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Multiple sclerosis (MS), an autoimmune-driven, inflammatory demyelinating disease of
the central nervous system (CNS), causes irreversible accumulation of neurological defi-
cits to a variable extent. Although there are potent disease-modifying agents for its ini-
tial relapsing-remitting phase, immunosuppressive therapies show limited efficacy in
secondary progressive MS (SPMS). Although modulation of sphingosine-1 phosphate
receptors has proven beneficial during SPMS, the underlying mechanisms are poorly
understood. In this project, we followed the hypothesis that siponimod, a sphingosine-1
phosphate receptor modulator, exerts protective effects by direct modulation of glia cell
function (i.e., either astrocytes, microglia, or oligodendrocytes). To this end, we used
the toxin-mediated, nonautoimmune MS animal model of cuprizone (Cup) intoxication.
On the histological level, siponimod ameliorated cuprizone-induced oligodendrocyte
degeneration, demyelination, and axonal injury. Protective effects were evident as well
using GE180 translocator protein 18-kDa (TSPO) imaging with positron emission
tomography (PET)/computed tomography (CT) imaging or next generation sequencing
(NGS). Siponimod also ameliorated the cuprizone-induced pathologies in Ragl-deficient
mice, demonstrating that the protection is independent of T and B cell modulation.
Proinflammatory responses in primary mixed astrocytes/microglia cell cultures were not
modulated by siponimod, suggesting that other cell types than microglia and astrocytes
are targeted. Of note, siponimod completely lost its protective effects in SIpr5-deficient
mice, suggesting direct protection of degenerating oligodendrocytes. Our study demon-
strates that siponimod exerts protective effects in the brain in a SIPR5-dependent
manner. This finding is not just relevant in the context of MS but in other neuropathol-
ogies as well, characterized by a degeneration of the axon—myelin unit.
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Multiple sclerosis (MS), an inflammatory disease of the central nervous system (CNS),
initially presents with a relapsing—remitting disease course. During this early stage of
the disease, leukocytes cross the blood—brain barrier to drive the formation of focal
demyelinating plaques. Disease-modifying agents that modulate or suppress the periph-
eral immune system or the recruitment of peripheral immune cells into the CNS pro-
vide significant therapeutic benefits during relapsing-remitting MS (RRMS). The
majority of individuals with RRMS ultimately enter a secondary progressive disease
stage, clinically characterized by the progressive accumulation of neurological deficits, a
process that is essentially independent of inflammatory-driven relapses. The cellular
and molecular basis for this transition and the ongoing disease progression is unclear,
and the role of inflammation during the secondary progressive disease stage is a subject
of intense and controversial debate. Although the extent of axonal damage correlates
positively with the density of intracerebral lymphocytes (1), and histological correlates of
lymphoid tissue with a high B cell density are found in the meninges of deceased pro-
gressive MS patients (2—4), it is entirely unclear why classical immunosuppressive drugs,
such as natalizumab, lose their effectiveness in the progressive stage of the disease (5).

For patients with progressive MS, either secondary progressive MS (SPMS) or primary
progressive MS (PPMS), there are only a few approved treatment options available. In
2020, siponimod (trade name Mayzent) received European Union approval for the treat-
ment of adults with SPMS with disease activity demonstrated by clinical relapses or imag-
ing of inflammatory activity. The sphingosine-1 phosphate receptor modulator (S1P
modulator) siponimod selectively binds to two of the five G protein—coupled receptors
for S1P: the S1P receptor 1 (S1PR1) and the S1P receptor 5 (SIPR5) (6). Functionally,
siponimod prevents the egress of lymphocytes from the lymph nodes and, thus, reduces
the recirculation of T cells into the CNS, resulting in an amelioration of the inflammatory
attacks driven by the peripheral immune systems (7). In addition, SIPR1 and S1PR5 are
expressed by cells of the CNS, as demonstrated by several groups (8-11). On a cellular
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level, S1IPR1 is predominantly expressed by astrocytes and micro-
glia, whereas cells of the oligodendrocytic lineage are the major
cell type in the CNS expressing SIPR5. So far, it is unknown to
what extent the reported beneficial effects of siponimod in SPMS
patients are mediated by direct modulation of glial cells.

In this project, we followed the hypothesis that siponimod
exerts protective effects by direct modulation of glia cell func-
tion (i.e., either astrocytes, microglia, or oligodendrocytes). To
this end, we used the cuprizone (Cup) model of demyelination,
which is a toxin-mediated MS animal model independent of
autoimmune processes (12-14).

Results

Siponimod Exerts Long-Lasting Immunosuppressive Effects.
In an initial step, we aimed to verify the reported antiinflam-
matory effects of siponimod (15, 16) and at the same time
investigated potential prolonged immunosuppressive potencies.
To this end, Cup/experimental autoimmune encephalomyelitis
(EAE) was induced in C57BL/6 wild-type mice (17) and the
animals were treated with either vehicle (Veh) or siponimod
(Sip) solution during the initial 3-wk cuprizone intoxication
period (i.e., groups Band Cin Fig. 1). Myelin oligodendrocyte
glycoprotein (MOG)-EAE was induced at the end of week 5.
Ten out of 10 vehicle-treated mice developed tail and partial
hindlimb paralysis, whereas no motor-behavioral deficits were
observed in the eight siponimod-treated mice (Fig. 24). In line
with this finding, Luxol fast blue-periodic acid Schiff (LFB/

PAS) stains of spinal cord tissues demonstrated multifocal

inflammatory demyelination exclusively in vehicle- but not
siponimod-treated mice (Fig. 2 B and (). Beyond, multifocal
perivascular cuffs (PVCs) and high CD3* and CD4™ cell num-
bers were found in the forebrain of vehicle-treated, but not
siponimod-treated mice (Fig. 2 D—F).

Siponimod Ameliorates Toxin-Induced Demyelination. While
these observed antiinflammartory effects of siponimod have been
expected based on its modulatory function on SIPR1 receptors
(6) and its antiinflammatory activity in clinical trials (18), benefi-
cial effects by direct modulation of brain cell function are not
well understood. To investigate this, we used the cuprizone
model in which metabolic oligodendrocyte stress results in oligo-
dendrocyte degeneration, demyelination, gliosis, and acute axo-
nal injury (19-21). Mice were intoxicated with cuprizone for
3 wk and treated with either vehicle or siponimod during the
cuprizone intoxication period. The brains were analyzed at the
end of week 5 after autonomous lesion progression (i.e., groups
D and E in Fig. 1). As shown in Fig. 34, vehicle-treated mice
demonstrated severe demyelination in the midline of the corpus
callosum (CC) (i.e., loss of LFB and ant-proteolipid protein
[PLP] staining intensities), paralleled by pronounced activation of
anti-IBA1" microglia and anti-GFAP* astrocytes. Furthermore,
anti-APP A4 stains revealed numerous stained spheroids, indica-
tive of acute axonal injury. Signs of demyelination, glia activation,
and acute axonal injury were less severe in siponimod-treated mice
(Fig. 3 A and B). Furthermore, we processed adjacent sections for
anti-CCI immunofluorescence double stains to be able to identify
mature oligodendrocytes. Significantly higher anti-CC1* mature
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Fig. 1. Schematic depicting the experimental setup. A (control); B (Cup/EAE-Veh); C (Cup/EAE-Sipo); D (Cup3wks-Veh+2wks); £ (Cup3wks-Sipo+2wks);

F (Cup1wk-Veh); G (Cup1wk-Sipo); H (Cup3wks-Veh); / (Cup3wks-Sipo).
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Fig. 2. Siponimod ameliorates the disease course and inflammatory demyelination in the Cup/EAE model. (A) Clinical scores for Cup/EAE-vehicle (gray triangles;
n = 10) and Cup/EAE-siponimod (black squares; n = 8) groups. (B) Representative LFB/PAS stained section of the spinal cord. Arrowhead indicates an inflammatory
PVC shown beneath in higher magnification. (€) Quantification of PVCs in spinal cord sections in control (n = 3), Cup/EAE-vehicle (n = 9) and Cup/EAE-siponimod
(n = 8) mice. Differences were determined using one-way ANOVA followed by Tukey's multiple comparisons test. (D) Cumulative spatial distribution of PVCs in the
forebrain of control (n = 3), Cup/EAE-vehicle (n = 10), and Cup/EAE-siponimod (n = 8) groups. (£) Histological presentation of a representative forebrain PVC, visual-
ized by H&E stain, anti-CD3, and anti-CD4 immunohistochemistry. (F) Numbers of PVCs in the entire brain as well as CD3* and CD4* lymphocyte densities in the cor-
pus callosum (CC). Differences were determined using one-way ANOVA followed by Tukey’'s multiple comparisons test. Data are shown as mean + SEM. ***P < .001.

oligodendrocyte numbers were found in siponimod-treated com-
pared to vehicle-treated mice (Fig. 3C, vehicle 218.7 + 35.66
cells/mm” versus siponimod 340.1 + 29.22 cells/mm?).

To verify these results in a second independent experiment,
and to evaluate the dose dependency of siponimod treatment,
separate cohorts of mice were treated daily with 0.315 mg/kg,
3.125 mg/kg, or 15.5 mg/kg siponimod solution during the
3-wk cuprizone intoxication period, and the brains were histolog-
ically evaluated. As demonstrated in S/ Appendix, Fig. S1, the
protective effect cleatly followed a dose-dependent manner, with
moderate protective effects in the 0.315 mg/kg and the most pro-
nounced protective effects in the 15.5 mg/kg treatment group,
respectively. In the 0.315 mg/kg treatment group, we found a
loss of LFB and anti-PLP staining intensities, which is indicative
of demyelination. Demyelination in low-dose—treated mice was
paralleled by microglia activation (anti-IBA1) and acute axonal
injury (anti-APP A4 and anti-vGLUT1). Such pathologies were
less severe in the 3.125 mg/kg-treated and almost absent in the
15.5 mg/kg-treated mice.

Protective Siponimod Effects Can Be Visualized by PET/CT Imaging
and Is Evident in Next Generation Sequencing Experiments. These
first results suggest that siponimod can ameliorate metabolic oli-
godendrocyte injury in the cuprizone mouse model. Positron
emission tomography (PET) is a sensitive method for visualizing
the activation of microglia and astrocytes in living animals (22).
To assess whether the protective effects of siponimod can be visu-
alized by PET/computed tomography (CT) imaging, mice (i.e.,
groups D and F in Fig. 1) were injected with ['®F]-GE180 and the
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binding/accumulation of the radioligand was analyzed. In line
with 2Previous results (22), we found a region-dependent increase
of ['®F]-GE180 uptake in cuprizone-treated mice (Fig. 44). A
visual interpretation of the translocator protein (TSPO) pPET
scans indicated increased tracer uptake, particularly in the midline
of the white matter tract corpus callosum. Statistical comparison
between the vehicle- and siponimod-treated groups showed signif-
icant higher tracer uptake in vehicle (199.5 + 8.2 kBq; mean +
SEM) compared to siponimod-treated mice (176 + 6.9 kBq; P =
0.037; Fig. 4B). These results are well in line with the reduced
gliosis observed in siponimod-treated cuprizone mice.

Next, we performed next generation sequencing (NGS) experi-
ments with mixed white/gray matter tissues isolated from control,
Cup3wks-Veh—, and Cup3wks-Sipo— treated mice (i.e., groups H
and 7 in Fig. 1). A total of 1,418 genes were found to be regu-
lated in cuprizone-vehicle versus control mice (821 up-regulated
and 597 down-regulated). Among those genes that were found to
be most profoundly up-regulated (Dataset S1, marked in red and
Fig. 40) were classical proinflammatory cytokines such as Ce/3
(5.3-log2-fold up-regulated) or Cxc/10 (3.8-log2-fold up-regulated).
These chemokines are well known to promote neuroinflamma-
tory responses. Beyond, microglia-related genes such as Csz7
(5.3-log2-fold up-regulated) or Itgax (5.0-log2-fold up-regulated)
were among those genes most profoundly induced. On the other
hand, among those genes that were found to be most profoundly
down-regulated (Dataset S1, marked in green and Fig. 4C)
were found oligodendrocyte-enriched transcripts among Fa2h
(—2.8-log2-fold down-regulated), Plpl (—2.7-log2-fold down-
regulated) or Mog (—2.7-log2-fold down-regulated). Interestingly,
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Fig. 3. Siponimod ameliorates cuprizone-induced pathologies. (A) Representative LFB/PAS, anti-PLP, anti-IBA1, anti-GFAP and anti-APP A4 stains of the
medial CC from control (n = 3), Cup3wks-Veh+2wks (n = 8) and Cup3wks-Sipo+2wks (n = 9) treated cuprizone-intoxicated mice. (B) Evaluation of the extent
of demyelination (LFB/PAS and anti-PLP), microgliosis (anti-IBA1), astrocytosis (anti-GFAP) and acute axonal injury (anti-APP A4). Statistical analyzes were per-
formed by Kruskal-Wallis test followed by Dunn’s multiple comparison test (C) Representative anti-CC1 immunofluorescence staining of the medial CC.
Arrowheads indicate the localization of anti-CC1* cells. (D) Quantification of CC1* cell numbers. Statistical analyzes were performed by Kruskal-Wallis test
followed by Dunn’s multiple comparison test. Data are shown as mean + SEM. *P < 0.05; **P < 0.01.

the expression of SIpr5, which is well known to be expressed by
mature oligodendrocytes, was also found to be significantly
reduced (—2.1-log2-fold down-regulated). This finding demon-
strates the validity of our NGS experiment.

Next, we were interested in differentially expressed genes in
vehicle- versus siponimod-treated groups. We found that 87
genes showed lower expression (Dataset S2, marked in green)
whereas 192 genes showed higher expression (Dataset S2,
marked in red) in siponimod-treated compared to vehicle-treated
mice. Although not applicable for all of the lower expressed
genes in siponimod-treated versus vehicle-treated mice, many of
those genes were low expressed in control mice, high expressed
in vehicle-treated, and low/intermediate expressed in siponimod-
treated mice (see heat map in Fig. 4D). For example protein
kinase ¢ delta (Prkcd), Transforming Growth Factor Beta-
Receptor I (Tgfbrl), or Integrin «-M ([tgam), which are known
to be expressed by activated microglia cells followed this pattern.
When we applied the PANTHER overrepresentation test (23)

for the 87 genes that were lower expressed in siponimod- versus

4 0of 12 https://doi.org/10.1073/pnas.2204509119

vehicle-treated mice, the gene ontology (GO) biological process
terms lymphocyte activation (6.2-fold enrichment), negative regu-
lation of multicellular organismal process (3.7-fold enrichment),
and positive regulation of metabolic process (2.4-fold enrichment)
were found to be overrepresented. No overrepresentations were
found for the GO “molecular function” or “cellular component”
categories. When we performed the same analysis with the 192
genes that were higher expressed in siponimod-treated compared
to vehicle-treated mice, the GO biological process terms
“regulation of neurotransmitter receptor activity” (11.9 fold
enrichment), “synaptic vesicle cycle” (8.3-fold enrichment), and
“regulation of synapse organization” (5.7-fold enrichment) were
found to be overrepresented. For the GO cellular component the
terms “smooth endoplasmic reticulum” (16.6-fold enrichment),
“dendritic shaft” (11.9-fold enrichment), and “excitatory synapse”
(10.9-fold enrichment) were found to be overrepresented. No
overrepresentations were found for the GO molecular function
category. In summary, siponimod impacts cuprizone-induced
demyelinating effects on the transcriptome level as well.

pnas.org
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Protective Siponimod Effects Are Independent of T Cells.
Although the results of functional studies, using Ragl™’~ mice
with no functional B and T cells, suggest that adaptive immu-
nity is not mediating the cuprizone-induced pathology (14, 24),
our group recently demonstrated that lymphocytes, in particular
CD8" cytotoxic T cells, populate the demyelinated corpus callo-
sum in the cuprizone model, while displaying an activated phe-
notype (25). Of note, densities of the recruited T cells and the
composition of lymphocytic infiltrates in cuprizone-intoxicated
mice were found to be comparable to those found in progressive
MS lesions. Comparably, our NGS-based enrichment analysis
suggests that siponimod might exert its protective effects in the
cuprizone model via modulation of lymphocyte function (see
above). To formally exclude that the observed protective effects
of siponimod in the cuprizone model are due to a modulation of
T cell function, we used Ragl™’~ mice, which lack functional B
and T cells (26). In these experiments, the mice were killed after
a 3-wk cuprizone intoxication period (i.e., groups A and 7 in
Fig. 1). As demonstrated in Fig. 5, vehicle-treated Ragl™"~ mice
displayed the typical histopathological alterations of cuprizone-

intoxicated mice (i.e., demyelination, microgliosis, acute axonal

PNAS 2022 Vol. 119 No.40 e2204509119

injury, and loss of oligodendrocytes), whereas siponimod-treated
Ragl™"~ mice were almost completely protected from the
cuprizone-mediated insult. Beyond, densities of CD3"* lympho-
cytes and CD4™ Th cells were found to be increased in vehicle-
and siponimod-treated wild-type mice (S/ Appendix, Fig. S2).
These data strongly suggest that the protective siponimod effects
are independent of T and B cells, but are mediated by direct
modulation of brain cell function.

Siponimod Does Not Modulate Astrocyte/Microglia Function
In Vitro. Siponimod interacts with SIPR1 and SIPRS5. In the
CNS, S1PR1 predominantly regulates astrocyte (27-29) and
microglia (30) function, whereas SIPR5 is predominantly
expressed by cells of the oligodendrocyte lineage (31). Early
during cuprizone-induced demyelination, astrocytes and micro-
glia are activated (19) and are believed to secrete a variety of
proinflammatory cytokines and chemokines, thus orchestrating
the progression of demyelination in this model (32). To investi-
gate a potential modulatory function of astrocytes/microglia by
siponimod, we prepared mixed glia cell cultures (CD11b*
microglia/ASCA2" astrocyte ratio 1:1.2; see Fig. 64) and
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investigated the potential of siponimod to modulate proinflam-
matory responses in this in vitro model. In a first step, we
examined the expression of SIpr5 and SIprI mRNA isolated
from mixed glia cell cultures and mouse brain tissues. As
expected, the expression of SIpr5 was low in the isolated cortex
but high in the oligodendrocyte-rich isolated white matter tract
corpus callosum. The lowest SIpr5 expression levels were found
in the mixed astrocyte/microglia cultures (Fig. 6 B, Lefd). In
contrast, SIprl expression was evident in isolated brain tissues
and the mixed glial cell cultures (Fig. 6 B, Right). The mean Ct
values for SIpr! in the cortex were 24.1 + 0.12 (mean + SEM)
and in the nontreated mixed glia cell cultures, 26.1 + 0.23.
Beyond, neither stimulation of cultured astrocytes with lipopo-
lysaccharides (LPS) nor siponimod treatment induced or
repressed SIpr5 or SIprl expression levels. The expression of
SI1PR1 protein was verified by immunocytochemistry, demon-
strating a punctate expression at the cell surface of GFAP™ cells
(see arrowheads in Fig. 6C). To verify that the expressed recep-
tors are functionally active in these cells, mixed glia cell cultures
were serum starved for 4 h, then treated with siponimod
(1 pM) for 60 min and the samples prepared for Western blot-
ting experiments. In line with a previous report (33), the treat-
ment of the mixed glia cell cultures with siponimod induced
AKT phosphorylation (Fig. 6D).

Next, the mixed glia cell cultures were stimulated with either
LPS, TNFa, or IFNY, and cytokine release into the cell culture
supernatant was analyzed in vehicle- or siponimod-treated
experimental groups by Bio-Plex protein arrays. As expected,
low cytokine levels were observed in control cultures, whereas
cytokine levels increased in a stimulus-specific manner (Dataset
S3). For example, IL10 levels were significantly increased in
LPS-, but not TNFa- or IFNy-exposed cultures. In contrast,
all three applied stimuli increased the levels of the chemokine
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RANTES/CCL5. Of note, siponimod treatment did not
decrease cytokines release in cultured glia cells. In contrast, the
concentration of some cytokines, such as MCP-1, IL12-p40, or
G-CSF, was found to be significantly higher in siponimod-
exposed cultures (see # sign in Dataset S3). In line with this
finding on the protein level, gene expression studies showed
expression induction of the two chemokines Cxc/10 and Ccl2
by LPS treatment with no effects of siponimod on chemokine
expression induction (Fig. 6E).

Siponimod Protects Oligodendrocytes in a S1PR5-Dependent
Manner. Next, we asked whether the observed protective effects
of siponimod might be due to protection of oligodendrocytes.
To this end, we first intoxicated mice for 1 wk with cuprizone
and investigated whether or not the cuprizone-induced oligo-
dendrocyte degeneration is ameliorated by siponimod. As dem-
onstrated in Fig. 7, densities of apoptotic cells were by trend
lower in siponimod- compared to vehicle-treated mice (vehicle
9.46 + 2.08 versus siponimod 3.15 + 2.00 apoptotic cells;
P = 0.124). Beyond, densities of ATF3" cells, which have been
shown to mark stressed oligodendrocytes in this model (34),
were significantly reduced by siponimod. This early protective
effect of siponimod was paralleled by a trend of reduced expres-
sion induction of the two proinflammatory chemokines Cc/2
and Cxcl10.

It is well known that oligodendrocytes express high levels of
S1PR5 (31, 35). To test whether SIPR5 is involved in
siponimod-mediated protection in the cuprizone model, wild-
type and SIpr5 " mice were intoxicated with cuprizone for
3 wk (i.e., groups H and /in Fig. 1), and the level of demyelin-
ation, glia activation, and oligodendrocyte loss was analyzed via
immunohistochemistry. As demonstrated in Fig. 8, vehicle-
treated wild-type mice showed myelin integrity loss, glia
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Effects of siponimod in mixed glia cell cultures. (A) Flow cytometry analysis of ACSA-2* astrocytes and CD11b* microglia in mixed glia cultures.

(B) Qualitative relative expression of S1pr5 and S7pr1 in tissues isolated from control mice (corpus callosum [CC] and cortex [CX]) as well as mixed glia cell
cultures exposed to LPS (100 ng/mL) and/or siponimod (1 pM). Data are normalized to the mean expression in the CC. No statistical comparison was
performed. (C) Representative double stain against GFAP (red) and STPR1 (green) in the mixed glia culture. (D) Protein levels of total AKT and phosphorylated
AKT in mixed glia cultures treated with DMSO (vehicle solution) or siponimod (n = 4). (E) Qualitative relative expression of Cxcl-10 and Cc/-2 in mixed glia cell

cultures. Data are shown as mean + SEM.

activation, and acute axonal injury after cuprizone intoxication.
In line with our previous experiments, cuprizone-induced
pathologies were significantly less severe in siponimod-treated
wild-type mice. Of note, the protective effects of siponimod
were virtually absent in SIpr5 /" mice. The parameters mye-
lin densities (LFB; 1.15 + 0.15 versus 1.1 + 0.6 arbitrary
units [AU]), mature oligodendrocytes (CC1; 117 + 19.63
versus 146. + 59.43 cells/mm?), microglia cells (anti-IBA1;
37.5 = 1.9 versus 46.0 + 2.91 optical density), acute axonal
injury (ant-APP A4; 2,153 + 14 versus 2,402 + 20 sphe-
roids/mm?, and anti-vGLUT1; 189.4 + 42.35 versus 200.3 +
25.82 spheroids/mm?; see ST Appendix, Fig. S3 for representa-
tive images of anti-vGLUT1 stains) were comparable in
vehicle- and siponimod-treated cuprizone-intoxicated S1pr5 ="
mice, demonstrating that siponimod mediates its protective effects
by the SIPR5 receptor. Finally, there was an increase of OLIG2*/
PCNA™ proliferating oligodendrocyte progenitor cells after 3 wk
of cuprizone intoxication, and this increase was ameliorated
by siponimod in wild-type but not SZp5~"" mice (Fig. 8B and

PNAS 2022 Vol. 119 No.40 2204509119

SI Appendix, Fig. S4). This observation demonstrates that the
observed beneficial effects of siponimod in this study are not
mediated by induction of myelin regeneration pathways but
rather due to protection of oligodendrocytes.

Discussion

In this study, we were able to demonstrate that 1) siponimod
exerts long-lasting immunosuppressive effects in an EAE model
with severe forebrain involvement (i.e., in the Cup/EAE model);
2) in addition, siponimod exerts protective effects, which are
independent of their immunomodulatory function; and 3) these
protective effects are mediated via SIPR5 receptors.

In a first step, we reinvestigated the well-known immunosup-
pressive functons of siponimod (15, 36, 37) in the Cup/EAE
model, which combines the toxin-mediated cuprizone model with
the autoimmune MS model EAE to provoke peripheral immune
cell recruitment into the forebrain (17). Even 2 wk after the last
siponimod dosing (see Fig. 1 for the experimental setup) active
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Fig. 7. Siponimod ameliorates cuprizone-induced oligodendrocyte degeneration. (A) Quantification of apoptotic cells in H&E (Left) or anti-ATF3 (Right)
stained sections of control (n = 3), Cup1wk-Veh (n = 6) and CupTwk-Sipo (n = 6) mice. Statistical analyzes were performed by Mann-Whitney test as indi-
cated. (C and D) Relative Cc/2 and Cxc/70 mRNA expression levels in the forebrain from control, Cup1wk -vehicle (n = 4), and Cup1wk-siponimod (n = 4) mice.
Statistical analyzes were performed by Mann-Whitney test as indicated. Data are shown as mean + SEM. *P < 0.05; **P < 0.01.

MOGs3;s_ss immunization in C57BL/6 mice did not result in
EAE disease development. In line with this observation, a recent
study demonstrated that the formation of meningeal inflammatory
infiltrates, which have been described in postmortem MS dissues,
is reduced by siponimod (37). Future studies have to show the
underlying mechanisms of this prolonged immunosuppression.

While the role of S1PR1 signaling in regulating T cell migra-
tion is well established (38, 39), direct effects within the CNS
are less clear. To study the potential direct effects of siponimod
in the CNS, we used the cuprizone demyelination model. In
this model, oral ingestion of the copper chelator cuprizone
induces reproducible oligodendrocyte degeneration followed by
region-specific demyelination and axonal injury (40). Lympho-
cytes are believed to play no functional role in this model (14).
During the 3-wk cuprizone intoxication period, mice were
treated with either vehicle or 3.125 mg/kg siponimod and their
brains were histologically analyzed after an additional 2 wk of
autonomous lesion progression (17). This dosing was chosen
because it has been shown to ameliorate EAE in rats (15). Pro-
tective effects of siponimod were not just evident at week 5 but
also at earlier time points such as weeks 1 and 3.

Of note, there are reports as well suggesting that peripheral
immune cells might impact on the cuprizone-induced CNS
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pathologies. For example, it has been suggested that circulating
CXCR2" neutrophils are important for cuprizone-induced demy-
elination (41). We and others observed the recruitment of CD8%
lymphocytes into the CNS of cuprizone-intoxicated mice
(25, 42). Despite the recruitment of peripheral immune cells into
the CNS of cuprizone-intoxicated mice, the observed protective
effects of siponimod in this study are likely to be mediated by a
direct modulatory function of neuronal cells (i.e., cells within the
CNS and not peripheral immune cells). First, protective effects
were observed as well in Rag]_/_ mice, which lack functional
B and T cells. Second, in line with previous reports, siponimod
concentrations were found to be increased in the brain paren-
chyma (~650 nM; see SI Appendix, Fig. S5) (43). Third, the early
recruitment of lymphocytes into the CNS of cuprizone-intoxicated
mice was not ameliorated by siponimod. The results of a number
of previous studies support the view of a direct protective effect of
siponimod in the CNS. In EAE, siponimod prevented the degen-
eration of synapses after intracerebroventricular infusion (16). In
slice cultures, where the CNS and the peripheral immune system
are virtually uncoupled, siponimod attenuated lysophosphotidyl
choline-mediated demyelination (33), whereas in vivo siponimod
increased myelin basic protein levels after lysophosphotidyl
choline—induced focal demyelination (44). Dietrich et al. recently
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Arrowheads highlight CC1* mature oligodendrocytes. (B) Evaluation of the histological results of one experiment. The results have been verified in a second
independent experiment (i.e., absence of protective siponimod effects in STpr5~"~ mice; see S/ Appendix, Fig. S6). Statistical analyzes were performed by two

separate Mann-Whitney tests as indicated. Data are shown as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001. ns, nonsignificant.

demonstrated that siponimod can support remyelination, presum-
ably by modulating the polarization of microglia cells (45).

To understand which receptor subtype mediated the protec-
tive effects of siponimod, we used mice deficient for SIpr5.
While pronounced protective effects of siponimod were
observed in wild-type mice, any protection was virtually absent
in Sipr5 7 mice. Beyond, the secretion of proinflammatory
mediators was not ameliorated by siponimod in mixed glia cell
cultures where SIprl expression was found to be high, but
Sipr5 expression is low (compare Fig. 6). Kim et al. (46)
recently showed that the nonselective S1PR modulator
FTY720 (fingolimod) reduced cuprizone-induced oligodendro-
cyte apoptosis and preserved myelin protein levels after 3 wk of
cuprizone intoxication. Similar effects were observed when the
authors used the specific SIPR1 modulator CYM5542 (46).
Protective effects have been described as well by another group
using the SIPR modulator ponesimod, which was recently

PNAS 2022 Vol. 119 No.40 e2204509119

approved for treating RRMS patients (47). Finally, it has been
shown that ozanimod, a S1P1/5 modulator recently approved
in the United States for the treatment of MS, attenuates ex
vivo EAE glutamatergic synaptic alterations (48). Of note, elec-
trophysiological studies with selective SIPR1 (AUY954) and
SIPR5 (A971432) agonists suggested that SIPR1 modulation
is the main driver of the antiexcitotoxic activity mediated by
ozanimod. We cannot formally rule out that the observed pro-
tective effects of siponimod in our experiments are mediated by
modulatory effects of both SIPRI and SIPR5. Due to the
essential function of SIPR1 for vascular maturation, SIprl '~
mice exhibit embryonic hemorrhage leading to intrauterine
death (49). Experiments using mice carrying the floxed Sipri
alleles (50) would be required to address this interesting point
in the future. However, the complete absence of protective
siponimod effects in SIpr5 ™'~ mice strongly suggests that this
receptor subtype is critically involved.
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This study is not without limitations. Several important dif-
ferences exist between the cuprizone model of demyelination
and the development of inflammatory lesions in MS patients.
Maybe most importantly, in contrast to MS, T and B cells are
not relevant for cuprizone-induced demyelination. This is best
documented by the finding that RAG-deficient mice are fully
susceptible to cuprizone-induced demyelination and oligoden-
drocyte pathology (14). Furthermore, although the exact mode
of action of cuprizone intoxication is not well understood, it is
believed that the copper-chelation action of cuprizone inhibits
mitochondrial enzymes of the respiratory chain, leading to oxi-
dative and endoplasmic reticulum stress responses (51, 52) and
consequently to primary oligodendrocyte apoptosis. This mode
of action is artificial and most likely not the underlying cause
of oligodendrocyte and myelin degeneration in the CNS of MS
patients.

Nevertheless, in summary, our study demonstrates that sipo-
nimod exerts protective effects in the brain in an S1PR5-
dependent manner, which is independent of a T and B cell
modulation. This finding is not just relevant in the context of
MS but other neuropathologies as well characterized by degen-
eration of the axon—myelin unit.

Materials and Methods

Animals and Experimental Groups. C57BL/6 female mice at 10 wk (wks) of
age were obtained from Janvier Labs. Breeding pairs of mice homozygous for
the Rag1™"™°™ mutation (Rag7 "), lacking mature B and T cells (26), were
kindly provided by Sven G. Meuth, Heinrich Heine University, Diisseldorf,
Germany). Breeding pairs of mice lacking the S7pr5 receptor (STpr5~"~) were
kindly provided by Thierry Walzer, Centre International de Recherche en Infectio-
logie, Lyon, France. Both strains were bred in our animal facility and subse-
quently used for the experiments. All experimental procedures were approved
by the review boards for the care of animal subjects of the district government
(Regierung Oberbayern, reference no. 55.2-154-2532-73-15 and Regierung
Mecklenburg-Vorpommern, reference no. 7221.3-1-001/19).

A maximum of five animals were housed per cage (814 cm? area). Animals
were kept under standard laboratory conditions (12 h light/dark cycle, controlled
temperature 23 °C + 2°C and 50% =+ 5% humidity) with access to food and
water ad libitum. The mice were allowed to accommodate to the environment
for at least 1 wk prior to the beginning of the experiments. Body weights of
mice were controlled once per week. The mice were randomly assigned to the
experimental groups (see Fig. 1 for a schematic illustration). Detailed descrip-
tions of the experimental groups are given in SI Appendix, Materials and
Methods.

Siponimod was provided as powder formulation from Novartis Pharma AG,
Basel, Switzerland and dissolved in a 1% carboxymethy cellulose sodium solu-
tion (Sigma-Aldrich; order no. 4888-500gr). If not stated otherwise, the mice
were treated with a siponimod concentration of ~3.1 mglkg. For dose-
dependency studies, ~0.31 mg/kg (low dose [LD]) and ~15.5 mglkg (high
dose [HD]) were additionally used.

Cuprizone Intoxication and EAE Induction. Cuprizone intoxication and
active EAE induction were performed as previously published by our group
(17, 53). Detailed descriptions are given in S/ Appendix, Materials and Methods.

Tissue Sampling. For the histological and immunohistochemical studies, the
preparation of tissues was performed as previously described in detail (54). In
brief, mice were transcardially perfused with cold phosphate-buffered saline
(PBS), followed by a 3.7% formalin solution (pH 7.4). After overnight postfixation
in the same fixative, the brains were dissected and embedded in paraffin, and
coronal 5-pm-thick sections were prepared for immunohistochemical stains. The
coronal slices were analyzed at the level R265 according to the mouse brain atlas
published by Sidman et al. (http://www.hms.harvard.edu/research/brain/atlas.
html). For EAE studies, spinal cord sections were analyzed, which were, prior to
paraffin-embedding, decalcified by incubating the vertebral column samples in
a 10% ethylenediaminetetraacetic acid (EDTA) solution for 35 d at 22 °C. For
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gene expression or next generation sequencing studies, mice were transcardially
perfused with ice-cold PBS to avoid contamination with blood cells; and the
brains were removed and manually dissected using a stereomicroscopic
approach. In this study, the corpus callosum and overlying neocortex between
the levels 215 and 355 according to Sidman et al. were sampled and further
processed. Hippocampal and other subcortical areas were discarded.

Histology and Immunohistochemistry. For histological evaluations, ran-
domly selected brain sections containing the region of interest (ROI) were stained
with standard LFB/PAS to determine demyelination, and hematoxylin & eosin
(H&E) to 1) evaluate the number and spatial distribution of perivascular infiltrates
within the forebrain or 2) to visualize apoptotic bodies in the corpus callosum, fol-
lowing established protocols in our laboratory. Spinal cord sections were stained
with LFB/PAS to evaluate inflammatory demyelination within the white matter as
described in detail elsewhere (55). Immunohistochemistry was performed using
the following primary antibodies: Anti-ionized calcium-binding adaptor molecule 1
(IBAT) to visualize microglia and macrophages, anti-myelin PLP to target myelin
proteins, anti-adenomatous polyposis coli (APC) clone CC1 (APC/CC1) to target
mature oligodendrocytes, anti-activating transcription factor 3 (ATF3) as a stress
marker protein, anti-glial fibrillary acidic protein (GFAP) to study the extent of astro-
cyte activation, anti-amyloid precursor protein (APP) or anti-vesicular glutamate
transporter 1 (VGLUT1) to detect acutely damaged axons, anti-CD3 and anti-CD4 to
label T lymphocytes and Th cells, respectively, and anti-oligodendrocyte transcrip-
tion factor 2 (OLIG2) to detect the nuclei of oligodendrocytes (pan-oligodendrocyte
marker). OLIG2/PCNA double labelings were performed to visualize proliferating
oligodendrocyte progenitor cells. Order numbers, suppliers, applied concentra-
tions, and the performed heat-induced epitope retrieval methods are given in S/
Appendix, Table S1. The stains were conducted following established protocols.
Detailed descriptions are given in S/ Appendix, Materials and Methods. Beyond,
detailed information regarding the methods applied for the histological evalua-
tions can be found in SI Appendix, Materials and Methods.

Immunofluorescence Double Labeling. To specifically label proliferating oli-
godendrocyte progenitor cells, immunofluorescence double labeling experi-
ments using anti-OLIG2 and anti-PCNA antibodies were performed as previously
described by our laboratory (56). Unspecific secondary antibody binding to the
tissue itself was excluded by performing negative controls by incubating sections
with each of the fluorescent secondary antibodies alone. Stained and processed
sections were documented with the microscope working station Leica DMé6 B.
Order numbers, suppliers, applied concentrations, and the performed heat-
induced epitope retrieval method are given in S/ Appendix, Table S1.

PET/CT. PET imaging to visualize activated glia cells, in particular microglia, was
performed as previously described (22, 57) with minor modifications (S/
Appendix, Materials and Methods).

Mixed Glia Cell Cultures. Primary astrocyte cultures were prepared from the
brains of P1-P3 C57BL/6 mice as previously described with some modifications
(58). Flow cytometry analyses have been performed to analyze the relative pro-
portion of astrocytes and microglia (S/ Appendix, Materials and Methods).

Immunocytochemistry. Immunofluorescence stains of the cultured cells were
performed to analyze STPR1 and STPRS expression. Detailed descriptions are
given in SI Appendix, Materials and Methods.

Protein Analyses. To analyze siponimod-induced signaling cascades in mixed
glia cultures, cells were treated after 4 h of serum starvation with either vehicle
(0.01% dimethyl sulfoxide [DMSQ] in starving medium) or siponimod (1 puM in
0.01% DMSO in starving medium) solution for 60 min. Western blotting experi-
ments were performed to analyze the activation of the Akt signaling pathway
(see SI Appendix, Materials and Methods for a detailed description).

To analyze whether siponimod can modulate cytokine secretion in stimulated
mixed glia cell cultures, cells were seeded in poly-L-lysine-coated six-well plates
and stimulated with either lipopolysaccharides (LPS) (100 ng/mL, Sigma-Aldrich,
[4391-1 MG), interferon gamma (IFNy) (100 U/mL, Peprotech, 315-05), or
tumor necrosis factor alpha (TNFar) (100 U/mL, Peprotech, 315-01A) for 24 h.
A total of 2,000 pL of medium was applied per well. The cells in control groups
were pretreated with either vehicle (DMSQ) or siponimod solution (1 puM) for
60 min. After the indicated stimulation/treatment period, 1,000 pL of the cell
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supernatant was harvested, snap frozen in liquid nitrogen, and cytokine concen-
trations were analyzed by applying the Bio-Plex multiplex platform and using the
Bio-Plex Pro Mouse Cytokine 23-Plex Assay M600O9RDPD (Bio-Rad). Results are
shown as concentration in picogram/milliliter after standard curve calibration.

RT-PCR. To analyze S7prT and STpr5 as well as cytokine mRNA expression levels
in mixed glia cell cultures and isolated brain tissues, gene expression levels
were semiquantified by qRT-PCR (Bio-Rad), using SensiMix Plus SYBR and fluo-
rescein (Quantace, Bioline) with a standardized protocol as described previously
by our group (52). The primer sequences and individual annealing temperatures
are given in S/ Appendix, Table S1.

Next Generation Sequencing. NGS experiments were performed with mixed
corpus callosum/neocortical tissues isolated from control (n = 5), Cup3wks-Veh
(n = 5) and Cup3wks-Sipo (3.125 mg/kg) (n = 5) mice. After mechanical dissec-
tion, tissues were snap frozen in liquid nitrogen and afterward homogenized
using the Precellys tissue homogenizer (VWWR, Bertin Technologies). RNA isola-
tion was performed using the RNeasy Lipid Tissue Mini Kit (Qiagen) strictly fol-
lowing the manufacturer's instructions.

Quality checks of the prepared RNA samples were performed with the Tape-
Station 4200 using the Agilent RNA ScreenTape Assay Kit (Agilent). Mean RNA
integrity numbers (RINs) were about 8.5 with lowest RIN ~7.9. RNA quantifica-
tion was performed using the Quantus RNA System (Promega). According to the
manufacturer's instructions, all cDNA libraries were generated from 1 pg total
RNA using the TrueSeq Stranded Total RNA Library Preparation Kit with the Ribo-
Zero Gold Kit (Illumina Inc.). The quality and quantity of the cDNA libraries were
assessed using the 4200 TapeStation (D1000 screen tape assay) and the Quan-
tus Fluorometer, respectively. All samples were sequenced on a NextSEq. 500
sequencing system with the following run parameters: 76 cycles for read 1, 6
cycles for index 1, and 76 cycles for read 2.

RNA-Sequencing Primary Analysis. Generation of the fastq files and removal
of adapters were completed using the Illumina demultiplexing and conversion
software bcl2fastq (https://support.illumina.com/sequencing/sequencing_software/
bel2fastg-conversion-software.html). Subsequently, RNA-Sequencing (RNA-Seq) pri-
mary analysis was performed with the RNA-Seq pipeline of nf.core v3.0 using stan-
dard parameters. For instance, quality control of the sequenced transcripts was
done with online routine fastqc v0.11.9 (https://www.bioinformatics.babraham.ac.
uk/projectsffastqc); library complexity was measured with preseq v2.0.3 (59).
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