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Background: The sphingosine 1-phosphate (S1P) system may contribute to lung fibrosis.
Results: S1P receptor (S1PR) agonists with different receptor subtype selectivity profiles varied in their potential to induce
fibrotic responses in human lung fibroblasts.
Conclusion: S1P2R and S1P3R signaling contributes to fibrotic responses in lung fibroblasts.
Significance: Improving S1P1R modulator selectivity may lead to an improved safety profile of compounds for autoimmune
therapy.

Synthetic sphingosine 1-phosphate receptor 1 modulators
constitute a new class of drugs for the treatment of autoimmune
diseases. Sphingosine 1-phosphate (S1P) signaling, however, is
also involved in the development of fibrosis. Using normal
human lung fibroblasts, we investigated the inductionof fibrotic
responses by the S1P receptor (S1PR) agonists S1P, FTY720-P,
ponesimod, and SEW2871 and compared them with the
responses induced by the known fibrotic mediator TGF-�1. In
contrast to TGF-�1, S1PR agonists did not induce expression of
the myofibroblast marker �-smooth muscle actin. However,
TGF-�1, S1P, and FTY720-P caused robust stimulation of
extracellular matrix (ECM) synthesis and increased pro-fibrotic
marker gene expression including connective tissue growth fac-
tor. Ponesimod showed limited and SEW2871 showed no pro-
fibrotic potential in these readouts. Analysis of pro-fibrotic sig-
naling pathways showed that in contrast to TGF-�1, S1PR
agonists did not activate Smad2/3 signaling but rather activated
PI3K/Akt and ERK1/2 signaling to induce ECM synthesis. The
strong induction of ECM synthesis by the nonselective agonists
S1P and FTY720-P was due to the stimulation of S1P2 and S1P3

receptors, whereas the weaker induction of ECM synthesis at
high concentrations of ponesimod was due to a low potency
activation of S1P3 receptors. Finally, in normal human lung
fibroblast-derived myofibroblasts that were generated by
TGF-�1 pretreatment, S1P and FTY720-P were effective
stimulators of ECM synthesis, whereas ponesimod was inac-
tive, because of the down-regulation of S1P3R expression in
myofibroblasts. These data demonstrate that S1PR agonists
are pro-fibrotic via S1P2R and S1P3R stimulation using
Smad-independent pathways.

Sphingosine 1-phosphate (S1P)2 is a bioactive sphingolipid
that is involved in a variety of physiological processes such as
cell growth, survival, cytoskeletal organization, migration,
and lymphocyte trafficking (1). S1P levels, which are high in
blood and much lower in tissues (2), are controlled by coordi-
nated activities of two sphingosine kinases (SphK1 and SphK2)
and several degrading enzymes (3). S1P binds with low nano-
molar affinity to five related G protein-coupled receptors,
named S1P receptors (S1P1R, S1P2R, S1P3R, S1P4R, and
S1P5R). The S1P1R, S1P2R, and S1P3R subtypes are widely
expressed within the human body, whereas S1P4R and S1P5R
tissue expression is much more restricted (3).
Synthetic S1P1R modulators constitute a new class of drugs

for the treatment of T-cell-mediated autoimmune diseases, and
fingolimod (FTY720/Gilenya; Novartis) is the first nonselective
S1P1R modulator approved for the treatment of relapsing-re-
mitting multiple sclerosis (2). Fingolimod is a pro-drug that is
phosphorylated within the body to its active form (S)-fingoli-
mod-P (FTY720-P), which shares structural homology to the
natural ligand S1P. To current knowledge FTY720-P amelio-
rates multiple sclerosis symptoms by acting as an S1P1R desen-
sitizing and internalizing agonist on T-cells and neural cells.
Importantly, S1P1R internalization leads to a depletion of cir-
culating lymphocytes, because S1P1R signaling is required to
allow lymphocytes to egress from lymph nodes (2).
In addition to its prominent role in lymphocyte trafficking,

there is increasing evidence that S1P and S1PR signaling plays a
role in pro-fibrotic responses in various tissues and isolated
cells. Fibrosis is a process that can be triggered by chronic tissue
damage because of toxic substances, viral infection, inflamma-
tion, or mechanical stress and eventually leads to changes in
organ architecture and to organ failure. Fibrosis is often
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described as disordered wound healing that is characterized by
accumulation of myofibroblasts with increased proliferative
capacity and excessive extracellular matrix (ECM) deposition
(4). S1P, S1PR, and SphK1 were shown to be up-regulated in
serum, bronchoalveolar lavage, and lung tissue of patients with
idiopathic pulmonary fibrosis (5), human liver fibrosis (6),
experimental mouse models of bleomycin-induced lung fibro-
sis (7), and cholestasis-induced liver fibrosis (8). Moreover,
chronic fingolimod treatment of rats and monkeys caused
fibrotic lung changes, including increased lung weight associ-
ated with smooth muscle hypertrophy, hyperdistension of the
alveoli, and increased collagen deposition. In addition, insuffi-
cient or lack of pulmonary collapse at necroscopy, indicative of
excessive collagen presence, was observed in rats, dogs, and
monkeys (9). In vitro, S1P and FTY720-P displayed pro-fibrotic
activities, such as induction of the myofibroblast marker
�-smooth muscle actin (�SMA) and increases in collagen syn-
thesis (10–12).
Based on the described lung findings after prolonged fingoli-

mod treatment (9), we employed normal human lung fibro-
blasts (NHLF) to study S1PR agonist-mediated induction of
fibrotic responses, i.e., myofibroblast transformation, fibrotic
gene expression, and excessive production of ECM. We inves-
tigated responses that were induced by the nonselective S1PR
agonists S1P and FTY720-P (3, 13, 14), the highly selective
S1P1R agonist SEW2871 (15), and the selective S1P1R agonist
ponesimod (16, 17), which is currently under clinical investiga-
tion for treatment of multiple sclerosis and psoriasis, and we
compared them with responses induced by the well described
pro-fibrotic mediator TGF-�1 (18). Here, we show that
TGF-�1 and the two nonselective S1PR agonists, S1P and
FTY720-P, were highly pro-fibrotic, whereas ponesimod and
SEW2871 were less active or inactive. In contrast to TGF-�1,
the S1PR agonists did not induce Smad2/3 phosphorylation but
rather activated PI3K/Akt and ERK1/2 signaling to induce
ECM synthesis. Furthermore, we found that S1PR agonist-in-
duced ECM synthesis was mediated by S1P2R and S1P3R sig-
naling, explaining why the intensity of the response to nonse-
lective S1PR agonists was stronger than to selective S1P1R
agonists, such as ponesimod or SEW2871. Improving S1P1R
modulator selectivity may thus lead to an improved safety pro-
file of compounds targeted for autoimmune therapy.

EXPERIMENTAL PROCEDURES

Materials—The following reagents were used: S1P (Enzo
Life Sciences, Lausen, Switzerland); TGF-�1, PDGF-bb, and
SB431542 (Sigma-Aldrich); W146 (Avanti Polar Lipids, Inc.,
Alabaster, AL); JTE-013, PD0325901, and SEW2871 (Tocris
Bioscience, Abingdon, UK); and PI-103 and FTY720-P (Cay-
man Chemical, Tallinn, Estonia). TY-52156 (19) and ponesi-
mod were synthesized by Actelion Pharmaceuticals Ltd.
(Allschwil, Switzerland). The following antibodies were used:
mouse anti-� smoothmuscle actin (Sigma-Aldrich); rabbit (rb)
anti-phospho-Smad2, rb anti-Smad2, mouse anti-phospho-
ERK1/2, rb anti-Phospho-S6 ribosomal protein (Ser-473), rb
anti-S6 ribosomal protein, and rb anti-�/�-tubulin (Cell Signal-
ing Technology, Boston,MA); rb anti-phospho-Smad3, rb anti-
Smad3, and rb anti-ERK1/2 (Millipore, Zug, Switzerland); goat

anti-collagen I and goat anti-collagen III (SouthernBiotech, Bir-
mingham,AL); goat anti-fibronectin and donkey anti-goat IgG-
HRP (Santa Cruz Biotechnology, Heidelberg, Germany); goat
anti-mouse Alexa 480 (Invitrogen); and sheep anti-mouse HRP
and donkey anti-rb-HRP (GE Healthcare).
Cell Culture—NHLF (donor 1: female 11 years; donor 2:

female 19 years; Lonza, Verviers, Belgium) were cultivated in
fibroblast growthmedium 2 (Lonza) following themanufactur-
er’s instructions andwere used at passages 5–7 for experiments.
CHO-K1 cells with stable expression of human S1P2R were
grown inHam’s F-12, 10% FBS, 100 units/ml penicillin, 1�g/ml
streptomycin in presence of 1 mg/ml geneticin (all Invitrogen).
NHLF were transformed to myofibroblasts by incubation with
1 ng/ml TGF-�1 for 72 h in fibroblast growthmedium 2, before
experiments were performed in the presence of 1 ng/ml TGF-
�1. For experiments, NHLF andmyofibroblasts were starved in
fibroblast basal medium (Lonza) with 0.1% FFA-BSA (Calbi-
ochem, Darmstadt, Germany) for 24 h before stimulation with
compounds at various concentrations for the indicated times.
When kinase inhibitors (concentrations as indicated) or S1PR
antagonists were used, the cells were preincubated with inhib-
itors or antagonists for 1 h. S1P1R antagonistW146 was used at
1 �M, S1P2R antagonist JTE-013 was used at 0.2 �M, and S1P3R
antagonist TY-52156 was used at 1.25 �M. Controls and all
samples were supplemented with equal concentrations of
Me2SO or methanol (vehicles).
siRNA Transfection—NHLF (104 cells/well) were transfected

in 96-well tissue culture plates (for qPCR) or on E-plates (Roche
Applied Science, Rotkreuz, Switzerland, for impedance mea-
surements) with Lipofectamine RNAiMAX (Invitrogen) fol-
lowing the manufacturer’s protocol. The following siRNAs
were used: HA044100078 and HA044100082 for S1P2R with
the respective negative control SIC001 at 33 nM (Sigma-Al-
drich) and s4454 and s4455 for S1P3R with respective Silencer�
select negative control No. 1 siRNA (4390843) at 11 nM
(Ambion, Austin, TX). Knockdown of S1P2,3R mRNA expres-
sion was controlled by qPCR. Knockdown of receptor function
was analyzed after 48 h using impedance measurements and
comparedwith siRNA transfectionwith the respective negative
control siRNA.
[3H]Proline Incorporation Assay—NHLF or myofibroblasts

were stimulated in 96-well plates (104 cells/well) for 24 h as
described in the presence of 7.4 kBq/well L-[2,3-3H]proline
(PerkinElmer Life Sciences). The cells were lysed in 0.15 M

NaOH for 30 min on ice and proteins were TCA-precipitated
(20%) on ice for 30 min. The proteins were transferred to GF/C
filter plates (PerkinElmer Life Sciences) with a cell harvester
(Filtermate; Packard). Microscint 20 (PerkinElmer Life Sci-
ences) was added to dried plates, and radioactive proline incor-
poration was determined by liquid scintillation counting using
a TopCount (PerkinElmer Life Sciences). The data were nor-
malized to base line (defined by preincubation with vehicle,
S1PR antagonist or inhibitors without S1PR agonist stimula-
tion) and expressed as percentages of increase over control.
Indirect Immunofluorescence—The cells were fixed in 3%

paraformaldehyde, incubated in PBS (Mg2�/Ca2�), 10% FBS,
0.1% saponine (Sigma-Aldrich) for 45 min before mouse anti-�
smooth muscle actin antibody incubation for 1 h followed by
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goat anti-mouse Alexa 480 and Hoechst (Invitrogen) incuba-
tion for 30 min. Images were acquired under identical condi-
tions with an Axiovert 200M fluorescence microscope (Carl
Zeiss, Feldbach, Switzerland) and Openlab software (Improvi-
sion; PerkinElmer Life Sciences).
Western Blotting—After stimulation for the indicated time

points, the cells were lysed in radioimmune precipitation
assay buffer supplemented with 1� MiniComplete Protease
Stop and PhosStop (Roche Applied Sciences; for (P-)Smad2/3,
(P-)ERK1/2), or 1� cell lysis buffer (Cell Signaling Technology;
for (P-)S6 ribosomal protein) followed by sonication. For detec-
tion of ECMproteins, the cells were lysed by addition of boiling
radioimmune precipitation assay buffer supplementedwith 6 M

urea (Sigma-Aldrich) and 1�MiniComplete Protease Stop fol-
lowed by scraping and sonication. The samples were subjected
to SDS-PAGE and immunoblotting according to the manufac-
turers’ protocols. Detection was performed with Western
Lightning ECL (PerkinElmer Life Sciences), and digital images
were taken with LAS-4000 (FUJIFILM).
Quantitative PCR—The fibrotic marker gene analysis was

performed according to the TaqMan Fast Cells-to-Ct protocol
(Ambion) and run on an ABI 7500 machine using TaqMan
assays (Applied Biosystems, Foster City, CA). The results were
calculated with the ��Ct method and expressed as ratios of
treated NHLF versus controls. For analysis of basal S1PR
expression, qPCR experiments were performed as previously
described (20). TaqMan assays used for mRNA detection are
listed in supplemental Table S1.
ImpedanceMeasurements—CHOcells were seeded at 40,000

cells/well into gelatin-coated E-plates (RocheApplied Science).
NHLF were seeded at 10,000 cells/well into E-plates. Both cell
types were subjected to continued impedance sampling over
the whole experimental period (xCELLigence system; Roche
Applied Science). After overnight growth, the medium was
exchanged with starvation medium for 1 h (CHO) or 24 h
(NHLF) and stimulation was performed as described followed
by continued impedance sampling. For data analysis, imped-
ance raw traces were normalized at the time point of agonist
addition, and the base line response (vehicle-treated cells) was
subtracted. The EC50 values in CHO-S1P2 cells were calculated
using the proprietary software IC50 witch and an assigned fixed
minimum at 5000 nM FTY720-P. The geometric mean of three
independent experiments was calculated.
Statistics—For statistical analysis, the unpaired two-tailed

Student’s t test or one-way analysis of variance with Dunnett’s
post hoc test was performed. When the p value was � 0.05, the
results were considered significant (GraphPad 5 Software, San
Diego, CA).

RESULTS

TGF-�1 and S1PR-mediated Pro-fibrotic Responses Show
Commonalities and Differences—Differentiation of resident
fibroblasts into collagen-secreting, �SMA-expressing myofi-
broblasts is an established hallmark of fibrosis, and TGF-�1 is a
known inducer of this differentiation process (18). To study
whether S1P and a selection of synthetic S1PR agonists were
also able to induce cell differentiation, NHLF were stimulated
with S1P, FTY720-P, ponesimod, or SEW2871 (5 �M) for 72 h,

and �SMA expression was analyzed by indirect immunofluo-
rescence (Fig. 1A). In vehicle-treated control cells, �SMA was
not detectable. Stimulation with 5 ng/ml TGF-�1 induced pro-
nounced, stress fiber-like �SMA expression. In contrast, none
of the S1PR agonists induced�SMAexpression, suggesting that
neither the natural ligand S1P nor synthetic S1PR agonists were
able to transform NHLF into myofibroblasts under these
conditions.
Next, we assessed ECM synthesis using the [3H]proline

incorporation assay as readout. This assay represents a highly
sensitive quantitativemethod for assessing neosynthesis of pro-
line-rich extracellular matrix proteins such as collagens and
fibronectin (21). To this end, NHLF were treated with different
concentrations of TGF-�1, S1P, FTY720-P, ponesimod, or
SEW2871 or with vehicle, and [3H]proline incorporation was
measured after 24 h (Fig. 1B). TGF-�1 enhancedECMsynthesis
in a concentration-dependent manner starting with a lowest
effective concentration (LEC) of 78 pg/ml, and a plateau was
reached at the maximal effective concentration (MEC) of 1250
pg/ml, at which TGF-�1 induced a 38% increase in ECM syn-
thesis compared with control. S1P and FTY720-P also
enhanced ECM synthesis in a concentration-dependent man-
ner (LEC, 78 nM; MEC, 5000 nM) and induced an even higher
maximal response than TGF-�1. ECM levels increased to 105
and 111% above control for S1P and FTY720-P, respectively.
Ponesimod enhanced ECM synthesis with a 16-fold lower
potency (LEC, 1250 nM) and showed a lower maximal ECM
increase (51% above control at MEC) than either S1P or
FTY720-P. SEW2871 was inactive. To elucidate the composi-
tion of the up-regulated ECM, we stimulated NHLF with S1PR
agonists (5 �M) and TGF-�1 (5 ng/ml) for 24 h and performed
Western blotting for collagen I, collagen III, and fibronectin
(Fig. 1C). An increase in collagen I expression was detectable in
cells treated with TGF-�1 and to a lower extent in cells treated
with S1P, FTY720-P, and ponesimod, but not with SEW2871.
Collagen III expression was not detectably up-regulated by
S1PR agonists and only slightly increased by TGF-�1. In con-
trast, fibronectin expression was considerably increased by
TGF-�1, S1P, and FTY720-P treatment, moderately increased
by ponesimod, and not changed by SEW2871 treatment.
Because the amplitude of the fibronectin response was suitable
for quantification, we performed concentration-response
experiments using the fibronectin readout. Strikingly, fibronec-
tin expression showed the same regulation pattern after stimu-
lation with concentration series of TGF-�1 and S1PR agonists
as seen before with [3H]proline incorporation (Fig. 1D).
In fibroblasts, fibrotic mediators such as TGF-�1 can induce

the gene expression of other pro-fibrotic factors, which stimu-
late the fibrotic process even further, and together they increase
the expression of fibrosis response genes, such as extracellular
matrix components, leading to increased ECM deposition and
organ restructuring. We therefore analyzed the mRNA expres-
sion levels of a selection of known fibrosis-related genes in
NHLF after stimulation for 8 hwith a dilution series of TGF-�1,
S1PR agonists, or vehicle using qPCR (Fig. 1E). The expression
of genes that encode for the ECM proteins collagen 1a
(COL1A1), fibronectin (FN1), or elastin (ELN) were strongly
increased by TGF-�1, whereas S1PR agonists induced no
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COL1A1 and only weak expression of FN1 and ELN. The
expression of several pro-fibrotic genes such as CTGF,
SERPINE1, thrombospondin 1 (THBS1), or SphK1 was up-reg-
ulated by TGF-�1, S1P, and FTY720-P, whereas ponesimod
induced no response (SphK1) or only low responses (CTGF,
SERPINE1, and thrombospondin 1). CCL2 (chemokine (C-C
motif) ligand 2), IL6, and hyaluronan synthase 2 (HAS2) were
strongly and concentration-dependently induced by S1P and
FTY720-P and to a lower extent by TGF-�1. Ponesimod
induced clearly lower responses of these genes. SEW2871
induced none of the genes.
To exclude a potential donor-specific bias in these results,

ECM synthesis and the expression of the fibrosis-related gene
set were studied in NHLF from a second donor. Essentially,
these cells showed the same responses (supplemental Fig. S1).
In summary, TGF-�1 and S1PR agonists showed common-

alities and differences in inducing pro-fibrotic responses.
Although only TGF-�1 inducedmyofibroblast transformation,
ECM synthesis and a set of fibrotic target genes were robustly
induced by TGF-�1, S1P, and FTY720-P. Ponesimod was less
active, and SEW2871 was inactive in all of these readouts.
PI3K/Akt/mTOR and ERK1/2 Signaling, but Not TGF�RI/

Smad2/3 Signaling, Is Involved in S1PR Agonist-induced ECM
Synthesis—TGF-�1 and S1PR agonists showed differences in
their pro-fibrotic profiles, which might be caused by the initia-
tion of different pro-fibrotic signaling pathways. To this end,
we focused on signaling pathways known to be activated by
TGF-�1 or S1P (3, 22–26). Smad2/3 phosphorylation is a
canonical event in the pro-fibrotic signaling of TGF-�1, and
thereforewe analyzed Smad2/3 phosphorylation after 30minof
stimulation with S1PR agonists (5 �M) or TGF-�1 (5 ng/ml)
using Western blotting. Only TGF-�1 induced phosphoryla-
tion of Smad2 and Smad3, whereas S1PR agonists did not cause
any detectable phosphorylation (Fig. 2A). To fully exclude an
indirect involvement of the TGF-� pathway in ECM synthesis
by S1PR agonists via the induction of TGF-�1 secretion, the
ALK inhibitor SB431542 was employed in the [3H]proline
incorporation assay to block TGF�R1 signaling. The inhibitor
did not reduce ECM synthesis induced by S1P, FTY720-P,
ponesimod, or PDGF-bb (Fig. 2B), excluding an indirect role of
this pathway in ECM induction by S1PR agonists. As expected,
TGF-�1-induced ECM synthesis was reduced to control levels
in presence of the ALK inhibitor.
Next, we analyzed induction of ERK1/2 phosphorylation by

the various stimulants. S1P, FTY720-P, and ponesimod (5000
nM) led to increased ERK1/2 phosphorylation 5 and 15 min
after stimulation (Fig. 2C), which was completely inhibited by

the MEK1/2 inhibitor PD0325901. SEW2871 showed weak
ERK1/2 phosphorylation after 15 min. In contrast, TGF-�1 did
not lead to ERK1/2 phosphorylation. As expected, PDGF-bb
induced ERK1/2 phosphorylation, which was also blocked by
the MEK1/2 inhibitor (Fig. 2C). We then performed the
[3H]proline incorporation assay in the presence of theMEK1/2
inhibitor to determine the contribution of ERK1/2 signaling to
S1PR agonist-induced ECM synthesis.We observed a small but
significant reduction in ECM synthesis induced by S1P,
FTY720-P, ponesimod, and PDGF-bb, but not by TGF-�1 (Fig.
2D), suggesting a minor contribution of ERK signaling in S1PR
agonist-induced ECM synthesis.
We then studied activation of the PI3K/Akt pathway by ana-

lyzing phosphorylation of S6 ribosomal protein, which repre-
sents a downstream target of Akt. As shown in Fig. 2E, S1P,
FTY720-P, ponesimod (5 �M), and, as expected, PDGF-bb (50
ng/ml) induced S6 ribosomal protein phosphorylation after 15
and 30 min. SEW2871 showed weak phosphorylation after 30
min. Importantly, S6 ribosomal protein phosphorylation was
completely inhibited by the PI3K/mTOR inhibitor PI-103,
demonstrating that the PI3K/Akt signaling pathway was acti-
vated. In contrast to the S1PR agonists and PDGF-bb, TGF-�1
did not cause S6 ribosomal protein phosphorylation. To ana-
lyze the contribution of PI3K/Akt signaling to S1PR agonist-
induced ECM synthesis, [3H]proline incorporation assays were
performed in the presence of the PI3K/mTOR inhibitor. As
shown in Fig. 2F, S1P-, FTY720-P-, ponesimod-, and PDGF-bb-
induced, but not TGF-�1-induced, ECM synthesis was signifi-
cantly attenuated in the presence of the inhibitor.
Thus, in NHLF, S1PR agonists and TGF-�1 utilized different

pathways to induce ECM synthesis. The S1PR agonists did not
induce Smad2/3 phosphorylation but activated ERK1/2 and
PI3K/Akt pathways with PI3K/Akt signaling being central for
ECM synthesis.
S1P Receptor Subtype Selectivity Accounts for Different Levels

of Maximal ECM Synthesis—The S1PR agonists S1P,
FTY720-P, and ponesimod displayed different potencies and
maximal efficacies in activating ECM synthesis and inducing
pro-fibrotic gene expression, whereas SEW2871was inactive in
these assays (Fig. 1). These agonists vary in their selectivity
towards S1PR subtypes, with S1P and FTY720-P being the least
selective (3, 13, 14), ponesimod displaying improved S1P1R
selectivity (16, 17), and SEW2871 being highly selective for
S1P1R (15).
We therefore investigated whether the different receptor

selectivity profiles would account for the observed differences
in increasing ECM synthesis. First, the S1PR subtype mRNA

FIGURE 1. Analysis of fibrotic responses in NHLF subjected to S1PR agonists and TGF-�1: myofibroblast transformation, ECM synthesis, and regula-
tion of pro-fibrotic genes. A, NHLF were stimulated with TGF-�1 (5 ng/ml) or S1PR agonists (5 �M) for 72 h, and immunofluorescent staining was performed.
Green, �-smooth muscle actin; blue, nuclei. B, NHLF were stimulated with TGF-�1 (20 –5000 pg/ml) and S1PR agonists (20 –5000 nM), and ECM synthesis was
measured after 24 h with the [3H]proline incorporation assay. The data represent the means � S.E. of three independent experiments. *, p � 0.05; ***, p � 0.001,
one-way analysis of variance, Dunnett’s post test. C, NHLF were stimulated with S1PR agonists (5000 nM) or TGF-�1 (5 ng/ml) for 24 h, proteins were isolated,
and the expression of collagen I (col I), collagen III (col III), and fibronectin (fibron.) was analyzed by Western blotting. Equal protein amounts were confirmed by
�/�-tubulin (�/�-tub.) analysis. D, NHLF were stimulated with S1PR agonists (78 –5000 nM) or TGF-�1 (78 –5000 pg/ml) for 24 h, proteins were isolated, and the
expression of fibronectin was analyzed by Western blotting (left panel). The fibronectin expression was quantified and normalized against �/�-tubulin and
expressed as fold induction over control (dashed line, right panel). The data in C and D show representative experiments (n � 3). E, qPCR of pro-fibrotic genes
after stimulation of NHLF with TGF-�1 (78 –5000 pg/ml) or S1PR agonists (78 –5000 nM) for 8 h. Normalization was performed using B2M, HPRT1, 18 S, and PPIA,
which were selected by GENORM application (43). The data are the means � S.E. of two independent experiments. Dashed lines show the control level of gene
expression.
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expression in NHLF was analyzed, and Fig. 3A illustrates that
S1P1R, S1P2R, and S1P3RmRNAswere expressed in these cells,
whereas S1P4R and S1P5RmRNAs were not detected.We then
investigated the contribution of S1P1,2,3R subtype signaling and
performed [3H]proline incorporation assays in the presence of
specific S1PR antagonists (Fig. 3B). The S1PR agonists S1P,
FTY720-P, and ponesimod were tested at MEC (5 �M). The
presence of the S1P1R antagonist W146 did not affect the
induction of ECM synthesis, which confirmed that S1P1R sig-
naling was not involved in the stimulation of ECM synthesis as
already suggested by the inactivity of SEW2871 in this assay. In
contrast, preincubation with the S1P2R antagonist JTE-013 sig-
nificantly attenuated the S1P- and FTY720-P-induced ECM
synthesis (Fig. 3B). Ponesimod-induced ECM synthesis, how-
ever, was not changed by this antagonist. These results sug-
gested a role for S1P2R signaling in ECM induction by S1P and,
surprisingly, FTY720-P, but not by ponesimod. Preincubation
with the S1P3R antagonist TY-52156 reduced the induction of
ECMsynthesis by S1P, FTY720-P, and ponesimod, suggesting a
role for S1P3R activation in ECM synthesis induction for all
three compounds. To analyze whether S1P2R and S1P3R con-

tributed in an additive way, we performed the [3H]proline
incorporation assay in the presence of both S1P2R and S1P3R
antagonists. The S1P- and FTY720-P-induced ECM increases
were even further attenuated, whereas the combination of both
antagonists did not result in any further reduction of the pone-
simod-induced ECM synthesis, when compared with using an
S1P3R antagonist alone.

Taken together, we could attribute the pronounced ECM
response of S1P and FTY720-P to the activation of both S1P2R
and S1P3R, which acted in an additive fashion. The less robust
and less potent response to ponesimodwas due to an activation
of S1P3R and the lack of S1P2R agonism.
FTY720-P, butNot Ponesimodand SEW2871, Induces Signal-

ing in Recombinant CHO-S1P2 Cells—FTY720-P is often
described as a nonselective S1P1,3,4,5R agonist that does not
activate the S1P2R (2, 13). However, several publications have
described FTY720-P as an S1P2 R agonist of moderate potency
in recombinant systems (14, 27, 28).
We therefore employed signaling assays using the label-free

impedance technique to confirm our data on S1P2R activation
by FTY720-P. This technique allows for noninvasive analysis of

FIGURE 2. Analysis of TGF-�1- and S1PR agonist-induced signaling pathways and their involvement in ECM synthesis. Activation of Smad2/3, ERK1/2,
and PI3K/Akt signaling was studied by Western blotting (A, C, and E), and pathway involvement in ECM synthesis was measured with the [3H]proline incorpo-
ration assay (B, D, and F). A, NHLF were stimulated for 30 min with TGF-�1 (5 ng/ml) or S1PR agonists (5 �M), proteins were isolated, and Smad2 and Smad3
phosphorylation compared with total Smad2 and Smad3 was analyzed. B, NHLF were preincubated with vehicle or the ALK inhibitor SB431542 (0.625 �M) for
1 h before stimulation with TGF-�1 (5 ng/ml), S1PR agonists (5 �M), or PDGF-bb (50 ng/ml) for 24 h. C, NHLF were preincubated with vehicle or the MEK1/2
inhibitor PD0325901 (1 �M) for 1 h followed by stimulation for 5 and 15 min with TGF-�1 (5 ng/ml), S1PR agonists (5 �M), or PDGF-bb (50 ng/ml). Proteins were
isolated, and ERK1/2 phosphorylation compared with total ERK1/2 was analyzed. D, NHLF were preincubated with vehicle or the MEK1/2 inhibitor (1 �M) for 1 h
before stimulation with TGF-�1, S1PR agonists, or PDGF-bb for 24 h with concentrations as under B. E, NHLF were preincubated with vehicle or PI3K/mTOR
inhibitor PI-103 (0.5 �M) for 1 h before stimulation with TGF-�1, S1PR agonists, or PDGF-bb for 15 and 30 min with concentrations as under C. Proteins were
isolated, and S6 ribosomal protein phosphorylation compared with total S6 ribosomal protein was analyzed. F, NHLF were preincubated with vehicle or
PI3K/mTOR inhibitor (0.5 �M) for 1 h before stimulation with TGF-�1, S1PR agonists, or PDGF-bb for 24 h with concentrations as under B. The data in A, C, and
E show representative experiments (n � 2). The data in B, D, and F represent the means � S.E. of three or four independent experiments. *, p � 0.05; **, p � 0.01;
***, p � 0.001 (t test, vehicle versus inhibitor treatment).
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receptor activationwithin cellmonolayers, and it is awell estab-
lished technology to analyze integrated responses of G protein-
coupled receptor signaling (29, 30). CHO-K1 cells with stable
expression of the human S1P2R (CHO-S1P2) were stimulated
with different concentrations of FTY720-P, ponesimod, or
SEW2871, and impedance responses were monitored for up to
15 min (Fig. 4A). SEW2871 and ponesimod did not induce any
change in impedance up to 5000 nM. In contrast, FTY720-P
induced a rapid, concentration-dependent and saturable
decrease of impedance with a maximal decrease reached after
2.5 min. Impedance values at 2.5 min were used to generate
concentration-response curves, and an EC50 of 33 nM (18-69
nM) for FTY720-P (n � 3, geometric mean (range of values))
was determined. In the presence of the S1P2R antagonist JTE-
013, the FTY720-P-induced impedance response was strongly
inhibited, as shown by the rightward shift of the FTY720-P con-
centration-response curve (Fig. 4B). In the CHO-K1 pcDNA3.1
control cell line, all agonists were inactive (data not shown).
Thus, using impedancemeasurements, we show that FTY720-P
acted as an S1P2R agonist, whereas ponesimod and SEW2871
were inactive at this receptor.

FIGURE 3. Analysis of S1PR subtype contribution to S1PR agonist-in-
duced ECM synthesis. A, relative S1PR mRNA expression in NHLF was ana-
lyzed by qPCR. The data show the means � S.E. of three independent exper-
iments. For normalization, 18 S, HPRT1, and PPIA were used. B, NHLF were
preincubated with vehicle, S1P1R, S1P2R, or S1P3R antagonist or a combina-
tion of S1P2R and S1P3R antagonists for 1 h before stimulation with S1PR
agonists (5 �M) for 24 h. ECM synthesis was then measured with the [3H]pro-
line incorporation assay. The data represent the means � S.E. of three inde-
pendent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001 (t test, vehicle
versus antagonist treatment).

FIGURE 4. Analysis of S1P2R signaling in recombinant CHO-S1P2 cells
using impedance assays. A, CHO-S1P2 cells were stimulated with SEW2871,
ponesimod, or FTY720-P (0.5–5000 nM), and impedance responses were fol-
lowed for 15 min. B, cells were preincubated with or without S1P2R antagonist
(anta.) and then stimulated with dilution series of FTY720-P. Impedance
responses were monitored over 15 min. Concentration-response curves of
FTY720-P in the absence or presence of S1P2R antagonist were then gener-
ated with impedance values at 2.5 min. The data show a representative exper-
iment (n � 2).
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S1PR Agonists Activate Different S1PR Subtypes in NHLF—
We then investigated the S1PR agonist-induced signaling in
NHLF, which expressed S1P1R, S1P2R, and S1P3R mRNA (Fig.
3A), using impedance measurements. NHLF were stimulated
with different concentrations of SEW2871, ponesimod,
FTY720-P, or S1P, and impedance changes versus base line
were followed for up to 4 h (Fig. 5A). The highly selective S1P1R
agonist SEW2871 induced a rapid, concentration-dependent
and saturable impedance increase reaching a plateau within 15
min of agonist addition. Ponesimod induced a similar increase
in impedance at concentrations between 0.5 and 500 nM. At
5000 nM (solid line) a biphasic response was observed that
showed a rapid impedance decrease with a maximal reduction
at 3 min, followed by a gradual increase over base line reaching
a plateau after�2 h. FTY720-P induced a signaling profile with
up to three different response phases depending on the concen-
tration. At the lowest concentration of 0.5 nM, FTY720-P
induced a response that was identical to the responses to
SEW2871 and ponesimod. At 5 and 50 nM, FTY720-P showed a
biphasic response reminiscent of the ponesimod response at
5000 nM. At 500 and 5000 nM, FTY720-P induced a triphasic

response, in which the rapid decrease in impedance at 3 min
was followed by a prolonged decrease below base line for up to
2.5 h after agonist addition. Thereafter, impedance increased
over base line. S1P induced a signaling profile similar to that
of FTY720-P, showing a triphasic response at the higher
concentrations.
To link the individual responses in impedance to S1PR sub-

type activation, the impedance assays were performed in the
presence of S1PR subtype-specific antagonists. As seen in Fig.
5B, preincubation with the S1P1R antagonist W146 reversed
the SEW2871-induced impedance (50 nM) to base line, demon-
strating that the observed effects were S1P1R-mediated. The
ponesimod-induced increase of impedance that was observed
at concentrations between 0.5 and 500 nM was blocked by pre-
incubation with the S1P1R antagonist, which confirmed selec-
tive S1P1R activation at these concentrations (supplemental
Fig. S2A). The rapid decrease of impedance only observed at the
highest tested concentration of ponesimod (5000 nM) was due
to S1P3R activation, because preincubation with the S1P3R
antagonist TY-52156 converted the biphasic signal to a mono-
phasic signal that showed the characteristics of a pure S1P1R

FIGURE 5. Analysis of S1PR agonist-induced signaling in NHLF using impedance assays. A, NHLF were stimulated with S1PR agonists (0.5–5000 nM), and
impedance responses were monitored over 4 h. B, NHLF were preincubated with or without S1P1R, S1P2R, or S1P3R antagonists for 1 h and then stimulated with
SEW2871 (50 nM), ponesimod (5000 nM), or FTY720-P (500 nM). Signaling was monitored over 2 h to reveal S1PR subtype signaling.
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response (Fig. 5B). The FTY720-P induced prolonged decrease
of impedance observed at 500 and 5000 nM was blocked by
preincubation with the S1P2R antagonist JTE-013, confirming
S1P2R activation by FTY720-P also in NHLF. Only the rapid
impedance decrease (S1P3 response), which was followed by an
increase (S1P1 response), remained (Fig. 5B). Supplemental Fig.
S2 shows detailed data that corroborate these interpretations.
To confirm these conclusions on receptor subtype activation

in NHLF, we used the siRNA technology as an independent
approach to inactivate S1P receptor subtypes. To this end, we
performed similar impedance experiments as described above
using siRNA against S1P2R and S1P3R. These receptors are
activated by S1P and FTY720-P and had been identified to play
an important role in ECM induction. Forty-eight hours after
siRNA transfection �80% of the S1P2R and �90% of the S1P3R
mRNAs were down-regulated by S1P2R and S1P3R siRNAs,
respectively, compared with NHLF transfected with negative
control siRNA (Fig. 6A). At this time point, NHLF were sub-
jected to FTY720-P (5 or 500 nM) or ponesimod (5000 nM), and

impedance changes were recorded. As shown in Fig. 6B, knock-
down of S1P3R by two independent siRNAs abolished the first
response phase and thus converted the biphasic ponesimod-
induced response (5000 nM) into a monophasic response. This
confirmed the result using the S1P3R antagonist. Comparable
results were obtained after stimulation with 5 nM FTY720-P
(Fig. 6B). Knockdown of S1P2R blocked the prolonged decrease
of impedance observed after treatment with FTY720-P (500
nM) similarly as pretreatment with the S1P2R antagonist (Fig.
6C). Ponesimod-induced responses were affected neither by
the S1P2R antagonist nor by S1P2R knockdown (Fig. 6C). Thus,
highly comparable results were obtained with selective S1PR
antagonists and S1P2R and S1P3RmRNAknockdown, confirm-
ing the specificity of the pharmacological receptor antagonists
and confirming the previously deduced S1P2R and S1P3R acti-
vation by FTY720-P.
In summary, the four tested S1PR agonists activated S1PR

subtypes to different extent in NHLF. Although all agonists
activated S1P1R, ponesimod additionally displayed minimal

FIGURE 6. Analysis of S1P2,3R subtype signaling in NHLF using siRNA knockdown and impedance assays. A, relative mRNA expression changes of S1P2R
and S1P3R in NHLF 48 h after transfection with negative control (neg. co) siRNA, S1P2R siRNA a, S1P2R siRNA b, S1P3R siRNA a, or S1P3R siRNA b compared with
nontransfected NHLF (untreated). Expression of NHLF transfected with negative control siRNA was set to 100%. The data represent the means � S.E. of two
independent experiments. B and C, NHLF were transfected with negative control siRNA (neg.; B and C), two S1P3R siRNAs (S1P3 a and S1P3 b; B), or two S1P2R
siRNAs (S1P2 a and S1P2 b; C). After 48 h, NHLF transfected with negative control siRNAs were preincubated with or without S1P2R (C) or S1P3R (B) antagonists
for 1 h. Then all samples were stimulated with vehicle, ponesimod (5000 nM; B and C), or FTY720-P (5 nM, B; 500 nM, C). Signaling was monitored over 2–5 h to
confirm S1P2R and S1P3R subtype signaling deciphered with pharmacological S1PR antagonists. The data show representative experiments (n � 3).
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activity on S1P3R, but only S1P and FTY720-P efficiently acti-
vated S1P2R and S1P3R.
In Myofibroblasts, S1P and FTY720-P Effectively Induce

ECM Synthesis, whereas Ponesimod or SEW2871 Are Inactive—
Myofibroblasts represent an important cell type in physiologi-
cal and pathophysiological processes (31). To analyze S1PR-
induced responses in myofibroblasts, we incubated NHLF with
TGF-�1 for 72 h and verified myofibroblast differentiation
using �SMA immunofluorescent staining (Fig. 7A). Analysis of
the S1PR expression levels of such differentiated myofibro-
blasts (Fig. 7B) revealed that S1P1R and S1P3R mRNAs were
11- and 5-fold down-regulated compared with nontrans-
formed NHLF, whereas S1P2R mRNA was less affected (1.7-
fold down-regulated).

Next, we performed impedance assays using myofibro-
blasts and stimulated them with different concentrations of
SEW2871, ponesimod, FTY720-P, and S1P. SEW2871 and
ponesimod did not induce any impedance change, indicating
the lack of S1P1R and S1P3R functionality in these cells (Fig.
7C). In contrast, FTY720-P induced a long lasting (�15 h)
decrease in impedance (LEC, 500 nM), whereas the lower tested
concentrations of FTY720-P were inactive. The S1P-induced
impedance was comparable to that of FTY720-P, although the
potency was higher (LEC, 5 nM). To decipher the S1PR subtype
activation by FTY720-P,weperformed concentration-response
experiments in absence or presence of S1P2R or S1P3R antago-
nists and generated concentration-response curves at 90 min,
the time of maximal signal induction (Fig. 7D). The FTY720-P-

FIGURE 7. Analysis of S1PR mRNA expression, signaling, and ECM induction in NHLF-derived myofibroblasts. A, NHLF were treated with or without 1
ng/ml TGF-�1 for 72 h, reseeded, and starved for 24 h before immunofluorescent staining was performed. Green, �-smooth muscle actin; blue, nuclei. B,
expression changes of S1PR mRNA in myofibroblasts compared with nontransformed NHLF. The data show the means � S.E. of three independent experi-
ments. C, myofibroblasts were stimulated with SEW2871, ponesimod, FTY720-P, or S1P (0.5–5000 nM), and impedance responses were monitored for 15 h. D,
concentration response curves for FTY720-P in the absence or presence of S1P2R or S1P3R antagonists generated from the impedance values at 90 min. The
data in C and D show representative experiments (n � 2–3). E, myofibroblasts were stimulated with S1PR agonists (20 –1250 nM), and ECM synthesis was
measured after 24 h with the [3H]proline incorporation assay. The data represent the means � S.E. of three independent experiments. *, p � 0.05; ***, p � 0.001,
one-way analysis of variance, Dunnett’s post test.
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induced response was essentially unaffected by the S1P3R
antagonist but was completely blocked by the S1P2R antago-
nist, demonstrating that the observed response to FTY720-P
was S1P2R-mediated. These data suggest that inmyofibroblasts
mainly S1P2R was activated, whereas S1P1R and S1P3R signal-
ing was essentially absent. Finally, we tested whether the
changes in the receptor expression status and activation in
myofibroblasts also translated in an altered ECM response. As
seen in Fig. 7E, SEW2871 and ponesimod did not stimulate any
increase in ECM synthesis in myofibroblasts, whereas S1P
(LEC, 313 nM) and FTY720-P (LEC, 78 nM) induced a concen-
tration-dependent and significant increase in ECM synthesis.
ECM levels were increased 27 and 34% over control at MEC
(1250 nM) for S1P and FTY720-P, respectively (Fig. 7E). In sum-
mary, the reduced S1P3R expression ofmyofibroblasts caused a
loss of pro-fibrotic activity for ponesimod at all tested concen-
trations, whereas S1P and FTY720-P remained potent inducers
of ECM synthesis via S1P2R activation.

DISCUSSION

The S1P system is known to be involved in many different
physiological processes, andmore recently, the potential role of
S1P signaling in fibrosis was described. In this study, we char-
acterized the pro-fibrotic effects of S1PR signaling in normal
human lung fibroblasts and demonstrated that the nonselective
S1PR agonists S1P and FTY720-Pwere robust inducers of ECM
synthesis and fibrotic gene expression in NHLF, whereas the
compounds with higher S1P1R selectivity, ponesimod and
SEW2871, were less active or fully inactive. Interestingly,
TGF-�1 but not S1PR agonists induced fibroblast to myofibro-
blast differentiation. These different response patterns led us to
investigate the molecular pathways leading to enhanced ECM
synthesis in more detail. Our investigations revealed that
TGF-�1 and S1PR agonists use different pathways to stimulate
ECM synthesis in NHLF. TGF-�1 signaled via the TGF�R1/
Smad pathway, whereas S1PR agonists induce ECM synthesis
through PI3K/Akt- and ERK1/2-dependent and Smad2/3-in-
dependent pathways.
Although Smad2 and Smad3 phosphorylation and �SMA

up-regulation are well established pro-fibrotic effects of TGF-
�1, only a few groups have examined the signaling effects of S1P
or FTY720-P in fibroblasts inmolecular detail. Gellings Lowe et
al. (10) and Urata et al. (12) showed weak induction of �SMA,
but both studies lack comparison with the known mediator
TGF-�1. Interestingly, Keller et al. (11) found comparable
Smad3-dependent induction of �SMA by TGF-�1, S1P, and
FTY720-P in human dermal foreskin fibroblasts. However,
induction of �SMA by TGF-�1 was surprisingly low in their
study.We show that, in NHLF, TGF-�1 is a very strong inducer
of �SMA expression as well as Smad phosphorylation, identi-
fying this cell type as a sensitive system to studyTGF-�pathway
activation. In direct comparison with TGF-�1 we found that
S1PR agonists did not induce myofibroblast transformation or
Smad phosphorylation, despite showing robust activation of
ECM synthesis and pro-fibrotic gene transcription. Instead of
activating pro-fibrotic Smad signaling in NHLF, S1PR agonists
activated ERK1/2 and PI3K/Akt pathways, both of which have
been previously described to be activated by S1PR agonists in

rat renal mesangial cells (25, 26). Moreover, we established a
causal link between the activation of these pathways and ECM
synthesis using pathway-specific inhibitors and demonstrated
that the PI3K/Akt/mTOR pathway is predominantly responsi-
ble in the induction of ECM synthesis by S1PR agonists. In
contrast, TGF-�1-induced ECM synthesis was independent of
these pathways.
We also analyzed gene expression changes in NHLF in

response to TGF-�1 and S1PR agonist incubation and focused
on genes that were previously described to be involved in tissue
fibrosis (32–40).We thus uncovered additional commonalities
and differences of the pro-fibrotic activity of TGF-�1 and S1PR
agonists. The gene set that contained genes encoding ECM
components, i.e., collagen Ia1, fibronectin, and elastin, were
only regulated by TGF-�1. In contrast, other fibrotic genes,
such as CTGF, SERPINE1, thrombospondin 1, CCL2, IL6,
SphK1, or hyaluronan synthase 2 were up-regulated by TGF-
�1, S1P, and FTY720-P and to a lower extent by ponesimod.
Induction of CTGF especially is of significance because it is
known to be one of the major mediators of fibrosis (33, 41, 42).
SphK1 is discussed as a link betweenTGF-�1 and S1P signaling,
allowing cross-talk between both pathways (7).
Another important finding was the different intensity of the

fibrotic response that was induced by the different S1PR ago-
nists and their link to receptor subtype activation: S1P and
FTY720-P activated S1P2R and S1P3R andwere robust inducers
of ECM synthesis, whereas ponesimod activated S1P3R only at
high concentrations and was inactive on S1P2R, leading to a
less effective and less potent induction of ECM synthesis.
SEW2871, a highly selective S1P1R agonist, was inactive in all
pro-fibrotic readouts despite the activation of S1P1R signaling
as shown by impedance assays. These data strongly suggest that
S1P1R are not involved in pro-fibrotic responses in NHLF,
whereas S1P2R and S1P3R activation contribute to pro-fibrotic
processes in an additive fashion. The extent of the individual
receptor contribution to the final fibrotic response depends on
receptor expression levels of the target cell as exemplified in
NHLF-derived myofibroblasts, in which pro-fibrotic responses
were entirely driven by S1P2R after down-regulation of S1P3R.
Taken together, our data suggest that, depending on the differ-
entiation status of fibroblasts or the expression ratio of S1P2R/
S1P3R, the pro-fibrotic effects of S1PR agonists may vary. In
agreement with these findings, several reports in the literature
underline the importance of S1P2R and S1P3R for fibrosis.
FTY720-P-induced myofibroblast transformation of dermal
foreskin fibroblasts was shown to be dependent on S1P3R acti-
vation (11), whereas the S1P-induced �SMA and collagen
expression were S1P2R-dependent inmouse cardiac fibroblasts
(10). Gil et al. (23) proposed activation of S1P1R/S1P3R in S1P-
directed chemotaxis in dermal foreskin fibroblasts. Finally,
involvement of S1P/S1P3R signaling in vivo was suggested in
several animal models (8, 39).
We were surprised to see the S1P2R dependence of FTY720-

P-induced fibrotic responses, because most publications
describe this compound as an S1P1,3,4,5R agonist lacking S1P2R
agonism (13). However, several reports raised the possibility of
biased S1P2R agonism of FTY720-P, suggesting that G protein-
coupled responses measured by classical GTP�S assays did not
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fully capture S1P2R activation (14, 27, 28). To further study
S1P2R activation by FTY720-P, we thus employed recombinant
huS1P2R-expressing CHO cells or NHLF and used label-free
impedance technology, which measures integrated cell
responses in real time without using any label. Impedance is
therefore an unbiased technology that allows the detection of
GPCR agonism irrespective of its type of G protein coupling.
We clearly showed that FTY720-P was an S1P2R agonist in
CHO-S1P2 cells, whereas ponesimod and SEW2871 were inac-
tive. Furthermore, by using selective S1PR antagonists and
S1P2,3R siRNA, we were able to assign the individual phases of
the responses to the individual receptor subtypes in NHLF and
showed activation of S1P1R, S1P2R, and S1P3R by S1P and
FTY720-P, activation of S1P1R and S1P3R by ponesimod,
and activation of S1P1R by SEW2871. Impedance therefore
allowed us to confirm our findings on receptor subtype contri-
butions to ECM induction, showing increased ECM synthesis
upon activation of S1P2R and S1P3R by S1P and FTY720-P in
NHLF. The less pronounced and less potent response to pone-
simod was due to the low potency activation of S1P3R and the
lack of S1P2R agonism.
In conclusion, we analyzed S1PR biology in human lung

fibroblasts and investigated their pro-fibrotic potential. We
showed that in NHLF, S1P2R and S1P3R activation and signal-
ing via the PI3K/Akt pathway but not the TGF�R1/Smad path-
way results in pro-fibrotic responses such as increased ECM
synthesis and fibrotic gene expression. Therefore, avoiding
S1P2R and S1P3R activity, as achieved for ponesimod and
SEW2871, reduces the pro-fibrotic potential of this promising
new class of immunomodulators.
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