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Abstract
Ponesimod	is	a	sphingosine	1-	phosphate	(S1P)	receptor	(S1PR)	modulator	 that	
was	 recently	 approved	 for	 treating	 relapsing	 forms	 of	 multiple	 sclerosis	 (MS).	
Three	 other	 FDA-	approved	 S1PR	 modulators	 for	 MS—	fingolimod,	 siponimod,	
and	 ozanimod—	share	 peripheral	 immunological	 effects	 via	 common	 S1P1	 in-
teractions,	 yet	 ponesimod	 may	 access	 distinct	 central	 nervous	 system	 (CNS)	
mechanisms	through	its	selectivity	for	the	S1P1	receptor.	Here,	ponesimod	was	
examined	for	S1PR	internalization	and	binding,	human	astrocyte	signaling	and	
single-	cell	 RNA-	seq	 (scRNA-	seq)	 gene	 expression,	 and	 in	 vivo	 using	 murine	
cuprizone-	mediated	 demyelination.	 Studies	 confirmed	 ponesimod’s	 selectivity	
for	S1P1	without	comparable	engagement	to	the	other	S1PR	subtypes	(S1P2,3,4,5).	
Ponesimod	 showed	 pharmacological	 properties	 of	 acute	 agonism	 followed	 by	
chronic	functional	antagonism	of	S1P1.	A	major	locus	of	S1P1	expression	in	the	
CNS	is	on	astrocytes,	and	scRNA-	seq	of	primary	human	astrocytes	exposed	to	po-
nesimod	identified	a	gene	ontology	relationship	of	reduced	neuroinflammation	
and	reduction	in	known	astrocyte	disease-	related	genes	including	those	of	imme-
diate	early	astrocytes	that	have	been	strongly	associated	with	disease	progression	
in	MS	animal	models.	Remarkably,	ponesimod	prevented	cuprizone-	induced	de-
myelination	selectively	in	the	cingulum,	but	not	in	the	corpus	callosum.	These	
data	support	the	CNS	activities	of	ponesimod	through	S1P1,	including	protective,	
and	likely	selective,	effects	against	demyelination	in	a	major	connection	pathway	
of	the	brain,	the	limbic	fibers	of	the	cingulum,	lesions	of	which	have	been	associ-
ated	with	several	neurologic	impairments	including	MS	fatigue.
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1 	 | 	 INTRODUCTION

Sphingosine	 1-	phosphate	 (S1P)	 is	 a	 bioactive	 lysophos-
pholipid	whose	effects	are	mediated	by	a	family	of	cognate	
G	 protein-	coupled	 receptors	 (GPCRs).1,2	 Five	 S1P	 recep-
tor	 (S1PR)	 subtypes3  have	 been	 identified—	S1P1,2,3,4,5—	
combinations	of	which	have	been	successfully	targeted	for	
the	 production	 of	 four	 FDA-	approved	 oral	 immune	 cell	
trafficking	inhibitors	to	treat	relapsing	forms	of	the	demy-
elinating	central	nervous	system	(CNS)	disease,	multiple	
sclerosis	(MS).2,4

Fingolimod	 (FTY720),5	 approved	 in	 2010,6	 was	 the	
first	 S1PR	 modulator	 and	 oral	 therapy	 for	 MS.	 It	 is	 a	
pro-	drug	 that	 requires	 endogenous	 phosphorylation	 (by	
sphingosine	 kinases)	 to	 produce	 fingolimod	 phosphate	
(fingolimod-	P)	 that	 can	 then	 engage	 four	 of	 the	 five	 re-
ceptor	subtypes	(all	except	S1P2)	with	high	affinity.6–	9	Its	
receptor	 mechanism	 of	 action	 is	 characterized	 by	 initial	
S1PR	 agonism,	 followed	 by	 functional	 antagonism	 with	
prolonged	 fingolimod-	P	 (FTY720-	P)	 exposure,	 which	 ef-
fectively	eliminates	S1PRs,	especially	S1P1,	 from	the	cell	
surface	via	irreversible	receptor	internalization.6,8,10	In	MS	
and	related	animal	models,	 this	alters	 immune	cell	 traf-
ficking	 whereby	 disease-	promoting	 cells,	 particularly	 of	
the	adaptive	immune	system,	are	sequestered	within	sec-
ondary	lymphoid	organs	to	reduce	pathogenic	entry	into	
the	brain.11	In	addition,	direct	CNS	effects	have	also	been	
implicated,	 particularly	 involving	 astrocytes12	 as	 well	 as	
oligodendrocytes,	resident	microglia,	and	likely	other	cell	
types	that	can	express	one	or	more	S1PR	subtypes.2

Three	 second-	generation	 S1PR	 modulators	 have	
more	recently	been	approved	for	MS	and	all	are	distinct	
from	fingolimod	 in	 targeting	a	 subset	of	S1PR	subtypes.	
Siponimod13	 (MAYZENT®,	 approved	 in	 2019)	 and	 ozan-
imod14	 (ZEPOSIA®,	 approved	 in	 2020)	 engage	 S1P1	 and	
S1P5;	 siponimod	 is	 a	 direct	 S1PR	 modulator	 whereas	
ozanimod	 involves	 metabolism	 in	 humans	 for	 receptor	
engagement.15  The	 third	 approved	 agent	 is	 ponesimod16	
(PONVORY™;	approved	in	2021)	that	has	been	reported	
to	show	>10-	fold	selectivity	for	S1P1	as	compared	to	other	
S1PRs.17

All	 four	 agents	 met	 their	 clinical	 trial	 primary	 end-
point	 of	 reducing	 MS	 relapses	 and	 shared	 S1P1	 engage-
ment.	Since	ponesimod	is	only	supposed	to	engage	S1P1,	
it	provided	an	opportunity	to	examine	its	mechanistic	ef-
fects	as	a	mono-	specific	S1P1	receptor	modulator	beyond	
the	 previously	 reported	 peripheral	 immunological	 ef-
fects.18	Other	effects	included	those	relevant	to	ponesimod	

clinical	 trial	 data	 (OPTIMUM	 Phase	 3  study)16	 that	
achieved	 a	 novel	 secondary	 endpoint	 of	 reduced	 MS	 fa-
tigue.	Independent	examination	of	ponesimod	was	there-
fore	 pursued	 for	 receptor	 selectivity,	 human	 astrocyte	
signaling,	 single-	cell	 gene	 expression,	 and	 an	 animal	
model	 of	 cuprizone-	induced	 demyelination	 that	 might	
elucidate	the	mechanisms	underlying	ponesimod	efficacy	
signals	related	to	MS	fatigue.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 S1PR modulators

Ponesimod	 was	 kindly	 provided	 by	 Janssen	 Pharma-
ceuticals	Corporation	of	Johnson	&	Johnson	or	obtained	
from	 APExBIO	 (Boston,	 MA;	 Cat	 #B7809).	 Other	 S1PR	
modulators	 used	 in	 this	 study	 were	 S1P	 (Avanti	 Polar	
Lipids,	 Alabaster,	 AL;	 Cat	 #860429P),	 fingolimod-	P	
(Cayman,	Ann	Arbor,	MI;	Cat	#10008639),	and	ozanimod	
and	 siponimod	 (Selleck	 Chemicals,	 Pittsburgh,	 PA;	 Cat	
#S7952	and	S7179,	respectively).

2.2	 |	 Cells

Primary	 human	 astrocytes	 were	 obtained	 from	 Lonza	
(Lonza,	Basel,	Switzerland;	Cat	#CC-	2565)	and	cultured	
with	AGM™	Astrocyte	Basal	Medium	(Lonza,	Cat	#CC-	
3187)	 containing	 AGM™	 SingleQuots	 Supplements	
(Lonza,	Cat	#CC-	4123).	HA-	tagged	S1PR-	overexpressing	
C6  glioblastoma	 cells	 were	 established	 by	 the	 meth-
ods	 previously	 described19	 and	 maintained	 in	 DMEM	
high	 glucose	 (Thermo	 Fisher	 Scientific,	 Waltham,	 MA;	
Cat#	 11965)	 containing	 10%	 FBS	 (Gemini	 Bio	 Products,	
West	 Sacramento,	 CA;	 Cat	 #100-	500)	 and	 penicillin–	
streptomycin	(Thermo	Fisher	Scientific,	Cat	#10378016).

2.3	 |	 Internalization assay

S1PR-	expressing	 C6	 cells	 were	 acutely	 stimulated	 with	
1 µM	S1P	or	ponesimod	for	1 h	to	test	short-	term	effects.	For	
wash-	out	 effect	 experiments,	 cells	 were	 stimulated	 with	
1 µM	S1P,	ponesimod,	or	fingolimod-	P	for	4 h,	 followed	
by	 washing	 out	 the	 compounds,	 medium	 replacement	
to	0.1%	BSA-	DMEM,	and	incubation	for	18 h.	Cells	were	
then	stained	with	primary	(anti-	HA	antibody,	clone	3F10;	
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Millipore	Sigma,	Burlington,	MA;	Cat	#12158167001)	and	
secondary	 Abs	 (phycoerythrin-	labeled	 anti-	rat	 IgG	 sec-
ondary	Ab;	BioLegend,	San	Diego,	CA;	Cat	#405406),	fol-
lowed	by	flow	cytometry	(FCM)	analyses	using	a	Novocyte	
flow	 cytometer	 (Agilent,	 Santa	 Clara,	 CA).	 Human	 pri-
mary	astrocytes	were	transfected	with	pcDNA3.1 harbor-
ing	a	S1P1-	EGFP	fusion	construct	by	Lipofectamine	2000	
(Thermo	 Fisher	 Scientific,	 Cat	 #11668030)	 and	 cultured	
overnight.	Cells	were	stimulated	with	1 µM	ponesimod	or	
fingolimod-	P	for	1 h	and	fixed	with	2%	paraformaldehyde.	
Cells	were	imaged	using	a	Keyence	BZ-	8100 microscope	
(Osaka,	Japan).

2.4	 |	 Ca2+ mobilization assay

Human	primary	astrocytes	were	plated	onto	384	well	plates	
(Greiner,	San	Diego,	CA;	Cat	#781091)	at	10 000	cells/well	
on	day	0.	Media	were	replaced	with	FreeStyle™	293	expres-
sion	medium	on	day	1	and	cultured	for	18 h.	On	day	2,	cells	
were	stained	with	FLIPR	Calcium	4	Assay	Kit	(Molecular	
Devices,	San	Jose,	CA;	Cat	#R8141)	for	1 h	in	the	presence	
or	absence	of	S1PR	modulators.	Intracellular	Ca2+	mobili-
zation	was	monitored	with	a	Hamamatsu	FDSS7000.

2.5	 |	 cAMP AlphaScreen assay

Detection	of	forskolin	(FSK)-	induced	cAMP	inhibition	by	
S1PR	compounds	in	human	primary	astrocytes	was	per-
formed	 using	 the	 AlphaScreen	 cAMP	 kit	 (PerkinElmer,	
Cat	#6760635),	 according	 to	 the	manufacturer’s	 instruc-
tions.	Briefly,	primary	human	astrocytes	were	harvested	
and	 resuspended	 in	 stimulation	 buffer	 (HBSS,	 0.5  mM	
3-	isobutyl-	1-	methylxanthine	 [IBMX;	 Sigma-	Aldrich,	 St.	
Louis,	 MO;	 Cat	 #I5879],	 5  mM	 HEPES,	 0.1%	 BSA)	 to	 a	
final	concentration	of	1 × 104	cells/µl.	Astrocytes	and	anti-	
cAMP	 AlphaScreen	 acceptor	 bead	 mixes	 were	 prepared	
for	a	final	concentration	of	5000	cells/well	on	a	white	384	
well	 microplate	 (PerkinElmer	 #6007290).	 Biotinylated-	
cAMP	and	streptavidin	donor	bead	mixes	were	prepared	
in	lysis	buffer	(5 mM	HEPES,	0.1%	BSA,	0.3%	Tween-	20,	
pH	7.4).	Final	concentrations	of	acceptor	and	donor	beads	
used	 were	 according	 to	 the	 manufacturer’s	 instructions.	
For	 Gαi-	coupled	 agonist	 mode,	 S1PR	 compounds	 (S1P,	
ponesimod,	 FTY720-	P)	 were	 added	 to	 each	 well	 at	 the	
indicated	 final	 concentrations,	 along	 with	 FSK	 (Sigma-	
Aldrich,	 Cat	 #344270;	 10  µM	 final	 concentration),	 and	
incubated	 for	 30  min	 at	 room	 temperature.	 Following	
the	 addition	 of	 biotin-	cAMP/streptavidin	 donor	 beads	
in	lysis	buffer,	the	mixture	was	incubated	in	the	dark	for	
1 h	at	 room	 temperature.	The	AlphaScreen	signal	 (light	
emission	 at	 570  nm)	 was	 then	 measured,	 followed	 by	

excitation	at	680 nm	using	the	SpectraMax	i3 multi-	modal	
plate	reader	(Molecular	Devices).	To	measure	functional	
antagonism,	human	primary	astrocytes	were	treated	with	
ponesimod	 and	 fingolimod-	P	 (10  µM	 final	 concentra-
tion)	for	18 h	prior	to	stimulation	with	S1P,	as	described	
above.	The	data	were	baseline	corrected	and	normalized	
to	the	S1P	response	within	each	experiment	and	three	pa-
rameter	concentration-	response	curves	were	 fitted	using	
GraphPad	Prism	(GraphPad	Software	Inc,	San	Diego,	CA).

2.6	 |	 Binding assay

A	 bioanalytical	 technique,	 named	 compensated	 inter-
ferometric	reader	 (CIR),19,20	was	utilized	 to	measure	 the	
binding	affinity	between	S1P1	versus	ponesimod	or	siponi-
mod.	Briefly,	HA-	tagged	S1P1-	overexpressing	and	vector	
transfected	 C6  glioblastoma	 cells	 were	 sonicated	 to	 pre-
pare	S1P1	and	vector	nanovesicles	 that	were	mixed	with	
an	increasing	concentration	of	compounds	and	incubated	
for	 1  h.	 The	 assay	 was	 analyzed	 in	 CIR	 to	 measure	 the	
binding	of	compounds	 to	S1P1/vector	nanovesicles	com-
pared	to	a	reference	(no	vesicles	+	compounds)	solution.	
The	specific	binding	was	obtained	by	subtracting	the	CIR	
signal	of	control	nanovesicles	(non-	specific)	from	the	S1P1	
nanovesicles	(total).

2.7	 |	 Single- cell RNA- seq

Human	 primary	 astrocytes	 were	 plated	 on	 6  cm	 dishes	
at	 500  000	 cells.	 Cells	 were	 stimulated	 with	 or	 without	
cytokine	 mixture	 (25  ng/ml	 each;	 TNF-	α,	 IFN-	γ,	 IL-	17,	
IL-	1β,	and	IL-	6)	in	the	presence	or	absence	of	1 µM	pone-
simod	for	24	or	48 h.	Cells	were	detached	and	resuspended	
with	PBSE	+	BSA	to	obtain	around	1000	cells/µl,	and	the	
counts	were	confirmed	on	a	Countess™	II	(Thermo	Fisher	
Scientific).	 Single-	cell	 capture	 (target	 capture	 of	 10  000	
cells	 per	 sample)	 and	 library	 preparation	 was	 conducted	
using	Chromium	Single	Cell	3′	GEM,	Library	&	Gel	Bead	
Kit	v3	(10×	Genomics,	Pleasanton,	CA;	Cat	#PN-	1000075)	
and	 Chromium	 Chip	 B	 Single	 Cell	 Kit	 (10×	 Genomics,	
Cat	 #PN-	1000074)	 according	 to	 the	 manufacturer’s	 in-
structions.	Single-	nucleus	libraries	were	sequenced	on	the	
Illumina	 NovaSeq	 6000  machine	 at	 GENEWIZ,	 Inc.	 (La	
Jolla,	CA).	Raw	FASTQ	files	were	input	into	the	cellranger	
count	pipeline	(Cell	Ranger	V4.0.0,	10×	Genomics)	to	align	
reads	to	the	GRCh38 human	genome.	After	stringent	filter-
ing	 steps,	 a	 total	 of	 49  706  high-	quality	 cells	 from	 six	 ex-
perimental	conditions	(non-	treated	control,	ponesimod	for	
48 h,	cytokines	for	24	and	48 h,	and	cytokine	+	ponesimod	
for	 24	 and	 48  h).	 Unique	 molecular	 identity	 (UMI)	 raw	
count	 matrices	 from	 individual	 samples	 were	 normalized	
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using	a	regularized	negative	binomial	regression	method21	
to	 regress	out	mitochondrial	 count	 fractions	and	 then	 in-
tegrated	 into	 one	 combined	 dataset	 using	 Seurat	 V3.122	
in	 R.	 DEGs	 (differentially	 expressed	 genes;	 FDR-	adjusted		
p	<	.05,	log2[fold	change]	>	1.1)	in	each	cluster	were	identi-
fied	by	fitting	a	hurdle	model	in	MAST.23 Pathway	analyses	
were	executed	in	the	Reactome	Pathway	Database	https://
react	ome.org/	or	Metascape	https://metas	cape.org/	and	the	
results	are	provided	in	Tables S3	and	S5.	BAM	files,	unpro-
cessed	gene-	UMI	matrices,	and	cell-	level	clustering	anno-
tation	were	deposited	 into	 the	Gene	Expression	Omnibus	
(GEO,	https://www.ncbi.nlm.nih.gov/geo/).	The	accession	
number	is	GSE171684.

2.8	 |	 Mice

All	animal	procedures	were	conducted	in	accordance	with	
Institutional	 Animal	 Care	 and	 Use	 Committee	 guide-
lines	of	 the	Sanford	Burnham	Prebys	Medical	Discovery	
Institute.	 C57BL/6J	 8-	week-	old	 male	 mice	 were	 main-
tained	 on	 a	 diet	 of	 0.2%	 cuprizone	 (Bis(cyclohexanone)	
oxaldihydrazone	98%;	Thermo	Fisher	Scientific,	Cat	#370-	
81-	0)	for	5–	6 weeks.	A	suspension	of	ponesimod	(30 mg/
kg)	in	vehicle	(0.25%	methylcellulose	[400	cp]	with	0.05%	
polysorbate	 80)	 was	 prepared	 weekly	 after	 stirring	 over-
night	at	 room	 temperature	and	aliquoted	accordingly	 to	
store	at	4°C.	Vehicle	or	ponesimod	were	delivered	orally	
twice	a	day	(8 h	apart)	by	re-	equilibrating	the	suspension	
upon	stirring	for	30 min	before	the	procedure.	The	ponesi-
mod	dose,	frequency,	delivery,	and	formulation	was	based	
on	a	prior	study	published	at	ACTRIMS.

2.9	 |	 Perfusion fixation and 
cryoprotection

Mice	 were	 anesthetized	 with	 isoflurane	 (VetOne,	 Cat	
#502017),	perfused	with	1×	PBS	and	fixed	with	10%	NBF	
(Thermo	Scientific,	Cat	#5701)	to	isolate	the	brain	(corti-
ces)	and	fixed	in	10%	NBF	for	2 days	at	room	temperature.	
They	were	then	transferred	to	15%	sucrose/PBS	(2 days),	
followed	 by	 immersion	 in	 30%	 sucrose	 (2  days).	 These	
fixed	and	cryoprotected	brains	were	wiped	off	and	embed-
ded	 in	 optimum	 cutting	 temperature	 tissue	 embedding	
medium	Tissue-	Plus™	(Fisher	Scientific,	Cat	#4586)	and	
kept	frozen	at	−20°C.

2.10	 |	 Cryosectioning and staining

The	 coronal	 sections	 (30  µm;	 Leica	 cryostat	 CM3050S)	
were	 cut	 at	 the	 level	 of	 bregma	 −1.58  mm	 and	 beyond.	

The	 sections	 were	 mounted	 onto	 gelatin-	coated	 slides	
and	 black	 gold	 II	 staining	 was	 performed	 (Biosensis,	
Thebarton,	SA,	Australia;	Cat	#TR-	100-	BG)	per	manufac-
turer’s	 instructions	 to	 estimate	 myelination	 status.	 Free	
floating	 immunofluorescence	 staining	 was	 performed	
to	 detect	 oligodendrocyte	 progenitor	 cells	 (OPCs)	 and	
microglia.	 Briefly,	 after	 washing	 the	 30  µm	 brain	 sec-
tions	 in	 1×	 PBS,	 they	 were	 incubated	 with	 the	 primary	
antibody	 (goat	 anti-	Olig2	 [R&D	 Systems,	 Minneapolis,	
MN;	 Cat	 #AF2418],	 rabbit	 anti-	Iba1	 [Wako,	 Richmond,	
VA;	 Cat	 #019-	1974])	 in	 5%	 normal	 horse	 serum	 (Vector	
Laboratories,	 Burlingame,	 CA;	 Cat	 #S-	2000)/0.3%	 Tx-	
100	 (Sigma,	Cat	#T8787),	or	normal	goat	 serum	(Vector	
Laboratories,	 Cat	 #S-	1000)	 at	 room	 temperature,	 over-
night.	The	tissue	was	washed	thrice	in	PBS	the	next	day	
for	 5  min	 each	 and	 incubated	 with	 the	 corresponding	
secondary	 antibody	 (Alexa	 Fluor	 568	 donkey	 anti	 goat	
Ab,	Thermo	Fisher	Scientific,	Cat	#A-	11057;	Alexa	Fluor	
488 goat	anti	rabbit	Ab,	Thermo	Fisher	Scientific,	Cat	#A-	
11008)	in	0.3%	Tx-	100/PBS	for	1.5 h	at	room	temperature	
in	the	dark.	Care	was	taken	to	minimize	exposure	to	light	
from	this	 step	onward.	After	washing	 thrice	 in	PBS,	 the	
sections	 were	 mounted	 onto	 gelatin-	coated	 slides	 and	
cover	 slipped	 with	 mounting	 medium	 containing	 DAPI	
(Vectashield,	Cat	#H-	1500).

2.11	 |	 Imaging and quantitation

Imaging	was	performed	using	a	Keyence	microscope	(BZ-	
X-	800  series)	 and	 signals	 were	 quantified	 using	 Image	 J	
software.	 A	 constant	 region	 of	 interest	 was	 maintained	
throughout	to	quantify	the	signal	in	the	midline	of	the	cor-
pus	callosum	or	cingulum	regions	unless	otherwise	noted.

2.12	 |	 Statistical analyses

Results	were	expressed	as	means ± SEM	or	SD.	As	appro-
priate,	data	were	analyzed	statistically	by	Student’s t test,	
one-	way	 ANOVA,	 and	 Kruskal–	Wallis	 test	 with	 Dunn’s	
multiple	 comparisons	 test.	 GraphPad	 Prism	 9  software	
was	used	for	calculating	statistics.

3 	 | 	 RESULTS

3.1	 |	 Ponesimod induces sustained S1P1 
internalization

The	effect	of	ponesimod	on	S1PR	internalization	was	ana-
lyzed	by	flow	cytometry	(FCM)	using	C6 glioma	cell	lines	
that	 heterologously	 express	 HA-	tagged	 human	 S1PRs	

https://reactome.org/
https://reactome.org/
https://metascape.org/
https://www.ncbi.nlm.nih.gov/geo/
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(S1P1,	 S1P2,	 S1P3,	 S1P4,	 and	 S1P5-	C6	 cells).	 S1P	 signifi-
cantly	reduced	cell	surface	expression	of	S1P1,	S1P2,	S1P3,	
and	S1P5	(Figure 1A,B).	S1P4	and	S1P5	were	relatively	less	
responsive	 to	 S1P-	dependent	 internalization	 than	 other	
S1PRs.	 In	 contrast,	 acute	 ponesimod	 exposure	 only	 re-
duced	the	cell	surface	expression	of	S1P1,	and	the	expres-
sion	of	other	S1PRs	remained	unchanged	(Figure 1A,B).	
These	 results	 support	 previous	 reports	 of	 ponesimod’s	
selectivity	 against	 S1P1.24  The	 rapid	 S1P1	 internalization	
induced	 by	 ponesimod	 and	 fingolimod-	P	 was	 visualized	
by	transfecting	a	S1P1-	EGFP	fusion	gene	into	human	pri-
mary	 astrocytes	 (Figure  1C),	 which	 was	 consistent	 with	
prior	analyses	of	fingolimod-	induced	S1P1	internalization	
on	primary	mouse	astrocytes.12

To	 test	 whether	 ponesimod	 induced	 sustained	 S1P1	
internalization	and	functional	antagonism	of	S1P1	as	re-
ported	for	other	S1PR	modulators,2	S1P1-	C6	cells	were	ex-
posed	to	S1P,	ponesimod,	or	fingolimod-	P	for	4 h,	followed	
by	 wash-	out	 and	 further	 culturing	 in	 fresh,	 compound-	
free	media	for	18 h	before	FCM	analyses.	In	this	paradigm,	
internalized	S1P1	was	recycled	to	the	cell	surface	after	S1P	
wash-	out	 (Figure  1D).	 By	 contrast,	 ponesimod	 reduced	
cell	 surface	 expression	 of	 S1P1	 for	 a	 sustained	 period	 of	
time,	 which	 is	 consistent	 with	 known	 functional	 antag-
onism	 effects	 of	 another	 S1PR	 modulator,	 fingolimod-	P	
(Figure 1D).	These	results	indicated	that	ponesimod	acts	
as	 a	 functional	 antagonist	 to	 S1P1	 in	 primary	 human	
astrocytes.

The	direct	binding	of	ponesimod	to	S1P1	was	validated	
by	 a	 compensated	 interferometric	 reader	 (CIR)-	based	
binding	 assay	 using	 nanovesicles	 in	 free	 solution	 pre-
pared	from	S1P1-	C6	versus	vector-	C6	cells	(Figure 1E).20	
Ponesimod	 bound	 to	 S1P1	 with	 a	 Kd	 =  2.09	 ±	 0.27  nM		
(n	=	2,	Figure 1E	and	Table S1).	Another	S1PR	modulator,	
siponimod	that	binds	to	S1P1	and	S1P5,	bound	to	S1P1	with	
a	higher	affinity	(Kd	= 0.80	±	0.97 nM,	n	=	6)	than	ponesi-
mod	(Figure 1F	and	Table S1).

3.2	 |	 Ponesimod inhibits S1P- induced 
intracellular signals in human 
primary astrocytes

Astrocytes	appear	to	be	a	major	target	cell	type	in	the	CNS	
that	express	S1P1	and	may	potentially	mediate	the	direct	
CNS	effects	of	ponesimod.	Intracellular	signaling	was	as-
sessed	 in	 human	 primary	 astrocytes.	 S1P1	 is	 reported	 to	
only	couple	with	Gαi	protein	but	transduces	signals	to	not	
only	cyclic	AMP,	but	also	Ca2+,	possibly	 through	a	cou-
pling	of	released	Gβγ	with	proximal	Gαq	protein.25	S1P	in-
duced	Ca2+	signals	in	a	concentration-	dependent	manner	
(logEC50 = −7.031	±	0.063,	n	=	4;	Figure 2A	and	Table S1).	
However,	 none	 of	 the	 S1PR	 modulators	 (ponesimod,	

siponimod,	 ozanimod,	 or	 fingolimod-	P)	 affected	 intra-
cellular	 Ca2+	 mobilization	 under	 our	 assay	 conditions	
(Figure 2A	and	Table S1;	ponesimod	induced	a	Ca2+	sig-
nal	only	at	the	highest	concentration	(30 µM),	Figure S1).	
Functional	antagonism	was	 tested	by	pretreatment	with	
S1PR	modulators	for	18 h	followed	by	loading	with	Fluo-	4	
in	the	absence	of	the	compounds	for	1 h	before	the	assay.	
Both	 ponesimod	 and	 ozanimod	 blocked	 S1P-	induced	
Ca2+	mobilization	in	a	concentration-	dependent	manner	
(Figure  2B,C	 and	 Table  S1),	 while	 the	 inhibitory	 effects	
of	fingolimod-	P	and	siponimod	were	minor	as	compared	
to	ponesimod	and	ozanimod	(Figure 2B,C	and	Table S1).	
These	 results	 suggest	 that	 ponesimod	 effectively	 blocks	
S1P1-	induced	 Ca2+	 signals	 as	 a	 functional	 antagonist,	
likely	due	to	S1P1internalization.

Next,	 in	 an	 orthogonal	 assay,	 ponesimod’s	 effect	 on	
cAMP	signaling	was	tested	in	forskolin-	stimulated	astro-
cytes.	 Agonistic	 application	 of	 S1P	 inhibited	 cAMP	 pro-
duction	in	a	concentration-	dependent	manner	(logIC50	=	
−8.930	±	0.153,	n	=	5)	(Figure 2D	and	Table S1).	Neither	
ponesimod	 nor	 fingolimod-	P	 showed	 any	 effect	 on	 in-
hibiting	cAMP	production	as	agonists,	while	ponesimod	
inhibited	forskolin-	induced	cAMP	production	at	the	high-
est	concentration	(10 µM).	These	results	were	consistent	
with	the	Ca2+	signaling	data	(Figure 2D).	Next,	functional	
antagonistic	activities	on	cAMP	signaling	were	evaluated	
in	 human	 astrocytes	 that	 were	 cultured	 in	 the	 presence	
of	ponesimod	or	fingolimod-	P	(only	tested	for	the	10 µM	
concentration	chosen	based	on	the	results	of	Ca2+	assay)	
for	18 h	prior	to	S1P	stimulation	(Figure 2E	and	Table S1).	
Ponesimod	 effectively	 blocked	 S1P-	induced	 cAMP	 in-
hibition,	 while	 fingolimod-	P	 showed	 a	 right	 shift	 of	
cAMP-	inhibitory	curves	(logIC50	=	−6.978	±	0.318,	n	=	3)		
as	compared	 to	controls.	The	corroboration	between	 the	
Ca2+	 and	 cAMP	 signaling	 results	 indicated	 that	 chronic	
exposure	to	ponesimod	produces	S1P1	functional	antago-
nism	in	human	astrocytes.

3.3	 |	 Ponesimod blocks astrocytic 
neuroinflammatory responses

To	 determine	 how	 ponesimod	 affects	 neuroinflamma-
tory	responses	 in	astrocytes,	single-	cell	RNA	sequencing	
(scRNA-	seq)	was	performed	in	cytokine	mixture	(IFN-	γ,	
TNF-	α,	 IL-	1β,	 IL-	6,	 and	 IL-	17)-	stimulated	 human	 pri-
mary	 astrocytes	 in	 the	 presence	 or	 absence	 of	 ponesi-
mod.	Quality	control	filtering	resulted	in	a	total	of	49 706	
cells	with	~16 000	transcripts/cell	(Table S2).	Cells	were	
clustered	into	16 groups	(Clusters 1–	16)	using	the	Seurat	
SNN	 (shared	 nearest	 neighbor)	 algorithm	 and	 visual-
ized	as	Uniform	Manifold	Approximation	and	Projection	
(UMAP)	plots	(Figure 3A).	An	isolated,	minor	cell	cluster	
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F I G U R E  1  Ponesimod	selectively	induces	S1P1	internalization.	(A,	B)	Short-	term	effects	of	ponesimod	exposure	in	C6 glioma	cells.	(A)	
Flow	cytometry	(FCM)	histograms	for	S1PR-	C6	cells	stimulated	with	S1P	(1 µM)	or	ponesimod	(1 µM).	Dotted-	line,	negative	control	vector	
transfected	C6	cells.	Data	are	representative	of	two	independent	experiments	with	similar	results.	(B)	Receptor	expression	levels	normalized	
to	vehicle	treated	group.	*p < .05,	**p < .01	by	one-	way	ANOVA	with	Kruskal–	Wallis	test.	n	=	4	pooled	from	two	independent	experiments.	
(C)	Short-	term	effects	of	ponesimod	(1 µM)	exposure	in	primary	human	astrocytes	transfected	with	S1P1-	EGFP.	Scale	bar	= 20 µm.	(D)	
Wash-	out	effects	after	short-	term	ponesimod	exposure	in	C6 glioma	cells.	FCM	histogram	(left)	and	receptor	expression	levels	(right).	
*p < .05,	**p < .01	by	one-	way	ANOVA	with	Kruskal–	Wallis	test.	n	=	4.	Data	are	representative	of	two	independent	experiments	with	
similar	results.	Representative	specific	binding	curve	against	S1P1	for	(E)	ponesimod	(Kd	= 2.09	±	0.27 nM)	and	(F)	siponimod	(Kd	= 0.80	±	
0.97 nM)	from	two	to	six	independent	experiments.	Mean	± SEM,	n	=	3~7
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(~1.5%	 of	 total	 cells)	 that	 deviated	 from	 the	 main	 clus-
ters	 was	 considered	 to	 be	 fibroblasts/pericytes	 based	 on	
the	 high	 expression	 of	 COL1A1	 (collagen	 type	 I	 alpha	 1	
chain),	 and	 thus	 it	 was	 excluded	 from	 further	 analyses.	
The	expression	of	well-	known	astrocyte	markers	 includ-
ing	GFAP	(glial	fibrillary	acidic	protein)	and	SLC1A3	(glu-
tamate	aspartate	transporter	1,	GLAST-	1),	were	limited	to	
Cluster 1	that	was	considered	to	be	naïve	astrocytes.	The	
vast	majority	of	cells	expressed	NES	(nestin),	VIM	(vimen-
tin),	and	CDH2	(N-	cadherin)	(Figure S2),	indicating	a	re-
active	phenotype	previously	observed	when	using	in	vitro	
culture	systems.26

Cytokine	stimulation	altered	gene	expression	profiles	
that	included	4266	differentially	expressed	genes	(DEGs)	
at	24 h	(2809	up-		vs.	1457	downregulated	genes)	and	3914	
DEGs	 at	 48  h	 (2440	 up-		 vs.	 1474	 down-	regulated	 genes)	
as	 compared	 to	 non-	stimulated	 controls	 (Table  S3).	 In	
total,	3209	and	1780	DEGs	were	up-		and	downregulated,	
respectively,	by	cytokine	exposure.	Many	DEGs	were	also	
identified	when	“cytokines	+	ponesimod”	was	compared	
to	“cytokines”	(4065	DEGs	at	24 h	 including	34	up-		and	
4031	 downregulated	 genes:	 952	 DEGs	 at	 48  h	 including	
130	 up-		 and	 822	 downregulated	 genes).	 Upregulated	
DEGs	produced	by	cytokine	 stimulation	were	compared	
to	 downregulated	 DEGs	 following	 ponesimod	 treat-
ment,	 in	 which	 2432	 common	 DEGs	 were	 considered	
as	 ponesimod-	related	 genes	 and	 pathways	 (Figure  S3).	
Gene	 ontology	 (GO)	 analyses	 using	 the	 ClueGO	 plugin	

of	 Cytoscape27	 identified	 that	 under	 functional	 antago-
nistic	 conditions,	ponesimod	significantly	 regulated	 IFN	
signaling,	ubiquitin-	related	pathways,	IL-	1/immunoglob-
ulin	 secretion,	 ER-	mediated	 pathways,	 and	 antigen	 pre-
sentation	 (Figure  S3	 and	 Table  S4),	 representing	 global	
anti-	inflammatory	 effects	 in	 astrocytes.	 Importantly,	 po-
nesimod	significantly	inhibited	FOS	expression	(Table S3)	
in	accordance	with	previously	identified	ieAstrocytes	(im-
mediate	early	astrocytes	that	track	with	increased	disease	
state	 in	 EAE	 and	 that	 were	 reported	 to	 be	 blocked	 by	
fingolimod).28

Next,	 astrocytic	 heterogeneity	 was	 analyzed	 to	 un-
derstand	 ponesimod’s	 effects	 on	 neuroinflammation	
(Figure  3B–	F,	 Tables  S5	 and	 S6).	 Ponesimod	 treatment	
alone	 showed	 a	 highly	 overlapping	 cellular	 distribu-
tion	 as	 compared	 to	 controls	 (Figure  3B,C),	 while	 cyto-
kine	 exposure	 produced	 a	 major	 cellular	 shift	 within	
clusters	 from	 the	 outer	 boundary	 toward	 its	 interior	
(Clusters 3,	 8,	 10,	 11,	 and 15)	 (Figure  3B–	C).	 The	 clus-
ter	similarity	was	calculated	with	the	top	20 significantly	
enriched	GO	terms	 (Table S6)	 in	each	cluster	and	visu-
alized	as	a	network	(Figure 3E).	This	provided	evidence	
for	a	strong	relationship	between	newly	enriched	inside	
clusters	that	share	similar	pathways	regulated	by	NF-	κB	
and	RELA	transcription	factors	 (e.g.,	cytokine	signaling	
in	 the	 immune	 system,	 R-	HAS-	1280215;	 and	 response	
to	 interferon-	γ,	 GO:0034341;	 Table  S6).	 Previously	 pro-
posed	reactive	astrocyte	genes	(Pan/A1/A2 genes29)	were	

F I G U R E  2  Ponesimod	inhibits	S1P-	induced	Ca2+	and	cAMP	responses	in	human	primary	astrocytes.	(A)	Intracellular	Ca2+	responses	
for	agonistic	applications	of	S1P	and	sphingosine	1-	phosphate	(S1P)	receptor	(S1PR)	modulators.	Mean	±	SD,	n = 2.	Data	are	representative	
of	three	independent	experiments	with	similar	results.	(B)	Intracellular	Ca2+	responses	for	S1P	that	were	pretreated	with	1	or	10 µM	of	S1PR	
modulators	overnight.	Mean	± SD,	n	=	2.	Data	are	representative	of	three	independent	experiments	with	similar	results.	(C)	Inhibitory	
effects	of	S1PR	modulators	against	10 µM	S1P	stimulation.	Mean	± SD,	n	=	4	pooled	from	three	independent	experiments.	(D)	Intracellular	
cAMP	responses	for	agonistic	applications	of	S1P	and	S1PR	modulators.	Mean	± SD,	n	=	3–	5.	Data	are	pooled	from	three	independent	
experiments	with	similar	results.	(E)	Intracellular	cAMP	responses	of	S1P	pretreated	with	10 µM	of	S1PR	modulators	overnight.	Mean	± SD,	
n	=	3–	4.	Data	are	pooled	from	three	independent	experiments	with	similar	results
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enriched	within	the	interior	clusters	(Table S5),	indicat-
ing	that	the	interior	clusters	presented	reactive	astrocyte	
phenotypes.	Among	 reactive	astrocyte	clusters	 (Clusters 
3,	8,	10,	11,	and 15),	ponesimod	selectively	decreased	the	
cellular	 fractions	 of	 Clusters 8,	 10,	 and 15	 (Figure  3D).	
Astrocytes	 belonging	 to	 Cluster 8	 were	 distinctly	 char-
acterized	 by	 expression	 of	 metallothionein	 (MT)	 genes	
(MT1A,	MT1E,	MT1F,	MT1G,	MT1H,	MT1 M,	MT1X,	and	

MT2A)	that	were	significantly	downregulated	by	ponesi-
mod	treatment	(Figure 3F).

Cellular	 fractions	 in	 Clusters 1,	 6,	 9,	 12,	 and 13	 de-
creased	after	cytokine	stimulation	(Figure 3D),	suggesting	
an	 evolution	 of	 astrocytic	 states	 with	 cytokine	 stimula-
tion.	 A	 major	 cellular	 source	 of	 reactive	 astrocytes	 was	
Cluster 1	whose	reduction	was	not	affected	by	ponesimod.	
However,	 ponesimod	 blocked	 decreases	 in	 proliferating	

F I G U R E  3  Single-	cell	RNA-	seq	(scRNA-	seq)	of	human	primary	astrocytes	and	effects	of	ponesimod.	(A)	Uniform	manifold	
approximation	and	projection	(UMAP)	plots	of	total	49 706	cells.	(B)	UMAP	plots	of	individual	conditions	(non-	treatment	control,	cytokines,	
and	cytokines	+1 µM	ponesimod	for	24	and	48 h).	(C)	Fraction	of	clusters.	(D)	Time	course	changes	of	each	fraction.	(E)	Relationships	
between	clusters.	Nodes	are	clusters.	Edges	represent	similarity	between	clusters	which	is	weighted	by	thickness	of	the	line.	(F)	Violin	plots	
for	metallothionein	genes	in	Cluster	8.	Statistical	data	are	available	in	Table S5.	(G)	Dot	plots	for	sphingosine	1-	phosphate	(S1P)	receptors	
(S1PRs).	Colors	represent	standard	deviation	of	expression	levels	from	standardized	mean.	Dot	sizes	represent	cell	distribution	rate	that	
are	calculated	as	the	proportion	of	cells	that	express	particular	genes.	(H)	UMAP	plots	of	S1PR1	expression.	Red	dots	represent	S1PR1-	
expressing	cells
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astrocyte	 clusters	 (Clusters 6,	 9,	 and 12;	 Figure  3E	 and	
Table  S6)	 and	 augmented	 reductions	 in	 Cluster 13	 (pro-
genitor	cells).	These	results	suggested	that	ponesimod	pre-
vented	conversion	of	proliferating	astrocytes	into	reactive	
astrocytes.

Primary	 human	 astrocytes	 express	 three	 of	 the	 five	
S1PRs	(S1PR1,	S1PR2,	and S1PR3).	Cytokine	stimulation	
enhanced	expression	of	these	S1PRs,	but	their	expression	
was	suppressed	by	ponesimod	(Figure 3G).	Interestingly,	
S1PR1	expression	was	initially	distributed	along	the	outer	
boundary	 clusters	 on	 UMAP	 plots,	 followed	 by	 internal	
expression	within	the	reactive	astrocyte	clusters	after	cyto-
kine	stimulation.	This	observation	strongly	implicated	the	
active	involvement	of	S1P1	in	astrocytic	reactivity	as	previ-
ously	proposed.12	Additionally,	S1PR2	and	S1PR3	expres-
sion	 was	 scattered	 throughout	 the	 clusters	 (Figure  S4),	
suggesting	that	these	receptors	might	have	broader	func-
tions	related	to	augmenting	S1P1.

3.4	 |	 Ponesimod effectively inhibits 
cuprizone- induced demyelination

Cuprizone-	induced	 demyelination,	 a	 common	 animal	
model	 for	demyelination	related	 to	MS,30–	34	was	used	 to	
test	in	vivo	ponesimod	efficacy	in	wild-	type	C57BL/6 male	
mice.	Mice	kept	on	0.2%	cuprizone	chow	for	5 weeks	ex-
hibited	a	decline	in	weight	for	the	first	week,	unlike	naïve	
mice	which	gained	weight	constantly	 (Figure S5).	Black	
gold	II	staining	showed	demyelination	in	wild-	type	mice	
on	0.2%	cuprizone	in	both	the	corpus	callosum	(CC)	and	
cingulum	 when	 compared	 to	 controls	 (Figure  S5).	 After	
5 weeks	of	cuprizone	feeding,	mice	fed	on	a	normal	diet	
for	1 week	showed	robust	remyelination	in	both	the	CC	
and	 cingulum	 (Figure  S5).	 These	 results	 indicated	 that	
the	 model	 responded	 appropriately	 under	 our	 assay	
conditions.

The	 preventative	 effects	 of	 ponesimod	 in	 cuprizone-	
induced	 demyelination	 were	 evaluated	 by	 continuous	
treatment	(30 mg/kg;	b.i.d.)35	during	the	cuprizone	chow	
feeding	 period	 (Figure  4A).	 Ponesimod	 protected	 mice	
from	 demyelination	 in	 the	 cingulum,	 (Figure  4B,C).	
Moreover,	ponesimod	exposure	increased	the	number	of	
Olig2+	 oligodendrocytes	 in	 both	 the	 CC	 and	 cingulum	
(Figure  4D,E),	 supporting	 the	 protective	 effects	 of	 po-
nesimod	in	cuprizone-	induced	demyelination,	as	was	ob-
served	in	EAE	model.35	Ponesimod	significantly	decreased	
Iba1+	microglia	in	the	cingulum	(Figure 4F,G).	GFAP+	as-
trocytes	increased	in	the	CC	and	tended	to	decrease	in	the	
cingulum	 following	 ponesimod	 treatment	 (Figure  4H,I).	
These	 results	 showed	 ponesimod	 efficacy	 in	 preventing	
demyelination	 in	 at	 least	 some	 cuprizone	 demyelinated	
fiber	tracts	and	most	prominently	in	the	cingulum.

Next,	therapeutic	effects	of	ponesimod	were	examined	
to	determine	its	effect	on	remyelination	following	cupri-
zone	 diet	 cessation	 (Figure  4J–	O).	 Short-	term	 treatment	
(1 week)	did	not	show	any	beneficial	effects	(Figure 4J–	L),		
whereas	prolonged	treatment	(3 weeks)	significantly	en-
hanced	 remyelination	 in	 the	 cingulum	 (Figure  4M–	O).	
Together	 with	 the	 preventative	 experiments,	 ponesimod	
may	 require	 continuous	 and	 long-	term	 exposure	 to	 pre-
vent	demyelination	and	promote	remyelination.

4 	 | 	 DISCUSSION

The	entry	of	S1PR	modulators	as	oral,	 immune	cell	traf-
ficking	 inhibitors	 for	 MS	 has	 expanded	 therapeutic	
choices	for	relapsing	and	progressive	forms	of	MS	through	
four	 FDA-	approved	 agents:	 fingolimod,	 siponimod,	 oza-
nimod,	 and	 ponesimod.	 While	 conceptually	 they	 are	 all	
S1PR	modulators,	each	is	distinct	in	its	chemistry,	phar-
macology,	and	receptor	subtype	engagement.	This	raises	
the	 possibility	 that	 meaningful	 therapeutic	 differences	
may	 be	 accessed	 by	 each	 agent	 despite	 the	 common	 ef-
fects	on	immune	cell	trafficking	as	a	mechanistic	explana-
tion	for	efficacy.36	In	particular,	S1PRs	that	are	expressed	
on	 multiple	 CNS	 cell	 types2,8,12,37–	39	 could	 contribute	 to	
efficacy	 signals.	 This	 possibility	 is	 supported	 by	 animal	
studies	showing	reduced	fingolimod	efficacy	in	astrocyte-	
specific	S1P1-	deficient	mice,12	as	well	as	by	clinical	studies	
demonstrating	reduced	brain	atrophy	with	S1PR	modula-
tors,13	which	contrasts	with	pseudoatrophy	produced	by	
natalizumab.40

Ponesimod	was	reported	 to	be	S1P1 selective,18,24	and	
an	 S1PR	 internalization	 assay	 confirmed	 the	 selectivity	
of	 ponesimod	 for	 S1P1.	 Direct	 receptor	 binding	 as	 de-
termined	 here	 by	 CIR	 showed	 somewhat	 lower	 affini-
ties	than	those	published	for	other	agents	and	identified	
here	 for	 siponimod.41	 Ponesimod	 showed	 inhibition	 of	
both	 S1P-	induced	 intracellular	 Ca2+	 via	 Gαi-	Gβγ-	Gαq-	
mediated	signaling25	and	Gαi-	mediated	cAMP	responses,	
at	 least	 within	 human	 primary	 astrocytes.	 On	 the	 other	
hand,	 functional	 antagonism	 by	 fingolimod	 appeared	 to	
be	biased	for	the	β-	arrestin	pathway	because	fingolimod-	P	
induced	sustained	S1P1	internalization	but	did	not	block	
intracellular	signals.	Ponesimod	blocked	G	protein	signals	
downstream	 of	 S1PRs	 more	 effectively	 than	 fingolimod	
in	 human	 astrocytes,	 indicating	 ponesimod’s	 unbiased	
functional	antagonism	specifically	for	S1P1,	which	distin-
guishes	it	from	other	S1PR	modulators.

Prior	 studies	 identified	 key	 roles	 for	 astrocytes	 in	
MS.12,28,29,39,42,43	 Using	 primary	 human	 astrocytes	 chal-
lenged	with	disease-	relevant	cytokines,	 scRNA-	seq	 iden-
tified	 robust	 inflammatory	 gene	 signatures	 that	 were	
down-	modulated	by	ponesimod,	including	a	reduction	of	
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F I G U R E  4  Ponesimod	prevents	cuprizone-	induced	demyelination	and	improves	therapeutic	remyelination	in	the	cingulum.	Mice	
were	fed	a	0.2%	cuprizone	diet	for	5 weeks	with	concomitant	treatment	with	vehicle	or	ponesimod	(30 mg/kg)	or	6 weeks	followed	by	
1 week	of	similar	treatment	after	returning	to	a	normal	diet	to	identify	demyelination	or	remyelination	status,	oligodendrocyte	progenitor	
cell	population,	microglia,	and	astrocytes.	(A)	Diagrammatic	representation	of	the	preventative	paradigm.	(B,	C)	Black	gold	II	staining,	
***p < .00005;	(D,	E)	Olig2/DAPI	labeling	with	Olig2+	cell	counts	normalized	to	DAPI+	counts,	*p < .05;	(F,	G)	Iba1/DAPI	labeling,	
**p < .005;	(H,	I)	GFAP/DAPI	labeling,	*p < .05;	(J–	O)	Therapeutic	effects	of	ponesimod	on	remyelination.	(J	and	M)	Diagrammatic	
representation	of	the	therapeutic	paradigm;	(K	and	N)	Black	gold	II	staining	indicating	myelination	status.	(L	and	O)	Quantification	of	black	
gold	II	signals,	***p	=	.0001,	****p	<	.0001
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FOS	 related	to	 ieAstrocytes	 that	 track	with	disease	sever-
ity.28	In	addition,	high	levels	of	astrocytic	metallothionein	
(MT)	 genes	 overlapped	 with	 Huntington	 disease44	 and	
astrocytomas,45  suggesting	 that	 ponesimod	 inhibition	 of	
MT-	gene	expressing	astrocytes	may	have	therapeutic	util-
ity	for	treating	other	diseases.	The	vast	diversity	of	astro-
cytes	 throughout	 the	 brain	 with	 disease	 relevance,26,29,46	
implicates	myriad	potential	effects	that	could	be	accessed	
by	ponesimod	for	neuro-	inflammatory	processes	and	re-
lated	effects	on	myelination.42,46–	50

To	 assess	 ponesimod	 activities	 on	 myelination,	 cupri-
zone	challenge	with	or	without	ponesimod	was	employed	
in	preventative	and	therapeutic	paradigms.	Beyond	gener-
alized	demyelination,	a	characteristic	of	MS,	clinical	studies	
correlated	 fatigue	 with	 demyelination.51–	56  This	 particu-
larly	involves	limbic	pathways	such	as	the	cingulum.51,57–	59	
Abnormalities	in	the	cingulum	have	been	associated	with	
several	 neurological	 conditions	 like	 schizophrenia,60	 at-
tention	deficit	hyperactivity	disorder,61	depression,62	post-	
traumatic	stress	disorder,63	obsessive	compulsive	disorder	
(OCD),64	and	autism	spectrum	disorder.65	Anterior	cingu-
lotomy	 in	 patients	 suffering	 from	 OCD,	 depression,	 and	
chronic	pain	with	cingulum	lesions	improved	outcomes.66	
Lesions	to	the	cingulum,	among	other	functions,	are	clini-
cally	associated	with	MS	fatigue	in	humans.51	Remarkably,	
cingulum	 demyelination	 has	 been	 reported	 to	 correlate	
with	 the	 MS	 symptoms	 (MS	 fatigue–	cognition).51,57–	59,67	
Cuprizone-	induced	 demyelination	 also	 affects	 the	 cingu-
lum,33,34	providing	an	experimental	opportunity	to	assess	
ponesimod	on	this	limbic	fiber	bundle.	The	precise	mech-
anism	through	which	this	prevention	occurs	is	not	known	
but	appears	to	involve	increase	in	oligodendrocytes	and	re-
duction	in	microglia	and	astrocytes	(Figure 4).	The	mech-
anisms	 might	 likely	 include	 non-	cell	 autonomous	 effects	
that	 involve	astrocyte	S1P1	engagement,	which	would	be	
consistent	 with	 the	 documented	 astrocyte	 influences	 on	
myelination.46–	50	 Future	 MS	 imaging	 studies	 on	 myelin	
preservation	 with	 ponesimod	 could	 clarify	 the	 effects	 on	
the	cingulum	and	other	pathways	associated	with	MS.

The	experimental	data	presented	here	support	distinct	
receptor,	 gene	 expression,	 and	 myelination	 effects	 stim-
ulated	 by	 ponesimod,	 and	 indicate	 that	 an	 S1P1  mono-	
selective	receptor	modulator	can	produce	positive	efficacy	
signals	relevant	to	MS	and	possibly	other	CNS	disorders.	
As	all	approved	S1PR	modulators	engage	S1P1,	including	
singly	 through	ponesimod	that	exhibited	unbiased	 func-
tional	 antagonism	 in	 human	 astrocytes,	 it	 appears	 that	
major	benefits	accrue	 through	 functional	antagonism	of	
this	receptor	subtype.	The	novel	reduction	in	MS	fatigue	
accessed	 by	 ponesimod16	 underscores	 the	 benefits,	 par-
ticularly	through	CNS	mechanisms	that	involve	complex	
cell	 autonomous	 and	 non-	cell	 autonomous	 interactions,	
which	may	reveal	novel	therapeutic	mechanisms.
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