested,
seeded without FCS, and stimulated with 1μg/ml LPS

from Escherichia coli O127:B8 (Sigma-Aldrich, Steinheim,
Germany) or left untreated for the indicated time points.
After stimulation, cells or cell pellet was used for RNA iso-
lation, protein extraction, lipid extraction, or stainings.

2.2. Isolation and Differentiation of Human PBMCs. Isolation
of PMCs from buffy coats was performed according to
Nair et al. [16].

In brief, density centrifugation was performed using
Ficoll (GE Healthcare, Uppsala, Sweden). Isolated PBMCs
have been plated at a density of 2× 108 cells per dish,
and supernatant has been discarded upon 2h of plastic
adherence. Subsequently, cells were differentiated in
RPMI 1640 GlutaMax medium (Thermo Fisher Scientific,
Massachusetts, USA) supplemented with 10% FCS, 100 IU/
ml penicillin, 100μg/ml streptomycin, 10mM HEPES
(Sigma-Aldrich, Steinheim, Germany), 1mM sodium
pyruvate, and 50μM 2-β-ME (Thermo Fisher Scientific,
Massachusetts, USA) supplemented with 40 ng/ml recombi-
nant human GM-CSF (PeproTech, NJ, USA) and human
IL-4 (PeproTech, NJ, USA) with an additional medium
exchange after 4 days. Differentiated cells were harvested
by cell scraping and transferred to tissue-treated 8-well
chambered cover slides (Ibidi, Martinsried, Germany) for
fluorescence microscopy staining.

2.3. Western Blotting. ForWestern blot analysis, pelleted cells
were lysed in a buffer containing 10mM HEPES-KOH,
10mM KCl, 0.1mM EDTA, 0.1mM EGTA, 0.5mM NaF,
1mM Na3VO4, and 1x complete™ protease inhibitor cock-
tail (Roche Diagnostics, Mannheim, Germany) for 10min.
The cytosolic fraction was used after pelleting the nuclear
fraction by centrifugation at 13,000×g for 10min at 4°C.
The nuclear fraction was additionally lysed with a buffer con-
taining 20mM HEPES-KOH, 400mM NaCl, 1mM EDTA,
1mM EGTA, 0.5mM NaF, 1mM Na3VO4, and a 1x com-
plete protease inhibitor for 10min and centrifuged for
10min at 10,000×g at 4°C. Protein concentration was deter-
mined by BCA (Thermo Fisher Scientific, Massachusetts,
USA), according to the manufacturer’s instructions. Whole
cell extracts and cell fractions were used for detection with
anti-SGPL-1 (ab56183), anti-SGPP-1 (ab108435), anti-
MRP-1 (ab32574) (Abcam, Cambridge, UK), and anti-β-
actin (A5441) (Sigma-Aldrich, Steinheim, Germany) after
SDS-PAGE. According to the first antibodies, the second
antibody anti-rabbit IgG (GE Healthcare, Little Chalfont,
UK) has been used. The protein bands were detected by
ECL (Thermo Fisher Scientific, Massachusetts, USA) fol-
lowing the manufacturer’s protocol. Quantitative evalua-
tion was performed by densitometry using Quantity one
(Bio-Rad, Hercules, CA).

2.4. Lipid Extraction and Sphingolipid Analysis by LC-MS/
MS. LC-MS/MS was performed as described before [17]. In
detail, for the quantification of sphingolipids, cell pellets or
supernatants were spiked with an internal standard solution
(500 ng/ml; Sph-d7, S1P-d7, Saph-d7, C16:0-Cer-d31, C17-
Cer, C18:0-Cer-d3, C18:0-dhCer-d3, C17:0-LacCer, C16:0-
LacCer-d3, and C18:0-GluCer-d5; Avanti Polar Lipids,
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Alabaster, USA; and C24:0-Cer-d4, synthesized by Chiro-
Block GmbH, Wolfen, Germany). Afterwards, 150μl water
was added and the analytes were extracted twice with 600μl
methanol : chloroform :HCl (15 : 83 : 2, v/v/v). The collected
organic phases were evaporated at 45°C under a gentle
stream of nitrogen and reconstituted in 50μl methanol.
For the chromatographic separation, a Luna C18 column
(150mm× 2.0mm, 5μm particle size, 100Å pore size;
Phenomenex, Aschaffenburg, Germany) was used. The
HPLC mobile phases consisted of water-formic acid
(100 : 0.1, v/v) (A) and acetonitrile-tetrahydrofuran-formic
acid (50 : 50 : 0.1, v/v/v) (B). For separation, a gradient pro-
gram was used at a flow rate of 0.3ml/min. The initial buffer
composition 60% (A)/40% (B) was held for 0.6min and then
within 3.9min linearly changed to 0% (A)/100% (B) and held
for 6.5min. Subsequently, the composition was linearly
changed within 0.5min to 60% (A)/40% (B) and then held
for another 4.5min. The running time for every sample
(injection volume: 15μl for Cer and dh-Cer determination
and 10μl for the other sphingolipids) was 16min. MS/MS
analyses were performed on an API4000 triple quadrupole
mass spectrometer equipped with an APCI (atmospheric
pressure chemical ionization) ion source (SCIEX, Darmstadt,
Germany) for Cer and dh-Cer determination and with an ESI
(electrospray ionization) ion source for the determination of
the other sphingolipids. The analysis was done in multiple
reaction monitoring (MRM) mode. Twom/z transitions with
a dwell time of 20ms were recorded for each analyte, the
first one for quantification and the second one for qualifica-
tion, to exclude false positive results. For analysis and quan-
tification, the Analyst Software 1.6 (SCIEX, Darmstadt,
Germany) was used and the peak area of each analyte was
corrected by the peak area of the corresponding internal
standard. Calibration curves were constructed using linear
regression with 1/x weighting. The coefficient of correlation
was at least 0.99. Variations in accuracy were less than 15%
over the whole range of calibration, except for the lowest
limit of quantification, where a variation in the accuracy of
20% was accepted.

2.5. Quantitative Real-Time PCR. Total RNA of pelleted cells
was extracted using the peqGOLD Total RNA Kit (peqlab,
Erlangen, Germany) as recommended by the manufacturer.
RNA concentration was measured using the Nano-Drop
1000 (Thermo Fisher Scientific, Massachusetts, USA) ana-
lyzer and was adjusted to 1μg/μl for first-strand cDNA syn-
thesis using the high-capacity cDNA reverse transcription kit
(Life Technologies, Carlsbad, CA). TaqMan® gene expres-
sion assays (Life Technologies, Carlsbad, CA) were applied
for sgpl-1, sgpp-1, abcc1, abca1, abcg1, and spns2 (Applied
Biosystems, Darmstadt, Germany) and for the housekeeping
genes csnk2a2 and fbxo38 (Primer Design, Southampton,
UK). The Precision FAST Mastermix (Primer Design,
Southampton, UK) was used, and quantitative real-time
PCR was run at 95°C for 2min and 40 times at 95°C for 5 s
and 60°C for 20 s (7500 Fast Real-Time PCR System, Applied
Biosystems, Darmstadt, Germany). The comparative CT
method was used for analyzing the results using the mean
of the two housekeeping genes as a reference.

2.6. Fluorescence Microscopy. Cells were grown on tissue-
treated 8-well chambered cover slides (Ibidi, Martinsried,
Germany), washed twice with 300μl ice-cold PBS, and fixed
for 4min with ice-cold methanol on ice. After washing three
times with 300μl PBS, the cells were blocked with 2%
BSA-PBS for 1 h and subsequently stained with the first
antibody murine or human anti-SGPP-1 (ab108435 and
ab129253 from Abcam, Cambridge, UK) or murine anti-
SGPL-1 (ab56183 from Abcam) overnight at 4°C. For exper-
iments confirming antibody specificity, murine anti-SGPP-1
antibody was preincubated with the corresponding blocking
peptide (ab223885 from Abcam) in a ratio of 1 : 2 for
30min before addition to the cells. After three washing steps,
the second antibody (anti-rabbit, GE Healthcare, UK) and
DAPI (4′,6-Diamidine-2′-phenylindole dihydrochloride)
solution (Roche Diagnostics, Mannheim, Germany) were
applied for 1 hour. Finally, cells were washed and kept in
the dark at 4°C until microscopic analysis. For ER tracker
colocalization, cells have been fixed with 4% paraformalde-
hyde instead of methanol and ER tracker Blue-White
(Thermo Fisher Scientific, Massachusetts, USA) has been
applied before fixation. Confocal laser scanning microscopy
was performed with a Zeiss LSM510 Meta system equipped
with an inverted Observer Z1 microscope and a Plan-
Apochromat 63× /1.4 oil immersion objective (Carl Zeiss
MicroImaging GmbH, Göttingen, Germany).

2.7. ABC Transporter Array. A TaqMan array for ABC trans-
porters (Thermo Fisher Scientific, Massachusetts, USA) was
performed according to the manufacturer’s recommenda-
tions. In brief, RNA was isolated and transcribed into cDNA.
cDNAwas dispensed with a master mix into the 96-well plate
array, and thermal cycling conditions have been applied as
the following: at 95°C for 20 sec and 40 times at 95°C for 3 s
and 60°C for 30 s (7500 Fast Real-Time PCR System, Applied
Biosystems, Darmstadt, Germany). The comparative CT
method was used for analyzing the results.

2.8. SGPL-1 Activity Measurement. SGPL-1 activity measure-
ment was performed by the quantification of (2E)-hexadece-
nal following derivatization with 2-diphenylacetyl-1,3-
indandione-1-hydrazone (DAIH) as described before [18].
In brief, cells were extracted by a cold methanol-chloroform
0.9% NaCl mixture on ice. The organic phase was dried
and solved in acetonitrile. Derivatization was performed with
a mixture containing 0.6mg/ml DAIH in acetonitrile and 7%
of 2M HCl at 4°C. The analysis of the aldehyde was con-
ducted with an Agilent 1200 liquid chromatography system
coupled to an Agilent 6530 quadrupole/time-of-flight mass
spectrometer (both fromWaldbronn, Germany). Chromato-
graphic separation was performed on a ZORBAX Eclipse
XDB-C18 column.

2.9. Statistics. The software GraphPad Prism 6.0 (La Jolla,
CA) was used to enter data, display graphs, and perform sta-
tistics by Student’s t-test or others if indicated in the figure
legends. Data are represented as means± SD, and significant
values are symbolized as asterisks (∗/∗∗/∗∗∗) which represent
p values of ≤0.05/≤0.01/≤0.001.
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3. Results

3.1. Regulation of SGPL-1 and SGPP-1 Expression in
Inflammatory Dendritic Cells. To elucidate the sphingolipid
rheostat regulation in dendritic cells, we examined how
sphingolipid enzyme expression is modulated in DCs. Previ-
ously, we have shown that with time, S1P levels are fading in
inflammatory cells [2]. Simultaneously, sphk1 and sphk2
mRNA levels are not downregulated upon LPS stimulation
possibly indicating that modulation of S1P-producing
enzymes is likely not contributing to S1P loss in inflamma-
tory DCs [2]. Thus, we examined whether S1P-degrading
enzymes SGPL-1 and SGPP-1 play a significant role in S1P
fate. Therefore, we isolated bone marrow from wild-type
mice and produced GM-CSF-differentiated CD11c+ DCs.
We observed that sgpl-1 and sgpp-1 levels decreased or stayed

constantly lower in inflammatory DCs compared to naive
DCs over time (Figures 1(a) and 1(b)). Similarly, SGPL-1
protein levels were reduced upon 48 h of inflammatory stim-
uli compared to naive DCs (Figure 1(c)). The reduced protein
levels were mirrored in reduced SGPL-1 enzyme activity
which sequentially declined upon inflammatory stimulation
by two-thirds indicating that a major force of S1P degrada-
tion in inflammatory DCs was dampened (Figure 1(d)).
Notably, the reduction of sgpp-1 mRNA levels did not result
in a decrease of SGPP-1 protein levels which rather tended to
increase (Figures 1(e) and 1(f)).

3.2. SGPP-1 but Not SGPL-1 Is Translocated in Inflammatory
Dendritic Cells. Since SGPP-1 protein levels in whole cell
lysates tended to increase in inflammatory DCs while
SGPL-1 concentration decreased, we next examined levels
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Figure 1: (a, b) Quantitative real-time PCR for sgpl-1 and sgpp-1 mRNA in naive and LPS-stimulated dendritic cells over time (n = 4). (c)
Western blot with anti-SGPL-1 antibody and anti-β-actin antibody in naive and LPS-stimulated DCs after 48 h. (d) Quantification of
hexadecenal for SGPL-1 activity in naive and LPS-stimulated dendritic cells with QTOF-MS (n = 3). (e) Western blot for anti-SGPP-1
antibody and anti-β-actin antibody in naive and LPS-stimulated DCs after 48 h (n = 3). (f) Quantification of Western blot bands of (e)
(statistical test: one sample t-test). Data represent mean± SD; ∗p ≤ 0 05 and ∗∗p ≤ 0 01.
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in more detail. Using confocal fluorescence microscopy we
found that in resting, starving DCs, a large proportion of
anti-SGPP-1 staining was localized within the nuclei and
only a small quantity was present in the extranuclear com-
partment (Figure 2(a)). In contrast, in inflammatory DCs,
the majority of the anti-SGPP-1 staining was no longer
present within the nuclei but was found in the cytoplas-
matic compartment (Figure 2(b)). In a supporting experi-
ment, we produced Flt3 ligand-differentiated CD103+

cDCs and stimulated them in a similar way. Also here,
the inflammatory response was accompanied with the
translocation of anti-SGPP-1 staining from the nucleus to
the cytoplasm (Figures 2(c) and 2(d)). To further confirm
these results, we isolated cellular fractions to separate
crude nuclear fraction (majority nuclear protein) from
cytosolic, lysosomal, and ER (referred to as cytosolic

fraction). Western blot indicated SGPP-1 bands in both
compartments. Notably, protein concentration was higher
in crude nuclear extract than in the extranuclear compart-
ment in naïve DCs. However, under inflammatory condi-
tions, SGPP-1 protein levels were increased in the cytosolic
fraction and decreased in the nuclear fraction. Thus, in
comparison to naïve DCs, SGPP-1 protein levels dimin-
ished upon LPS stimulation in the nucleic compartment
(Figures 2(e) and 2(f)).

Notably, we found that most of the endogenous
anti-SGPP-1 staining was localized in the nuclei in mature
untouched DCs seven days after differentiation (Figure 3(a)).
Antibody specificity was confirmed by a preincubation of
the corresponding blocking peptide prior to the staining
and showed absent staining in the nuclei (Supplementary
Figure 1). In additional support, we produced human
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Figure 2: (a, b) Representative pictures of confocal laser microscopy of untreated mature GM-CSF-differentiated CD11c+ dendritic cells after
48 h of starvation (naive) and 48 h of LPS stimulation (inflammatory) stained with DAPI (blue) and anti-SGPP-1 (green) (n = 7). (c, d)
Representative pictures of confocal laser microscopy of untreated mature Flt3-differentiated CD103+ dendritic cells after 24 h of starvation
(naive) and 24 h of LPS stimulation (inflammatory) stained with DAPI (blue) and anti-SGPP-1 (green) (n = 2). (e) Representative Western
blot stained with anti-SGPP-1 antibody and anti-β-actin antibody in crude cytosolic (Cyt/Mic/Ly; Cyt = cytosol, Mic =microsomes, and
Ly = lysosomes) and crude nuclear (cNun) fraction of cell lysates of naive GM-CSF-differentiated dendritic cells or 48 h upon LPS
stimulation (n = 3). (f) Quantification of Western blot bands of anti-SGPP-1 staining after stimulation with LPS.
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monocyte-derived DCs in which nuclear location of SGPP-1
was also confirmed using a human anti-SGPP-1 antibody
(Figure 3(b)). Anti-SGPL-1 staining was present solely in
the cytoplasmic compartment. Compared to SGPP-1, a sim-
ilar change in SGPL-1 protein localization was not detected
upon stimulation (Figure 3(c)).

To make further clarification on the translocation of
SGPP-1 in inflammatory DCs, we costained cells with an
ER tracker and found that the majority of the translocated
protein was present in the ER compartment upon stimula-
tion (Figures 3(d), 3(e), and 3(f)).

3.3. Extracellular Sphingosine Is Increased during
Inflammatory Responses of Dendritic Cells. Since we detected
an upregulation of SGPP-1 protein in the cytosolic fraction,
we asked if fading S1P levels that we have observed under
inflammatory conditions [2] are due to its increased dephos-
phorylation by SGPP-1 resulting in the formation of sphin-
gosine. Thus, we next determined sphingosine levels within
DCs. However, we found that with time sphingosine did
not accumulate in the cells but diminished (Figure 4(a)).
To investigate if sphingosine was converted to ceramide
species instead, we determined intracellular C14-C24 cer-
amide levels. Although ceramide levels in sum were much
higher than sphingosine levels, no differences in the single
species between naïve and inflammatory DCs were observed
(presented as whole ceramide levels in Figure 4(b)). To
elucidate if sphingosine was released from the cells, we

furthermore quantified extracellular lipids and found an
increase of sphingosine levels, possibly indicating that a pro-
portion of sphingosine generated by SGPP-1 was released
into the medium of inflammatory DCs (Figure 4(c)).

3.4. Spns2 Is Not Responsible for S1P Export from Dendritic
Cells. In this context, the question arose whether S1P is also
actively transported outside the cell by transporters causing
its intracellular decrease. Therefore, we concentrated on the
regulation of known S1P transporters. An ATP-binding
cassette (ABC) transporter array was performed and revealed
the presence of several ABC transporters in dendritic cells
(Supplementary Figure 2). The three prominent hits,
namely abca1, abcc1, and abcg1 were analyzed further.
While abcg1 was downregulated upon long-term inflamma-
tory conditions, abca1 and abcc1 mRNA were upregulated
(Figure 5(a)). Abcc1 was also upregulated on protein level
upon 48 h of inflammatory stimulation possibly contributing
to S1P fate (Figure 5(b)). A major S1P transporter, spin-
ster homologue 2 (spns2) [19], was marginally expressed
compared to absolute levels of selected ABC transporters
(Figure 5(c)). No upregulation was observed in inflamma-
tory DCs (Figure 5(d)). Extracellular S1P level determination
in an adapted and upscaled cellular setting compared to con-
ventional experiments was performed to overcome detection
limits by LC-MS/MS. Analysis indicated that no accumula-
tion of S1P was present in the medium upon stimulation
(Supplementary Figure 3).
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Figure 3: (a–f) Representative pictures of confocal laser microscopy of (a) untreated mature GM-CSF-differentiated murine bone
marrow-derived dendritic cells stained with murine anti-SGPP-1 antibody (green) and DAPI (blue) (n = 5), (b) untreated mature human
monocyte-derived dendritic cells stained with human anti-SGPP-1 antibody (green) and DAPI (blue) (n = 3), (c) untreated mature murine
GM-CSF-differentiated dendritic cells (basal), after 48 h of starvation (naive) and 48 h of LPS stimulation (inflammatory) stained with
DAPI (blue) and anti-SGPP-1 antibody (green) as indicated (n = 3), and (d–f) mature GM-CSF-differentiated murine dendritic cells
stained with ER tracker (pseudocolor red) and anti-SGPP-1 antibody (green) (d) under basal conditions, (e) after 24 h of LPS stimulation,
and (f) after 48 h of LPS stimulation (n = 3).
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4. Discussion

As we and others have published before, the central immu-
nological function of dendritic cells is dependent on both
the S1P receptor-controlled modulation of key cytokines
and the basic cellular survival or apoptosis mediated by
sphingolipid metabolizing enzymes [2, 3, 20, 21]. In detail,
different from model cells of sphingolipid research ranging
from yeast to HEK293, in primary lymphocytes and as
shown here in dendritic cells, there is no straightforward
relationship of interdependent S1P synthesizing versus S1P-
degrading enzymes. Therefore, with the current investiga-
tion, we aimed to elucidate this phenomenon in more detail.
Indeed, our data confirmed a quite complex sequence of
S1P and sphingosine rheostat with corresponding sphingo-
lipid enzyme and transporter expression. As one example
of this enigmatic intracellular S1P situation, we observed
that intracellular S1P levels in inflammatory-activated
DCs are fading despite the downregulation of SGPL-1 pro-
tein and enzyme activity. Although this downregulation
could be a compensatory mechanism for progressive S1P
loss, we conclude that its contribution to decreasing S1P
levels in this context is rather small. Instead, we could
assign an important role in S1P fate towards SGPP-1.
Although mRNA levels of sgpp-1 declined through stimula-
tion, we here show that protein levels rather increased in
the cytosolic compartment. This opposite regulation of
mRNA levels could indicate another compensatory mecha-
nism for the increasing amount of protein or fading S1P
levels but might also hint towards different half-lives of
mRNA and protein thus not reflecting the actual scope of
the translational process.

SGPP-1 was described to colocalize with the ER and
Golgi in MCF7 cells, HEK293 cells, and NIH 3T3 fibroblasts
upon transient expression of SGPP-1 constructs [12, 22, 23].
In this study, we demonstrate for the first time the

endogenous localization of SGPP-1. In differentiated DCs,
endogenous SGPP-1 is localized mostly in the nucleus. Upon
stress situation like starvation and even more under
inflammatory conditions, SGPP-1 is translocated from
the nucleus to the cytosolic compartment, where colocaliza-
tion with the ER was finally observed. Thus, we conclude that
the systematic shift of SGPP-1 from the nucleus to the cyto-
plasm contributes to the metabolism of S1P into sphingosine
and thus loss of cytoplasmic S1P. It was presented before that
SGPP-1-mediated S1P metabolism leads to the production of
ceramide rather than an accumulation of sphingosine in
mSGPP-1-transfected HEK293 cells [22, 23]. In our inflam-
matory dendritic cells, sphingosine was not accumulating
either; however, the mean of ceramide levels did not change
between naïve and inflammatory conditions. Since ceramide
levels in dendritic cells were much higher than sphingosine
levels, a direct metabolism might however not be visible.
Notably, a portion of sphingosine was released into the extra-
cellular space, and thus, we hypothesize that increased
metabolism of S1P by cytosolic SGPP-1 is at least partially
leading to a release of sphingosine.

A release of S1P into the extracellular space might dem-
onstrate another route of disposing S1P. It was reported that
S1P is exported, for example, from erythrocytes and platelets
in an ATP-dependent manner [24, 25]. Several publications
showed or postulated the transport of S1P by specific ABC
transporters, for example, by Abcc1 in antigen-activated
mast cells [26–28]. An upregulation of Abcc1 was also
described in SGPL-1-deficient fibroblasts [29]. We similarly
observed an upregulation of Abcc1 in DCs upon TLR4 acti-
vation which might contribute to S1P fate in inflammatory
DCs. However, in our studies, extracellular S1P did not
increase. Besides ABC transporters, spns2 is a prominent
S1P transporter in endothelial cells [30]. However, herein,
we additionally show that spns2 does not play a discriminate
role in DCs since it was only marginally expressed and not
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upregulated upon inflammatory stimulation. Similarly, spns2
absence has been shown for blood cells before [31].

5. Conclusion

This study resulted in three major new findings. First, we
demonstrate and propose that the major proportion of
endogenous SGPP-1 is located in the nuclear compartment
in murine- and human-differentiated dendritic cells. Second,
upon inflammatory stimuli, translocation of SGPP-1 into the
ER occurs and potentially contributes to S1P fate and sphin-
golipid rheostat in dendritic cell immune response. Third,

spns2 is only marginally expressed in dendritic cells and is
rather not relevant for S1P transportation in inflammatory
dendritic cell.
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Cystic fibrosis (CF) is the most common autosomal genetic recessive disease caused by mutations of gene encoding for the cystic
fibrosis transmembrane conductance regulator. Patients with CF display a wide spectrum of symptoms, the most severe being
chronic lung infection and inflammation, which lead to onset of cystic fibrosis lung disease. Several studies indicate that
sphingolipids play a regulatory role in airway inflammation. The inhibition and downregulation of GBA2, the enzyme
catabolizing glucosylceramide to ceramide, are associated with a significant reduction of IL-8 production in CF bronchial
epithelial cells. Herein, we demonstrate that GBA2 plays a role in the proinflammatory state characterizing CF cells. We also
report for the first time that Pseudomonas aeruginosa infection causes a recruitment of plasma membrane-associated
glycosphingolipid hydrolases into lipid rafts of CuFi-1-infected cells. This reorganization of cell membrane may be responsible
for activation of a signaling cascade, culminating in aberrant inflammatory response in CF bronchial epithelial cells upon
bacterial infection. Taken together, the presented data further support the role of sphingolipids and their metabolic enzymes in
controlling the inflammatory response in CF.

1. Introduction

Cystic fibrosis (CF) is the most common autosomal genetic
recessive disease in Caucasian population, affecting approxi-
mately 1 in 2500–4000 newborns [1]. CF is caused by muta-
tions of the gene encoding for cystic fibrosis transmembrane
conductance regulator (CFTR).

The main phenotype of CF is characterized by accumula-
tion of viscous mucus at the epithelial surface of different
organs such as the lungs, pancreas, gut, and testes, often

resulting in inflammation and organ failure. CF patients
usually die prematurely due to onset of cystic fibrosis lung
disease, originating from chronic lung infection and inflam-
mation [1]. The hallmarks of increased inflammation in CF
are high levels of interleukin (IL)-1β, IL-6, IL-8, and tumor
necrosis factor-α (TNFα).

IL-8 is abundantly expressed at sites of chronic infection
and its expression seems correlated with generation of
neutrophil- (PMN-) rich exudates in the lungs of CF patients
[2–5]. The IL-8 cascademay hence represent a key therapeutic
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target for mitigating CF lung inflammation. Several factors
contribute to the severity of CF inflammation. Among these,
an increasing number of studies highlight that sphingolipids
(SLs) play an important regulatory role in CF pulmonary
infection and inflammation [6–14].

SLs are predominantly present in the external leaflet of
the plasma membrane. These amphipathic molecules are
characterized by a hydrophobic moiety (ceramide), inserted
into the cellular lipid bilayer, and a hydrophilic group
of different complexity protruding toward extracellular
environment [15].

SLs are not merely structural components of biological
membranes, but play other important roles in regulation of
cell physiology [16]. At the plasma membrane (PM), SLs,
together with cholesterol, saturated phospholipids, and a
specific pool of proteins, form macromolecular complexes
that are conventionally defined lipid rafts [17, 18].

Several studies have depicted membrane rafts as
dynamic nanoscale domains playing an important role in
cell signal transduction [19]. Interestingly, modifications of
lipid raft SL composition are associated with many cellular
processes, such as neuronal differentiation and senescence,
insulin resistance, and inflammatory response to bacterial
infections [8, 20, 21].

Several processes concur to determine the PM SL pattern
and content, that is, neobiosynthesis in the endoplasmic
reticulum and Golgi apparatus and catabolism in lysosomes.
Recent reports also suggest that the enzymes involved in the
SL metabolism are also present within the cell PM [22].

In particular, the presence of different hydrolases
involved in the in situ reorganization of the PM SL compo-
sition has been described at the cell surface of several cell
lines. Sphingomyelinases (SMase), β-galactosidase (β-Gal),
β-hexosaminidase (β-Hex), sialidase Neu3, β-glucocerebro-
sidase GBA1, and the nonlysosomal β-glucosylceramidase
GBA2 have already been identified [23, 24]. These PM-
associated hydrolases seem to play an active role in the
inflammatory response of CF bronchial epithelial cells
subjected to P. aeruginosa infection, although a direct corre-
lation has not been reported so far [25].

Genetic silencing and pharmacological inhibition of
acid sphingomyelinase reduce Cer levels, thus resulting
in decreased inflammatory response to P. aeruginosa
infection [26].

On the other hand, the catabolism of complex glyco-
sphingolipids (GSL) at PM level seems to play an important
role in the proinflammatory state of CF and in inflammation
caused by P. aeruginosa infection [25].

Of considerable interest is the nonlysosomal beta-
glucosylceramidase GBA2, an enzyme involved in the final
hydrolysis of glucosylceramide (GlcCer) to ceramide at the
cell surface. Recent data show that inhibition of GBA2 with
miglustat reduces the inflammatory response in CF bronchial
epithelial cells infected by P. aeruginosa [25].

Moreover, GBA2 knockdown in noninfected cells induces
a reduction of IL-8 basal level and, therefore, of the intrinsic
proinflammatory state [25].

Nevertheless, themechanistic linkbetween involvementof
GBA2 or other PM-associated hydrolases and inflammatory

response in CF is unknown. We herein report data
supporting the role of GBA2 in the inflammatory response
to P. aeruginosa infection.We also describe that P. aeruginosa
infection causes a reorganization of the lipid rafts isolated
from CF bronchial epithelial cells.

2. Materials and Methods

2.1. Cell Culture. The CuFi-1 and NuLi-1 cell lines were a
generous gift of A. Klingelhuts, Pkarp, and J. Zbaner, Univer-
sity of Iowa, Iowa City [27], and were cultured as previously
described [25]. Briefly, the cells were cultured as monolayer
in a humidified atmosphere at 37°C and 5% CO2 in flasks
precoated with collagen (collagen IV from human placenta,
Sigma-Aldrich) in bronchial epithelial growth medium
(BEGM by Lonza; singleQuot Kit Lonza).

2.2. Generation of CuFi-1 and NuLi-1 Cell Lines
Overexpressing GBA2-GFP. CuFi-1 and NuLi-1 cell lines
overexpressing GBA2 tagged with GFP were generated by
3rd generation lentiviral particles carrying a lentiviral vector
coding for GBA2-GFP fusion protein (pLenti-GBA2-GFP). A
lentiviral vector containing only GFP (pLenty-GFP) was used
to generate mock cells. Viral particles were generated by
transfecting 293FT cells with 3μg of pLenti-GBA2-GFP or
pLenti-GFP vectors and 9μg of packaging vector mix (coding
forGag, Pol Tat, Rev, andVSVG), using Lipofectamine™ 2000
Reagent (Invitrogen).

Supernatant media were collected 48 h after transfection,
filtered through a 0.4μm membrane, and used to transduce
cells according to manufactures instructions.

CuFi-1 and NuLi-1 cells were infected with 1ml of each
lentivirus stock. After 1 day, the medium was replaced with
fresh medium containing the specific antibiotic to select
positive clones. To obtain constitutive clones, transduced
cells were identified with 5μg/ml of puromycin. After 3 weeks
of selection, colonies were separated and expanded. The cells
were cultured as monolayer in a humidified atmosphere at
37°C and 5% CO2 in flasks, precoated with collagen (collagen
IV fromhumanplacenta, Sigma-Aldrich) and using bronchial
epithelial growth medium (BEGM by Lonza; singleQuot Kit
Lonza) in the presence of 1μg/ml of puromycin.

Clones obtained were morphologically analyzed for
GBA2 tagged with GFP or GFP expression by confocal
microscopy after fixing cells with paraformaldehyde (2% in
PBS) for 20min. The expression of GBA2 mRNA was
measured by real-time qRT-PCR as described [28, 29].

2.3. Bacterial Strain. For infection experiments, heat-killed
P. aeruginosa strain PAO1, kindly provided by A. Prince
(Columbia University, New York), was used.

PAO1 was grown in a Trypticase soy broth (TSB) or agar
(TSA), as described by Dechecchi and colleagues [30]. The
organism was killed by heating to 65°C for 30min [25].

2.4. Bacterial Infection and Evaluation of IL-8 Secretion. Cells
were infected for 4 h with PAO1 (100CFU/cells). Quantita-
tive measurement of IL-8 protein release in the cell medium
was evaluated using human IL-8 instant ELISA kit (Bender
MedSystems, Wien, Austria). The expression of IL-8 mRNA
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was measured by real-time qRT-PCR as previously
described [29].

2.5. Cell Sphingolipid Labelling with [1-3H]-Sphingosine.
[1-3H]-sphingosine was administered as tracer at nonbioac-
tive concentration for 2 h (pulse), to allow steady-state
metabolic labelling of all cell SLs [31]. Briefly, [1-3H]-
sphingosine dissolved in methanol was transferred into a
sterile glass tube, dried under a nitrogen stream and then
solubilized in an appropriate volume of a prewarmed (37°C)
medium (BEGM) to obtain a final concentration of 0.3 nM.

The correct solubilisation was verified by measuring the
radioactivity associated with an aliquot of a medium by
beta-counter (PerkinElmer). After 2 h of incubation (pulse),
the medium was removed and the cells were incubated
for 48h (chase) in a fresh culture medium without radio-
active sphingosine. After chase, cells were collected and
used to perform analysis of radioactive lipids or detergent-
resistant membrane (DRM) preparation.

2.6. Isolation of Detergent-Resistant Membrane Fractions.
DRM were prepared by ultracentrifugation on discontinuous
sucrose gradient of cells subjected to homogenization with
1% Triton X-100, as previously described [32]. Briefly, cells
were mechanically harvested in PBS and centrifuged at
270×g for 10min. Cell pellet was lysed in 1.2ml of 1% Triton
X-100 in TNEV buffer (TrisHCl 10mM, NaCl 150mM,
EDTA 5mM, pH7.5) in the presence of 1mM Na3VO4,
1mM PMSF, and 75mU/ml aprotinin and homogenized
with tight Dounce.

Cell lysate (2mg of cell protein/ml) was centrifuged for
5min at 1300×g to remove nuclei and cellular debris, to
obtain postnuclear supernatant (PNS).

A volume of 1ml of PNS was mixed with 1ml of 85%
sucrose (w/v) in TNEV buffer containing 1mM Na3VO4,
placed at the bottom of a discontinuous sucrose gradient
(30% and 5%), and centrifuged for 17 h at 200,000×g at 4°C.

After ultracentrifugation, 11 fractions were collected.
The light-scattering band, corresponding to the DRM frac-
tion, was located at the interface between 5% and 30%
sucrose corresponding to fraction 4 or 5. Equal amounts
of low-density fractions (4 and 5) were mixed to obtain
DRM fraction, whereas equal amounts of high-density
fractions (10 and 11) were mixed to obtain the HD fraction
used for lipid analyses and hydrolase assays. The entire proce-
dure was performed at 0–4°C on ice immersion.

2.7. Sphingolipid Analysis. Cell lysates or DRM and HD frac-
tions were dialyzed, lyophilized, and subjected to lipid extrac-
tion and SL analyses. Total lipids were extracted with CHCl3/
CH3OH/H2O 20 : 10 : 1 by vol, followed by a second extrac-
tion with CHCl3/CH3OH 2 : 1 by vol. The total lipid extracts
were subjected to a two-phase partitioning by adding 20%
water to lipid extract. The radioactivity associated with total
lipid extract, aqueous, and organic phases was evaluated by
liquid scintillation, using a beta-counter system (PerkinEl-
mer). Organic phases were subjected to alkali treatment to
remove glycerophospholipids, as described elsewhere [33].

[3H]SLs of total extracts and organic phases were sepa-
rated by high-performance thin layer chromatography
(HPTLC), using the solvent system CHCl3/CH3OH/H2O
110 : 40 : 6 by vol, and those of aqueous phases with CHCl3/
CH3OH/0.2% aqueous CaCl2, 50 : 42 : 11 by vol. [3H]-SLs
were identified by digital autoradiography using the TRacer
system (Biospace Lab) and quantified with M3vision soft-
ware. The lipid identification was performed using purified
radioactive standards [33].

2.8. Enzymatic Activity Associated with the Cell Plasma
Membrane. PM-associated activities of β-galactosidase
(β-Gal), β-glucosidase GBA1, β-glucosidase GBA2, and
β-hexosaminidase (β-Hex) were assessed in living cells,
plated in 96-well microplates at a density of 20,000 cells/
well, by a high-throughput cell live-based assay, as previ-
ously described [34, 35].

In order to distinguish between GBA1 and GBA2 activity,
cells were preincubated for 30min at room temperature in
DMEM-F12 containing 5nM AMP-dNM (adamantane-
pentyl-dNM; N-(5-adamantane-1-yl-methoxy-pentyl) deox-
ynojirimycin) a specific inhibitor of GBA2 or 1mM
CBE (conduritol-B-epoxide) (Sigma) a specific inhibitor of
GBA1 [36].

β-Gal, β-Hex, and β-Glc activities were assayed using
the artificial substrates 4-methylumbelliferyl-β-D-galacto-
pyranoside (MUB-Gal), 4-methylumbelliferyl-N-acetyl-β-
D-glucosaminide (MUG), and 4-methylumbelliferyl-β-D-
glucopyranoside (MUB-Glc) solubilized in DMEM-F12
without phenol red at pH6, at final concentrations of
250μM, 2mM, and 6mM, respectively.

Aliquots of medium (10μl) were analyzed at different
time points with a fluorimeter in a microplate reader (Victor,
PerkinElmer) (MUB: λex: 355 nm/λem: 460nm), after add-
ing 190μl of 0.25M glycine, pH 10.7.

Standard free MUB was used to construct a calibration
curve and to quantify substrate hydrolysis. The enzymatic
activity was expressed as pmoles of product/106 cells/h.

The experimental design was made considering all the
controls in terms of both cell line used and internal control
for the experimental procedures. In particular, this method
is based on the observation that the fluorigenic substrates
commonly used for the in vitro assay of glycohydrolase
activities are not taken up by living cells. To be sure that
the substrate hydrolysis occurs only upon the activity of
PM enzymes, a series of control were performed. In the used
experimental condition, we did not observe any fluorescence
associated with cells confirming that the substrates were not
able to cross the cell membrane. Moreover, we verified that
the artificial substrates did not undergo spontaneous hydro-
lysis or hydrolysis driven by secreted enzymes. Thus, their
hydrolysis under these experimental conditions is due exclu-
sively to the PM-associated enzymatic activities.

2.9. Enzymatic Activities Associated with Cell Lysate and
Sucrose Gradient Fractions. The enzymatic activities of
β-galactosidase (β-Gal), β-glucosidase GBA1, β-glucosi-
dase GBA2, β-hexosaminidase (β-Hex), and sphingomyeli-
nases (SMase) were determined in the total cell lysates using
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fluorigenic substrates, as previously described with fewmodi-
fications [37, 38].

Briefly, cells were washed twice with PBS, harvested, and
suspended in water in the presence of a protease inhibitor
cocktail (Sigma-Aldrich). Total cell proteins were evaluated
by DC™ protein assay (Bio-Rad), performed according to
manufacturer instructions.

Equal amounts of cell proteins were transferred into a
96-well microplate and the assay was performed 3-fold in rep-
licate. MUB-Glc was solubilized in McIlvaine buffer (pH6) at
concentration of 6mM. MUB-Gal, MUG, and H-MUB-PC
(used for SMase assay) were solubilized in McIlvaine buffer
(pH5.2) at concentrations of 500μM, 1mM, and 500μM,
respectively.

In order to distinguish between GBA1 and GBA2
activity, cells were preincubated for 30min at room tem-
perature in McIlvaine buffer (pH6) with 5nM AMP-dNM
(adamantane-pentyl-dNM; N-(5-adamantane-1-yl-meth-
oxy-pentyl) deoxynojirimycin) a specific inhibitor of GBA2
or 1mM CBE (conduritol-B-epoxide) (Sigma) a specific
inhibitor of GBA1.

The reaction mixtures were incubated at 37°C under
gentle shaking. After different times of incubation, 10μl of
the reaction mixtures was transferred to a 96-black-well
microplate adding 190μl of glycine (0.25M, pH10.7). In
the case of H-MUB-PC, 0.3% of Triton X-100 were added
to glycine solution. Fluorescence was detected at different
time points with a Victor microplate reader (PerkinElmer).

Standard free MUB and H-MUB were used to construct
calibration curves for quantifying substrate hydrolysis. The
enzymatic activity was expressed as pmoles of product/mg
protein/h. The enzymatic activity associated with sucrose
gradient fractions was expressed as pmoles of product/vol-
ume of fraction/h. Due to the presence of Triton X-100 deter-
gent, we could not detect GBA2 activity associated with
gradient fractions.

2.10. Statistical Analysis. All the experiments were performed
in triplicate otherwise differently indicated, and statistical
significance was determined by Student-Neumann-Keuls
post hoc test (comparison between two groups) and by
one-way or two-way ANOVA (followed by Turkey or Dun-
nett Neueman-Keuls on Bonferroni post test) for more than
two groups, with statistical significance set at p < 0 05, using
GraphPad Prism 5.

3. Results

3.1. PM-Associated Glycohydrolases Are Involved in
Controlling the Proinflammatory State in CF. We previously
reported an association between GBA2 silencing and reduc-
tion of IL-8 expression in CF bronchial epithelial cells [25].
To date, it is accepted that the accumulation of Cer correlates
with the intrinsic proinflammatory state of CF and the age-
dependent hypersusceptibility to infections [8]. Interestingly,
this inflammatory state is a feature of CuFi-1 cells, a widely
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Figure 1: Sphingolipid composition of CuFi-1 and NuLi-1 cells. (a) HPTLC of radioactive sphingolipids obtained from total lipid extract of
CuFi-1 and NuLi-1 cells. (b) Semiquantitative graph of sphingolipids species. The sphingolipids are represented as percentage of radioactivity.
Cer: ceramide; GlcCer: glucosylceramide; PE: phosphatidylethanolamine; SM: sphingomyelin. The sphingolipid composition of CuFi-1
and NuLi-1 cells was evaluated performing three different experiments and for each experiment, one HPTLC was performed. ∗p < 0 05
versus NuLi-1.
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used CF bronchial epithelial cell model that shows a higher
basal IL-8 secretion compared to non-CF bronchial epithelial
cells, NuLi-1.

The analysis of SL composition of both cell lines
(Figure 1) showed that CuFi-1 cells have an increased content
of Cer and GlcCer, followed by a slight reduction of ganglio-
side GM3 compared to NuLi-1 cells.

We measured the activity of the main hydrolases
involved in SL catabolism, observing that the activity of all
enzymes tested was higher in NuLi-1 compared to CuFi-1
cells (Figure 2). Interestingly, opposite results were obtained
by assay of hydrolases activity measured at PM level.
Figure 3 shows that CuFi-1 cells have a twofold increase in
the activity of hydrolases present at cell PM such as GBA1,
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Figure 5: Effect of GBA2 overexpression on the enzymatic activity of the main sphingolipid hydrolases. (a) Total cell associated hydrolases
activity of parental CuFi-1, CuFi-1-GBA2, and mock cells. The measurements of the hydrolases activity were conducted on cell lysate and
expressed as pmoles of product/mg of proteins per hour. (b) Plasma membrane hydrolase activity in parental CuFi-1, CuFi-1-GBA2, and
mock cells. The measurements of the plasma membrane hydrolase activity were conducted on living cells and expressed as pmoles of
product/106 cells per hour. ∗p < 0 0001 versus CuFi-1.
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β-Gal, and β-Hex, compared to NuLi-1 cells. Notably, the
activity of GBA2 was 4-fold higher in CuFi-1 compared to
NuLi-1 cells. This data is consistent with our previous results
[25] on the role of GBA2 in inflammatory response. To fur-
ther support these findings, we stably overexpressed GBA2
in CuFi-1 cells as GFP fusion protein. As control cells, we
generated mock cell lines overexpressing GFP.

After 3 weeks, several clones were morphologically ana-
lyzed by confocal microscopy, to detect GFP-tagged GBA2.
As shown in Figure 4(a), GBA2-overexpressing cells (CuFi-
1-GBA2) are characterized by a clear signal at the cell surface
compared to mock cells, although a diffuse intracellular
fluorescence was observed.

The activity of GBA2 in mock (CuFi-1 mock) and in
GBA2-overexpressing (CuFi-1-GBA2) cells was measured
both in total cell lysate and at the PM. As shown in
Figure 4(b), GBA2-overexpressing cells are characterized by
increased GBA2 activity, 300-fold and 130-fold higher in
total cell lysate and cell PM, respectively.

The effect of GBA2 overexpression on the SL pattern
was analyzed after metabolic labeling at the steady state,
with the radioactive precursor [1-3H]-sphingosine. GBA2-
overexpressing CuFi-1 cells are characterized by a strong
decrease of GSL such as GM3 and GlcCer, followed by
increased Cer and SM content (Figure 4(c)). Interestingly,
higher GBA2 activity induces a forced catabolism of GM3
and GlcCer to ceramide, which can be converted to SM,
as previously suggested [39].

Several lines of evidence suggest that cells react to activity
variations of one of the enzymes of SL metabolism by modi-
fying the function of other enzymes involved in the same
catabolic pathway [28]. For this reason, we measured the
activity of the main cell hydrolases.

Our results show that overexpression of GBA2 in CuFi-1
cells causes an increase of GBA1 and β-Gal activity in total
cell lysate. In mock and parental CuFi-1 cells, GBA1 activity
is 3857± 635 pmoles/mg/h, increasing to 10,408± 690
pmoles/mg/h in CuFi-1-GBA2, whereas β-Gal increased in
CuFi-1-GBA2 compared to CuFi-1 or mock cells (Figure 5).
We also evaluated the activity of GBA1, β-Gal, and β-Hex
at the PM of living mock- and GBA2-overexpressing cells.
As shown in Figure 5, a slight increase of GBA1 was observed
compared to mock cells, whereas the PM-associated β-Gal
increased more than 50-fold in CuFi-1-GBA2 cells compared
to mock or CuFi-1 cells.

Significant differences in total β-Gal and PM-associated
β-Hex were found between CuFi-1 and mock cells, probably
caused by the different passages in culture due to the trans-
fection process. Unfortunately, the CuFi-1 cell line is charac-
terized by an undetectable SMase activity at the PM level
(data not shown).

Since the silencing of GBA2 causes a reduction of IL-8 in
the proinflammatory state and in the inflammatory response
to P. aeruginosa, we also investigated the effect of GBA2 over-
expression by measuring IL-8 protein secretion in GBA2-
overexpressing CuFi-1 cells compared to CuFi-1 cells.
Figure 6 shows that GBA2-overexpressing cells are character-
ized by a significant increase of IL-8 secretion in basal condi-
tion as well as in response to P. aeruginosa infection. We

analyzed the effect of GBA2 overexpression in terms of IL-
8 production also in NuLi-1 cells. We evaluated the IL-8
production in the basal status of NuLi-1 cells, as well as,
after Pseudomonas aeruginosa infection.

As shown in Figure 7, the results obtained indicate that
the basal expression of IL-8 of NuLi-GBA2-overexpressing
cells is not significantly different compared to basal IL-8 of
NuLi-mock cells. This suggests that the overexpression of
GBA2 in non-CF cells does not affect the basal expression
of IL-8. No effect was found also in NuLi-GBA2 subjected
to P. aeruginosa infection.

These data further support the role of GBA2 in the
aberrant inflammatory state occurring in CF bronchial
epithelial cells.

3.2. P. aeruginosa Infection Causes a Reorganization in the
DRM Isolated from CF Bronchial Epithelial Cells. We previ-
ously showed that P. aeruginosa triggers significant changes
in SL composition, generating an increase in Cer content
[25]. As suggested by others, these alterations seem attribut-
able to activation of SL catabolic pathways [10, 40].

We hence investigated the effect of P. aeruginosa
infection on enzymatic activity of SMase and on the main
glycohydrolases involved in regulation of Cer content
(i.e., GBA1, GBA2, β-Gal, and β-Hex) in CuFi-1 cells.

We first infected CuFi-1 cells with heat-killed P. aeru-
ginosa strain PAO1 for 4 h and then measured hydrolases
activity in total cell lysate. As shown in Figure 8, no signif-
icant difference was observed in the activity of total cell
hydrolases between infected and noninfected CuFi-1 cells.

We then quantified GBA1, GBA2, β-Gal, and β-Hex
activities at cell surface of CuFi-1 cells under identical
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experimental conditions. Neither in this case we could find
significant differences between infected and noninfected
CuFi-1 cells (Figure 9).

Notably, the assay used for measuring hydrolase activity
at PM level allows measuring the enzymatic activity of the
entire cell surface, but does not actually reflect the activity
of a specific PM area.

SLs form specific membrane domains within PM, which
are called lipid rafts, and are involved in activation and regu-
lation of different intracellular pathways. In order to study
the involvement of these membrane domains in PAO1

inflammatory response, we labeled cell SLs at the steady state
with [1-3H]-sphingosine. We isolated lipid rafts from
infected and noninfected cells as the detergent-resistant
membrane (DRM), according to the procedure thoughtfully
described in “Materials and Methods”.

For isolation of DRM fraction, the same amount of cell
proteins from infected or noninfected cells, lysed with 1%
Triton X-100, was loaded on a discontinuous sucrose
gradient. After ultracentrifugation, eleven fractions were
collected and the radioactivity associated with each of them
was then assayed.
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Figure 7: Effect of GBA2 overexpression on inflammatory response of NuLi-1 cells. (a) IL-8 mRNA expression at basal level of NuLi-1-GBA2
cells versus NuLi-1 mock cells. (b) IL-8 mRNA expression after Pseudomonas aeruginosa infection in NuLi-1-GBA2 cells versus NuLi-1 mock
cells.

GBA1

0

2000

4000

6000
GBA2

0

500

1000

1500

2000
�훽-Gal

0
50000

100000
150000
200000
250000
300000

�훽-Hex

0
250000
500000
750000

1000000
1250000
1500000

SMase

0

20000

40000

60000

pm
ol

es
/(

m
g 

× 
h)

pm
ol

es
/(

m
g 

× 
h)

pm
ol

es
/(

m
g 

× 
h)

pm
ol

es
/(

m
g 

× 
h)

pm
ol

es
/(

m
g 

× 
h)

Ctrl
PAO1

Figure 8: Effect of P. aeruginosa infection on the activity of total cell hydrolases of CuFi-1 cells. The measurements of the hydrolases activity
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As expected, an enrichment in radioactivity was observed
in low-density fractions 4 and 5, thus suggesting SL enrich-
ment. The remaining radioactivity was present in high-
density (HD) fractions.

Interestingly, PAO1 infection causes a 20% increase of
radioactivity in the DRM of infected CuFi-1 cells (Figure 10).

In order to evaluate possible lysosomal contaminations,
we performed an analysis of a lysosomal marker on gradient
fractions. We performed an immunoblotting using an
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Figure 9: Effect of P. aeruginosa infection on plasma membrane hydrolases of CuFi-1 cells. The measurements of the plasma membrane
hydrolase activity were conducted on living cells, using artificial fluorigenic substrates. Before the assay, cells were infected or not for 4
hours with PAO1. The enzymatic activities are expressed as pmoles of product/106 per hour.
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Figure 10: Radioactivity distribution within gradient fractions of CuFi-1 cells infected or not with P. aeruginosa. Cell sphingolipids were
labeled at the steady state with [1-3H]-sphingosine. We isolated the lipid rafts from infected and noninfected cells as the detergent-
resistant membrane (DRM) following the procedure described in details in “Materials and Methods”. After ultracentrifugation, we
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Figure 11: Immunoblotting against the lysosomal marker Lamp-1.
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fraction from CuFi infected or not with P. aeruginosa.
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antibody against the lysosomal marker Lamp-1 on DRM and
HD fractions. As reported in Figure 11, no signals are detect-
able in DRM fraction, whereas a marked spot is associated
with HD and PNS fraction.

As a further step, we analyzed the SL composition of
DRM and HD of CuFi-1 cells, infected or not with PAO1.
Interestingly, we found a slightly decreased radioactivity in
the aqueous phase derived from DRM and HD fraction of
infected cells compared to noninfected cells (Figure 12(a)).

The lower radioactivity in the aqueous phase derived
from DRM of infected cells could be attributed to ganglio-
sides GM3 and GM1 (Figure 12(a)). The analysis of nonpolar
SLs of DRM fraction of CuFi-1 cells infected with PAO1
showed a 22–27% increase of ceramide and a slight increase
of Gb3, SM, and GlcCer (Figure 12(b)). The organic phase
of HD fraction of CuFi-1-infected cells is only characterized
by a modest increased GlcCer content compared to nonin-
fected cells (Figure 12(b)).
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Figure 13: Effect of P. aeruginosa infection on hydrolases activity associates with DRM and HD fractions. The measurements of the
hydrolases activity were conducted on DRM (a) and HD (b) fraction obtained from CuFi-1 cells infected or not with PAO-1, using an
in vitro assay based on artificial fluorigenic substrates. The enzymatic activity was evaluated on the same volume of fraction and expressed
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Considering the differences in the SL pattern of gradient
fractions, especially of DRM of infected and noninfected
cells, we hence investigated the effect of infection on
hydrolases in DRM fraction. Our results show signifi-
cantly increased activities of DRM upon infection with
PAO1 (Figure 13).

This data demonstrates that GBA1 and SMase activ-
ities are more than doubly increased in DRM derived
from infected cells, whilst β-Gal and β-Hex increase
over 3-fold. We measured the same hydrolases activity
in HD fraction, but we did not find a significant differ-
ence in enzymatic activity of infected and noninfected
cells (Figure 13).

4. Discussion

Several studies in different CF models strongly support the
existence of a relationship between SLs, inflammatory
response, and susceptibility to bacterial infection. In particu-
lar, increased PM Cer levels in CF bronchi seem to be corre-
lated with the proinflammatory status characterizing CF lung
disease [14].

In accordance with previous studies, we found that
CuFi-1 and NuLi-1 cells are characterized by a SL com-
position recalling the features found in lung tissue of
CF and non-CF patients [14]. An important difference
was observed in ganglioside composition between CuFi-1
and NuLi-1 cells. The main ganglioside of CuFi-1 cells
is GM3, whereas GM1 predominates in NuLi-1 cells.
The differences in ganglioside composition between CF
and not-CF cell lines are in line with evidence reported
by Itokazu and colleagues [41], who described a direct
correlation between ganglioside GM1 levels at PM and

CFTR expression. In addition, as observed in CF lung tis-
sue [11], CuFi-1 cells are characterized by a high content
of Cer.

The activity of the PM glycohydrolases is another impor-
tant difference between these two cell lines, since CuFi-1 cells
are seemingly being characterized by higher activity of PM
glycohydrolases compared to NuLi-1 cells.

Hydrolysis of the SLs directly triggered at PM by PM
hydrolases may play an important role in regulating several
physiological and pathological cellular processes [23].

Interestingly, part of Cer in bronchial epithelial cells is
produced in response to P. aeruginosa infection through
SM catabolism at PM by the acid-sphingomyelinase [42].
Conversely, bioactive Cer can be produced by action of
PM glycohydrolases through GSL degradation at the cell
surface, as shown in human fibroblasts [35, 43] and cancer
cells [44]. However, limited information is available on the
involvement of these enzymes in CF lung disease. Among
PM glycohydrolases, nonlysosomal β-glucosylceramidase
GBA2 plays a crucial role in the inflammatory response
in CF bronchial epithelial cells.

GBA2 is an important player in the regulation of SL
homeostasis at PM and is also a key enzyme in production
of Cer at this site. Interestingly, we found that the main dif-
ference in PM activities between CuFi-1 and NuLi-1 cells is
attributable to GBA2, which was 4-fold higher at the cell sur-
face of CF bronchial epithelial cells.

Our recent data showed that pharmacological inhibition
of GBA2, along with downregulation of its expression, is
associated with significant reduction of inflammatory
response to P. aeruginosa infection. Moreover, knocking
down of GBA2 reduced the intrinsic proinflammatory state
of CF epithelial bronchial cells [25].
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To further support the role of GBA2 in CF inflamma-
tion, we overexpressed this enzyme tagged with GFP at
C-terminal in CuFi-1 cells. GBA2-overexpressing cells were
characterized by a strong increase of PM β-gal, which is
suggestive of the existence of a crosstalk among different
catabolic enzymes.

As expected, GBA2-overexpressing cells were character-
ized by a different SL profile, characterized by a marked
decrease of GSL (e.g., GM3, Gb3, and GlcCer), followed by
increased Cer and SM content. The lower increase of Cer
level may be due to the formation of a complex between
GBA2 and sphingomyelin synthase 2, which converts Cer
to SM, as earlier suggested [39].

Since GBA2 is present within two different cellular com-
partments (i.e., PM and ER-Golgi), data on its effects on the
SL pattern allow postulating two different hypothesis:

(1) The increased PM-GBA2 activity, along with β-Gal,
induces a catabolic unbalance which is not offset by
de novo biosynthesis of complex GSL.

(2) The increased GBA2 activity in ER/Golgi reduces
GlcCer values, thus decreasing substrate availability
for de novo synthesis of GSL complex.

These speculations need further studies that we plan to
address in the near future.

As regards the inflammatory state of CuFi-1 cells
overexpressing GBA2, an increased IL-8 secretion was
found to be associated with overexpression of GBA2.
These results support the role of GBA2 in the activation
of inflammatory response in CF. However, GBA2 is not
the only SL-hydrolytic enzyme at the cell surface. Several
enzymes involved in catabolism of complex GSL at PM
have been identified, including GBA1, β-Gal, β-Hex, sia-
lidase Neu3, and SMase. In particular, β-Hex and β-Gal
were found in the lipid rafts of Jurkat T-lymphocytes,
where they are seemingly involved in local reorganiza-
tion of these membrane areas. The involvement of this
machinery has never been described so far in inflammatory
response of CF.

The first evidence that we obtained was a clear effect of
bacterial infection on DRM organization, since the DRM of
infected cells was associated with increased SL content
compared to uninfected cells.

The SL composition of DRM in infected cells is charac-
terized by a reduction of GSL, combined with an increase
in simple SL, including Cer.

This is evocative of a local activation of catabolic machin-
ery. Interestingly, the activities of β-Gal, GBA1, β-Hex, and
SMase were found to be increased in DRM isolated from
infected cells.

Taken together, these results suggest that P. aeruginosa
infection causes an important rearrangement of the PM
structure and composition in CF cells (Figure 14). This
bacterial infection would probably lead to recruitment of
glycohydrolases in specific membrane domains, enriched
in SLs. The concomitant presence of glycohydrolases and
their substrates induces significant changes of SL composi-
tion, which together with Cer organize specific platforms

involved in activation of inflammatory response. These
findings open new challenges for investigating the signaling
cascade triggered by modification of DRM structure in CF
inflammatory response.

5. Conclusion

In conclusion, our data further support the role of GBA2 in
inflammatory response occurring in CF bronchial epithelial
cells. In addition, we highlight the role of GBA2 in the
proinflammatory state occurring in CF bronchial epithelial
cells. We demonstrated that P. aeruginosa infection in CF
bronchial epithelial cells causes significant changes in SL
and protein composition within specific membrane areas
involved in cell signaling regulation.

The structural modification of these signaling platforms
may be involved in regulating the inflammatory response
in CF.

Finally, we believe that the identification of specific SL
playing an active role in inflammatory response of CF cells
could pave the way to future therapeutic strategies for
treatment of inflammation in CF. However, further studies,
comprising in vivo validation, will be necessary to unravel
the involvement of the SL in the signaling cascade responsi-
ble for the regulation of inflammatory response in CF.
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Sphingosine-1-phosphate (S1P) is a potent lipid signaling molecule that regulates pleiotropic biological functions including cell
migration, survival, angiogenesis, immune cell trafficking, inflammation, and carcinogenesis. It acts as a ligand for a family of
cell surface receptors. S1P concentrations are high in blood and lymph but low in tissues, especially the thymus and lymphoid
organs. S1P chemotactic gradients are essential for lymphocyte egress and other aspects of physiological cell trafficking. S1P is
irreversibly degraded by S1P lyase (SPL). SPL regulates lymphocyte trafficking, inflammation and other physiological and
pathological processes. For example, SPL located in thymic dendritic cells acts as a metabolic gatekeeper that controls the
normal egress of mature T lymphocytes from the thymus into the circulation, whereas SPL deficiency in gut epithelial cells
promotes colitis and colitis-associated carcinogenesis (CAC). Recently, we identified a complex syndrome comprised of
nephrosis, adrenal insufficiency, and immunological defects caused by inherited mutations in human SGPL1, the gene encoding
SPL. In the present article, we review current evidence supporting the role of SPL in thymic egress, inflammation, and cancer.
Lastly, we summarize recent progress in understanding other SPL functions, its role in inherited disease, and SPL targeting for
therapeutic purposes.

1. Introduction

Sphingosine-1-phosphate (S1P) is a sphingolipid metabolite
and a potent signaling molecule that regulates diverse cellular
functions such as cell proliferation, differentiation, and
migration as well as complex processes including develop-
ment, vascular maturation, angiogenesis, immune function,
and inflammation [1–3]. S1P mediates most of its biological
actions by binding to five S1P receptors (S1PRs) that belong
to the family of G protein-coupled receptors [3]. Intracellular
and circulatory S1P levels are tightly regulated by its synthe-
sis and catabolism. S1P is generated by the phosphorylation
of the long-chain base sphingosine, a step catalyzed by
sphingosine kinase [4]. The resulting S1P product can be
dephosphorylated by various lipid phosphatases [5, 6]. In
addition, S1P is irreversibly degraded by S1P lyase (SPL),

which cleaves S1P at the C2-3 carbon-carbon bond, yielding
two products, ethanolamine phosphate and the long-chain
aldehyde trans-2-hexadecenal [7–9]. Cleavage of S1P by SPL
represents thefinal step in the sphingolipid catabolic pathway.
When this step is blocked, there is no alternative pathway for
sphingolipid degradation to occur. SPL depletes S1P in cellu-
lar, vascular, and tissue compartments and regulates steady-
state S1P levels. Thus, SPL controls S1P pools available for
interactions with intracellular targets and for autocrine and
paracrine receptor-mediated signaling [9]. SPL regulates
many physiological and pathological phenomena including
maintenance of pluripotency in embryonic stem cells,
DNA damage response, chemoresistance, muscle regenera-
tion, satellite cell activation, thymic egress, glomerular func-
tion, adrenal function, atherosclerosis, ischemia-reperfusion
injury, experimental autoimmune encephalomyelitis (EAE),
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central and peripheral nervous system functions, inflamma-
tion, and carcinogenesis (Figure 1(a)) [9–21]. The majority
of these effects can be attributed to the ability of SPL
to regulate S1P receptor signaling. However, it should
be noted that some of SPL’s activities may be associated
with the regulation of intracellular S1P effects and with
effects mediated by its products or upstream sphingolipid
intermediates [22–25].

The immunological role of S1P/S1PR1, and specifically
its regulation of T cell egress from the thymus and lymphoid
organs, is the most well-characterized function of the S1P
signaling pathway. S1PR1 expression on the surface of T
lymphocytes and the presence of an S1P chemical gradient
between lymphoid tissues and blood/lymph are the two
essential conditions needed for lymphocyte egress from
the thymus and secondary lymphoid organs [26]. Either
antagonism of S1PR1 by pharmacological agents such as
FTY720 or disruption of S1P gradients through SPL inhibi-
tion by 2-acetyl-4-(tetrahydroxybutyl) imidazole (THI) or
its analogs block the exit of lymphocytes from the thymus
and lymphoid organs, leading to lymphopenia (a reduction
in absolute lymphocyte counts in the blood) [14, 27]. By
preventing T lymphocytes with self-reactive receptors from
entering target tissues, pharmacological agents targeting the
S1P/S1PR1 axis have shown efficacy in the treatment of auto-
immune diseases including multiple sclerosis, rheumatoid
arthritis, and inflammatory bowel disease (IBD) [28, 29].
Although regulating T cell egress is its most well-studied
immunological function, S1P also regulates other immune
functions including migration of B cells, neutrophils, macro-
phages, natural killer (NK) cells, and hematopoietic stem cells
(HSCs). Furthermore, the development and differentiation of

leukocytes, mast cell degranulation, and antigen presenting
cell functions are also influenced by S1P signaling [30, 31].

A link between inflammation and carcinogenesis has
been appreciated for over a century [32]. It has been sug-
gested that inflammation can promote carcinogenesis by
augmenting metastasis, angiogenesis, metabolic changes
favorable to cancer cells, and resistance to chemotherapy
[33, 34]. S1P signaling has been shown to activate two critical
transcription factors, nuclear factor kappa B (NFκB) and
signal transducer and activator of transcription 3 (STAT3).
Both of these transcription factors regulate the transcription
of large sets of genes involved in inflammation, proliferation,
and carcinogenesis. Recent studies have demonstrated the
role of S1P and SPL in mediating the transition from inflam-
mation to carcinogenesis via these signaling hubs, specifically
in the context of IBD and the associated phenomenon of
colitis-associated cancer (CAC).

The current review is focused on the role of SPL in
regulating thymic egress and procarcinogenic inflammatory
signaling. We also summarize important new insights
regarding S1P metabolism, SPL structure, and recently
recognized functions of SPL in the context of embryonic
development and the pathophysiology of human disease.
We also discuss progress in the development of SPL inhib-
itors and their potential therapeutic applications.

2. Biosynthesis and Catabolism of S1P

S1P is synthesized by two highly homologous sphingosine
kinases, known as sphingosine kinase 1 (SphK1) and sphin-
gosine kinase 2 (SphK2) [35]. SphK1 is mainly localized in
the cytosol, whereas SphK2 is localized in the nucleus
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and mitochondria-associated outer membrane (Figure 2)
[25, 36]. S1P levels in the tissues, blood, and lymph are
tightly regulated by six catabolic enzymes. Two S1P-
specific phosphatases, namely, S1P phosphatase-1 (SGPP1)
and S1P phosphatase-2 (SGPP2), are located in the endo-
plasmic reticulum (ER) dephosphorylate S1P, regenerating

sphingosine [37, 38]. Three plasma membrane-bound lipid
phosphate phosphatases (LPP1–3) [5, 39–41] dephosphor-
ylate a broad range of lipid phosphate substrates including
S1P and ceramide-1-phosphate [27, 42]. Although the
LPPs do degrade a variety of lipid phosphate substrates
when assayed in vitro, there does appear to be some
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Figure 2: S1P metabolism, synthesis, and inside-out signaling. Sphingosine-1-phosphate (S1P) is irreversibly degraded by S1P lyase into
ethanolamine phosphate (EP) and trans-2-hexadecenal (Hex) and dephosphorylated to sphingosine by S1P phosphatase (S1Pase) in the
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specificity. LPP3 is more active against S1P or FTY720P
than LPP1 and LPP2 [43–45]. Extracellular sphingosine
formed from S1P by LPPs can be taken up by cells and
be converted back to S1P or other sphingolipids. In
contrast to the actions of the lipid phosphatases, which
regenerate the substrate for SphK enzymes and thereby
allow for reformation of S1P, the intracellular enzyme
SPL catalyzes the irreversible degradation of S1P into eth-
anolamine phosphate and trans-2-hexadecenal (Figure 2)
[9]. This distinction makes SPL a key factor in regulating
S1P levels and chemotactic gradients, as described below.

3. Structure and Functions of SPL

3.1. SPL Structure and Mechanism of Action. SPL is a pyri-
doxal 5′-phosphate- (PLP-) dependent enzyme that belongs
to the family of carbon-carbon lyase family of aldehyde-
lyases (EC 4.1.2.27). SPL cleaves S1P between carbon atoms
2 and 3, generating trans-2-hexadecenal and ethanolamine
phosphate [46]. SPL demonstrates a high degree of stereo-
specificity towards its substrates, cleaving naturally occurring
D-erythro (2D, 3D configuration) long-chain base phos-
phates. However, it is not specific for chain length, degree
of unsaturation, and branching of hydrocarbon chain. It
can cleave S1P, dihydro-S1P, phyto-S1P, methyl-S1P, and
likely also the phosphorylated form of sphingadienes, unique
sphingoid bases containing two double bonds [8, 47, 48].

The SPL gene was first identified in budding yeast and
named DPL1 (for dihydrosphingosine phosphate lyase, one
of the natural substrates formed in yeast cells) [49]. Subse-
quently, homologs have been reported in many species
including mammals, insects, protozoa, bacteria, and plants
[7, 8, 22, 50–56]. SGPL1, the human SPL gene, encodes a
protein consisting of 568 amino acids with a predicted
molecular weight of 63.5 kDa [8]. Human SPL shows 84%
identity and 91% similarity in amino acid sequence with its
mouse homolog [57]. Consistent with the high level of
sequence homology among eukaryotic SPL proteins, all
homologs that have been tested are capable of complement-
ing a yeast dpl1 mutant strain in synthetic lethal screens and
other functional assays.

Human SPL predominantly resides in the ER [58]. It has
also been reported to exist in the mitochondria-associated
membrane [25]. The N-terminus of the SPL protein is situ-
ated in the ER lumen, whereas its active site is exposed to
the cytosol [59]. Mammalian and budding yeast SPL are
single-pass transmembrane ER resident proteins. Bourquin
and colleagues resolved the structure of a bacterial SPL
(StSPL) from Symbiobacterium thermophilum as well as a
truncated form of DPL1 [56]. Based on the crystal structure
of DPL1 and StSPL, they proposed a mechanism of S1P
cleavage by the SPL-PLP holoenzyme that involves the tran-
sient formation of a PLP-S1P adduct [46, 56]. SPL enzymes,
DPL1 (yeast), and StSPL (bacteria) function as a dimer
[56]. In contrast to DPL1, StSPL lacks a transmembrane
domain, and recombinant StSPL is active in vitro and
in vivo as StSPL has been shown to cleave S1P present in cell
culture medium and blood [60].

3.2. Tissue Distribution of SPL.Mammalian SPL is expressed
in many tissues, as shown by analysis of gene and protein
expression surveys. To further investigate the tissue distri-
bution of SPL, SGPL1 reporter mice expressing LacZ under
the control of the SGPL1 promoter were generated [61]. β-
Galactosidase staining of whole organs and tissue sections
revealed that SPL is highly expressed in the thymus, liver,
stomach, jejunum, ileum, cecum, colon, brain, spinal cord,
trigeminal nerve ganglion, kidney, bladder, skin, preputial
gland, Harderian gland, pituitary gland, ribcage, brown adi-
pose tissue, adrenal cortex, ovary, and testis [61]. In contrast,
SPL is faintly expressed in the tongue, esophagus, and duode-
num, pancreas, heart atrium and ventricle, spleen, quadri-
ceps muscle, sciatic nerve, lung, trachea, aorta, diaphragm,
mammary gland, lacrimal gland, mesenteric adipose tissue,
penis, prostate, and vesicular gland [61]. SPL is also
expressed in the immune cells and secondary lymphoid
organs. In the spleen, SPL is expressed in both splenocytes
and stromal cell fractions. However, in the thymus, SPL is
strongly expressed in thymic stromal cells, whereas its
expression in thymocytes is barely detectible. SPL is also
expressed in circulating leukocytes, including B and T lym-
phocytes, monocytes, and granulocytes [61]. Erythrocytes
and platelets lack SPL expression [62, 63].

SPL expression begins during early developmental stages
including in the neural tube and developing brain, Rathke’s
pouch, first brachial arch, third brachial arch, optic stalk,
midgut loops, and lung buds. Strong SPL expression was
observed at embryonic day 18 in the nasal epithelium, intes-
tinal epithelium, skin, cartilage, thymus, and pituitary gland
[64]. The ubiquitous expression pattern of SPL suggests it
plays an important role in the function of many types of cells
and tissues. In leukocytes, the main function of SPL is likely
the control of cell trafficking through S1P signaling. Simi-
larly, SPL may be important for cell migrations that occur
during development. However, SPL likely has other func-
tions. High expression of SPL in certain tissues has been
linked to their rapid cell turnover. This is exemplified by
the high SPL expression observed in epithelial cells of small
intestine and in the mucosal cells of the olfactory bulb, both
of which exhibit a high turnover rate [65, 66]. In other tis-
sues, high levels of SPL activity may be required to accommo-
date active sphingolipid recycling such as in the brain and
skin, to generate products essential for organ function, or to
control calcium homeostasis or cholesterol trafficking [67].

3.3. SPL in Development and Disease. In simple metazoans
such as fruit flies and nematodes, SPL plays a critical role in
the development [50, 51] (reviewed in [57, 66]). Mice that
completely lack SPL activity due to targeted disruption of
SGPL1 fail to thrive and do not survive beyond the weaning
period, exhibiting impaired lymphocyte and neutrophil traf-
ficking, elevated cytokines and serum lipids, increased lipid
storage in the liver, and deficient adipose stores [68, 69].
SGPL1 null mice also develop myeloid cell hyperplasia and
significant lesions in the heart, lung, bone, and urinary tract
to variable degrees [70]. Humanized SGPL1 knock-in mice
exhibit 10–20% of SPL enzyme activity compared to wild-
type mice. This partial restoration of SPL activity is sufficient
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to protect humanized SPL mice from the lethal nonlymphoid
lesions that develop in SGPL1 null mice [70]. However,
humanized SPL mice remain lymphopenic, which suggests
that lymphocyte trafficking is exquisitely sensitive to alter-
ation in the S1P levels in the thymus and lymphoid
organs [70].

There is evidence to suggest that a dynamic balance
between S1P and ceramide is maintained within the cells,
contributing to the determination of cell fate in response to
stress. SPL has the ability to promote cell death by attenuat-
ing the cell survival and proliferation signals mediated by
S1P [42]. SPL plays a role in stress responses [71]. Overex-
pression of SPL in several malignant and nonmalignant cells
has been shown to sensitize these cells to DNA-damaging
drugs [11, 12]. Conversely, SPL-deficient cells exhibit resis-
tance to nutrient deprivation, heat shock, chemotherapeutic
drugs, and radiation [12, 72–75].

Consistent with a role for S1P in carcinogenesis, SPL
expression is altered in a number of cancers. SPL expression
and enzyme activity are downregulated during intestinal
tumorigenesis in APCMin/+ mice and in tumors from colon
cancer patients [11]. While this may be an indirect result of
the dedifferentiation of neoplastic tissues that normally
express high SPL levels, it nonetheless influences local S1P
levels and can thereby promote inflammation and carcino-
genesis as described below. Downregulation of SPL expres-
sion has also been reported in prostate cancer and oral
squamous cell carcinoma (OSCC) [74, 76]. In contrast,
upregulation of SGPL1 mRNA has been reported in OSCC,
hepatocellular carcinoma, and ovarian cancer [77–79]. The
etiology of this finding and its impact on carcinogenesis
remain to be clarified.

S1P serves as a muscle trophic factor that enables efficient
muscle regeneration. SPL is dynamically upregulated in
skeletal muscle after injury but is otherwise undetectable
in resting skeletal muscle [13]. We have further shown that
S1P activates quiescent satellite cells (SC) via an S1PR2/
STAT3/Rac1-dependent pathway, thereby facilitating skele-
tal muscle regeneration [13]. Upregulation of SPL and a
decrease in S1P have also been observed in the skeletal
muscle of mdx mice, a model for muscular dystrophy.
Administration of THI to mice through drinking water
raised skeletal muscle S1P levels, enhanced SC recruitment,
and improved mdx skeletal muscle regeneration [13].

SPL has been implicated in various lung diseases such as
acute lung injury, pulmonary fibrosis, pulmonary arterial
hypertension, and cystic fibrosis [80–82]. Suppression of
SPL activity by THI reduces lipopolysaccharide-induced lung
injury and inflammation in mice [82]. SPL deficiency in the
hematopoietic compartment leads to monocytosis, impaired
chemokine-induced monocyte trafficking, and monocyte
differentiation into macrophages with a proinflammatory
phenotype. Collectively, these effects result in an attenuated
atherogenic response in low-density lipoprotein (LDL)
receptor knockout (KO) mice with hematopoietic SPL defi-
ciency [19]. S1P has been shown to promote cardiomyocyte
survival and contribute to ischemic preconditioning. SPL
activity is increased in heart tissue after ischemia, and mice
heterozygous for an SGPL1 null allele exhibit reduced infarct

size and increased functional recovery compared to wild-type
mice [15]. Billich et al. generated inducible SGPL1 KO mice
exhibiting partial reduction of SPL activity. These mice are
protected from neurological injury in the EAE model of
multiple sclerosis, and the finding was associated with
reduced T cell immigration into the central nervous system
(CNS) [18].

SPL also plays an important function in host-pathogen
interactions. Legionella pneumophila is an intracellular
pathogen that can cause severe pneumonia in humans. In
L. pneumophila, SPL (LpSpl) has been identified as an effec-
tor protein that is translocated into the host cell by the
pathogen’s Dot/Icm type IV secretion system. LpSpl targets
the host sphingolipid metabolic pathway and reduces
sphingosine levels leading to inhibition of macrophage
autophagy [53, 83]. Recently, two secretory isoforms of
SPL were identified and characterized in Burkholderia pseu-
domallei and Burkholderia thailandensis, facultative intra-
cellular bacteria. SPL-deficient mutants of Burkholderia sp.
displayed impaired intracellular replication in murine mac-
rophages [84, 85]. The findings suggest that the bacterium
secretes SPL to remove host-generated intracellular S1P,
which somehow facilitates its survival and replication.

Recently, inherited recessive mutations in SGPL1 have
been linked to human diseases representing unique inborn
errors of metabolism in four separate studies [20, 21, 86, 87].
The disease-causing mutations are truncating, nonsense
mutations or missense mutations in highly conserved coding
regions associated with cofactor binding and catalytic activity.
Lovric et al. identified nine different recessive mutations in
patients affected with steroid-resistant nephrotic syndrome
(SRNS) [86]. All the detected mutations led to reduced or
undetectable levels of SPL protein and undetectable enzyme
activity in the affected patients’ fibroblasts. SGPL1mutations
were associated with SRNS and facultative ichthyosis, adrenal
insufficiency, immunodeficiency, and neurological defects
[86]. Janecke et al. identified two homozygous truncating
mutations in associationwith congenital nephrotic syndrome,
adrenal calcifications, and hypogonadism [20]. Prasad et al.
identified four homozygous SGPL1 mutations that were
associated with SRNS, ichthyosis, primary hypothyroidism,
neurological symptoms, and cryptorchidism [21]. In a sepa-
rate study, mutations in SGPL1 were found in association
with two patients presenting with an atypical form of axonal
peripheral neuropathy [87]. SGPL1 knockout mice have been
shown to recapitulate the main characteristics of the human
disease with abnormal adrenal and renal morphology [21].
Vascular alterations were present in a patient’s renal biopsy,
in line with changes seen in SGPL1 knockout mice that are
compatible with a developmental defect in vascular matura-
tion, a classical function of S1P [20]. Podocytes are known
to exhibit S1PRs, and as components of the glomerular filtra-
tion barrier, they could exhibit increased sensitivity to circu-
lating S1P levels, especially under conditions of reduced SPL
activity. Two recent reports from the van Echten-Deckert
laboratory also point to complex mechanisms by which
SGPL1 disruption influences CNS biology, one involving a
product of the reaction (ethanolamine phosphate) affecting
autophagy in neurons and another showing SPL loss which
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causes S1P accumulation, leading to calcium changes in neu-
rons thereby inducing ubiquitin proteasome-mediated
effects. These studies show the many ways in which disrup-
tion of the final enzyme of sphingolipid metabolism can
cause phenotypes [88, 89].

3.4. Functions of SPL Products. Although most of the func-
tions and phenotypes associated with SPL and its deficiency
have been attributed to its regulation of S1P levels, there is
evidence that the products of the reaction catalyzed by SPL
may have additional biological functions [24]. For example,
these products have been shown to promote cell prolifera-
tion through an S1P-independent pathway in F9 embryonal
carcinoma cells [90]. Trans-2-hexadecenal induces cytoskel-
etal reorganization and modulates histone acetylation pat-
tern thereby inducing the transcription of inflammatory
cytokines [23, 24]. Furthermore, trans-2-hexadecenal reacts
readily with deoxyguanosine and DNA to produce the
diastereomeric cyclic 1,N(2)-deoxyguanosine adducts 3-(2-
deoxy-β-d-erythro-pentofuranosyl)-5,6,7,8-tetrahydro-8R-
hydroxy-6R-tridecylpyrimido[1,2-a]purine-10(3H)one and
3-(2-deoxy-β-d-erythro-pentofuranosyl)-5,6,7,8-tetrahydro-
8S-hydroxy-6S-tridecylpyrimido[1,2-a]purine-10(3H)one
[91]. Trans-2-hexadecenal forms Michael adduct with glu-
tathione and with seven amino acids [92]. It also binds
directly to Bax, leading to a conformational change in Bax,
resulting in its activation, which induces apoptosis
(Figure 1(b)) [24, 25]. It is not surprising that the long-
chain aldehyde product interacts with many targets, as
aldehydes are known to interact with proteins, nucleic
acids, and carbohydrates. Ethanolamine derived from the
SPL reaction was shown to be required for stationary
phase differentiation and virulence in Leishmania [22].
Unlike other organisms that depend on sphingolipid
biosynthesis and degradation for signaling and membrane
structure/function, this organism depends on sphingolipid
degradation primarily as its major route for ethanolamine
synthesis. This raises the possibility that inhibiting SPL
could be a useful strategy for the treatment of this
parasitic disease.

4. Regulation of Lymphocyte
Trafficking by S1P/S1PR1

S1P signaling has emerged as a central mediator of the traf-
ficking of hematopoietic cells including lymphocytes, NK
cells, neutrophils, dendritic cells (DCs), macrophages, hema-
topoietic progenitors, and mast cells [93–102]. Most evidence
points to the role of S1P signaling in the control of hemato-
poietic cell egress from bone marrow, tissues, and lymphoid
organs. However, there are instances where S1P signaling
also regulates the entry of cells into the parenchyma, such
as T cell entry into inflamed tissues [103]. S1PRs are
expressed in all recognized immune cell types, although each
cell type expresses only a subset of S1PRs. S1PR1 is expressed
in most immune cells, whereas S1PR5 is expressed primarily
by DCs and NK cells. S1PRs appear to have unique cell-
specific functions. S1PR1 is most widely recognized for its
crucial role in T and B lymphocyte trafficking, including

the egress of mature T cells from the thymus and peripheral
lymphoid organs [26].

4.1. S1PR1 Signaling and Recycling in T Cell Egress. Early
thymic progenitor cells originating in the bone marrow enter
the thymus at the corticomedullary junction and move into
the cortex where they differentiate into T cell receptor-
(TCR-) expressing CD4+CD8+ double-positive (DP) thymo-
cytes (Figure 3). DP thymocytes undergo positive selection, a
process in which thymocytes with inefficient T cell receptors
are culled. Surviving thymocytes differentiate into semima-
ture CD4 or CD8 single-positive (SP) cells that express
CCR7. This population migrates to the medulla to undergo
negative selection, a process in which thymocytes with self-
recognizing T cell receptors are culled [104, 105]. The small
number of semimature cells that have survived both positive
and negative selections upregulates the transcription factor
Krüppel-like factor 2 (KLF2), which promotes the transcrip-
tion of S1pr1 as well as other genes involved in homing,
including CD62L [106, 107]. Klf2 itself is also transcription-
ally regulated by several factors including Foxo1 and PI3K/
Akt [108, 109]. Activation of cell surface-localized S1PR1
by S1P enables the mature T cells to egress the thymus and
enter the circulation via blood vessels located at the cortico-
medullary junction (CMJ) [3, 110]. Binding of S1P to S1PR1
on mature T cells activates RhoA GTPase and induces
polarization of the actin cytoskeleton, as well as integrin
clustering and activation. Mst1 and Mst2 kinases regulate
the activation of RhoA and the migratory responses of SP
thymocytes [111, 112]. Mst1/Mst2 kinases appear to act
downstream of S1PR1 and upstream of RhoA, as mice lack-
ing both kinases exhibit a block in thymic egress and show
defects in RhoA activation and polarization of the actin
cytoskeleton [112].

S1pr1 mRNA expression is upregulated as thymocytes
mature. A 50-fold increase is observed between DP and SP
stages, while a 30-fold increase has been noted between
immature and mature SP stages [26]. A defect in T cell egress
and a concomitant depletion of mature T cells in the
periphery has been noted in mice lacking S1pr1 or Klf2 in
T lymphocytes [26, 106, 113]. Conversely, in a gain-of-
function approach, either premature expression of S1PR1
in immature thymocytes or S1PR1 expression in thymo-
cytes lacking Klf2 was sufficient to drive their egress from
the thymus, confirming that S1pr1 is the main target of
KLF2 needed for thymic egress [98].

Membrane expression of S1PR1 is negatively regulated
by CD69, a lymphocyte activation marker. CD69 directly
interacts with S1PR1 in a conformation that mimics some
aspects of the ligand-bound state and promotes internaliza-
tion and degradation [114, 115]. Mature SP cells express
intermediate levels of CD69, but S1P signaling causes rapid
downmodulation of surface CD69 [116]. Surface expression
of S1PR1 on T cells is exquisitely sensitive to exposure to
S1P. Nanomolar concentrations of S1P are sufficient to
induce S1PR1 internalization. In response to persistent S1P
signal, S1PR1 present on the T cell plasma membrane is
phosphorylated by GPCR kinase-2 (GRK2) [117, 118].
Grk2-deficient T cells are resistant to S1P-mediated S1PR1
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downmodulation even at micromolar concentrations [118].
S1PR1 phosphorylation recruits β-arrestins that dissociate
the receptor from heterotrimeric G proteins, leading to
receptor desensitization by terminating the signaling cascade.
Recruitment of arrestins also causes S1PR1 internalization
via clathrin-mediated endocytosis. Internalized S1PR1 can
be degraded or recycled back to the cell surface. Binding of
S1P to S1PR1 triggers activation of G proteins, thereby
leading to effector function, but it also leads to receptor endo-
cytosis [119, 120]. Receptor internalization through endocy-
tosis and subsequent recycling is thought to be essential for
restoring the responsiveness of S1PR1 [121, 122].

It has been proposed that the S1PR1 receptor desensitiza-
tion (termination of S1P signaling) occurs via a GRK2-
mediated pathway, whereas resensitization (recycling of
S1PR1) occurs via dynamin 2-dependent endocytosis [123].
The in vivo response of S1PR1 appears to vary in different
contexts, namely, in the presence of different concentrations
of S1P. In an S1P-high environment such as the blood,
receptor internalization is followed by its degradation,
thereby terminating S1PR1 signaling and resulting in per-
manent desensitization. In contrast, in an S1P-low environ-
ment such as exit sites in the thymus, S1PR1 internalization
does not trigger its degradation but instead results in contin-
uous signaling via receptor recycling, ultimately facilitating
T cell egress [123]. Both of these pathways are reciprocally
regulated by GRK2 and a GTPase, dynamin 2. Although
dynamin 2 is not required for the termination of S1PR1
signaling, dynamin-dependent endocytosis is required for
S1PR1 resensitization in T lymphocytes. Dynamin 2 may
help in maintaining sustained S1P-S1PR1 signaling in low

S1P environments including the thymic CMJ, where T cells
egress into the blood [123]. Mice lacking T cell dynamin 2
accumulate mature T cells in the thymus and exhibit pro-
found lymphopenia [123]. Gatfield et al. [124] have shown
that SPL is important for S1PR1 recycling in human umbil-
ical vein endothelial cells by removing S1P from the recep-
tor. Thus, SPL intrinsic to T cells may also be required for
S1PR1 recycling and sustained S1P/S1PR1 signaling in
mature T cells.

4.2. S1P Export and Transport. Erythrocytes and platelets are
major contributors to blood S1P, as both of these cell types
are exposed to circulating sphingosine, contain SphKs activ-
ity, and lack most of the S1P-degrading enzymes [30, 62].
Circulating S1P is cleared rapidly; the half-life of albumin-
bound S1P in blood is ~17min. S1P in the lymph is produced
by radiation-resistant cells of nonhematopoietic origin,
presumably lymphatic endothelial cells [125–127]. Mice
lacking both isoforms of SphK in hematopoietic cells have
undetectable S1P levels in plasma and lymph and exhibit a
block in T cell egress from the thymus and lymph nodes
[127]. Restoration of S1P content in the plasma of Sphk
knockout mice (by infusion of erythrocytes from wild type-
mice) rescued their lymphopenic phenotype by permitting
thymic egress. These experiments confirm the requirement
of plasma S1P for thymic egress [127].

After synthesis, S1P can be exported from the cell
(Figure 2). S1P is an amphipathic molecule that requires
facilitated export. The ATP-binding cassette (ABC) family
of transporters including ABCA1, ABCC1, and ABCG2 has
been shown to export S1P [128–130]. Erythrocytes and
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Figure 3: Egress of mature thymocytes from the thymus. Double-positive (DP) CD4+ and CD8+ thymocytes migrate from the thymic cortex
to the medulla, where they differentiate into CD4+ and CD8+ single-positive (SP) thymocytes. As these cells mature, they express S1P lyase
(SPL) and the transcriptional factor KLF2. The latter leads to increase transcription of its target gene, s1pr1, resulting in a high expression of
surface S1PR1. Perivascular and endothelial cells in the corticomedullary region secrete S1P. Thymic dendritic and medullary thymic
epithelial cells remove extracellular S1P by irreversible degradation or dephosphorylation to sphingosine, respectively. The resulting small
S1P gradient interacts with the S1PR1 on the mature thymocytes. Prior to exit, S1PR1 receptors undergo multiple cycles of internalization
to finally exit into the blood where there is a high S1P concentration. The high S1P concentration leads to S1PR1 permanent
internalization and degradation.
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endothelial cells export S1P constitutively in a stimulus-
independent manner. In contrast, mast cells and platelets
secrete S1P in a stimulus-dependent manner and require
the activity of ABCC1- and ABCA-like transporters, respec-
tively. Another important regulator of extracellular S1P is
the transporter Spns2, which has been shown to control
S1P levels in the plasma and lymph by regulating S1P release
from endothelial and lymphoendothelial cells [54, 131–133].
Global Spns2 KO mice phenocopy S1pr1 KO mice and
exhibit a block in thymic egress and lymphopenia. Further-
more, Spns2-mediated export of S1P from endothelial cells
is required for producing the S1P gradients required for the
egress of B and T lymphocytes from the bone marrow and
thymus, respectively [134, 135]. Once in the extracellular
space, S1P can bind and activate the S1PRs present on neigh-
boring cells (paracrine action) or on the same cell (autocrine
action). The latter mechanism is also known as “inside-out
signaling” [35].

In the blood, most of the plasma S1P is transported
bound to high-density lipoprotein (HDL) (50–60%). The
remaining part binds to albumin (30–40%), LDLs (∼8%),
and very low-density lipoproteins (2-3%). Apo M (ApoM),
a lipocalin protein, is the carrier of S1P in HDL (Figure 2).
ApoM acts as an S1P chaperone andmay additionally protect
S1P from degradation and facilitate its presentation to
receptors [125, 136]. Albumin-bound S1P and free S1P
are susceptible to degradation, whereas HDL-bound S1P
is more stable [125]. Levels of free S1P may be at least 40
times lower than the total S1P concentrations [125]. Many
of the beneficial effects of HDL have been ascribed to its
ApoM-S1P component [137].

4.3. Role of the S1P Gradient in Thymic Egress. Any chemo-
tactic signal requires the presence of a chemical gradient in
the local environment and a cellular receptor that senses
that chemical gradient and stimulates reorganization of
the cellular cytoskeleton, enabling movement toward or
away from the gradient. A requirement for SPL and an
S1P gradient in regulating T cell egress was first revealed
by Schwab and colleagues [14]. They showed that pharma-
cological inhibition or genetic disruption of SPL causes
~1000-fold elevation in thymic S1P levels and disturbs the
S1P gradient between parenchyma and the exit site, leading
to a block in T cell egress [14, 70]. Immunosuppressant
drugs such as FTY720 and THI work precisely by disrupt-
ing S1P signaling [14, 28, 138, 139]. FTY720 is a prodrug
that is phosphorylated in vivo by SphK2 to become the
active drug. The phosphorylated form, which is an analog
of S1P, behaves as a super ligand; it tightly engages and
sequesters S1PR1, 3, 4, and 5, thus inhibiting any down-
stream signaling. THI, on the other hand, inhibits SPL
and prevents S1P degradation, thereby leading to increases
in intracellular and extracellular S1P levels (Figure 2) [14].
Both drugs prevent the exit of T and B cells from secondary
lymphoid organs and the thymus [28, 138, 139].

The S1P signal for T cell egress is produced on the front
end via the synthesis and export of S1P by neural crest-
derived pericytes surrounding thymic vascular endothelial
cells [98]. We have recently shown that thymic dendritic cells

(DCs), located at the CMJ, are responsible for maintaining
the gradient at the back end, that is, by continuously degrad-
ing S1P in the thymic parenchyma, as described in detail
below [140]. Endothelial cells also contribute to the S1P
gradient by transporting S1P into the extracellular space via
the Spns2 (Figure 2) [134]. Interestingly, endothelial cells
may regulate the S1P gradient by removing extracellular
S1P via dephosphorization through LPP3 [45]. Medullary
thymic epithelial cells (TECs) described below also contrib-
ute to the low thymic S1P levels by transiently removing
S1P through LPP3 (Figure 3).

4.4. Dendritic Cell SPL Generates the Chemotactic Gradient
Essential for Thymic Egress. In the thymic tissue, SPL is
predominantly expressed in stromal cells called TECs
[61, 141]. To ascertain the role that SPL in the TEC compart-
ment might play in regulating T cell egress, we used cre/lox
technology to generate mice in which SGPL1 is disrupted
only in TECs. Surprisingly, we found that transgenic mice
lacking TEC SPL exhibit normal T cell development, normal
thymic S1P levels, appropriate levels of S1PR1 expression on
mature T cells, and normal T cell egress [140]. Thus, despite
the high SPL content in TECs, SPL activity intrinsic to TECs
does not contribute appreciably to T cell egress.

Besides TECs, the thymus is largely comprised of endo-
thelial and hematopoietic cells. To determine if SPL expres-
sion in endothelial and/or hematopoietic cell compartments
is required for thymic egress, transgenic mice lacking SPL
in these compartments (SPLMx1KO mice) were generated.
When these mice are induced with polyinosinic:polycytidylic
acid, SGPL1 is disrupted in their spleen, blood, and liver.
Deletion of SPL in hematopoietic and endothelial compart-
ments using this strategy resulted in a twofold increase in
CD4SP and CD8SP, as well as a fivefold increase in mature
CD4SP and mature CD8SP T cells in the thymus. A concom-
itant depletion of CD4+ and CD8+ T cells was noted in the
blood, lymph, spleen, and mesenteric lymph nodes. SPL dele-
tion in hematopoietic and endothelial cells led to a marked
increase in thymic S1P levels, accompanied by a decrease in
the surface expression of S1PR1 in mature CD4SP cells
[140]. These findings indicated that SPL is required in hema-
topoietic cells, endothelial cells, or both to establish the S1P
gradient and to facilitate egress of mature T cells. Colocaliza-
tion studies revealed that SPL is expressed in endothelial
cells. We disrupted SGPL1 in vascular and lymphatic endo-
thelial cells through targeted recombination, and the result-
ing mice exhibited normal thymic egress and normal
numbers of lymphocytes in the blood and secondary lym-
phoid organs. Furthermore, we did not observe significant
differences in thymic S1P levels or surface expression of
S1PR1 on mature CD4SP T cells between mice lacking endo-
thelial SPL and control mice [140].

To confirm that SPL is required in the hematopoietic cell
compartment to support T cell egress, we performed bone
marrow (BM) reconstitution experiments. When irradiated
SPLMx1KO mice were transplanted with the BM from wild-
type mice, their thymic egress block was relieved, and they
were no longer lymphopenic. Conversely, BM transplanta-
tion from SPLMx1KO mice to wild-type mice recapitulated
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the thymic egress defect. These data demonstrated that SPL
expression in a cell type of hematopoietic origin must be
required for egress [140].

To determine if SPL activity intrinsic to T cells enables
their egress, we disrupted SGPL1 in thymocytes at the DP
stage. SGPL1 disruption in T cells resulted in modest accu-
mulation of T cells in the thymus and an increase in thymic
S1P levels but did not phenocopy the severe thymic egress
defect and peripheral lymphopenia observed in SPLMx1KO

mice [140]. This suggested that T cell SPL contributed to
their egress but was not the primary compartment in which
SPL generates the S1P gradient. Besides thymocytes, three
other hematopoietic cell types are present in the thymus,
namely, B cells, macrophages, and DCs. SPL deletion in mac-
rophages and B cells resulted in no effect on thymic S1P
levels, S1PR1 expression, or T cell egress, suggesting that
SPL in these cells is not required for the maintenance of the
S1P gradient.

DCs are found in the thymic medulla and at the CMJ
[98, 142]. We observed SPL expression in thymic DCs. To
investigate whether DC SPL was required for egress,
SPLDCKO mice lacking SPL specifically in DCs were gener-
ated. SPLDCKO mice exhibited prominent retention of SP
cells and mature T cells in the thymus, were lymphopenic,
and exhibited markedly high thymic S1P levels. Further,
their mature T cells showed a decrease in surface expression
of S1PR1 [140]. In a rescue experiment, mice lacking SPL in
DCs were injected with wild-type DCs. These DCs with
normal amounts of SPL homed to the thymus of recipient
mice and restored lymphocyte egress [140]. These surprising
cumulative observations show that thymic DCs, which
constitute only a small percentage of thymic stromal cells,
are the main metabolic gatekeepers of thymocyte egress.

To ascertain how DCs lower extracellular S1P levels to
produce the gradient, we exposed bone barrow-derived
DCs (BMDCs) to radiolabeled S1P in vitro. BMDCs could
take up extracellular S1P in an S1PR-dependent manner that
was blocked by treatment with FTY720. Collectively, these
findings demonstrate that DCs play a central role in thymic
egress by producing the S1P chemotactic gradient at the
CMJ. Prior to this study, thymic DCs were recognized
primarily for their role in negative selection and central
tolerance. This is the first time thymic DCs have been shown
to contribute to thymocyte egress by generating a localized
S1P gradient (Figure 3).

One important question raised by our findings is whether
DCs circulating throughout the body modulate their SPL
expression or activity in response to environmental condi-
tions such as infection, inflammation, and exposure to toxic
stimuli. If so, can those DCs influence thymic output in
response to these events in the periphery? Other S1P-
metabolizing enzymes such as LPPs and ceramide synthase
2 have also been shown to regulate thymic S1P levels and
thereby influence T cell egress [45, 143]. Why are so many
enzymes required to maintain the S1P gradient? Are there
other localized gradients that are required to sustain T cell
egress from the thymus? Is the S1P gradient dynamically reg-
ulated? New methodologies may be required to answer some
of these questions. Fortunately, elegant systems including

reporter mice have recently been developed to facilitate the
detection of S1P signaling footprints and signaling in real
time in murine tissues [144]. With this novel approach, it
may be possible to assess whether S1P gradients are dynam-
ically regulated within tissues, orchestrating the movements
of many cells simultaneously.

5. S1P Signaling and Inflammation

S1P has been implicated as a critical factor in the signaling
and biological functions of inflammatory mediators such as
lipopolysaccharide (LPS), tumor necrosis factor- (TNF-) α,
and interleukin- (IL-) 1β. Through the activation of its
receptor, TNF-α induces the recruitment of TNF receptor-
associated factor 2 (TRAF2), an E3 ubiquitin ligase that
activates I kappa B kinase proteins, which results in NFκB
signaling through the canonical pathway. Alvarez et al.
demonstrated that intracellular S1P generated by SphK1
binds to TRAF2 and acts as its cofactor [145]. This study
revealed the role of intracellular S1P generation in the acti-
vation of the canonical NFκB signaling pathway. In a model
of bronchial asthma, S1PR2 activation by S1P increased the
expression of the chemokine (C-C motif) ligand- (CCL-) 3
through the activation of NFκB and STAT3 signaling path-
ways [146]. Administration of JTE013, a specific S1PR2
inhibitor, reduced both NFκB and STAT3 activations
resulting in decreased CCL3 expression. STAT3 can be acti-
vated through S1PR1 signaling following S1P stimulation.
We showed that when SPL is silenced in mouse embryonic
fibroblasts, extracellular S1P activates STAT3 through an
S1PR1-dependent pathway, resulting in decreased expression
of the antioncogene CYLD, a negative regulator of NFκB
[147] (Figure 4). In a mouse model of chronic colon inflam-
mation, Nguyen et al. demonstrated that the increased
STAT3 signaling in epithelial cells under inflammatory
conditions was a result of S1P-dependent activation of
S1PR1 [148] (Figure 4). By activating epithelial STAT3,
S1P signaling promoted higher expression of proinflamma-
tory cytokines including IL-17 and IL-6 and decreased the
expression of CCL19, CCL28, and RANTES, which are reg-
ulatory T cell (Treg) recruiters and, therefore, have anti-
inflammatory functions. Flow cytometry analysis of the
inflamed colon under these conditions showed increased
recruitment of cytotoxic CD8+ T cells and reduced recruit-
ment of Tregs [148]. CD8+ T cells are thought to play a key
role in promoting tissue damage to the colonic epithelium
and are associated with enhanced inflammation in patients
suffering from IBD [149]. Tregs suppress the activity of
CD8+ T cells by affecting granule exocytosis, thereby ren-
dering T cells unable to kill their target cells [150]. This
study illustrates the role of the S1P/S1PR1/STAT3 axis in
the regulation of colitis. These examples demonstrate that
S1P signaling contributes to the inflammatory processes
mainly through the activation of two key proinflammatory
transcription factors, NFκB and STAT3.

5.1. SPL Regulation of Inflammatory Signaling. SPL is crucial
for attenuating S1P signaling and its effect on inflammatory
pathways. Mice with an inactive SPL gene (SGPL1) die soon
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after weaning and have high levels of circulating and tissue
S1P leading to increased levels of proinflammatory cytokines
(TNF, IFN-γ, MCP-1, and IL-6) and upregulation of genes
associated with acute-phase response (SAA1, SAA3) in the
liver [151]. Similarly, a role for SPL has been established in
cardiomyocytes in a study of mice treated with the SPL inhib-
itor THI [152]. The mice treated with THI have higher levels
of S1P in cardiac tissue resulting in aggravated pathological
cardiac remodeling after myocardial infarction. In this
context, S1P activation of S1PR1 activated both NFκB and
STAT3 pathways increasing the expression of proinflamma-
tory cytokines TNF-α and IL-6, which could be reverted by
blocking S1PR1 with the inhibitor W146. These studies high-
light an anti-inflammatory role for SPL. However, a recent
paper from Ebenezer et al. demonstrated a proinflammatory

role for SPL [23]. In an in vitro model of LPS-induced lung
inflammation, the authors demonstrated that the end prod-
ucts of S1P degradation by SPL (trans-2-hexadecenal and
phosphoethanolamine) modulated the histone acetylation
profile in a different way than that mediated by nuclear S1P
produced by SphK2 [23]. Blocking SPL resulted in modified
HDAC acetylation patterns and decreased secretion of pro-
inflammatory cytokines normally induced following LPS
treatment in lung endothelial cells. These results are in
accordance with a paper by Zhao et al. showing that intra-
tracheal instillation of LPS to mice increased the levels of
SPL leading to decreased levels of S1P in the lung tissue
which ultimately resulted in lung inflammation and injury.
Inhibiting SPL with THI had a protective effect resulting in
less lung inflammation and injury. The increased lung S1P
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Figure 4: STAT3/S1P/S1PR1/SPHK1/SPL-positive feed-forward loop promoting CAC. In a chronic inflammatory milieu, STAT3 is
persistently activated through two pathways. (1) SphK1 produces S1P which when kept intracellular can activate the NFκB pathway
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amplification loop, permitting the persistent STAT3 activation, which is involved in cell transformation and tumor progression. Bent
arrows indicate transcriptional regulation.
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level attenuated phosphorylation of p38-MAPK and I-кB,
IL-6 secretion, and endothelial disruption normally attrib-
uted to LPS treatment [82].

These studies indicate that manipulating SPL and S1P for
therapeutic purposes may represent some challenges. Both of
these targets control cell survival, barrier function, epigenetic
gene regulation, and inflammatory signals that may protect
tissues and help maintain tissue homeostasis in the face of
acute insults but may induce injury when sustained. Colitis
and CAC are well-established examples of how tissue
homeostasis can be lost in the face of chronic inflammatory
signaling. The above findings highlight the need for further
exploration of the best ways to target the S1P pathway thera-
peutically in a disease-dependent context.

5.2. S1P and Inflammation-Associated Cancer. Patients
suffering from chronic inflammation and other autoimmune
diseases are at higher risk of developing cancer than the gen-
eral population [153]. The mechanism for this observation
has not been fully elucidated, although many potential
explanations have been proposed as elegantly reviewed by
Elinav et al. [154]. It is thought that in the inflamed tissue,
the production of reactive oxygen species by immune cells
induces DNA damage. This insult is combined with an
inflammatory milieu containing cytokines that stimulate cell
survival and proliferation, primarily through the activation
of the transcription factors NFκB and STAT3. The activation
of these two signaling hubs by S1P can result in a change in
the cell’s genetic program that facilitates cell transformation
and the acquisition of the cancer phenotype. S1P levels are
high in chronic inflammation, and several studies have
confirmed the role of S1P in the development of cancer.
Lee et al. showed a positive feed-forward loop implicating
STAT3 and S1P/S1PR1 signaling pathways in carcinogenesis
and metastasis using mice bearing urothelial carcinoma
MB49 or melanoma B16 tumor cells [155] (Figure 4). The
mutual coactivation of these pathways results in the persis-
tent activation of STAT3 which promotes carcinogenesis
by upregulating the expression of IL-6 and additional factors
involved in tumor growth and metastasis. The most well-
established examples of S1P’s role in inflammation-
associated cancer are in the context of CAC. Nguyen and
colleagues demonstrated that when chronic inflammation
is present, increased IL-6 expression leads to persistent acti-
vation of intestinal epithelial STAT3, which regulates S1P
production through SphK1 [148] (Figure 4). As mentioned
earlier, the resulting imbalance of cytotoxic CD8+ T cells
versus Treg cells intensifies intestinal inflammation, thus
promoting tumor progression and malignancy. Liang et al.
also demonstrated that colonic inflammation could lead to
CAC through a positive-feed forward loop linking persistent
STAT3 activation and S1P/S1PR1 signaling [156] (Figure 4).
Consistent with previous studies, they showed that SphK1
and S1PR1 expressions were increased in colitis and CAC,
concomitant with an increased level of tissue S1P. They went
further to show that both extracellular and intracellular S1P
contributed to the development of tumorigenesis. They
showed that extracellular S1P activated STAT3 through
S1PR1 in a Src-dependent manner. By activating NFκB,

intracellular S1P resulted in increased expression of both
IL-6 and TNF-α, which led to further STAT3 activation
and activation of SphK1. In a CAC mouse model, treatment
with FTY720 to block S1PR1 activation reduced both upre-
gulations of S1PR1 and SphK1 in the carcinomas.

5.3. SPL Regulation of Inflammation-Associated Cancer.
Studies from our group demonstrated that SPL expression
is high in the intestinal epithelium but downregulated in
murine adenomas and human colorectal cancers [11, 61].
This finding, combined with a growing appreciation for the
key role S1P signaling plays in colon cancer [156–159],
prompted us to investigate the potential effect of gut epithe-
lial SGPL1 disruption on the development of CAC. Toward
that end, we generated an inducible intestinal epithelium-
specific SPL KO mouse (SPLGutKO) using Cre/lox technology
[10, 147]. SPLGutKO mice showed an 8-fold increase in S1P
levels in the small intestine and colon tissues, whereas plasma
S1P levels were unchanged, demonstrating that the SPLGutKO

mouse is a good model system for testing the effects of
localized S1P accumulation on intestinal biology. There were
no obvious changes in gut epithelial architecture, weight, lit-
ter size, or life span in SPLGutKO mice compared to “floxed”
littermates lacking the Cre Tg used as controls. However,
when SPLGutKO mice were treated with dextran sodium sul-
fate (DSS) to induce a chemical colitis, they developed more
severe colitis than the controls, with shortened colon length,
increased disease activity, and higher levels of tissue S1P
compared to DSS-treated controls. When SPLGutKO mice
were treated with both the carcinogen azoxymethane and
DSS to induce CAC, they exhibited an increased suscepti-
bility to CAC compared to controls [147]. The SPLGutKO

mice exhibited reduced survival and an increased intensity
of disease. They also exhibited increased levels of plasma
and tissue cytokines including TNF-α, IL-1β, and IL-6.
Importantly, these mice also were found to have higher per-
centages of Th17 cells and increased number of macro-
phages than controls. Th17 cells and STAT3-mediated
inflammation correlate with autoimmune diseases like
experimental autoimmune encephalitis and colitis [160,
161]. In SPLGutKO mice, the number of tumors per mouse
was higher than in controls, whereas tumor size and grade
were unaffected. However, using Ki67+ staining, we observed
a higher number of proliferating cells in the region surround-
ing the tumors in the SPLGutKO mice. This finding prompted
us to hypothesize that SPL deletion promotes an early step of
the carcinogenic process, such as cell transformation. Studies
by Hua Yu and colleagues that had linked S1P to STAT3 sig-
naling in 2010 prompted us to examine this pathway in
SPLGutKO mice (Figure 4). We found that STAT3 phosphor-
ylation was increased in SPLGutKO mice compared to control
mice. In addition, the STAT3 target genes c-Myc, Mcl-1, and
S1pr1 as well as Sphk1 were all increased in the nontumor
colon tissue of SPLGutKO mice compared to controls [147].
STAT3 is a transcription factor for multiple genes associated
with inflammation and tumor progression, but it is also an
important transcription factor for micro RNAs (miRNAs).
Iliopoulos et al. demonstrated that persistent STAT3 activa-
tion leads to inflammation and cancer by increasing the
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expression of miR-181b1 and miR-21 which silence two
tumor-suppressor genes Cyld and Pten, respectively [162].
PTEN is a phosphatase that acts by suppressing PI3K signal-
ing, whereas CYLD is an ubiquitin ligase that acts by inhibit-
ing NFκB signaling. We found that expressions of miR-181b
and miR-21 were elevated, whereas their target proteins
CYLD and PTEN were diminished in SPLGutKO mice colons
compared to those of control mice. The increased susceptibil-
ity of SPLGutKO mice to tumorigenesis was rescued by the
administration of the STAT3 inhibitor NSC 74859. We then
examined the impact of SPL silencing in mouse embryonic
fibroblasts (MEFs) harboring either functional or nonfunc-
tional STAT3. SPL silencing in MEFs resulted in an increase
in the expression of the Spns2 and a concomitant increase in
the extracellular levels of S1P. Moreover, MEFs lacking SPL
proliferated faster than those with wild-type SPL and formed
tumors when injected subcutaneously in NOD/SCID mice,
but only in the presence of wild-type STAT3 and not in its
absence. These results combined with our in vivo findings
confirmed that SPL silencing renders cells susceptible to cell
transformation in a STAT3-dependent manner [147].

Our findings raise additional questions that will require
further study. What is the role of SPL contained within other
immune cells that are implicated in the development of
CAC? Why did we observe an increased number of macro-
phages in SPLGutKO mice suffering from CAC? This is
important, as tumor-associated macrophages are known to
play a key role in maintaining the tumor microenvironment
suitable for neoplastic transformation [163]. It will also be
important to determine how the inflammatory milieu, oxi-
dant stress, diet, and the microbiome affect SPL expression
and activity, since gut epithelial SPL and these environmen-
tal factors all influence the susceptibility to colitis and CAC.

6. SPL as a Therapeutic Target for
Inflammatory Diseases

In the past three decades, S1P signaling has been associated
with numerous inflammatory diseases such as psoriasis,
asthma, rheumatoid arthritis, multiple sclerosis, and inflam-
matory bowel disease [164]. As novel molecules targeting the
sphingolipid pathway components are developed and proven
efficacious in preclinical models of inflammatory diseases, as
recently reviewed by Park and Im [165], they are moving
forward into clinical trials in various disease contexts. In
addition to S1P receptor agonist and antagonists [2], SPL
inhibitors represent potential treatment options for inflam-
matory disorders such as multiple sclerosis, rheumatoid
arthritis, and inflammatory bowel disease. SPL has a dual role
in inflammation. Inhibition of SPL enzyme activity by a
pharmacological agent for a short time could inhibit inflam-
mation by blocking the entry of T lymphocytes to the site of
injury/damage. In contrast, a sustained decrease in SPL
enzyme activity or SPL deficiency will increase S1P levels
and thereby may activate NFκB and STAT3 transcription
factors. Both of these transcription factors are known to
induce the gene expression of proinflammatory cytokines.

Genetic evidence suggests that partial SPL inhibition
may be beneficial in several inflammatory conditions. For

example, partial SPL deficiency provides protection in
EAE in mice [18]. SPL-deficient mice exhibit reduced
migration of T cells into the CNS [18]. Thus, similar to
FTY720, SPL inhibitors could have utility in the treatment
of multiple sclerosis. THI, a component of caramel color
III, inhibits SPL enzyme activity in vivo but not in vitro.
Until recently, the mechanism by which THI inhibits
SPL was not clear. Ohtoyo and colleagues revealed that
orally delivered THI is metabolized in vivo by the gut
microbiome [166]. They showed further that key metabo-
lite of THI, which they synthesized and named A6770, is
phosphorylated by cells and inhibits SPL in vitro and
in vivo [166]. We have confirmed the activity of A6770
as an SPL inhibitor in vitro, as well as the loss of THI-
mediated lymphopenia by pretreatment with antibiotics to
deplete the gut microbiome (our unpublished observations).
Lexicon Pharmaceutical Inc. has developed several inhibitors
of SPL including LX2931, LX2932, and LX3305. These com-
pounds, which are THI analogs, were shown to inhibit
inflammatory responses in animal models of rheumatoid
arthritis, multiple sclerosis, and transplantation [167]. Unfor-
tunately, LX3305 did not show promising results in phase II
clinical trial in rheumatoid arthritis patients receiving
methotrexate [168]. However, considering that methotrex-
ate is an antibiotic that interferes with bacteria’s ability to
synthesize folate, it is likely that this drug combination
abrogated the impact of LX3305 on SPL and, consequently,
on inflammation.

Several other examples of the impact of SPL inhibition
on inflammation are instructive. A mouse model of cystic
fibrosis exhibited reduced levels of S1P in the lungs. Oral
treatment of these mice with LX2931 raised S1P levels in
the tissues and reduced lung inflammation by decreasing
the levels of inflammatory cytokines [80]. Sepsis is a sys-
temic inflammatory response to pathogens and a leading
cause of hospital-related mortality worldwide. Administra-
tion of 4-deoxypyridoxine (DOP), a nonselective inhibitor
of SPL, ameliorated morbidity, improved recovery from
sepsis in surviving mice, and reduced sepsis-induced hypo-
thermia. Treated mice also showed reduced bacterial burden
in the liver, although not in the blood [169]. NK cells have
been shown to localize in the medullary region of lymph
nodes, and an S1P gradient is required for the proper local-
ization of NK cells to this site [170]. This raises the possibil-
ity that SPL could be targeted in cancer for control NK-cell
mediated tumor cytotoxicity. In fact, a recent study supports
this notion [171]. Complete deficiency of SPL could enhance
transformation and cause severe complications similar to
those observed in patients with SGPL1 mutations. However,
partial SPL inhibition with small molecule inhibitors may be
beneficial in certain contexts, especially using short-term or
periodic administration.

Identification of SPL as a promising therapeutic target for
inflammatory diseases has intensified interest in the identifi-
cation of small molecules that modulate its activity. To facil-
itate testing of a large number of compounds, newer high
throughput methods are being developed. Kashem et al.
developed a high-throughput scintillation proximity assay
to screen SPL inhibitors [172]. The major limitation in the
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development of novel SPL inhibitors is the lack of a crystal
structure for human SPL. In order to overcome this problem,
bacterial SPL from Symbiobacterium thermophilum has been
mutated, which would facilitate structure-based designing of
novel SPL inhibitors [173]. Recombinant StSPL has been
shown to degrade extracellular S1P in vivo [60]. Thus, StSPL
may be used as an enzyme replacement therapy for patients
with SPL deficiency, suffering from nephrotic syndrome,
adrenal insufficiency, and neurological problems, and for
patients with fibrotic kidney disease.

7. Conclusion

In conclusion, SPL is a ubiquitously expressed enzyme that is
essential for maintaining S1P chemotactic gradients that
enable T cell egress and other aspects of hematopoietic cell
trafficking. In addition, SPL appears to regulate S1P/STAT3
signaling in the context of intestinal inflammation, colitis,
and the development of CAC. In addition to its influence
on S1P signaling, SPL generates unique products that exhibit
biological activities and control upstream sphingolipid inter-
mediates, since SPL represents the only exit point for the
entire sphingolipid degradative pathway. As such, SPL mod-
ulation has pleiotropic effects, and mutations in human
SGPL1 are associated with a variety of disease states including
but not limited to immunodeficiency. Future studies involv-
ing SPL-deficient patients and their biological samples and
utilizing SPL inhibitors, model organisms, and global, par-
tial, targeted, and inducible mouse models of SPL deficiency
will help clarify the role of SPL in physiology, disease,
and therapeutics.
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Neutral sphingomyelinase is known to be implicated in growth arrest, differentiation, proliferation, and apoptosis. Although
previous studies have reported the involvement of neutral sphingomyelinase in hippocampus physiopathology, its behavior
in the hippocampus during Parkinson’s disease remains undetected. In this study, we show an upregulation of inducible
nitric oxide synthase and a downregulation of neutral sphingomyelinase in the hippocampus of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine- (MPTP-) induced mouse model of Parkinson’s disease. Moreover, the stimulation of neutral
sphingomyelinase activity with vitamin 1,25-dihydroxyvitamin D3 reduces specifically saturated fatty acid sphingomyelin by
making sphingomyelin a less rigid molecule that might influence neurite plasticity. The possible biological relevance of the
increase of neutral sphingomyelinase in Parkinson’s disease is discussed.

1. Introduction

Neuroinflammation was described to be involved in the
pathogenesis of Parkinson’s disease [1]. It has been previously
demonstrated that in 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine- (MPTP-) induced mouse model of Parkinson’s
disease (PD), the midbrain is characterized by an overex-
pression of e-cadherin and interleukin-6 accompanied by
a reduction of tyrosine hydroxylase for dopamine synthesis

[2]. On the other hand, in MPTP-induced Parkinson,
the increase in proinflammatory cytokines was attenuated
by using FK506, an immunosuppressant drug [3]. Castro-
Hernández et al. demonstrated that MPTP-induced dopami-
nergic damage had time-dependent effects; the neurotoxic
effect was evident mainly in the ventral region of the hip-
pocampus [4]. Recently, an age-dependent hippocampal
volume loss with cognitive impairment was shown in patients
with PD [5]. Lipopolysaccharide-induced neuroinflammation

Hindawi
Mediators of Inflammation
Volume 2017, Article ID 2470950, 8 pages
https://doi.org/10.1155/2017/2470950

https://doi.org/10.1155/2017/2470950


changed the lipid composition of hippocampal plasma
membranes from rats [6], and modulation of neuroinflam-
mation by sphingolipids has been described [7]. Glucocor-
ticosterone induced the release of ceramide into the
extracellular space of the hippocampus, by reducing neuro-
nal stem cell proliferation [8]. Ceramides are a class of
sphingolipid, produced by sphingomyenase (SMase) and
de novo synthesis that regulate various cell functions such
as proliferation, differentiation, senescence, apoptosis,
autophagy, migration, and intracellular trafficking [9]. Neu-
tral SMase (nSMase)/ceramide pathway was described to be
involved in hippocampus inflammation during ischemia-
associated neuronal damage [10]. The inhibition of nSMase
activity reduced ceramide accumulation in astrocytes and
alleviated neuronal damage [10]. Moreover, the SMase
inhibited the ligand binding function of serotonin1A recep-
tors [11] and reduced M1 muscarinic receptors [12] in the
hippocampus. The hydrolysis of sphingomyelin (SM) with
production of sphingosine-1-phosphate increased hippo-
campal neuron excitability [13]. So far, there are no data
on nSMAse in the hippocampal neuroinflammation in
PD. Here, we have investigated the possible variation of
nSMase in relation to the inducible nitric oxide synthase
(iNOS) in the hippocampal dentate gyrus of mice with
MPTP-induced PD. Our results showed reduction of
nSMase. As in the adult dentate gyrus neurogenesis occurs
[14], we used 1,25-dihydroxyvitamin D3 (VD3) that
induces cell differentiation via nSMase [15, 16] to stimulate
nSMase in embryonic hippocampus cells. Then, we studied
the variations of SM species in order to understand the pos-
sible importance of the reduction of nSMase in PD.

2. Methods

2.1. Animals. Ten- to twelve-week-old male C57BL/6J mice
weighing 25–30 g (CERJ, France) were used as previously
reported [2]. Mice were kept in a temperature-controlled
room (23°C± 1°C) under a 12-hour light/dark cycle with
access to food and water ad libitum. Animal treatments were
performed according to ethical regulations and guidelines
(Guide for the Care and Use of Laboratory Animals, NIH
publication number 85-23, revised 1985) and the European
Communities Council Directive 86/609/EEC. Experimental
protocols were performed following the French national
chart for ethics of animal experiments (articles R 214-87 to
126 of the “Code rural”) and received approval from the eth-
ical committee number 5 “Charles Darwin” and from the
ICM animal care and use committee.

2.2. Reagents. Anti-nSMase and anti-NOS2 (M-19) were
from Santa Cruz Biotechnology Inc. (California, USA).
SDS-PAGE molecular weight standard was from Bio-Rad
Laboratories (Hercules, CA, USA). VD3 was obtained
from DBA Italia (Segrate, Milan, Italy). Dulbecco’s modi-
fied Eagle’s medium (DMEM), bovine serum albumin,
tetramethylrhodamineisothiocyanate-conjugated goat anti-
rabbit IgG, and MPTP-HCl were from Sigma Chemical
Co. (St. Louis, Missouri, USA). Lipid standards 16:0SM,

18:1SM, and 24:0SM were purchased from Avanti (Avanti
Polar, Alabaster, AL, USA).

2.3. MPTP Injection and Tissue Preparation. Animals were
treated as previously reported [2]. Groups of mice (n = 5)
received MPTP under an acute protocol. Mice were given
4 i.p. injections of MPTP-HCl 2 hours apart and at a dose
of 20mg/kg (free-base). They were euthanized 7 days after
the last MPTP injection. Control mice received an equivalent
volume of 0.9% NaCl solution. Removed brains were post-
fixed overnight in fresh 4% paraformaldehyde (PFA)/phos-
phate-buffered saline (PBS) solution, cryoprotected with
30% sucrose in 0.1M PB and frozen in isopentane (−30°C).
Brain free-floating sections (20 μm thick) encompassing the
hippocampus were prepared using a freezing microtome
(Microm, Germany). Sections were stored at −70°C until use.

2.4. Immunofluorescence. The cryostat sections were incu-
bated overnight with 3% (w/v) bovine serum albumin
(BSA) and 1% (w/v) glycine in PBS to block nonspecific sites
as previously reported [17]. Then, sections were incubated
with anti-iNOS or anti-nSMase primary antibodies diluted
1 : 100 in 3% (w/v) BSA in PBS for 1 hr, washed three times
in 0.1% (v/v) Tween-20 in PBS and two times in PBS, incu-
bated with tetramethylrhodamineisothiocyanate-conjugated
anti-rabbit IgG for 1 h, diluted 1 : 50 in 3% (w/v) BSA in
PBS, and washed as above. The samples were mounted in
80% (w/v) glycerol, containing 0.02% (w/v) NaN3 and p-
phenylenediamine (1mg/ml) in PBS to prevent fluorescence
fading. The antibody incubations were done in a humid
chamber at room temperature. Fluorescent analysis was per-
formed on a DMRB Leica epi-fluorescent microscope
equipped with a digital camera.

2.5. Cell Culture and Treatments. Immortalized hippocampal
neurons HN9.10e (kind gift of Dr. Kieran Breen, Ninewells
Hospital, Dundee, UK) were cultured as previously reported
[16]. VD3, dissolved in absolute ethanol as a vehicle at the
100 nM physiological concentration, was added to the cul-
tures for 48 h; in control samples, only absolute ethanol was
added [16]. The cells were used in part for the analysis of total
protein content, in part for enzyme activity assay, and in part
for lipidomic analysis of SM.

2.6. Protein Content. Total protein concentration was evalu-
ated spectrophotometrically at 750nm by using albumin
bovine serum as a standard, as previously reported [18].

2.7. Enzyme Activity Assay. Enzymes involved in ner-
vous cell differentiation (nSMase) [16] and lysosomal
enzymes involved in nervous cell damage such as acid
sphingomyelinase (aSMase), β-hexosaminidase, α-fucosi-
dase, β-mannosidase, α-mannosidase, β-galactosidase, and
β-glucocerebrosidase [19, 20] were assayed. The nSMase
activity was measured as previously reported [21]. Briefly,
14C–SM (final specific activity 1.08 Ci/mol) was used as sub-
strate. The reaction mixture contained 0.1M Tris/HCl
pH7.6, 0.1mM 14C–SM, 6mM MgCl2, 0.1% Triton X-100,
and 100 μg protein to a final volume of 0.1ml. Incubations
were performed at 37°C for 45min. 2ml chloroform and

2 Mediators of Inflammation



methanol (2 : 1) were used to stop the reaction, and 0.4ml
of 0.5% NaCl was added. Samples were centrifuged at
2000 rpm 10min, and 0.5ml of the upper phase was diluted
in counting vials with 10ml Ecoscint A and 1ml distilled
water; radioactivity was measured with a Packard liquid scin-
tillation analyzer. The aSMase activity was measured as previ-
ously reported [22]. Briefly, the substrate was prepared as
nSMase. The reaction mixture contained 1mM EDTA,
pH5.0, 0.1mM 14C–SM, 250mM sodium acetate, 0.1% Triton
X-100, and 100 μg protein of NFL or nuclei to a final vol-
ume of 0.1ml. Conditions of incubation and radioactive
analysis were performed as nSMase. The β-hexosaminidase,
α-fucosidase, β-mannosidase, α-mannosidase, β-galactosi-
dase, and β-glucocerebrosidase enzymatic activities were
determined with the corresponding fluorogenic substrate
and reaction buffer, as previously reported [20]. The fluores-
cence was measured on a BMG Labtech FLUOstar OPTIMA
fluorometer (excitation wavelength = 360nm; emission wave-
length = 446nm).

2.8. Ultrafast Liquid Chromatography Tandem Mass
Spectrometry (UFLC-MS/MS). Lipids were extracted, and
16:0SM, 18:1SM, and 24:0SM standards were prepared as
previously reported [23]. Analysis was carried out by using
ultrafast liquid chromatography system tandem mass spec-
trometer Applied Biosystem (Shimadzu Italy s.r.l., Italy),
and 16:0SM, 18:1SM, and 24:0SM species were analyzed by
using external calibrators and identified as previously
reported [23]. All SM species were analyzed by identifying
the peaks on the basis of their molecular weight by using
standards as references [24].

2.9. Statistical Analysis. Three experiments were performed
for each analysis. Data are expressed as mean± S.D., and
t-test was used for statistical analysis between control
and experimental samples.

3. Results and Discussion

3.1. Results. iNOS inflammatory cytokine has been reported
to be highly expressed in striatum and substantia nigra of
animals with PD [25]. As the hippocampus is damaged
during PD [4, 5], we analyzed the difference of iNOS
expression in sections of hippocampus from normal and
MPTP-induced Parkinson mice. We showed dentate gyrus
by using DAPI signal (blue) in the nuclei, and we focused
the attention on the corner region (Figure 1). Immunofluo-
rescence staining with the anti-iNOS antibody (red) and
merged with DAPI (blue) revealed the higher expression of
iNOS in experimental than in control animals (Figure 1).
Since the iNOS function in inflammation is well established,
our results confirmed the neuroinflammation in the dentate
gyrus of the hippocampus from PD mice. In order to deter-
mine the relative contribution of nSMase during neuroin-
flammation in PD, the expression of nSMase protein was
measured in the same samples. The merged image with DAPI
signals (blue) in the nuclei and nSMase (red) showed a strong
reduction of nSMase in experimental sample. Consistent
with a significant role for SM in the brain [26], as SMase is

the enzyme that catalyzes SM hydrolysis, these data indi-
cated that nSMase could have a role in the dentate gyrus
function. At this moment, we do not have data about
the activity of nSMase in the hippocampus of the control
and PD-induced mice. Future studies will clarify this
point. Therefore, we then wondered what was the effect
of nSMase stimulation on the SM of hippocampal cells.
For this purpose, we conducted an in vitro study by using
VD3 that both stimulates nSMase activity and induces differ-
entiation of HN9.10e embryonic hippocampus cells [15, 16].
It would be very useful in the future to mimic the in vivo sit-
uation of PD mice by using HN9.10e cells after having
silenced nSMase expression. Physiological doses of VD3
[16] significantly increased nSMase activity following treat-
ment for 48h (Figure 2(a)). Then, we wanted to determine
if the elevations in enzymatic activity were specific for
nSMase or if it was a general response of the enzymes impor-
tant for the brain function regulation. Thus, enzyme activities
of aSMase, β-hexosaminidase, α-fucosidase, β-mannosidase,
α-mannosidase, β-galactosidase, and β-glucocerebrosidase
were quantified in untreated and VD3-treated HN9.10e
cells. The activity of all these enzymes remained unchanged
(Figures 2(a) and 2(b)). The experimental results revealed
that nSMase was specifically stimulated by VD3. Thus, we
hypothesized that its increase in activity could change the
SM profile. To test this hypothesis, we performed the anal-
ysis of SM species by UFLC-MS/MS. The results showed
that VD3 decreased 1.2-fold the amount of 16:0SM, and
1.70-fold that of 24:0SM (Figure 3(a)). To have a deeper
insight in SM species containing saturated or unsaturated
FAs, we evaluated the areas of all the peaks identified on
the basis of their molecular weight and analyzed their
values in relation to protein content. Significant decrease
in the levels of saturated molecular species was found for
16:0SM, 18:0SM, 20:0SM, 22:0SM, 24:0SM, and 26:0SM,
and significant increase was found for unsaturated molecu-
lar species 16:3SM, 16:4SM, 18:1SM, 20:4SM, 24:3SM,
26:2SM, and 26:3SM (Figure 3(b)). Then we compared
the changes in the total levels of SM species containing sat-
urated and unsaturated FAs. As reported in Figure 3(c), the
SM saturated FAs decreased and SM unsaturated FA
increased in VD3-treated cells compared with control cells.

3.2. Discussion. SMase is an indispensable enzyme for the
brain and plays an important role in signal transduction
pathways by regulating the level of SM and ceramide spe-
cies involved in physiological functions and pathological
diseases. A wide variety of studies has noted the diversity
of nSMase and aSMase functions during brain develop-
ment/stem cell differentiation and ischemic/degenerative/
stress responses [26, 27]. Recent evidence has highlighted
the role of nSMase in the physiopathology of the hippo-
campus [10–12]. The involvement of the hippocampus in
PD has been recently described [4, 5]. Yao et al. suggested
that hippocampal pathology makes a key contribution to
visual hallucinations in PD [28]. How hippocampus is
damaged in PD remains unclear. As we know that iNOS
is induced by inflammatory cytokines [25], we hypothe-
sized a neuroinflammation in the hippocampus of PD
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mice. At this point, the possible role of the nSMase down-
regulation in neuroinflammation remains obscure. Until
now, little is known about the specific nSMase role on
hippocampus health and/or disease. Gu et al. demon-
strated a considerable production of ceramide in astrocytes
during early cerebral ischemia accompanied by the induc-
tion of nSMase but not aSMase in the rat hippocampi,
with ceramide accumulation [29]. Also, Babenko and Sha-
khova reported that the nSMase, but not the aSMase,
increased in both the hippocampus and brain cortex dur-
ing aging, suggesting that redox-sensitive nSMase played
an important role in SM turnover dysregulation in both
the hippocampus and neocortex at old age [30]. The

authors thus indicated the increase of nSMase as an
adverse event. However, Norman et al. highlighted that
nSMase increased action potential frequency in hippocam-
pal neurons with a rapid increase in the levels of cera-
mides and S1P indicating the positive regulation of the
excitability of hippocampal neurons via nSMase [13].
Thus, at this point, the work on the topic is scarce and
the positive or negative role of the nSMase in the different
experimental conditions is discordant. Interestingly, we
used VD3 to stimulate nSMase activity in HN9.10e embry-
onic hippocampus cultured cells in order to study the spe-
cific role of this enzyme in the hippocampus. The lack of
involvement of aSMase, β-hexosaminidase, α-fucosidase,

iNOS

CTR

nSMase

CTR

Treated Treated

Figure 1: Hippocampus of untreated (control) or MPTP-treated (experimental) mice. The samples were treated as reported in Material and
Methods. (c) DAPI fluorescence image of the dentate gyrus of the hippocampus (10x magnification); in the square, detail enlarged in the
images of CTR (control) and Treated (experimental). (a, d) iNOS and (b, e) nSMase (100x magnification oil immersion)
immunofluorescence. The images represent the merged signals with DAPI signals (blue) in the nuclei and immunolabelling with anti-
iNOS or anti-nSMase (red).
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β-mannosidase, α-mannosidase, β-galactosidase, and β-
glucocerebrosidase in the VD3 response was consistent
with observations suggesting the specificity of nSMase role
in the hippocampus [13, 29, 30]. Thus, previous studies
were in line with our findings and therefore we have
considered a suitable experimental model to use VD3 to
potentiate the specific activity of nSMase and consequently
to study the specific effects on SM species of HN9.10e.

Notably, our results indicate that the increase of
nSMase activity reduces specifically saturated fatty acids
and consequently reduces the ratio saturated/unsaturated
fatty acids of SM. So we think that the mechanism under-
lying the increase in unsaturated fatty acids is not depen-
dent on a transformation of unsaturated to saturated fatty
acids but on a specific action of nSMase on saturated SM.
Since unsaturated fatty acids make the membrane more
fluid [31], we hypothesized that the changes of SM species
might determine enhanced dynamic properties of the cells
that are induced to differentiation by VD3 [32]. Manduca
et al. demonstrated that the inhibition of endocannabinoid

2-arachidonylglycerol (omega 6 fatty acid) degradation is
important for synaptic plasticity in n-3 polyunsaturated
fatty acid-deficient mice [33]. On the other hand, a diet
rich in polyunsaturated fatty acids in mice from the first
day of gestation improves plasticity in the brain of mice
at postnatal day [34]. Thus, another novel finding of our
study is that the reduction of saturated/unsaturated fatty
acid ratio induced by nSMase, by making SM a less rigid
molecule, might influence neurite plasticity. These data
would predict that nSMase stimulation could be useful
for the health of hippocampus in PD.

4. Conclusions

In conclusion, for the first time, we demonstrate that in the
hippocampus from PD-induced mice, the nSMase is strongly
reduced in association with neuroinflammation and that the
increase in nSMase activity following VD3 treatment in
HN9.10e cells decreases specifically only saturated SM.
Collectively, these results place nSMase as an essential
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Figure 2: HN9.10 embryonic hippocampal cells cultured in the presence or the absence of VD3 for 48 h. (a) nSMase and aSMase activity;
(b) β-hexosaminidase (β-hex), α-fucosidase (α-fuc), β-mannosidase (β-mann), α-mannosidase (α-mann), β-galactosidase (β-galact),
and β-glucocerebrosidase (β-gluc) activities. Data are expressed as the mean± S.D. of 3 independent experiments performed in
duplicate. ∗P < 0 001 versus the control sample.
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Figure 3: Sphingomyelin in control and vitamin D3-treated HN9.10 cells after 48 h of culture. (a) SM species studied by using 16:0SM,
18:1SM, and 24:0SM external calibrators. Data are expressed as nmol/mg protein and represent the mean± S.D. of three separated
experiments. (b) SM species studied by evaluating the areas of all the peaks identified on the basis of their molecular weight. Data are
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enzyme for hippocampus function. Further investigation of
the potential roles of nSMase in PD could provide a better
understanding of the biological relevance of its level and
activation in the hippocampus as well as the potential ben-
efits of targeting nSMase with VD3.
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Inflammation is part of our body’s response to tissue injury and pathogens. It helps to recruit various immune cells to the site of
inflammation and activates the production of mediators to mobilize systemic protective processes. However, chronic
inflammation can increase the risk of diseases like cancer. Apart from cytokines and chemokines, lipid mediators, particularly
sphingosine-1-phosphate (S1P) and ceramide-1-phosphate (C1P), contribute to inflammation and cancer. S1P is an important
player in inflammation-associated colon cancer progression. On the other hand, C1P has been recognized to be involved in
cancer cell growth, migration, survival, and inflammation. However, whether C1P is involved in inflammation-associated cancer
is not yet established. In contrast, few studies have also suggested that S1P and C1P are involved in anti-inflammatory pathways
regulated in certain cell types. Ceramide is the substrate for ceramide kinase (CERK) to yield C1P, and sphingosine is
phosphorylated to S1P by sphingosine kinases (SphKs). Biological functions of sphingolipid metabolites have been studied
extensively. Ceramide is associated with cell growth inhibition and enhancement of apoptosis while S1P and C1P are associated
with enhancement of cell growth and survival. Altogether, S1P and C1P are important regulators of ceramide level and cell fate.
This review focuses on S1P and C1P involvement in inflammation and cancer with emphasis on recent progress in the field.

1. Introduction

Sphingolipids and their derivatives are important structural
components of mammalian cell membranes. Sphingolipid
metabolites, particularly ceramide, sphingosine-1-phosphate
(S1P), and ceramide-1-phosphate (C1P), are lipid mediators
that regulate varieties of cellular functions which include cell
growth, survival, migration, immune cell trafficking, angio-
genesis, inflammation, and cancer [1–3]. It is well established
that S1P and C1P are the regulators of sphingolipid rheostat
where they reduce proapoptotic ceramide and enhance
prosurvival signaling [4, 5]. Inflammation forms the basis
of many physiological and pathological processes [6, 7].
Chronic inflammation is associated with asthma, chronic
obstructive pulmonary disease (COPD), obesity, type II
diabetes, autoimmune disorders, inflammatory bowel disease,
and cancer [8, 9]. In response to local tissue damage or infec-
tion, neutrophils, macrophages, and other immune cells are

recruited to the inflamed tissue from the circulation where
they are involved in assisting resolution of inflammation.
These processes are marked by the synthesis and secretion
of cytokines, chemokines, extracellular matrix proteins,
and various lipid mediators including sphingolipid
metabolites. Ceramides are the central sphingolipid metab-
olite known to be part of proapoptotic signaling as well as
inflammatory signaling [10–12]. It has been suggested that
orosomucoid (ORM) (yeast-) like protein isoform 3
(ORMDL3) gene may be linked with susceptibility to
asthma, a chronic airway inflammation and hyperactivity
condition [13, 14]. ORMDL3 yeast ortholog is a negative
regulator of de novo ceramide biosynthesis [15]. However,
we found that high expression of ORMDL3 in lung epithe-
lial cells and macrophages enhances ceramide production,
which promoted chronic inflammation, airway hyper
responsiveness, and mucus production during house dust
mite-induced allergic asthma in a mouse model [16].
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Further, nasal administration of the drug FTY720, an
immunosuppressant agent, reduced ceramide levels by
lowering ORMDL3 expression [16, 17]. In addition, it
was found that ORMDL3 also regulates ceramides during
IL-1β-induced sterile inflammation [17]. Ceramide is
enhanced in response to lipopolysaccharide (LPS), saturated
fatty acids, or TNFα. Ceramide promotes inflammation by
varieties of pathways leading to an enhanced effect of obesity
[12]. Ceramide stimulates the action of protein phosphatase
2 (PP2), which dephosphorylates AKT [18], decreases
survival, and activates Nlrp3 inflammasome to generate
active proinflammatory IL-1β [19, 20]. Initially, it was
experimentally shown that ceramide stimulates Ca2+-depen-
dent cytosolic phospholipase A2 (cPLA2) and generates
cyclooxygenase 2- (Cox2-) mediated prostaglandins in
response to TNFα [21]. However, it has been shown that
ceramide-1-phosphate (C1P), produced by the ceramide
kinase (CERK), activates and translocates cPLA2 more
potently than ceramide to generate prostaglandins and
inflammatory signaling [22]. Growing evidence and few
recent reviews also suggested that sphingosine-1-phosphate
(S1P), produced by sphingosine kinases (SphKs), is a
progrowth and proinflammatory lipid mediator for cancer
progression [10, 23–25]. However, recent data also suggested
that both S1P and C1P might have anti-inflammatory
roles in certain settings. This review focuses on the current
understanding of the role of S1P and C1P in inflammation
and cancer.

2. Sphingolipid Metabolism

The de novo synthesis of sphingolipids in the endoplasmic
reticulum (ER) starts with the action of serine palmitoyl-
transferase (SPT) that forms 3-ketosphinganine from serine
and palmitoyl coenzyme A (CoA). It has been suggested that
SPT activity is negatively regulated by ORMDL proteins [15],
which has been identified as a potential risk factor for child-
hood asthma [14, 16]. 3-Ketosphinganine is converted to
sphinganine by a reductase. Ceramide synthase catalyzes
the incorporation of an acyl group from fatty acyl-CoA to
form dihydroceramide. A desaturase converts dihydrocera-
mide to ceramide by introducing a double bond in positions
4-5 trans (Figure 1). Ceramide is the central sphingolipid of
the sphingolipid metabolism. Ceramide is further converted
to sphingomyelin by sphingomyelin synthase, to glucosylcer-
amide by glucosylceramide synthase to form complex sphin-
golipids, to sphingosine by ceramidase, or to C1P by CERK.
Sphingosine is further converted to S1P by SphKs. S1P can
be converted back to sphingosine by the S1P phosphatase,
or it can be irreversibly degraded by S1P lyase to ethanol-
amine phosphate and hexadecanal (palmitaldehyde). Metab-
olism of ceramide to complex sphingolipids occurs in the
Golgi bodies. Ceramide is delivered to Golgi by ceramide
transport protein (CERT) [26]. C1P is formed in the Golgi
by CERK [27]. Once the C1P is formed, it is delivered to
the plasma membrane for various physiological signaling
processes by the C1P transfer protein (CPTP) [28] or CPTP
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Figure 1: Biosynthesis of ceramide, sphingosine-1-phosphate, and ceramide-1-phosphate (a). Chemical structures of sphingolipids (b).
Ceramide is the central sphingolipid molecule of sphingolipid metabolic pathways. Three major pathways are responsible to produce
ceramide. Ceramide is produced by de novo pathway in the ER with a series of enzymatic reactions. Ceramide is produce from SM by
SMase action. The salvage pathway generates ceramide from sphingosine that generates from the metabolism of complex sphingolipids.
Ceramide is now can be converted to C1P by CERK enzyme. Ceramide can be converted to sphingosine by ceramidase. Sphingosine is
now phosphorylated by sphingosine kinases to form S1P. S1P can be converted back to sphingosine by SPPase or can be irreversibly
broken down by sphingosine phosphate lyase (SPL) to ethanolamine phosphate and 2-trans hexadecenal for phosphatidylethanolamine
and glycerolipids, respectively.
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may transfer C1P to other organelles that are not yet known
(Figure 2). Recently, it has been shown that phosphatidylser-
ine stimulates C1P intermembrane transfer by CPTP [29].
Endocytic vesicular pathways are involved in plasma mem-
brane complex sphingolipid internalization to the lysosomes
where hydrolysis is catalyzed by acid sphingomyelinase
(aSMase), acid ceramidase (aCDase), and glycosidase.
Finally, sphingosine is formed by a salvage pathway for
reutilization into the sphingolipids (Figure 2). SphK1 is
mainly a cytosolic lipid kinase. Once activated by various
extracellular signaling pathways, it gets phosphorylated by
ERK1/2 and translocated to the plasma membrane to form
S1P from sphingosine, which functions as an “inside-out”
signaling or intracellular signaling molecule for several phys-
iological and pathophysiological processes [1, 30, 31]. On the
other hand, SphK2 is localized mainly in the nucleus [32, 33]
and partly in the mitochondria [34] to generate S1P from
sphingosine at these sites.

Sphingomyelin (SM) and ceramide have also been
reported to be present in the nucleus [35–40]. It has been

suggested that sphingomyelin synthase (SMS) activity is
associated with the nuclear membrane and chromatin of rat
liver cells [38, 39]. Nuclear neutral sphingomyelinase-1
(nSMase1) expression has been reported earlier, to metabo-
lize SM to ceramide [40]. Nuclear ceramidase has been
shown to metabolize ceramide to form sphingosine [41]. It
has been also shown that nuclear localized SphK2 forms
S1P from sphingosine [32]. It was thought that CERK at
the Golgi synthesizes C1P and CPTP may transfer C1P to
the plasma membrane and to the other organelles including
nucleus [28]. The CPTP protein is found associated with
the plasma membrane, Golgi, and nucleus [28]. It has been
shown earlier that CERK is associated with nucleus with its
nuclear import signals at the N-terminal and exported to
the cytosol with its nuclear export signals at the C-terminal
[42]. It was also suggested that the defective nucleocytoplas-
mic shuttling mechanism of CERK might be responsible for
retinal degenerative diseases [42]. Recently, mitochondrial
sphingolipid metabolism and its implications to diseases
have been described [43]. Ceramide synthase has been

SM Cer

Sph

S1P

C1P

CerDe novo
pathway

ER

Serine + 
palmitoyl CoA

CERT

Cer C1P
CERK

CERK?

SphK2

CPTP Other organelles?

Golgi

Sph Plasma membraneSM Cer S1P
SphK1CDaseSMase

S1P Paracrine signalingAutocrine signaling

]

Transcription
of genes

Sph

Signals

Mitochondrion
SM

Cer

Sph

S1P
SphK2

nSMase

Lysosome

SM

Cer

Sph

CDase

Respiration
and ETC

GSL

Endocytosis

GCase
aCDase

aSMase

Nucleus Nuc
lea

r e
pig

en
eti

c

sig
nali

ng
nSMase1

CDase

Salvage pathway

SphK1

Intracellular
signaling

S1P

Figure 2: Cellular localization of sphingosine-1-phosphate and ceramide-1-phosphate. ER is the source of ceramide synthesis. Ceramide
translocates to the Golgi by ceramide transport protein (CERT) for the synthesis of C1P by Golgi-localized CERK. Ceramide phosphate
transfer protein (CPTP) was hypothesized to deliver C1P to the other organelles. Ceramide is produced in the plasma membrane, nucleus,
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detected in the mitochondria, indicating the presence of de
novo sphingolipid pathway or salvage pathway to generate
ceramide [44]. Mitochondrion-associated nSMase has been
identified in the outer membrane of mitochondria [45].
Mitochondrial sphingosine has been shown to form S1P by
partially localized SphK2 [34]. An attempt has been taken
to measure sphingolipid metabolites in the tissues isolated
from human breast cancer patients by using liquid
chromatography-electrospray ionization-tandem mass spec-
trometry methods. Data suggested that levels of sphingoli-
pids in breast cancer tissue are generally higher than
normal breast tissue of patients with breast cancer [46].

Taken together, these results suggested that there are
tissue and organelle-specific sphingolipid pools that might
be potential targets for disease treatments.

3. SphK and S1P

S1P is a bioactive lipid mediator for various physiological
processes importantly cancer [1, 2, 25, 47]. The major effects
of S1P on cancers are summarized in Table 1. S1P is formed
intracellularly by two closely related sphingosine kinases:
SphK1 and SphK2. SphK1 is a cytosolic protein and may also
be localized in the endocytic membrane-trafficking network
[48], whereas SphK2 is localized mainly in the nucleus and
may be partly localized in the mitochondria of many cells
[32, 34]. Both kinases are ubiquitously expressed in all the
eukaryotic cells. In most cases, S1P is formed from the cyto-
solic and is exported from cells by a specific transporter.
Extracellular S1P can act on five specific G protein-coupled
receptors (S1PR1-5) for its autocrine and paracrine signaling
for cancer progression [47, 49]. Cytosolic S1P formed by
SphK1 may also act on some recently identified intracellular
targets for its involvement in inflammatory signaling path-
ways before being broken down by S1P lyase. These intracel-
lular targets include TNF receptor-associated factor 2
(TRAF2, an E3 ubiquitin ligase that is a key component of
the NFκB pathway [50]; apoptosis inhibitor cIAP2, an E3
ubiquitin ligase that is a key component of the IRF1-

(interferon-regulatory factor 1-) mediated immune and ster-
ile inflammation) [51]. Nuclear S1P or its mimetic FTY720-
P, generated by SphK2 or enhanced by inhibition of S1P
lyase, directly binds to and inhibits class I histone deacety-
lases (HDACs). This in turn enhances histone acetylation at
the promoter of genes that epigenetically regulate gene tran-
scription to promote cancer progression [32, 52–55], regulate
lipid metabolisms [56], stimulate memory formation in mice
[53], or resolve muscular dystrophy in the dystrophic mouse
[52]. The epigenetic effect has recently been identified as a
coregulator in a murine model of LPS-induced acute lung
injury (ALI) [57]. S1P generated by nuclear SphK2 binds to
hTERT allosterically mimic phosphorylation and maintains
telomere integrity and stability through limiting proteasome
degradation and enhances tumor growth [58]. We have also
demonstrated that a fraction of cellular SphK2 is localized
to the mitochondrial membrane and produces S1P. Mito-
chondrial S1P binds to the scaffold protein prohibitin 2, a
protein that is important for respiration and the assembly
of complex IV. In addition, data from the SphK2−/− mice
revealed that S1P is required for ischaemic pre- and post-
conditioning cell survival as well as cardioprotection
[34, 59]. Mitochondrial S1P also promotes mitochondrial
function in dopaminergic neurons of a mouse model of
Parkinson’s disease [60].

In agreement with previous reports [61] along with our
recent study [62], it was suggested that knockdown of SphK2
with siRNA or inhibition of SphK2 activity with the selective
pharmacological drugs reduces cancer cell growth, migra-
tion, and invasion [61–68], induces apoptosis by accumulat-
ing proapoptotic ceramides [63, 64, 69, 70], and promotes
proteasomal inhibitor-mediated ER stress resulting in
myeloma cell death [71, 72]. In sharp contrast, it has been
recently demonstrated that mitochondrial SphK2 is proa-
poptotic; it produces S1P that is degraded by S1P lyase to
hexadecenal, which then binds to the apoptosis regulator
BAX, promoting its oligomerization and the release of cyto-
chrome c [73]. However, more studies need to be
performed with specific SphK2 inhibitors or mitochondrial

Table 1: Major effects mediated by S1P and C1P in cancer.

Lipids Mechanism Functions References

S1P

(i) Intracellularly, generated S1P secreted out of the cancer cells by
ABCC1 transporter. Extracellular S1P is a ligand for G protein
coupled receptors S1PR1-5

(ii) Intracellular S1P binds and modulates E3 ubiquitin ligases activity.
Mitochondrial S1P binds to prohibitin 2 (PHB2) and regulates
complex IV assembly and respiration. Nuclear S1P binds and
inhibits histone deacetylase 1 and 2 (HDAC 1 and 2) and
epigenetically regulates histone acetylation and transcription of
genes associated with cancer progression

(i) Tumor progression
(ii) Metastasis
(iii) Cancer cell survival
(iv) Cell migration
(v) Angiogenesis
(vi) Inflammation
(vii) Chemokine signaling
(viii) Immune cell trafficking
(ix) Epigenetic regulation

This manuscript
and [145]

C1P

(i) Extracellular C1P is a ligand for unidentified
G protein-coupled receptor

(ii) Intracellular C1P binds and activates cPLA2α
(iii) Intracellular C1P binds CPTP and vesicular trafficking

(i) Tumor progression
(ii) Metastasis
(iii) Cancer cell survival
(iv) Migration and invasion
(v) Inhibition of apoptosis
(vi) Inflammation
(vii) Eicosanoid synthesis
(viii) Macrophage functions

This manuscript and
[32, 50, 51, 54, 62, 81, 128]
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targeted SphK2 that would be beneficial to identify clinically
relevant functions of SphK2. There are ample evidences
suggesting that SphK/S1P signaling pathways are associated
with cancer development and metastasis [47]. Overexpres-
sion of SphK/S1P signaling is often associated with cancer
drug resistance to chemotherapy, radiation therapy, or
hormonal therapies in various types of cancers, including
breast, prostate, multiple myeloma, and pancreatic cancers
[3, 25, 46, 47, 72, 74–77]. Overexpression of SphK1 is associ-
ated with poor survival of triple-negative breast cancer
patients [78–80]. It has been also shown that estrogen-
mediated ER-positive breast cancer cell growth is dependent
on SphK1 [62, 81, 82]. Many growth factors, cytokines, and
hormones activate SphK1 through phosphorylation at the
ser225 residue by active ERK1/2 that facilitates translocation
of SphK1 to the plasma membrane. Extracellular S1P acti-
vates S1RP3 in ER-positive breast cancer cells to promote
tumorigenesis. In ER-negative breast cancer, SphK1 and
S1PR4 are associated to promote tumorigenesis. Despite
abundant reports strongly suggesting that S1P is associated
with cancer progression, few findings obtained with a selec-
tive inhibitor of SphK1 or SphK2 however suggested that they
are not involved in cell growth of cancer cells [79, 83–86].
SphK1 and SphK2 inhibitors and their effects on cancer are
summarized in Table 2. It is important to note that along
with SphK1, SphK2 is overexpressed in many human can-
cers [61, 68, 87–90] and based on its cellular localization it
can function as a pro- or antiapoptotic signaling molecule.

FTY720 (fingolimod), an FDA-approved drug for the
treatment of multiple sclerosis, has beneficial effects in the
CNS that is independent of its effects on immune cell traffick-
ing. We have shown that FTY720 is enriched in the nucleus
and phosphorylated by nuclear SphK2 to form FTY720-P.
Nuclear FTY720-P binds to and inhibits class I histone
deacetylases (HDACs), enhancing specific histone acetyla-
tion, and epigenetically enhances gene expression programs
associated with memory and learning [53]. Our recent study
suggested that nuclear FTY720-P generated from SphK2,
acting as a class I HDAC inhibitor, epigenetically reexpressed
ERα and increased therapeutic sensitivity of ERα-negative
syngeneic breast tumors to tamoxifen [54], indicating that

FTY720 could be a useful anticancer drug. Selective inhibition
of SphK2 by the pharmacological inhibitors such as
ABC294640 and K145 has shown anticancer effects [70, 91].
Furthermore, a phase I clinical study of ABC294640 in
patients with advanced solid tumors has been completed
reporting a partial response in a patient with cholangiocarci-
noma and stable disease with various solid tumors [92].
Within 12 hours of drug administration, changes of plasma
sphingolipids along with decreased level of S1Pwere observed
suggesting that SphK2 is an attractive therapeutic target.

4. S1P as a Biomarker in Cancer Progression

There are few recent reports suggesting the role of S1P as a
biomarker for cancer progression after measuring the blood
levels in human subjects. Plasma S1P levels in ovarian cancer
patients were almost twice as high as in healthy controls [93].
Elevated plasma S1P levels were associated with increased
risk of developing lung cancer [94]. In contrast, plasma S1P
levels of prostate cancer patients were lower than those of
age-matched control and this represents an early marker
for progression to androgen independence [95]. S1P levels
were shown to be also correlated with prostate-specific anti-
gen and lymph node status. The authors suggested that circu-
lating S1P and SphK1 activity in erythrocyte, a major source
of blood-borne S1P, are the novel biomarkers for early-stage
prostate cancer detection [95]. Recently, major alterations of
serum sphingolipid metabolites were investigated in chronic
liver disease and were found to be associated with the stage of
liver fibrosis in corresponding patients. Serum levels of
sphingolipid metabolites showed a significant upregulation
in patients with HCC as compared to patients with cirrhosis.
It was suggested that particularly C16-ceramide and S1P may
serve as novel diagnostic markers for the identification of
HCC in patients with liver diseases [96]. In Japanese patients,
sphingolipid metabolites, including ceramide and S1P, were
measured by LC-ESI-MS/MS comparing normal and breast
cancer tissues. Data suggested that the levels of S1P,
ceramides, and other sphingolipids in the tumor were signif-
icantly higher than the normal breast tissue. It was speculated
that the correlation of S1P levels in the breast cancer tissues

Table 2: SphK1 and SphK2 inhibitors and their effects in cancer.

SphK inhibitors Selectivity Cancer type References

SKI-1 SphK1 Breast cancer, glioblastoma, leukemia, colon cancer
[3, 28, 99, 141, 146,
147, 152, 154, 186]

K-145 SphK2 Leukemia, breast cancer [81, 128, 192]

PF-543 SphK1 Breast, colon, and colorectal cancer, leukemia [62, 91]

ABC294640 SphK2
Liver, breast (ER+, ER−), pancreas, bladder, prostate, colorectal, colitis-driven
colon, and ovarian cancer, phase I advanced solid tumors, multiple myeloma,

cholangiocarcinoma, lung cancer
[62, 83, 193–195]

SKI-II and
ABC294735

SphK1 and SphK2 Kidney and pancreatic adenocarcinoma [66, 70, 92, 196–203]

DMS SphK1 and SphK2 Breast, lung, and colon cancer, hepatocellular carcinoma, gastric cancer [204, 205]

SG-12 and
SG14

SphK2 Cervical cancer [62, 206–209]

Safingol SphK1 and SphK2 Phase I with cisplatin in advanced solid tumors [65, 210]
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implies a role of S1P in interaction between cancer and the
tumor microenvironment [46]. Another study from the same
group also suggested that the levels of S1P in Japanese
patients are associated with the clinical parameters in human
breast cancer. Levels of S1P in breast cancer tissues were
found significantly higher in patients with high white blood
cell count in the circulating blood. In contrast, S1P levels
were found lower in patients with human epidermal growth
factor receptor 2 overexpression and/or amplification. How-
ever, there was no difference of S1P levels in the breast cancer
tissues based on the expression status of ER or PgR. Another
important observation from this study was that patients with
lymph node metastasis, one of the major determinants of
clinical staging and prognosis, showed significantly higher
levels of S1P in tumor tissues than the patients with negative
nodes [97]. S1P levels in the breast cancer tissues were corre-
lated with higher expression levels of active SphK1 (S225-
pSphK1). However, S1P levels were not associated with
tumor size, cancer aggressiveness evaluated pathologically
by nuclear grade, cancer cell proliferation quantified by
Ki67 staining, or lymphatic invasion [97].

5. Role of S1P in Inflammation and Cancer

S1P signaling pathways have been implicated in inflamma-
tion and cancer [77, 98]. Many studies have demonstrated
that varieties of cytokine and growth factor signaling activate
SphK1 and produced S1P that are important for inflamma-
tory processes [1]. In fibroblasts and A549 lung adenocarci-
noma cells, S1P induced cycloxygenase2 (COX2) and
prostaglandin E2 (PGE2) production [99, 100]. Earlier stud-
ies also suggested that basal and activated SphK1 signaling by
IL1-β and TNFα is important for survival and inflammatory
signaling in A549 cells [101]. Furthermore, it was shown that
S1P-induced COX-2 expression and PGE2 /IL-6 generation
were mediated through S1PR1/3/c-Src/PYK2/p42/p44
MAPK- or JNK1/2- and S1PR1/3/c-Src/p38 MAPK-
dependent AP-1 activation in human tracheal smooth
muscle cells [102]. Additionally, preventing S1P using siRNA
against S1P lyase/phosphatase resulted the increased produc-
tion of COX2 and PGE2 in response to TNFα [103], further
implicating the key role of S1P in those pathways [103]. More
recent studies have suggested that TNFα-mediated activation
of SphK1 is crucial for TRAF2-mediated K63 polyubiquityla-
tion of RIP1, a key step in NF-κB activation and signaling
[50]. However, further studies have demonstrated that
SphK1 is not involved in TNFα-mediated NF-κB activation;
downregulation of SphK1 or SphK1−/− MEFs has rather
enhanced CCL5 expression, while downregulation of SphK2
reduced CCL5 expression without affecting NF-κB [104].
However, a recent study also demonstrated that both SphK1
and SphK2 are not required for TNF-mediated NF-κB
activation and cytokine expression in mouse macrophages.
These cells have increased sphingosine and ceramide levels
due to the knockdown of SphKs [105]. The inflammatory
role of S1P produced by the two lipid kinases SphK1 and
SphK2 in immune cells is not well understood. Some studies
using SphK1−/− mice, elegantly reviewed recently [10], sug-
gested that colonic and synovial inflammation is reduced

following the knockout mice, whereas other studies with
neuroinflammation and lung inflammatory injury by lipo-
polysaccharide have demonstrated that SphK1−/− mice have
increased inflammatory signaling.

The proinflammatory properties of SphK1/S1P are well
documented in a TNFα-induced inflammatory arthritis
mouse model [106–108]. The pro- and anti-inflammatory
responses of S1P have been reviewed extensively elsewhere
[10, 104, 109]. In immunocompromised mouse xenograft
models, it has been shown that selective inhibition of SphK2
diminished NF-κB survival signaling [110], indicating that
SphK2/S1P also regulates NF-κB activity and inflammation.
A SphK2-deficient MCF-7 breast tumor xenograft mouse
model study suggested a role of S1P, generated by SphK2,
in early tumor development affecting macrophage polariza-
tion [111]. Data suggested that tumor-associated macro-
phages (TAMs) in the SphK2-deficient tumors displayed a
pronounced antitumor phenotype, with an increased expres-
sion of proinflammatory markers/mediators such as NO,
TNFα, IL-12, and MHCII and a low expression of anti-
inflammatory IL-10 and CD206 [111]. Potential roles for
S1P in the pathophysiology of the liver have been investi-
gated in several studies. S1P has an inhibitory effect on
hepatocyte proliferation [112, 113] and a stimulatory effect
on hepatic stellate cells [114], which play stimulatory role
in hepatic fibrosis [112]. S1P enhances portal vein pressure
[115]. Further, it was suggested that increased mRNA expres-
sions of SphK1 and S1P lyase and reduced levels of S1P are
associated with progression of hepatocellular carcinoma
(HCC) with poorer differentiation and earlier recurrence
[116, 117]. The findings suggest that SphK1 and S1P lyases
are potential therapeutic targets for HCC treatment. Physio-
logically, the inflammatory role of S1P and its two kinases is
rather complex, cell type specific, and tissue dependent,
which requires further detailed studies.

Recent investigation in a kidney fibrosis model of mice
revealed that SphK2−/− mice have attenuated kidney fibrosis
than wild-type or SphK1−/− littermate mice [118]. SphK2−/−

mouse kidneys exhibited greater expression of Interferon
(IFN) and IFN-gamma-responsive genes (Cxcl9 and Cxcl10)
than those of WT or SphK1−/− mice. This could be due to
the compensatory mechanism of SphK1 or due to the
anti-inflammatory effect of S1P. Another interesting study
demonstrated that SphK2 might be a key component for
the facilitation of nociceptive circuits in the CNS leading
to central sensitization and pain memory formation [119].

It has long been known that S1P is involved at multiple
stages of the asthmatic responses. Inhalation of SphK1 selec-
tive inhibitor or FTY720 attenuates airway inflammation in
an asthmatic mouse model [120, 121]. In mast cells, S1P pro-
duced by the SphKs contributes to inflammatory and allergic
responses [122]. Exogenous S1P-stimulated production and
secretion of cytokines, like TNFα and IL-6, markedly
enhanced the secretion of chemokines, like CCL2/MCP-1,
which are important modulators of inflammation [123]. Fur-
ther studies suggested that S1P/S1PR2 axis regulates early
airway T-cell infiltration in murine mast cell-dependent
acute allergic responses [124]. In sterile inflammation, it is
well established that IRF1 (interferon-regulatory factor 1) is
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essential for IL-1-induced expression of the chemokines
CXCL10 and CCL5, which recruit mononuclear cells into
sites of sterile inflammation. Intracellular S1P synthesized
by SphK1 was required to activate the apoptosis inhibitor
cIAP2 for Lys63- (K63-) linked polyubiquitination of newly
synthesized IRF1 and chemokine synthesis [51]. This study
further strengthens the fact that S1P is important for IL1-β-
mediated sterile inflammatory signals. Our recent work in
Duchenne muscular dystrophy (DMD) model suggested that
delivery of 2-acetyl-5-tetrahydroxybutyl imidazole (THI), a
S1P lyase inhibitor, suppresses dystrophic muscle degenera-
tion. The THI effect further correlated with significantly
increased nuclear S1P, decreased HDAC activity, and
increased acetylation of specific histone residues in mdx
mice. Furthermore, gene expression analysis revealed a
significant THI-dependent decrease in inflammatory genes
and an increase in metabolic genes associated with the
mitochondrial function [52].

It has been suggested that S1P is a procancer signaling
molecule for various types of cancer [47, 61, 125]. Using a
SphK1−/− mouse model, it has been demonstrated that S1P
generated by SphK1 promotes pancreatic cancer progression
[126]. SphK1/S1P is also involved in chronic intestinal
inflammation-associated cancer [127, 128]. Mice lacking
intestinal S1P lyase exhibited greater disease activity of
colitis-associated cancer (CAC); these include colon shorten-
ing, increase of cytokine levels, S1P accumulation, tumor
formation, STAT3 activation, STAT3-activated microRNAs
(miRNAs), and suppression of miR-targeted antioncogene
products [107, 108]. These studies clearly suggested
that S1P is a pro-inflammatory molecule enhancing
inflammation-associated colon cancer. We have shown that
SphK1 is linked with chronic intestinal inflammation to
colitis-associated cancer in a mouse model. SphK2−/− mice
have high expression of SphK1 in the colon tissues and in
the circulation. SphK2−/− mice showed an exacerbated
effect of CAC. Further, SphK1 was linked with NF-κB-reg-
ulated cytokine IL-6, persistent activation of STAT3, and
consequent upregulation of the S1P receptor, S1PR1. We
have shown that FTY720 decreased SphK1 and S1PR1
expression and eliminated the NF-ĸB/IL-6/STAT3 amplifi-
cation cascade and development of CAC [128]. Together,
these data suggested that targeting S1P signaling might repre-
sent a novel strategy in treating inflammation-associated
colon cancer.

6. CERK and C1P

CERK directly phosphorylates ceramide to form C1P. Its
activity is regulated in response to IL-1β and calcium
ionophore A23187 leading to stimulation of arachidonic acid
release and subsequent generation of proinflammatory eicos-
anoids in A549 lung adenocarcinoma cells [129, 130]. This
further suggested C1P as a novel regulator of cell activation
[131]. CERK activity was initially detected in brain tissue
[132] and found to have been ubiquitously expressed in all
the mammalian cells. CERK is a 60 kDa lipid protein that
contains N-terminal myristoylation and pleckstrin homology
(pH) domains, which are required for association with cell

membranes [130]. Further research suggested that CERK is
localized to the trans-Golgi networks with its pH domain
and utilizes ceramide as a substrate which is transported
from the ER to the Golgi by the ceramide transport protein
(CERT) [28]. Once C1P is formed in the Golgi, it can be
transferred to the plasma membrane by a specific C1P
transfer protein (CPTP) [28], probably for its unidentified
autocrine and paracrine signaling. It has been implicated that
determinants for localization of CERK are not solely depen-
dent on its N-terminal pH domain region. It has been
reported that mutation in the pH domain also destabilizes
the enzyme. In addition, leucine 10 in the pH domain of
the CERK seems to play an important role in regulating its
enzymatic activity [133]. CERK activity is regulated by tyro-
sine kinase-mediated pathway, implying active phosphoryla-
tion and dephosphorylation mechanisms to regulate CERK
functions [134]. Another interesting observation suggested
that agonists of nuclear receptor peroxisome proliferator-
activated receptors (PPARS), particularly PPARbeta and
PPARdelta, protect neural cells against ceramide-induced
cell death via induction and activation of CERK [135], indi-
cating CERK involvement in neurodegenerative diseases.
All-trans retinoic acid (ATRA) is an active metabolite of
vitamin A. Retinoids, through their cognate nuclear recep-
tors, exert potent effects on cell growth, differentiation, and
apoptosis and have a significant promise for cancer therapy
and chemoprevention [136]. It has been suggested that
ATRA downregulated CERK mRNA level during ATRA-
induced differentiation of human neuroblastoma cells.
ATRA inhibited transcriptional activity of CERK via regula-
tion of a COUP-TF1 transcription factor, indicating that
CERK/C1P might be an important lipid signaling molecule
for cancer cell survival [137]. The hormonally active
metabolite of vitamin D, 1,25-dihydroxyvitamin D3, is an
important regulator of cell growth and differentiation. 1,25-
Dihydroxyvitamin D3 has been shown to potently inhibit
CERK activity, thus reducing cancer cell growth, again indi-
cating that CERK is a survival kinase for cancer cells [138].
Atopic dermatitis (AD) is a chronic, allergic, and inflamma-
tory skin disease associated with eczema and dermatitis
symptoms. It has been suggested that eriodictyol, a bitter-
masking flavanone extracted from Yerba Santa (Eriodictyon
californicum), potently inhibits CERK expression and
improves atopic dermatitis, a chronic, allergic, and inflam-
matory skin disease in a mouse model [139]. Past few studies
have demonstrated that CERK activation and intracellular
C1P are involved in noncancer and cancer cell growth and
survival. [140–144]. Macrophage-colony stimulating factor
(M-CSF) activates CERK and produces intracellular C1P that
is important for its mitogenic effect on macrophages through
activation of the PI3-kinase/PKB, JNK, and ERK1/2 path-
ways [144]. Exogenous C1P has been shown to stimulate
macrophage motility by a pertussis-toxin-sensitive GPCR
[142], indicating that an extracellular cell surface receptor
of C1P might be involved in cell migration. Recent studies
have shown that exogenous C1P-mediated cell migration
was shown dependent on Gi protein-coupled receptor, indi-
cating unidentified cell surface C1P receptor involvement in
this process [141].
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CERK has also been found to be overexpressed in breast
cancer and associated with poor prognosis [145, 146]. CERK
promotes tumor cell survival and mammary tumor recur-
rence [147, 148]. Originally, CERK/C1P has been shown to
enhance lung cancer cell growth and survival [140]. It has
been demonstrated that CERK/C1P is involved in pancreatic
cancer cell migration and invasion, and survival is dependent
on phosphatidylinositol 3-kinase (PI3K) and ROCK1 path-
ways [141]. C1P has been explained to promote migration
of hematopoietic cells and released as an antiapoptotic mole-
cule when cells are damaged. It is also reported that C1P
regulates migration of multipotent stromal cells and endo-
thelial progenitor cells to the damaged organs that may pro-
mote their vascularization [149], suggesting the role/function
of C1P similar to S1P in regenerative medicine [150]. C1P
also has been shown important for priming of mesenchymal
stromal/stem cells (MSCs) by enhancing their migratory,
self-renewal properties that have implications in pulmonary
artery hypertension patients [151]. Like S1P, C1P is involved
in trafficking of normal stem cells and cancer cells may have
implications in tumor microenvironment and prevention of
cancer metastasis [152]. Both S1P and C1P are strongly
enhanced the in vitro motility and adhesion of human rhab-
domyosarcoma (RMS) cells [153]. Gamma-irradiation or
chemotherapy treatment increased levels of S1P and C1P in
several organs suggesting their association in prometastatic
microenvironment [153]. CERK/C1P is also an important
inducer for proliferation of renal mesangial cells [154], sug-
gesting that CERK inhibition may have therapeutic potential.

7. Role of C1P in Inflammation and Cancer

Originally, it was demonstrated that ceramide kinase (CERK)
produces its product C1P inside the cells and C1P is the
mediator of arachidonic acid (AA) released in cells in
response to interleukin-1β and calcium ionophore [129].
Later, it was found that C1P is a direct activator of group
IV cytosolic phospholipase A2 (cPLA2) [22]. The role of
sphingolipids in cPLA2-mediated AA synthesis and their
involvement in inflammatory disorders have been studied
extensively [155, 156]. Particularly, it has been implicated
that CERK and C1P are required to activate, as well as
translocate cPLA2 from cytosolic compartment to intracellu-
lar membranes such as Golgi bodies to form AA, which is the
substrate for COX2 to form prostanoids in the A549 human
lung carcinoma cell line [22]. Prostanoids are a subclass of
eicosanoids consisting of the prostaglandins, the thrombox-
anes, and the prostacyclins, involved in inflammatory
processes with roles in the pathogenesis of cancer and
inflammatory disorders. The COX-2 pathway of prostanoid
synthesis has already been established as an important thera-
peutic target for the treatment of inflammatory disorders
[157, 158]. Ceramide activates cPLA2 that activates AA
release and is involved in COX2-mediated inflammation.
Further, it was demonstrated that ceramide is a more potent
activator of cPLA2 for AA release and Cox-2-mediated PGE2
formation compared to C1P [99]. It arrears that C1P with
acyl chain length of 6 carbons or more in length is potent
to activate cPLA2 in in vitro enzyme assay condition [159].

In addition to the direct interaction of C1P to the cPLA2, it
has been shown that the activity of PKC isoforms α and δ
is involved in C1P-mediated AA release in murine fibroblasts
[160]. Ubiquitously expressed lipid transfer protein (CPTP)
was shown to transfer C1P between membranes [28]. Crystal
structure analysis demonstrated the specific binding of C1P
with CPTP [28]. It has been implicated that CPTP is a cyto-
solic protein but is associated with Golgi bodies and plasma
membrane. It transfers C1P from trans-Golgi network to
plasmamembrane andmay be to other organelles [28]. Inter-
estingly, depleting CPTP with siRNA elevates steady-state
level of C1P in the Golgi network and stimulates cPLA2
alpha-mediated AA release to activate proinflammatory
eicosanoid production [28]. These observations suggested
that targeting C1P level at the Golgi complex potentially
targets cPLA2-mediated eicosanoid synthesis and related
proinflammatory pathological processes [28]. Interestingly,
S1P has been shown to mediate the effect of cytokines on
COX2 activation and PGE2 production which implicated
that both S1P and C1P are acting coordinately for COX2-
mediated eicosanoid synthesis and inflammatory responses
[99]. C1P increases specifically the transport of P-glycopro-
tein, an ATP-driven efflux pump which regulates the perme-
ability of the blood-brain barrier (BBB) via COX2/PGE2
signaling [161], which offers clinical benefits for drug
delivery to the CNS to modulate neuroprotection [161].

In postoperative ileus inflammation which is character-
ized by intestinal dysmotility, both C1P and S1P levels are
elevated in smooth muscle cells in a rat model [162]. Another
interesting study explained that CERK and its product C1P
are involved in wound healing process, implicating that
mechanical scratch wound stimulated C1P, that enhanced
AA-mediated eicosanoid synthesis for inflammatory
responses in the fibroblast isolated from CERK+/+ mice to
higher level than in fibroblasts derived from CERK−/− mice
[163]. Proper migration of fibroblasts is the important pro-
cess of wound healing; as expected, it was observed that
CERK and its product C1P were absolutely required for
migration of fibroblast for wound healing [163]. CERK has
been speculated to be highly expressed in the CNS (including
the spinal cord) [164]. Pharmacological inhibition of CERK
ameliorated the chronic inflammatory phase of pain induced
by a s.c. injection of formalin on the dorsal side of the hind
paw in rats [164, 165], indicating that CERK might have a
contribution to inflammatory pain. CERK has been shown
to regulate TNF-stimulated NADPH oxidase activity and
eicosanoid biosynthesis in neuroblastoma cells, suggesting
its critical role in CNS inflammation [166].

In addition to these inflammatory processes, C1P has
been implicated in calcium-dependent degranulation and
inflammatory processes in mast cells [167–169]. However,
it has been demonstrated using bone marrow-derived mast
cells (BMMC) isolated from CERK−/− mice that CERK is
not essential for mast cell activation but it might act as a
calcium sensor [170].

Although it has been proposed that CERK and
C1P/cPLA2 activation could be a therapeutic target for
PGE2 involved inflammatory diseases [171]; however,
understanding related to C1P mediated cPLA2 involvement
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in cytokine synthesis is still lacking. Murine arthritis inflam-
mation model has demonstrated that CERK−/− mice are not
protected compared to its wild-type counterparts given the
fact that cPLA2 is an important part of this model [172]. It
might be possible that C1P/cPLA2-mediated inflammation
is cell type specific [173] as it was originally been demon-
strated in A549 lung epithelial cancer cells.

Inflammatory mechanisms are linked with obesity [174]
and associated with the production of proinflammatory cyto-
kines such as IL-6 and TNFα [175, 176]. It was observed that
deletion of CERK suppressed high-fat diet obesity-mediated
inflammatory cytokines IL-6 and TNFα and showed normal
insulin signaling in an animal model [177]. CERK also has
been shown to regulate biogenesis of lipid droplets [178]. It
is well documented in the literature that macrophage infiltra-
tion into adipose tissue is a hallmark in obesity-evoked
inflammation [143]. By using a high-fat diet obesity mice
model, it has also been demonstrated that CERK−/− mice
have reduced macrophage infiltration and MCP-1 signaling
in the adipose tissue, resulting in attenuation of inflamma-
tory responses [177]. Surprisingly, CER−/− animals still have
significant amount of C1P indicating that there might be
alternative pathways to account for the C1P in these animals
[179, 180]. Although such alternative pathways of C1P syn-
thesis could include cleavage of SM by phospholipase D type
SMase (SMase D) activity or transfer of fatty acyl chain to
S1P for the synthesis of C1P [181], these pathways remain
to be discovered.

Recently, C1P in the pathogenesis of cigarette smoke-
triggered pulmonary inflammation and emphysema in
humans and mice has been identified. C1P potently inhibits
cigarette smoke-associated airway inflammation. Specifically,
C1P inhibited both acute and chronic inflammation and
attenuated the development of emphysema potently in a
mouse model of chronic obstructive pulmonary disease
(COPD) [182]. Evidence suggested that C1P may have anti-
inflammatory properties depending on cell types and tissues.
Anti-inflammatory action of C1P in this COPD model was
associated with inhibition of the activity and expression of
N-SMase, NF-κB, and the proinflammatory cytokines TNFα,
IL-1β, IL-6, keratinocyte chemoattractant (KC), and macro-
phage inflammatory protein-2 (MIP-2) in mouse lungs and
human airway epithelial cells and neutrophils [182]. Earlier
studies on macrophages have also demonstrated that exoge-
nous C1P acts as an anti-inflammatory regulator of TNFα
production and NF-κB expression in response to lipopoly-
saccharide (LPS) [183, 184]. More recent studies also support
the fact that exogenous C1P signaling acts as anti-
inflammatory pathways in LPS-induced acute lung injury
mouse model. It has been shown that exogenous C1P in both
in vivo and ex vivo models attenuates LPS-induced lung
injury by preventing NF-κB activation and IL-8 production
in human neutrophils [185]. However, natural sphingolipid
C1P stimulates macrophage function and migration, whereas
synthetic C1P mimic (PCERA-1) suppresses production of
TNFα but enhances anti-inflammatory cytokines such as
IL-10 in response to LPS [186]. This study conveys that exog-
enous natural sphingolipid C1P and synthetic C1P mimic
may act on macrophages via distinct different cell surface

receptors [186]; however, further studies are required to clar-
ify. Exogenous C1P causes upregulation of metalloprotein-
ases (MMP)-2 and −9 in J774A.1 macrophages via PI3K
and ER1/2 pathways [187]. It is established that acid sphin-
gomyelinase (A-SMase) and downstream ceramides are
important players for chronic inflammation of the airways
associated with chronic obstructive pulmonary disease
(COPD) [188]. It is possible that inhibition of A-SMase and
subsequent depletion of ceramide levels by CERK to form
C1P may be beneficial to cure lung inflammatory diseases.
Recently, pro- and anti-inflammatory properties of exoge-
nous C1P are nicely reviewed by many investigators
[148, 179, 181]. Previously, Mitra et al. [140] reported that
exogenous C1P at low concentrations enhanced survival and
proliferationofNIH3T3fibroblasts andA549 lung cancer cells
while at high concentrations reduced survival and induced
apoptosis that is correlated with degradation of C1P to proa-
poptotic ceramide [4, 140].Moreover, CERK is involved in cell
cycle progression induced by epidermal growth factor (EGF)
in lung cancer cells via activation of ERK1/2 [140]. Following
this study many research supported the fact that CERK/C1P
is an important component of survival signaling for cancer
progression [3, 141, 152, 181, 189–191]. Commercially
available ceramide kinase inhibitor NVP-231 inhibits breast
and lung cancer cell proliferation by inducing M phase arrest
and subsequent cell death [146]. CERK signaling has been
shown important for human pancreatic cancer migration
and proliferation suggesting that it is an important pharmaco-
logical target for controlling pancreatic cancer [141].Multiple
studies have suggested that PI3K/AKT and Ras/Raf/MEK/
ERK pathways are involved in CERK/C1P-mediated cell sur-
vival [142, 148, 189]; however, detailed molecular mechanism
of CERK-mediated cell migration, proliferation, and invasion
is not well understood. Gene expression profiles from more
than 2200 patients revealed that elevated CERK expression is
associated with an increased risk of recurrence in womenwith
breast cancer [147]. This study was further validated in a
mouse model and supported that CERK/C1P is important
for breast cancer recurrence. Studies from the same group
along with others supported that CERK expression is
associated with high grade aggressive basal and HER2+ breast
cancer subtypes [147]. It appears that like S1P, CERK/C1P is
also involved in proinflammatory signaling and cancer
progression. Although C1P in certain scenarios acts as an
anti-inflammatory molecule, but in most part, it is speculated
that CERK may be a target for a new anti-inflammatory drug
and probably for inflammation-associated cancer.

8. Conclusions

Although the physiologic roles S1P and C1P are not fully
understood, most evidences suggested that S1P and C1P are
important molecules in inflammation and cancer. The
discovery of intracellular targets of S1P along with its extra-
cellular signaling will provide broad spectrum of research
opportunities to identify the role of S1P as an anti- or proin-
flammatory signaling molecule. The epigenetic role of
nuclear sphingolipids will allow the understanding of the
transcriptional regulation of the synthesis of inflammatory
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cytokines or chemokines. Further research is required to
demonstrate the organelle-specific role of sphingolipids,
which might enlighten additional knowledge to understand
their role in inflammation and cancer. The discovery of
new cell surface receptors for C1P or new organelle-specific
intracellular targets of C1P will identify their precise role in
inflammation and cancer.
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Background. Sphingosine-1-phosphate (S1P) is a biologically active lysophospholipid mediator involved in modulating
inflammatory process. We investigated the effects of FTY720, a structural analogue of S1P after phosphorylation, on lung injury
induced by hindlimb ischemia reperfusion (IR) in rats. Methods. Fifty Sprague-Dawley rats were divided into groups SM, IR, F3,
F5, and F10. Group SM received sham operation, and bilateral hindlimb IR was established in group IR. The rats in groups F3,
F5, and F10 were pretreated with 3, 5, and 10mg/kg/d FTY720 for 7 days before IR. S1P lyase (S1PL), sphingosine kinase
(SphK) 1, and SphK2 mRNA expressions, wet/dry weight (W/D), and polymorphonuclear/alveolus (P/A) in lung tissues were
detected, and the lung injury score was evaluated. Results. W/D, P/A, and mRNA expressions of S1PL, SphK1, and SphK2 were
higher in group IR than in group SM, while these were decreased in both groups F5 and F10 as compared to IR (p < 0 05). The
lung tissue presented severe lesions in group IR, which were attenuated in groups F5 and F10 with lower lung injury scores than
in group IR (p < 0 05). Conclusions. FTY720 pretreatment could attenuate lung injury induced by hindlimb IR by modulating
S1P metabolism and decreasing pulmonary neutrophil infiltration.

1. Introduction

Limb ischemia reperfusion (IR) injury is commonly pre-
sented in restoration of blood flow to previously hypoxic
extremities following severe crush injury, vessel damage,
or some surgical procedures. Limb IR injury is well dem-
onstrated to result in various local and systemic effects,
where the latter could include multiple organ failure ulti-
mately leading to death [1, 2]. Lung tissue is very vulner-
able to activated neutrophils and oxygen free radicals
stimulated by limb IR [3], and lung injury is characterized
by leukocyte infiltration, lung capillary barrier damage,
pulmonary epithelial cell swelling, and apoptosis [4, 5]. How-
ever, the mechanisms involved in this process are compli-
cated; accumulating evidence supports the critical role of
polymorphonuclear (PMN) in the development of lung
injury [6]. Therefore, strategies for limiting pulmonary
PMN sequestration could serve as a promising alternative
therapy to attenuate lung injury induced by limb IR.

Sphingosine-1-phosphate (S1P) is a biologically active
lysophospholipid that is primarily produced by both sphin-
gosine kinase 1 (SphK1) and sphingosine kinase 2 (SphK2)
from sphingosine in response to various cellular stimuli [7],
while its degradation is mainly mediated by S1P lyase
(S1PL). S1PL, a pyridoxal phosphate-dependent enzyme,
could irreversibly cleave S1P into ethanolamine phosphate
and trans-2-hexadecenal maintaining S1P homeostasis. It
has been now suggested that S1P could mediate diverse
biological processes by acting on its receptors in an autocrine
and paracrine manner. Functioning as an intracellular sec-
ond messenger, S1P is associated with cellular proliferation,
lymphocyte emigration, vascular endothelial reorganization,
and apoptosis [8]. Moreover, increasing number of studies
has demonstrated that S1P plays some roles in organ IR
injury [9, 10]. FTY720 (fingolimod), a prodrug with promis-
ing immunoregulatory effect, is a structural analogue of S1P
and could be phosphorylated by Sphk2 into FTY720-P. The
phosphorylated product FTY720-P could bind to S1P
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receptors type 1, type 3, type 4, and type 5 and reduce lym-
phocyte cell trafficking by lymphocyte egress from lymphoid
tissues such as lymph nodes and thymus [11]. It has been
documented that FTY720 could protect organs against IR
injury [12–15], and one of the potential mechanisms by
which FTY720 may have exerted its protective effects was
associated with its ability to reduce neutrophil priming
[12]. However, the effect of FTY720 on lung injury remote
to hindlimb IR remains unknown.

Thus, the purpose of the present study was to evaluate the
treatment of FTY720 on lung injury induced by hindlimb IR
in rats; histological changes, pulmonary water content, and
blood gas analysis were used to assess lung injury; the
PMN/alveolus ratio indicated neutrophil infiltration in lung
tissue; also, the mRNA expressions of S1PL, SphK1, and
SphK2 were measured.

2. Materials and Methods

2.1. Animal Preparation. All experiments were performed in
accordance with the guidelines of the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
All experiment procedures were approved by the Animal
Ethics Committee of Wenzhou Medical University.

Adult healthy male Sprague Dawley (SD) rats weighing
300 to 350 g were obtained from the Animal Experimental
Center of Wenzhou Medical College. Animals were kept
under standard conditions and had free access to standard
rat chow and water ad libitum until the morning of the
experiment. All rats were anesthetized with intraperitoneal
administration of 90mg/kg ketamine and 1mg/kg acepro-
mazine and placed in the supine position. Tracheotomy
was established using a 15-gauge catheter, and a polyethyl-
ene catheter was inserted into the left carotid artery for
direct blood pressure monitoring and blood gas sampling.
A caudal vein was cannulated with a 7-gauge IV catheter
for receiving an intravenous infusion of Ringer’s solution
(5mL·kg−1·h−1). Bilateral hindlimb ischemia was induced
by applying rubber band tourniquets high around each thigh,
and ischemia was verified by disappearance of blood flow sig-
nal with Doppler blood flow meter (ES-1000SPM, Hadeco
Company, Japan). At the end of the 3-hour ischemia, reper-
fusion of the limbs was achieved by releasing the tourniquets
and blood flow signal was regained.

2.2. Experimental Design. Fifty rats were divided into 5
groups, 10 in each group:

(1) Group SM: the rats were treated with 2mL distilled
water lavage for 7 consecutive days before the tourni-
quet was put in place around the hindlimb without
inflation.

(2) Group IR: the rats were treated with 2mL distilled
water lavage for 7 consecutive days before hindlimb
ischemia. Here, hindlimb IR model was established
by 3-hour bilateral lower limb ischemia using tourni-
quets followed by reperfusion up to 3 h.

(3) Group F3: the rats were treated with FTY720
(3mg/kg/d, dissolved in 2mL distilled water) for 7
consecutive days before hindlimb ischemia.

(4) Group F5: the rats were preconditioned with FTY720
(5mg/kg/d, dissolved in 2mL distilled water) for 7
consecutive days before hindlimb ischemia.

(5) Group F10: the rats were pretreated with FTY720
(10mg/kg/d, dissolved in 2mL distilled water) lavage
for 7 consecutive days before hindlimb ischemia.

2.3. Blood Gas Analysis. Arterial blood gases were analyzed
immediately using i-STAT Portable Clinical Analyzer (i-
STAT Corporation, East Windsor, New Jersey) before ische-
mia initiation and at the end of reperfusion, respectively.

2.4. Measurement of S1PL, SphK1, and SphK2 mRNA by Real-
Time PCR. The right lower lung lobe tissues were homoge-
nized and total RNA was extracted using TRIzol reagent
(Shanghai Sangon Biological Engineering Technology & Ser-
vices, Shanghai, China) according to the manufacturer’s
instructions. For real-time PCR, 1 μg of the total RNA from
each sample was resuspended in 25 μL final volume of reac-
tion buffer and cDNAwas reverse transcribed using a synthe-
sis kit. Housekeeping genes glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), β-actin, and β2 microglobulin
were used for data normalization. Relative expression levels
of mRNA were determined using the 2−ΔΔCt method. The
primers used for real-time PCR were listed below: S1PL for-
ward primer 5′-GCA TCT ACG CAT CTC CAA-3′, reverse
primer 5′-GCAACCATC TTC CTG TCA-3′; SphK1 forward
primer 5′- TGG ACT TGG AGA GTG AGA A-3′, reverse
primer 5′-CAG AGG AAC GAG GTA TGT G-3′, SphK2 for-
ward primer 5′-GCT CCT ATT GGT CAA TCC TT-3′,
reverse primer 5′-TGT CGT TCT GTC TGT ATG AG-3′,
GAPDH forward primer 5′-AAT GCA TCC TGC ACC
AA-3′, reverse primer 5′-GTA GCC ATA TTC ATT GTC
ATA-3′, β-actin forward primer 5′-GAA GAT CAA GAT
CAT TGC TCC T-3′, reverse primer 5′-TAC TCC TGC
TTG CTG ATC CA-3′, and β2 microglobulin forward primer
5′-ATG GGA AGC CGA ACA TAC TG-3′ and reverse
primer 5′-CAG TCT CAG TGG GGG TGA AT-3′.

2.5. Histological Assessment in Lung Tissue. The left lower
lung lobe was fixed in 4% buffered formalin solution over-
night at room temperature, dehydrated and embedded in
paraplast, and then 4 μm-thick sections were obtained. Lung
histopathology was examined under a light microscope after
hematoxylin and eosin (HE) staining by a pathologist who
was blinded to the group allocation. The degree of lung dam-
age was assessed using a modified histological scoring system
described before in our previous study [16].

2.6. Measurement of PMN Infiltration. The PMN/alveolus
ratio (P/A) was used to assess the degree of PMN infiltration.
We counted PMNs and alveoli per high-power field (HPF,
400x) in ten randomly selected areas of each sample, and
the PMN/alveolus ratio (P/A) was calculated.
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2.7. Lung Water Content Evaluation. Freshly harvested left
upper lung lobe samples were weighed to obtain “wet”
weight, then placed in an oven for 24h at 60°C and weighed
again to obtain “dry”weight. The wet/dry weight ratio (W/D)
was determined to indicate water content in lung tissue.

2.8. Statistical Analysis. Statistical analysis was performed
with SPSS version 15.0 (SPSS, Chicago, IL). Data were
analyzed for normality with the Kolmogorov-Smirnov
method, and the normally distributed data were ex-
pressed as mean± SD. To compare normally distributed data
between each group, one-way ANOVA followed by the
Bonferroni post hoc test was employed. A p value< 0.05
was considered significant.

3. Results

3.1. The Changes in Arterial Blood Gas Parameters. The
baseline arterial blood gas parameters, including pH, arterial
partial pressure of oxygen (PaO2), arterial partial pressure of
carbon dioxide (PaCO2), and base excess (BE), among these
five groups, were comparable (data not shown). At the end
of reperfusion, pH, PaO2, and BE were significantly lower
(p < 0 05), whereas PaCO2 was higher in group IR than in
group SM (p < 0 05; Table 1). As compared to group IR,
PaCO2 was significantly lower (p = 0 014) and pH, PaO2,
and BE were higher in group F10 (p < 0 05; Table 1).

3.2. Lung W/D and P/A Ratios. As shown in Figure 1, lung
W/D and P/A ratios in group SM were low, which were sig-
nificantly higher in group IR (p < 0 05). Additionally, lung
W/D and P/A ratios in both group F5 and group F10, but
not in group F3, were significantly increased as compared
to group IR (p < 0 05; Figures 1(a) and 1(b)).

3.3. The Expressions of S1PL, SphK1, and SphK2 mRNA in
Lung Tissues. Compared to their low levels in group SM,
the mRNA expressions of S1PL, SphK1, and SphK2 were sig-
nificantly upregulated in group IR (p < 0 05; Figure 2). As
expected, the mRNA expressions of S1PL, SphK1, and SphK2
were downregulated in both group F5 and group F10 as com-
pared to group IR (p < 0 05; Figure 2); no significant differ-
ences in there mRNA expressions were found between
group F3 and group IR (p > 0 05).

3.4. The Assessment of Histological Changes in Lung Tissues.
No obvious histological abnormalities in lung tissue were

noticed in group SM (Figure 3(a)). The lung presented severe
lesions in group IR (Figure 3(b)); light microscope examina-
tion revealed lung interstitial edema, neutrophil infiltration,
alveolar architecture destruction, and intra-alveolar hemor-
rhage. Treatment with a larger dose of FTY720 significantly
reduced these histological damages (Figures 3(d) and 3(e)),
which were also evidenced by decreased lung injury scores
in both group F5 and group F10 as compared to group
IR (p < 0 05; Figure 3(f)).

4. Discussion

The main findings of our study were that (1) pretreatment
with FTY720 had beneficial effects in attenuating lung injury
induced by hindlimb IR and that (2) these effects might be
mediated by modulating S1P metabolism and inhibition of
neutrophil infiltration in the lung tissue.

Various models are reported to simulate ischemic muscle
damage, which includes the application of a tourniquet, fem-
oral artery clamping, and iliac artery clamping. Among these,
tourniquet application is the only method proven to produce
complete ischemia with no residual flow [17]. During arterial
occlusion of the lower limb, the tissue supplied by the
occluded artery may suffer varying degrees of ischemic
injury. Further complications appear during reperfusion,
not only locally in necrosis and microcirculatory damage
but also in remote organs such as the lung [18]. In the present
study, we demonstrated that FTY720, which becomes a
structural analogue of S1P following phosphorylation,
could exert protective effects in alleviating lung injury
induced by bilateral hindlimb IR, which was evidenced by
decreased lung water content, improved oxygenation, and
reduced histological injury.

Sphingosine 1-phosphate (S1P), a bioactive phospho-
lipid, is produced by the phosphorylation of sphingosine
through the action of both SphK1 and SphK2. Binding of
S1P to its receptors triggers a wide array of immunological
events, such as disrupting lymphocyte trafficking [19],
modulating inflammatory cytokine production [20], and
inhibition of apoptosis [21]. The roles of S1P signaling in
modulating inflammatory response in lung tissue are compli-
cated. Increased vascular permeability is commonly found in
lung injury induced by hindlimb IR, while plasma S1P is
reported to regulate the vascular tone and maintain the vas-
cular integrity [22]. Similarly, the protective effects of S1P
and FTY720 in limiting pulmonary vascular leakage were

Table 1: Arterial blood gases at the end of reperfusion (x ± s, n = 10).

Group SM Group IR Group F3 Group F5 Group F10

pH 7.36± 0.16 7.18± 0.11∗ 7.24± 0.09 7.30± 0.12 7.35± 0.15#

PaO2 (mmHg) 260± 54 148± 44∗ 185± 20 228± 53 253± 58#

PaCO2 (mmHg) 45± 8 70± 10∗ 62± 6 51± 6 48± 5#

BE (mM) −2.9± 1.2 −9.9± 2.1∗ −7.2± 1.5 −5.9± 1.2 −3.5± 1.3#

Rats were divided into five groups: groups SM, IR, F3, F5, and F10. The rats in group SM received sham operation and bilateral limb IR (ischemia
3 h/reperfusion 3 h) in group IR. The rats in groups F3, F5, and F10 were treated with FTY720 3mg/kg/d, 5mg/kg/d, and 10mg/kg/d, respectively, for
7 consecutive days before limb IR. Upon 3 h reperfusion, arterial blood gases were analyzed. PaO2: arterial partial pressure of oxygen; PaCO2: arterial partial
pressure of carbon dioxide; BE: base excess. ∗p < 0 05 versus group SM; #p < 0 05 versus group IR.
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proved in a murine model of LPS-induced acute lung injury
[22]. Conversely, in a dose-dependent manner, the systemic
administration of S1P can induce bronchial hyperresponsive-
ness, increased lung resistance, and proinflammatory cyto-
kines in mice [23], but intrapulmonary application of
FTY720 and SphK inhibitors could attenuate experimental
asthma acting as an antiasthmatic drug [24]. The discrepancy
may attribute to the different pathogenesis including various
cell types involved.

SphK1 is critical in modulating inflammatory processes,
which could be upregulated in several conditions. The inhibi-
tion of SphK1 expression could suppress neutrophil activa-
tion and decrease lung permeability and cytokine formation
[25], and its protective effects had been elaborated in allergic
asthma and sepsis-induced inflammation [26]. FTY720 is
now considered as a competitive inhibitor of SphK1 [27],
while some showed that FTY720 could inhibit the activities
of both SphK1 and SphK2 and suppress the phosphorylation
of sphingosine by SphKs, resulting in decreased S1P produc-
tion [28]. FTY720 itself is a prodrug and unable to inhibit
lymphocyte emigration. It is increasingly known that SphK-
2, but not SphK1, mediates the phosphorylation of FTY720
into FTY720-p [28], which is responsible for its mechanism
of a wide range of immunomodulatory effects through vari-
ous S1P receptor types except type 2 [29]. S1PL is the only
enzyme that leads to irreversible degradation of S1P to phos-
phoethanolamine and corresponding fatty aldehydes, and
the latter can be further metabolized into fatty acids and/or
alcohols [30]. Intratracheal LPS led to enhanced pulmonary
S1PL expression and decreased S1P level in mice, while inhi-
bition of S1PL activity caused an elevated S1P level and
decreased neutrophils priming in lung tissue. FTY720 could
not be catabolized by S1PL, but instead inhibited the activity
of S1PL without affecting gene and protein expressions in
mice or cell lines [25, 31]. Our results revealed that a rela-
tively low dose of FTY720 (3mg/kg/d, for 7 consecutive days)
had no significant effects on S1PL mRNA expression but
could be downregulated when the dose increased to 5 or
10mg/kg/d. Moreover, we demonstrated that hindlimb IR
resulted in a remarkable increase in mRNA expressions of
SphK1 and 2; both of the SphK mRNA expressions were
downregulated by a relatively large dose of FTY720 (5 and
10mg/kg/d but not 3mg/kg/d, for 7 days). In summary,
treatment with FTY720 led to inhibition of S1PL and SphK
mRNA levels, suggesting that the effects of FTY720, at least
partially, depend on its action on S1P metabolism.
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Figure 1: Lung wet/dry weight ratio and PMN/alveolus ratio. Rats were divided into five groups: groups SM, IR, F3, F5, and F10. The rats in
group SM received sham operation and bilateral limb IR (ischemia 3 h/reperfusion 3 h) in group IR. The rats in groups F3, F5, and F10 were
treated with FTY720 3mg/kg/d, 5mg/kg/d, and 10mg/kg/d, respectively, for 7 consecutive days before limb IR. Upon 3 h reperfusion, wet/dry
weight ratio (W/D) and PMN/alveolus ratio (P/A) were calculated. (a) wet/dry weight ratio; (b) PMN/alveolus ratio. ∗p < 0 05 versus group
SM; #p < 0 05 versus group IR.
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Figure 2: The expressions of S1PL, SphK1, and SphK2 mRNA in
lung tissues. Rats were divided into five groups: groups SM, IR, F3,
F5, and F10. The rats in group SM received sham operation and
bilateral limb IR (ischemia 3 h/reperfusion 3 h) in group IR. The
rats in groups F3, F5, and F10 were treated with FTY720 3mg/kg/
d, 5mg/kg/d, and 10mg/kg/d, respectively, for 7 consecutive days
before limb IR. Upon 3 h reperfusion, the expressions of S1PL,
SphK1, and SphK2 mRNA were measured. S1PL: S1P lyase;
SphK1: sphingosine kinase-1; SphK2: sphingosine kinase-2. ∗p <
0 05 versus group SM; #p < 0 05 versus group IR.
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Although its exact underlying mechanisms were unde-
fined, many studies have shown that pulmonary neutrophil
sequestration plays a vital role in lung injury caused by hin-
dlimb IR [32]. Recruited neutrophils in the lung tissue are
activated, leading to abundant production of reactive oxygen
species, proteases, and proinflammatory cytokines. Reactive

oxygen species, in turn, also induces the expression of adhe-
sion molecules on the microvessel endothelium and facili-
tates transendothelial migration of neutrophils; these would
subsequently cause lung injury [32]. Our study demonstrated
that the lung damage and infiltration of neutrophils were
obviously attenuated by FTY720 preconditioning. FTY720,
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Figure 3: Histological changes in lung tissues. Rats were divided into five groups: groups SM, IR, F3, F5, and F10. The rats in group SM
received sham operation and bilateral limb IR (ischemia 3 h/reperfusion 3 h) in group IR. The rats in groups F3, F5, and F10 were treated
with FTY720 3mg/kg/d, 5mg/kg/d, and 10mg/kg/d, respectively, for 7 consecutive days before limb IR. Upon 3 h reperfusion, lung
damage was examined under a light microscope and the modified histological scoring system was evaluated. (a) Group SM; (b) group IR;
(c) group F3; (d) group F5; (e) group F10; (f) histological scores. ∗p < 0 05 versus group SM; #p < 0 05 versus group IR.
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a S1P receptor agonist, can cause sequestration of lympho-
cytes into within peripheral and mesenteric lymph nodes,
producing a significant decrease in circulating lymphocytes
[33]. Conversely, the effects of FTY720 on neutrophil infiltra-
tion are controversial. FTY720 treatment can markedly
decrease neutrophil infiltration, vascular permeability, and
peripheral blood lymphocyte counts in the mouse kidney
subject to IR injury [34]. In a rat transplant model, FTY720
(0.5mg/kg) pretreatment had been shown to rescue isografts
and allografts from posttransplant preservation/reperfusion
injury, with lower tubular damage scores [35]. Although cir-
culating neutrophils were unchanged, neutrophil infiltration
and IL-1 were significantly reduced [35]. When FTY720 dose
reaches 1mg/kg in cats, the number of circulating neutro-
phils could be also reduced [36]. Moreover, depletion of
CD4 T cells was demonstrated to improve liver function
and reduce neutrophil infiltration in mouse liver IR injury
[37]. These findings suggested a possible lymphocyte-
dependent mechanism in neutrophil infiltration, and
FTY720 is capable to reduce neutrophil infiltration in IR
injury. In contrast, several studies suggested that neutrophil
infiltration in kidney and liver IR injury was not affected by
treatment with FTY720 [13–15]. Particularly, treatment with
FTY720 has been demonstrated to reduce mortality and pre-
vented secretion of proinflammatory cytokines in the lung,
liver, and kidney, whereas no effect on myeloperoxidase con-
tent, an indicator for neutrophil infiltration, was detected by
treatment with FTY720 [38]. However, 48-hour reperfusion
itself in the abovementioned study had no effect on MPO
content. Here, we established IR injury of 3-hour ischemia
of bilateral hindlimb ischemia followed by 3-hour reperfu-
sion, and our findings suggested that FTY720 inhibited
neutrophil infiltration and could be considered as a poten-
tial therapy in hindlimb IR injury through limiting the
inflammatory response. We assumed that the duration of
the ischemia and reperfusion phase might contribute to the
differences. Additionally, three different preconditioning
doses of FTY720 lavage in rats were measured in our study,
and a dose-dependent effect of FTY720 was found.

There are several limitations to our study. First, FTY720
was chosen because we acknowledged the critical role of
S1P signaling in modulating inflammation and attempted
to investigate the possible therapy, but FTY720 is just
one of various S1P receptor agonists; the effects of other
S1P receptor agonists in attenuating lung inflammation
were not evaluated. Second, the long-term effects of
FTY720 on lung injury and survival of rats remained
unknown. Finally, we did not detect S1P levels due to
technical unavailability.

In conclusion, through modulating S1P metabolism and
inhibiting pulmonary neutrophil infiltration, pretreatment
with FTY720 could attenuate lung injury induced by
hindlimb IR.
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Sphingosine-1-phosphate (S1P) is a bioactive lipid mediator that has been shown to serve an important regulatory function in
breast cancer progression. This study analyzes plasma S1P levels in breast cancer patients undergoing adjuvant therapy as
compared to healthy control volunteers. 452 plasma S1P samples among 158 breast cancer patients, along with 20 healthy
control volunteers, were analyzed. Mean S1P levels did not significantly differ between cancer patients and controls.
Smoking was associated with higher S1P levels in cancer patients. Baseline S1P levels had weak inverse correlation with
levels of the inflammatory mediator interleukin- (IL-) 17 and CCL-2 and positive correlation with tumor necrosis factor
alpha (TNF-α). Midpoint S1P levels during adjuvant therapy were lower than baseline, with near return to baseline after
completion, indicating a relationship between chemotherapy and circulating S1P. While stage of disease did not correlate
with plasma S1P levels, they were lower among patients with Her2-enriched and triple-negative breast cancer as compared
to luminal-type breast cancer. Plasma S1P levels are paradoxically suppressed in aggressive breast cancer and during
adjuvant chemotherapy, which raises the possibility that postoperative plasma S1P levels do not reflect S1P secretion from
resected breast cancer.

1. Introduction

Breast cancer is the second leading cause of cancer death
among women in the United States with 40,610 deaths esti-
mated in 2017 [1]. Local control of breast cancer by surgical
resection and radiation, followed by adjuvant systemic ther-
apy with chemotherapy, hormonal and targeted therapy,
constitutes the mainstay of treatment for the majority of
patients with breast cancer. However, given that the majority
of deaths by breast cancer are due to distant recurrences and

metastases, adjuvant therapy has been shown in numerous
randomized trials to improve survival outcomes by address-
ing occult cancer cells using systemic therapy in the postop-
erative period. Unlike in the neoadjuvant setting, where the
effect of therapy on tumor size is radiographically measur-
able, evaluation of the effect of adjuvant therapy is challeng-
ing. To date, there is no established biomarker to evaluate
the effect of adjuvant systemic therapy during treatment,
and the harsh reality is that its effectiveness of adjuvant ther-
apy is only realized when there is clinical or radiographic
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recurrence of cancer. Thus, a biomarker that reflects the
effect of adjuvant therapy is expected to have remarkable
impact on survival since we can expect to use it as a guide
to tailor therapy through follow-up plans and use of alterna-
tive adjuvant therapy.

Most investigations on biomarkers have centered on
measuring circulating tumor cells, proteins, and nucleic acids
released from the breast tumor or cancer cells. More recently,
however, the roles of sphingolipid mediators in breast cancer
have been increasingly investigated due to recent advances in
mass spectrometry [2]. One lipid mediator of increased
interest is the ceramide-sphingosine pathway involving
sphingosine-1-phosphate (S1P) [3]. S1P has been shown to
be involved in cancer cell growth, cancer progression, and
metastasis [4–8]. Our group has established technology to
quantify S1P in the tumor interstitial fluid [9] and lymphatic
fluid [10] and published that S1P promotes both angiogene-
sis and lymphangiogenesis [11, 12]. Further, we have found
that S1P is increased in human breast cancer as compared
to normal tissues [13] and that tumor S1P levels are signifi-
cantly higher in patients with lymph node metastasis [14],
which suggests that breast cancer cells secrete S1P into the
tumor microenvironment and into the circulation. Recently,
we found that S1P signaling plays an even more important
role in metastatic triple-negative breast cancers [15]. We
have also reported that S1P is involved in inflammation
[16–19] and found that S1P links inflammation and cancer
progression [20, 21]. Even though adjuvant chemotherapies
are known to evoke inflammation, the variation and modula-
tion of S1P during these adjuvant therapies have yet to be
investigated. Such data is expected to provide additional
insight into the use of S1P as a prognostic biomarker during
adjuvant therapy.

In this prospective study among women with breast
cancer, the association of circulating plasma S1P with demo-
graphic factors and during adjuvant therapy is investigated.

2. Materials and Methods

2.1. Sample Collection. All the patient and volunteer samples
were collected with Virginia Commonwealth University and
Massey Cancer Center Institutional Review Board (IRB)
approval. Venipuncture plasma samples were collected from
158 women who underwent surgical resection of their breast
cancer tumors. Paired samples were collected two weeks
prior to adjuvant therapy (baseline), prior to the fourth cycle
of chemotherapy (midpoint), and two weeks after comple-
tion of adjuvant therapy (completion). For a control sample,
a one-time plasma sample was collected from 20 healthy
women volunteers. The samples were snap-frozen and stored
at −80°C.

2.2. Biochemical Analyses. Circulating S1P concentration was
quantified using liquid chromatography-electrospray ioniza-
tion tandem mass spectrometry (LC-ESIMS/MC) at the
Virginia Commonwealth University Lipidomics Core as pre-
viously described [13, 14]. Briefly, this consisted of internal
standards from Avanti Polar Lipids (Alabaster, AL), lipid

extraction in 20μL aliquot of ethanol :methanol : water
(7 : 2 : 1), and analysis for S1P using LC-ESIMS/MC.

Additionally, levels of various circulating inflammatory
cytokines were measured from baseline serum samples with
enzyme-linked immunosorbent assays. The cytokines mea-
sured included interleukin- (IL-) 1, IL-2, IL-4, IL-5, IL-6,
IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, G-CSF, GM-CSF, inter-
feron gamma (IFN-γ), MCP-1, MIP-1, and tumor necrosis
factor alpha (TNF-α).

2.3. Statistical Analyses. With IRB approval, patient demo-
graphics, treatments, and pathology results were correlated
with S1P levels at the various times points and compared
with the control values. Paired and unpaired t-tests, chi-
square analyses, and ANOVA analyses were used to perform
the statistical analyses with statistical significance at p < 0 05.

3. Results

3.1. Circulating S1P Does Not Differ Significantly between
Healthy Controls and Postoperative Breast Cancer Patients.
There were 452 plasma S1P samples collected from the 158
breast cancer patients, along with 20 plasma S1P samples
from the healthy control volunteers. Overall, there were no
statistically significant differences in patient characteristics,
such as age, body mass index (BMI), or ethnicity distribution
between the breast cancer cohort and the control cohort
(Table 1). Among the breast cancer patients, the mean age
was 51.2± 9.8 years and BMI was 30.3± 7.6 kg/m2. The
majority of the patients were Caucasian (58.2%) followed
by African American (33.5%) and Hispanic (3.8%). There
was no difference in plasma S1P level between the breast
cancer patients at baseline and the control cohort (1221.7
versus 1139pmol/mL, p = 0 41) (Table 1).

Of the breast cancer patients, a matched cohort with
the controls was subselected matching for age (within five
years), BMI (within five kg/m2), and ethnicity of the con-
trol patients. This resulted in 40 matched breast cancer
patients by age, BMI, and ethnicity to the control
volunteers. Similar to the overall analysis, there was no

Table 1: Patient characteristics.

Breast cancer patients
(n = 158)

Control
(n = 20)

p
value

Age, years (SD) 51.2 (9.8) 51.3 (6.9) 0.99

BMI, kg/m2 (SD) 30.3 (7.6) 29.1 (7.4) 0.49

Ethnicity (%) 0.94

Caucasian
African American
Hispanic
Other

92 (58.2)
53 (33.5)
6 (3.8)
7 (4.4)

13 (65.0)
6 (30.0)
1 (5.0)

0

Tobacco use (%) 30 (19.0) 1 (5.0) 0.12

Alcohol use (%) 81 (51.2) 15 (75.0) 0.045

Postmenopausal
(%)

89 (56.3) 11 (55.0) 0.91

Mean S1P,
pmol/mL (SD)

1221.7 (439.4) 1139 (259.7) 0.412
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difference in baseline S1P level between the control-
matched breast cancer patients and the controls (1260.9
versus 1139.1 pmol/mL, p = 0 19).

3.2. Circulating S1P Does Not Correlate with Age, BMI,
Ethnicity, or Menstrual Status, but Does Correlate with
Smoking among Breast Cancer Patients. Among the breast
cancer cohort, there was no significant correlation between
age and S1P concentration (r2 = 0 06, p = 0 32). There was
no significant correlation between plasma S1P levels and
BMI (p = 0 75) and plasma S1P and ethnicity (p = 0 41) in
both the breast cancer and control cohorts. Among the breast
cancer cohort, there was no significant difference in mean
baseline plasma S1P levels between premenopausal patients
and postmenopausal patients (1163.6 versus 1266.9 pmol/
mL, p = 0 13). Tobacco use, however, was associated with
increased plasma S1P levels (1445.4 versus 1163.3 pmol/mL,
p < 0 01) among the breast cancer cohort, while alcohol use
was not associated with S1P levels (p = 0 98).

3.3. Circulating S1P Is Inversely Associated with Tumor Grade
and Aggressiveness. Analyses of S1P levels and tumor grade
and characteristics were evaluated among the breast cancer
cohort. While stage of breast cancer was not associated with
baseline S1P levels (p = 0 688), subtype and tumor grade
were associated with baseline S1P (Figure 1). Baseline S1P
concentration was lower among patients with Her2-
enriched and triple-negative breast cancer as compared to
luminal-type cancer (1119.2 and 1167.1 versus 1280.8 pmol/
mL, p < 0 05, Figure 1(c)). Additionally, patients with
intermediate-grade and high-grade tumors similarly had

lower S1P than those with low-grade tumors (1230.0 and
1176.5 versus 1570.8 pmol/mL, p < 0 05, Figure 1(b)).
Although the circulating S1P was measured in the samples
taken from patients in whom tumors were completely
removed, this result appears somewhat paradoxical to the
previous experimental studies suggesting a relationship
between higher S1P and more aggressive cancer biology.
On the other hand, our findings that circulating S1P levels
were lower in Her2-enriched and triple-negative breast can-
cer patients are consistent with previous publications identi-
fying that breast tumor S1P levels were lower in those
patients with aggressive tumors [14].

3.4. Chemotherapy Is Associated with Changes in Circulating
S1P. In the paired sample analysis, for patient undergoing
chemotherapy, the mean midpoint S1P concentration was
significantly lower than the baseline and final concentration
(1088.8 versus 1221.8 and 1121.5 pmol/mL, p < 0 01), sug-
gesting an effect of chemotherapy on circulating S1P
(Figure 2, A). Notably, there was no significant difference
between baseline and final concentration (1221.8 versus
1121.5 pmol/mL, p = 0 06). Additionally, there were no sig-
nificant differences in S1P concentration among patients
who underwent radiation therapy (Figure 2, B), hormonal
therapy (Figure 2, C), and targeted biologic therapy with tras-
tuzumab (Figure 2, D).

When assessing a type of chemotherapy, it did appear
that S1P appeared to increase with AC therapy and remain
high after completion, while it appeared to decrease with
taxane-based chemotherapies (Figure 3).
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Figure 1: Association of circulating S1P with (a) breast cancer stage, (b) grade, and (c) histologic subtype.
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3.5. Circulating Baseline S1P Levels Correlated with IL-17,
CCL-2, and TNF-α Levels. Among the breast cancer cohort,
associations between baseline plasma S1P levels and
various inflammatory mediators were analyzed using
Spearman’s Rho tests. Baseline S1P had a significant weak
inverse correlation with IL-17 (σ = −0 221, p = 0 045) and
CCL-2 (σ = −0 317, p < 0 01), while it had a positive corre-
lation with TNF-α (σ = 225, p = 0 016). Baseline plasma
S1P did not have a significant correlation with the other
measured inflammatory mediators.

4. Discussion

This study revealed that there was no statistically signifi-
cant difference in circulating S1P levels between healthy
volunteers and patients with breast cancer after tumor
excision. The only demographic characteristic associated
with increased circulating S1P was a history of smoking.
Patients with more aggressive pathologic subtypes of breast
cancer paradoxically demonstrated decreased levels of
circulating S1P. While radiation, hormonal therapy, and

targeted biologic adjuvant therapy did not affect S1P levels,
chemotherapy was associated with changes in circulating
S1P during treatment.

S1P itself results from the intracellular phosphorylation
of sphingosine by two sphingosine kinases, SphK1 and
SphK2 [3]. Phosphorylation of sphingosine by SphK1
allows the extracellular export of S1P [2]. Extracellular S1P
binds to S1P cell surface receptors (S1PR1-5) in a multitude
of cells and exerts its effects in an autocrine and/or
paracrine manner. This interaction has been termed
“inside-out signaling” [4].

The role of S1P in inflammation and immunity has been
well described [16]. T cells, B cells, and endothelial cells all
demonstrate unique profiles of S1P receptors (S1PR). These
unique profiles influence and regulate development, recircu-
lation, tissue homing patterns, and chemotactic responses in
inflammation and immunity. S1PR have been shown to
modulate monocyte activity through regulation of CD40
and TNF alpha [22–24]. Additionally, the S1P-S1PR1 axis
is involved in lymphocyte trafficking leading to retention in
inflamed tissue through the maintenance of S1P gradients
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Figure 2: Change in S1P during (A) chemotherapy, (B) radiation therapy, (C) hormonal therapy, and (D) targeted biologic therapy.
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[16]. In this study, we noted a positive correlation between
baseline plasma S1P and TNF-α. Further investigation is
needed to clarify the inverse relationship noted in this study
between S1P levels and IL-17 and CCL-2 levels.

Clinically, S1P levels have been shown to be high in
patients with breast cancer [13], and phosphorylated SphK1
levels are associated with high S1P levels in breast tumors
[14]. S1P exerts its actions in cell survival migration and
angiogenesis, thereby affecting cancer progression in several
solid tumors [8]. We have reported that secreted S1P gener-
ates lymphatic vessels in tumor microenvironment [11, 12]
and that is associated with increased lymph node metastasis
in breast cancer patients [11, 14].

We have previously demonstrated that among patients
undergoing total or partial mastectomy for tumors greater
1.5 cm, peritumoral tissues had significantly higher S1P and
other sphingolipid levels as compared to distant tissues in
the same sample [13]. In the present study, however, we did
not identify increased circulating S1P in patients with breast
cancer as compared to controls. Similarly, in the present
study, there was no difference in circulating S1P by stage of
disease. This was maybe because the breast tumors were
already removed 2 weeks prior to collection of the blood sam-
ples in our cohort, and thus the effect of the tumor microen-
vironment was no longer there.

Further, higher grade and more aggressive subtypes such
as Her2-enriched and triple-negative breast cancer patients
demonstrated lower baseline circulating S1P levels. The
lower baseline S1P levels in triple-negative breast cancer
may be related to S1P’s association with circulating estrogen
[25, 26]. In studies among healthy volunteers, S1P levels were
found to be higher in premenopausal women as compared
to postmenopausal women and higher in premenopausal
women as compared to men [25]. This effect was described
in animal models due to increased S1P synthesis by estradiol
through the activation of SphK1. These observations are in
agreement with our previous report that breast cancer cells
secrete S1P by estrogen stimulation [2].

Our findings of lower baseline S1P in a more aggressive
disease run counter to the previous published data demon-
strating an increase in tissue S1P signaling in aggressive
tumors [27], but are consistent with the previous report that
measured circulating S1P levels [14]. It is generally under-
stood that activation of S1P pathway signaling is associated
with a more aggressive disease. This paradoxical finding in
our study could arise from the fact that studies indicating
an association between S1P and tumor aggressiveness have
been primarily tissue-based, thus reflecting the tumor micro-
environment. Our study, however, measured circulating
plasma S1P in patients after surgical excision of their tumors.
We speculate that S1P is intrinsically involved in the local
tumor microenvironment and exerts its actions locally as
opposed to systemically, with no overall differences in circu-
lating S1P. Thus, after surgical excision, the baseline S1P is
likely no different from the controls due to the removal of
the tumor microenvironment.

In support of that hypothesis is the finding that smoking
was the only patient characteristic noted to result in
increased circulating S1P. Smoking is known to result in

systemic inflammation, and S1P’s role in inflammation has
been well described [28]. Specifically, the S1P pathway is
involved in TNF-α signaling, NF-κB activation pathways,
and chemokine expression for recruitment of mononuclear
cells into sites for inflammation [13, 29, 30]. As previously
noted, our study did identify a positive correlation between
S1P levels and TNF-α expression. The overall increased
inflammatory state present in smokers likely explains the
increased circulating S1P that was found in the present study.
Another possibility is that smoking is known to be associated
with dysfunction of the vessels, where S1P signaling plays
fundamental roles. For instance, S1PR1-deficient mice die
in utero from massive hemorrhage due to immature vessel
development, and neutralization of extracellular S1P with
anti-S1P antibody demonstrates a significant inhibition of
angiogenesis, tumor growth, and metastasis [5]. Therefore,
it will not be surprising if smoking causes a vasculopathy that
induces S1P production and angiogenesis.

Adjuvant therapies in breast cancer aim to decrease both
local and distant recurrence and/or metastasis from nodal
spread or microscopic dissemination. Adjuvant treatment
options include various methods of irradiation, multiple che-
motherapy regimens, use of hormonal therapy, and biologic
modulators. While radiation therapy is focused on the breast
tissue field and hormonal therapy targets specific receptors in
the breast and ovaries, the effects of chemotherapy are more
systemic. Perhaps, this study identified no change in S1P dur-
ing radiation therapy and hormonal therapy, however, did
find changes in S1P with chemotherapy. Specifically, with
AC chemotherapy, circulating S1P increased from baseline
and remained high, while with taxane-based chemotherapies,
S1P appeared to decrease. This may be related to the fact that
doxorubicin in AC regimen induces inflammation.

The interaction between the S1P pathway and adjuvant
treatment agents is an area of active investigation. Upregu-
lation of the S1P pathway has been implicated in the devel-
opment of chemotherapy resistance, whereby the addition
of FTY720, a functional antagonist of S1PR1 that blocks
S1P signaling, results in overcoming chemotherapy resis-
tance [31, 32]. The mechanism for overcoming resistance
may be related to ABC transporter upregulation as noted
in S1P-lyase- (an enzyme that degrades S1P) deficient fibro-
blasts, which demonstrate increased doxorubicin resistance
in B cell lymphoma [33]. Additionally, FTY720, through
its inhibition of the S1P signaling, has been shown to inhibit
the hypoxia-inducible factor (HIF) pathways and has been
associated with increased sensitivity to gemcitabine-based
chemotherapy in renal cell cancer and docetaxel in prostate
cancer [34, 35].

Specifically, in breast cancer, there have been a limited
number of studies investigating the interaction between S1P
and chemotherapy. The only study to date investigating
circulating S1P, to the authors’ best knowledge, details the
detrimental effect of circulating S1P with weight gain during
chemotherapy among 21 patients [36]. In breast cancer cell
lines, however, the use of tamoxifen and medroxyprogester-
one result in the downregulation of S1PR3 and stimulation
of S1PR2 with activation of autophagy of the breast cancer
cells towards death, again demonstrating the detrimental
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role of S1P pathway activation in cancer [30]. The present
study adds additional data that suggest not only a role of
S1P in modulating the effects of chemotherapy but also
the effect of chemotherapy on S1P levels. It stands to reason
that the decrease in S1P levels associated with taxane-based
therapies would be beneficial for those patients, while the
increase in circulation S1P with AC chemotherapy would
likely be detrimental.

In breast cancer cells, SphK1 activity has been linked
to endocrine resistance, whereby overexpression of SphK1
resulted in resistance to tamoxifen with increased prolif-
eration [26]. Tamoxifen-resistant cells displayed increased
SphK1 activity. Inhibition of SphK1 resulted in restora-
tion of tamoxifen’s activity, thus demonstrating the role
of the SphK1 pathway in estrogen receptivity and tamox-
ifen resistance.

The main limitations of this study include the limited
patient sample, although to the authors’ best knowledge, this
constitutes the largest study investigating the association of
circulating S1P with patient characteristics and during che-
motherapy. The study also used a limited control subset of
patients without breast cancer to investigate differences in
baseline S1P between controls and postoperative breast can-
cer patients. Additionally, the baseline circulating S1P levels
were measured from samples taken from the patients after
the removal of the tumor, hindering our ability to draw con-
clusions regarding the association of circulating S1P with the
characteristics of breast cancer. Due to the initial scope of the
study, follow-up data on outcomes is not available to dissect
whether changes in S1P during chemotherapy were associ-
ated with differential recurrence or survival outcome.

5. Conclusion

In summary, this study displays a paradoxical association
of low S1P with more aggressive subtypes, suggesting that
circulating S1P may not be an accurate surrogate for tissue
S1P in the tumor microenvironment. These data also
reveal a variable association between various chemotherapy
regimens and S1P, suggesting that S1P modulation could
have a therapeutic impact in chemosensitization in breast
cancer treatment.
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Breast cancer metastasizes to lymph nodes or other organs, which determine the prognosis of patients. It is difficult to cure the
breast cancer patients with distant metastasis due to resistance to drug therapies. Elucidating the underlying mechanisms of
breast cancer metastasis and drug resistance is expected to provide new therapeutic targets. Sphingosine-1-phosphate (S1P) is a
pleiotropic, bioactive lipid mediator that regulates many cellular functions, including proliferation, migration, survival,
angiogenesis/lymphangiogenesis, and immune responses. S1P is formed in cells by sphingosine kinases and released from them,
which acts in an autocrine, paracrine, and/or endocrine manner. S1P in extracellular space, such as interstitial fluid, interacts
with components in the tumor microenvironment, which may be important for metastasis. Importantly, recent translational
research has demonstrated an association between S1P levels in breast cancer patients and clinical outcomes, highlighting the
clinical importance of S1P in breast cancer. We suggest that S1P is one of the key molecules to overcome the resistance to the
drug therapies, such as hormonal therapy, anti-HER2 therapy, or chemotherapy, all of which are crucial aspects of a breast
cancer treatment.

1. Introduction

Breast cancer is the most common cancer diagnosis and the
second most common cause of cancer death among women
in the United States [1]. The majority of deaths due to breast
cancer occur after metastasis, and it has become a systemic
disease [2]. Breast cancer is known to metastasize to the
lymph nodes first, which are a major determinant of progno-
sis, and forms the basis of the American Joint Commission
on Cancer (AJCC) Cancer Staging [2]. A number of signal-
ing proteins, such as vascular endothelial growth factor C
and angiopoietins, have been reported to mediate lymphan-
giogenesis, formation of new lymphatic vessels from the pre-
existing ones, which plays an important role in lymphatic
metastasis [3–5]. In addition to these well-described signal-
ing proteins, we have discovered that a bioactive lipid
mediator, sphingosine-1-phosphate (S1P), also plays critical
roles in lymphangiogenesis and lymph node metastasis,

providing new insights into the mechanisms of cancer
progression [6].

Breast cancer is a heterogeneous disease with distinct
pathological features and clinical implications [7]. DNA
microarray profiling studies on breast cancer have identified
distinct intrinsic subtypes: luminal A, luminal B, human epi-
dermal growth factor receptor 2- (HER2-) enriched, and
triple-negative [8]. These subtypes are associated with differ-
ent prognoses and resistance to drug therapy [9–13]. While
hormone therapy or anti-HER2 therapies for breast cancer
patients with estrogen receptor- (ER-) positive or HER2-
enriched subtype are the most successful systemic therapies,
only limited therapies are available for patients with the
triple-negative subtype. Increasing number of evidence sug-
gested that S1P has different roles in each subtype of breast
cancer [14–17].

In this review, we introduce the lipid mediator, S1P, as a
new player in breast cancer progression. We will also discuss

Hindawi
Mediators of Inflammation
Volume 2017, Article ID 2076239, 9 pages
https://doi.org/10.1155/2017/2076239

https://doi.org/10.1155/2017/2076239


the potential roles of S1P in breast cancer and the possibilities
of S1P signaling as a therapeutic target.

2. A Bioactive Lipid Mediator, S1P

S1P is a pleiotropic, bioactive lipid mediator that regulates a
number of biological processes, including cell migration, sur-
vival, proliferation, angiogenesis, and immune and allergic
responses [18–22]. S1P is generated from sphingosine inside
the cell [23–27]. Ceramide and sphingosine, the metabolic
precursors of S1P, are known to induce apoptosis, thus the
balance between them and S1P in the cell has been suggested
to function as a rheostat that determines the survival or death
of the cell [28].

S1P is generated inside the cells by two sphingosine
kinases, SphK1 and SphK2. SphK1 is located in the cytosol
close to the cell membrane where its substrate sphingosine
resides [29], while SphK2 is localized in specific organelles,
such as the nucleus and mitochondria [30] (Figure 1). S1P
produced inside cells by SphK1, but not SphK2, is secreted
to the extracellular space by transporters and signals
through its receptors on the outside of cells, a process
referred to as “Inside-out” signaling [31–33]. S1P pro-
duced by SphK2 in the nucleus regulates transcription of
various genes expressed in the brain, liver, and kidneys
[34–36]. SphK2 in mitochondria produces S1P that inter-
acts with prohibitin 2 to regulate complex IV assembly
and respiration [37].

Given its structure, S1P generated inside the cells is
unable to freely pass through plasma membrane. S1P
export requires transporters such as ATP-binding cassette
(ABC) transporters or sphingolipid transporter 2 (Spns2)
[14, 38–42]. S1P is exported from mast cells via ABCC1 [43],
from astrocytes via ABCA1 [44], from endothelial cells
via ABCA1 and ABCC1 [45], and from thyroid carcinoma
cells via ABCC1 [46]. Spns2, a member of the major facil-
itator superfamily of non-ATP-dependent transporters, has
been recently discovered to export S1P from cells [40–42].
Importantly, Spns2 was the first S1P transporter discov-
ered to be physiologically functional in vivo [42].

After intracellular production by SphK1, S1P is released
from the cell and can stimulate any of the five specific G
protein-coupled receptors (S1PR1-5), which display tissue-
specific expression patterns [14, 38], with each S1P receptor
(S1PR) coupled to different G proteins, in an autocrine, para-
crine, and/or endocrine manner [47]. The S1PRs are coupled
to various G proteins, enabling them to regulate a broad
spectrum of downstream signaling pathways and numerous
biological processes [48–51].

S1P levels are tightly regulated by the balance between its
synthesis and degradation. S1P can be dephosphorylated
back to sphingosine by two specific S1P phosphatases
(SPP1 and SPP2), which belong to the family of magne-
sium-dependent, N-ethylmaleimide-insensitive type 2 lipid
phosphate phosphohydrolases that reside in the endoplas-
mic reticulum [32, 52, 53]. S1P can also be irreversibly
degraded by a pyridoxal phosphate-dependent S1P lyase to
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Figure 1: Inside-out signaling of sphingosine-1-phosphate (S1P). S1P is generated from sphingosine (Sph) by sphingosine kinase 1 (SphK1)
and sphingosine kinase 2 (SphK2). S1P produced by SphK1 is exported to the extracellular space, such as the tumor microenvironment. S1P
secreted to the extracellular space stimulates S1P receptor (S1PR) on cancer cells and brings about cell proliferation, migration, and survival of
cancer cells in an autocrine and/or paracrine manner. S1P secreted from cancer cells promotes angiogenesis and lymphangiogenesis. S1P
stimulates fibroblasts or immune cells to secrete S1P, which affect cancer cells by inducing cell proliferation, migration, and survival.
Cytokines or chemokines secreted from cancer cells also affect fibroblasts or immune cells to secrete S1P. S1P in the interstitial fluid or
lymphatic fluid in the tumor microenvironment affects cancer biology.
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hexadecenal and phosphoethanolamine, with the latter sub-
sequently being reused for the biosynthesis of phosphatidyl-
ethanolamine [31].

3. S1P and Breast Cancer Progression

The tumor microenvironment (TME) is a determining factor
for cancer biology and progression. The TME comprises not
only cancer cells, but also the surrounding blood vessels,
immune cells, other stromal cells with signaling molecules,
and the extracellular matrix and interstitial fluid, which are
now known to play important roles in tumor progression
[54–56]. Determining the interaction between cancer and
noncancer cells in the TME is essential to understanding
the mechanisms underlying cancer progression and metasta-
sis. Cancer cells provide bioactive molecules, such as cyto-
kines, chemokines, and lipid mediators to the TME that
influence cancer progression. Noncancer cells in the TME,
such as blood vessels, lymphatic vessels, and inflammatory
cells, also release bioactive molecules that influence cancer
progression. S1P is now emerging as a key regulatory
molecule in breast cancer through its ability to promote cell
proliferation, migration, angiogenesis, and lymphangiogen-
esis (Figure 1). Further, S1P secreted to the extracellular
spaces, including the interstitial fluid and lymphatic fluid,
has been suggested to be important for metastasis by stimu-
lating S1P signaling [30, 57]. In this section, we describe the
roles of S1P in the TME and tumor progression (Figure 2).

Angiogenesis, the development of new blood vessels from
preexisting vessels, determines the rate of growth and
progressionof cancerbyprovidingoxygen,nutrition, andcon-
duits for cancer cells for invading cells to metastasize [58, 59].
The neutralization of extracellular S1P with an anti-S1P
antibody in vitro and in an animal model showed significant
inhibition of angiogenesis, tumor growth, and metastasis,
further confirming the dominant role of extracellular S1P in
angiogenesis [60]. Tumors with upregulated SphK1 may
themselves be a key source of S1P according to the data from

mouse models and human patient samples [6, 61–64].
However, endothelial cells can also synthesize and release
endogenous S1P [45].

In contrast to angiogenesis, few studies so far have exam-
ined the involvement of S1P signaling in lymphangiogenesis
[65]. S1P can induce lymphatic endothelial cell (LEC) tube
formation in an S1PR1-dependent manner [4, 66]. More-
over, angiopoietin-2-induced lymphangiogenesis in vitro
was suppressed by an SphK1-specific pharmacological inhib-
itor, suggesting cross talk between angiopoietin-2 and S1P
signaling pathways [6]. LEC-specific deletion of SphK1 in
the SphK2 knockout mouse inhibited lymphatic vessel matu-
ration, indicating that SphKs and S1P in LECs are required
for proper development of lymphatic vessels [3].

Spns2 is an S1P transporter that plays a role in the
regulation of the lymph node and lymphatic fluid S1P levels
and consequently influences lymphocyte trafficking and
lymphatic vessel network organization [67]. Spns2-deficient
mice showed an aberrant lymphatic vessel network that
appeared collapsed, with reduced numbers of lymphocytes.
Levels of S1P were increased in the lymphatic fluid from
Spns2-deficient mice as well as in specific tissues, including
lymph nodes, and interstitial fluid.

Utilizing our newly established murine syngeneic ortho-
topic metastatic breast cancer model and mass spectrometry,
we found that levels of S1P gradually increased both in
tumors and in the circulation and correlated with tumor bur-
den [6]. Further, treatment of tumor-bearing animals with
the specific SphK1 inhibitor, SK1-I, reduced S1P levels in
the tumor and in circulation and greatly reduced the tumor
burden of the primary tumor, lymph node, and lung metas-
tases. Importantly, inhibiting SphK1 significantly decreased
S1P levels in serum and tumors in these mice, and both
angiogenesis and lymphangiogenesis were suppressed, not
only around the primary tumor but also in lymph nodes that
were distant from the tumor [6]. Furthermore, lymph node
and lung metastases were significantly suppressed. These
results indicate that S1P plays a key role, not only in tumoral
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Figure 2: The roles of sphingosine-1-phosphate (S1P) in the interaction between tumor and tumor microenvironment (TME). S1P produced
by tumor cells and the TME promote various pathological processes related to cancer progression.
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lymphangiogenesis, but also in lymph node lymphangio-
genesis, which may actively promote metastasis via the
lymphatics [6].

An S1P gradient with high S1P concentrations in the
blood and lymphatic fluid circulation plays an important role
in immune cell trafficking [67–71]. We established a conve-
nient method for the collection and measurement of sphin-
golipids in the lymphatic fluid. The lymphatic fluid was
absorbed onto filter paper after incision of cisterna chyli in
murine models, and S1P levels were determined by mass
spectrometry [72]. Levels of S1P in the lymphatic fluid are
lower than those in blood and higher than those in lymph
nodes in agreement with a previous study [72]. Levels of
S1P in the lymphatic fluid as well as lymph node were signif-
icantly increased in SphK2 knockout mice compared to
littermate controls. These results suggest that SphK2 and/or
SphK1 regulate the levels of S1P in the lymphatic fluid.

The interstitial fluid that bathes the tumor and stromal
cells is an important part of the TME, not only as the initial
route of metastasis, but also as a supplier of factors that
promote tumor metastasis. The role of S1P in the TME,
particularly in the interstitial fluid, has not been well studied
due to a lack of efficient methods for collecting and quantify-
ing levels in the interstitial fluid. We developed simple and
reproducible methods to measure the levels of sphingolipids
including S1P in small volumes of the interstitial fluid
from healthy mammary glands and tumor using a modi-
fied centrifugationmethod combinedwithmass spectrometry
[57]. Inmicewith a deletion of SphK1, but not SphK2, levels of
S1P in the interstitial fluid from the mammary glands were
greatly reduced. Levels of S1P in the interstitial fluid from
the mammary tumors were reduced when tumor growth was
suppressed by oral administration of the potent S1P receptor
functional antagonist, FTY720 (fingolimod; 2-amino-2-
[2-(4-octylphenyl)ethyl]1,3-propanediol) [57]. Thus, S1P
secreted from tumor cells to the interstitial fluid may
play an important role of metastasis by stimulating S1P sig-
naling in the TME [57]. Further, in breast cancer patients,
we examined the levels of sphingolipids in the interstitial fluid
from breast tumor tissue and normal breast tissue from two
different areas in each patient and determined levels of sphin-
golipids in the fluid. We revealed that S1P levels were signifi-
cantly higher in the human breast tumor tissue interstitial
fluid than in the normal breast tissue interstitial fluid [57].
Thus, the observations made in animal models are applicable
to human patients.

4. Clinical Impact of S1P in Human Breast
Cancer Patients

The interaction between cancer cells and the TME is now
considered key to understanding the mechanisms of how
cancer progresses and metastasizes. Although numerous
in vitro and in vivo studies have reported the importance of
S1P in breast cancer progression, the evidence in human
breast cancer patients had been limited until recently. We
have determined the levels of S1P in breast cancer and nor-
mal breast tissues from surgical specimens and compared
the difference in levels of S1P between those tissues [73].

S1P levels in the human breast cancer tissue are significantly
higher than those in the normal breast tissue. Of note, there
was a correlation in the levels of S1P between the breast
cancer and normal breast tissues, which implies that S1P
produced by tumor cells affect surrounding normal breast
tissue. Taken together, S1P can be considered an important
player in the interaction between cancer and the TME.

We also investigated ceramide metabolism in breast can-
cer patients and showed that ceramide levels in the human
breast cancer tissue are significantly higher than those in
the normal breast tissue [73]. Interestingly, however, there
was no correlation in the ceramide levels between the breast
cancer and normal breast tissues [73]. It has been reported
that ceramide has a distinct role in cell survival and death.
This finding indicates that ceramide production in tumor tis-
sue occurs independently from the surrounding normal
breast tissue. Further investigation is needed to determine
the roles of ceramide in human breast cancer biology.

We have also quantified the levels of S1P in human blood
and tissue samples from breast cancer patients utilizing mass
spectrometry. Importantly, serum S1P levels were signifi-
cantly elevated in stage IIIA breast cancer patients who had
developed lymph node metastases, compared with age- and
ethnicity-matched healthy volunteers [6]. More recently, we
found that patients with lymph node metastasis showed sig-
nificantly higher levels of S1P in breast cancer tissue than
patients with negative nodes [74]. These findings revealed
that S1P produced by breast cancer tissue affects lymph node
metastasis in human patients, consistent with the observa-
tions in animal models. Research to clarify the role of S1P
in cancer progression has now evolved from an experimental
phase to a translational phase. More data from the clinical
setting is now needed to translate the previous theories of
how S1P promotes cancer progression based on in vitro
and in vivo models to human breast cancer care.

5. S1P as a Therapeutic Target for Breast
Cancer Patients

Breast cancer is treated based on the intrinsic subtype as
described above. Pharmacological inhibition of 17β-estradiol
(E2) production or E2 binding to the ER is an effective treat-
ment for ER-positive patients. Although HER2-positive
breast cancer is known to be aggressive, and patients with
HER2-positive breast cancer had a poorer prognosis, anti-
HER2 therapy, such as trastuzumab, pertuzumab, and
TDM-1, which are recombinant antibodies that target
HER2-positive cancer cells, have dramatically improved
survival of patients with this subtype.

In contrast to ER-positive or HER2-positive breast can-
cers, ER-negative and HER2-negative breast cancers do not
have specific therapies, which are one of the reasons that
the latter type often demonstrates earlier disease recurrence
and poorer prognosis. Any cancer subtype has a potential
to gain resistance to a particular therapy. It has been reported
that there is cross talk between the S1P signaling pathway
and the E2 or HER2 signaling pathways. Thus, S1P may have
a role in acquisition of drug resistance [75].

4 Mediators of Inflammation



ER status is an important prognostic factor with ER-
positive breast cancer patients having a better prognosis than
ER-negative breast cancer patients. We reported the contri-
bution of the S1P pathway to E2 signaling. Binding of E2 to
ER stimulates release of S1P via ABC transporters, ABCC1
and ABCG2 [14]. This S1P in turn binds to and activates
S1P receptors to stimulate ERK1/2 leading to downstream
signaling events important for breast cancer proliferation,
progression, and invasion.We showed that E2 induces export
of S1P via ABCC1 and ABCG2 transporters, which may con-
tribute to the nongenomic signaling of E2 important for
breast cancer pathophysiology [14]. Higher levels of SphK1
were found in ER-negative breast cancer, which are known
for their higher proliferative activity [63]. It has also been
shown that SphK1 expression correlates with poor prognosis
of breast cancer patients [63]. Even in ER-positive breast can-
cer, higher expression of SphK1 correlated with poor patient
survival rates and was associated with the development of
tamoxifen resistance and earlier disease recurrence while on
tamoxifen [76, 77]. Therefore, SphK1 expression levels in
combination with ER status are proposed to be good bio-
markers to predict response to tamoxifen [77] (Figure 3).

HER2 overexpression is a major determinant of breast
cancer progression. S1PR4 stimulates the ERK1/2 pathway
via a HER2-dependent mechanism in ER-negative MDA-
MB-453 breast cancer cells [15]. High expression of S1PR4
and SphK1 is associated with shorter disease-specific survival
in ER-negative breast cancer patients, highlighting the
important role for S1PR4 and SphK1 in ER-negative breast
cancer progression [78]. We found that breast cancer tissue
S1P levels were lower in those with HER2 overexpression/
amplification [74]. Considering that both HER2 and SphK1
are strong activators of survival signaling pathways such as
MAPK, and HER2 signal is a strong autonomous signal, it
is tempting to speculate that negative feedback suppresses

activation of SphK1 in HER2-positive breast cancer. Further
study is needed to determine the relationship between S1P
signal and HER2 overexpression/amplification.

Patients with triple-negative breast cancer have a poor
prognosis relative to other breast cancer subtypes. LM2-4
cells that gained lung metastatic phenotype from primary
triple-negative MDA-MB-231 breast cancer cells showed a
requirement on SphKs/S1P signaling for cell growth, sur-
vival, and cell motility. PF-543, a selective, potent inhibitor
of SphK1, attenuated epidermal growth factor-mediated cell
growth and survival signaling through inhibition of AKT,
ERK, and p38 MAP kinase pathways in LM2-4 cells, but
not in the parental MDA-MB-231 human breast cancer cells
[16]. These observations highlight the importance of SphKs/
S1P signaling in metastatic triple-negative breast cancers and
targeted therapies [16].

The roles of ATP-binding cassette transporters, such as
ABCC1, ABCC11, and ABCG2, in breast cancer patients
have been reported. For instance, ABCC1 and ABCG2 have
been associated with chemoresistance in breast cancer [79].
Further, ABCC1 and ABCG2 are highly expressed in core
basal subtype, which is one of the most aggressive breast can-
cer subtypes, while ABCC11 is highly expressed in the HER2
or core basal subtypes [80]. Moreover, ABCC1 or ABCC11
expression is associated with shorter disease-free survival
[80]. Taken together, ABC transporters are highly expressed
in aggressive breast cancer subtypes, and tumor ABC trans-
porter expression is associated with poor prognosis.

Several agents targeting S1P signaling have been tested in
preclinical models [81, 82]. FTY720 is a novel immunosup-
pressive agent that shows structural similarity to sphingosine
and is intracellularly phosphorylated by SphK2, but not
SphK1 [83, 84]. FTY720-P, the phosphorylated form of
FTY720, binds to S1PR1 in lymphocytes and/or endothelial
cells, which causes the inhibition of lymphocyte trafficking
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Figure 3: The role of sphingosine-1-phosphate (S1P) in estrogen receptor- (ER-) positive breast cancer. Binding of estradiol (E2) to ER-α
stimulates sphingosine kinase 1 (SphK1) to produce S1P from sphingosine (Sph). S1P is exported out of cancer cells via ATP-binding
cassette (ABC) transporter, such as ABCC1 and ABCG2. This S1P activates S1P receptor (S1PR) of cancer cells to stimulate ERK1/2,
which contributes to cell proliferation. S1P may also affect the PI3K pathway by activating AKT.
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into the circulating blood and the accumulation of lympho-
cytes in secondary lymphoid tissues [85–87]. FTY720-P is
transported through the same pathway as S1P [88]. Further,
FTY720 has been approved by the US Food and Drug
Administration (FDA) for multiple sclerosis [31]. SK1-I is a
selective SphK1 inhibitor [89, 90]. We found that BML-258,
one of the SK1 inhibitors, reduced S1P levels in the tumor
and in circulation, and greatly reduced the size of the primary
tumor, lymph node, and lung metastasis in animal model [6].
The anti-S1P mAb, sonepcizumab, and its murine counter-
part, sphingomab, substantially reduced tumor progression,
and, in some cases, eliminated measurable tumors [91, 92].
Antibody-mediated neutralization of extracellular S1P could
result in a reduction of tumor volumes and metastatic poten-
tial, as a result of inhibition of new blood vessel formation
[60, 93]. Further studies are needed if new therapies are to
be developed for cancer patients based on S1P pathways.

6. Conclusion

In this review, we discussed the roles of S1P in breast cancer
progression. S1P secreted from cells interacts with the TME,
which has been suggested to be important for metastasis.
Importantly, recent translational research has demonstrated
an association between S1P levels in human breast cancer
patients and clinical outcomes, which highlights the clinical
importance of S1P in breast cancer. We suggest that the
S1P pathway could be an important therapeutic avenue to
overcome the resistance to drug therapies, such as hormonal
therapy, anti-HER2 therapy, or chemotherapy, all of which
are crucial aspects of breast cancer treatment.
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The sphingolipid sphingosine-1-phosphate (S1P) emerges as an important regulator of immunity, mainly by signaling through a
family of five specific G protein-coupled receptors (S1PR1–5). While S1P signaling generally has the potential to affect not only
trafficking but also differentiation, activation, and survival of a diverse range of immune cells, the specific outcome depends on
the S1P receptor repertoire expressed on a given cell. Among the S1PRs, S1PR4 is specifically abundant in immune cells,
suggesting a major role of the S1P/S1PR4 axis in immunity. Recent studies indeed highlight its role in activation of immune
cells, differentiation, and, potentially, trafficking. In this review, we summarize the emerging data that support a major role of
S1PR4 in modulating immunity in humans and mice and discuss therapeutic implications.

1. Introduction

Lipids do not only serve as energy storage and constitute a
major part of cellular membranes but also are important
signaling molecules that have potent immunoregulatory
function. Some well-known examples of immunoregulatory
lipids are unsaturated fatty acid derivatives such as prosta-
noids, leukotrienes, and other eicosanoids, which play crucial
roles in acute and chronic inflammatory disease settings [1].
Also, the lipid class of sphingolipids harbors signaling mole-
cules with potent immunomodulatory properties, the most
prominent among them being sphingosine-1-phosphate
(S1P) [2]. Research on the role of bioactive lipids such as
S1P has particularly in the last decades begun to gather
steam, when these lipids were tied to specific GPCRs, in the
case of S1P to a family of five GPCRs (S1PR1–5) [3, 4]. Since
then, S1P has been shown to play important roles in regulat-
ing cell biology and organismal homeostasis by promoting
cell survival, migration, and differentiation. Moreover, it
emerged as an important player in immunity and inflamma-
tion. S1P not only promotes the egress of lymphocytes from
secondary lymphoid organs into the bloodstream [5] but also

modulates the cytokine profile of innate and adaptive
immune cells, thereby affecting physiological and pathologi-
cal inflammation [2]. A multitude of the immunomodulatory
effects of S1P have been attributed to signaling through
S1PR1, whereas the contribution of other S1P receptors
remains largely obscure. S1PR4 is particularly expressed by
immune cells and may therefore be critically involved in
immunomodulation by S1P. In this review, we therefore
summarize the current knowledge about S1PR4 and discuss
therapeutic implications of interfering with its signaling,
particularly in chronic inflammatory disease settings.

2. S1P and Its Receptors in Immunity

The sphingolipid S1P is a bioactive signaling molecule that
plays a major role in physiological as well as pathophysiolog-
ical settings, regulating survival, proliferation, migration, and
cell type-specific functional responses. In the immune
system, S1P affects mainly lymphocyte trafficking, but it is
also involved in immune cell development and modulates
their adaption to activating stimuli. S1P is produced via
metabolic breakdown of the ubiquitous membrane lipid
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sphingomyelin first to ceramide, which is further deacety-
lated to sphingosine. Sphingosine can finally be phosphory-
lated to S1P by two sphingosine kinases (SPHK1 and
SPHK2), with different subcellular localization and divergent
functional roles [6]. Upon formation, S1P acts as an intracel-
lular or extracellular signaling molecule until it is dephos-
phorylated by S1P phosphohydrolases 1 and 2 or degraded
by S1P lyase (SPL) [7].

The importance of S1P for organismal development and
homeostasis is underlined by findings that mice deficient in
both SPHK 1 and 2 die prenatally from hemorrhage, indicat-
ing a dysfunctional development of the vascular system [8]. A
few intracellular targets of S1P signaling that are relevant for
inflammatory events have been identified, including TNF-α
receptor-associated factor 2 (TRAF2), an E3 ubiquitin ligase
of the nuclear factor “kappa-light-chain-enhancer” of acti-
vated B-cells (NF-κB) pathway [9], inhibitor of apoptosis 2
(cIAP2), which promotes polyubiquitination of interferon
regulatory factor-1 to enhance chemokine expression [10],
class I histone deacetylases HDAC1 and HDAC2 [11], and
the mitophagy receptor prohibitin 2 [12]. Here, S1P primar-
ily acts as a cofactor. Besides, ceramide synthase 2 is directly
inhibited by S1P [13], which may either enhance or suppress
inflammation [14, 15]. Despite these intracellular targets, S1P
appears to exert the majority of its functions in immunity by
activating its 5 specific G protein-coupled receptors. To
enable this, S1P, once being generated intracellularly, can
be exported to the extracellular space by a number of trans-
porters including members of the ABC transporter family
[16–18] as well as spinster homolog 2 (SPNS2) [19]. Among
these, SPNS2 appears to be essential for S1P-dependent
immune regulation. SPNS2-deficient mice showed reduced
circulating S1P levels and lymphopenia, which translated
into reduced severity of airway inflammation, delayed-type
contact hypersensibility, dextrane sulphate sodium-induced
colitis, experimental autoimmune encephalopathy (EAE),
and collagen-induced arthritis, likely due to suppressed
lymphocyte trafficking [20]. Once released into the circula-
tion, S1P is bound by high-density lipoprotein (HDL)-associ-
ated apolipoprotein M (ApoM) or albumin. Different S1P
chaperones appear to confer divergent biological functions
to S1P, since ApoM-bound S1P does not affect lymphocyte
trafficking but restrains lymphopoiesis in the bone marrow.
Limiting S1P-bound ApoM levels increased EAE severity
[21]. Irrespective of the mode of transport, S1P may couple
at least to S1PR1 in an autocrine fashion that does not
involve transport into the extracellular space. A recent report
suggests that S1P accesses S1PR1 laterally by inserting into
the plasma membrane [22]. It remains unknown if this mode
of activation applies also for other S1PRs. Thus, S1P signaling
is determined by its localization and mode of presentation.
Another layer of complexity is added by cell type-specific
expression of different S1PR profiles, since individual
S1PRs couple to different heterotrimeric G proteins and
therefore are able to elicit diverse and sometimes antithetic
responses. While S1PR1, 2 and 3 are expressed ubiquitously,
S1PR4 and 5 show tissue-specific distribution. S1PR4 is
exclusively found in hematopoietic tissues under basal condi-
tions [23], whereas S1PR5 expression is restricted to natural

killer (NK) cells [24], dendritic cells (DCs) [25], the central
nervous system [26], endothelial cells [27], and certain
cancer cells [28, 29], indicating specialized functions of these
two S1PRs.

In homeostasis, S1P levels in tissues are kept below
concentrations that are required to activate S1PR signaling
[7]. High concentrations of S1P in a nanomolar to micromo-
lar range are solely detected in blood and lymph, the majority
being bound to albumin or HDL [7, 21]. This centralized
distribution of S1P is critical for its main biological func-
tions, the maintenance of vascular integrity, and white
blood cell trafficking [30]. However, under inflammatory
conditions, extravascular S1P levels may rise due to cellu-
lar signaling activating SPHK1-dependent S1P secretion,
or inflammation-induced cell death and subsequent release
of active SPHK2 to the extracellular space [31]. By virtue
of these mechanisms, S1P plays a pivotal role in inflam-
mation that reaches beyond its homeostatic function of
immune cell trafficking. The decisive role of S1P in
immune cell trafficking was discovered when the immuno-
suppressive agent FTY720 was found to induce S1PR
(S1PR1, 3–5) internalization in T cells to render them
unresponsive to the S1P gradient towards the circulation,
thereby trapping them in thymus and secondary lymphatic
organs [32, 33]. Generally, S1PR1 is strongly upregulated
during T cell development to enable the egress of mature
T cells from thymus into blood [5]. Once in the circulation,
S1PR1 is internalized due to high blood S1P concentrations,
thereby making T cells responsive to other chemotactic sig-
nals and enabling them to extravasate into peripheral tissues
for surveillance. There, S1PR1 relocates to the plasma mem-
brane due to the absence of its ligand, and T cells are ready to
traffic back into the circulation following the S1P gradient.
The establishment of tissue-resident memory T cells there-
fore requires permanent downregulation of S1PR1 [34].

This pattern of S1P-dependent migration has been
described for most immune cell subsets, although the recep-
tors used can differ. B cells utilize S1PR1 and 3 to localize to
their proper locations in secondary lymphoid organs [5, 35],
and NK cell migration towards S1P depends on S1PR5 [24].
Circulating myeloid cells such as monocytes respond to S1P
mainly through S1PR3 [36] or S1PR5 [37]. The situation is
slightly more complex for myeloid cells such as DCs and
macrophages, which usually reside in tissues and are only
supposed to emigrate into the circulation upon activation
and antigen capture. In these cells, responsiveness to S1P is
regulated by the S1PR repertoire expressed prior and subse-
quent to activation. Immature DCs express predominantly
S1PR2 and 4, with the notion that S1PR2 usually counteracts
the promigratory function of S1PR1 by signaling towards
chemorepulsion. During maturation after antigen uptake,
S1PR1 and 3 are profoundly induced, now enabling mature
DCs to emigrate into the lymphatic system to present the
captured antigens to lymphocytes [38]. A similar scenario
applies to macrophages in different phases of inflammation.
While S1PR2 dominates in proinflammatory cells, S1PR1 is
upregulated during resolution of inflammation to enable
the emigration of macrophages from the site of inflammation
[39, 40]. Interestingly, this manner of myeloid cell trafficking
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is also hijacked by pathogens as migration of infected
monocytes and DCs to draining lymph nodes in an S1PR1-
dependent manner was connected to spreading infection
with Y. pestis [41].

Besides regulating immune cell migration, S1P influences
immune cell survival, differentiation, and activation. These
topics have been covered by recent reviews to which we
would like to refer [6, 30, 40, 42]. To name a few significant
findings, S1PR1 signaling on myeloid cells increases tumor-
promoting inflammatory cytokine production [43] and
shapes T cell activation by promoting T helper 17 (Th17)
and limiting regulatory T cell (Treg) polarization [44, 45].
Compared to the well-characterized role of S1PR1 in these
processes, the function of S1PR4 is so far underappreci-
ated. Recent reports suggest its potential involvement in
chronic inflammatory responses, which is discussed in
the following paragraphs.

3. S1PR4 Signaling

Signaling pathways induced downstream of S1PR4 upon
ligation by S1P are largely unexplored, although early studies
at least pointed towards the specific G proteins that are acti-
vated in response to triggering this seven-transmembrane
domain receptor. S1P was first shown to couple to S1PR4
(then known as EDG-6) in 2000 [4], confirming previous
predictions of EDG-6 as a putative S1P receptor [23]. In early
signaling studies, S1PR4-transfected HEK293 cells showed
extracellular-signal regulated kinase 1/2 (ERK1/2) activation
upon S1P stimulation, which was pertussis toxin-sensitive,
indicating that S1PR4 coupled to Gαi [4]. Subsequently,
S1PR4 was overexpressed in CHO cells to further investigate
G protein coupling [46]. Hereby, S1PR4 was shown to signal
via Gαi and Gα12/13 but not Gαq and Gα15/16 [46], although
the tandem genomic arrangement of S1PR4 and Gα15/16
and frequent cellular coexpression were suggestive of a func-
tional interaction [47, 48]. Furthermore, coupling to Gαs was
excluded by the inability of S1PR4-overexpressing CHO cells
to increase cAMP production upon S1P stimulation [46].
Signaling through S1PR4 dependent on pertussis toxin and
therefore Gαi induced phospholipase C activity and a subse-
quent increase in cytosolic Ca2+, which was attributed to the
βγ subunits of this heterotrimeric G protein [46, 49]. Inter-
estingly, S1P coupling to S1PR4 activated the small G protein
RhoA, likely in a Gα12/13-dependent manner, and induced
cytoskeletal rearrangements and cell rounding. RhoA acti-
vates cofilin via RhoA kinase (ROCK) and LIM domain
kinase, which is involved in actin nucleation and severing
of actin fibers, as well as myosin light chain, which promotes
actin contractility, both of which may be involved in cell
rounding downstream of S1PR4 [50]. These data suggested
a major influence of S1PR4 signaling on components that
mediate cytoskeletal (re-)arrangement.

Another set of data that did not employ S1PR4 overex-
pression strategies confirmed the impact of S1PR4 signaling
on activation of these pathways, specifically on ROCK activa-
tion [51]. TGF-β induced S1PR4 upregulation was observed
in myoblasts. S1PR4 is usually not expressed outside the
immune system but may be induced in nonhematopoietic

cells under certain conditions. Signaling through S1PR4 in
myoblasts involved activation of ROCK2, leading to phos-
phatase and tensin homolog (PTEN) phosphorylation and
subsequent inhibition of protein kinase B (PKB/AKT) signal-
ing. Consequentially, inhibition of AKT by S1PR4 induced
cell death in myoblasts, which is a known detrimental func-
tion of TGF-β in wound healing [51]. Interestingly, S1PR4
in these cells did not affect ERK1/2 activation, which might
have counteracted the negative effect of S1PR4 on myoblast
survival, as indicated for breast cancer cells [52]. In these
cells, S1PR4 signaling stimulated ERK1/2 phosphorylation
by a pathway involving tyrosine phosphorylation of human
epidermal growth factor receptor 2 (HER2) [52].

Also, in immune cells, S1PR4 signaling was connected to
pathways altering actin dynamics. In human plasmacytoid
dendritic cells (pDCs), triggering S1PR4 signaling with S1P
or a specific S1PR4 agonist prevented the activation-
induced internalization of the inhibitory cell surface receptor
leukocyte immunoglobulin-like transcript (ILT7). ILT7
internalization in this context was restored with antagonists
of both RhoA and ROCK, indicating that a Gα12/13, RhoA,
and ROCK-dependent signaling pathway activated by
S1PR4 ligation prevented ILT7 internalization [53]. Since
receptor endocytosis is highly dependent on actin dynamics
[54], a role of altered actin dynamics downstream of S1PR4
in modulating ILT7 internalization appears rational. S1PR4
signaling furthermore facilitated AKT activation to promote
cytokine production in human macrophages [55]. In this set-
ting, again, receptor trafficking downstream of S1PR4 was
affected. S1P derived from dying tumor cells promoted the
shuttling of the nerve growth factor (NGF) receptor tropo-
myosin receptor kinase A (TRKA) from intracellular vesicles
to the plasma membrane, where constitutively produced
NGF activated AKT [55]. TRKA shuttling by S1PR4 required
the activation of a proto-oncogene tyrosine-protein kinase
Src family protein. Src family proteins are associated with
the regulation of actin dynamics via phosphorylation of
Rho guanine nucleotide exchange factors (GEFs) that conse-
quently activate Rho and ROCK [56]. How S1PR4 activates
Src remains elusive. However, Src family activity by GPCRs
can be triggered by Gαi, independently of G proteins by
direct association with the GPCR or via transactivation of
receptor tyrosine kinases [57, 58].

In conclusion, S1PR4 couples to Gαi and Gα12/13 to
induce MAPK activity but predominantly activates
RhoA/ROCK to affect actin dynamics in different cell types
(Figure 1). This process then regulates trafficking of other
receptors, which appears to be a common feature underlying
the biological functions of S1PR4 at least in immune cells. In
contrast, the impact of S1PR4 signaling on cell survival is
likely cell type-specific. In the following paragraphs, we
describe the immunological consequences of S1PR4 signal-
ing, for most of which exact signaling pathways downstream
of S1PR4 so far remain elusive.

4. S1PR4 and Immune Cell Trafficking

The role of S1PR4 in immune cell trafficking is at present
controversially discussed. While its impact is nowhere as
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prominent as that of S1PR1, although expression levels in
lymphocytes appear to be similar, neutrophil homeostasis is
prominently regulated by S1PR4, which may involve modu-
lation of neutrophil migration. As T cells have long been in
the focus of research on the role of S1P in cell motility, with
several studies showing how S1P controls the ability of T cells
to leave lymph nodes via S1PR1 [5, 59], early studies on the
influence of S1PR4 on migration also focused on T cells. The
already high expression of S1PR4, compared to S1PR1, in
these results was supplemented by additional overexpression
of S1PR4 on Jurkat T cells, and primary mouse splenocytes,
which increased their spontaneous motility. This was, how-
ever, not enhanced by S1P stimulation, indicating either suffi-
cient endogenous S1P production by these cells or that
enhanced motility was an artifact of overexpression and
S1PR4 signaling per se was not involved [46]. These notions
were supported later by a following study showing that neither
transgenic expression of S1PR4 inmurineT cell lines nor inhi-
bition of S1PRs with FTY720 in primary CD4+ splenocytes
changed chemotaxis towards S1P [60]. On a contrary note,
Matsuyuki et al. reported in 2006 that the same murine T cell
lines showed chemotaxis towards S1P, which was inhibited by
the nonselective S1PR superagonist FTY720 [61]. They
argued that this effect was at least in part attributable to
S1PR4 based on its prominent expression among S1PRs in
these cells. In addition, they also demonstrated association
of S1PR4 with the other highly expressed S1P receptor,
S1PR1, proposing a functional codependency of the two
receptors. Such a codependency of S1PR4 and S1PR1 was also
suggested by a study utilizing humanB cell lines. However, the
authors reported that endogenous S1PR4 had no impact on B

cell line migration, but overexpression of S1PR4 mildly
reduced S1PR1-dependent migration of B cell lines [62]. In
conclusion, studying immune cell migration using cell lines
overexpressing S1PR4did not provide sufficient data to clearly
delineate the role of this receptor in immune cell migration.

More conclusive data emerged from studies using S1PR4-
deficient animals. Using such animals, Schulze et al. showed
that motility of murine CD4+ and CD8+ T cells was mildly
enhanced in vitro, which was confirmed for CD8+ T cells
in vivo, supporting the abovementioned findings of a nega-
tively modulating role of S1PR4 in lymphocyte migration
[63]. Besides, this study revealed a rather prominent function
for S1PR4 in DC trafficking. Loss of S1PR4 in a model of
allergic airway disease caused a marked enrichment of DCs
in lymph nodes [63]. There are a number of possible explana-
tions for this phenomenon. First, DC trafficking towards
lymph nodes is regulated via chemokine signaling of
CCL19 and CCL21 through CCR7 that is upregulated on
DCs following their activation. Activation of DCs likewise
increases S1PR1 expression and decreases S1PR2, thereby
enhancing their migratory capacity [64, 65]. Therefore, it is
conceivable that S1PR4 antagonizes S1PR1, and that its
depletion thereby increases DC numbers in draining lymph
nodes. Alternatively, egress of DCs from lymph nodes could
be S1PR4 dependent or S1PR4 signaling might limit the DC
life-span similar to the situation described above for myo-
blasts [51]. A promigratory role of S1PR4 on DCs might be
supported by the observation that common dendritic precur-
sors (CDPs) showed a strong chemotactic response towards
S1P that was strictly dependent on S1PR4, since this response
was absent in cells derived from S1PR4 knockout animals.
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Also, neutrophils are discussed to migrate towards S1P
via S1PR4. Initial studies showed that S1P inhibits neutrophil
migration towards IL-8 and fMLP [66, 67]. This inhibition
did not occur after addition of S1P precursors or analogs
and therefore was most likely regulated by one of the S1P
receptors, of which neutrophils express S1PR1, S1PR4, and
S1PR5. However, the experimental design of these studies
did not allow excluding indirect effects of S1P on other cells
such as endothelial cells. Despite these inhibitory effects on
neutrophil migration, S1P treatment alone was sufficient to
significantly increase neutrophil migration, especially for
neutrophils originating from patients suffering from pneu-
monia [67]. Moreover, in mice immunized with ovalbumin,
the S1PR superagonist FTY720 did not inhibit migration of
neutrophils towards the site of inflammation, but abrogated
their migration from inflamed tissues towards draining
lymph nodes. In this study, S1PR4 was also identified as the
only S1PR neutrophils upregulate upon stimulation [68].
Together, these findings suggest S1P as a regulator of neutro-
phil motility, putatively through S1PR4 and especially during
inflammation.

In a genome-wide association study of low-frequency
coding variants with hematologic parameters, a S1PR4 vari-
ant was identified as a marker for neutrophil count [69].
The observed S1PR4 variant was correlated to a significant
reduction in the number of circulating neutrophils. In confir-
mation of this observation in large human cohorts, a signifi-
cant reduction of neutrophil count was observed when
analyzing large cohorts of S1PR4 knockout mice and
zebrafish [69]. A reduced recruitment from the primary site
of granulopoiesis was ruled out by the observation that neu-
trophils did not accumulate in the bone marrow of S1PR4
knockout mice. The authors also observed a reduction of
CD62L on neutrophils, which is shed upon their activation
and mediates their interaction with the endothelium, which
might suggest enhanced migration of neutrophils into
peripheral tissues when S1PR4 is lacking. However, reduced
numbers of tissue neutrophils in liver and lungs of S1PR4-
deficient mice that were comparable to the changes in blood
levels were noted, suggesting that this loss of CD62L was not
due to activation upon invasion [69]. Allende et al. showed a
similar reduction of CD62L on neutrophils in a mouse strain
deficient in SPL and went on to show that this reduction was
due to diminished expression [70]. They observed that, in
contrast to S1PR4-deficient animals, SPL-deficient animals
showed a strong increase of circulating neutrophils and pro-
inflammatory cytokines such as CCL2 and IL-6. They also
observed a marked reduction of chemotaxis towards fMLP,
which is in line with previous findings described above. This
phenotype, with exception of the reduced CD62L expression,
was rescued when S1PR4 was depleted together with SPL in
double transgenic animals [70]. This observation likely
excludes reduced CD62L expression as the mechanistic
explanation for reduced neutrophil counts in S1PR4-
deficient animals. However, it strengthens the finding that
S1PR4 affects neutrophil homeostasis critically, both under
steady-state and hyperinflammatory conditions. Mechanisti-
cally, Allende et al. argued that under conditions of single
depletion of SPL, the inability of CD62low neutrophils to

migrate into tissues deprived tissue-resident macrophages
and DCs of suppressive signals resulting from dying neutro-
phils, causing these macrophages or DCs to produce IL-23
and activate the IL-23/IL-17 axis, which induces granulopoi-
esis [71]. This was corroborated by an observed increase in
Th17 cells and could explain the increased granulopoiesis
as well as the high levels of proinflammatory cytokines in
SPL-deficient mice [70]. Based on this hypothesis, an addi-
tional knockout of S1PR4 might not affect the neutrophils
directly, but rather other cells of the immune system that
produce Th17 promoting cytokines. The most elegant expla-
nation would tie S1PR4 to the IL-23/IL-17 axis, which was
indeed observed when S1PR4-deficient mice were challenged
with several diseases [63]. This explanation seems plausible,
although the mechanistic detail including CD62L appears
to be irrelevant, since both single SPL and S1PR4 depletion
were associated with CD62L, although neutrophil counts
were affected contrarily. At least two explanations therefore
remain. S1PR4 may potentially promote the life-span of
mature neutrophils without affecting their generation from
precursors in the bone marrow, which would result in
reduced peripheral neutrophil counts when S1PR4 is lacking.
Another more likely explanation is that S1PR4 directly
promotes Th17 polarization and therefore granulopoiesis as
part of a complex signaling network.

In conclusion, S1PR4 appears to play a minor regulatory
role in immune cell migration, with the exception of DCs and
DC precursors. Apart from these relatively clear indica-
tions, contradictory or controversial findings for a role in
lymphocyte or neutrophil migration are likely a result of
complex cellular systems or the use of unspecific receptor
agonists/antagonists. Future research on the role of S1PR4 in
immune cell motility therefore requires the use of the recently
developed S1PR4-specific agonists and antagonists [72–75].

5. S1PR4 and Immune Cell Differentiation

S1PR4-deficient mice and zebrafish are born at normal fre-
quencies and do not show an obvious abnormal phenotype
when they remain unchallenged [76, 77]. This indicates a
negligible influence of S1PR4 during embryonic develop-
ment and on the development of individual immune cell
populations, although S1PR4 is highly expressed by hemato-
poietic stem cells [78, 79]. However, studies which more
closely investigated the immune cell composition in S1PR4-
deficient mice, reported an impact of S1PR4 on megakaryo-
cyte and DC differentiation under basal conditions [76].

When looking at megakaryocyte differentiation from
human progenitors, S1PR4 expression was increased along
the line of progenitor differentiation into mature megakaryo-
cytes and was expressed in mature megakaryocytes of mice as
well [76]. Furthermore, S1PR4-deficient mouse bone marrow
contained a substantial number of aberrant megakaryocytes.
While reduced formation of proplatelets from S1PR4-
deficient mouse bone marrow was observed in vitro, the
number of platelets under basal conditions was unchanged.
Nevertheless, platelet recovery after antibody-induced plate-
let deletion was delayed when S1PR4 was lacking. Moreover,
overexpression of S1PR4 alone was sufficient to induce
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differentiation of human erythroleukemia (HEL) cells to
megakaryocytes. This was accompanied by the upregulation
of megakaryocyte and platelet markers such as CD41 and
the platelet-specific ADP receptor P2Y12, indicating that
S1PR4 signaling in this context alters genetic programs to
modulate cell identity. Mechanistic explanations connecting
S1PR4 to such processes are so far elusive. However, apart
from altering gene expression, platelet formation also
requires alterations of the cytoskeleton [80], which, as out-
lined above, is a target of S1PR4 signaling. The specific path-
ways downstream of S1PR4 that promote proplatelet
formation may be the object of future investigations.

Within the DC lineage, murine pDCs nearly exclusively
express S1PR4 among S1P receptors [81]. In a study initially
designed to look at S1P-dependent migration of murine
pDCs, it was noted that S1PR4-deficient mice specifically
lack the subpopulation of migratory CD4− pDCs in blood
and primary as well as secondary hematopoietic organs
[82]. Frequencies of other immune cells were not affected.
While S1PR4 did not modify pDC migration, it appeared to
specifically promote the migration of common dendritic cell
precursors (CDPs) towards S1P in vitro. This was correlated
with an accumulation of CDPs in murine S1PR4-deficient
bone marrow compared toWT bone marrow [82]. A possible
explanation for this correlation is the observation that pDCs
develop in regions with high oxygen in the bone marrow,
indicated by the fact that hypoxia-inducible factor-1 limits
pDC development [83], which are likely enriched in vascula-
ture and therefore in contact with the high levels of S1P in the
circulation. CDPs might follow the S1P gradient into these
regions via S1PR4 to differentiate to pDCs. Regardless of this
hypothesis, differentiation of pDC precursors to pDCs was
also S1PR4-dependent in fms-like tyrosine kinase 3-ligand-
(Flt3-L-) driven in vitro assays where S1P and oxygen gradi-
ents are unlikely. As discussed above, S1PR4 couples to Gαi
to activate growth-promoting signals such as ERK [4] and
PKB/AKT that are also activated downstream of Flt3. Since
Flt3 signaling on CDP is critical for pDC development, a
positive modulation of the Flt3 signaling pathway by S1PR4
appears as another possible explanation for the reduction of
pDCs in S1PR4-deficient mice.

In conclusion, S1PR4 modulates the differentiation of a
selected set of immune cells, likely by modulating primary
signals involved in their generation or by regulating the
migration of progenitors. Based on these studies, interfering
with S1PR4 pharmacologically might affect platelet dynamics
and limit pDC generation, both of which are relevant pro-
cesses in human disease [76, 84].

6. S1PR4 and (Myeloid) Immune Cell Activation

S1PR4 was initially described to directly regulate cytokine
production by T cell lines. However, in these studies, S1PR4
was overexpressed [60]. Subsequent studies and our own
unpublished observations indicate that S1PR4 expression of
lymphocytes does not affect their activity directly, although
lymphocytes show high levels of S1PR4 expression [63, 85].
Instead, several publications point towards an indirect regu-
lation of lymphocyte function by S1PR4 [53, 63, 85].

Thereby, S1PR4 signaling seems to mainly effect cytokine
production of antigen-presenting cells (APCs) including
DCs andmacrophages to shape T cell effector function. Cyto-
kines released by APCs are the polarizing signal during T cell
activation, which is one of the three signals provided by
phagocytes to facilitate proper T cell priming [86]. The other
two are the presentation of antigens via major histocompati-
bility complex (MHC) or related molecules and cell surface
expression of costimulatory molecules, which occur as a
consequence of APC activation/maturation. APC activa-
tion/maturation was found to be S1PR4-independent in
several model systems. Expression of activation markers such
as MHCII and costimulatory molecules by murine LPS-
stimulated BMDCs, human monocyte-derived DCs activated
by apoptotic cells, and CpG-activated pDCs was unchanged
when S1PR4 was depleted or antagonized [53, 63, 85].

A number of recent publications demonstrated that
shaping Treg and, most prominently, Th17 cell polarization
by cytokines released from DCs and macrophages is strongly
dependent on S1PR4 signaling. Whereas the release of IL-10
and TGF-β shapes the phenotype of Tregs, which are known
to inhibit, among others, cytotoxic T cell function and prolif-
eration, IL-6, TGF-β, IL-23, and IL-1β are required for Th17
differentiation [87]. Murine DCs required S1PR4 for efficient
IL-6 secretion and subsequent Th17 differentiation. When
S1PR4-deficient bone marrow-derived DCs (BMDCs) were
stimulated with LPS, they secreted less IL-6 and coculture
of these BMDCs with antigen-specific T cells decreased
T cell-specific IL-17 production [63]. IL-6 levels were also
reduced in serum of S1PR4-deficient mice suffering from
inflammatory DSS-induced colitis, which is Th17-dependent
[88]. Thesemice lost lessweight and therefore had a less severe
disease progression [63]. Consequently, S1PR4 was proposed
to enhance Th17-driven inflammation by polarizing Th cells
towards the Th17 lineage, which was dependent on DCs
releasing the Th17 polarizing cytokine IL-6. A role of S1PR4
in IL-6 production was also confirmed for macrophages.
Activation of S1PR4 signaling on human and murine
tumor-associated macrophages (TAMs) by apoptotic tumor
cell-derived S1P leads to the production of tumor-
promoting cytokines, including IL-6 and IL-10. This
depended on the shuttling of TRKA to the cell surface [55].
In conclusion, S1PR4 appears to be critically involved in
Th17 polarization, probably via affecting IL-6 release. How-
ever, mechanistic details connecting S1PR4 signaling to IL-
6 release are sparse. Nevertheless, these data suggest that
S1PR4 harbors the potential to be a feasible target for affect-
ing disease progression of Th17-driven immune-mediated
diseases such as psoriasis, asthma, and inflammatory bowel
disease [89].

Besides promoting Th17 polarization, S1PR4 also indi-
rectly affected other T cell subsets by regulating cytokine
release from APCs. In vitro studies demonstrated that S1P
produced by apoptotic tumor cells triggered S1PR4-
dependent production of IL-27 by human DCs. IL-27
upregulated CD69 on a subset of Tregs (CD39+) that were
subsequently able to efficiently suppress cytotoxic lympho-
cytes most likely by the release of adenosine [85]. Other func-
tions of S1PR4 likely also affect cytotoxic lymphocyte activity
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directly or indirectly. Activated pDCs released lower levels of
IFN-αwhen S1PR4 was stimulated simultaneously [53]. IFN-
α production during the immune response against viral
infections is the primary function of pDCs, which is
required to activate cytotoxic lymphocytes. It was shown
that tumor-associated pDCs are impaired in IFN-α produc-
tion leading to Treg expansion and breast cancer progression

[90]. Accordingly, S1PR4-stimulated pDCs promoted the
expansion of IL-10-producing T cells, likely Tregs [53].
Elucidating the role of S1PR4 during tumor development
therefore appears promising.

Together, the studies summarized in this paragraph
strongly suggest an immunomodulatory role for the immune
cell-specific S1PR4 during inflammation and a potential
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protumoral role during cancer progression, both by modulat-
ing T cell function through myeloid cell activation. However,
further studies using S1PR4-deficient mice and/or specific
S1PR4 agonists/antagonists are needed to shed light onto
S1PR4-mediated myeloid cell/T cell interactions.

7. Conclusions

The role of S1PR4 in inflammation is slowly being unraveled.
While signaling through S1PR4 appears to rather mildly
impact immune cell migration, as opposed to the other mem-
bers of this family, and influences differentiation of a very
limited number of immune cell subsets, regulation of cyto-
kine production by myeloid cells appears to be most influen-
tial (Figure 2). Mechanistic details connecting S1PR4
signaling to these features are sparse but may involve transac-
tivation of other receptors on immune cells by regulating
their subcellular localization. A pathological role of S1PR4
appears most obvious under conditions of chronic inflamma-
tion. Its potency to reduce neutrophil numbers in mice and
humans and to limit Th17 polarization may render it an
attractive target to interfere with diseases characterized by
these features [91, 92].

Among diseases with a clear Th17 etiology are psoriasis
and rheumatoid arthritis [93]. Treatment with S1PR4 antag-
onists, thereby reducing IL-17 production, may therefore be
of interest in these entities. Although S1PR4 deficiency
showed amajor improvement of DSS-induced colitis, inflam-
matory bowel disease (IBD) in humans does not appear to be
strictly Th17-dependent [93]. In fact, neutralizing IL-17 has
even shown an adverse effect in patients with Crohn’s disease
[94], probably limiting the applicability of targeting S1PR4 to
treat IBD. Another counterargument could be made by the
availability of IL-17 targeting biologicals, raising the question
what benefit targeting S1PR4 might have beyond targeting
IL-17 directly [95]. Besides the limited costs of a small mole-
cule S1PR4 inhibitor, it is important to stress that targeting a
single inflammatory mediator in chronic inflammatory dis-
eases may lead to therapeutic resistance, which is well known
for TNF-α neutralizing biologicals [96]. Inhibiting S1PR4
may target more than one inflammatory mediator at once,
for example, IL-6 and IL-17 [55, 63]. To understand the full
potential of S1PR4 modulation, systems biology approaches
need to be undertaken to unravel cytokine and, importantly,
chemokine networks under the control of S1PR4. In contrast
to contributing to inflammatory mediator production, S1PR4
was also involved in producing the anti-inflammatory cyto-
kine IL-10 [55]. Moreover, S1PR4 signaling suppressed
IFN-α production from pDCs, which by itself is a potent
driver of certain autoimmune diseases [97]. An involvement
of these two mediators in the regulation of chronic inflam-
mation in different disease entities would certainly limit the
use of S1PR4 antagonists. On the other hand, the potential
to block type I IFN might be beneficial for patients suffering
from autoimmune conditions that involve pathogenic type I
IFN production, such as systemic lupus erythematosus
(SLE) [98]. To envision a use of S1PR4 activators in SLE,
future studies need to test if pharmacological overactivation
of S1PR4 in disease settings increases the production of

inflammatory mediators such as IL-6 and IL-17 that may also
be involved in SLE pathogenesis [99, 100]. It is important to
stress that pathologically defined autoimmune conditions
likely consist of a conglomerate of distinct, etiologically
heterogeneous disease subgroups [101]. Therefore, for
instance, subgroups of patients with type I IFN-driven
SLE may benefit from S1PR4 agonist treatment, whereas
other subgroups may not.

In contrast to promoting certain autoimmune condi-
tions, high IFN-α production is required for efficient antitu-
mor immunity [102]. Furthermore, IL-17 can promote
tumor growth at least in some tumor models [93], and an
enhanced neutrophil infiltrate is associated with a poor prog-
nosis among a wide range of human tumors [103]. S1PR4
antagonists might therefore be beneficial in limiting protu-
mor immunity, by reducing the production of IL-17, IL-6,
and IL-10 and reducing neutrophil infiltrates, while at the
same time promoting antitumor immune responses by
increasing type I IFN production. This justifies investigations
on the role of this receptor in tumor biology.

Beside these speculations, further investigations are
required to clearly dissect the role of S1PR4 in cytokine pro-
duction in disease models including psoriasis, rheumatoid
arthritis, SLE, and cancer. The now available S1PR4-
deficient mice and specific S1PR4 agonists and antagonists
will be useful in such studies and fuel the identification of
specific features of S1PR4 signaling within the multitude of
functions mediated by S1P.
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Ceramide kinase (CerK) plays a critical role in the regulation of cell growth and survival and has been implicated in
proinflammatory responses. In this work, we demonstrate that CerK regulates adipocyte differentiation, a process associated
with obesity, which causes chronic low-grade inflammation. CerK was upregulated during differentiation of 3T3-L1
preadipocytes into mature adipocytes. Noteworthy, knockdown of CerK using specific siRNA to silence the gene encoding this
kinase resulted in substantial decrease of lipid droplet formation and potent depletion in the content of triacylglycerols in the
adipocytes. Additionally, CerK knockdown caused blockade of leptin secretion, an adipokine that is crucial for regulation of
energy balance in the organism and that is increased in the obese state. Moreover, CerK gene silencing decreased the expression
of peroxisome proliferator-activated receptor gamma (PPARγ), which is considered the master regulator of adipogenesis. It can
be concluded that CerK is a novel regulator of adipogenesis, an action that may have potential implications in the development
of obesity, and that targeting this kinase may be beneficial for treatment of obesity-associated diseases.

1. Introduction

Adipogenesis is the development of fully differentiated
mature adipocytes from precursor cells. Apart from its role
as triacylglycerol (TG) storage and energy homeostasis,
adipose tissue is an endocrine organ that regulates crucial
pathophysiological processes. Classical adipocyte-specific
hormones include leptin [1], adiponectin [2], or resistin [3],
but preadipocytes and mature adipocytes can also secrete
numerous pro- and anti-inflammatory cytokines. Many of
these so-called adipokines are involved in the regulation
of glucose and lipid metabolism and are implicated in
conditions of insulin resistance and obesity [4–6].

In recent years, sphingolipids and sphingolipid-
metabolizing enzymes have emerged as key regulators of vital
cellular functions including cell growth, differentiation, or
cell death, and some of them are involved in inflammatory
responses and inflammation-associated diseases such as
cardiovascular diseases, cancer, and obesity. In particular,
ceramides have been associated with insulin resistance
leading to type II diabetes, and sphingosine and sphingosine
kinases are altered in the obese state [7, 8]. However, a

putative role for ceramide kinase (CerK), the enzyme that
phosphorylates ceramide to produce ceramide 1-phosphate
(C1P), in adipogenesis has remained largely unknown.

The present study was undertaken to evaluate whether
CerK was implicated in adipocyte differentiation, which is a
target for therapy of obesity-related diseases.

2. Materials and Methods

2.1. Materials. The culture medium Dulbecco’s modified
Eagle’s medium (DMEM) used in all the experiments was
purchased from Lonza. The triacylglycerol assay kit was
purchased from Abnova. NBD-ceramide (NBD-N-hexa-
noyl-D-erythro-sphingosine) was from Cayman Chemicals.
Dexamethasone, rosiglitazone, insulin, 3-isobutyl-1-methyl-
xanthine (IBMX), and the Oil Red O dye were obtained from
Sigma-Aldrich. Nitrocellulose membranes, protein markers,
and BCA assay reagents were purchased from Bio-Rad.
Fetal bovine serum (FBS) and newborn calf serum (NCS)
were from GIBCO. The ELISA kit for determination of
leptin was purchased from Peprotech. The PPARγ antibody
was supplied by Cell Signaling. The GAPDH antibody,
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nontargeting (negative) siRNA, and ceramide kinase (CerK)
siRNA were purchased from Santa Cruz Biotechnology.
The CerK antibody was from Calbiochem or Abgent. The
rest of chemicals and reagents used in this work were of
the highest grade available.

2.2. Cell Culture. The 3T3-L1 cell line is a fibroblast cell line
purchased from the American Type Culture Collection
(ATCC) (Manassas, VA, USA) and was cultured following
the manufacturer’s indications. Cells were grown in 175 cm2

flasks in DMEM supplemented with 10% heat-inactivated
newborn calf serum (NCS), 50mg/l gentamicin, 200μM
L-glutamine, and 4.5 g/l glucose. Cells were incubated in a
humidified 5% CO2 incubator at 37°C and subcultured
every 3-4 days. Cells were used in experiments at about
80–100% confluence.

2.3. 3T3-L1 Preadipocyte Differentiation Protocol. 3T3-L1
preadipocytes were seeded in 6-well plates at 1.2× 105 cells/
well or in 24-well plates at 6× 104 cells/well or in 96-well
plates at 9× 103 cells/well depending on the kind of experi-
ment to be performed. The cells were then cultured in
DMEM supplemented with 10% NCS until they were about
90–100% confluent. The cells were then further incubated
for 2 days. The preadipocytes were treated with adipogenic
induction medium, which is a medium consisting of DMEM
10% FBS supplemented with an adipogenic cocktail contain-
ing 0.5mM IBMX, 1μg/ml insulin, 0.25μM dexamethasone,
and 2μM rosiglitazone. Two days later, the medium was
removed and cells were incubated further in maintenance
medium (DMEM 10% FBS+1μg/ml insulin) for two addi-
tional days. The cells were then fed every two days with
DMEM supplemented with 10% FBS and 1μg/ml insulin.

2.4. Western Blotting. Preadipocytes were harvested and lysed
in ice-cold homogenization buffer to analyze proteins by
Western blotting, essentially as described in [9]. Specifically,
3T3-L1 cells were seeded at 1.2× 105 cells/well in 6-well
plates and were differentiated in the presence or in the
absence of CerK siRNA, following the above described
preadipocyte differentiation protocol (Section 2.3). Western
blotting was performed as detailed in [10]. About 20–40μg
of protein from each sample was loaded and separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), using 12% separating gels. Proteins were trans-
ferred onto nitrocellulose membranes and blocked with 5%
skim milk for 1 h in Tris-buffered saline (TBS) containing
0.1% Tween 20 and then incubated overnight with the
primary antibody in TBS-0.1% Tween 20 at 4°C. After three
washes with TBS-0.1% Tween 20, membranes were incu-
bated with horseradish peroxidase-conjugated secondary
antibody at 1 : 4000 dilution for 1 h. Bands were visualized
by enhanced chemiluminescence and exposed films were
analyzed with an ImageJ software.

2.5. Oil Red O Staining Protocol. 3T3-L1 preadipocytes were
seeded at 6× 104 cells/well in 24-well plates and differen-
tiated in the absence or in the presence of CerK siRNA,
following the above described preadipocyte differentiation
protocol (Section 2.3). Intracellular lipid accumulation was

determined using a solution of Oil Red O. Briefly, cells were
washed with PBS and fixed in 3.8% formaldehyde for
10min. They were then washed and stained with a solution
containing Oil Red O (3mg/ml) and isopropanol in water
(60/40, v/v) for 20min at room temperature. Stained cells
were washed twice with water and photographed with a
Nikon Eclipse TS100 microscope. To assess the degree of
differentiation, 200μl isopropanol was added and incubated
for 30min in a plate shaker. Then, 50μl of Oil Red O
extracted dye was transferred into 96-well plates and quan-
tified by reading the absorbance at a wavelength of 510 nm.
The dye extracted from the empty wells represented the
nonspecific binding of the dye to the plate. The nonspecific
binding value was subtracted from the absorbance of each
experimental condition to obtain accurate measurements
of specific staining.

2.6. Triacylglycerol Measurement. 3T3-L1 preadipocytes were
seeded at 9× 103 cells/well in 96-well plates and differentiated
in the absence or in the presence of CerK siRNA, following
the above described preadipocyte differentiation protocol
(Section 2.3). For determination of the triglyceride (TG)
content in cells, the manufacturer’s instructions were
followed. Briefly, cells were washed with PBS and 100μl of
the lipid extraction solution was added to each well. Then,
the plates were incubated in a heating block at 90–100°C
for 30min. After this time, 50μl/well of standard dilutions
of TG or 5–50μl of the lipid extracts were transferred into
96-well plates. Assay buffer was added where necessary to
bring the volume up to 50μl in all wells. Then, 2μl of lipase
solution was added to each well containing either sample or
standard, and the whole plate was incubated for 10min
at room temperature. Subsequently, 50μl of the reaction
mixture (46μl adipogenesis assay buffer + 2μl probe + 2μl
enzyme mix) was added to each well and incubated at
37°C for 30min in the dark. The absorbance was read at
570 nm in a plate reader. The protein concentration of
the lipid extracts was determined using a commercial kit
containing bicinchonic acid (BCA), from Bio-Rad, and the
values were used as internal controls to normalize the lipid
concentration in the samples.

2.7. Treatment of Cells with siRNA. 3T3-L1 preadipocytes
were seeded in 100mm diameter dishes at 5× 105 cells/plate
and incubated for 48 h as indicated in Section 2.2. The cells
were then transferred into electroporation cuvettes and
20 pmol/ml of siRNA (from a 10μM siRNA stock solution)
was added. Cells were then electroporated (1000 v, 30μS)
using an Electro Square Porator (ECM 830). Electroporated
cells were then seeded at 2× 104 cells/well in 96-well plates
or 1.2× 105 cells/well in 24-well plates or 5× 105 cells/well
in 6-well plates, depending on the particular experiment
to be performed, and incubated in differentiation medium,
as required. The silencing efficiency of the siRNA treat-
ment was analyzed by Western blotting and by measuring
CerK activity.

2.8. Determination of CerK Activity. CerK activity was
essentially determined as described by Don and Rosen [11].
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3T3-L1 cells were seeded in 6-well plates at 1.2× 105 cells/
well and differentiated in the absence or in the presence of
CerK siRNA, following the preadipocyte differentiation pro-
tocol described above (Section 2.3). Cell lysates (50–100μg of
protein) were mixed with reaction buffer (100μl, 20mM
Hepes (pH 7.4), 10mM KCl, 15mM MgCl2, 15mM CaCl2,
10% glycerol, 1mM DTT, and 1mM ATP) containing
10μM of NBD-C6-ceramide (N-hexanoyl-D-erythro-sphin-
gosine). The reactions were allowed to proceed for 30min
in the dark. Then, 250μl aliquots of chloroform :methanol
(2 : 1) were added to terminate the reactions. Samples were
then centrifuged at 280,800g for 30 s, and 100μl aliquots of
the upper aqueous phase were transferred into 96-well plates.
Subsequently, 100μl aliquots of dimethylformamide (DMF)
were added before reading the NBD fluorescence in an
appropriate plate reader. Fluorescence was quantified with
a 495nm excitation filter and a 520nm emission filter
with a Synergy HT (Biotek) plate reader equipped with
Gen5 software.

2.9. Determination of C1P Levels. C1P was analyzed by
labeling the cells with [3H]palmitate essentially as described
in [12], followed by separation of C1P by thin-layer chro-
matography [13]. Specifically, 3T3-L1 preadipocytes were
seeded in 6-well plates at 1.2× 105 cells/well and incubated
in differentiation medium for four days, following the above
described preadipocyte differentiation protocol (Section 2.3).
[3H]Palmitate (2μCi/ml) was present in the culture medium

for the last 24 h. The radioactive medium was then removed
and the cells were washed twice with nonradioactive DMEM
and collected for determination of [3H]C1P formation. To
this purpose, the cells were scraped in 0.5ml of methanol,
and the wells were washed with an equal volume of methanol.
The two 0.5ml methanol samples were combined and mixed
with 0.5ml of chloroform. The lipids were extracted by sepa-
ration of phases with an additional volume of 0.5ml of
chloroform to which 0.9ml of a solution containing 2M
KCl and 0.2M HCl was added. The chloroform phases
were isolated and dried down under a stream of nitrogen.
Subsequently, glycerophospholipids were eliminated by mild
alkaline hydrolysis incubating the samples in 0.5Mmethano-
lic KOH at 37°C for 30min with continuous shaking. After
the hydrolysis, lipids were re-extracted by separation of
phases as indicated above. The lipid extracts were dissolved
in 50μl of chloroform containing 50μg of cold C1P as carrier
and were applied directly to aluminum- or glass-backed silica
gel 60 plates to separate the lipids. The silica gel plates
were developed sequentially with three different solvent sys-
tems. Solvent 1 consisted of chloroform/methanol/NH4OH
(65 : 35 : 7.5, v/v/v) and was run up to 11.5 cm from the origin,
which was set up at 1.5 cm from the bottom of the plate. Sol-
vent 2 contained chloroform/methanol/acetic acid (9 : 1 : 1,
v/v/v) and was run up to the top of the plate. Solvent 3
consisted of 1-butanol/acetic acid/water (3 : 1 : 1, v/v/v) and
was run up to 14 cm from the origin. The plates were dried
in a fume hood after each solvent run before they were
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Figure 1: CerK is upregulated during adipogenesis. Cells were seeded in 6-well plates (1.2× 105 cells/well), and they were differentiated as
described in Materials and Methods. (a) CerK was detected by Western blotting using a specific antibody. Equal loading of protein was
assessed with an antibody against GAPDH. Similar results were obtained in each of 4 replicate experiments. (b) Results of the scanning
densitometry of exposed film. Data are expressed as arbitrary units of intensity relative to GAPDH and are the mean± SEM of 4
independent experiments (∗p < 0 05). (c) CerK activity was determined as described in Materials and Methods. Data are expressed as the
mean± SEM of 5 independent experiments (∗∗p < 0 01). (d) C1P levels were determined as described in Materials and Methods. Data are
expressed as the mean± SEM of four independent determinations (∗P < 0 05).
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developed in the next corresponding solvent. C1P was
identified after staining the plates with iodine vapor by
comparison with authentic standards. Radioactivity was
quantified by scraping the C1P spots from the silica plates
by liquid scintillation counting.

2.10. Statistical Analyses. Results are expressed as means±
SEM of three to six independent experiments performed in
duplicate unless indicated otherwise. Statistical analyses were
performed using the two-tailed, paired Student’s t-test, where
p < 0 05 was considered to be significant (GraphPad Prism
Software, San Diego, CA) [10].

3. Results

3.1. CerK Is Upregulated during Adipogenesis in 3T3-L1 Cells.
The implication of CerK in adipogenesis was tested using
3T3-L1 mouse preadipocytes. We observed that the protein
level of CerK was upregulated under adipogenic differentia-
tion conditions when the cells were incubated up to 10 days
in differentiation cell culture medium (Figures 1(a) and
1(b)). We also observed that CerK activity increased
significantly under differentiation conditions (Figure 1(c))
and that C1P levels were elevated by about 3.5-fold when
the cells were preincubated with 2μCi/ml of [3H]palmitate
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Figure 2: CerK downregulation leads to decreased lipid droplet formation and depletion of TG content in 3T3-L1 cells. The preadipocytes
were seeded in 100mm diameter dishes at 5× 105 cells/plate and incubated for 48 h as indicated in Section 2.2. They were then
electroporated in the absence of siRNA (ctrl) or in the presence of negative (scrambled) siRNA (Neg siRNA) or Cerk siRNA, as indicated
in Materials and Methods, and were then differentiated up to day 4. (a) CerK knockdown using specific siRNA was confirmed by
immunoblotting. Equal loading of protein was assessed with an antibody against GAPDH. Similar results were obtained in each of 3
replicate experiments. (b) Results of the scanning densitometry of exposed film. Data are expressed as arbitrary units of intensity relative
to GAPDH and are the mean± SEM of 3 independent experiments (∗p < 0 05). (c) Light micrographs of adipocytes stained with Oil Red
O at day 4 after differentiation are shown. Pictures were taken with a motorized Nikon Eclipse TS100 microscope at 20x magnification.
(d) Cells were stained with Oil Red O, and lipid droplets were quantified at day 4 after differentiation as indicated in Materials and
Methods. Data are expressed as the mean± SEM of 5 independent experiments performed in triplicate (∗p < 0 05). (e) Triacylglycerol
(TG) content of cells was measured at day 4 after differentiation as described in Materials and Methods. Results are the mean± SEM of 3
independent experiments performed in triplicate (∗p < 0 05).
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to label cell lipids, including sphingolipids, under the same
conditions (Figure 1(d)).

3.2. CerK Contributes to Adipogenesis in 3T3-L1 Cells. The
role of CerK in adipogenesis was investigated by transfecting
siRNA targeting CerK into 3T3-L1 preadipocytes to silence
the gene encoding this kinase. The knockdown of CerK
by siRNA treatment was confirmed by immunoblotting
(Figures 2(a) and 2(b)). Surprisingly, cells deficient in CerK
resulted in reduced adipogenic differentiation and decreased
formation of lipid droplets compared to control cells. Lipid
droplets were detected by Oil Red O staining at 4 days after
induction of adipogenesis (Figures 2(c) and 2(d)). In addi-
tion, the content of TG was substantially decreased in siRNA
CerK-treated cells compared to control cells (Figure 2(e)).

3.3. CerK Deficiency Results in Reduced Leptin Release and
Inhibition of PPARγ Expression. Leptin is the central regula-
tor of energy balance and appetite in the organism. It is
produced only after the induction of adipocyte differentia-
tion, and as such, it has been used as a late marker of adipo-
genesis [14]. In addition, leptin exerts proinflammatory
actions in the obese state [14]. We show in this work that
CerK knockdown with specific CerK siRNA significantly
decreases leptin release by the adipocytes during cell differen-
tiation (Figure 3(a)), thereby reinforcing the notion that
CerK is a relevant factor in adipogenesis.

Many proadipogenic transcription factors have been
characterized, but no one is as critical as the peroxisome
proliferator-activated receptor gamma (PPARγ), which is
considered the master regulator of adipocyte differentiation
[4]. In fact, the majority of factors controlling adipocyte
differentiation also affect the activity of this crucial regulator
of adipogenesis [15]. Noteworthy, we show in this work that
CerK knockdown with specific CerK siRNA significantly
decreases PPARγ protein levels in the adipocytes during cell
differentiation (Figures 3(b) and 3(c)), suggesting that the

expression of this transcription factor is under regulation
by CerK.

4. Discussion

In the present study, we have investigated the role of CerK
in adipogenesis using 3T3-L1 preadipocytes as cellular
model. CerK expression was increased during adipogenic
differentiation, and CerK knockdown resulted in impaired
adipogenesis as determined by the reduction of lipid droplet
formation and the TG content of cells. The latter results are
consistent with recent work showing that CerK deficiency
improves diet-induced obesity and insulin resistance [16].
CerK deficiency resulted in significant decrease of leptin
secretion, an adipokine that is increased in the obese state
[4, 14]. Leptin has proinflammatory properties and can
induce the secretion of inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6),
or IL-12 [17, 18]. In turn, proinflammatory TNF-α and
IL-1β can upregulate the expression of leptin mRNA in
the adipose tissue, leading to a loop that potentiates
inflammation [18, 19]. Therefore, the reduction of leptin
levels by downregulation of CerK would attenuate the proin-
flammatory effects of this adipokine. This is an important
aspect in the context of obesity, which is a low-grade inflam-
matory condition. The involvement of CerK in inflammation
was first suggested by Chalfant and coworkers who showed
that CerK mediates IL-1β-induced arachidonic acid release,
which is the precursor of inflammatory eicosanoids [20].
Subsequent studies by the same group demonstrated that
C1P, the product of CerK, was a direct activator of cytosolic
phospholipase A2 [21], a major enzyme responsible for the
regulation of arachidonic acid release in mammalian cells,
and that eicosanoid levels were lower in primary mouse
embryonic fibroblasts isolated from CerK knockout mice
[22]. Moreover, depleting CerK activity using either specific
siRNA to silence the gene encoding this kinase or the
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Figure 3: CERK downregulation leads to inhibition of leptin secretion and inhibition of PPAR-γ expression. The preadipocytes were seeded
in 100mm diameter dishes at 5× 105 cells/plate and incubated for 48 h as indicated in Section 2.2. The cells were then electroporated in the
absence of siRNA (ctrl) or in the presence of negative (scrambled) siRNA (Neg siRNA) or Cerk siRNA, as indicated inMaterials andMethods.
(a) Leptin concentration in supernatants was measured at day 4 after differentiation using an ELISA kit, as described in Materials and
Methods. Results are the mean± SEM of 4 independent experiments performed in duplicate (∗p < 0 05). (b) PPARγ expression was
detected by Western blotting using a specific antibody. Equal loading of protein was assessed with an antibody against GAPDH. Similar
results were obtained in each of 5 replicate experiments. (c) Results of scanning densitometry of the exposed film. Data are expressed as
arbitrary units of intensity relative to GAPDH and are the mean± SEM of 5 independent experiments (∗p < 0 05).
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pharmacological inhibitor NVP-231 completely blocked
eicosanoid biosynthesis [23]. Additionally, we show here that
CerK-deficient cells cause potent reduction in the protein
levels of the crucial adipogenesis marker PPARγ, which is
both necessary and sufficient for adipocyte differentiation
[24], thereby suggesting that the loss of CerK might be
detrimental for optimal adipogenic differentiation.

The above results suggest that CerK activity might regu-
late adipocyte differentiation by targeting the expression of
adipogenic genes. In addition, the increased expression of
CerK and C1P formation during adipogenesis are consistent
with the substantial reduction of ceramide levels during dif-
ferentiation of 3T3-L1 preadipocytes [25], as CerK produces
C1P from ceramides. Although this may be a major mecha-
nism for controlling adipogenesis, further investigation is
required to identify the signaling pathways involved in this
process and to clearly understand the molecular mechanisms
that are implicated in CerK-mediated adipogenesis.

In summary, we have identified CerK as a novel regulator
of adipogenesis. The increased levels of CerK expression
during adipocyte differentiation point to a putative role
of this kinase in the onset or development of obesity. In
fact, obesity is an inflammatory condition that is primarily
attributed to expansion and inflammation of adipose tissue
[26]. It can be concluded that CerK is a new regulator of
adipogenesis with potential implications in obesity and
that targeting CerK may prove useful in the treatment of
obesity-associated diseases.
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A pleiotropic signaling lipid, sphingosine-1-phosphate (S1P), has been implicated in various pathophysiological processes
supporting tumor growth and metastasis. However, there are only a few descriptive studies suggesting a role of S1P in tumor
lymphangiogenesis, which is critical for tumor growth and dissemination. Corroborating own data, the literature suggests that
apoptotic tumor cell-derived S1P alters the phenotype of tumor-associated macrophages (TAMs) to gain protumor functions.
However, mechanistically, the role of TAM-induced lymphangiogenesis has only been poorly described, mostly linked to the
production of lymphangiogenic factors such as vascular endothelial growth factor C (VEGF-C) and VEGF-D, or
transdifferentiation into lymphatic endothelial cells. Recent findings highlight a rather underappreciated role of S1P in tumor
lymphangiogenesis, referring to the production of interleukin-1β (IL-1β) and lipocalin-2 (LCN2) by a tumor-promoting
macrophage phenotype. In this review, we aim to provide to the readers with the current understanding of the molecular
mechanism how apoptotic cell-derived S1P triggers TAMs to promote lymphangiogenesis.

1. Introduction

One of the most striking features of the tumor microenvi-
ronment and during resolution of inflammation is the pres-
ence of apoptotic cells. For a tumor, in order to survive and
metastasize, and for inflammation to resolve, there is the
need for a drainage system to clear debris. Both a tumor
and resolving inflammation produce several factors includ-
ing sphingolipids that support the construction of a new
drainage system, a process known as lymphangiogenesis.
Lymphatics play an important role in clearing proteins,
apoptotic cells, antigen-presenting cells, lymphocytes, and
even tumor cells [1–5]. Although mechanistic aspects are
only poorly understood, sufficient clinical and experimental
evidence suggests that lymphangiogenesis provides a gateway
to systemic metastasis [6–8]. In the tumor micro-milieu and
during resolution of inflammation, alternatively activated

macrophages (M2-polarized) play an important role. They
are attracted and phenotypically reprogrammed by tumor
and apoptotic cell-derived factors. It is generally accepted that
apoptotic cell-derived sphingolipids, especially sphingosine-
1-phosphate (S1P), influence the protumor and proresolving
phenotype of macrophages [9–16]. We have demonstrated
that the macrophage S1P receptor 1 (S1PR1) induced
lipocalin-2 (LCN2) and caused NOD-like receptor pyrin
domain-containing 3 (NLRP3) inflammasome activation
and subsequent interleukin-1β (IL-1β) release. Both LCN2
and IL-1β are linked to lymphangiogenesis and tumor
metastasis [17]. Despite these data, there is limited infor-
mation on the role of S1P in lymphangiogenesis. Huang
et al. reviewed the role of S1P in lymphangiogenesis from
the perspective of lymphocyte trafficking [18]. Further-
more, in the context of tumor-induced lymphangiogenesis,
S1P has been shown to provoke cell survival and
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migration [19, 20]. In this review, we present compelling
evidence that S1P induces lymphangiogenesis by skewing
macrophages to make them produce lymphangiogenic
factors such as LCN2 and IL-1β.

2. Sphingosine-1-Phosphate Signaling

Sphingosine-1-phosphate (S1P), a bioactive lipid mediator,
is produced by phosphorylation of sphingosine by two iso-
forms of sphingosine kinase (SPHK1 and SPHK2), whereas
its degradation by S1P lyase generates (E)-2-hexadecenal
and phosphoethanolamine [21]. S1P is also reversibly
dephosphorylated by S1P phosphatase to regenerate sphin-
gosine, and the level of which is additionally controlled by
fluxes through de novo ceramide synthesis and the sphin-
gosine salvage pathways, tilting the balance from S1P to
sphingosine and ceramide [22]. S1P is associated with
various biological processes such as survival, growth,
migration, invasion, angiogenesis, vascular maturation,
and immunity [15, 22–25], whereas sphingosine and cer-
amide, as S1P precursors, are linked to cell growth arrest
and apoptosis [26]. Expectedly, enhanced S1P production
has been implicated in various physiological and patholog-
ical processes including cancer and autoimmune inflam-
mation [27, 28]. Intracellular S1P may act as a second
messenger to trigger calcium release from the endoplasmic
reticulum [29–31]. Moreover, there are reports on several
intracellular targets, such as histone deacetylases (HDACs)
and tumor necrosis factor- (TNF-) associated factor 2
(TRAF2). Intracellular S1P functions as a cofactor for E3
ubiquitin ligase activity of TRAF2 in nuclear factor-κB
(NK-κB) signaling and also enhanced inhibitor of apopto-
sis 2- (cIAP2-) mediated K63-linked polyubiquitination of
interferon regulatory factor-1, essential for IL-1-induced
chemokine production and inflammation [15, 32, 33].
Intracellular S1P can be exported by several transporters,
such as the ATP-binding cassette transporters ABCA1
[34], ABCC1 [35, 36], and ABCG2 [36] and spinster 2
(SPNS2) [37–39]. Interestingly, ABCC1 and ABCG2 were
originally identified as multidrug-resistant genes [36] and
correlated with bad prognosis in breast cancer [40]. S1P
released from cells stimulates cell type-specific G protein-
coupled receptors (GPCR), known as S1P receptors
(S1PR1–S1PR5) [41, 42] in autocrine, paracrine, and/or
endocrine fashion, which is termed as “inside-out signal-
ing” [25, 43]. Based on resolution of the atomic structure
of S1PR1 in complex with an antagonist, it was suggested
that released S1P partitions into the plasma membrane to
access S1PR1. The lateral movement of S1P within the plane
of the lipid bilayer and between two transmembrane helices
is used to access the binding pocket of the receptor [44].
Activation of these GPCRs by S1P results in their differential
coupling to downstream targets such as Rac, Rho, or other
enzymes (e.g., ERK-1/2, AKT, phospholipase C, and adenylyl
cyclase) [43, 45, 46]. The combination of cell type-specific
S1P receptor expression and differential coupling with G-
proteins determines a broad range of biological functions
attributed to S1P.

3. S1P and Lymphangiogenesis

The concordant involvement of S1P in angiogenesis and
lymphangiogenesis is widely assumed in the literature.
Nevertheless, until recently, major emphasis was on S1P
and blood vessel formation. The phenotype of impaired
vascular maturation as observed in S1pr1−/−mice clearly sug-
gested a role of S1PR1 in neovascularization [47, 48]. It has
been demonstrated that S1PR1 is upregulated in tumor ves-
sels and its local knockdown suppressed vascular stabiliza-
tion and angiogenesis as well as tumor growth in implanted
Lewis lung carcinoma cells [49]. In vitro silencing of S1PR1
in mouse endothelial cells inhibited cell migration, which is
an early critical step in angiogenesis [49]. Moreover, S1P
stimulated angiopoietin-2 (ANG2) secretion from lymph
endothelial cells (LECs) much more potently than from
blood vascular endothelial cells [50]. Given that ANG2 is
required for lymphatic development [51, 52], S1P may act
synergistically with ANG2 in lymphangiogenesis.

Recent evidence indicates that tumor cells can also
induce lymph node (LN) lymphangiogenesis even before
they metastasize and that metastatic tumor cells continue to
induce lymphatic vessel growth within sentinel LNs, which
is thought to promote their further metastatic dissemination
[53]. LECs provide S1P in the cortical sinus of LNs for lymph
node lymphangiogenesis [54]. Interestingly, a LEC-specific
deletion of SPHK1 in SPHK2 knockout mice inhibited lym-
phatic vessel maturation [55]. MCF-7 tumor cell-specific
overexpression of SPHK1 promoted microvessel density in
the periphery of larger tumors with higher frequency in nude
mice [56]. Conversely, downregulation of SPHK1 in cancer
cells enhanced apoptosis and chemosensitivity, with subse-
quently reduced tumor growth [57]. Targeting S1P signaling
by SPHK2 dysfunction significantly suppressed cancer devel-
opment in the mouse model of colitis-associated cancer [58],
whereas SPHK1 inhibition reduced peritumoral lymphatic
density and LN metastases [20]. SPHK1 can be stimulated
with VEGF, TNF-α, and S1P itself [59–61]. Thus, it is ratio-
nal to assume that there is a feedforward loop, where S1P
induces VEGF-C, which may increase S1P concentrations
in the local microenvironment. Taken together, SPHK1 and
S1P in LECs are required for the proper development of
lymphatic vessels.

4. Macrophage Polarization and Their
Interaction with Apoptotic Cells

Macrophages are often viewed as “sentinels” that reside in
and/or patrol tissues in search for pathogens or dead cells,
which refers to their known function as a “garbage disposal
unit.” This view has changed dramatically over the last
decades, and we now appreciate the huge diversity of these
cells, their ability to profoundly adapt to their microenviron-
ment and to perform unique local functions. As cells of the
innate immune systems, their function goes far beyond host
defense and removal of cellular debris and even these funda-
mental reactions are not any longer considered to be passive,
rather evoking complex cell-cell interactions, with the release
of a whole arsenal of communicating molecules. Different
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subpopulations of macrophages play essential roles in
mounting immune responses during development and initi-
ation as well as resolution of injury, chronic inflammation,
and inflammation-driven cancer [62, 63]. Macrophages have
a plastic phenotype with an overlapping spectrum of
dynamic responses from classically activated (also known as
M1) to alternatively activated (also known asM2). Classically
activated macrophages are stimulated by lipopolysaccharide
(LPS), interferon gamma (IFN-γ), and tumor necrosis
factor-alpha (TNF-α) and provoke secretion of cytokines
including IL-1, IL-6, IL-12, IL-23, and TNF-α and reactive
nitrogen and oxygen intermediates (RNI, ROI) [64]. In con-
trast, anti-inflammatory stimuli such as IL-4, IL-13, IL-10,
and glucocorticoid or immune complexes (IC) plus lipopoly-
saccharide (LPS) induce macrophages to an M2 phenotype.
This type is characterized by a decreased production
of inflammatory cytokines, increased production of anti-
inflammatory cytokines (e.g., IL-10), and factors that mediate
immunosuppression and tissue remodeling. These alterna-
tively activated macrophages have been subgrouped. The
M2a type is generated in response to IL-3 and IL-13, while
M2b responds to immune complexes and toll-like receptor
(TLR) activation. M2c macrophages represent deactivated
macrophages that suppress proinflammatory cytokines,
while the M2d type represents a regulatory macrophage
[65] that is often grouped with tumor-associated macro-
phages (TAMs) [64, 66–68]. TAMs originate from circu-
lating monocytes, which are recruited to the tumor
microenvironment and reprogrammed by tumor-derived
factors such as S1P, colony-stimulating factor-1, VEGF-
A, and CC chemokine ligand 2 (CCL2). They also show
a “smoldering” inflammatory phenotype that promotes
cancer-related inflammation [69–72]. Key features of
TAMs such as the production of tumor-promoting factors
(e.g., PGE2, VEGF, EGF (epidermal growth factor), TGF-β
(transforming growth factor-β), or MMP9 (matrix metallo-
protease)), poor ROI production, high anti-inflammatory
cytokine, and low proinflammatory cytokine production
emerge as a consequence of macrophage interaction with
apoptotic cells [72]. Mechanistically, the direct interaction
of apoptotic cells with phagocytes via so-called eat-me signals
or the production of apoptotic cell-derived soluble mediators
that act on bystander cells accounts at least partly for the
phenotype changes in TAMs.

The abundance of dying cells in tumors seems counterin-
tuitive based on the common perception of cell death evasion
being a tumor hallmark [73]. Although net growth certainly
is a characteristic of the overall tumor population, it does
not exclude the occurrence of cell death in a significant
proportion of tumor cells as a result of multiple stress factors.
In fact, apoptosis has originally been studied in neoplasms,
and it was stated that the “spontaneous and continuous death
of cells is an inherent property of malignant neoplasms” [74].
Apoptosis has been identified as the dominant form of cell
demise in a number of malignancies based on morphological
features such as nuclear condensation and the presence of
apoptotic bodies. Controlled cell disintegration appears not
to be just an epiphenomenon of tumor growth, since high
apoptotic cell indices are linked to patient prognosis and

metastasis [75, 76]. The tumor-promoting effects of apopto-
tic cells can be rationalized through their interaction with
TAMs [75]. The communication is based on the concept that
professional phagocytes are recruited to tissues with high
rates of apoptosis to remove dying cells and their subsequent
differentiation into a tumor-supporting cell type. Apoptotic
cells produce a number of signals to instruct their own clear-
ance (find-me signals). Find-me signals are molecules of
diverse biochemical nature such as the lipids lysophosphati-
dylcholine (LPC) and S1P and the proteins fractalkine
(CX3CL1), ribosomal protein S19, and EMAPII (endothelial
monocyte-activating polypeptide 2) as well as nucleotides,
for example, ATP and UTP [77]. Macrophage responses to
apoptotic cells show some redundancy when comparing
eat-me signals versus released soluble factors. This may work
as a backup system to limit immune activation when apopto-
tic cell removal is attenuated [78].

Moreover, apoptotic tumor cell-released S1P induced
activation of HIF-1α, which caused VEGF production pro-
voking angiogenesis, which is a prerequisite for metastasis
[79, 80]. Furthermore, S1P induced the formation of prosta-
glandin PGE2, thereby limiting CD80 expression in macro-
phages to inhibit antitumor immunity and to promote
angiogenesis [81–83]. Tumor-derived S1P triggers S1PRs
on macrophages and reprograms their phenotype towards
tumor supportive, by inducing antiapoptotic signaling cas-
cades to stabilize the antiapoptotic proteins Bcl-2 and
Bcl-XL [84]. In addition, there is increased IL-10 as well
as IL-8 release, a higher arginase-1 activity to attenuate
nitric oxide (NO) production, which in combination with
decreased cytokine production marks alternative macro-
phage activation [14, 85]. S1P derived from apoptotic cells
activated phosphoinositide 3-kinase (PI3K), extracellular
signal-regulated kinase (ERK) 1/2, and Ca2+ signaling in
primary human macrophages, thereby protecting them
against TNF-α/cycloheximide-induced cell death [12].
Furthermore, S1P inhibited mitochondrial translocation of
cytochrome-c and therefore activation of caspase-3 upon
treatment with apoptosis-inducing stimuli [86]. S1P-
mediated antiapoptotic responses are, however, not consis-
tently linked to changes in the expression of antiapoptotic
proteins, as the expression of Bcl-2 or Bcl-XL was not seen
in Jurkat T cells, U937 monocytes, or HL-60 cells [86].
Overall, apoptotic cells appearing as a consequence of
tumor development support tumor progression through
programming TAMs.

5. Macrophages in Lymphangiogenesis

A growing tumor relies on lymphatic vessels for the disposal
of noxious antigens and removal of debris as well as a door-
way to distal metastasis, whereas during resolution of inflam-
mation lymphatics serves the purpose of draining debris.
Inflammation is known to remodel the lymphatic network
and to stimulate the growth of new lymphatics [6]. Tumor
cells themselves or infiltrated immune cells of the tumor
stroma, especially TAMs, either directly provide a conducive
environment for lymphangiogenesis or indirectly generate
prolymphangiogenic factors like VEGF-C, VEGF-D, and
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MMP9. However, it has been demonstrated that a TAM-
mediated lymphangiogenesis usually forms abnormal and
leaky lymphatic vessels, which facilitates cancer cells to
metastasize to distal organs [87, 88]. Furthermore, TAM-
derived VEGF-C or B cell-derived VEGF-A further sup-
presses antitumor immunity through local tolerance in LNs,
either directly via VEGFR-2 signaling or by upregulating
the lymphangiogenic factors VEGF-C and VEGF-D, which
drives progression and metastasis [89, 90]. Interestingly,
TAMs can also induce VEGF-C in tumor cells [91–94],
thereby amplifying signal strength. Zhang et al. demon-
strated in the Lewis lung carcinoma model that M2 macro-
phages induced VEGF-C expression in tumor cells [95].
Along these lines, depleting VEGFR-3+ TAMs with clodro-
nate liposomes significantly reduced the secretion of VEGF-
C and VEGF-D within tumors and concomitantly lowered
lymphatic microvessel density [96]. Nevertheless, there are
different ways how macrophages induce and regulate lym-
phangiogenesis. Indirect mechanisms comprise the induc-
tion of enzymes such as MMPs, plasmin, and urokinase
plasminogen activator (uPA) that regulate matrix remodel-
ing and growth factor activation. It has been shown that
lymphatic vessel formation is controlled by uPA, MMP-
2, and MMP-9, which facilitates LEC migration through
collagen fibers, whereas plasmin has been reported to acti-
vate VEGF-C and VEGF-D [97, 98]. One of the most
remarkably features of TAMs recently highlighted is their

transdifferentiation into LECs [99, 100]. Evidence comes
from studies colabeling macrophages with lymphatic endo-
thelial cell markers such as LYVE-1 (lymphatic vessel endo-
thelial hyaluronan receptor 1) and podoplanin. As such,
CD11b+ macrophages were shown to form lymphatic-like
structure in vitro in Matrigel that were positive for LYVE-1
and podoplanin [101]. Both murine and human TAMs
can express a major lymphatic vessel marker, LYVE-1
[102, 103]. Hence, macrophage lymphatic vessel colocaliza-
tion studies, especially in tumor sections, must be analyzed
carefully to verify the results. Nevertheless, a relatively low
percentage of macrophage transdifferentiation suggests that
this process might be secondary to the dominant paracrine
mechanisms of VEGFs.

Lymphangiogenesis has spatial and temporal relation-
ships with angiogenesis. Lymphatic microvascular networks
are coordinated with the blood microvasculature to affect
the local tissue fluid balance, tissue perfusion, and immune
surveillance [104, 105]. Interestingly, Janus-faced macro-
phages have an intimate relationship with both blood and
lymphatic endothelial cells, and as described below, macro-
phages play a bridging role at least in the context of cancer.
As shown in Figure 1, TAMs also express the classic proan-
giogenic factor VEGF-A, which not only indirectly induces
lymphangiogenesis by recruiting more macrophages [106]
but also promotes proliferation and migration of VEGFR2+

LECs in vitro and induces sentinel LN lymphangiogenesis
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Figure 1: S1P-activated macrophages in lymphangiogenesis. Apoptotic cell-derived factors such as S1P, M-CSF, and TGF-β influence the
macrophage phenotype. Triggering S1PR1 on macrophages causes NLRP3 inflammasome activation with the subsequent maturation of
IL-1β. Released IL-1β provokes lymphangiogenesis in autocrine and paracrine manner by inducing VEGF-C in macrophages and
endothelial cells. In macrophages, hypoxia-induced transcription factor HIF-1 controls the expression of VEGFs. Macrophages produce
various factors such as MMP9, TNF-α, uPA, and IL-1α. These, together with VEGFs, induce lymphangiogenesis directly or by inducing
VEGFs production by endothelial cells in multiple steps (discontinuous line). S1P also induces secretion of ANG2 from LECs (by
unknown mechanisms, discontinuous line), to trigger lymphangiogenesis. In addition, macrophages may transdifferentiate to LECs. For
details, see the text.
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in a skin cancer model [107, 108]. Anti-VEGF-A treatment
reduced both blood and lymphatic vascular densities,
decreased VEGFR3 expression in LECs [106], and reduced
metastasis in a breast cancer model [109]. Noteworthy, the
above findings suggest that there is an overlapping involve-
ment of VEGFs and their receptors in angiogenesis and
lymphangiogenesis and conventional demarcation relating
VEGF-A to angiogenesis and VEGF-C and VEGF-D to
lymphangiogenesis may not explain the full spectrum of
biological responses.

6. Macrophages and Lymphangiogenesis: The
Inflammasome Liaison

Macrophages play a key role in sterile and smoldering
inflammation, which is one of the hallmarks of cancer, by
virtue of their ability to mount as well as to control inflam-
mation [73]. In an inflammatory tumor microenvironment,
macrophages can be primed and activated by a variety of
damage-associated molecular patterns (DAMPs) such as
ATP, HMGB1, and BD-2, which are produced by apoptotic
and/or necrotic cells to foster, among others, IL-1β produc-
tion. Secretion of IL-1β from primed macrophages depends
upon the formation of an inflammasome, which is a large
molecular scaffold containing cytosolic pattern recognition
receptors, adaptor proteins, and caspase-1. The pattern
recognition receptor NOD-like receptor pyrin domain-
containing 3 (NLRP3) is well characterized andmost relevant
to sterile inflammation [110]. It is believed that the priming
stimuli can include the activation of any receptor that causes
activation of the transcription factor NF-κB, such as ligands
for IL-1R1, TLRs, and NLRs and the cytokine receptors
TNFR1 and TNFR2 [111, 112]. The activation of NF-κB is
critical for upregulating the transcription of both pro-IL-1β
and NLRP3, as pro-IL-1β is not constitutively expressed
and basal levels of NLRP3 are inadequate for efficient inflam-
masome formation [113]. The second signal for inflamma-
some activation derives from the diverse group of agonists
that trigger the specific activation of NLRP3 and assemble
the inflammasome complex, which finally culminates in
caspase-1 activation. These activators include both exoge-
nous and endogenous molecules such as crystalline compo-
nents (alum, silica, asbestos, and monosodium urate) that
require phagocytosis for activation, ATP acting through its
cell surface receptor P2X7R, pore-forming toxins, such as
nigericin and potassium efflux, ROI formation, or cathepsin
B release [114]. IL-1β is a key inflammatory cytokine found
in many pathological conditions, triggering multiple down-
stream inflammatory pathways. It would be counterintuitive
and deleterious for a tumor if TAMs produce IL-1β to mount
an antitumor immunity. Rather, the sophisticated hijacking
machinery of tumors turns the crisis into an opportunity
for tuning the macrophage-derived IL-1β into a VEGF-
C-inducing agent, thereby inducing lymphangiogenesis.
TAM-derived IL-1β may work in autocrine and paracrine
fashion to induce VEGF-C from macrophages, endothelial
cells, or LECs.

Recent findings suggest that TAMs are attracted to and
reside in hypoxic areas of tumor in a semaphorin 3A-

dependent manner [115], where all the triggers for inflam-
masome expression/activation are around. It can be envi-
sioned that inflammasome activation in hypoxic TAMs
could be coupled with tumor-derived DAMPs such as sphin-
golipids. Luheshi et al. demonstrated that sphingosine, and to
a smaller extend S1P, acted as a DAMP by inducing the
NLRP3-inflammasome-dependent secretion of IL-1β from
mouse peritoneal macrophages [116]. However, nonphysio-
logical concentrations of S1P were used to demonstrate the
effect, which calls for a validation of the primary finding in
a more physiological setting. Subsequently, a study con-
ducted in human U937 macrophages using sphingosine and
synthetic SPHK1 substrates suggested that indeed sphingoli-
pids induce the NLRP3 inflammasome in a cathepsin B-
dependent manner, pointing to lysosomal destabilization in
inflammasome assembly [117]. Macrophages seem to be
quite evolved with respect to inflammasome activation and
regulation. Recently, it has been observed that upon activa-
tion of caspase-1, oligomeric NLRP3 inflammasome particles
were released from macrophages. These particles further
enhanced caspase-1 activity extracellularly as well as after
phagocytosis by surrounding macrophages as particulate
danger signals [118].

It is not a mere coincidence that in response to inflamma-
tory stimuli such as LPS or TNF-α, infiltrated macrophages
enhance VEGF-C and VEGF-D expression, whereas LECs,
in close vicinity, express higher Prox-1 and NF-κB to upreg-
ulate VEGFR3 expression and to coordinate macrophage
inflammasome activation and VEGF-mediated lymphangio-
genesis [119, 120]. The production of IL-1β by TAMs
induced HIF-1α expression and the release of VEGF-A from
tumors, even under normoxic conditions [121]. It is debated
whether the action of VEGF-A on lymphangiogenesis is
direct or indirectly mediated [122]. Mice overexpressing
VEGF-A have enlarged lymphatic vessels due to induced
lymphatic vessel remodeling [123]. Interestingly, chronic
cutaneous inflammation induced lymphangiogenesis and
lymphatic vessel hyperplasia in VEGF-A-overexpressing
mice, but not in wild-type mice, suggesting that excess
VEGF-A induces lymphangiogenesis [123].

Ji and colleagues showed that TAMs secreted VEGF-C
following TNF-α stimulation and acted on LEC independent
of VEGFR3, thereby questioning previously reported direct
angiogenic and lymphangiogenic effects of TNF-α in Lewis
lung carcinoma and ovarian cancer models [124]. Although
not considered in the previous study, TNFR1 is known to
activate NLRP3 inflammasome, thereby releasing IL-1β. IL-
β directly activated LECs, via IL1R, to produce VEGF-C,
thus, directly linking macrophage NLRP3 inflammasome
activation with lymphangiogenesis. In line with these
findings, our own studies now linked S1PR1 signaling in
macrophages to produce IL-1β, which promoted lymphan-
giogenesis and metastasis. The genetic deletion of the
S1PR1 in a subset of TAMs infiltrating murine PyMT breast
tumors prevented pulmonary metastasis and drastically
reduced tumor lymphangiogenesis. Attenuated lymphangio-
genesis in the primary tumor became also evident in nonme-
tastasizing methylcholanthrene-induced fibrosarcomas. Cell
sorting and transcriptome analysis of TAMs from both
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tumor entities revealed reduced expression of the inflamma-
some component Nlrp3 in S1PR1-deficient TAMs, which
correlated with decreased IL-1β levels in tumor tissue. Phar-
macological interference at the level of S1PR1 inmacrophages
attenuated IL-1β production and lymphangiogenesis using a
Matrigel plug assay in vivo and LEC tube formation in vitro.
Apparently, S1PR1 in CD11bhi CD206+ TAMs is a nonredun-
dantmediator of tumor lymphangiogenesis. These data imply
a so far unappreciated role of the NLRP3 inflammasome in
regulating lymphangiogenesis in tumors following S1P pro-
duction and support the emerging rationale of targeting
S1PR1 in cancer therapy.

7. Macrophages and Lymphangiogenesis: The
Lipocalin-2 Alliance

Naturally occurring or therapy-induced metabolic stress in
tumor cells initiates autophagy, apoptosis, and/or necrosis,
which in turn generates polarizing signals towards macro-
phages as indicated above. In established tumors, sustained
apoptosis is a characteristic feature, which promotes tumor
growth and progression. This can be interpreted as the
tumor-exploiting apoptotic cell-derived signals that under
physiological conditions, contribute to, for example, wound
healing [9, 83, 125–127] to sustain its development. These
considerations support the view of tumors as “wounds that
do not heal” [128]. Given the importance of macrophages
in the tumor microenvironment and their role in supporting
several of the hallmarks of cancer, a signaling axis of sphingo-
lipids, particularly S1P, acting on macrophages and thereby
triggering a lymphangiogenic response became apparent. In
cancer, lymphangiogenesis increases the risk of tumor cell
migration to draining LNs and distal organ metastasis. We
[17] used the protein kinase inhibitor staurosporine to
induce apoptosis in MCF-7 breast cancer cells, prepared
the conditioned medium from these dying cells, and

subsequently added it to human macrophages. In turn,
macrophages started to produce large mRNA and protein
amounts of the siderophore-binding protein LCN2 in a
manner partially demanding the signal transducer and
activator of transcription 3 (STAT3). See Figure 2 for a
schematic overview.

A role of STAT3 in LCN2 production was proven by
pharmacological interference and LCN2 promoter reporter
analysis with the full-length wild-type promoter or carrying
a mutated STAT3-binding site. Conditional gene silencing
confirmed the identity of the molecule produced in apopto-
tic tumor cells, responsible for the induction of LCN2 in
macrophages, as the lipid S1P. A second step, using knock-
down human macrophages or cells from conditional
knockout bone marrow-derived macrophages from mice,
identified the S1PR1 to transmit the signal into macro-
phages. Macrophage-derived LCN2 caused the sprouting
and differentiation of mouse embryonic stem cells towards
LYVE-1/podoplanin-positive cells and stimulated migration
as well as proliferation of lymph endothelial cells (LECs).
Mechanistically, LCN2 bound to its receptor (SCL22A17)
on LECs drives VEGF-C protein production and secretion,
which signaled in an autocrine manner via the VEGFR3 to
promote proliferation. In vivo mammary tumor lung
metastasis in MMTV-PyMT mice was impaired, with sig-
nificantly attenuated lymph vessel formation in the primary
tumor. Moreover, wild-type and LCN2 knockout tumor cell
transplantation experiments pointed to the tumor stroma in
generating LCN2 in promoting lymphangiogenesis. The
release of LCN2 from macrophages also induced an
epithelial-mesenchymal transition program in MCF-7
breast cancer cells and enhanced local migration as well
as invasion of tumor cells into the extracellular matrix
using a three-dimensional spheroid model [129]. Moreover,
LCN2 deficiency attenuated tumor development in a xeno-
graft model including lung metastasis when inoculating

Macrophage

EMT
VEGF-C

Metastasis

Tumor progression

Immune suppression

Lymph endothelial cells

S1P

LCN2

LCN2R

PI3K

VEGFR3

S1PR1

Viable & apoptotic
tumor cells

LCN2
STAT3

S1P

Figure 2: Macrophage-derived lipocalin-2 and lymphangiogenesis. Viable and apoptotic tumor cells produce S1P to stimulate the S1PR1 on
macrophages. Downstream of S1PR1: there is activation of STAT3 to induce LCN2mRNA and protein expression. LCN2 promotes EMT and
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MCF-7 cells pretreated with supernatants from wild-type
and LCN2-knockdown macrophages. These data under-
score the significance of stroma-derived LCN2 on tumor
cell dissemination, lymphangiogenesis, and metastatic
growth, which points to a so far unappreciated S1P-LCN2
axis in the tumor microenvironment. Adding to the con-
cept of tumor as wounds that do not heal, it was reported
that LCN2 from macrophages exposed to apoptotic cells
and thus, linked to S1P signaling via S1PR3, supported
the proliferation and healing of renal epithelium, once
inflammatory conditions were terminated [9].

Lipocalin-2 is a 25 kDa glycoprotein of the lipocalin
superfamily [130, 131] that plays a pivotal role during, for
example, bacterial infections [132] and cancer [133]. LCN2
displays pleiotropic functions that range from managing
endogenous iron demand necessary for tumor cell replica-
tion, proliferation, survival, cellular differentiation, and
migration, rendering LCN2 a putative mediator of tumor
development [134]. Several studies indicated that LCN2
expression correlates with poor prognosis, especially in
breast cancer [135] and serves as a prognostic and diagnostic
marker, as elevated LCN2 is found in the urine of cancer
patients. Previously, it was shown that LCN2 promotes lung
metastasis of murine breast cancer cells in vitro and in vivo
after injection of LCN2-overexpressing 4T1 cells [136] with
the notion that LCN2 is linked to the early events of tumor
metastasis. Mechanistically, this could be explained by
stabilizing gelatinase B (MMP-9), thereby allowing enhanced
degradation of the extracellular matrix and tumor cell
dissemination [137, 138]. Taking into account that the
tumor-promoting TAM phenotype also releases MMP-9,
and its coformation with LCN2 may be well suited to
promote cancer progression.

Over the last decade, our view on the role of innate
immune cells in shaping the tumor microenvironment pro-
gressed significantly, now appreciating their role in promot-
ing the hallmarks of cancer. Interestingly, players such as
LCN2, involved in a protective response against microbial
pathogens, are now recognized to pave the way for lymphan-
giogenesis and metastasis. These findings emphasize the
parallelism of pathogen defence and cancer promotion
linked to innate immune responses. Expanding on these
considerations, inflammation, that is, tumor-associated
inflammation, is recognized to contribute to all stages of
tumor development [73].

8. Concluding Remarks

The interaction of macrophages with apoptotic cells pro-
motes the release of factors such as S1P that are relevant
not only for prognosis but also for intervention. There are
tumor entities such as breast cancer having poor prognostic
association with lymphangiogenesis, while others such as
colorectal cancer showing a good correlative index and thus,
may represent the extreme influential impact of S1P. By
extrapolating the current understanding of the role of the
macrophage S1P-S1PR1 axis in provoking lymphangiogen-
esis, it would be interesting to see whether conditions linking
lymphangiogenesis and tumor progression will benefit from

interfering with S1PR1 and/or its downstream signaling
and thus, blocking the transforming capacity of TAMs. On
the other side, it should be explored whether conditions that
would benefit from effective lymphatic drainage, such as
resolution of inflammation, gain a healing advantage from
activating macrophage S1PR1. Along these lines, it has been
demonstrated that a VEGF-C-dependent increases in
lymphangiogenesis relieved the severity of acute skin inflam-
mation and edema observed in an oxazolone-induced delayed
type hypersensitivity reaction and ultraviolet B irradiation
model [139]. However, one should be careful in generalizing
the concept of lymphatics and resolution of inflammation
since studies suggest that inhibition of the VEGF-C/VEGFR-
2 axis suppresses lymphangiogenesis, rather than inducing
it [122, 140, 141]. In addition, VEGFR-3 inhibition relieved
the severity of inflammatory symptoms in rheumatoid
arthritis and LPS-induced acute inflammation models
[122, 142]. The dichotomy of macrophage S1PR signaling
and the role of VEFG-A in both angiogenesis and lymphan-
giogenesis encourage further studies to probe the role of
macrophages in unison with both types of vasculature.

The emerging role of apoptotic cell-derived S1P in
triggering macrophage effector functions, especially the axis
of NLRP3 inflammasome activation, IL-1β release, and
lymphangiogenesis, as well as the S1P-LCN2 connection in
the tumor microenvironment may pave a way for a new drug
target discovery in cancer and inflammation.
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