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Abstract

Astroglia, the primary homeostatic cells of the central nervous system, play an important role in neuroinflammation. They act as
facultative immunocompetent antigen-presenting cells (APCs), expressing major histocompatibility complex (MHC) class II anti-
gens upon activation with interferon (IFN)-y and possibly other proinflammatory cytokines that are upregulated in disease states,
including multiple sclerosis (MS). We characterized the anti-inflammatory effects of fingolimod (FTY720), an established drug for
MS, and its phosphorylated metabolite (FTY720-P) in IFN-y-activated cultured rat astrocytes. The expression of MHC class 11
compartments, [3, adrenergic receptor (ADR-[3,), and nuclear factor kappa-light-chain enhancer of activated B cells subunit p65
(NF-kB p65) was quantified in immunofluorescence images acquired by laser scanning confocal microscopy. In addition, MHC
class [I-enriched endocytotic vesicles were labeled by fluorescent dextran and their mobility analyzed in astrocytes subjected to
different treatments. FTY720 and FTY720-P treatment significantly reduced the number of IFN-y-induced MHC class II compart-
ments and substantially increased ADR-[3, expression, which is otherwise small or absent in astrocytes in MS. These effects could
be partially attributed to the observed decrease in NF-kB p65 expression, because the NF-kB signaling cascade is activated in
inflammatory processes. We also found attenuated trafficking and secretion from dextran-labeled endo-/lysosomes that may hinder
efficient delivery of MHC class II molecules to the plasma membrane. Our data suggest that FTY720 and FTY720-P at
submicromolar concentrations mediate anti-inflammatory effects on astrocytes by suppressing their action as APCs, which may
further downregulate the inflammatory process in the brain, constituting the therapeutic effect of fingolimod in MS.

Keywords Astrocytes - Antigen-presenting cells (APCs) - Major histocompatibility complex (MHC) class I molecules -
Interferon-y - Fingolimod

Introduction dysfunctional astrocytes emerge as key players in the pathol-

ogy of several neurologic diseases [21], such as multiple scle-

Astrocytes are the primary homeostatic cells of the central
nervous system (CNS), where they play a major role in ion,
water, and neurotransmitter homeostasis [94], regulate energy
metabolism [8], synaptic transmission [2], blood—brain barrier
(BBB) integrity [1], brain microcirculation [36], and have an
important role in neuroinflammation [26]. Moreover,
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rosis (MS) [20], amyotrophic lateral sclerosis [64],
Parkinson’s disease [35], Alzheimer’s disease [50], and epi-
lepsy [82].

MS is thought to be an autoimmune disease whereby acti-
vated, myelin-reactive T cells migrate into the CNS through
the compromised BBB [56]. Reactivation of the T cells by
CNS-resident antigen-presenting cells (APCs), which present
myelin antigens, triggers the recruitment of innate immune
cells, which have important roles in mediating demyelination
and axonal damage [32]. Myelin-reactive CD4" T cells release
proinflammatory cytokines, such as interferon (IFN)-y, inter-
leukin (IL)-17, and granulocyte/macrophage colony-
stimulating factor (GM-CSF) [12]. These factors, in particular
IFN-y, can induce glial cells to express major histocompati-
bility complex (MHC) class II molecules, which are required
to present myelin antigens to the T cells in order to mount an
autoimmune response [74].
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Both microglia and astrocytes can function as APCs in the
brain. In contrast to microglia, which constitutively express
MHC class II antigens, astrocytes are facultative immunocom-
petent APCs that have the ability to express MHC class 11
antigens, adhesion molecules (ICAM-1, VCAM-1), and
costimulatory signals (B7-1 and B7-2) [28, 60, 80, 99, 100]
only upon activation with I[FN-y and possibly other proin-
flammatory cytokines, such as IL-17 and GM-CSF, that ap-
pear to be upregulated in the CNS in the condition of MS [12].
Several studies have reported the presence of MHC class 11
molecules on astrocytes in MS [48, 67, 83, 100]; however, a
number of studies failed to detect them [5, 11, 37]. In contrast
to microglia, endogenous suppressor molecules, including
norepinephrine, regulate MHC class II expression in astro-
cytes. The effects of norepinephrine are mediated through
activation of 3, adrenergic receptors (ADR-f3,), which are
prominently expressed in reactive astrocytes [22]. In MS brain
tissue samples, ADR-[3, are absent on astrocytes, not only in
chronic active and inactive plaques but also in normal-
appearing white matter, whereas they are normally present
on neurons [22, 98]. Because astrocytic ADR-[3, are involved
in suppressing inducibility of MHC class II molecules, it has
been suggested that the loss of these receptors likely facilitates
the induction of astrocytes to function as facultative immuno-
competent APCs [23]. A role of astrocytes as facultative
APCs in MS is supported by the findings that scattered astro-
cytes in active MS lesions express MHC class IT1[100] and B-7
costimulatory molecules [99]. Moreover, it has been shown
that primary mice astrocytes have potential for processing and
presenting CNS autoantigens to proinflammatory T cells [74].

Fingolimod (FTY720; GILENYA, Novartis Pharma AG,
Basel, Switzerland) was the first oral disease-modifying
therapy to be approved for relapsing forms of MS [17, 42,
47]. Although the phosphorylated form, FTY720-phosphate
(FTY720-P), is considered to be responsible for the benefi-
cial effects in MS treatment by acting on sphingosine-1-
phosphate (S1P) receptors on lymphocytes, causing lym-
phopenia, accumulating evidence is revealing that FTY 720
exerts neuroprotective effects by acting directly on the brain
cells, in particular on astrocytes [59]. Due to its lipophilic
nature, FTY720 readily crosses the BBB and accumulates
in the CNS white matter [27]. CNS concentrations of the
parent drug and its phosphorylated metabolite reach compa-
rable levels [27], suggesting that an equilibrium is
established due to endogenous sphingosine kinase (SphK)
2-mediated phosphorylation [3]. S1P receptors are widely
expressed on the CNS cells, with region-specific distribu-
tions [18]; however, other mechanisms that act independent-
ly of S1P receptors may also be part of the FTY 720 activity,
such as suppression of eicosanoid production due to inhibi-
tion of cytosolic phospholipase A2 [63], attenuated vesicle
traffic and exocytotic secretion [84], and alteration of calci-
um homeostasis [77] in astrocytes.
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In this study, we asked whether FTY720 and FTY720-P
affect the function of astroglial facultative APCs in the context
of brain inflammatory conditions in MS. We investigated how
FTY720 and FTY720-P affect the expression of MHC class 11
molecules, ADR-f3,, and subcellular localization of nuclear
factor kappa-light-chain-enhancer subunit p65 (NF-kB p65),
a molecule related to the inflammatory status of cells, in
IFN-v-activated astrocytes. At therapeutically relevant
nanomolar concentrations [57], both molecules exerted anti-
inflammatory effects, indicating an additional clinically rele-
vant therapeutic action of fingolimod as an immunomodula-
tory drug acting directly on astroglia.

Materials and Methods
Cell Culture

Primary astrocyte cultures were prepared from neocortices of
3-day-old female Wistar rats (obtained from Medical
Experimental Centre at the Institute of Pathology, University
of Ljubljana, Slovenia) as described [72]. Care of the experi-
mental animals was in accordance with European and
Slovenian legislation (Official Gazette of the RS 38/13;
UVHVVR, no. U34401-47/2014/7). Cells were grown in
high-glucose (25 mM) Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum (Biochrom AG, Berlin,
Germany), 1| mM sodium pyruvate, 2 mM L-glutamine, and
5 U/ml penicillin/5 pg/ml streptomycin in an atmosphere of
5% CO,/95% air. To purify isolated cells, subconfluent cul-
tures were shaken three times at 225 rpm overnight with sub-
sequent medium change. Before the experiments, cells were
trypsinized, subcultured onto poly-L-lysine (PLL)-coated cov-
erslips or multiwell plates, and maintained at 37 °C in an
atmosphere of 5% CO,/95% air. Unless stated otherwise, all
chemicals were purchased from Sigma-Aldrich (Germany)
and were of the highest purity grade available.

Cell Treatments

The next day after seeding, the growth medium was changed
(in controls) or cells were treated with growth medium sup-
plemented with 600 U/mL IFN-y (Hycult Biotech,
The Netherlands), 600 U/mL IFN-y and 0.1 uM FTY720
(Enzo Life Sciences, USA), 600 U/mL IFN-y and 0.1 uM
FTY720-P (Echelon Biosciences, USA), or the growth medi-
um containing 0.1 uM FTY720 or 0.1 uM FTY720-P alone.
To examine the dose dependency of FTY720 treatment,
IFN-vy-activated cells were also treated with 0.01 and
0.5 uM FTY720. All treatments lasted for 48 h, during which
cells were maintained at 37 °C in an atmosphere of 5% CO,/
95% air.
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Cell Counts and Diameter

Cells were seeded in P12 or P24 plates and exposed to a 48-h
treatment regime (as described above) in duplicate/triplicate
for each condition. Subsequently, cells were trypsinized and
analyzed by a Scepter 2.0 Handheld Automated Cell Counter
(Merck, Germany), which displays the cell size distribution
profile. Gating by the minimal and maximal cell diameter was
set uniformly to exclude aberrantly large (cell clumps) or
small particles (debris). Cell counts were expressed relatively
(as a percentage) as the average cell count of treated cells (in
triplicates) versus the average cell count of non-treated con-
trols for each experiment. The average relative cell count and
cell diameter were pooled from four to six individual
experiments.

Immunocytochemistry

Cells were seeded on PLL-treated coverslips and exposed to
the cell treatment regime for 48 h as described above. Upon
cell treatment, astrocyte-loaded coverslips were washed with
phosphate-buffered saline (PBS, 3 min) and fixed in parafor-
maldehyde (4% in PBS) for 15 min, permeabilized with 0.1%
Triton X-100 for 10 min, and then washed 3x with PBS. The
non-specific background staining was reduced by incubating
cells in a blocking buffer with 10% (v/v) goat serum in 3%
bovine serum albumin (BSA) in PBS for 1 h at 37 °C. Cells
were then washed 1x with PBS and incubated with the fol-
lowing primary antibodies diluted in 3% BSA in PBS over-
night at 4 °C: mouse anti-glial fibrillary acidic protein (GFAP;
1:100, G3893, Sigma-Aldrich, Germany), anti-ionized calci-
um-binding adapter molecule 1 (Iba-1; 1:100, Ab15691,
Abcam, UK), mouse anti-MHC II (1:100; ab23990, Abcam,
UK), rabbit anti-ADR-{3, (1:100; orb10056, Biorbyt, UK),
and mouse anti-NF-kB (1:100; sc-8008, Santa Cruz
Biotechnology, USA). Incubation with the primary antibody
was followed by 4% 3-min washes in PBS and the addition of
the respective fluorescent secondary antibody (goat anti-rab-
bit/anti-mouse conjugated to Alexa Fluor 488/546, diluted
1:600 in 3% BSA in PBS; Thermo Fisher Scientific, CA,
USA) at 37 °C for 45 min. Incubation with the secondary
antibody was followed by 4% 3-min washes in PBS, and af-
terward, the coverslips were mounted onto glass slides using
Slow Fade Gold Antifade Mountant with DAPI (Thermo
Fisher Scientific, USA).

Cells were examined with a laser scanning fluorescence
confocal microscope (LSM 780; Zeiss, Germany) equipped
with a plan-apochromatic oil-immersion objective x63/NA
1.4. Alexa Fluor 488/546 was excited by a 488-nm argon laser
line or 561-nm diode-pumped solid-state laser, and the fluo-
rescence emission was bandpass filtered at 500-550 or 565—
615 nm, respectively. DAPI was excited by a 405-nm diode-

pumped solid-state laser, and emission was bandpass filtered
at 440-480 nm. We recorded 15-20 images per coverslip.

Quantification of the Inmunofluorescence Staining

Quantitative analysis of the immunofluorescence images was
performed by ImageJ software (NIH, Bethesda, MD, USA)
using the particle count function (for MHC II) or pixel area
measurements (for ADR-3,, NF-kB p65) by pre-setting a
constant threshold for each set of treatments (typically at
20-30% of the maximal fluorescence). The particle count or
pixel area above the threshold was normalized to the cell
number in individual images. The latter was determined man-
ually by counting DAPI-stained nuclei. Protein expression
was quantified in the x,y images depicting individual cell
planes (of 2 um thickness). The average values from 15 to
20 images acquired in each coverslip were calculated. The
number of coverslips examined ranged from 4 to 15, depend-
ing on the particular treatment.

To quantify the fluorescence of the NF-kB p65 total and
nuclear signal, first the co-localization of red (immunofluores-
cent NF-kB p65) and blue (DAPI) signals was analyzed with
ColocAna software (Celica, Ljubljana, Slovenia). The pro-
gram counted all red, blue, and co-localized (red and blue)
pixels in individual images. The threshold for the pixel count
was set to 20% of the maximal fluorescence to reduce noise
and fluorescence overlap originating from closely positioned
labeled structures. Total and nuclear NF-kB p65 protein ex-
pression was determined by the number of red and co-
localized pixels, respectively, normalized to the number of
nuclei in the images and expressed relatively to the control
(untreated) condition.

Extraction of mRNA and Quantitative Real-Time
Polymerase Chain Reaction

Rat astrocytes were cultured in six-well plates and exposed to
a 48-h treatment regime (as described above). Total RNA was
extracted from cultured astrocytes with the RNeasy Mini Plus
Kit (Qiagen, Germany). cDNA was synthesized from total
RNA using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Thermo Fisher Scientific,
Lithuania). Quantitative polymerase chain reaction (qQPCR)
was performed on an ABI PRISM SDS 7500 (Applied
Biosystems, Thermo Fisher Scientific, USA) in a 96-well for-
mat using TagMan Universal PCR Master Mix (Applied
Biosystems, Thermo Fisher Scientific, USA) and gene expres-
sion assays for ADR-3, (Adrb2, Rn00560650 s1) and 18S
rRNA (TagMan Endogenous Control). Standard quality con-
trols were performed in line with the MIQE (minimum infor-
mation necessary for evaluating qPCR experiments) guide-
lines [10]. The expression level of ADR-3, mRNA was cal-
culated as the gene expression ratio (ADR-3, mRNA/18S
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rRNA) according to the equation: Elcé'slflsuflRANA /EigR%];Rm,

where E is the PCR efficiency and Ct is the threshold cycle
for the reference (18S rRNA) or the target (Adrb2) gene [69,
85]. PCR efficiency was estimated using the LinRegPCR pro-
gram gene [69, 85].

Vesicle Mobility

Cells were seeded on PLL-treated coverslips and treated with
600 U/mL IFN-y or co-treated with 600 U/mL IFN-y and
0.1 mM FTY720 or 0.1 mM FTY720-P for 48 h. During the
cell treatment, 0.1 mg/mL dextran conjugated to Alexa Fluor
546 (10,000 Da; Thermo Fisher Scientific, USA) was added to
the culture medium to allow loading of fluorescent dextran
into vesicles by the endocytic pathway at 37 °C overnight.
The next day, astrocyte-loaded coverslips were washed 2x
with extracellular solution containing 130 mM NaCl, 5 mM
KCL, 2 mM CaCl,, | mM MgCl,, 10 mM D-glucose, and
10 mM HEPES (pH 7.2), mounted onto the recording cham-
ber, and transferred to a confocal microscope (LSM 780;
Zeiss, Germany) equipped with a plan-apochromatic oil im-
mersion objective X63/NA 1.4. Dextran Alexa Fluor 546 fluo-
rescence was excited by a 561-nm diode-pumped solid-state
laser, and the fluorescence emission was bandpass filtered at
565—615 nm. Time-lapse images were acquired every 485 ms
for 1 min before and 3 min after stimulation with 100 uM
adenosine 5'-triphosphate (ATP). The mobility of dextran-
laden vesicles was analyzed by ParticleTR software (Celica,
Ljubljana, Slovenia) in exported tiff files as described previ-
ously [65]. Briefly, a 3D Gaussian curve was fitted onto a
selected vesicle in each image to obtain the x, y coordinates
(peak of the curve), which were then connected to obtain the
pathways that vesicles traveled within the total recording time.
Typically, 50 randomly selected vesicles were tracked per cell,
and for each vesicle, the track length (TL, the pathway that an
individual vesicle traveled), maximal displacement (MD, the
farthest translocation of a vesicle), and the directionality index
(DI=MD/TL) were determined. The mobility parameters
were estimated for 15-s epochs. The analysis of the vesicle
mobility was performed in cells activated with IFN-y, and
IFN-y-activated cells co-treated with 0.1 mM FTY720 or
0.1 mM FTY720-P for 48 h. The mean (+ SE) vesicle TL,
MD, and DI values were determined in seven to eight cells per
treatment.

Vesicle Cargo Release

The ATP-evoked cargo release from dextran-labeled vesicles
was analyzed from the time-lapse recordings obtained as de-
scribed above. The possible modulation of FTY720 or
FTY720-P treatment on stimulated vesicle secretion from
IFN-y-activated astrocytes was determined by two different
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approaches: by counting fluorescent vesicles at different time
points upon stimulation with 100 uM ATP and by observing
individual cargo discharge events as sudden decreases in the
vesicle fluorescence. The numbers of dextran-laden vesicles
were obtained by ImageJ software (NIH, Bethesda, MD,
USA) using the Analyse Particle function. To identify individ-
ual vesicles, the intensity threshold was set to 20% of the
maximum fluorescence and the minimum particle size to three
adjacent pixels (3 x 0.132 x 0.132 um), and thus the minimum
surface area covered by a particle was 0.052 pum?. The vesicles
were counted on three/five consecutive confocal images taken
at time 0 and 1, 2 and 3 min after stimulation with ATP. The
relative decrease in vesicle number was obtained as the differ-
ence in the average vesicle numbers at different time points
after stimulation with respect to the initial vesicle number at
time 0. The vesicle numbers at different time points were
counted in four to five cells. Alternatively, individual full-
collapse exocytotic events resulting in discharge of fluores-
cent dextran were identified as a sudden decrease in the ves-
icle fluorescence [75] and counted manually. At the location
of individual secreting vesicles, the changes in time-resolved
fluorescence were obtained by the LSM 780 software (Zeiss)
using a circular region of interest (»=0.528 um, S=
0.876 pm?).

Statistical Analysis

The relative cell counts, diameter, compartment number, sur-
face area, vesicle mobility parameters, and vesicle counts were
expressed as the mean + SE. Statistical significance was de-
termined with one-way analysis of variance (ANOVA) and the
differences in the vesicle mobility parameters (TL, MD, and
DI) and secretion were analyzed by the two-tailed Student’s ¢
test using SigmaPlot 11.0 (Systat Software Inc., USA).

Results

IFN-y Activation and Treatment with FTY720
or FYT720-P Minutely Affects the Cell Count but Not
the Diameter of Cultured Rat Astrocytes

To confirm that astrocytes were isolated in a highly enriched
culture devoid of microglia, cells were immunofluorescently
labeled with antibody against astrocytic marker GFAP
(Fig. 1a) and microglial marker Iba-1 (Fig. 1b). This immu-
nostaining demonstrated that the cultures were ~100% posi-
tive for GFAP marker, as reported previously [78], whereas no
Iba-1-positive cell was observed, confirming the purity of the
isolated astrocytic culture.

Next, we assessed the effects of different treatments on the
proliferation capacity of cultured astrocytes. We measured the
total cell counts at the end of each treatment regime. The
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Fig. 1 a, b Cell properties in non-treated and IFN-y-activated astrocytes,
co-treated with FTY720 or FTY720-P. Cultured rat astrocytes were
immunofluorescently labeled with astrocyte marker GFAP (red) and
microglial marker Iba-1 (green); nuclei were stained with DAPI (blue).
Practically all the cells (~100%, N=4 from three cell preparations)
stained positively with anti-GFAP (a), but not with anti-Iba-1 (b), dem-
onstrating preparation of a pure astrocyte culture devoid of microglia.
Scale bar, 20 um. ¢, d Plots displaying relative cell counts (¢) and the
respective cell diameters, determined by Coulter counter (d) of IFN-y-
activated astrocytes (IFN-y) co-treated with 0.1 uM FTY720 (+FTY) or

relative cell numbers of treated cells with respect to control
conditions (100%) were 86.5+1.6, 84.3+1.7, 84.3£2.5,
86.1+3.1, and 86.5+4.6% (all P<0.001) for IFN-y, IFN~y
+ FTY720, IFN~y + FTY720-P, FTY720, and FTY720-P-
treated cells, respectively (Fig. 1c). All cell treatments caused
aminor (12-18%), although significant decrease in cell counts
compared with the control; however, there was no statistically
significant difference in cell counts between different treat-
ments. These results showed that IFN~y treatment had a minor
effect on the extent of cell counts, whereas the addition of
FTY720 or FTY720-P did not further affect the cell count.
The sole presence of FTY720 or FTY720-P decreased cell
numbers to a similar extent as [IFN~y alone. These data rule
out potential toxic effects due to long-term (48-h) cell expo-
sure to 0.1 uM FTY720 or 0.1 uM FTY720-P (applied alone
or in combination with 600 U/mL IFN-y).

None of the treatments significantly affected cell diameter,
which was on average 16.5+0.2, 16.8+0.2, 16.9+£0.2, 16.9
+0.2,17.0+0.2,and 17.0 + 0.3 um for control, IFN-y, IFN-y
+ FTY720, IFN-y + FTY720-P, FTY720, and FTY720-P-

Cont. IFNy +FTY +FTY-P FTY FTY-P

0.1 uM FTY720-P (+FTY-P) and cells solely treated with 0.1 uM
FTY720 (FTY) or 0.1 uM FTY720-P (FTY-P), versus non-treated con-
trols (Cont). ¢ All treatments caused a relative decrease in cell counts
when compared with the control cells (***P<0.001); however, there
was no statistically significant difference between different cell treat-
ments. d The average cell diameter measured in controls and treated cells
demonstrates that the cell treatment did not evoke major changes in cell
volume. The numbers at the base of the bars indicate the number of
experiments (in triplicate) for each treatment. ***P <0.001 versus control

treated cells, respectively (Fig. 1d). It was measured in cell
suspensions immediately after cell detachment upon the given
treatment. These data indicate that the cell treatments did not
induce significant changes in cell volume, which could be one
of the parameters correlated with potentially induced changes
in cell morphology.

FTY720 Dose Dependently Attenuates the Expression
of MHC Class Il Compartments in IFN-y-Activated
Astrocytes

We next investigated the effects of FTY720 and FTY720-P on
MHC class II expression in astrocytes in view of their role as
facultative APCs. MHC class II expression was determined by
counting the MHC class II-positive compartments in confocal
images (Fig. 2a). As expected, control astrocytes expressed
only a negligible number of MHC class II compartments
(0.33 £0.14 compartments/cell), whereas 48-h cell activation
with IFN-y (600 U/mL) induced strong MHC class II expres-
sion that resulted in 20.8 = 1.4 (P <0.0001) compartments per
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Fig.2 Cell treatment with FTY720 and FTY 720-P reduces the number of
MHC class II-positive compartments in IFN-y-activated astrocytes. a
Confocal images of control (Cont) astrocytes and IFN-y-activated astro-
cytes (IFN-y) co-treated with 0.1 uM FTY720 (+FTY) or 0.1 uM
FTY720-P (+FTY-P) immunolabeled with anti-MHC II antibody (red);
cell nuclei were stained with DAPI (blue). Scale bar, 20 um. b The
average number of MHC class Il compartments per cell image in controls
(Cont), astrocytes activated with IFN-y (IFN-y), and co-treated either
with 0.01 uM FTY720 (+FTY 0.01), 0.1 uM FTY720 (+FTY 0.1),
0.5 uM FTY720 (+FTY 0.5), or 0.1 uM FTY720-P (+FTY-P 0.1) and
cells solely treated with 0.1 uM FTY720 (FTY) or 0.1 uM FTY720-P
(FTY-P). Control astrocytes and cells treated with FTY720 or FTY720-P
alone did not express MHC Il-positive compartments, whereas IFN-y
activation strongly induced their expression. Addition of FTY 720 (0.01,
0.1, or 0.5 uM) or FTY720-P (0.1 uM) to IFN-y-activated astrocytes

cell image (Fig. 2b). Importantly, the addition of FTY720
(0.01, 0.1, or 0.5 uM) or FTY720-P (0.1 uM) caused a sig-
nificant decrease in [FN-y-induced MHC class II expression
(Fig. 2b). The number of MHC class Il compartments per cell
in IFN-y-activated astrocytes treated with 0.01, 0.1, and
0.5 uM FTY720 decreased to 14.6 1.0 (P<0.0001), 9.7+
1.7 (P<0.001), and 8.4+1.0 (P<0.001) compartments per
cell, respectively. Similarly, 0.1 uM FTY720-P caused a de-
crease in [FN-y-induced MHC class II expression to 12.6 +
1.3 (P<0.0001) compartments per cell. Cell treatment with
FTY720 or FTY720-P alone did not induce MHC class II
expression (0.24 £0.09, 0.35+0.09 compartments/cell, re-
spectively) (Fig. 2b).

FTY720 treatment affected IFN-y-activated MHC class 11
expression in a dose-dependent manner (Fig. 2¢). The relative
decrease in MHC class II expression was 23.0% + 4.0, 53.5%

@ Springer

Rel. decrease in MHCIl comp./cell ©

0.2 0.3 0.4 0.5

FTY720 (uM)

0.1

caused a remarkable decrease in the expression of MHC class I1-
positive compartments. The numbers at the base of the bars indicate the
number of coverslips examined for each cell treatment. *P <0.05, **P <

0.01, ***P <0.001 versus control cells and individual pairs as indicated. ¢
Dose-dependent decrease in the relative number of MHC class II com-
partments expressed as the average number of compartments in astrocytes
treated with IFN-y + FTY720 (0.01, 0.1, or 0.5 uM) versus the number of
compartments in cells activated with IFN-y. The dose-dependent profile
of the relative decrease in number of MHC class Il compartments (per
cell) was obtained by fitting the data points with the ligand binding func-
tion with one site saturation: f= B« X abs(x) / (K4q+ abs(x)), where
Binax =0.6022 uM and K4=0.0103 pM (R=0.9995, P=0.0101). The
numbers at the data points (mean + SE) indicate the number of coverslips
examined for each treatment

+12.8, and 59.9% £ 11.2% for 0.01, 0.1, or 0.5 uM FTY720
(co-applied with IFN-y), respectively. The data for the relative
dose-dependent decrease in the number of MHC class II com-
partments per cell were fitted with the ligand binding function
with one site saturation: = B, X abs(x) / (K4 + abs(x)),
where B =0.6022 uM and K3=0.0103 uM (R =0.9995,
P=0.0101). These data revealed that half maximal inhibition
of MHC class II molecule expression is achieved by 10.3 nM
FTY720 in astrocytes.

FTY720 or FYT720-P Prominently Increases ADR-3,
Expression in IFN-y-Activated Astrocytes

Astrocytes in tissue samples from MS brain lack ADR-f3,
[22], therefore we next explored the effects of FTY720 and
FTY720-P on ADR-f3, expression in IFN-y-activated
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astrocytes. In addition, ADR-f3, signaling is involved in
downregulation of MHC class II expression [20]. To explore
the ADR-[3, protein expression, we quantified (Fig. 3b) the
ADR-[3, immunofluorescence in confocal images (Fig. 3a).
Whereas IFN-y activation and cell treatment with FYT720 or
FTY720-P alone induced a minor increase, the addition of
FYT720 or FTY720-P to IFN-y-activated cells caused a
prominent increase in ADR-[3, expression (Fig. 3b). In con-
trols, the signal area per cell was 16.5 +3.2, and it increased to
28.4+3.0, 58.3+£5.8 (P<0.001), 57.8+4.6 (P<0.001),
24.2+5.5, and 28.4+4.2 (P<0.05) in IFN-y, IFN-y +
FTY720, IFN-y + FTY720-P, FTY720, and FTY720-P-
treated cells, respectively. The relative increase in ADR-f3,
expression with respect to controls was modest in cells treated
with IFN-y, FYT720, or FTY720-P, 1.72-fold (72.37%),
1.46-fold (46.45%), and 1.72-fold (72.50%), respectively,
and substantial in cells treated with IFN-y + FTY720 and
IFN-y + FTY720-P, 3.56-fold (253.57%) and 3.51-fold
(250.58%) increase, respectively.
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Fig. 3 FTY720 and FTY720-P enhance the expression of ADR-[3, in
IFN-y-activated astrocytes. a Confocal images of non-treated controls
(Cont) and IFN-y-activated astrocytes (IFN-y) that were treated either
with 0.1 pM FTY720 (+FTY) or 0.1 pM FTY720-P (+FTY-P) and
immunolabeled with anti-ADR-{3, antibody (green); nuclei were stained
with DAPI (blue). Scale bar, 20 um. b The average (+SE) signal areas of
ADR-f3, immunofluorescence per cell are shown in controls (Cont) and
in IFN-y-activated astrocytes (IFN-y), co-treated with 0.1 uM FTY720
(+FTY) or 0.1 uM FTY720-P (+FTY-P), and cells solely treated with
0.1 uM FTY720 (FTY) or 0.1 uM FTY720-P (FTY-P). IFN-y slightly
increased ADR-[3, expression, whereas the addition of FTY720 or

In addition, we determined whether expression of ADR-(3,
mRNA parallels the increases in protein abundance. As esti-
mated by qPCR, ADR-{3, mRNA levels in astrocytes were
unaltered by treatment with FTY720 and FTY720-P, whereas
they were decreased (P <0.05) by the treatment with IFN-y
(Fig. 3c). These results indicate that increases in ADR-[3,
protein abundance are unlikely due to increased gene
transcription.

IFN-y Increases, Whereas FTY720 and FTY720-P
Attenuate the Expression of NF-kB p65

Transcription factor NF-kB is activated in the inflammatory
processes, and the first step is the translocation of the p65
subunit to the nucleus [39]. We thus investigated the effect
of different treatments on NF-kB p65 expression both in gen-
eral and specifically by estimating its translocation to the nu-
cleus in confocal images of treated astrocytes (Fig. 4a). The
total NF-kB p65 immunofluorescence signal normalized to
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FTY720-P caused a prominent increase in ADR-[3, expression. The num-
bers at the base of the bars indicate the number of coverslips examined for
each treatment. *P <0.05, **P<0.01, ***P<(0.001 versus control cells
and individual pairs as indicated. ¢ The levels (means + SE) of ADR-f3,
mRNA (qPCR), normalized to 18S rRNA, are shown for astrocytes ex-
posed to different treatments. A decrease in ADR-3, mRNA can be
observed in IFN-y-activated astrocytes (IFN-y). Co-treatment with
FTY720 (+FTY) or FTY720-P (+FTY-P) did not cause a statistically
significant change in ADR-3, mRNA expression versus control (Cont).
The numbers at the base of the bars indicate different cell preparations.
*P<0.05, **P<0.01 versus control and individual pairs as indicated

@ Springer



5978

Mol Neurobiol (2019) 56:5971-5986

Fig. 4 FTY720 and FTY720-P reduce the total expression and nuclear
localization of NF-kB p65. a Confocal images displaying immunofluo-
rescent NF-kB p65 (red) in non-treated controls (Cont) and IFN-y-
activated astrocytes (IFN-y), co-treated either with 0.1 uM FTY720
(+FTY) or 0.1 uM FTY720-P (+FTY-P) or solely treated with 0.1 pM
FTY720 (FTY) or 0.1 uM FTY720-P (FTY-P); nuclei stained with DAPI
(blue). White pixels show co-localization of NF-kB p65 immunofluores-
cence with DAPI indicating nuclear localization of NF-«B p65. Scale bar,
20 um. b Quantification of the total NF-kB p65 signal in non-treated
controls (Cont) or IFN-y-activated cells (IFN-y) treated with 0.1 uM
FTY720 (+FTY) and 0.1 uM FTY720-P (+FTY-P) or solely treated with
0.1 uM FTY720 (FTY) or 0.1 uM FTY720-P (FTY-P), expressed with

control was 1.17+£0.08, 0.88 £0.01, 0.84 £0.06, 0.61 £0.07
(P<0.001), and 0.68+0.10 (P<0.01), in cells treated with
IFN-y, IFN-y + FTY720, IFN-y + FTY720-P, FTY720, and
FTY720-P, respectively (Fig. 4b). The treatment with FTY720
or FTY720-P alone decreased the expression of NF-kB p65
by 38.9 and 32.3%, respectively. Co-application of FTY720
or FTY720-P to IFN-y-activated cells decreased its expres-
sion by ~25.0% (P<0.05) and ~28.1% (P <0.001) with re-
spect to IFN-y-activated astrocytes, respectively.

Cell activation with IFN-y did not affect the nuclear trans-
location of NF-kB p65; the NF-kB p65 nuclear signal area
was 1.04 £0.05 with respect to control (Fig. 4c). Similarly, the
addition of FYT720 or FTY720-P to IFN-y-activated cells did
not cause a significant decrease in the NF-kB p65 nuclear
signal area (0.95+0.07-fold and 0.86 +£0.05-fold,
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respect to control (non-treated) cells. The treatment with FTY720 or
FTY720-P alone and co-application of FTY720 or FTY720-P to IFN-
y-activated cells decreased the total expression of NF-kB p65. ¢
Quantification of the co-localized red (NF-kB p65) and blue (DAPI)
pixels demonstrating nuclear NF-kB p65, expressed relative to the control
(non-treated) cells. Addition of FTY720-P to IFN-y-activated cells, as
well as addition of FTY720 or FTY720-P to non-activated cells, de-
creased NF-«kB p65 translocation to the nuclei. The numbers at the base
of the bars indicate the number of coverslips examined for each treated
cell. #*P<0.05, **P<0.01, ***P<0.001 versus control cells and indi-
vidual pairs as indicated

respectfully) with respect to control. The cell treatment with
FTY720 and FTY720-P alone significantly decreased the
NF-kB p65 nuclear signal (0.79+0.05, P<0.01 and 0.74 +
0.05, P<0.001, respectively). These data indicate that both
compounds applied individually downregulate p65 transloca-
tion to the nucleus and thus attenuate the activation of the
NF-kB signaling pathway.

FTY720 and FYT720-P Decrease the Mobility
of Dextran-Labeled Vesicles in IFN-y-Activated
Astrocytes

Vesicle delivery to the plasma membrane is necessary for the
exocytotic release of signaling molecules from the vesicle
lumen as well as for the efficient translocation of membrane-
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bound molecules to the plasmalemma [33, 93]. It has already
been reported that [IFN-y treatment enhances the mobility of
dextran-labeled vesicles [89]; therefore, we aimed to examine
the effects of FTY720 or FYT720-P on the mobility of vesi-
cles in [FN-y-activated astrocytes. We monitored the mobility
of dextran-labeled vesicles that have been reported to highly
co-localize with MHC class II compartments and LAMP1-
positive compartments in IFN-y-treated mouse astrocytes
[89]. By analyzing time-lapse recordings of dextran-labeled
vesicles, we obtained the paths traveled by individual vesicles
(~50 per cell) in IFN-y-activated astrocytes treated with
FTY720 or FTY720-P (Fig. 5a). Subsequently, TL, MD, and
DI (=MD/TL) were calculated. The results showed that the
addition of FTY720 and FTY720-P decreased vesicle TL,
MD, and DI in IFN-y-activated astrocytes. The average ves-
icle TL in IFN-y-activated astrocytes was 3.34 + 0.16 um, and
the addition of FTY720 or FYT720-P to activated cells caused
a statistically significant decrease in TL to 2.88+0.13 um
(13.7%, P <0.05) and 2.87+0.09 um (14.1%, P<0.05), re-
spectively (Fig. 5b). The decrease in vesicle MD was even
more pronounced; it decreased from 1.23 £0.15 um in
IFN-y-activated astrocytes to 0.75+0.08 um (39.2%, P<

0.05) and 0.80 £0.09 um (35.0%, P <0.05) with the addition
of FTY720 or FTY720-P, respectively (Fig. 5¢). The DI de-
creased from 0.36+0.03 in IFN-y-activated cells to 0.26 +

0.02 (28.8%, P <0.05) and 0.27 +0.02 (23.7%, P < 0.05) with
the addition of FTY720 or FTY720-P, respectively (Fig. 5d).

FTY720 and FYT720-P Hinder Secretion
of Dextran-Labeled Vesicles from IFN-y-Activated
Astrocytes

In time-lapse confocal images we assessed the extent of ATP-
evoked release-productive vesicle fusion events in IFN-y-
activated astrocytes co-treated or not with FTY720 or
FYT720-P. The release of cargo from individual vesicles
was observed as a rapid decrease of vesicle fluorescence (~
0.5 s) in successive confocal images, indicating rapid dis-
charge of the fluorescent dextran from the vesicle lumen
(Fig. 6 a, b). To assess the extent of secretion events upon
100 uM ATP stimulation, we determined the number of
dextran-loaded vesicles at different time points upon cell stim-
ulation and expressed it relative to the initial number estimated
at time 0. At 1 and 2 min upon ATP stimulation, the decrease
in vesicle number was marginal and similar in cells subjected
to different treatments. After 3 min upon ATP stimulation, the
decrease in vesicle number was substantial in [FN-y-activated
cells but not in cells co-treated with FTY720 or FYT720-P
(Fig. 6¢). At 1 min after stimulation, the relative decrease in
vesicle number was 3.16+0.69, 3.93+1.43, and 2.68 +
0.53% for cells treated with IFN-y, IFN-y + FTY720, and
IFN-y + FTY720-P, and at 2 min after stimulation, the de-
crease was 4.92 +0.82, 3.41+0.89, and 5.34 = 1.42%, respec-
tively. At 3 min after stimulation, the vesicle decrease in
IFN-y-activated cells was 14.77 +£2.86%; the addition of
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Fig. 5 The mobility of dextran-labeled vesicles is attenuated in IFN-y-
activated astrocytes co-treated with FTY720 or FTY720-P. a
Reconstructed tracks of dextran-labeled vesicles (N = 50) within 1 min in
astrocytes activated with IFN-y (IFN-y), co-treated with 0.1 uM FTY720
(+FTY) or 0.1 uM FTY720-P (+FTY-P). In IFN-y-activated cells, the
vesicle paths were elongated, whereas in the activated cells co-treated with
FTY720 or FTY720-P, the paths were relatively shorter and contorted.

Scale bar, 10 pm. b Track length, ¢ maximal displacement, and d direc-
tionality index (max. displacement/track length) of dextran-labeled vesicles
in astrocytes exposed to different treatments. The addition of FTY720 or
FTY720-P significantly attenuated all parameters of vesicle mobility, indi-
cating reduced vesicle speed and directionality. The numbers at the base of
the bars indicate the number of cells analyzed for each treatment. *P <0.05
versus [FN-y-activated cells
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Fig.6 ATP-evoked secretion of fluorescent dextran from astrocytic vesicles
is suppressed in IFN-y-activated astrocytes co-treated with FTY720 and
FTY720-P. a Successive confocal images display discharge of fluorescent
dextran from an individual vesicle in an IFN-y-activated astrocyte stimulat-
ed by 100 pM ATP (+ATP). The rapid decrease in vesicle fluorescence (~
0.5 s) indicates rapid discharge of dextran from the vesicle lumen. Scale bar,
0.5 um. b Normalized time-dependent fluorescence decrease recorded in
the vesicle displayed in a. The horizontal dotted lines indicate the minimum
and maximum vesicle fluorescence. The vertical dashed lines indicate the

FTY720 or FTY720-P to activated cells significantly reduced
the decrease in vesicle number to 5.27 £2.52% (P <0.05 vs.
IFN-y-activated cells) and 6.30 £0.70% (P <0.05 vs. IFN-y-
activated cells), respectively. The decrease in vesicle number
reflects the fraction of vesicles that fused with the plasma
membrane and released their cargo, although fluorescence
bleaching and defocusing may also contribute to the decrease
in vesicle fluorescence [75] and give rise to erroneous estima-
tion of the decrease in vesicle number. By assuming that cells
exposed to different treatments are similarly affected by
bleaching and/or defocusing, the relative values in vesicle
decrease can be compared among the different treatments.
Therefore, the differences in decrease of vesicle number can
be predominantly attributed to the differences in vesicle fusion
efficacy primarily affected by cell stimulation and treatment
regimes. To independently confirm this finding, we visually
counted ATP-evoked discharge events in dextran-labeled ves-
icles revealed by a sudden decrease in the vesicle fluorescence
indicating rapid release of cargo [75]. During the post-
stimulation time, the vesicle number decreased by 7.2 +4.9,
1.4+0.87, and 3.4 £ 1.89 in cells treated with IFN-y, IFN-y +
FTY720, and IFN-y + FTY720-P, respectively (data not
shown). The reduction in vesicle number essentially followed
the same trend as obtained by automated vesicle detection;
however, the decrease in vesicle number was not statistically
significant due to relatively high variation between the indi-
vidual cells.

Discussion
In this study, we provide evidence for direct anti-inflammatory
effects of fingolimod (FTY720) and its phosphorylated me-

tabolite (FTY720-P) on cultured astrocytes in the context of
brain inflammatory conditions in MS, whereby increased
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period immediately before and after discharge of dextran (displayed in a).
The horizontal box indicates the addition of ATP. ¢ Discharge of vesicle
cargo expressed as a relative decrease in the vesicle number estimated 1, 2,
and 3 min after ATP stimulation with respect to time 0 in astrocytes activat-
ed with IFN-y (IFNv, filled circles), co-treated with FTY720 (+FTY, empty
circles), or FTY720-P (+FTY-P, filled triangles). The addition of FTY720 or
FTY720-P to IFN-y-activated astrocytes significantly reduced cargo dis-
charge 3 min after ATP stimulation. *P <0.05 versus IFN-y-activated cells

IFN-y levels may induce astrocytes to adopt a role of faculta-
tive APCs. Our findings are consistent with several other re-
ports showing anti-inflammatory and neuroprotective effects
of FTY720 [7, 15, 68, 73, 86, 87, 96, 101], most likely as a
result of the drug’s CNS-intrinsic effects on astrocytes, mi-
croglia, and proinflammatory monocytes [68].

The most important observation is that FTY720 or
FTY720-P treatment substantially reduced MHC class II ex-
pression and increased ADR-f3, expression in IFN-y-
activated astrocytes. The results revealed that FTY720 atten-
uated IFN-y-induced MHC class II expression in a dose-
dependent manner, with 23, 54, to 60% decrease in concen-
trations ranging from 0.01, 0.1, to 0.5 uM FTY720. Similarly,
0.1 uM FTY720-P caused 40% decrease in MHC class 11
expression. This decrease could significantly contribute to
downregulation of the immune response relying on astrocytes
acting as brain facultative APCs. It has been shown that in
MS, autoreactive T cells must be reactivated in the brain by
CNS-resident APCs, which present myelin antigens on their
surfaces via the MHC class II complexes, and this triggers the
recruitment of innate immune cells, which have important
roles in mediating demyelination and axonal damage [32].
Although there is still controversy concerning which cell type,
in particular microglia or astrocytes, is the predominant APC
in the CNS, it is likely that both cell types participate in a
coordinated interplay of immune mechanisms that involve
transitions from proinflammatory to immunoregulatory
phases of MS [29]. Many indications point to astrocytes as
important players in MS in the early activation phase of the
disease process [23, 29]. Moreover, astrocytes, in contrast to
microglia, are subject to immunosuppressive autonomic reg-
ulatory influences that are lost in MS but not in other CNS
disorders [23]. Microglia are involved in an injury response in
a number of CNS disorders, thus they likely play an effector
role in producing CNS tissue damage during the final
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pathologic cascade of various diseases [29]. Astrocytes, how-
ever, are affected specifically in MS by the loss of a critical
regulatory element, the ADR-[3, receptors [22, 98] that medi-
ate the effects of norepinephrine, which inhibits astrocytic
MHC class II expression in normal physiologic conditions
[22, 30, 98]. The loss of these receptors facilitates the devia-
tion of astrocytes to function as facultative immunocompetent
APCs in the CNS. This specific MS-related astrocyte dysfunc-
tion may underlie their critical role in the early activation
phase of MS [29].

The fact that reduced MHC class II expression in astrocytes
might contribute to the beneficial therapeutic effects in the
treatment of MS has been demonstrated by the use of statins.
Simvastatin has been shown to reduce MHC class II expression
in [FN-y-activated astrocytes [97], and moreover, a high dose
of simvastatin significantly reduced the rate of whole-brain
atrophy in patients with secondary progressive MS in a phase
II clinical trial [14] and demonstrated a positive effect of the
treatment on frontal lobe function and a physical quality-of-life
measure [13]. The reduction of MHC class II expression in
astrocytes has also been reported for IFN-3 [71], which is a
widely used initial therapeutic in relapsing—remitting MS [52].

Next, we showed that the addition of FTY720 or FTY720-
P to IFN-y-activated astrocytes increased the expression of
ADR-f3, receptors. IFN-y treatment caused 1.7-fold increase,
whereas the addition of FTY720 or FTY720-P potentiated the
increase in ADR-f3, expression by 3.5-fold. This substantial
increase in ADR-3, expression could constitute one aspect of
the therapeutic efficacy of FTY 720, because astrocytes exhibit
a reduction of ADR-f3, in MS, and their increased expression
could partially restore ADR-[3,-mediated signaling.
Activation of ADR-f3, results in increased cyclic adenosine
monophosphate (cAMP) concentration, which activates pro-
tein kinase A (PKA) in astrocytes [40, 90]. Although the cel-
lular mechanism is unknown, in normal conditions, cAMP in
astrocytes biochemically prevents the activation of MHC class
I molecules by downregulating the class II transactivator pro-
tein and suppressing NF-kB-dependent transcriptional activi-
ty [21]. In line with our findings, chronic administration of
FTY720 increased cAMP levels and promoted cAMP re-
sponse element binding protein phosphorylation in the hippo-
campus of Huntington disease transgenic mice R6/1 [58].
Several ADR-[3, agonists, such as terbutaline, salbutamol,
and albuterol, have been reported to exert beneficial effects
in animals with experimental autoimmune encephalomyelitis
(EAE) [95] or patients with MS [43, 53]. Astrocytic ADR-f3,
dysregulation may contribute to the pathogenesis and progres-
sion of MS through deficient inhibition of nitric oxide (NO),
proinflammatory cytokine production, and glutamate uptake
[24], as well as through deficient glucose transport and glyco-
genolysis [25], which consequently decrease the energy sup-
ply to axons, and finally contributes to progressive axonal
degeneration and MS development.

We were interested whether the increase at the protein level
reflected increased gene transcription. It turned out that the
expression levels of ADR-3, mRNA did not parallel alter-
ations in protein abundance. Although activation with IFN-y
and co-treatment with FTY720 or FTY720-P increased the
abundance of ADR-[3, protein, these treatments suppressed
ADR-{3;, mRNA levels. One possible explanation for these
observations is that IFN-y, FTY720, and FTY720-P do not
increase ADR-{3, abundance by regulating the expression of
the Adrb2 gene, which suggests a role for post-transcriptional
and/or post-translational regulatory mechanisms. Another
possibility is that the observed decrease in mRNA levels is a
negative feedback response to increased ADR-(3, abundance
and adrenergic signaling via cAMP. For instance, in rat C6
glioma cells [41] as well as other types of cells [4, 34, 81],
increased levels of cAMP suppressed ADR-[3, transcription.
Because we measured mRNA levels only at 48 h, downregu-
lation of ADR-3, mRNA might therefore be a secondary
event that is preceded by an initial increase in its expression.

The next target that we focused on was the NF-«B signal-
ing, which is critically involved in the regulation of immune
and inflammatory responses [55]. In MS, NF-kB pathways
are changed, leading to increased levels of NF-kB activation
in cells, and current MS treatments are found to be directly or
indirectly linked to NF-kB pathways and act to adjust the
innate and adaptive immune system in patients [49]. The
NF-«kB transcription factor complex is normally held in the
cytoplasm in an inactive form by binding to its inhibitor IkB.
Upon activation, kB is targeted for ubiquitination, allowing
phosphorylation of the NF-kB complex and facilitating its
translocation to the nucleus, where it can bind to promoter
sites to regulate transcription of target genes [39]. It has been
previously established that fluorescent microscopy is an ap-
propriate method to observe nuclear translocation of NF-kB
subunit Rel A (p65) [61]; therefore, we used a similar method
to evaluate the nuclear localization of the NF-«kB p65 subunit
in treated astrocytes and also quantified the total NF-kB p65
expression. We showed that the addition of FTY720 or
FTY720-P to IFN-y-activated astrocytes significantly de-
creased the expression of NF-kB p65 with respect to the
IFN-y-activated cells. The decrease was even more pro-
nounced in astrocytes treated only with FTY720 or
FTY720-P. The relative nuclear localization of NF-«kB p65
was not significantly altered in INF-y-activated cells; howev-
er, the cell treatment with FTY720 or FTY720-P alone signif-
icantly reduced the nuclear signal. Nuclear translocation is a
relatively fast process and can be observed immediately (30—
60 min) upon stimulation by proinflammatory cytokines or
bacterial toxins (lipopolysaccharides, LPS) [61]; therefore,
the long-term effects of the compounds on p65 nuclear trans-
location might be less evident. It has been reported that
fingolimod inhibited NF-kB nuclear translocation and NO
production in astrocytes exposed to inflammatory cytokines
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(IL-1, IL-17) or SIP [19]. Similarly, FTY 720 treatment led to
a significant suppression of NF-kB p65 nuclear translocation
in LPS-activated astrocytes, concomitant with decreased pro-
duction of the pro-inflammatory and neurotoxic mediators IL-
6, tumor necrosis factor (TNF)-o, GM-CSF, CCL2, and NO
[68]. Blocking experiments identified CCL2 and IL-6 as the
active components in astrocyte-conditioned medium driving
monocyte migration in vitro, whereas TNF-oc, GM-CSF, and
IL-6 mediated astrocyte neurotoxic activity [68]. Inhibition of
NF-kB signaling in astrocytes significantly reduced disease
severity and improved functional recovery following EAE
by suppressing chronic CNS inflammation and activation of
neuro-protective mechanisms [6]. NF-kB inhibition prevented
the expression of proinflammatory cytokines, chemokines,
and the adhesion molecule VCAM-1 in astrocytes and ame-
liorated EAE [88].

We then assessed the effects of FTY720 and FTY720-P on
the mobility of dextran-loaded vesicles that are enriched with
MHC class Il molecules in [IFN-y-activated astrocytes [89]. It
has already been reported that IFN-y treatment stimulates
vesicle mobility in astrocytes [89]. Moreover, short-term treat-
ment with FTY720 attenuates vesicle mobility in cultured
astrocytes [84], and this correlates with increased intracellular
Ca”* concentration [77]. Here, we specifically examined
whether long-term treatment at nanomolar concentrations in-
duces a similar phenomenon in IFN-y-activated astrocytes
and thus counterbalances the IFN-y-stimulated increase in
vesicle mobility. The addition of FTY720 and FTY720-P to
IFN-y-activated astrocytes decreased vesicle TL, MD, and DI,
revealing a decrease in vesicle velocity, as well as direction-
ality of vesicle motion. Vesicle mobility is thus strictly regu-
lated and may affect the immunogenicity of astrocytes in sev-
eral pathologic conditions [66, 76, 89]. The fact that attenuat-
ed mobility of the endocytotic vesicles correlates with de-
creased MHC class Il compartment expression may suggest
that vesicle mobility indirectly plays a role in the antigen pro-
cessing pathway from antigen endocytosis to effective deliv-
ery of MHC class Il compartments to the plasma membrane.
Our findings thus indicate that the cell treatment with FTY720
or FTY720-P decreases the expression of MHC class II mol-
ecules and also attenuates the mobility of MHC class II-
enriched vesicles that may further reduce surface localization
of MHC class II molecules in IFN-y-activated astrocytes.

The pathway by which MHC class II molecules reach the
surface of APCs has been extensively studied; however, it is
still not completely understood and may differ among differ-
ent cell types [54]. It is known that the trafficking of MHC
class II compartments in APCs is dependent on the cytoskel-
etal network [16, 89, 92]. To present at the cell surface, MHC
class II-enriched vesicles must reach and fuse with the plasma
membrane. Secretory lysosomes could deliver membrane-
bound MHC class II molecules to the plasma membrane via
exocytosis [9]. Exocytotic release from secretory lysosomes is
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slow and may begin minutes after astrocyte stimulation with
Ca?* ionophores or ATP, which causes immediate increase in
intracellular Ca>* concentration [51, 91, 93].

Vesicle fusion in ATP-stimulated IFN-y-activated astro-
cytes was observed directly and indirectly by counting
dextran-loaded vesicles at different time points after cell stim-
ulation. In IFN-y-activated cells, the vesicle number firmly
decreased 3 min after stimulation, indicating that several ves-
icles fused to the plasma membrane and released their cargo.
This, however, was not the case in FTY720- or FTY720-P-
treated IFN-y-activated cells, where the vesicle number de-
creased only minutely within the same time after stimulation.
This suggests that FTY720 and FTY720-P exerted an inhibi-
tory effect on vesicle fusion, which is in line with our previous
work, where we demonstrated that FTY 720 inhibited exocy-
totic secretion of peptide gliotransmitters from ATP-
stimulated astrocytes [84]. The observed decrease in fusion
activity could be attributed to the attenuated mobility that
hinders vesicle delivery to the fusion-competent sites on the
plasma membrane and may account for decreased MHC class
II expression on the cell surface. The reduced vesicle mobility
could thus account for reduced immunogenicity of activated
astrocytes in the MS pathology.

Another important aspect of our study is the observation
that FTY720 and FTY720-P exerted similar effects on astro-
cytes in vitro, on their cell count (proliferation), MHC class II,
ADR-[3,, NF-kB expression, as well as dextran-labeled vesi-
cle mobility and cargo secretion. FTY 720 can be endogenous-
ly phosphorylated by sphingosine kinase 2 (Sphk2) [62],
which is expressed in astrocytes [15]. In vitro analyses have
revealed that ATP-binding cassette transporters [44] and/or
S1P transporter spinster homolog 2 (Spns2) [31] mediate
S1P release in several types of cells [45, 46, 79], including
astrocytes [70], and that FTY720-P can be excreted by the
same transport mechanism [38]. Thus, FTY720 may exert
effects similar to the exogenously added FTY720-P due to
FTY720 phosphorylation by Sphk2 and subsequent release.
However, short-term exposure to FTY720 or FTY720-P dif-
ferentially affects intracellular calcium homeostasis and vesi-
cle mobility [77]. FTY720-P apparently acts immediately via
S1P receptors, whereas FTY720 may penetrate through the
plasma membrane and act on intracellular targets to exert ac-
tions independent of S1P receptors [63, 77].

Conclusions

Our results demonstrated the anti-inflammatory effects of
FTY720 and its phosphorylated metabolite (FTY720-P) on
cultured astrocytes at therapeutically relevant nanomolar con-
centrations [57], indicating the potential clinically relevant
therapeutic action of fingolimod as an immunomodulatory
drug acting directly on astroglia. We observed that FTY720
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or FTY720-P treatment substantially reduced MHC class I
expression in IFN-y-activated astrocytes, which may contrib-
ute to the downregulation of the immune response involving
astrocytes acting as facultative APCs in the brain. Moreover,
the treatment increased ADR-[3, expression, which may fur-
ther contribute to beneficial effects, because astrocytes in MS
plaques lack these receptors. The beneficial effects could be at
least partially attributed to the NF-xB signaling cascade, be-
cause we further demonstrated that FTY720 or FTY720-P
treatment decreased NF-kB B p65 expression (and its nuclear
translocation) induced by IFN-y. Another contributing factor
underlying reduced MHC class Il expression on astrocytes
could be attributed to the attenuated mobility of vesicles that
are responsible for the delivery and incorporation of the MHC
class Il molecules into the plasma membrane. All these effects
suggest that fingolimod, an established therapeutic for MS,
has direct effects on astroglia, which are important players in
the MS pathology. Its anti-inflammatory actions regulate CNS
inflammation and thus contribute to its therapeutic efficacy.
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