Increased Remyelination and Proregenerative
Microglia Under Siponimod Therapy in Mechanistic
Models

Michael Dietrich, PhD,* Christina Hecker, MSc,* Elodie Martin, PhD, Dominique Langui, PhD, Correspondence
Michael Gliem, MD, Bruno Stankoff, MD, PhD, PU-PH, Catherine Lubetzki, MD, PhD, PU-PH, Joel Gruchot, MSc, Dr. Albrecht
Peter Gottle, PhD, Andrea Issberner, Milad Nasiri, MD, Pamela Ramseier, Christian Beerli, phil albrecht@gmail.com
Sarah Tisserand, MSc, Nicolau Beckmann, PhD, Derya Shimshek, PhD, Patrick Petzsch, PhD, David Akbar, MSc,

Bodo Levkau, Prof., Holger Stark, Prof., Karl Kohrer, Prof., Hans-Peter Hartung, Prof., Patrick Kury, Prof.,

Sven Glnther Meuth, Prof., Marc Bigaud, PhD, Bernard Zalc, Prof.,t and Philipp Albrecht, Prof.t

Neurol Neuroimmunol Neuroinflamm 2022;9:e1161. doi:10.1212/NXI1.0000000000001161

Abstract

Background and Objectives
Siponimod is an oral, selective sphingosine-1-phosphate receptor-1/5 modulator approved for
treatment of multiple sclerosis.

Methods

Mouse MRI was used to investigate remyelination in the cuprizone model. We then used a
conditional demyelination Xenopus laevis model to assess the dose-response of siponimod on
remyelination. In experimental autoimmune encephalomyelitis—optic neuritis (EAEON) in
C57Bl/6] mice, we monitored the retinal thickness and the visual acuity using optical coherence
tomography and optomotor response. Optic nerve inflammatory infiltrates, demyelination, and
microglial and oligodendroglial differentiation were assessed by immunohistochemistry,
quantitative real-time PCR, and bulk RNA sequencing.

Results

An increased remyelination was observed in the cuprizone model. Siponimod treatment of
demyelinated tadpoles improved remyelination in comparison to control in a bell-shaped dose-
response curve. Siponimod in the EAEON model attenuated the clinical score, reduced the
retinal degeneration, and improved the visual function after prophylactic and therapeutic
treatment, also in a bell-shaped manner. Inflammatory infiltrates and demyelination of the optic
nerve were reduced, the latter even after therapeutic treatment, which also shifted microglial
differentiation to a promyelinating phenotype.

Discussion

These results confirm the immunomodulatory effects of siponimod and suggest additional
regenerative and promyelinating effects, which follow the dynamics of a bell-shaped curve with
high being less efficient than low concentrations.
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Glossary

ANOVA = analysis of variance; Arg-1 = arginase-1; AUC = area under the curve; BAF312/Sip = siponimod; BW = bodyweight;
c/d = cycles per degree; CC = corpus callosum; DEG = differentially expressed gene; dpi = days postimmunization;
EAE(ON) = experimental autoimmune encephalomyelitis (optic neuritis); EAEON = experimental autoimmune
encephalomyelitis—optic neuritis; FDR = false discovery rate; GCL = ganglion cell layer; GFAP = glial fibrillary acidic
protein; IPL = inner plexiform layer; IRL = inner retinal layer; LC/MS/MS = liquid chromatography/tandem mass
spectrometry; MBP = myelin basic protein; MOG35-55 = myelin oligodendrocyte glycoprotein fragment 35-55; MS = multiple
sclerosis; MTR = magnetization transfer ratio; MTZ = metronidazole; NTR = nitroreductase; OCT = optical coherence
tomography; OMR = optomotor response; OPC = oligodendrocyte precursor cell; PDGFRa = platelet-derived growth factor
receptor A; RGC = retinal ganglion cell; RNFL = retinal nerve fiber layer; S1P1/S = sphingosine-1-phosphate receptor 1 and 5;
SPMS = secondary progressive multiple sclerosis; T2-WSI = T2-weighted signal intensity; TNF-a = tumor necrosis factor

alpha; Ym1/Chi3l3 = chitinase 3-like-3.

Siponimod, a potent and highly selective sphingosine-1-phos-
phate receptor 1 and S (S1P1/5) modulator, is a disease-mod-
ifying therapy that significantly reduced disability progression,
cognitive decline, and total brain volume loss vs placebo in pa-
tients with secondary progressive multiple sclerosis (SPMS), as
demonstrated in the phase IIl EXPAND study." It has beneficial
effects in the CNS of experimental autoimmune encephalomy-
elitis (EAE) mice that are independent of peripheral immune
effects, suggesting that in addition to its anti-inflammatory ef-
fects, siponimod may be effective in limiting neurodegenerative
pathologic processes in SPMS.>

Promoting remyelination is another key therapeutic strategy
to limit disability progression and represents one of the major
therapeutic challenges in MS. Therefore, experimental mod-
els to investigate substances promoting remyelination in vivo
are of paramount interest.>* The cuprizone intoxication
mouse model is a well-established mechanistic model to study
remyelination processes.” As oligodendrocyte precursor cells
(OPCs) are not affected by cuprizone, they readily proliferate,
migrate, differentiate, and integrate again into the circuitry
resulting in remyelination after withdrawal. Novel data from a
Xenopus laevis demyelination model indicated a remyelinating
potential of siponimod. Optic neuritis (ON) presenting with
reduction of visual function is frequent in MS and accompa-
nied by retinal nerve fiber layer thinning and retinal ganglion
cell (RGC) loss, which can be used as an outcome parameter
for neuroprotection studies investigating ON as a model for
acute inflammatory relapses.®® Therefore, in this innovative
approach investigating the visual pathway of siponimod-
treated EAE-associated ON (EAEON) mice, we used longi-
tudinal visual system readouts, namely optical coherence
tomography (OCT) and optomotor response (OMR), which
are ideally suited to evaluate CNS degeneration in preclinical
studies and clinical approaches.'*"?

In this study, we assessed the impact of siponimod in 3 dif-
ferent animal models of demyelination: (1) a toxic cuprizone-
induced demyelination mouse model, (2) a conditional
demyelination of the optic nerve in transgenic Xenopus laevis,
and (3) a myelin oligodendrocyte glycoprotein fragment
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35-55 (MOGgas.ss)-induced EAEON by visual system read-
outs, revealing yet unknown mechanisms on the shift of the
microglial cell population toward a regenerative phenotype.

Methods

Cuprizone Intoxication Model and
Measurement of C57BI/6) Mice

Cuprizone preparation and randomization is described in the
eMethods. In brief, female CS7BL/6] mice (8-10 weeks old
from Charles River, Germany) received normal diet over 7 weeks
(control group) or were fed with cuprizone-loaded pellets (2 g/
kg food) for S weeks and then switched either to siponimod-
loaded pellets (10 mg/kg food) over 2 weeks (cuprizone/
siponimod group) or to drug-free pellets (cuprizone/ sham
group). MRI measurements were performed at weeks S, 6, and 7
and histology on week 7 with LFB and GST-7 as described in the
eMethods, links.Iww.com/NXI/A706.

Xenopus laevis Demyelination Model

To test the effect of siponimod on remyelination in vivo, we
used a conditional demyelination transgenic model, Tg(mbp:
GFP-NTR), developed in Xenopus laevis as described before'*+
!¢ and in the eMethods. Before the quantification of GFP+
cells, we anesthetized the tadpoles of either sex in 0.05% MS-
222 (ethyl-3-aminobenzoate methanesulfonate; Sigma-
Aldrich) and returned them to standard water conditions
for recovery. Tadpoles were euthanized in 0.5% MS-222 be-
fore the optic nerve was dissected.

For regeneration experiments, metronidazole (MTZ)-exposed
animals (MTZ preparation described in the eMethods) were
allowed to recover for 3 days in either normal water (control)
or water containing siponimod at increasing concentrations in
ambient laboratory lighting (12 hours light/12 hours dark).

Induction of EAEON and Treatment of
C57BIl/6) Mice

EAEON was induced in female, 6-week-old C57Bl/6] by
200 pg MOGg;s.ss (Biotrend, Germany) immunization fol-
lowed by intraperitoneal injections of 200 ng of pertussis toxin
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(Sigma-Aldrich, Germany) at days 0 and 2 as previously de-
scribed."” Mice were fed with siponimod-loaded pellets at
0.01 or 0.03 g/kg of food, leading to a daily drug intake of
approximately 2 and 6 mg/kg bodyweight, respectively
(considering a mean daily food intake of 3 g/mouse).'®>!
Treatment was started at the same day (d0), 14 days (d14), or
30 days (d30) after MOGss.ss immunization. The clinical
EAE score was graded daily as described previously.'”

OCT and OMR in Mice

The measurements of retinal layers were performed using a
Spectralis HRA + OCT device (Heidelberg Engineering,
Germany) with several adaptions for rodents.”” The analysis
and scanning protocols are described elsewhere' "> and in the
eMethods, links.Iww.com/NXI/A706, in line with the APOS-
TEL recommendations.** Visual function analysis was per-
formed with a testing chamber and OptoMotry software from
CerebralMechanics, Canada, as previously described**** and
explained in detail in the eMethods, links.lww.com/NXI/A706.

Histologic Analysis

Wholemount of the Xenopus Optic Nerve and Analysis
Tadpoles were fixed by immersion in 4% paraformaldehyde for
1 hour at room temperature. Fixed optic nerves were carefully
dissected out and processed as described in the eMethods. In
brief, oligodendrocytes were stained with anti-GFP (1:1,000,
Aves Lab) and microglial cells with Bandeiraea simplicifolia
isolectin B4 (Alexa FluorS94-conjugated IB4, 1:1,000, Invi-
trogen), and images were acquired using the Olympus FV-1200
upright confocal microscope (Obj 20X-zoom 1.6).

Electron Microscopy of Xenopus Tadpole Optic Nerve
Xenopus larvae were fixed in a mixture of 2% para-
formaldehyde, 2% glutaraldehyde, in 0.1 M cacodylate buffer
pH 7.4 and 0.002% calcium chloride overnight at 4°C and
processed as described in the eMethods, links.Iww.com/NXI/
A706. Ultrathin sections were examined on an HT7700
electron microscope (Hitachi) operated at 70 kV. Electron
micrographs were taken using the integrated AMT XR41-B
camera (2048X2048 pixels).

Quantification of GFP" Cells in the Xenopus
Optic Nerve

As described previously,'® GFP fluorescence was analyzed
directly in vivo in Xenopus embryos using an AZ100 Nikon
Multizoom Macro-Microscope. From the emergence of the
optic nerve, directly after the chiasm, to the retinal end, the
total number of GFP+ cells was counted independently by 2
researchers in a double-blinded manner. The counts were
compared with control untreated animals of the same de-
velopmental stage.

Wholemounts and Histologic Optic Nerve Analysis of
C57BI/6) EAEON Mice

After 21, 35, or 90 days of EAEON, mice were killed, and eyes
and optic nerves were extracted and processed as described in
the eMethods.
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Bulk RNA Sequencing of the Optic Nerve From
EAEON Mice

RNA extraction was performed as previously described.”®
RNA was stored at —80°C until analysis as described in the
eMethods, links.lww.com/NXI/A706.

gPCR Analysis of the Optic Nerve of EAEON C57BI/6)
Mice

RNA extraction, reverse transcription, and quantitative real-
time PCR were performed as previously described*® using
Fam/Dark quencher probes from the Universal Probe Library
(Roche, Switzerland) or individually designed Fam/Tamra
probes (Eurofins Genomics, Germany). HPRT and GAPDH
served as endogenous control genes. Primer sequences can be
found in eTable 1, links.Iww.com/NXI/A706.

Statistics

Statistical analysis was performed using Prism S (version .00,
Graphpad Software, Inc.) and IBM SPSS Statistics (version
20, IBM Corporation, USA). A 2-tailed analysis of variance
(ANOVA) with the Dunnett post hoc test was used to
compare the area under the curve for the EAE scores and
blood siponimod concentration time courses. QPCRs were
analyzed using 2-way ANOVA with the Bonferroni post hoc
test. Group means were compared by 1-way ANOVA with the
Dunnett post hoc test using 1 eye per animal for the histologic
investigations. Differences in retinal thickness and visual
function were analyzed using generalized estimating equa-
tions with an exchangeable correlation matrix to adjust for
intrasubject intereye correlations.

MRI data were analyzed using ANOVA with random effects
(Systat version 13; Systat Software Inc,, San Jose, CA) to take
into account the longitudinal structure of the data. A value of p <
0.05 was considered significant. For the RNAseq, the statistical
analysis is described in the eMethods, links.lww.com/NXI/A706.

Study Approval

CS7Bl/6] Mice

The procedures were performed in accordance with the An-
imal Research: Reporting of In Vivo Experiments guidelines,
approved by the regional authorities (State Agency for Nature,
Environment and Consumer Protection; AZ 84-02.04.2016.A137)
and conform to the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research. Cuprizone studies were
approved by the Swiss Cantonal Veterinary Authority of Basel
City, Switzerland (license BS-2711).

Xenopus laevis Tadpoles

Animal care was in compliance with institutional and national
guidelines. All animal experiments conformed to the Euro-
pean Community Council directive (86/609/EEC) as mod-
ified (2010/603/UE) and have been approved by the ethical
committee of the French Ministry of Higher Education and
Research (APAFIS#5842-2016101312021965).

May 2022


http://links.lww.com/NXI/A706
http://links.lww.com/NXI/A706
http://links.lww.com/NXI/A706
http://links.lww.com/NXI/A706
http://links.lww.com/NXI/A706
http://links.lww.com/NXI/A706
http://links.lww.com/NXI/A706
http://neurology.org/nn

Data Availability

Data not provided in the article because of space limitations
may be shared at the request of any qualified investigator for
purposes of replicating procedures and results.

Results

Siponimod Promotes Remyelination After
Cuprizone Intoxication

We used the cuprizone model of toxic demyelination to study
siponimod’s effects on remyelination in vivo. During the
S-week intoxication phase, no particular health issue could be
detected in cuprizone-treated vs control mice, and similar
longitudinal bodyweight changes vs baseline were observed in
the 3 study groups (Figure 1A). Hence, at the start of the
treatment, all 3 groups presented similar mean bodyweights
(219 + 0.4 g; 21.4 + 0.4 g; and 222 + 0.3 g).

Over the following 2 weeks, the mice that received drug-free
pellets (cuprizone/sham group) showed a slight but signifi-
cant loss in bodyweight vs controls. This was not observed in

mice that received siponimod-loaded pellets (cuprizone/
siponimod group) (Figure 1A). In this group, the mean
siponimod concentrations measured in blood and brain ho-
mogenates were within the expected ranges, that is, 0.41 +
0.01 pM and 2.7 £ 0.7 nmol/g (equivalent to 2.7 £ 0.7 uM),
respectively, confirming the success of the treatment.

As expected, cuprizone-intoxicated mice showed marked de-
myelination within their CC at week 5, as suggested by signifi-
cantly decreased magnetization transfer ratio (MTR) in these
regions when compared with values in control mice (Figure 1C).
On cuprizone washout in weeks 5-7, MTR in mice fed with
drug-free pellets increased in the CC (Figure 1C), suggesting
spontaneous partial remyelination. This effect was particularly
evident when calculating the area under the curve (AUC)
(eFigure 1A, links.lww.com/NXI/A706). Five weeks of cupri-
zone intoxication resulted also in T2-weighted CC signal in-
creases by 53% (Figure 1B). After cuprizone withdrawal at week
S, the T2-weighted signal intensity (T2-WSI) was reduced in the
CC at weeks 5-7 (Figure 1D), consistent with spontaneous
partial remyelination and reduction of neuroinflammation in
these areas.”’” Addition of siponimod to food pellets increased

Figure 1 Siponimod Therapy Promotes Remyelination After Toxic Demyelination by Cuprizone
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this reduction of T2-WSI (Figure 1D) with a significant differ-
ence to siponimod-free pellet treated mice in the CC. This effect
was again particularly evident when analyzing the AUC
(eFigure 1B). T2-WSI in the CC of control mice remained
unaltered. Both MTR and T2-WSI data of the CC indicate the
beneficial effects of siponimod treatment in the cuprizone
model. Terminal qIHC for LFB density and oligodendrocyte
numbers (GST-7) revealed a degree of myelination in the CC
reduced by about half in cuprizone-challenged mice receiving
drug-free food pellets vs controls. A trend toward a lower degree
of CC demyelination was observed in siponimod-treated mice,
with changes in LFB density and oligodendrocyte numbers re-
duced by about 25-45% vs siponimod-free mice (eFigure 1).

Siponimod-Driven Activation of S1P1/5
Receptor Promotes Remyelination

Conditional oligodendrocyte ablation and demyelination fol-
lowed by spontaneous remyelination was investigated in the
Tg(mbp:GFP-NTR) Xenopus laevis model, and the dynamics are
reported in eAppendix 1 and eFigure 2, linksIww.com/NXI/
A706. Demyelination and remyelination were analyzed by
counting the number of GFP+ cells per optic nerve in vivo
before (DO), at the end of MTZ treatment (D10), and then on
day 3 (R3) of the repair period. To assess remyelination potency

on stopping MTZ exposure, siponimod was added in the
swimming water at nominal doses ranging from 0.1 nM to 1 pM.
Under these conditions, siponimod accumulated over time in
tadpole tissues in a dose-proportional manner reaching mean
levels of 30-60 pmol/g (equivalent to 30-60 nM) at nominal
doses <3 nM, whereas mean tissues exposures equivalent to 0.6,
1.7, and 36 uM were achieved at the nominal dose of 0.03, 0.1,
and 1 pM, respectively. Of interest, at all nominal doses tested,
similar siponimod levels were measured in brain vs body sam-
ples, with a mean brain/body ratio of 0.9 + 0.3.

Siponimod treatments, at nominal doses from 0.1 to 3 nM, im-
proved remyelination in a dose-dependent manner, with a max-
imal and significant 2.3 + 0.2 fold increase vs control observed at
the nominal dose of 1 nM (ie,, achieving about 60 nM accu-
mulated in tissues over 3 days). At nominal doses >3 nM (ie., > 60
nM in tissues), the promyelination effect of siponimod reduced
markedly in a dose-dependent manner, with nearly no trend
observed at nominal doses >30 nM (i.e,, 600 nM accumulated in
tissues), revealing an unclassical bell-shaped overall dose-response
curve for siponimod in this remyelination model (Figure 2A).

In addition to S1PS, siponimod acts also on S1P1, a receptor
expressed by microglia. To explore the effect of siponimod

Figure 2 Spontaneous Remyelination of Transgenic Xenopus laevis With Siponimod Treatment; Effects on Microglia,

Oligodendrocytes, and Remyelination
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Stage 52-53 transgenic Tg(mbp:GFP-NTR) Xenopus laevis tadpoles were exposed for 10 days in metronidazole (10 mM) before being returned in normal water
or water containing increasing concentrations of siponimod. (A) Remyelination was assayed by counting the number of GFP + oligodendrocytes per optic
nerve in vivo on day 3 (R3) of the repair period (n = 5-8 tadpoles per group). (B and C) After demyelination, animals were returned for 3 days to either normal
water (Ctrl) or water containing siponimod (1 nM). Confocal images of oligodendrocytes (GFP+ green) and microglia (IB4+ red) in the optic nerve following
spontaneous recovery (B, left) or siponimod treatment (B, right). Quantification of the effects of siponimod treatment on the number of myelin-forming (C,
GFP™") oligodendrocytes and (C, IB4") microglia (ctrl n = 4; siponimod n = 6). Electron micrograph of transversally cut optic nerve 3 days after either (D, left)
spontaneous recovery or (D, middle) siponimod treatment. (D, right) Higher magnification of ongoing remyelination under siponimod treatment showing
axons ensheathed with increasing number of myelin wraps. (C, myelinated axons) Quantification of the number of myelinated axons per optic nerve following
siponimod treatment vs control of spontaneous remyelination (n = 5). Data are expressed as mean + SEM, and gray dots show individual data points). **p <
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(Student 2-tailed unpaired t test). Scale bars: B =20 ym; D = 2 pm. 80ne data point out of axis limits. ANOVA = analysis of variance.
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treatment on microglial cells, transgenic Tg(mbp:GFP-NTR)
Xenopus were demyelinated by 10-day exposure to MTZ
(10 mM) and then returned to either normal water or water
containing siponimod (1 nM) for 3 days. Optic nerves were
dissected and doubly labeled with IB4 isolectin and anti-GFP
(Figures 2, B and C). In addition to the expected increase
(2.04 fold vs ctrl p = 0.017) in the number of GFP+ cells, we
also observed a 1.81 fold increase (p < 0.0001) in the number
of IB4-labeled microglial cells (Figure 2C). After 3 days of
recovery, microglial cells presented with an elongated mor-
phology, extending their processes along the optic nerve, and
we did not notice a change in the morphology of microglia on
siponimod treatment (Figure 2B).

To verify that the siponimod-induced increased number of
oligodendrocytes (GFP+ cells) translated into increased
myelination, optic nerves were dissected and processed for
electron microscopy. The number of myelinated axons
quantified on semithin sections was nearly doubled (1.97 +
0.14 fold vs ctrl; p = 0.042) (Figure 2C), and there was no
noticeable morphologic changes compared with control
conditions (Figure 2D).

Siponimod Reduces the Disability Score and
Retinal Degeneration in an EAEON Model
Before investigating the effects of siponimod on EAEON, we
performed a pharmacokinetic study, which demonstrated that
treatment by loaded food pellets was superior to supply by
drinking water and showed a robust effect on circulating
blood cell counts in flow cytometry (eAppendix 1, eFigure 3,
and eFigure 4, links.lww.com/NXI/A706). After observing
these promising data in the cuprizone and the Xenopus laevis
demyelination models, we longitudinally investigated retinal
neurodegeneration in MOG3;;_s5 peptide-induced EAEON in
CS7BL/6] mice over 90 days to test the potential of siponi-
mod to protect from acute inflammatory relapses, as well as
chronic degeneration, similar to the progression of SPMS. In
this model, prophylactic siponimod treatment acted benefi-
cially on clinical EAE scores with more pronounced effects
compared with therapeutic treatment. Siponimod pro-
phylactic diet treatments at 2 and 6 mg/kg BW attenuated the
clinical EAE scores by approximately 80% and 95%, re-
spectively. The therapeutic effect was significant with the
lower dose (2 mg/kg) at both time points and when started at
d14 almost similar to the prophylactic treatment (Figure 3A).

Figure 3 Siponimod Attenuates Myelin Oligodendrocyte Glycoprotein Fragment 35-55-Induced EAE in C57BL/6) Mice in a

Dose- and Time-Dependent Manner
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(A) Clinical EAE score, (B) degeneration of the inner retinal layers, and (C) visual function by spatial frequency in cycles per degree (c/d) of female C57BL/6) EAE mice over
90 days of EAE. (D.a) Brn3a stained RGCs after 90 days of EAE of sham-, MOG EAE-, and siponimod-treated mice, scale bar = 200 um. (D.b) The bar graph shows the
RGC density 90 days after immunization. Siponimod was administered either on the day of immunization (d0), 14 days (d14) or 30 days (d30) post immunization (dpi).
All graphs represent the pooled mean + SEM, and gray dots show individual data points (out of 2 independent experiments each with n = 6 animals per group) with *p <
0.05, **p < 0.01, and ***p < 0.001, area under the curve compared by generalized estimating equation or ANOVA with the Dunnett post hoc test for time courses
compared with untreated MOG EAE. *p < 0.05 and ***p <0.001 by ANOVA with the Dunnett post hoc test compared with MOG EAE untreated mice for the bar graph.
ANOVA = analysis of variance; EAE = experimental autoimmune encephalomyelitis; MOG = myelin oligodendrocyte glycoprotein; RGC = retinal ganglion cell.
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Analyzing the structural changes by OCT, untreated sham
control mice showed a nearly constant IRL thickness, whereas
MOG peptide-immunized animals presented a prominent
loss of IRL thickness until day 90. Prophylactic siponimod
therapy at 2 and 6 mg/kg BW reduced the OCT-measured
degeneration of the IRL by approximately 50%. Beneficial
effects were observed with therapeutic diet treatments starting
at day 14, with 2 mg/kg BW being superior over 6 mg/kg BW
(p < 0.01), but not at day 30 (Figure 3B). Analyzing the visual
acuity, a strong decrease of spatial frequency over 90 days of
vehicle-treated MOG EAE mice was revealed. This was sig-
nificantly prevented by almost all therapeutic interventions,
despite the late treatment (d30) with the higher dose (6 mg/

kg) of siponimod (Figure 3C). These effects, measured lon-
gitudinally in vivo, were well reflected by the investigation of
RGC survival 90 days postimmunization (dpi). Prominent
RGC loss of untreated EAE animals was diminished by
siponimod prophylactic diet, as well as therapeutic treatment
with 2 mg/kg, but not 6 mg/kg starting 14 dpi (Figure 3D).

Siponimod Prevents Inflammation and
Demyelination of the Optic Nerve

To assess the effects of siponimod on immune cell infiltration
into the CNS during EAE, we performed histologic analyses
of Ibal* microglia/macrophages and CD3" T cells in longi-
tudinal optic nerve sections (Figure 4A). A significant

Figure 4 Prophylactic Siponimod Therapy Reduces Immune Cell Infiltration and Prevents Demyelination
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(A) Longitudinal sections of optic nerves of C57BI/6) mice were stained for Iba1, CD3, and MBP 90 days after myelin oligodendrocyte glycoprotein fragment 35-
55 immunization; dotted lines indicate areas of demyelination, scale bar = 50 ym. Quantitative analyses of microglial activation (Iba1, B) by fluorescence
intensity measurement, T-cell infiltration (CD3 score, C), and myelin status (MBP score, D). One optic nerve per mouse was included. All graphs represent the
pooled mean + SEM, and gray dots show individual data points (n = 6 animals per group out of 2 independent experiments), with *p < 0.05, **p < 0.01, and
***p < 0.001 by ANOVA with the Dunnett post hoc test compared with myelin oligodendrocyte glycoprotein untreated mice. 8Few data points out of axis
limits. ANOVA = analysis of variance.
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reduction of microglial/macrophage activity as well as T-cell
infiltration was observed in the optic nerves of mice after
prophylactic (d0) siponimod treatment compared with un-
treated EAE mice. Interventions at later time points did not
diminish the infiltrating Ibal™ cells (Figure 4B). Nevertheless,
a therapeutic siponimod treatment at the peak of disease
(d14) led to a less severe infiltration of CD3" lymphocytes
compared with MOG EAE vehicle-treated mice. When the
mice were fed with siponimod-loaded pellets from 30 days
after MOG immunization, the number of immune cells could
not be reduced at 2 or 6 mg/kg BW (Figure 4C). To test the
capacity of siponimod to prevent from demyelination, we
analyzed the myelin status of the optic nerve by performing
immunohistologic stainings against the myelin basic protein
(MBP) protein. The axonal tissue of MOG-immunized mice

presented large areas of demyelination, whereas the optic
nerves from untreated sham mice showed a homogeneous
myelin structure. The MBP-stained lesions in the optic nerve
were significantly reduced after a prophylactic siponimod
therapy, showing almost the same uniform pattern as sham
control animals. Even late siponimod therapy (d14) showed a
beneficial effect at 2 mg/kg BW, whereas a treatment starting
at day 30 had no significant effect on the myelin loss during
EAEON in CS7Bl/6] mice until 90 days after immunization
(Figures 4, A and D).

Extended analysis of oligodendrocyte populations revealed
that siponimod (d14) improved survival of Olig2+ cells in the
optic nerve after 35 dpi compared with untreated MOG EAE
mice (Figures S, A and D). As a marker for OPCs, PDGFRa-

Figure 5 Siponimod Also Reduces Early Demyelination but Does Not Alter Oligodendrocyte Precursor Cell Survival
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stained cells showed no difference in cell number when we
compared untreated and siponimod-treated EAE mice at 2 and 6
mg/kg BW, whereas sham control mice had higher OPC
numbers at 21 and 35 dpi (Figures S, B and D). Similar as after
90 dpij, early demyelination was reduced after siponimod therapy
for both doses (Figures S, C and D). Increased astrocytosis in the
optic nerve, analyzed by GFAP staining, was observed in MOG
EAE mice after 21 and 35 dpi, whereas no effect of siponimod
was observed (eFigure S, links.lww.com/NXI/A706).

In the retina of the mice, we assessed microglia (Ibal) and
astrocyte/Mueller cell (GFAP) appearance also 90 days after
MOG immunization. We found an increased number of
Ibal+ cells in untreated EAEON animals compared with
sham mice, but only observed a significant decrease for
microglial numbers at the 2 mg/kg BW siponimod dose (d0)
(eFigure 6, links.Iww.com/NXI/A706).

Siponimod Shifts Microglia to a
Promyelinating Phenotype

As siponimod still had beneficial effects on the MBP level even
in the therapeutic approach (d14), we expanded the expres-
sional and histologic analysis in the optic nerve, testing genes
involved in oligodendrocyte as well as microglial regulation.
After siponimod treatment (2 mg/kg BW), we found signifi-
cant upregulation in the optic nerve mRNA expression level 35
dpi of genes marking OPCs NG2 and PDGFRa, as well as for
the markers for resting microglia CD206 and TMEM 119
(eFigure 7, A and B, links.Iww.com/NXI/A706), which could,
however, not be corroborated on the protein level by histologic
examinations. Chitinase-3-like-3 (Chi3l3/Ym1) and arginase-1
(Arg-1) mRNA levels were significantly upregulated 21 and 35
dpi, especially after treatment with 2 mg/kg BW siponimod
compared with MOG EAE-untreated mice (eFigure 7, C and
D). Both are markers for regeneration-supporting microglia.
Similar results were observed in BV2 cells, a microglial cell line,
where Ym1 and Arg-1 mRNA levels were upregulated after
siponimod treatment (eFigure 8, A and B). In addition, mRNA
levels of TNF-a, a cytokine expressed by activated, proin-
flammatory microglia, were significantly reduced after siponi-
mod therapy compared with untreated EAE mice (eFigure 7E).
The transcriptional regulation was mirrored by the histologic
examination of the optic nerve, where Ym1 (Figures 6, A and
D) and Arg-1 (Figure 6, B and D) were found upregulated 21
and 35 dpi after siponimod treatment with a trend toward a
more potent effect of the lower siponimod dose (2 mg/kg
BW). TNF-a was significantly upregulated in the optic nerve of
EAE animals with a peak at 35 dpi, whereas mice under sipo-
nimod therapy showed a significantly lower expression of TNE-
a (Figures 6, C and D).

RNA Sequencing Analysis of the EAEON Optic
Nerve Reveals Downregulation of Genes
Associated With Inflammation After
Siponimod Treatment

In a completely unbiased approach, we used bulk RNA se-
quencing of the optic nerve of EAEON animals with and
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without siponimod treatment at 21 dpi, starting the therapy
14 days after immunization (d14). p Values were adjusted for
multiple testing to control the false discovery rate (FDR)
(pFDR < 0.05), and fold change (FC) was set to 1.5. In a heat
map, showing the differentially expressed genes (DEGs),
sham and MOG EAE animals show a fully altered expression
profile, whereas the DEGs of MOG- and siponimod-treated
mice (2 mg/kg) are more similar (Figure 7A).

Comparing sham with MOG EAE animals, an upregulation of
2,109 genes and a downregulation of 623 genes were ob-
served, displayed in a volcano plot (Figure 7B). After the
siponimod treatment, we found a downregulation of 129
genes and an upregulation of 1 gene after treatment with 2
mg/kg BW siponimod (Figure 7C) and a downregulation of
106 genes with 6 mg/kg BW siponimod compared with un-
treated MOG EAE control. The S most differentially expressed
genes associated with inflammation are summarized in eTa-
ble 2, links.lww.com/NXI/A706.

Discussion

Although the early disease progression in MS can be effec-
tively prevented or mitigated by immunomodulatory therapy,
there is still an unmet need for remyelinating strategies and
substances to attenuate or inhibit the degeneration occurring
in the later stages.”® Siponimod has recently demonstrated
efficacy in SPMS.'

As a first step, the remyelinating potential of siponimod after
toxic demyelination by cuprizone was investigated by MRI of
the corpus callosum. MTR and T2-WSI measurements at 1
week after cuprizone withdrawal demonstrated significant
beneficial effects of siponimod treatment on CC integrity.
Other studies with the more unspecific S1P1 receptor modu-
lator fingolimod reported a downregulation of SIPRI brain
levels, and fingolimod-treated mice presented more oligoden-
drocytes in the secondary motor cortex after 3 weeks of
remyelination. However, no differences in remyelination or
axonal damage were observed compared with placebo.”” In a
novel MS model, a combination of EAE and cuprizone in-
toxication, siponimod mitigated the extent of demyelination.30

To further assess the remyelinating potential of siponimod,
we used an inducible experimental model developed in Xen-
opus laevis. After demyelination of the Xenopus tadpoles over
10 days, spontaneous remyelination occurred. However,
remyelination was significantly accelerated by siponimod in a
bell-shaped dose-response curve. We had previously shown
that in both the mouse and Xenopus brain, SIPRS is only
expressed by oligodendrocytes and that the remyelinating
potency of siponimod is lost on deletion of SIPRS.'>*! Tt is
therefore likely that the mechanism of action of siponimod-
induced remyelination is by activating the myelination pro-
gram of oligodendrocyte through activation of SIPRS. In
addition, as S1P1 is also expressed on microglia,** a cell
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Figure 6 Siponimod Therapy Shifts Microglia to a Regenerative Phenotype
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population required during spontaneous remyelination,”” we
also investigated their regulation after siponimod treatment.
An increased number of IB4" microglia were observed pre-
senting an elongated morphology 3 days after recovery. In line
with this hypothesis, recent observations suggest that in
contrast to the S1P1 receptor, the S1PS receptor is not subject
to agonist-induced downmodulation and that siponimod
should be considered as a true S1PS agonist.34 In this case, a
phenomenon such as S1PS desensitization at supramaximal
stimulation could be suspected to explain the bell-shaped
curve for the promyelination effect of siponimod.

Neurology: Neuroimmunology & Neuroinflammation

| Volume 9, Number 3 |

After these promising results, we then moved to mouse EAE
models to investigate the effects in a more disease specific
model with translational potential. Siponimod crosses the
blood-brain barrier and targets different SIP receptor sub-
types, associated with T-cell migration into the CNS, astro-
gliosis, repair mechanisms via modulation of SIPRS on
oligodendrocytes, and cell survival.>>*® Hence, the EAEON
model in mice appears as a perfectly suited mechanistic tool to
assess the impact of siponimod on all these central effects. In
this model, a significant attenuation of the clinical EAE score
with 2 and 6 mg/kg BW was observed, when the therapy was

May 2022 Neurology.org/NN


http://neurology.org/nn

Figure 7 Gene Expression Profile of Optic Nerves of MOG EAE- and Siponimod-Treated Mice at 21 Dpi
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initiated at the day of immunization, in line with previous ap-
proaches, using various EAE models in mice and rats.”*"*’ To
explore effects of siponimod beyond its immunomodulatory
capacity, we not only used different dosing paradigms but also
started the siponimod diet at prophylactic (d0) and early or late
therapeutic (d14/d30) time points. Other studies addressing
similar issues varied only one of these parameters and started
treatment no later than 8 days after EAE immunization.®® A
significant beneficial effect on the EAE score was observed when
treatment was started at days 14 and 30 after MOG immuni-
zation, but surprisingly only with the lower concentration (2 mg/
kg BW), indicating a bell-shaped dose-effect curve. We already
identified the same dose dependency in a rat MOGyg_i5—
induced EAE in C57Bl/6] mice, where the same dosing (10 mg/
kg food or 2 mg/kg BW) led to the most effective reduction of
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the EAE score of 72.5%,"®*° with robust dose-proportional CN'S
penetration and distribution for siponimod.'"® As preclinical
study designs with readouts directly transferable to clinical trials
are of increasing interest and other preclinical studies on sipo-
nimod’s central effects lack of these techniques, we included
visual system measurements to evaluate the results. The IRL,
consisting of the RNFL, GCL and IPL contains the axons of the
optic nerve, ganglion cells and their dendritic arbor, and is the
ideal structure to study neuroprotection and retinal degeneration
in MS,%>* as well as in preclinical EAEON studies.">'>"7*" As
functional readout, the OMR is a suitable measure for the visual
acuity in rodents.”*** Although IRL degeneration was atten-
uated by a prophylactic and a therapeutic 2 mg/kg BW treatment
starting 14 dpi, the visual function was even preserved by a
therapeutic regimen starting at 30 dpi. This observation was

| Volume 9, Number 3 | May 2022
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mirrored by the number of RGCs, as the loss of these cells was
significantly diminished by prophylactic, but also therapeutic
siponimod therapy, mainly by the lower dose of 2 mg/kg BW,
also observed in similar studies.****

The reduced number of circulating T cells led to a decreased
infiltration of CD3" cells into the optic nerve, if the intervention
was started not later than d14. A therapy at d30 still reduced the
circulating T cells by a significant level, but the infiltration into the
optic nerve, mainly occurring around days 11-14 at the peak of the
EAEON,* could not be prevented. Antidemyelinating effects, also
observed by other researchers in mouse organotypic slice cul-
tures,” were detected after prophylactic siponimod treatment at
both doses and interestingly also after therapeutic treatment with 2
mg/kg BW. As S1P receptors, with the exception of S1PS, are also
expressed on microglial cells>* we expected a reduced number of
Ibal-positive cells in the optic nerve after siponimod treatment.
However, this effect was only observed after prophylactic therapy,
which can be explained by the fact that microgliosis is already
present as early as 7 dpi in EAEON.*"' We therefore extended the
histologic investigations on genes associated with oligodendrocyte
and microglial regulation. We found no transcriptional regulation
of genes regulating oligodendrocyte maturation and myelination at
the early time points of 21 and 35 dpi. On the other hand, his-
tologic stainings of the optic nerve revealed an improved Olig2+
cell survival at 35 dpi and a less pronounced demyelination at 21
and 35 dpi, measured by the MBP score, similar as at the end point
of 90 dpi. Together with the result that no regulation of PDGFRa
positive cells by siponimod was found, this indicates an effect of the
drug on mature oligodendrocytes rather than on OPCs. Further-
more, we observed significant upregulation of the microglial re-
generative markers Ym1 and Arg-1 and a downregulation of the
proinflammatory cytokine TNF-a on a transcriptional and trans-
lational level at 21 and 35 dpi after siponimod therapy in the optic
nerve. In mice, Ym1 is highly expressed in inflammatory brain
lesions during EAE and has been demonstrated to induce oligo-
dendrogenesis.46 Thus, it seems reasonable to assume that the
observed beneficial effects of siponimod on the myelin status,
observed at 90 dpi may, at least in part, be resulting from its effects
on microglial cells, shifting them to a promyelinating phenotype.
This is in line with the assumption that the beneficial effects of
siponimod go beyond lymphocyte trafficking and rely on its in-
teractions with other cells of the CNS, like astrocytes and neurons,
as the drug crosses the blood-brain barrier and S1P receptors are
expressed on almost all CNS cell types.*”

In addition to the targeted investigations of oligodendroglial and
microglial genes and proteins, we also applied an unbiased ap-
proach, analyzing the transcriptome of the optic nerve by bulk
RNAseq. It was striking that 129 and 106 genes were down-
regulated, whereas only 1 and no gene were upregulated after 2
and 6 mg/kg BW siponimod treatment in EAEON, respectively.
Significantly downregulated genes potentially altering the disease
progression were associated with inflammation. We decided to
perform a bulk RNAseq of the whole optic nerve to receive a
cell-unspecific, unbiased overview on DEGs after siponimod
treatment of EAEON mice. However, a more targeted approach

Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number3 | May 2022

sequencing single cells, such as oligodendrocytes, microglia, or
astrocytes, might have led to more homogeneous and conclusive
results. As we focused our EAEON study on in vivo readouts of the
visual system, the histology and transcriptomic analyses were also
focused on the optic nerve. We acknowledge that also investigating
the spinal cord may have yielded additional information, but this
would have been beyond the focus of this study.

Taken together, these observations suggest a beneficial effect
of siponimod in the CNS by shifting microglia to a regenerative
phenotype and protective effect on oligodendrocytes, in line with
the proremyelination effects observed in the Xenopus laevis model.

In summary, siponimod demonstrated increased remyelination in
the CC in the cuprizone demyelination model, proremyelination
potential in the Xenopus model, and strong prophylactic and
therapeutic effects in the mouse EAEON, as revealed by visual
(functional and structural) readouts. Having used 3 experimental
models in 2 different animal species strengthens our results in
favor of a remyelinating potential for siponimod in MS.
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Cerveau, Pitié-Salpétriere interpretation of data
Hospital
Michael Department of Neurology,  Analysis or interpretation of
Gliem, MD Heinrich Heine University data
Dusseldorf, Medical Faculty,
Dusseldorf, Germany
Bruno Sorbonne Universite, Analysis or interpretation of
Stankoff, MD, Inserm, CNRS, Institut du data
PhD, PU-PH Cerveau, Pitie-Salpétriere
Hospital; AP-HP, Saint-
Antoine Hospital
Catherine Sorbonne Université, Analysis or interpretation of
Lubetzki, MD, Inserm, CNRS, Institut du data
PhD, PU-PH Cerveau, Pitié-Salpétriere

Hospital; AP-HP, Pitié-
Salpétriere Hospital, Paris,
France

Joel Gruchot,
MSc

Department of Neurology,
Heinrich Heine University
Dusseldorf, Medical Faculty,
Dusseldorf, Germany

Major role in the acquisition
of data and analysis or
interpretation of data

Peter Gottle,
PhD

Department of Neurology,
Heinrich Heine University
Dusseldorf, Medical Faculty,
Dusseldorf, Germany

Major role in the acquisition
of data and analysis or
interpretation of data

Andrea Department of Neurology, =~ Major role in the acquisition
Issberner Heinrich Heine University of data

Dusseldorf, Medical Faculty,

Dusseldorf, Germany
Milad Nasiri, Department of Neurology, = Major role in the acquisition
MD Heinrich Heine University of data

Dusseldorf, Medical Faculty,

Dusseldorf, Germany
Pamela Novartis Institutes for Major role in the acquisition
Ramseier BioMedical Research, Basel, of data

Switzerland
Christian Novartis Institutes for Major role in the acquisition
Beerli BioMedical Research, Basel, of data

Switzerland

Sarah Novartis Institutes for Major role in the acquisition

Tisserand, BioMedical Research, Basel, of data and analysis or

MSc Switzerland interpretation of data

Nicolau Novartis Institutes for Drafting/revision of the

Beckmann, BioMedical Research, Basel, manuscript for content,

PhD Switzerland including medical writing for
content; major role in the
acquisition of data; and analysis
or interpretation of data

Derya Novartis Institutes for Major role in the acquisition

Shimshek, BioMedical Research, Basel, of data and analysis or

PhD Switzerland interpretation of data
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Appendix (continued)

Name

Location

Contribution

Patrick
Petzsch, PhD

Biological and Medical
Research Center (BMFZ2),
Heinrich Heine University
Dusseldorf, Medical Faculty

Major role in the acquisition
of data and analysis or
interpretation of data

David Akbar,
MSc

Sorbonne Universite,
Inserm, CNRS, Institut du
Cerveau, Pitié-Salpétriere
Hospital

Major role in the acquisition
of data

Bodo Levkau,
Prof.

Institute for Molecular
Medicine Ill, University
Hospital Dusseldorf and
Heinrich Heine University
Dusseldorf

Drafting/revision of the
manuscript for content,
including medical writing for
content, and analysis or
interpretation of data

Holger Stark,
Prof.

Institute of Pharmaceutical
and Medicinal Chemistry,
Heinrich Heine University
Dusseldorf, Duesseldorf,
Germany

Drafting/revision of the
manuscript for content,
including medical writing for
content, and analysis or
interpretation of data

Karl Kohrer,
Prof.

Biological and Medical
Research Center (BMFZ),
Heinrich Heine University
Dusseldorf, Medical Faculty

Analysis or interpretation of
data

Hans-Peter
Hartung,
Prof.

Department of Neurology,
Heinrich Heine University
Dusseldorf, Medical Faculty,
Dusseldorf, Germany; Brain
and Mind Center, University
of Sydney, NSW, Australia;
Medical University of
Vienna, Vienna, Austria

Drafting/revision of the
manuscript for content,
including medical writing for
content, and analysis or
interpretation of data

Patrick Kury,
Prof.

Department of Neurology,
Heinrich Heine University
Dusseldorf, Medical Faculty,
Dusseldorf, Germany

Drafting/revision of the
manuscript for content,
including medical writing for
content; major role in the
acquisition of data; and
analysis or interpretation of
data

Sven Gunther
Meuth, Prof.

Department of Neurology,
Heinrich Heine University
Dusseldorf, Medical Faculty,
Dusseldorf, Germany

Drafting/revision of the
manuscript for content,
including medical writing for
content, and analysis or
interpretation of data

Marc Bigaud,
PhD

Novartis Institutes for
BioMedical Research, Basel,
Switzerland

Drafting/revision of the
manuscript for content,
including medical writing for
content; major role in the
acquisition of data; study
concept or design; and
analysis or interpretation of
data

Bernard Zalic,
Prof.

Sorbonne Université,
Inserm, CNRS, Institut du
Cerveau, Pitié-Salpétriere
Hospital

Drafting/revision of the
manuscript for content,
including medical writing for
content; major role in the
acquisition of data; study
concept or design; and
analysis or interpretation of
data

Philipp
Albrecht,
Prof.

Heinrich Heine University
Dusseldorf, Medical Faculty,
Dusseldorf, Germany

Drafting/revision of the
manuscript for content,
including medical writing for
content; major role in the
acquisition of data; study
concept or design; and
analysis or interpretation of
data
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