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Linda Ottoboni, Giancarlo Comi, Gianvito Martino and Cinthia Farina*

Institute of Experimental Neurology (INSpe), Division of Neuroscience, San Raffaele Scientific Institute, Milan, Italy

Multiple sclerosis (MS) is an inflammatory neurodegenerative disease of the central
nervous system (CNS) with heterogeneous pathophysiology. In its progressive
course oligodendrocyte and neuroaxonal damage is sustained by compartmentalized
inflammation due to glial dysregulation. Siponimod (BAF312), a modulator of two
sphingosine-1-phosphate (S1P) receptors (S1P1 and S1P5) is the first oral treatment
specifically approved for active secondary progressive MS. To address potential direct
effects of BAF312 on glial function and glia-neuron interaction, we set up a series of
in vitro functional assays with astrocytes generated from human fibroblasts. These cells
displayed the typical morphology and markers of astroglia, and were susceptible to
the action of inflammatory mediators and BAF312, because expressing receptors for
IL1, IL17, and S1P (namely S1P1 and S1P3). Targeting of S1P signaling by BAF312
inhibited NFkB translocation evoked by inflammatory cytokines, indicating a direct
anti-inflammatory activity of the drug on the human astrocyte. Further, while glia cells
exposed to IL1 or IL17 downregulated protein expression of glutamate transporters,
BAF312-treated astrocytes maintained high levels of GLAST and GLT1 regardless of the
presence of inflammatory mediators. Interestingly, despite potential glial susceptibility
to S1P signaling via S1P3, which is not targeted by BAF312, NFkB translocation and
downregulation of glutamate transporters in response to S1P were inhibited at similar
levels by BAF312 and FTY720, another S1P signaling modulator targeting also S1P3.
Accordingly, specific inhibition of ST1P1 via NIBR-0213 blocked S1P-evoked NFkB
translocation, demonstrating that modulation of S1P1 is sufficient to dampen signaling
via other S1P receptors. Considering that NFkB-dependent responses are regulated by
Nrf2, we measured activation of this critical transcription factor for anti-oxidant reactions,
and observed that BAF312 rapidly induced nuclear translocation of Nrf2, but this effect
was attenuated in the presence of an inflammatory milieu. Finally, in vitro experiments
with spinal neurons exposed to astrocyte-conditioned media showed that modulation of
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S1P or cytokine signaling in astrocytes via BAF312 prevented neurons from astrocyte-
induced degeneration. Overall, these experiments on human astrocytes suggest that
during neuroinflammation targeting of S1P1 via BAF312 may modulate key astrocyte
functions and thereby attain neuroprotection indirectly.

Keywords: astrocytes, BAF312, fingolimod, neurodegeneration, neuroinflammation, NFkB, Nrf2, siponimod

INTRODUCTION

Multiple sclerosis (MS) is a complex, highly debilitating
inflammatory disease of the central nervous system (CNS) and
represents the most common cause of neurological disability in
young adults (1). Most of the available drugs display efficacy in
the relapsing-remitting (RR-MS) form of the disease (2), where
frequent waves of infiltrating immune cells into the CNS lead to
demyelination, but not in progressive MS, where oligodendrocyte
and neuroaxonal damage is sustained by compartmentalized
inflammation due to glial dysregulation (3). After several years
of disease most of the RR-MS patients enter the progressive
stage (called secondary progressive MS, SP-MS), characterized
by steady accumulation of disability in absence of acute clinical
events (4). Sphingosine 1-phosphate (S1P)-S1P receptor axis
is a known pharmacological target in MS, due to its key role
in the regulation of immune cell migration from peripheral
lymphoid organs to CNS (5). S1P signals through five G protein-
coupled receptors (S1P1-5), which are widely expressed and
control several cellular processes, such as growth, survival and
differentiation (5). Neurons and glia cells in the CNS may bear
S1P receptors (6, 7), opening to the possibility of interfering with
events occurring in the nervous tissue via targeting S1P signaling
pathway. Fingolimod (FTY720), the first oral therapy approved
for RR-MS, is a prodrug that, after activation by phosphorylation,
binds to all S1P receptors with the exception of S1P2 (8), and
thereby induces lymphopenia (9), reduces the inflammatory
activation of circulating and CNS-resident myeloid cells (10-
13), and blocks astrocyte activation during neuroinflammation
(7, 14, 15). Despite the lack of efficacy for fingolimod in
progressive MS (16), the potential neuroprotective effects due
to the blockade of S1P-S1P receptor axis in CNS prompted the
development of novel SIP receptor modulators which work as
active drugs. The recent phase-3 EXPAND trial demonstrated
that oral administration of siponimod (BAF312), which targets
S1P1 and S1P5 (17), attenuates the risk of disability progression
in SP-MS, with a major effect in those patients with inflammatory
disease (18). For this reason the European Medicines Agency
recommended BAF312 as first oral treatment for active SP-
MS in November 2019'. BAF312 treatment significantly hinders
lesion enlargement and brain atrophy after 12 months (18),
demonstrating relevant protective properties in CNS tissue via
mechanisms which remain to be clarified. In vitro models for
human astrocytes can be generated from readily accessible cells,
such as fibroblasts, and provide the unprecedented possibility
to explore the contribution of this glia cell population to
human diseases, study its interaction with neuronal cells and

Uhttps://www.ema.europa.eu/en/medicines/human/summaries- opinion/mayzent

test potential neuroprotective drugs. To address direct effects
of BAF312 on glial function and glia-neuron interaction, we
generated human astrocytes from reprogrammed fibroblasts and
set up a series of in vitro assays to verify whether BAF312 may
hamper glial inflammatory activity and support physiological and
anti-oxidant functions of the astrocyte.

MATERIALS AND METHODS

Fibroblast Reprogramming and

Differentiation Into iAstrocytes

Human skin biopsies were obtained from two healthy subjects
after signing of informed consent approved by the Ethics
Committee of Ospedale San Raffaele. Fibroblasts were isolated
and reprogrammed to generate human iPSC clones with the
Sendai virus technology (CytoTune-iPS Sendai Reprogramming
Kit, Thermo Fisher Scientific) (19). iPSC clone characterization
is described in (20). Human neural precursor cells (hiPSC-
NPCs) were generated with the dual SMAD inhibition
(SB431542/Dorsomorphin)/Hedgehog  pathway  activation
(SAG/Purmorphamine)/WNT pathway activator (CHIR99021)
and maintained in proliferation medium as described in (21).
For astrocyte differentiation, the iNPCs were seeded at low
density in Geltrex (Thermo Fisher Scientific)-coated T75 flasks
(2 x 10° cells/flask) for 24 h. The day after, proliferation medium
was changed to DMEM supplemented with 1% antibiotics,
200 mM L-Glutamine, 100 mM Sodium Pyruvate (Thermo
Fisher Scientific), 10% FCS and 0.3% N2 (22). Astrocytes were
allowed to differentiate for several weeks, detached using trypsin
and checked for morphology and marker expression at different
time points. Phase contrast images for morphologic assessment
were obtained at Leica DMIL LED microscope.

Stimulation of Human iAstrocytes

Human iAstrocytes were incubated with 100 nM Fingolimod
(FTY720-phosphate, Selleckchem), 100 nM Siponimod (BAF312,
Selleckchem) or 1 pwM NIBR-0213 (Merck) or vehicle (PBS
or DMSO max 0.4% v/v) for 1 hour. Cells were then treated
with IL1P (10 ng/ml, Thermo Fisher Scientific), IL17 (10 ng/ml,
Peprotech) or S1P (100 nM, Echelon Biosciences). Incubation
times were 1 h for S1P1 internalization assay, 30 min for NFkB
assay, 1, 2 or 4 h for Nrf2 assay or 24 h for glutamate transporter
assay. Cells were then processed for immunofluorescence and
stained with appropriate primary antibodies. For the generation
of astrocyte conditioned media iAstrocytes were pre-incubated
with drugs, and then exposed to the inflammatory stimuli for
8 h. Astrocyte medium was replaced with fresh neuronal medium
and, after additional 24 h culture, supernatants were collected,
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centrifuged to remove cell debris, and stored at —80°C. Before
addition to primary neurons, astrocyte supernatants were diluted
down to 1:4 with medium.

RNA Extraction, cDNA Synthesis, and

Qualitative PCR

Total RNA was extracted by Tri Reagent Solution (Thermo
Fisher Scientific) and reverse transcribed using random
hexamer primers and Superscript III reverse transcriptase (all
from Thermo Fisher Scientific) following the manufacturers’
instructions. To remove contaminating DNA, RNA was treated
with DNasel enzyme (Thermo Fisher Scientific). As positive
control, human peripheral blood mononuclear cells (PBMC)
were isolated from a healthy donor as described in (10) and
total RNA was extracted. Qualitative RT-PCR was performed
using GoTaq G2 DNA polymerase (Promega) and dNTPs set
(Thermo Fisher Scientific). The sequences of used primers are
as follows: 5-GGA GTA GTT CCC GAA GGA CC-3’ (sense)
and 5-TCT AGA ATC CAC GGG GTC TG-3' (antisense) for
S1P5 receptor (236-bp product), 5'-GAT GAC ATC AAG AAG
GTG GTG AA-3' (sense) and 5-GTC TTA CTC CTT GGA
GGC CAT GT-3' (antisense) for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (246-bp product). Thirty-two cycles
of amplification were performed at 94°C for 30 s, at 60°C for
30 s, and at 72°C for 1 min. PCR products were separated by
electrophoresis on 2% agarose gel and visualized with SYBR Safe
(Thermo Fisher Scientific) staining.

Generation and Treatment of Primary

Spinal Neurons

Primary spinal neurons were obtained from 16-day-old Sprague
Dawley rat embryos as described (7, 23). Briefly, embryonal
spinal cords, depleted of spinal root ganglia, were dissected,
carefully minced and digested for 15 min at 37°C with 500 pLg/ml
DNAsi I (Roche) and 0.25% trypsin (Thermo Fisher Scientific)
in L-15 medium (Thermo Fisher Scientific) supplemented with
antibiotics. After digestion, tissue homogenate was washed 3
times with L-15 medium and finally cultured in Neurobasal
medium (Thermo Fisher Scientific) supplemented with 10 ng/ml
glial cell-derived neurotrophic factor (GDNF; Sigma), 20 ng/ml
fibroblast growth factor (FGF; Peprotech), 50 pg/ml insulin
(Sigma), B27 supplement (Thermo Fisher Scientific), 1% FCS
(Euroclone), and 10 mM Glucose. Cells were seeded on poly-D-
lysine and collagen (both from Sigma) coated glass coverslips.
After 24 h 15 pM Cytosine b-D-arabinofurnoside (AraC;
Sigma) was added to cultures and left for 4 days to eliminate
contaminating microglia cells, astrocytes and oligodendrocytes.
Neurons were exposed to astrocyte conditioned media for
8 h, then processed for immunofluorescence and stained
with monoclonal antibody against B-tubulin. All nuclei were
stained with DAPI. For assessment of neuronal counts, the
numbers of DAPI positive nuclei were quantified and reported
as percentage of control (neurons exposed to supernatants
from vehicle-treated astrocytes; SCTRL). Neuronal network was
measured by PB-tubulin signal and expressed as percentage
of controls.

Immunofluorescence Experiments

Astrocytes or neurons were plated on coverslips, fixed in 4%
PFA or MetOH, permeabilized with 0.2% Triton X-100 (Merck),
blocked in PBS + 1% BSA (Merck) + 5% FCS and stained with
primary antibodies. Then, cells were incubated with appropriate
species-specific Alexa Fluor 488/594-conjugated secondary
antibodies (Thermo Fisher Scientific), counterstained with
4/,6-diamidino-2-phenylindole (DAPI, Sigma) and mounted
with fluorescent mounting medium (Agilent). The following
primary antibodies were used: rabbit anti-GFAP (Agilent), mouse
anti-nestin (Merck Millipore), mouse anti-vimentin (Abcam),
rabbit anti-S1008 (Abcam), rabbit anti-EDG1 (Santa Cruz
Biotechnology), rabbit anti-EDG3 (Santa Cruz Biotechnology),
mouse anti-ILIR (R&D), rabbit anti-IL17R (Santa Cruz
biotechnology), rabbit anti- NFkB p65 (Abcam), rabbit anti-
GLAST (Abcam), guinea pig anti-GLT1 (Merck Millipore), rabbit
anti-Nrf2 (Abcam), mouse anti Neuronal Class III $-Tubulin
(Covance). The following secondary antibodies were used:
Alexa Fluor 488 donkey anti-rabbit IgG (H + L), Alexa Fluor
594 donkey anti-rabbit IgG (H + L), Alexa Fluor 488 donkey
anti-mouse IgG (H + L), Alexa Fluor 594 donkey anti-mouse
IgG (H + L), Alexa Fluor 488 goat anti-guinea pig IgG (H + L)
(all from Thermo Fisher Scientific). Fluorescence images were
captured at fluorescence microscope (Leica DM5500B) or Leica
TCS SP5 confocal laser-scanning microscope equipped with 40x
oil objective. LASAF and LASX softwares were used for image
acquisition, and Image] (download at: http://rsbweb.nih.gov/ij/)
software was used for image analysis. To quantify nuclear NFkB
and Nrf2, DAPI images were converted to 8-bit, and regions
of interest (ROIs) were generated to select (DAPI positive)
nuclei. Then ROIs were applied to the corresponding NFkB
or Nrf2 images, fluorescence thresholds were fixed on the
unstimulated condition, and the fraction of positive nuclei
was assessed (an example of analytical strategy is depicted for
Nrf2 in Supplementary Figure S3). Similarly, the fraction of
highly fluorescent astrocytes above the threshold was used
to quantify cellular GLAST and GLT1 expression under the
distinct conditions.

Statistical Analyses

Data in figures are presented as mean =+ standard deviation
(SD) or standard error of the mean (SEM) as indicated in
figure legends. The exact number of independent experiments
performed is reported in figure legends. Unpaired t-test was
performed to compare means. All p-values were two-sided and
subjected to a significance level of 0.05. In figures, asterisks denote
statistical significance as *p < 0.05; **p < 0.01; ***p < 0.001.
Statistical analyses were performed in Excel or GraphPad Prism.

RESULTS

Generation and Characterization of

Human iAstrocytes
Human fibroblasts were isolated from skin biopsies and
reprogrammed to generate human iPSC clones, which were
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differentiated first in iPSC-derived NPCs and then into mature
astrocytes (hereon called iAstrocytes). Cells were cultured
for several weeks and sampled at different time points to
assess their morphology and phenotype. First, we observed
a significant change in cell size and morphology during the
differentiation process from iNPC, as human iAstrocytes clearly
showed an increment in cell size and acquired the typical
morphology of astroglia (Figure 1A). Immunofluorescence
experiments confirmed that classical astrocyte markers were
highly expressed in all analyzed cultures. In fact, iAstrocytes
were positive for GFAP, S100f3, nestin and vimentin that
remained expressed at high levels also at advanced culture
stages (Figures 1B,D). As reactive astrocytes in MS lesions
display coordinated upregulation of receptors for inflammatory
cytokines (IL1R, IL17R) and the lipid mediator SIP (SI1P1 and
S1P3) (7), we checked protein expression of these receptors
on human iAstrocytes and observed strong positivity for all
of them (Figures 1C,E), indicating that our in vitro human
cell model mimics the phenotype of the reactive glia cell
in the human pathological tissue and may be responsive to
inflammatory mediators. Human iAstrocytes did not express
transcripts for S1P5, another possible target of BAF312 or
FTY720 (Supplementary Figure S1).

BAF312 Blocks Inflammatory Activation
of iAstrocytes and Supports

Maintenance of Glutamate Transporters
We set up in vitro assays with our human cell system to study the
effects of BAF312 and FTY720 on different astrocyte functions.

As these drugs were shown to induce rapid SIP1
internalization in rodent astrocytes (24, 25), we checked
this phenomenon in our cells and confirmed that, differently
from control cells, iAstrocytes displayed intracellular S1P1
aggregates with perinuclear distribution when exposed to
FTY720 or BAF312 for 1 h (Supplementary Figure S2).

NFkB is a key transcription factor in cytokine and SIP
signaling, and plays a pivotal role in the amplification of
inflammatory and neurodegenerative processes (5, 26). We
verified whether our human iAstrocytes activated NFkB
in response to inflammatory cues and studied the effect
of SIP signaling modulators on astrocyte behavior. As
shown in Figures 2A,B, IL1 or IL17 strongly induced
nuclear translocation of NFkB-p65 in human iAstrocytes,
however, this effect was blocked by astrocyte exposure to
BAF312 or FTY720.

Maintenance of extracellular glutamate concentrations
below neurotoxic levels is a critical function of glial glutamate
transporters GLAST and GLT1 (27). Both transporters were
expressed on resting iAstrocytes (CTRL; Figures 2C,E), but
strongly downregulated in cells exposed to inflammatory
cytokines for 24 h (Figures 2C-F). Differently, cells treated
with BAF312 or FTY720 maintained high GLAST and
GLT1 expression even under inflammatory conditions
(Figures 2C-F).

Astrocytes may react to the mediator S1P via S1P1 and
S1P3. While FTY720 targets both receptors, BAF312 is selective

iAstrocytes
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FIGURE 1 | Characterization of iPSC-derived astrocytes. (A) Phase contrast
images showing human iNPC (left panel) and human iAstrocytes (right panel).
(B,C) Representative immunofluorescence stainings for GFAP, S1008, nestin,
vimentin (B) and S1P1, S1P3, IL1R and IL17R (C) in human iAstrocytes. DAPI
was used for nuclear staining. (D,E) Percentage of cells positive for astrocyte
markers at two timepoints during differentiation. Reported quantifications were
performed on three different human iAstrocytes preparations from the same
iNPC cell line. Bars represent SEM. Same observations were recorded in
human iAstrocytes from a second INPC cell line. Scale bar = 30 pm.

for S1P1 only, leaving open the possibility of responding to
S1P via S1P3. To check this hypothesis we used the NF«B
assay to measure astrocyte activation in response to S1P and
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(B) Graph reports the percentage of NFkB-p65 positive nuclei in human iAstrocytes under distinct conditions. (C-F) Representative immunofluorescence stainings
for GLAST (C) and GLT1 (E) in human iAstrocytes and relative quantifications (D,F) under distinct conditions. Representative images are shown. DAPI was used for
nuclear staining. Data are shown as mean + SD of a representative experiment out of three independent experiments. Scale bars: 30 pm. *p < 0.05, *p < 0.01,
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differentially interfered with S1P signaling via FTY720 or
BAF312. As shown in Figure 3, selective blockade of S1P1
and not S1P3 with BAF312 achieved similar, strong inhibition
of S1P-induced NFkB-p65 translocation to that exerted by
FTY720 (Figures 3A,B). As additional control, iAstrocytes were
treated with NIBR-0213, a potent and selective SIP1 antagonist
(28), and S1P-mediated NFkB-p65 nuclear translocation was
assessed. Similarly to BAF312, specific inhibition of S1P1
via NIBR-0213 abolished S1P-evoked NFkB-p65 translocation
(Figures 3C,D). S1P also downregulated protein expression of
glutamate transporters on iAstrocytes (Figures 3E-G), however,
this process was equally hindered by FTY720 and BAF312
(Figures 3E-G).

All together these data indicate that triggering of
inflammatory signaling cascades in glia cells may be prevented
by S1P receptor modulators, and that S1P1 targeting via BAF312

is sufficient to directly dampen inflammatory activation via other
S1P receptors and support physiological astrocyte functions.

BAF312 Induces Nrf2 Activation in

Human iAstrocytes

Activation of the transcription factor Nrf2 represents a
key checkpoint for cellular antioxidant responses and its
induction in astrocytes may confer neuroprotection during
neuroinflammation (29). To ascertain whether BAF312 and
FTY720 may regulate Nrf2 activation in glial cells, human
iAstrocytes were stimulated with the drugs over a few hours
and assessed for Nrf2 expression by immunofluorescence. Under
resting conditions, iAstrocytes displayed mainly cytoplasmic
Nrf2 expression (Figure 4A), however, exposure to SIP
modulators for 1 h significantly increased Nrf2 nuclear levels
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FIGURE 3 | S1P1 targeting is sufficient to support physiological astrocyte functions. (A) Representative immunofluorescence stainings for NFkB-p65 in human
iAstrocytes stimulated with S1P alone or after pre-incubation with FTY720 or BAF312 and relative quantifications (B). (C) Fluorescence images for NFkB-p65 in
human iAstrocyte cultures stimulated with S1P eventually in the presence of NIBR-0213. Percentage of NFkB-p65 positive nuclei is reported in (D).

(E) Representative immunofluorescence stainings for GLAST in human iAstrocytes exposed to vehicle (CTRL), S1P alone or after pre-incubation with BAF312. (F,G)
Frequency of GLAST (F) or GLT1 (G) high positive cells under the different experimental conditions. DAPI was used for nuclear staining. Data are shown as

mean + SD of a representative experiment out of three independent experiments. Scale bars: 30 um. *p < 0.05, *p < 0.01, **p < 0.001.

(Figures 4A,B), an effect that persisted over time (Figure 4B).
We then checked whether this action was maintained under
inflammatory conditions, and noted that Nrf2 induction was
significantly reduced in the presence of ILI, IL17 or S1P
(Figures 4C-F). These experiments indicate that S1P receptor
modulators may directly activate protective responses in glial
cells via Nrf2, but that their efficacy may be affected upon
neuroinflammation.

BAF312 Hampers Astrocyte-Induced

Neurodegeneration

To test the overall impact of astrocyte mediators on neurons,
we exposed human iAstrocytes to the drugs and then to the
inflammatory mediators for 8 h, changed the medium to remove
stimuli and collected the supernatants after a further 24 h culture.
Astrocyte-conditioned media were then added to pure cultures
of spinal neurons, which were then assessed for cell number
and morphology via DAPI and B-tubulin stainings. While
supernatants from non-treated (sSCTRL) or FTY720- or BAF312-
treated cultures (sFTY720, sBAF312) did not affect neuronal
survival and network integrity, conditioned media from human
iAstrocytes stimulated with the inflammatory factors (sIL1, sIL17,
and sS1P) triggered robust degenerative responses characterized
by neuronal loss and neurite fragmentation (Figures 5A-C).

However, when astrocyte media were generated in the presence
of BAF312 or FTY720, their addition to spinal neurons did
not trigger neurodegeneration despite astrocyte exposure to
the inflammatory mediators (Figures 5A-C), indicating that
astrocyte targeting by S1P receptor modulators may rescue
neurons from astrocyte-induced degeneration.

DISCUSSION

In this study, we provided in vitro evidence of neuroprotective
effects of BAF312 via the human astrocyte during inflammation.
In particular, we (i) generated human fibroblast-derived
astrocytes to measure pharmacological effects of SIP receptor
modulators; (ii) addressed the direct impact of BAF312 on
NFkB activation and glutamate transporters in astrocytes; (iii)
demonstrated the direct activation of Nrf2 by SI1P receptor
modulators; and (iv) performed side-by-side comparisons
between BAF312 and FT'Y720 in all in vitro assays. Importantly,
BAF312 action on the astrocyte was strong enough to inhibit
neurodegeneration triggered by glial mediators generated during
neuroinflammation.

The recent results about the efficacy of the S1P receptor
modulator BAF312 in the treatment of secondary progressive
MS indicate that the slowdown of disability progression is
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FIGURE 4 | S1P receptor modulators induces Nrf2 activation in glial cells.
(A) Representative immunofluorescence stainings for Nrf2 in human
iAstrocytes exposed for 1 hour to FTY720 or BAF312. (B) Frequency of Nrf2
positive nuclei in human iAstrocytes stimulated with drugs at different time
points. (C) Representative Nrf2 immunofluorescence stainings in iAstrocytes
exposed for 1 hour to S1P alone or after 1 hour pretreatment with drugs.
(D-F) Frequency of Nrf2 positive nuclei in human iAstrocytes treated with
drugs alone or in the presence of IL1 (D), IL17 (E) or S1P (F). Data are shown
as mean £ SD of a representative experiment out of 2-3 independent
experiments. In (A) and (C) white arrows highlight Nrf2 positive nuclei. Scale
bar: 30 um. *p < 0.05, **p < 0.01, **p < 0.001.

associated with significant effects on lesion enlargement and
brain atrophy (18), thus on the neuropathological, degenerative
components of SP-MS due to oligodendrocyte injury and axonal
degeneration aggravated by dysregulated activity of CNS resident
cells (30). Astrocytes may contribute to these processes by several
mechanisms, including the release of inflammatory cytokines and
cytotoxic factors and the formation of a dense glial scar inhibiting
tissue repair (31, 32). In vivo findings from experimental
neuroinflammation support the hypothesis of protective effects
of BAF312 in the CNS (33). In fact, direct administration
of the drug into the CNS of animals with experimental MS
ameliorates disease expression, and reduces CNS inflammation
and loss of GABAergic signaling (33). This action is accompanied
by shrinkage of astrogliosis in vivo, suggesting an impact on
the inflammatory activation of the astrocyte (33). Astrocytes
upregulate SI1P receptors SIP1 and S1P3 in vitro and in vivo
under inflammatory conditions (7, 34), thus they may become
target of S1P signaling modulators. BAF312 may directly induce
in vitro glial Ca?* levels and ERK phosphorylation mainly via
S1P1 receptor (25). Our in vitro data corroborate the evidence
for BAF312 action on several distinct astrocyte functions, and
identify Nrf2 and NFkB as crucial transcription factors regulated
by BAF312 in astrocytes. Whilst glial Nrf2 induces in vivo
anti-oxidant, anti-inflammatory and neuroprotective responses
(35), astrocytic NFkB is primarily involved in pro-inflammatory
reactions, scar formation and neurodegeneration (36-39). Thus,
the balance between these two pathways is critical for regulation
of cellular responses to stress and inflammation. It is relevant
to underline that functional SI1P signaling is necessary for
cytokine-evoked astrocyte activation, as its targeting by FTY720
completely impairs glial NFkB translocation in response to IL1
and IL17 (7). Here we show for the first time that the SIP
modulator BAF312 rapidly induces Nrf2 nuclear translocation in
glia cells, and that this phenomenon is paralleled by the blockade
of NFkB activation under inflammatory conditions. Considering
that S1P concentration is high in blood (>100 nM) (40) and that
levels around 100 nM may be plausibly reached in the inflamed
CNS due to blood-brain barrier breakdown, to interfere with S1P
signaling we employed 100 nM BAF312 or active FTY720 in our
in vitro tests. No information is available about the concentration
reached by the two drugs in the human CNS, while it is known
that BAF312 and active FTY720 concentrations are, respectively,
around 60 and 5 nM in plasma of human treated subjects (41, 42).
Notably, evidences from mouse models indicate that drug levels
in the CNS exceed those in blood severalfold, and that FTY720
accumulates even more in the inflamed vs. healthy CNS (43, 44).
Here, we report that BAF312 and FT'Y720 display comparable
efficacy in parallel in vitro tests, confirming the crucial pathogenic
role of S1P signaling in astrocyte function and implying that the
drugs may result equally potent on glial cells, assuming that the
levels of active FTY720 are similar to those reached by BAF312.
Although S1P signaling in astrocytes can be triggered by
two (SI1P1 and S1P3) receptors, S1P1 appears to play a major
role in glial functions. In fact, S1P1-selective agonism reduces
astrogliosis in experimental MS with similar efficacy to FTY720,
which targets several SIP receptors (45). Further, transgenic
mice with selective removal of S1P1 from GFAP-expressing cells
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FIGURE 5 | BAF312 blocks neurodegeneration induced by astrocyte responses to cytokines and S1P. (A) Representative immunofluorescence stainings for
B-tubulin and DAPI of spinal neurons after exposure to media generated from vehicle (SCTRL)-, FTY720- or BAF312- treated astrocytes (upper panels), IL1-, IL17- or
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develop milder neuroinflammatory disease and do not respond
to FTY720 treatment (45). Here we show that, in our in vitro
human system, S1P signaling via S1P1 is necessary and sufficient
to modulate astrocyte behavior. In fact, glial responses to S1P are
efficiently and equally inhibited by BAF312 (which targets S1P1)
and FTY720 (which targets both S1P1 and S1P3). Moreover,
treatment with the potent and selective S1P1 antagonist NIBR-
0213 is sufficient to abolish NFkB activation.

Internalization of S1P1 receptor following ligand binding
has been observed in cells artificially overexpressing S1P1
(45, 46). This phenomenon has been visualized in primary
rodent astrocytes exposed to nanomolar doses of FTY720
or to micromolar BAF312 (24, 25), while no evidence was
available for human astrocytes. Here we show that FTY720
and BAF312 induce formation of intracellular S1P1 aggregates
with perinuclear distribution in our cells, thus demonstrating
internalization of physiological levels of SIP1 in human glia.
Notably, internalized S1P1 receptors may maintain signaling
activity following exposure to FTY720 and not S1P, suggesting
persistent agonism mediated by the drug (24, 46). On the
other hand, our studies indicate that S1P receptor modulators
are functional antagonists of SIP and cytokine signaling.
This action may thus result either from the loss of surface
S1P1 receptor or from the interference of internalized S1P1
activity with inflammatory signaling, an issue which deserves
further investigation.

A pathological consequence of neuroinflammation is the
dysfunction of glutamatergic transmission due to malfunctioning
of glutamate transport. Glutamate is the main excitatory
neurotransmitter in the CNS, but excessive glutamate
accumulation in the synaptic and extra-synaptic spaces leads
to neuronal death through a process called excitotoxicity (47).
Under physiological conditions glutamate clearance from the
extracellular milieu is primarily achieved by astrocytes via the
glutamate transporters GLAST and GLT1 (48), whose levels,
however, become low under inflammatory state (49, 50). The
beneficial effect of FIY720 in experimental MS has been
associated with restoration of glial glutamate transporters (51).
Our study proves that inflammatory cytokines and S1P indeed
downregulate GLAST and GLT1 proteins in astrocytes, and
that BAF312 or FTY720 directly support the maintenance of
these transporters. This implies that S1P signaling modulators
may restore proper glutamate buffering by astrocytes back to
physiological levels.

Astrocyte activation is crucial in driving inflammation-
induced neurodegeneration. In fact, SIP- or cytokine-activated
astrocytes release factors that trigger neuronal death, as nitric
oxide (7) or reactive oxygen species (52). Importantly, blockade
of SIP signaling in glia cells by FTY720 hampers NO release
in response to S1P and inflammatory cytokines, and prevents
from astrocyte-induced neuronal death (7). Similarly to what
shown for FTY720 (7), our experiments on primary cultures
of spinal neurons demonstrate that neurotoxicity mediated
by conditioned media from activated astrocytes is abolished

when astrocytes are exposed to BAF312. This final evidence
unequivocally confirms that the net result of the modulation of
S1P signaling in the astrocyte is indeed the blockade of astrocyte-
mediated neurodegeneration.

CONCLUSION

In conclusion, our investigation highlights indirect
neuroprotective properties for BAF312 via targeting S1P-S1P1
axis in glia cells.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The participants to the study provided their written informed
consent approved by the Ethics Committee of Ospedale San
Raffaele, Milan.

AUTHOR CONTRIBUTIONS

EC and CB performed in vitro experiments and statistical
analyses. AD performed the iAstrocyte differentiation from
human iNPCs. FR and LO generated and provided the human
iNPCs. EC and CF analyzed the data and wrote the manuscript.
GC and GM discussed the project and results. GM provided
reagents. CF conceived and designed the experiments. All authors
read and approved the submitted version.

FUNDING

This work was funded by Novartis, FISM (Fondazione Italiana
Sclerosi Multipla, grant 2016/R/14 to CF) and cofinanced with
the 5 per mille public funding.

ACKNOWLEDGMENTS

The authors thank Marc Bigaud at Novartis for critical reading
of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.00635/full#supplementary- material

Frontiers in Immunology | www.frontiersin.org

April 2020 | Volume 11 | Article 635


https://www.frontiersin.org/articles/10.3389/fimmu.2020.00635/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00635/full#supplementary-material
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Colombo et al.

Human Astrocytes as Siponimod Target

REFERENCES 21. Reinhardt P, Glatza M, Hemmer K, Tsytsyura Y, Thiel CS, Hoing S, et al.
Derivation and expansion using only small molecules of human neural
1. Compston A, Coles A. Multiple sclerosis. Lancet. (2008) 372:1502-17. doi: progenitors for neurodegenerative disease modeling. PLoS One. (2013)
10.1016/S0140-6736(08)61620-7 8:59252. doi: 10.1371/journal.pone.0059252
2. Rommer PS, Milo R, Han MH, Satyanarayan S, Sellner J, Hauer L, et al.  22. Meyer K, Ferraiuolo L, Miranda CJ, Likhite S, McElroy S, Renusch S, et al.
Immunological aspects of approved MS therapeutics. Front Immunol. (2019) Direct conversion of patient fibroblasts demonstrates non-cell autonomous
10:1564. doi: 10.3389/fimmu.2019.01564 toxicity of astrocytes to motor neurons in familial and sporadic ALS. Proc Natl
3. Lassmann H. Multiple sclerosis pathology. Cold Spring Harb Perspect Med. Acad Sci USA. (2014) 111:829-32. doi: 10.1073/pnas.1314085111
(2018) 8:a028936. 23. Colombo E, Cordiglieri C, Melli G, Newcombe ], Krumbholz M, Parada LF,
4. Lassmann H. Pathogenic mechanisms associated with different clinical courses et al. Stimulation of the neurotrophin receptor TrkB on astrocytes drives nitric
of multiple sclerosis. Front Immunol. (2019) 9:3116. doi: 10.3389/fimmu.2018. oxide production and neurodegeneration. ] Exp Med. (2012) 209:521-35. doi:
03116 10.1084/jem.20110698
5. Spiegel S, Milstien S. The outs and the ins of sphingosine-1-phosphate in ~ 24. Healy LM, Sheridan GK, Pritchard AJ, Rutkowska A, Mullershausen E, Dev
immunity. Nat Rev Immunol. (2011) 11:403-15. doi: 10.1038/nri2974 KK. Pathway specific modulation of S1P1 receptor signalling in rat and human
6. Soliven B, Miron V, Chun J. The neurobiology of sphingosine 1-phosphate astrocytes. Br ] Pharmacol. (2013) 169:1114-29. doi: 10.1111/bph.12207
signaling and sphingosine 1-phosphate receptor modulators. Neurology. ~ 25. O’Sullivan C, Schubart A, Mir AK, Dev KK. The dual SIPR1/S1PR5 drug
(2011) 76:59-14. doi: 10.1212/WNL.0b013e31820d9507 BAF312 (Siponimod) attenuates demyelination in organotypic slice cultures.
7. Colombo E, Di Dario M, Capitolo E, Chaabane L, Newcombe J, Martino G, J Neuroinflammation. (2016) 13:31. doi: 10.1186/s12974-016-0494-x
et al. Fingolimod may support neuroprotection via blockade of astrocyte nitric ~ 26. Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling in inflammation. Signal
oxide. Ann Neurol. (2014) 76:325-37. doi: 10.1002/ana.24217 Transduct Target Ther. (2017) 2:17023. doi: 10.1038/sigtrans.2017.23
8. Brinkmann V, Billich A, Baumruker T, Heining P, Schmouder R, Francis G,  27. Mahmoud S, Gharagozloo M, Simard C, Gris D. Astrocytes maintain
et al. Fingolimod (FTY720): discovery and development of an oral drug to glutamate homeostasis in the CNS by controlling the balance between
treat multiple sclerosis. Nat Rev Drug Discov. (2010) 9:883-97. doi: 10.1038/ glutamate uptake and release. Cells. (2019) 8:184. doi: 10.3390/cells802
nrd3248 0184
9. Kowarik MC, Pellkofer HL, Cepok S, Korn T, Kumpfel T, Buck D, et al. ~ 28. Quancard ], Bollbuck B, Janser P, Angst D, Berst F, Buehlmayer P, et al. A potent
Differential effects of fingolimod (FTY720) on immune cells in the CSF and and selective S1P(1) antagonist with efficacy in experimental autoimmune
blood of patients with MS. Neurology. (2011) 76:1214-21. doi: 10.1212/WNL. encephalomyelitis. Chem Biol. (2012) 19:1142-51. doi: 10.1016/j.chembiol.
0b013e3182143564 2012.07.016
10. Di Dario M, Colombo E, Govi C, De Feo D, Messina MJ, Romeo M, 29. Vargas MR, Johnson JA. The Nrf2-ARE cytoprotective pathway in astrocytes.
et al. Myeloid cells as target of fingolimod action in multiple sclerosis. Expert Rev Mol Med. (2009) 11:e17. doi: 10.1017/51462399409001094
Neurol Neuroimmunol Neuroinflamm. (2015) 2:e157. doi: 10.1212/NXI.  30. Lassmann H, van Horssen J, Mahad D. Progressive multiple sclerosis:
0000000000000157 pathology and pathogenesis. Nat Rev Neurol. (2012) 8:647-56. doi: 10.1038/
11. Luessi E Kraus S, Trinschek B, Lerch S, Ploen R, Paterka M, et al. FTY720 nrneurol.2012.168
(fingolimod) treatment tips the balance towards less immunogenic antigen- ~ 31. Farina C, Aloisi F, Meinl E. Astrocytes are active players in cerebral innate
presenting cells in patients with multiple sclerosis. Mult Scler. (2015) 21:1811— immunity. Trends Immunol. (2007) 28:138-45. doi: 10.1016/.it.2007.01.005
22. doi: 10.1177/1352458515574895 32. Sofroniew MV. Astrogliosis. Cold Spring Harb Perspect Biol. (2014) 7:a020420.
12. Noda H, Takeuchi H, Mizuno T, Suzumura A. Fingolimod phosphate doi: 10.1101/cshperspect.a020420
promotes the neuroprotective effects of microglia. ] Neuroimmunol. (2013)  33. Gentile A, Musella A, Bullitta S, Fresegna D, De Vito F, Fantozzi R, et al.
256:13-8. doi: 10.1016/j.jneuroim.2012.12.005 Siponimod (BAF312) prevents synaptic neurodegeneration in experimental
13. Cipriani R, Chara JC, Rodriguez-Antiguedad A, Matute C. FTY720 attenuates multiple sclerosis. J Neuroinflammation. (2016) 13:207. doi: 10.1186/s12974-
excitotoxicity and neuroinflammation. J Neuroinflammation. (2015) 12:86. 016-0686-4
doi: 10.1186/s12974-015-0308-6 34. Fischer I, Alliod C, Martinier N, Newcombe ], Brana C, Pouly S. Sphingosine
14. Groves A, Kihara Y, Chun J. Fingolimod: direct CNS effects of sphingosine kinase 1 and sphingosine 1-phosphate receptor 3 are functionally upregulated
1-phosphate (S1P) receptor modulation and implications in multiple sclerosis on astrocytes under pro-inflammatory conditions. PLoS One. (2011) 6:¢23905.
therapy. J Neurol Sci. (2013) 328:9-18. doi: 10.1016/j.jns.2013.02.011 doi: 10.1371/journal.pone.0023905
15. Wu C, Leong SY, Moore CS, Cui QL, Gris P, Bernier LP, et al. Dual effects of ~ 35. Draheim T, Liessem A, Scheld M, Wilms E, Weissflog M, Denecke B, et al.
daily FTY720 on human astrocytes in vitro: relevance for neuroinflammation. Activation of the astrocytic Nrf2/ARE system ameliorates the formation of
J Neuroinflammation. (2013) 10:814. doi: 10.1186/1742-2094-10-41 demyelinating lesions in a multiple sclerosis animal model. Glia. (2016)
16. Lublin E Miller DH, Freedman MS, Cree BAC, Wolinsky JS, Weiner H, 64:2219-30. doi: 10.1002/glia.23058
et al. Oral fingolimod in primary progressive multiple sclerosis INFORMS):  36. Wang X, Deckert M, Xuan NT, Nishanth G, Just S, Waisman A, et al.
a phase 3, randomised, double-blind, placebo-controlled trial. Lancet. (2016) Astrocytic A20 ameliorates experimental autoimmune encephalomyelitis by
387:1075-84. doi: 10.1016/S0140-6736(15)01314-8 inhibiting NF-kappaB- and STAT1-dependent chemokine production in
17. Gajofatto A. Spotlight on siponimod and its potential in the treatment of astrocytes. Acta Neuropathol. (2013) 126:711-24. doi: 10.1007/s00401-013-
secondary progressive multiple sclerosis: the evidence to date. Drug Des Devel 1183-9
Ther. (2017) 11:3153-7. doi: 10.2147/DDDT.S122249 37. Brambilla R, Hurtado A, Persaud T, Esham K, Pearse DD, Oudega M, et al.
18. Kappos L, Bar-Or A, Cree BAC, Fox RJ, Giovannoni G, Gold R, et al. Transgenic inhibition of astroglial NF-kappa B leads to increased axonal
Siponimod versus placebo in secondary progressive multiple sclerosis sparing and sprouting following spinal cord injury. J Neurochem. (2009)
(EXPAND): a double-blind, randomised, phase 3 study. Lancet. (2018) 110:765-78. doi: 10.1111/§.1471-4159.2009.06190.x
391:1263-73. doi: 10.1016/S0140-6736(18)30475-6 38. Brambilla R, Bracchi-Ricard V, Hu WH, Frydel B, Bramwell A, Karmally
19. La Spada A, Baronchelli S, Ottoboni L, Ruffini F, Martino G, Convertino S, et al. Inhibition of astroglial nuclear factor kappaB reduces inflammation
N, et al. Cell line macroarray: an alternative high-throughput platform to and improves functional recovery after spinal cord injury. ] Exp Med. (2005)
analyze hiPSC Lines. ] Histochem Cytochem. (2016) 64:739-51. doi: 10.1369/ 202:145-56. doi: 10.1084/jem.20041918
0022155416673969 39. Brambilla R, Persaud T, Hu X, Karmally S, Shestopalov VI, Dvoriantchikova
20. Pellegrini S, Manenti F, Chimienti R, Nano R, Ottoboni L, Ruffini F, et al. G, et al. Transgenic inhibition of astroglial NF-kappa B improves functional
Differentiation of sendai virus-reprogrammed ipsc into beta cells, compared outcome in experimental autoimmune encephalomyelitis by suppressing
with human pancreatic islets and immortalized beta cell line. Cell Transplant. chronic central nervous system inflammation. ] Immunol. (2009) 182:2628-40.
(2018) 27:1548-60. doi: 10.1177/0963689718798564 doi: 10.4049/jimmunol.0802954
Frontiers in Immunology | www.frontiersin.org 10 April 2020 | Volume 11 | Article 635


https://doi.org/10.1016/S0140-6736(08)61620-7
https://doi.org/10.1016/S0140-6736(08)61620-7
https://doi.org/10.3389/fimmu.2019.01564
https://doi.org/10.3389/fimmu.2018.03116
https://doi.org/10.3389/fimmu.2018.03116
https://doi.org/10.1038/nri2974
https://doi.org/10.1212/WNL.0b013e31820d9507
https://doi.org/10.1002/ana.24217
https://doi.org/10.1038/nrd3248
https://doi.org/10.1038/nrd3248
https://doi.org/10.1212/WNL.0b013e3182143564
https://doi.org/10.1212/WNL.0b013e3182143564
https://doi.org/10.1212/NXI.0000000000000157
https://doi.org/10.1212/NXI.0000000000000157
https://doi.org/10.1177/1352458515574895
https://doi.org/10.1016/j.jneuroim.2012.12.005
https://doi.org/10.1186/s12974-015-0308-6
https://doi.org/10.1016/j.jns.2013.02.011
https://doi.org/10.1186/1742-2094-10-41
https://doi.org/10.1016/S0140-6736(15)01314-8
https://doi.org/10.2147/DDDT.S122249
https://doi.org/10.1016/S0140-6736(18)30475-6
https://doi.org/10.1369/0022155416673969
https://doi.org/10.1369/0022155416673969
https://doi.org/10.1177/0963689718798564
https://doi.org/10.1371/journal.pone.0059252
https://doi.org/10.1073/pnas.1314085111
https://doi.org/10.1084/jem.20110698
https://doi.org/10.1084/jem.20110698
https://doi.org/10.1111/bph.12207
https://doi.org/10.1186/s12974-016-0494-x
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.3390/cells8020184
https://doi.org/10.3390/cells8020184
https://doi.org/10.1016/j.chembiol.2012.07.016
https://doi.org/10.1016/j.chembiol.2012.07.016
https://doi.org/10.1017/S1462399409001094
https://doi.org/10.1038/nrneurol.2012.168
https://doi.org/10.1038/nrneurol.2012.168
https://doi.org/10.1016/j.it.2007.01.005
https://doi.org/10.1101/cshperspect.a020420
https://doi.org/10.1186/s12974-016-0686-4
https://doi.org/10.1186/s12974-016-0686-4
https://doi.org/10.1371/journal.pone.0023905
https://doi.org/10.1002/glia.23058
https://doi.org/10.1007/s00401-013-1183-9
https://doi.org/10.1007/s00401-013-1183-9
https://doi.org/10.1111/j.1471-4159.2009.06190.x
https://doi.org/10.1084/jem.20041918
https://doi.org/10.4049/jimmunol.0802954
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Colombo et al.

Human Astrocytes as Siponimod Target

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hammad SM, Pierce JS, Soodavar E, Smith KJ, Al Gadban MM, Rembiesa B,
et al. Blood sphingolipidomics in healthy humans: impact of sample collection
methodology. J Lipid Res. (2010) 51:3074-87. doi: 10.1194/j1r.D008532
Gergely P, Nuesslein-Hildesheim B, Guerini D, Brinkmann V, Traebert M,
Bruns C, et al. The selective sphingosine 1-phosphate receptor modulator
BAF312 redirects lymphocyte distribution and has species-specific effects on
heart rate. Br ] Pharmacol. (2012) 167:1035-47. doi: 10.1111/.1476-5381.2012.
02061.x

David O], Berwick A, Pezous N, Lang M, Tiel-Wilck K, Ziemssen T, et al.
Determination of seminal concentration of fingolimod and fingolimod-
phosphate in multiple sclerosis patients receiving chronic treatment with
fingolimod. Clin Pharmacol Drug Dev. (2018) 7:217-21. doi: 10.1002/cpdd.
424

Foster CA, Howard LM, Schweitzer A, Persohn E, Hiestand PC, Balatoni
B, et al. Brain penetration of the oral immunomodulatory drug FTY720
and its phosphorylation in the central nervous system during experimental
autoimmune encephalomyelitis: consequences for mode of action in multiple
sclerosis. | Pharmacol Exp Ther. (2007) 323:469-75. doi: 10.1124/jpet.107.
127183

Bigaud M, Tisserand S, Ramseier P, Lang M, Perdoux J, Urban B,
et al. Differentiated pharmacokinetic/pharmacodynamic (PK/PD) profiles for
Siponimod (BAF312) versus Fingolimod. ECTRIMS Online Library. (2019)
278982:622.

Choi JW, Gardell SE, Herr DR, Rivera R, Lee CW, Noguchi K, et al.
FTY720 (fingolimod) efficacy in an animal model of multiple sclerosis requires
astrocyte sphingosine 1-phosphate receptor 1 (S1P1) modulation. Proc Natl
Acad Sci USA. (2011) 108:751-6. doi: 10.1073/pnas.1014154108
Mullershausen F, Zecri F, Cetin C, Billich A, Guerini D, Seuwen K. Persistent
signaling induced by FTY720-phosphate is mediated by internalized S1P1
receptors. Nat Chem Biol. (2009) 5:428-34. doi: 10.1038/nchembio.173
Macrez R, Stys PK, Vivien D, Lipton SA, Docagne F. Mechanisms of glutamate
toxicity in multiple sclerosis: biomarker and therapeutic opportunities. Lancet
Neurol. (2016) 15:1089-102. doi: 10.1016/S1474-4422(16)30165-X
Murphy-Royal C, Dupuis J, Groc L, Oliet SHR. Astroglial glutamate
transporters in the brain: regulating neurotransmitter homeostasis and
synaptic transmission. J Neurosci Res. (2017) 95:2140-51. doi: 10.1002/jnr.
24029

49. Vercellino M, Merola A, Piacentino C, Votta B, Capello E, Mancardi
GL, et al. Altered glutamate reuptake relapsing-remitting and
secondary progressive multiple sclerosis cortex: correlation with microglia
infiltration, demyelination, and neuronal and synaptic damage. ]
Neuropathol Exp Neurol. (2007) 66:732-9. doi: 10.1097/nen.0b013e3181
2571b0

Ohgoh M, Hanada T, Smith T, Hashimoto T, Ueno M, Yamanishi Y, et al.
Altered expression of glutamate transporters in experimental autoimmune
encephalomyelitis. ] Neuroimmunol. (2002) 125:170-8. doi: 10.1016/s0165-
5728(02)00029-2

Lee DH, Seubert S, Huhn K, Brecht L, Rotger C, Waschbisch A, et al.
Fingolimod effects in neuroinflammation: regulation of astroglial glutamate
transporters? PLoS One. (2017) 12:e0171552. doi: 10.1371/journal.pone.
0171552

Sheng WS, Hu S, Feng A, Rock RB. Reactive oxygen species from
human astrocytes induced functional impairment and oxidative
damage. Neurochem Res. (2013) 38:2148-59. doi: 10.1007/s11064-013-
1123-z

in

50.

51.

52.

Conflict of Interest: GC received consulting and speaking fees from Novartis,
Teva Pharmaceutical Industries Ltd., Teva Italia Srl, Sanofi Genzyme, Genzyme
Corporation Genzyme Europe, Merck KGgA, Merck Serono SpA, Celgene Group,
Biogen Idec, Biogen Italia Srl, F. Hoffman-La Roche, Roche SpA, Almirall SpA,
Forward Pharma, Medday, and Excemed. CF received grant support from Novartis
and FISM related to the work.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Colombo, Bassani, De Angelis, Ruffini, Ottoboni, Comi, Martino
and Farina. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

11

April 2020 | Volume 11 | Article 635


https://doi.org/10.1194/jlr.D008532
https://doi.org/10.1111/j.1476-5381.2012.02061.x
https://doi.org/10.1111/j.1476-5381.2012.02061.x
https://doi.org/10.1002/cpdd.424
https://doi.org/10.1002/cpdd.424
https://doi.org/10.1124/jpet.107.127183
https://doi.org/10.1124/jpet.107.127183
https://doi.org/10.1073/pnas.1014154108
https://doi.org/10.1038/nchembio.173
https://doi.org/10.1016/S1474-4422(16)30165-X
https://doi.org/10.1002/jnr.24029
https://doi.org/10.1002/jnr.24029
https://doi.org/10.1097/nen.0b013e31812571b0
https://doi.org/10.1097/nen.0b013e31812571b0
https://doi.org/10.1016/s0165-5728(02)00029-2
https://doi.org/10.1016/s0165-5728(02)00029-2
https://doi.org/10.1371/journal.pone.0171552
https://doi.org/10.1371/journal.pone.0171552
https://doi.org/10.1007/s11064-013-1123-z
https://doi.org/10.1007/s11064-013-1123-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Siponimod (BAF312) Activates Nrf2 While Hampering NFB in Human Astrocytes, and Protects From Astrocyte-Induced Neurodegeneration
	Introduction
	Materials and Methods
	Fibroblast Reprogramming and Differentiation Into iAstrocytes
	Stimulation of Human iAstrocytes
	RNA Extraction, cDNA Synthesis, and Qualitative PCR
	Generation and Treatment of Primary Spinal Neurons

	Immunofluorescence Experiments
	Statistical Analyses

	Results
	Generation and Characterization of Human iAstrocytes
	BAF312 Blocks Inflammatory Activation of iAstrocytes and Supports Maintenance of Glutamate Transporters
	BAF312 Induces Nrf2 Activation in Human iAstrocytes
	BAF312 Hampers Astrocyte-Induced Neurodegeneration

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


