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Effect of FTY720-phosphate on the expression of
inflammation-associated molecules in astrocytes in vitro
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Abstract. FTY720 is a new oral immunomodulatory therapy
for the treatment of multiple sclerosis (MS). There is strong
evidence that FTY720 has direct effects on brain resident
cells such as astrocytes acting via sphingosine-1-phosphate
(S1P) receptors. In the present study, the mRNA expression of
S1P receptors as well as selected cytokines, chemokines and
growth factors were investigated in primary murine astrocytes
under inflammatory conditions in the presence or absence of
the phosphorylated form of FTY720 (FTY720-P). Following
stimulation with either the pro-inflammatory cytokine tumor
necrosis factor-a (TNF-a) or with bacterial lipopolysac-
charide, there was an increased expression of the receptors
S1P1 and S1P3, the cytokines and chemokines interleukin
(IL)-1p, chemokine (C-C-motif) ligand 2 (CCL-2), CCL-20
and chemokine (C-X-C-motif) ligand 12 as well as the growth
factors insulin-like growth factor-1, ciliary neurotrophic
factor and glial cell line-derived neurotrophic factor (GDNF).
FTY720-P led to an increased expression of IL-1 and GDNF
at distinct time points following co-stimulation with TNF-a
compared with TNF-a treatment alone. However, the presence
of FTY720-P did not have any further significant effects on
the expression of SI1P receptors, cytokines or growth factors,
suggesting that the regulation of these target genes in astro-
cytes is not likely to be a major mechanism underlying the
effect of FTY720-P in diseases such as MS.

Introduction

Multiple sclerosis (MS) is a demyelinating autoimmune
disease of the central nervous system (CNS) in which the
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natural repair process, remyelination, is often incomplete (1,2).
Current treatments for MS predominantly modulate immu-
nological pathways to suppress inflammatory outbreaks.
However, regenerative therapies are not available.

FTY720, 2-amino-2-[2-(4-octylphenyl)ethyl]
propane-1,3-diol, clinically known as fingolimod (Gilenya®),
is an approved oral immunomodulatory therapy in
relapsing-remitting MS (3,4). The mechanism of action is
proposed to mainly affect lymphocyte migration. Binding of
FTY720-phosphate (FTY720-P) to sphingosine-1-phosphate
receptor 1 (S1P1) on lymphocytes causes internalization and
degradation of the surface receptor (5). Due to this functional
antagonism, infiltration of the CNS is prevented since lympho-
cytes cannot respond to S1P gradients and do not egress from
lymphoid tissue (6,7).

As SIP1, 2, 3 and 5 were found to be expressed on brain
resident cells (8-10) and the lipophilic pre-drug FTY720 easily
crosses the blood brain barrier (11), it is suggested that FTY720
may also have direct effects within the CNS. Choi ef al demon-
strated that FTY720 exerts its functions in experimental
autoimmune encephalomyelitis (EAE) via action on S1P1
receptors in astrocytes (12). In vitro, FTY720-P increases the
migration of astrocytes and is involved in the phosphorylation
of extracellular signal-regulated kinase, Ca** signaling, as well
as mediation of phospholipase C and adenylyl cyclase (13,14).

In the present study, the effects of FTY720-P on S1P recep-
tors as well as the expression of cytokines, chemokines and
growth factors was analyzed in primary murine astrocytes
under inflammatory conditions.

Materials and methods

Preparation and culture of astrocytes. Astrocytes were
prepared from newborn C57BL/6 mouse brains as previously
described (15). C57BL/6 mice were housed under specific
pathogen-free conditions in the central animal facility
(ZTL), Hannover Medical School (Hannover, Germany). All
animal care procedures were performed according to inter-
national guidelines on the use of laboratory animals (16).
The experimental procedures were performed according to
the German Animal Welfare Act and approved by the Local
Institutional Animal Care and Research Advisory Committee
of the Hannover Medical School and the Lower Saxony State
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Office for Consumer Protection and Food Safety (approval
ID nos. §4-2012/09 and §4-2014/74). Neonatal mice (1-3 days
old) were sacrificed by decapitation and brains were collected.
Following removal of the olfactory bulbs and cerebellum,
brains were freed from meninges and dissociated mechani-
cally and enzymatically (0.1% trypsin). Cells from two brains
were plated on poly-L-lysine (Sigma-Aldrich, St. Louis, MO,
USA) coated tissue flasks (75 ¢cm?; Sarstedt, Niimbrecht,
Germany) containing Dulbecco's modified Eagle's medium
(DMEM,; Invitrogen Life Technologies, Karlsruhe, Germany)
supplemented with 10% fetal calf serum (FCS) and 1% peni-
cillin/streptomycin (medium referred to as MGP*). MGP* was
changed after 24 h and on day 4 and 8. Following removal of
loosely attached microglia on day 9 or 10 (shaking for 1-2 h
in an orbital shaker) and oligodendrocyte precursor cells
at day 10 or 11 (shaking overnight in an orbital shaker), the
remaining astrocytes were treated with antimitotic arabi-
nosylcytosine (Ara-C; 100 yM, Sigma-Aldrich) to avoid the
growth of new oligodendrocytes and microglia. Medium
containing Ara-C was then removed after 72 h, cells were
washed with phosphate-buffered saline and harvested with
0.25% trypsin/0.05% EDTA (PAA Laboratories GmbH,
Coelbe, Germany). Astrocytes were plated at the indicated cell
densities for each experiment. These cultures yielded a purity
of ~99% as judged by glial fibrillary acidic protein (GFAP)
immunostaining.

Tumor necrosis factor (TNF)-a, lipopolysaccharide (LPS) and
FTY720-P stimulation. For all experiments, the phosphory-
lated form of FTY720 (Cayman Chemicals, Ann Arbor, MI,
USA) was reconstituted in 50 mM dimethyl sulfoxide hydro-
chloric acid (Sigma-Aldrich), aliquoted and stored at -20°C.
The final FTY720-P concentration for treatment of astrocytes
was 1 uM. This was based on previous studies in vitro (14)
and in EAE rats (11). In our experiments, FTY720-P was
also assessed at concentrations of 0.01 and 0.1 xM (data not
shown). However, the strongest effect on gene expression was
found with 1 uM FTY720-P.

To simulate inflammatory conditions, recombinant
murine TNF-a (20 ng/ml; PeproTech, Inc., Rocky Hill, NJ,
USA) and bacterial LPS (100 ng/ml, from Escherichia coli
0111:B4; Sigma-Aldrich) were used. For the stimulations as
well as co-stimulations, all reagents were diluted in DMEM
(Invitrogen Life Technologies) supplemented with 10%
FCS (Merck Millipore, Darmstadt, Germany) and 1% peni-
cillin/streptomycin to the final concentrations.

Proliferation assay. To determine the number of astrocytes
undergoing cell division during 24 h of incubation, 1x10* cells
were seeded on uncoated 12 mm glass cover slips (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). After 24 h,
astrocytes were treated with MGP*+1 yM FTY720-P and
incubated for 24 h. Dividing nuclei were then labeled with
the monoclonal mouse anti-human KI-67 antibody (1:300;
cat. no. 550609; BD Biosciences, San Jose, CA, USA) and
4',6-diamidino-2-phenylindole (DAPI; Invitrogen Life
Technologies, Carlsbad, CA, USA) in a final concentration of
1:1,000. Polyclonal rabbit anti-GFAP (1:300; cat. no. Z 0334;
Dako Denmark A/S, Glostrup, Denmark) antibody was used
as a marker for astrocytes. For quantification, the cover slips
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Table I. Primers used for quantitative polymerase chain reac-
tion.

Gene Gene expression assay number
S1P1 mm00514644_m1
S1P3 mm04229896_m1
S1P5 mmO01177724_m1
IL-1B mmO01336189_ml
CCL-2 mm00441242_ml
CCL-20 mmO01268754_m
CXCL-12 mm00445553_m1
IGF-1 mm00439560_m1
CNTF mm 00446373_ml
GDNF mm00599849 m1
HPRT mm00446968_m1

S1P, sphingosine-1-phosphate receptor; IL, interleukin; CCL-2,
chemokine (C-C motif) ligand 2; CCL-20, chemokine (C-C motif)
ligand 20; CXCL-12, chemokine (C-X-C motif) ligand 12; IGF,
insulin-like growth factor; CNTF, ciliary neurotrophic factor; GDNF,
glial cell line-derived neurotrophic factor; HPRT, hypoxanthine-gua-
nine phosphoribosyltransferase.

were divided into six optic fields and three images per field
were analyzed in a blinded manner using an Olympus BX61
microscope (Olympus, Tokyo, Japan). GFAP/KI-67 positive
cells were counted and set in relation to the total astrocyte
number. Only cells with DAPI-labeled nuclei were included in
the analysis.

Isolation of RNA and reverse transcription quantitative
polymerase chain reaction (RT-gPCR). For mRNA measure-
ments, 3x10° astrocytes were plated per well in 6-well plates
(Nalgene Nunc, Rochester, NY, USA) in MGP*. The medium
was changed after 24 h. After 5 days of incubation, cells were
treated for 3, 6, 12 or 24 h with 100 ng/ml LPS + FTY720-P
(1 M) or 20 ng/ml TNF-a + FTY720-P or FTY720-P alone.
Total RNA was isolated using the RNeasy Mini kit (Qiagen,
Valencia, CA, USA) according to the manufacturer's instruc-
tions and the RNA concentration was measured with the
BioPhotometer plus (Eppendorf, Hamburg, Germany). cDNA
was synthesized using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA, USA).
gPCR analysis was performed using the StepOne™ Real Time
PCR System (Invitrogen Life Technologies) and appropriate
TagMan assays (Applied Biosystems; see Table I). A negative
control containing PCR amplification mix without the reverse
transcribed cDNA template was included for each PCR
plate. The AACt method was used to determine differences
in the expression between untreated and stimulated cells. The
gene expression of S1P1, S1P3, S1PS, interleukin-1f (IL-1p),
chemokine (C-C motif) ligand 2 (CCL-2), CCL-20, chemo-
kine (C-X-C motif) ligand 12 (CXCL-12), insulin-like growth
factor (IGF)-1, ciliary neurotrophic factor (CNTF) and glial
cell line-derived neurotrophic factor (GDNF) was quantified
against the housekeeping gene hypoxanthine-guanine phos-
phoribosyl transferase.
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Figure 1. Expression of S1P receptors is SIP3>SI1P1>S1P5 in untreated murine astrocytes and proliferation is induced following treatment with FTY720-P.
(A) Quantitative polymerase chain reaction was used to quantify the expression levels of SIP1, SIP3 and S1P5 in untreated cultured astrocytes. Compared with
S1P1, the mRNA expression of SIP3 was significantly higher (""P<0.001). mRNA for SIP5 was detected only at an extremely low level compared with SIP1.
Data from four independent experiments are presented as the mean +SEM. (B) Biological activity of FTY720-P was evaluated by measuring the proliferation
of astrocytes via KI-67 immunocytochemistry. Treatment of astrocytes with 1 uM FTY720-P for 24 h significantly induced proliferation ('P<0.05, compared
with the untreated cells). Data from four independent experiments are presented as the mean + SEM. SIP, sphingosine-1-phosphate; SEM, standard error of the

mean; RQ, relative quantity; FTY720-P, FTY720-phosphate.

Statistical analysis. All data were plotted using GraphPad
Prism version 5.02 (GraphPad Software, Inc., San Diego CA,
USA). One-way analysis of variance was used for statistical
analysis followed by Fisher's test for post hoc comparison.
Values are presented as the arithmetic mean + standard error
of the mean. P<0.05 was considered to indicate a statistically
significant difference.

Results

SIP receptors are expressed on astrocytes and treatment
with FTY720-P augments astrocytic proliferation. Initially,
the level of mRNA of each S1P receptor (S1P1, 3 and 5) on
primary mouse astrocytes was evaluated under basal condi-
tions using qPCR. The expression levels in primary murine
astrocytes followed a pattern of SIP3>S1P1>S1P5 in untreated
cells (Fig. 1A). Due to the fact that the mRNA levels of SI1P5
were hardly detectable, this receptor subtype was omitted
from further experiments.

Based on previous studies (14,17,18) the effect of 24 h treat-
ment with FTY720-P on the proliferation of cultured astrocytes
compared with untreated control cells was analyzed. Fig. 1B
illustrates that FTY720-P increased the proliferation rate of
primary astrocytes as measured by KI-67 immunostaining.

SIP receptor expression is increased under pro-inflammatory
conditions and is not affected by FTY720-P. Inflammatory
conditions were induced by stimulating astrocytes with either
LPS or the pro-inflammatory cytokine TNF-a in the presence
or absence of FTY720-P. After 3, 6, 12 and 24 h, the mRNA
levels of S1P1 and S1P3 were measured.

As shown in Fig. 2, the mRNA levels of SIP1 and S1P3
increased significantly following treatment with TNF-a or
LPS compared with the untreated control cells. In comparison
with TNF-a or LPS treatment alone, no significant differences
in the expression of SIP1 or S1P3 were observed following
co-stimulation with LPS and FTY720-P or TNF-a and
FTY720-P (Fig. 2).

Expression of cytokines and chemokines under pro-inflam-
matory conditions and FTY720-P. Treatment with TNF-a
or LPS induced an increase in the expression of IL-1f
(Fig. 3A and B), CCL-2 (Fig. 3C and D) and CXCL-12 (Fig. 4C
and D). Expression of CCL-20 was significantly increased
after 3 h treatment with TNF-a and subsequently decreased,
whereas following treatment with LPS an increased expression
was only observed after 24 h treatment (Fig. 4A and B).

Previous studies have suggested that FTY720-P mediates
effects on the inflammation-induced expression and secre-
tion of different types of cytokines and chemokines (19-21).
In the present study, treatment with FTY720-P did not affect
the inflammation-induced expression of CCL-2, CCL-20 or
CXCL-12 (Figs. 3C, D and 4A-D). TNF-a-induced upregu-
lation of IL-1p was significantly augmented in the presence
of FTY720-P only after 12 h (Fig. 3A). This effect was not
observed after 3, 6 or 24 h or following stimulation with LPS
and FTY720-P (Fig. 3B).

Expression of growth factors under pro-inflammatory condi-
tions and treatment with FTY720-P. The effect of TNF-o and
LPS stimulation on the expression of several growth factors
was further evaluated.

The expression of IGF-1 was, similar to CNTF, partially
elevated following LPS treatment, whereas TNF-a evoked a
more prominent induction of gene expression (Fig. 5A-D). In
comparison with TNF-a or LPS treatment alone, FTY720-P
did not induce any significant alterations in the gene expres-
sion of IGF-1 or CNTF (Fig. 5SA-D).

GDNF gene expression has been demonstrated to be induced
via S1P receptor signaling in astrocytes (22). As illustrated in
Fig. 5E and F, it was found that TNF-a and LPS induced a
significant increase in GDNF mRNA levels after 6 h (TNF-a)
and after 12 and 24 h (LPS). However, TNF-a-induced gene
expression decreased with time and mRNA levels returned to
basal levels at 24 h. Following stimulation with TNF-a and
FTY720-P the mRNA level was significantly higher after
24 h as compared with treatment with TNF-a alone (Fig. SE).



6174 JANSSEN et al: EFFECT OF FTY720-P ON ASTROCYTES

A B 1ns.

[

T T

Sphingosine-1-phosphate receptor 1

QT BT B N RO
TNFa TNFa LPS LPS
+FTY720-P +FTY720-P

Sphingosine- | -phosphate receptor 3
RQ

i
n T .. .
- i R ] i
& T NSNS F AR O L
TNFa TNFa LPS LPs
+FTY720-P +FTY720-P

Figure 2. SIP receptor expression is induced upon stimulation with TNF-a and LPS in cultured murine astrocytes and is not affected by FTY720-P. The
columns represent the RQ of gene expression following stimulation with (A and C) TNF-a (grey columns) or (B and D) LPS (grey columns), or following
co-stimulation with TNF-o/LPS and FTY720-P (white columns) for 3, 6, 12 or 24 h. The dashed line represents the basal expression level in untreated
astrocytes. Upon activation with TNF-a or LPS, mRNA levels of (A and B) SIP1 and (C and D) S1P3 were upregulated compared with untreated astrocytes
(grey columns); this effect was not altered in the presence of FTY720-P (white columns). Data from between three and five experiments are presented as the
mean * standard error of the mean. "P<0.05, “P<0.005 and ““P<0.001, compared with the basal expression level (black column). n.s., not significant; SIP,
sphingosine-1-phosphate; TNF-o, tumor necrosis factor-a; LPS, lipopolysaccharide; RQ, relative quantity; FTY720-P, FTY720-phosphate.
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Figure 3. Expression of IL-1p and CCL-2 is increased under pro-inflammatory conditions and FTY720-P augments IL-1f expression after 12 h treatment.
The columns represent the RQ of gene expression following stimulation with (A and C) TNF-a (grey columns) or (B and D) LPS (grey columns), or following
co-stimulation with TNF-a/LPS and FTY720-P (white columns) for 3, 6, 12 or 24 h. The dashed line represents the basal expression level in untreated astro-
cytes. TNF-a and LPS treatment induced the expression of (A and B) IL-1f and (C and D) CCL-2. The presence of FTY720-P did not alter the expression of (C
and D) CCL-2, but potentiated TNF-a-induced expression of (A) IL-1p (white columns) after 12 h treatment. Data from between three and five experiments are
presented as the mean =+ standard error of the mean. "P<0.05, “P<0.005 and ““P<0.001, compared with the basal expression level (black column); ##P<0.005,
compared with TNF-a alone. n.s., not significant; IL, interleukin; CCL-2, chemokine (C-C-motif) ligand 2; RQ, relative quantity; TNF-a, tumor necrosis
factor-a; LPS, lipopolysaccharide; FTY720-P, FT'Y720-phosphate.
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Figure 4. Expression of CCL-20 and CXCL-12 is increased under pro-inflammatory conditions and is not affected by FTY720-P. The columns represent
the RQ of gene expression following stimulation with (A and C) TNF-a (grey columns) or (B and D) LPS (grey columns), or following co-stimulation with
TNF-0/LPS and FTY720-P (white columns) for 3, 6, 12 or 24 h. The dashed line represents the basal expression level in untreated astrocytes. Inflammatory
stimulation by either TNF-a or LPS significantly induced the expression of (A and B) CCL-20 and (C and D) CXCL-12. Treatment with FTY720-P did not have
any significant effects on the inflammation-induced expression of (A and B) CCL-20 (white columns) or (C and D) CXCL-12. Data from between three and five
experiments are presented as the mean + standard error of the mean. "P<0.05, “P<0.005 and “"P<0.001, compared with the basal expression level (black). n.s.,
not significant; CCL-20, chemokine (C-C-motif) ligand 20; CXCL-12, chemokine (C-X-C-motif) ligand 12; RQ, relative quantity; LPS, lipopolysaccharide;

TNF-o, tumor necrosis factor-a; FTY720-P, FTY720-phosphate.

However, this effect was not observed after 3, 6 or 12 h treat-
ment with TNF-a, nor following treatment with LPS and
FTY720-P (Fig. 5F).

Discussion

In the present study, qPCR was used to investigate the impact
of FTY720-P on inflammation-induced mRNA levels of
S1P receptors as well as selected cytokines, chemokines and
growth factors in primary murine astrocytes.

In our experiments, SIP1 and SIP3 mRNA was upregulated
under inflammatory conditions and FTY720-P did not alter
inflammation-induced increases in the receptors. Therefore,
it was assumed that, although the two receptors are important
in inflammation in astrocytes, FTY720-P is not involved in
the transcriptional regulation of these receptors. Although
no significant alterations in the expression of transforming
growth factor-1p or platelet-derived neurotrophic factor o
were detected following inflammatory stimuli (+ FTY720-P)
in astrocytes (data not shown), the gene expression data
demonstrated that TNF-a and LPS upregulated IL-1(, CCL-2,

CCL-20, CXCL-12, IGF-1, CNTF and GDNF in cultured
murine astrocytes. However, only small effects of FTY720-P
treatment on the inflammation-induced expression of S1P
receptors, cytokines and growth factors were observed.

Treatment with FTY720-P did not alter the TNF-a- or
LPS-induced increased expression levels of CCL-2,
CCL-20 and CXCL-12. Since Van Doorn et al (20) found
a FTY720-mediated limitation of TNF-a-induced CCL-2
release, it was hypothesized that the different results could
be due to species differences or different FTY720-P concen-
trations. Based on studies by Foster er al (11), a relevant
concentration was used that can be achieved in the brain
in vivo.

Inflammation-induced IL-1 mRNA levels were augmented
in the presence of FTY720-P in our experiments, although this
effect was only statistically significant after 12 h of stimula-
tion. Besides exacerbation of inflammation (23,24), IL-1§ is
proposed to mediate regenerative functions, including support
of oligodendrocyte survival and remyelination (25,26). Thus, it
is hypothesized that FTY720-P may increase the regenerative
capacity of astrocytes at least during certain time points.
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Figure 5. Expression of IGF-1, CNTF and GDNF is increased under pro-inflammatory conditions and GDNF expression is potentiated by FTY720-P after
24 h treatment. The columns represent the RQ of gene expression following stimulation with (A, C and E) TNF-a (grey columns) or (B, D and F) LPS (grey
columns), or following co-stimulation with TNF-a/LPS and FTY720-P (white columns) for 3, 6, 12 or 24 h. The dashed line represents the basal expression
level in untreated astrocytes. (A) IGF-1 and (C) CNTF mRNA levels were increased upon TNF-a stimulation (grey columns), but not (B and D) LPS stimulation
(grey columns). FTY720-P did not alter the expression of (A-D) IGF-1 or CNTF (white columns). Strong GDNF upregulation was induced by (E) TNF-a and
(F) LPS (grey columns). (E) The presence of FTY720-P augmented TNF-o-induced expression of GDNF after 24 h stimulation (white columns). Data from

ok

between three and five experiments are presented as the mean + standard error of the mean. "P<0.05, “P<0.005 and ““P<0.001, compared with the basal expression
level (black column); #P<0.005, compared with TNF-a alone n.s., not significant; GDNF, glial cell line-derived neurotrophic factor; IGF-1, insulin-like growth
factor-1; CNTF, ciliary neurotrophic factor; TNF-a, tumor necrosis factor-a; LPS, lipopolysaccharide; RQ, relative quantity; FTY720-P, FTY720-phosphate.

GDNF was also upregulated under inflammatory condi-
tions but FTY720-P did not have a major impact on these
inflammation-induced alterations. However, after 24 h
treatment with TNF-a and FTY720-P, the levels of GDNF
were increased compared with TNF-a treatment alone.
Accordingly, Yamagata et al demonstrated that SIP receptor
modulation enhanced the mRNA and protein levels of GDNF
within 24 h of incubation (22). As GDNF is a potent mediator
of the survival of different types of neurons (27-29), the
observed potentiation of GDNF expression could represent

an FTY720-P-mediated neuroprotective effect in astrocytes
during inflammatory processes.

In conclusion, the results suggest that FTY720-P is not
likely to be involved in transcriptional modulation of S1P
receptors, IL-1p, CCL-2, CCL-20, CXCL-12, IGF-1, CNTF
and GDNF in cultured murine astrocytes. To a certain
extent, FTY720-P may be important in the potentiation of
TNF-a-induced GDNF and IL-1p gene expression, which
possess regenerative capabilities and supports a protective
environment following inflammation.
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