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Abstract Sphingosine-1-phosphate (S1P) is a key lipid
regulator of a variety of cellular responses including cell
proliferation and survival, cell migration, and inflamma-
tory reactions. Here, we investigated the effect of S1P
receptor activation on immune cell adhesion to endotheli-
al cells under inflammatory conditions. We show that S1P
reduces both tumor necrosis factor (TNF)-o- and lipo-
polysaccharide (LPS)-stimulated adhesion of Jurkat and
U937 cells to an endothelial monolayer. The reducing
effect of SIP was reversed by the S1P;.; antagonist
VPC23019 but not by the S1P; antagonist W146.
Additionally, knockdown of S1P;, but not S1P;, by short
hairpin RNA (shRNA) abolished the reducing effect of
S1P, suggesting the involvement of S1P;. A suppression
of immune cell adhesion was also seen with the immuno-
modulatory drug FTY720 and two novel butterfly deriva-
tives ST-968 and ST-1071. On the molecular level, S1P
and all FTY720 derivatives reduced the mRNA expres-
sion of LPS- and TNF-a-induced adhesion molecules in-
cluding ICAM-1, VCAM-1, E-selectin, and CD44 which
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was reversed by the PI3K inhibitor LY294002, but not by
the MEK inhibitor U0126.

In summary, our data demonstrate a novel molecular
mechanism by which S1P, FTY720, and two novel but-
terfly derivatives acted anti-inflammatory that is by sup-
pressing gene transcription of various endothelial adhe-
sion molecules and thereby preventing adhesion of im-
mune cells to endothelial cells and subsequent
extravasation.
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Abbreviations

AMPK AMP-activated protein kinase

BSA Bovine serum albumin

DMEM Dulbecco’s modified Eagle’s medium

EAE Experimental autoimmune-induced
encephalomyelitis

GPCR G protein-coupled receptor

HA Hyaluronic acid

ICAM-1  Intercellular adhesion molecule-1

IkBa Inhibitor of kB o

LPS Lipopolysaccharide

NF«B Nuclear factor kB

PBS Phosphate-buffered saline

S1P Sphingosine-1-phosphate

SK Sphingosine kinase

TNF-o Tumor necrosis factor-oc

VCAM-1 Vascular cell adhesion molecule-1
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Introduction

In the last years, various sphingolipid species have been ap-
preciated as important bioactive molecules that exert key
functions not only as intracellular signaling molecules but also
as extracellular ligands to cell surface receptors. Especially,
sphingosine-1-phosphate (S1P) has been in the focus of ex-
tensive research due to the existence of five different high-
affinity S1P receptors denoted S1P,_5 (Choi et al. 2008;
Chun et al. 2002; Mutoh and Chun 2008; Rosen et al.
2013). These receptors are members of the superfamily of G
protein-coupled receptors (GPCR) and upon ligand binding
couple to a variety of signaling cascades and mediate a mul-
titude of physiological and pathophysiological reactions (Choi
et al. 2008; Chun et al. 2002; Mutoh and Chun 2008; Rosen
et al. 2013). Since S1P is mainly produced intracellularly by
sphingosine kinases (SK) of which two subtypes, SK-1 and
SK-2, exist (Alemany et al. 2007), an intracellular site of ac-
tion of S1P independent of the cell surface receptors was also
proposed (Strub et al. 2010). However, the identity of these
intracellular targets is still sparsely characterized.

Recently, the immunomodulatory drug FTY720
(fingolimod) has been approved for the treatment of relapsing
forms of multiple sclerosis (Kappos et al. 2010). The mode of
action includes a phosphorylation step by SK-2 to produce the
phosphorylated and active form of the drug (Billich et al.
2003; Zemann et al. 2006). This active form then acts as an
unselective agonist at four of the five SIP receptors.
Additionally, it acts as a selective functional antagonist at
the S1P; receptor by downregulating S1P;. The downregula-
tion of S1P; on T cells leads to a trapping of T cells in sec-
ondary lymphoid organs, and this event is responsible for the
immunosuppressive effect of FTY720 (Brinkmann et al.
2002; Matloubian et al. 2004). Besides this effect on T cells,
FTY720 has also been proposed to increase endothelial barrier
function by a still unclear mechanism (Sanchez et al. 2003;
Brinkmann et al.2004).

Immune cell extravasation from the bloodstream to sites of
inflammation is a key event in the immune response to infec-
tious pathogens, as well as during sterile inflammatory and
autoimmune diseases (Greenwood et al. 2011; Vestweber
2012). The process of leukocyte extravasation from the blood
requires a multistep cascade of events between the leukocytes
and the endothelium, including initial leukocyte rolling along
the endothelium, adhesion to the endothelium, and, finally,
transendothelial migration (Greenwood et al. 2011;
Engelhardt 2006). Various families of cell adhesion molecules
are involved in leukocyte-endothelial cell interactions. These
include integrins, intercellular adhesion molecule-1 (ICAM-
1), vascular cell adhesion molecule-1 (VCAM-1), E-selectin,
and other molecules (Kim et al. 2001; von Andrian and
Mackay 2000; Worthylake and Burridge 2001). Such endo-
thelial adhesion molecules represent attractive targets for
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therapeutic treatment of chronic inflammatory diseases and
various other diseases, and much effort has been invested to
develop drugs that interfere with cell adhesion molecules.
These include monoclonal antibodies, peptides, and small mo-
lecular molecule inhibitors (Mousa 2008).

In this study, we have investigated whether FTY720 trig-
gers additional molecular reactions than the depletion of pe-
ripheral T lymphocytes that may explain its potent anti-
inflammatory effect. We show that immune cell adhesion to
endothelial cells stimulated under inflammatory conditions is
abolished by FTY 720 treatment and that this reducing effect is
due to S1P; receptor activation. On the molecular level, we
show that the reduced adhesion correlates with a reduced ex-
pression of the adhesion molecules ICAM-1, VCAM-1, E-
selectin, and the hyaluronan receptor CD44. Similar anti-
inflammatory effects were also seen with two novel butterfly
derivatives of FTY720 (Imeri et al. 2014), which, unlike
FTY720, are active compounds without the need for prior
phosphorylation. Mechanistically, the anti-adhesive effect of
FTY720 and its derivatives was dependent on the PI3'-kinase/
Akt pathway but not on the classical MEK/MAPK pathway.

Materials and methods
Chemicals and materials

Tumor necrosis factor (TNF)-a was from PeproTech GmbH,
Hamburg, Germany; lipopolysaccharide (LPS; E. coli
0111:B4), oligonucleotide primers, LY294002, and U0126
were from Sigma Aldrich, Switzerland; S1P, VPC23019,
W146, and JTE-013 were from Avanti Polar Lipids Inc.,
Alabaster, AL, USA; FTY720 was from Cayman Chemicals
Inc., Ann Arbor, M1, USA; Symbiobacterium thermophilum
S1P lyase was produced and purified as previously described
(Huwiler et al. 2011); and all cell culture nutrients and
CellTracker™ Green BODIPY® (8-chloromethyl-4,4-
difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-S-indacene)
were from Invitrogen/Life Technologies, Basel, Switzerland.

Cell culture

The human endothelial cell line EA.hy 926 was kindly pro-
vided by Dr. Edgell (Chapel Hill, NC, USA) (Edgell et al.
1983). Cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10 % fetal bovine serum (FBS);
10 mM HEPES, pH 7.4; 100 units/ml penicillin; and
100 pg/ml streptomycin. The human monocytic cell line
U937 and the adult T cell lymphoma cell line Jurkat were
cultured in RPMI 1640 medium supplemented with 10 %
heat-inactivated fetal bovine serum, 100 units/ml penicillin,
and 100 pg/ml streptomycin. Prior to stimulation, EA.hy
926 cells were rendered quiescent by incubation for 24 h in
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serum-free DMEM including 0.1 mg /ml of fatty acid-free
bovine serum albumin (BSA).

Generation of S1P;- and S1P3-knockdown endothelial
cells

For stable gene silencing of S1P; and S1P;, commercially
available short hairpin RNA (shRNA) lentiviral transduction
particles were used (MISSION®, Sigma Inc.). For each recep-
tor subtype, four different shRNA constructs were tested and
those cell lines that showed the strongest downregulation of
S1P; mRNA (TRCNO0000011359; 66 % reduction) and S1P;
mRNA (TRCN0000356946; 80 % reduction) were further
used for experiments. Transduction was performed according
to the manufacturer’s instructions. For selection, 1 pg/ml pu-
romycin was included in the medium.

Quantitative PCR analysis

Real-time PCR was performed using SYBR Green® and a
Bio-Rad iQ iCycler Detection System. Primer sequences were
as follows: human ICAM-1: forward:
CCGGAAGGTGTATGAACTG, reverse:
TCCATGGTGATCTCTCCTC; human VCAM-1: forward:
CCCTTGACCGGCTGGAGATT, reverse:
CTGGGGGCAACATTGACATAAAGTG; human E-
selectin: forward: TGCATGGAGGGTTGTTAATGG, re-
verse: GGATGAAAGTGATTAAATTGTGCATAG; human
CD44: forward: CCGTGATGGCACCCGCTA TG, reverse:
GGACTGTCTTCGTCTGGGATGG; and human 18S RNA:
forward: CGATTCCGTGGGTGGTGGTG, reverse:
CATGCCAGAGTCTCGTTCGTTATC. IQ™S35 Optical
System Software (Version 2.0) was used to analyze real-time
and endpoint fluorescence. One microgram of total RNA iso-
lated with TRIZOL® reagent was used for reverse
transcriptase-PCR (First Strand Synthesis Kit, MBI
Fermentas, St.-Leon-Rot, Germany); a random hexamer prim-
er was utilized for amplification. The fold induction values
were obtained according to the AACt method, after normal-
ization to the housekeeping gene 18S RNA.

Adhesion assay to endothelial monolayers

EA.hy 926 cells in 48-well plates were cultured to confluency
and then incubated for 16 h in DMEM containing 0.1 % BSA.
1 x 10° immune cells/ml (either U937 or Jurkat cells) were
incubated in RPMI 1640 medium containing 0.1 % BSA and
5 uM of fluorescent dye (CellTracker™ Green BODIPYY) for
30 min at 37 °C. Labeled immune cells were then washed twice
with DMEM/0.1 % BSA and resuspended in DMEM/0.1 %
BSA containing 1 % FBS. EA.hy 926 cells and labeled im-
mune cells were then separately stimulated for 5 h as indicated
in the figure legends. Stimulated immune cells (10° cells per

well) were transferred onto the monolayer of EA.hy 926 cells
and incubated for further 30 min at 37 °C to allow adherence.
Thereafter, wells were gently washed three times with
phosphate-buffered saline (PBS) to remove non-adherent cells,
and the adherent cells were lysed in 300 pl of PBS containing
0.1 % SDS per well. Remaining fluorescence in the wells was
measured with a spectrophotofluorometer (Spectra Max M2,
Bucher Biotec Inc.) (excitation wavelength at 485 nm, emis-
sion wavelength at 535 nm).

Statistical analysis

Statistical analysis was performed by one-way analysis of var-
iance (ANOVA). For multiple comparisons with the same
control group, the limit of significance was divided by the
number of comparisons according to Bonferroni.

Results

S1P receptor activation reduces immune cell adhesion
to human endothelial cells

Immune cell adhesion to endothelial cells is an important step
in an inflammatory process. Since FTY 720 has been shown to
exert beneficial effects in various inflammatory animal
models, we here investigated whether immune cell adhesion
to endothelial cells is affected by FTY720 and subsequent S1P
receptor signaling.

To this end, two different human immune cell lines were
used, the human T cell lymphoma cell line Jurkat and the
human monocytic cell line U937. The cells were exposed to
proinflammatory conditions and then fluorescently labeled
with a tracer dye and further co-incubated for 30 min with
an activated monolayer of the human endothelial cell line
EA hy 926. The adhesion of immune cells to the endothelium
was measured by a fluorescence reader. When both cell types,
i.e., immune cells and endothelial cells, were exposed to pro-
inflammatory stimuli, such as LPS or TNF-«, enhanced ad-
hesion of Jurkat cells as well as U937 cells to endothelial cells
occurred (Fig. 1). In the presence of 1 uM S1P, the LPS- and
TNF-o-stimulated adhesion was markedly reduced, suggest-
ing an anti-adhesive effect of S1P (Fig. 1). This was further
confirmed by incubating cells in the presence of a recombi-
nant extracellularly active SIP lyase (Huwiler et al. 2011)
which degraded S1P and reverted the anti-adhesive effect of
S1P (Fig. 2a). To pinpoint the S1P receptor subtype involved
in this effect, various S1P receptor antagonists were tested. In
the presence of the S1P; antagonist W146 (Sanna et al. 2006;
Gonzalez-Cabrera et al. 2008) or the S1P, antagonist JTE-013
(Osada et al. 2002), no reverting effect is seen, whereas the
dual S1P,,3; antagonist VPC23019 (Davis et al. 2005)
abolished the anti-adhesive effect of S1P (Fig. 2a). These data
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Fig. 1 Effect of SIP on LPS- and TNF-«-stimulated adhesion of Jurkat
T cells and monocytic U937 cells to EA.hy 926 endothelial cells.
Quiescent EA.hy 926 cells were stimulated for 5 h with either vehicle
(Co), LPS (100 ng/ml), or TNF-x (0.1 nM) in the absence or presence of
S1P (1 uM). Then, labeled 5-h-LPS-activated Jurkat cells (left side) or
labeled 5-h-LPS-activated U937 cells (right side) were added to the
EA hy 926 monolayer and incubated for 30 min. Non-adherent cells were
gently washed away and remaining fluorescence on the endothelial
monolayer was determined as described in the “Materials and methods”
section. Results are expressed as % of control and are means + SD
(n = 6-10). *p < 0.05, ***p < 0.001 considered statistically significant
when compared to the unstimulated control values; “#p < 0.001 consid-
ered statistically significant when compared to the agonist-stimulated
values

suggest that most likely, the S1P5 receptor is involved in the
anti-adhesive effect of S1P. Similarly, when EA.hy 926 cells
were used that had a stable knockdown for either the S1P;
(S1P;kd cells) or the S1P; (S1Pskd cells), only the S1Pskd
cells showed a loss of S1P protection whereas the S1P;kd
cells were still protected by S1P (Fig. 2b).

Since FTY720 is an unselective S1P receptor agonist, ac-
tivating S1P; 3.4, ana 5, but not S1P, (Brinkmann et al. 2002;
Matloubian et al. 2004), we tested its effect on LPS-induced
adhesion. FTY720 concentration-dependently reduced LPS-
triggered adhesion of both immune cell types to endothelial
cells (Fig. 3a).

ST-968 and ST-1071 are two novel oxazolo-oxazole deriv-
atives of FTY 720, which due to their “butterfly”-like chemi-
cal structure are also named butterfly derivatives (Imeri et al.
2014). These compounds were recently shown in vitro to ac-
tivate the S1P; and S1P; receptors and in vivo to reduce clin-
ical disease symptoms in a mouse model of experimental
autoimmune-induced encephalomyelitis (EAE) (Imeri et al.
2014) in a comparable manner as FTY720. We now tested
whether these compounds have a similar effect on immune
cell adhesion to endothelial cells as FTY720.

Comparable to FTY720, LPS-stimulated adhesion of
Jurkat cells or U937 cells to endothelial cells was
concentration-dependently reduced by ST-968 (Fig. 3b) and
ST-1071 (Fig. 3c). Similar reducing effects of ST-968 and ST-
1071 were seen in the adhesion assay when cells were ex-
posed to TNF-« (data not shown).
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Fig. 2 Effect of recombinant SIP lyase and S1P receptor antagonists on
the S1P-mediated reduction of LPS-stimulated immune cell adhesion to
EA.hy 926 endothelial cells. a Quiescent EA.hy 926 cells were stimulated
for 5 h with either vehicle (Co) or LPS (100 ng/ml) in the presence of S1P
(1 uM) and either recombinant Symbiobacterium thermophilum S1P
lyase (stSPL, 10 pug/ml), W146 (10 uM), JTE-013 (10 uM), or
VPC23019 (10 uM) as indicated. Then, labeled 5-h-LPS-activated Jurkat
cells (left side) or labeled 5-h-LPS-activated U937 cells (right side) were
added to the EA.hy 926 monolayer and incubated for 30 min. b Control
EA hy 926 cells (Wf), S1P-knockdown (S1Pkd) cells, or S1P3-knock-
down (S1P;skd) cells were treated for 5 h with either vehicle (Co), TNF-«,
or TNF-« plus S1P. Then, labeled TNF-x-activated U937 cells were
added to the EA.hy 926 monolayer and incubated for 30 min. Non-
adherent cells were gently washed away and remaining fluorescence on
the endothelial monolayer was determined as described in the “Materials
and methods” section. Results are expressed as % of control (a) or % of
TNF« stimulation (b) and are means + SD (n = 6-10). ***p < 0.001
considered statistically significant when compared to the respective
control values; **p < 0.001 considered statistically significant
when compared to the LPS-stimulated values; **p < 0.01, $¥%p < 0.001
considered statistically significant when compared to the LPS plus
S1P-stimulated values

S1P and FTY720 derivatives suppress adhesion molecule
expression on endothelial cells

One molecular event thought to regulate adhesion of immune
cells to endothelial cells is the expression of various adhesion
molecules including ICAM-1, VCAM-1, E-selectin, and
CD44. ICAM-1 and VCAM-1 are well reported to be induced
on endothelial cells by proinflammatory stimuli such as
TNF-x and LPS and to interact with ligands expressed on
activated immune cells (Kim et al. 2001; Lawson and Wolf
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Fig.3 Dose-dependent effect of FTY 720, ST-968, and ST-1071 on LPS-
stimulated Jurkat and U937 cell adhesion to EA.hy 926 endothelial cells.
Quiescent EA hy 926 cells and CellTracker®-labeled Jurkat cells (lefi-side
columns) or U937 cells (right-side columns) were stimulated separately
for 5 h with either vehicle () or LPS (100 ng/ml) in the absence or
presence of FTY720 (a), ST-968 (b), or ST-1071 (¢) (in uM). Then, both
cell types were coincubated for further 30 min for adherence. Non-
adherent cells were then gently washed away and remaining fluorescence
on the endothelial monolayer was determined as described in the
“Materials and methods” section. Results are expressed as % of control
and are means + SD (n = 6-10). ***p < 0.001 considered statistically
significant when compared to the vehicle treated control values;
###) < 0.001 considered statistically significant when compared to the
LPS-stimulated values

2009). Similarly, CD44 on endothelial cells is known to me-
diate a rolling interaction with T lymphocytes under inflam-
matory conditions (Johnson and Ruffell 2009).

We previously showed that the same herein-used S1P
receptor modulators, i.e., SIP, FTY720, ST-968, or ST-
1071, all downregulated TNF-x-stimulated ICAM-1 and
VCAM-1 mRNA expression in endothelial cells (Imeri
et al. 2014). We now show that also LPS-stimulated
upregulations of ICAM-1 and VCAM-1 mRNA were nor-
malized in the presence of S1P, FTY720, ST-968, and ST-
1071 (Fig. 4a, b). Moreover, E-selectin and CD44 mRNA

were also upregulated by both stimuli LPS and TNF-«
and normalized by S1P, FTY720, ST-968, and ST-1071
(Fig. 4c—f).

We further addressed the signaling cascade that may medi-
ate the SIP/S1PR-initiated suppressive effect on adhesion
molecule expression. In the presence of the PI3-kinase inhib-
itor LY294002, the suppressive effect of SIP and all FTY720
derivatives on cell adhesion was reverted (Fig. 5) whereas the
MEK inhibitor U0126 had no effect (Fig. 5). Similarly, the
downregulation of ICAM-1, VCAM-1, E-selectin, and CD44
mRNA expression triggered by S1p and all FTY derivatives
was reverted by LY294002 (Fig. 6). These data suggest that
S1P and the FTY720 derivatives act via PI3K activation to
further suppress adhesion molecule mRNA expressions and
cell adhesion.

Discussion

FTY720 is an approved drug for the treatment of relapsing-
remitting forms of multiple sclerosis and acts immunomodu-
latory by inducing T cell homing and trapping in secondary
lymphoid organs. This is mechanistically due to an activation
and subsequent downregulation of specifically the S1P; re-
ceptor on T cells, which prevents T cell egress and conse-
quently results in an accumulation of T cells in secondary
lymphoid tissues (Matloubian et al. 2004). Since FTY720 is
an unspecific S1P receptor agonist (Brinkmann et al. 2002;
Matloubian et al. 2004), and in view of the fact that all cell
types express one or several S1P receptor subtypes, it is very
obvious that FTY 720 must have additional effects on cellular
and tissue functions besides the depletion of peripheral T cells.

Previously, it was suggested that FTY720 acts on endothe-
lial cells and enhances endothelial permeability by still unre-
solved molecular mechanisms (Sanchez et al. 2003;
Brinkmann et al. 2004). This mode of action may also con-
tribute, at least partially, to the therapeutic effect in multiple
sclerosis. Additionally, animal studies have shown that
FTY720 exerts beneficial effects in a number of inflammatory
disease models (for review, see Huwiler and Pfeilschifter
2009), and it is tempting to speculate that FTY720 has a more
general anti-inflammatory effect and affects local tissue-
resident cells directly.

In this study, we show for the first time that FTY720 and
two novel butterfly derivatives of FTY720, i.e., ST-968 and
ST-1071, which do not need to be phosphorylated for activity
(Imeri et al. 2014), can reduce immune cell adhesion to endo-
thelial cells in culture and thereby may exert at least parts of
their anti-inflammatory effects through this anti-adhesive
mechanism. We have identified four endothelial adhesion
molecules that likely take part in this anti-adhesive effect as
their expression levels were downregulated by S1P, FTY720,
and the butterfly derivatives in a similar manner. These
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adhesion molecules include ICAM-1, VCAM-1, E-selectin,
and CD44.

The important role of ICAM-1 and VCAM-1 in leukocyte
adhesion and transmigration is well described (Turowski et al.
2005; Miiller 2011). These molecules are known to be in-
duced by proinflammatory stimuli like TNF-« and LPS
(Cook-Mills and Deem 2005). Importantly, Foster et al.
(2009) reported that in an in vivo EAE model in rats,
FTY720 treatment not only reduced disease symptoms but
also reduced ICAM-1 and VCAM-1 mRNA expressions in
the brain and spinal cord of EAE animals, clearly suggesting
reduced immune cell adhesion to the BBB upon FTY720
treatment in vivo. Similarly, we recently showed that ST-968
and ST-1071 also reduce disease symptoms of EAE in mice
and in parallel reduced the expression of ICAM-1 and
VCAM-1 in the brain and spinal cord (Imeri et al. 2014).

Regarding the molecular mechanism by which S1P and the
FTY720 derivatives reduce the expression of adhesion mole-
cules in this study, the S1P; receptor is the most likely S1P
receptor subtype involved. This became evident by using var-
ious receptor antagonists and S1P5kd cells. Neither the selec-
tive S1P; antagonist nor the S1P, antagonist had an effect on
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the anti-adhesive action of S1P. Only the dual S1P;.; antago-
nist VPC23019 reversed the anti-adhesive effect of S1P.
Although for all these pharmacological compounds unspecific
effects have been reported, the combined pattern of action,
together with the data obtained from the S1P;kd and S1Pskd
cells, strongly argues for the involvement of S1P5 in the anti-
adhesive mechanism of S1P. In line with our data, Theilmeier
et al. (2006) also showed that S1P protected mouse hearts
from ischemia/reperfusion injury in vivo by blocking leuko-
cyte adhesion to the endothelium which was mediated by the
S1P; receptor since in S1P5-knockout mice, no protection by
S1P was observed anymore. Whereas these studies suggest
the involvement of S1P; in the anti-adhesive mechanism,
Bolick et al. (2005) rather proposed the involvement of S1P;
in preventing monocyte adhesion to the endothelium in vivo.
These authors used the S1P; agonist SEW2871 to show an
anti-adhesive effect. Notably, SEW2871 was ineffective in our
cellular system (data not shown), prompting us to exclude
S1P;. Bolick et al. (2005) also showed that the PI3K/Akt
pathway was mechanistically involved. The same group later
reported that SIP; may also be responsible for an anti-
inflammatory effect of S1P in diabetic mice (Whetzel et al.
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Fig. 5 Effect of MEK and PI3K inhibitors on the anti-adhesive effect of
S1P, FTY720 and derivatives on TNF-o-stimulated U937 cell adhesion
to endothelial cells. EA.hy 926 cells and CellTracker-labeled U937 cells
were stimulated separately for 5 h with either vehicle (—) or TNF-a
(0.1 nM) in the absence or presence of S1P, FTY720, ST-968, and ST-
1071 (all at 1 uM) in the absence or presence of either U0126 (20 uM) or
LY294002 (20 uM). Then, both cell types were coincubated for further
30 min for adherence. Non-adherent cells were then gently washed away
and remaining fluorescence on the endothelial monolayer was determined
as described in the “Materials and methods” section. Results are
expressed as % of control and are means = SD (n = 4-8). ***p < 0.001
considered statistically significant when compared to the unstimulated
control values; “p < 0.01 considered statistically significant when com-
pared to the TNF-a-stimulated values; *p < 0.05, ¥%p < 0.01, ¥¥p < 0.001
considered statistically significant when compared to the LPS plus S1P
receptor agonist-stimulated values

2006). This may involve S1P;-mediated inhibition of NFkB
activation in ex vivo-isolated diabetic aortic endothelium
(Whetzel et al. 2000).

Regarding the anti-adhesive effect of S1P, Awojoodu et al.
(2013) showed a similar phenomenon in vivo without specif-
ically addressing the S1P receptor subtype involved. By sur-
gical transplantation of either S1P- or FTY720-loaded films
onto remodeling vessels of inflamed and ischemic tissue in
mice, they observed a reduction of inflammatory cell adhesion
to the local endothelium. However, the same group also
showed that S1P released in microparticles of red blood cells
of sickle cell disease patients promotes monocyte adhesion to
endothelial cells, suggesting a rather proinflammatory role of
red blood cell-derived S1P (Awojoodu et al. 2014). Moreover,
the group of Garcia-Rodriguez recently reported that S1P en-
hanced the LPS/TLR4-triggered adhesion of PBMCs to endo-
thelial cells in vitro (Fernandez-Pisonero et al. 2012), whereas
they also demonstrated an inhibitory effect of S1P on TLR2-
induced proinflammatory gene transcription in monocytes
(Duehnas et al. 2008).

The agonistic action of FTY720 on S1P3 has been pro-
posed to contribute to some of the side effects associated
with FTY720 treatment. In this view, S1P5, which is high-
ly expressed on cardiac myocytes and perivascular
smooth muscle cells, was suggested to be the crucial re-
ceptor involved in sinus bradycardia and hypertension

seen in mice and rats treated with the FTY720 or related
analogs (Sanna et al. 2004; Forrest et al. 2004). On the
other side, by using the unselective agonist FTY720 and a
novel more selective S1P;,s agonist BAF312 in rats,
Fryer et al. (2012) showed rather the S1P; mediates bra-
dycardia while hypertension is mediated by the S1P;.
Also, it was reported by Tolle et al. (2005) that FTY720
induced arterial vasodilation in mice through S1P; activa-
tion on the endothelium leading to eNOS stimulation and
subsequent nitric oxide synthesis. From all these studies,
which include some controverse findings, it may also be
possible that species- and cell type-specific functions of
the different S1P receptor subtypes exist. Moreover, by
using a selective agonist and shRNA for receptor
downregulation, van Doorn et al. (2012) reported that es-
pecially the S1P5 subtype is involved in the maintenance
of barrier integrity of brain microcapillary endothelial
cells and may also contribute to the immune quiescence
state of the BBB. These authors showed that downregula-
tion of S1Ps strongly upregulated mRNA expression
levels of the proinflammatory cytokines and chemokines
IL-1 and IL-8, TNF-&, and MCP-1; the adhesion mole-
cules ICAM-1 and VCAM-1; as well as the protein ex-
pression of p65-NFkB. In parallel, S1Ps knockdown in-
creased monocyte adhesion to cerebral microcapillary en-
dothelial cells in vitro (van Doorn et al. 2012).

Altogether, various S1P receptor subtypes, i.e., SIP; 5,
and 5» have been proposed to mediate protective effects on
endothelial function. Although evidence is still sparse, it
may even be considered that the different S1P receptor sub-
types cooperate and cross-regulate each other such as it has
been observed for the SIPR/EGF receptor (Kim et al. 2000),
S1PR/PDGEF receptor (Waters et al. 2003; Pyne et al. 2003),
S1PR/purinoceptors (Xin et al. 2004a), and SIPR/TLR recep-
tors (Dueias et al. 2008; Fernandez-Pisonero et al. 2012).

In mechanistic terms, our data suggest that a transcrip-
tional effect is involved in the anti-adhesive effect of S1P,
which depends on the PI3-kinase/Akt pathway but is in-
dependent of the classical MAPK pathway. This became
evident since the PI3K inhibitor LY294002 abolished the
protective effect of all compounds not only on immune
cell adhesion but also on adhesion molecule expression.
In this view, it is worth noting that SI1P receptor signaling,
induced by either S1P or FTY720, is known to activate
the PI3K/Akt pathway in many cell types including endo-
thelial cells (Igarashi et al. 2001; Xin et al. 2004b, 2006;
Bolick et al. 2005).

Our study further demonstrates that the endothelial
CD44 adhesion molecule is regulated by S1P and the
synthetic immunomodulatory compound FTY720 or two
novel butterfly derivatives of FTY720, i.e., ST-968 and
ST-1071. CD44 is a receptor for hyaluronan (HA) and is
known to bind and tether HA on the endothelial surface.
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Fig. 6 Effect of the PI3K inhibitor LY294002 on S1P- and FTY
derivative-mediated reduction of TNF-a-stimulated mRNA expression
of adhesion molecules. Cells were stimulated for 5 h with either vehicle
(—) or TNF-« (0.1 nM) in the absence or presence of S1P, FTY720, ST-
968, or ST-1071 (all at 1 uM) in the absence or presence of LY294002
(20 uM) as indicated. Thereafter, RNA was extracted and subjected to
quantitative PCR analysis using primers for human ICAM-1 (a), VCAM-
1 (b), E-selectin (c¢), and CD44 (d). 18S RNA was used as an internal

CD44 and HA have been suggested to be involved in the
regulation of cell-cell adhesion, proliferation, migration,
and differentiation (Ponta et al. 2003).

Recently, it was shown that HA bound to CD44 on cen-
tral nervous system vascular endothelial cells promotes ex-
travasation of activated T cells during EAE (Winkler et al.
2012). Consequently, blocking antibodies against CD44
were shown to delay the onset of EAE and decrease disease
severity (Brocke et al. 1999). These data reflect the impor-
tant role of CD44 on endothelial cells for leukocyte extrav-
asation and fit well to our findings in endothelial cell cul-
tures where downregulation of CD44 by S1P receptor mod-
ulators correlates with reduced immune cell adhesion.

Altogether, this study clearly demonstrates that SIP and
FTY720 via S1P5 activation and PI3K signaling downregulate
immune cell adhesion to the endothelial layer and thereby
may explain the strong anti-inflammatory effect of FTY720
and butterfly derivatives in various inflammatory disease an-
imal models. Especially the novel butterfly derivatives which
are no prodrugs like FTY720 and therefore act independent of
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control. The ratio of the expression of the gene of interest and 18S RNA
was calculated. Data are expressed as fold induction and are means + SD
(n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 considered statistically
significant when compared to the unstimulated control values;
#p<0.05,"p <0.001 considered statistically significant when compared
to the TNF-a-stimulated values; p < 0.05, ¥%p < 0.01 considered statis-
tically significant when compared to the TNF-« plus S1P receptor
agonist-stimulated values

SK-2 activity may be attractive drugs for further development.
Their therapeutic use may even be superior to FTY720 for
example under conditions where SK-2 is downregulated or
inhibited. Notably, SK-2 is considered a possible target for
cancer treatment since various studies have shown that a pu-
tative SphK?2 inhibitor ABC294640 reduced cancer growth in
xenograft models (Antoon et al. 2011). Thus, under clinical
situations where such inhibitors are given, FTY720 is ex-
pected to be inactive whereas the butterfly derivatives may
still be fully active.
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