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Abstract

Rationale: Cerebrovascular function is critical for brain health, and endogenous vascular-
protective pathways may provide therapeutic targets for neurological disorders. Sphingosine 1-
phosphate (S1P) signaling coordinates vascular functions in other organs, and S1P receptor-1
(S1P1) modulators including fingolimod show promise for the treatment of ischemic and
hemorrhagic stroke. However, S1P; also coordinates lymphocyte trafficking, and lymphocytes are
currently viewed as the principal therapeutic target for S1P; modulation in stroke.

Objective: To address roles and mechanisms of engagement of endothelial cell (EC) S1P in the
naive and ischemic brain and its potential as a target for cerebrovascular therapy.

Methods and Results: Using spatial modulation of S1P provision and signaling, we
demonstrate a critical vascular protective role for endothelial S1Pq in the mouse brain. With an
S1P, signaling reporter, we reveal that abluminal polarization shields S1P; from circulating
endogenous and synthetic ligands after maturation of the blood-neural barrier, restricting
homeostatic signaling to a subset of arteriolar ECs. S1Pq signaling sustains hallmark endothelial
functions in the naive brain, and expands during ischemia by engagement of cell-autonomous S1P
provision. Disrupting this pathway by EC-selective deficiency in S1P production, export, or the
S1P4 receptor substantially exacerbates brain injury in permanent and transient models of
ischemic stroke. By contrast, profound lymphopenia induced by loss of lymphocyte S1P; provides
modest protection only in the context of reperfusion. In the ischemic brain, EC S1P; supports
blood-brain barrier (BBB) function, microvascular patency, and the rerouting of blood to hypo-
perfused brain tissue through collateral anastomoses. Selective S1P; agonism counteracts cortical
infarct expansion after middle cerebral artery occlusion by engaging the endothelial receptor pool
after BBB penetration.

Conclusions: This study provides genetic evidence to support a pivotal role for the endothelium
in maintaining perfusion and microvascular patency in the ischemic penumbra that is coordinated
by S1P signaling and can be harnessed for neuroprotection with BBB-penetrating S1P; agonists.

Graphical Abstract
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Ischemic stroke is one of the most prevalent causes of death and morbidity worldwide and
represents a major societal and economic burden (https://www.who.int).! Despite a number

of clinical trials with neuroprotective therapeutics, treatment options remain limited to

thrombolysis and mechanical recanalization.? Novel safe and affordable adjunct treatment

strategies are therefore needed.

Ischemic stroke is caused by thrombotic or embolic occlusion of a large cerebral artery. This
produces an core of necrotic tissue immediately downstream of the occlusion site
surrounded by an ischemic penumbra that can be rescued if adequate perfusion is sustained.
1.3 The speed by which the core encroaches upon the penumbra depends on the efficiency of
retrograde blood supply through cortical collateral anastomoses extended across the borders
with neighboring cerebral arterial territories. Although governed primarily by the number
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and size of existing anastomoses, blood rerouting also depends on the dilatory capacity,
integrity, and patency of the regional vasculature.* Improving microvascular function to
counteract the expansion of the infarct core and improve the efficacy and safety of
anterograde reperfusion may therefore provide a therapeutic opportunity.® Strategies
explored to this end include the inhibition of lymphocyte-driven inflammatory thrombosis
and the stimulation of endothelial cell (EC) function to promote local redistribution of blood
flow, reinforce the blood-brain barrier (BBB), and suppress inflammation and coagulation in
affected territories.> 6

S1P is a signaling lipid with critical roles in both immune and vascular function exerted by
five cognate G protein-coupled receptors (GPCRs), S1P1.5.” Lymphocytes depend on S1P-
mediated S1P sensing to egress from lymphoid organs, and both inhibition and activation of
lymphocyte S1P; induces profound lymphopenia.8 S1P; is also amongst the most abundant
EC GPCRs, and selective constitutive or temporal deletion of SZpr (encoding S1Pq) in
mouse ECs impairs embryonic and postnatal angiogenesis, vascular integrity, and flow-
mediated vasodilation.”- 9 10 |oss of S1P; signaling in ECs destabilizes adherens junctions,
reduces endothelial nitric oxide synthase (eNOS) activity, and increases the expression of
leukocyte adhesion molecules.10-12 S1P; thus plays a critical role in sustaining hallmark
endothelial functions. S1P is abundant in circulation, where it associates primarily with high
density lipoproteins and albumin.” Erythrocytes and ECs are the main sources of blood and
lymph S1P under homeostasis, while platelets store large amounts of S1P that is only
released upon activation.” 9 13 S1P is exported from ECs by spinster homolog 2 (Spns2) and
from platelets and erythrocytes by major facilitator superfamily domain containing 2B
(Mfsd2b).”- 14

The multiple sclerosis (MS) drug fingolimod (FTY720) is a functional antagonist of S1P4
that also activates S1P3 4g5 and has shown promise for the treatment of ischemic and
hemorrhagic stroke in both experimental models and small-scale clinical trials.15-24 Similar
efficacy of S1P-selective agonists argues that FTY720 protection is mediated by

S1P4.6.19. 21 | oss of efficacy in lymphocyte-deficient mice and correlation between efficacy
of lymphocyte depletion and infarct reduction has indicated that S1P; modulators provide
protection by impairing lymphocyte trafficking and, thereby, lymphocyte-driven
thromboinflammation.19: 20 Yet the endothelial receptor pool is also engaged, and the risks
and benefits of targeting EC S1P4 have not been specifically evaluated.

In this study we have addressed the impact of tissue-specific deficiency of S1P; and sources
of its activating ligand on the development, anatomy, and function of the naive brain
vasculature and on the outcome of transient and permanent MCA occlusion in mice. This
revealed an important role for EC S1P in cerebrovascular homeostasis and a critical
protective role for EC-autonomous engagement of S1P4 signaling during cerebral ischemia.
When we addressed the capacity of pharmacological agonists to access S1P; on the brain
endothelium, we found that BBB penetration is required for engagement of EC S1P; and
that this receptor pool is an important target for the protective effects of S1P; agonism in
ischemic stroke.

Circ Res. Author manuscript; available in PMC 2022 February 05.
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METHODS

Detailed Methods are available in the Data Supplement.

Data Availability.

The authors declare that all supporting data are available within the article and its online
supplementary files.

RESULTS

Endothelial S1P; plays a critical protective role during cerebral ischemia.

In order to define endogenous roles of EC and leukocyte S1P in ischemic stroke, we
generated EC SZpr1 knockout (KO) mice with Cah5iCreERT2 or Pdgf-iCreERT2
(S1pr1ECKO) and pan-hematopoietic (HC) SZpr1 KO mice with MxI-Creor Vavi-Cre
(S1pr1HKO) 9. 11,25 The pdgft-iCreERT?2 allele induced near complete recombination of an
mTmG reporter in ECs in the cerebral cortex after neonatal tamoxifen administration
(Online Fig I A). We have previously reported efficient SZprI excision in target tissues with
the other Cre drivers.2>: 26 |n a permanent (p) MCAO model, in which thermocoagulation
and subsequent dissection of a section of the MCA distal to the lenticulostriate arteries
yields small and cortically confined infarcts but no overt neurological deficits,2’- 28 mean 24
hour infarct volumes were on average 71 % larger in neonatally induced SZpr7£€K0 males
and 65 % larger in SZpr1ECKO females than in littermate controls (Fig 1A). The relative
increase was greater three days after pMCAQ with 148 % larger infarcts in S7pr1£¢K0
males (Fig 1B). Although the Pdgf-iCreERT?2 allele used for EC-selective gene deletion
has off-target effects in megakaryocytes (MKs),25 29 the phenotype could be attributed to
ECs as it was reproduced in SZpr75¢K0 males generated with the EC-selective Cahs
iCreERT2 (Fig 1C), but not with SZpriMKKO males generated with the MK-selective Pf4-
Cre (Online Fig | B).2° In the same experimental model, hematopoietic S1P; deficiency
induced profound lymphopenia but had no impact on infarct size (Fig 1D, Online Fig I C).
Similar results were obtained in a filament-based proximal transient (t) MCAO model, in
which infarct volumes measured 24 hours after 60 minutes occlusion were on average more
than twice as large and neurological deficits exacerbated in S2pr75¢K0 mice (Fig 1E).
Induction of gene deletion 10 days prior to surgery in this experiment argued that
sensitization to MCAQ did not reflect upon developmental consequences of EC S1pr1
deletion. Yet as control infarcts were smaller than typically observed with proximal MCAQO
— an observation that may be attributed to protective effects of tamoxifen 30 31 - neonatal
deletion was employed in all subsequent experiments. When neonatally-induced S2pr16¢K0
males were subjected to a severe tMCAO model in which reperfusion was delayed to 90
minutes, infarcts covered a substantial portion of the MCA territory in controls, and
S1priECKO mice exhibited considerable post-reperfusion mortality (68% vs. 32%,
respectively, P=0.022; Online Fig I D) that manifested >8 hours after occlusion. Post-
mortem analysis did not reveal bleeding, and hemorrhagic transformation was not increased
in S1pr1E€KO survivors (minor bleeds were observed in 1/6 S1pr1£¢K0O s, 5/14 control
infarcts). Loss of the most affected animals may explain a lack of significant difference in
infarct volumes observed in survivors (Online Fig | D) and is further addressed below.
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Unlike the pMCAO model, hematopoietic S1P; deficiency afforded some neuroprotection
24 hours after 60 minutes tMCAO (Fig 1F; £=0.072). These observations reveal a critical
role for endothelial S1P, in limiting neuronal injury in ischemic stroke irrespective of
whether or not the occluded artery is reperfused (Fig 1G). They also support the notion that
S1P; plays a disruptive role in ischemic stroke by supporting lymphocyte egress,20 yet the
effect of specifically impairing this pathway was modest and observed only in the context of
reperfusion (Fig 1G).

Ischemia mobilizes EC-autonomous S1P provision for S1P; signaling and stroke

protection.

S1P, drives lymphocyte egress and sustains lung vascular integrity in response to circulating
ligand.13: 32 Surprisingly however, postnatal deletion of Sphk1&2in Mx1-Cre sensitive cells
did not significantly impact infarct volumes after permanent or transient MCAQ (Fig 2A),
even if the same deletion strategy nearly abolishes S1P provision to plasma, resulting in
lymphopenia and constitutive vascular leak in the lung.% 13 25 This could reflect compound
effects of loss of S1P production also in tissue resident cells or of loss of circulating S1P on
the activation of S1P4 and other S1IPRs, notably S1P,, 33 in several cellular compartments.34
However, lymphocyte S1P; was dispensable in the pMCAQO model (Fig 1D), and deletion of
SIpr2or S1pr3did not impact outcome in the pMCAO model (Online Fig 11 A). Selective
impairment of S1P release from platelets, which could potentially increase local S1P levels
in stroke and change signaling bias,® 35 did not impact infarct size in the tMCAO model (Fig
2B). Single cell RNA sequencing analysis suggests that brain ECs express the necessary
machinery for de novo S1P synthesis and export and may thus constitute a local source of
S1P in the neurovascular unit.3¢ Strikingly, impairment of the production (Sphk1&2ECKO)
or the export (Spns2ECKO) of S1P in ECs both exacerbated outcome to a similar degree as
EC S1P, deficiency in the pMCAO and/or the tMCAQO model, pointing to a critical role for
cell-autonomous S1P provision for EC S1P4 activation (Fig 2C, D and Online Fig Il B, C).
Excision efficiency was confirmed to be >85% for SphkZ and Sphk2in isolated brain
endothelial cells from Sphk1&25CKO (Online Fig |1 D). In order to address where cell-
autonomous S1P; signaling is engaged after MCAOQO, we first asked where S1P; is expressed.
Single cell RNA sequencing of brain microvascular fragments show enrichment of S1pr1
transcripts in ECs as well as in astrocytes (Online Fig 11 E).36 Accordingly, protein
expression, which initially appeared widespread and diffuse in the cerebral cortex (Fig 2E),
could be resolved by selective deletion of SZpr in ECs (S1pr1E€KO) or astrocytes
(S1pr1ACKO) (Fig 2E, Online Fig Il F, G). The level of EC S1P; expression is maintained in
old mice (Online Fig Il G, H).37 We then generated S1P; GFP signaling (S1P1GS) mice —
which leave a nuclear GFP signal after S1P-B-arrestin coupling 38 - with or without the
capacity for EC S1P production (S2pri&i"* :H2B-Gfo’9* :Sphk1&2ECWT/KO) Despite
widespread receptor expression in astrocytes and ECs throughout the vascular tree, S1P4
signaling was highly restricted to a subset of arteriolar ECs in both young and old mice (Fig
2F, Online Fig I1 1, J). S1P4-independent H2B-GFP activity was also observed in
perivascular cells of arterioles and venules but not in ECs (Online Fig Il K). After pMCAO,
S1P; signaling in the infarct region expanded to capillary and venous ECs, but not to
astrocytes (Fig 2G, H). While redundant ligand sources® or ligand-independent activationl!
sustained homeostatic signaling in arterioles (Fig 2H), the expansion of S1P4 signaling after
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MCAQO was driven principally by EC-autonomous S1P production (Fig 2H). In order to
address the mechanistic basis for this expansion, we evaluated the expression of Sphks,
Spns2 and S1Pq in brain microvessels 6 hours after tMCAQ. Consistent with single cell
RNA sequencing data,3¢ Sphk2, Spns2, and SIprl and to a lesser degree SphkI were all
expressed in cerebral microvessels of naive mice. Ischemia triggered robust induction of
Sphk1 expression in the ipsilateral hemisphere but had little impact on the expression of the
other transcripts (Fig 21, Online Fig Il L). Thus, while circulating S1P sustains lymphocyte
trafficking and may contribute to homeostatic signaling in cerebral arterioles, S1P¢-
dependent neuroprotection in ischemic stroke is driven primarily by engagement of EC-
autonomous S1P provision, possibly by transcriptional activation of Sphkl.

Postnatal impairment of EC-autonomous S1P signaling does not impact cerebrovascular

anatomy.

Although recombination of loxP-flanked alleles in ECs in neonatal mice in most
experiments in this study overcame confounding effects of tamoxifen protection, it also
introduced potential confounding effects of deregulated vascular development on stroke
outcome. As previously reported for Cah5-iCreERT2-mediated neonatal deletion of SZprz,11
Pdgft-iCreERT2-mediated deletion induced vascular hyper-sprouting and delayed
outgrowth of the retinal vasculature (Fig 3A, B). However, this phenotype was not replicated
with Pdgf-iCreERT2-mediated deletion of Sphki&2 (Fig 3A, B). This suggests that
postnatal angiogenesis, like embryonic angiogenesis,? is sustained by redundant S1P sources
and that abnormal vascular patterning is unlikely to explain sensitivity to MCAOQ in
Sphk1&2FCKO mice. Consistent with prenatal development of the cerebral vasculature, we
also did not observe significant differences in the number of collateral connections between
the MCA and branches of anterior cerebral artery (ACA) extending laterally from the
midline between S1pr1E¢K0 and littermate controls (Fig 3C, D). Vascular density in the
cerebral cortex was also unaltered by Pdgfb-iCreERT2-mediated SZpr1 excision, as has
previously been reported for Cah5iCreERT2-mediated deletion (Fig 3E).28 Thus, sensitivity
to MCAO in mice deficient in EC autonomous S1P; signaling cannot be explained by
underlying differences in vascular anatomy.

Endothelial S1P; maintains BBB function.

Both genetic strategies for EC SIprI deletion employed in this study result in constitutive
vascular leak in the lung that can be replicated by plasma but not by EC S1P deficiency.?: 39
Cadh5iCreERT2-mediated S1pr1 deletion results in subtler and size-selective permeability
of the brain endothelium, 28 which was also observed with Pdgfb-iCreERT2-mediated SZprl
deletion (Fig 4A). Endotoxin challenge (10 mg/kg, 8 hours) increased 4 kD dextran
accumulation to the same degree in SZpr1£¢K0 and littermate controls (Fig 4B). Thus, S1P;
deficiency does not critically impair the stability of EC junctions at the BBB. Intriguingly,
even if S1pr1E¢KO mice do not show increased paracellular permeability to dextrans =10
kD,26 the cortex of naive SZpr1£¢K0 mice did show increased permeability to Evans Blue/
albumin, which crosses the BBB primarily by transcellular transport (Fig 4C).40 Neither
basal phenotype was replicated in mice lacking EC S1P production, nor was Evans Blue/
albumin extravasation affected by lack of plasma S1P (Fig 4A, C), again suggesting source
redundancy or ligand-independence of homeostatic EC S1P; signaling at the BBB. Twenty-
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four hours after pMCAO, Evans Blue/albumin accumulation in the ipsilateral hemisphere
exceeded the relative increase in infarct size in S2pr7E¢%0 mice with a more diffuse and
widespread appearance, and was also significantly higher in the contralateral hemisphere,
consistent with results in naive mice (Fig 4D). In the acute phase after 90 minutes tMCAO —
which is associated with high mortality of $2pr7E¢%0 mice (Online Fig | D) - full T2
weighted magnetic resonance imaging (MRI) revealed severe edema in SZpr1£¢K0 mice as
early as 2.5 hours after reperfusion with a clear shift in the midline 2 hours later (Fig 4E).
Image analysis confirmed significantly larger T2 lesions 2.5 hours after reperfusion,
demonstrating a clear impact of EC S1P4 deficiency also after 90 minutes of tMCAO despite
no significant increase in infarct volumes in the few S2pr15¢K0 mice that survived for 24
hours (Online Fig | D). Transtentorial herniation may be followed by cerebellar tonsil
herniation and could explain increased mortality in SZpr75K0 mice in this model (Online
Fig I D). Thus, S1P; preserves BBB integrity in ischemic stroke most likely by restricting
vesicular transport, which underlies BBB dysfunction in the acute phase.4°

S1P; supports cerebral vasoreactivity and promotes tissue perfusion after MCA occlusion.

We next addressed if EC S1P signaling regulates vessel diameter and thereby the
redistribution of blood to the ischemic penumbra through existing cortical collateral
anastomoses. Significantly reduced blood flow responses assessed by Doppler
ultrasonography in the somatosensory cortex in response to acetylcholine superfusion (Fig
5A) and in the basilar trunk (BT) in response to CO inhalation (Fig 5B) both argued a
critical role for EC S1P; in cerebral blood flow regulation. Blood flow responses in the
somatosensory cortex in response to whisker stimulation were nevertheless unaltered,
suggesting normal neurovascular coupling, as was mean arterial pressure observed during
these recordings (Fig 5A, Online Fig Il A). Flow-mediated dilation was also significantly
reduced in posterior cerebral artery segments isolated from S1pr75¢K0 mice (Fig 5C). A
similar phenotype in mesenteric arteries from both S2pr15¢K0 and Sphk1&26CKO mice
(Online Fig 111 B) argued that shear forces can engage EC S1P; through cell-autonomous
S1P release. Impairment of vascular reactivity in S2pr1£¢K0 mice did not however impact
central blood pressure (assessed by telemetry; Fig 5D) or basal brain perfusion (assessed by
arterial spin labeling MRI; Fig 5E).#! We next monitored mean blood flow velocities
(mBFVs) in the left and right internal carotid arteries (ICA) and in the basilar trunk (BT)
before, 50 and 120 minutes after pMCAO in S1pr1£CKO and littermate controls (Fig 5F). No
significant genotype-dependent difference was observed in baseline mBFVs (Online Fig 111
C). Permanent left MCAQ decreased mBFVs in the left ICA to 77 % of pre-occlusion values
50 minutes after occlusion in both S2pr15¢K0 and control mice (Fig 5F). Consistent with
this decrease reflecting upon the reduction in MCA territory downstream of the left ICA, we
observed no significant change in mBFVs in the right ICA or the BT (Online Fig 111 C). A
subsequent recovery to near 90 % of pre-occlusion values at 120 minutes after occlusion in
controls was interpreted to reflect upon a downstream increase in peri-infarct reflow through
branches of the MCA originating upstream from the occlusion and through the distal
branches of the ACA and posterior cerebral artery (PCA) (Fig 5F, Online Fig IlI C). This
recovery at 120 minutes after occlusion was absent in S2pr76¢K0 mice (Fig 5F, Online Fig
I11 D), and a significant inverse correlation was observed between relative ICA blood flow at
120 minutes and infarct volumes at 24 hours (Fig 5G). To address perfusion directly in the
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affected cortex after pMCAO, we next visualized red blood cell flux in the area of collateral
anastomoses in the leptomeningeal arteries between the MCA and ACA by sidestream dark
field imaging (Fig 5H, supplemental videos (SV)1-3). Two hours after pMCAQ,
unidirectional flow towards the MCA territory was observed in all ACA-MCA collaterals,
allowing perfusion of the territory normally supplied by branches of the MCA downstream
of, but distal to the occlusion site (SV1&2). Blood moving retrograde switched anterograde
up other MCA branches when encountering coagulated blood in the ischemic core (SV3).
While the same general pattern was observed in mice of both genotypes, microvascular
perfusion in MCA territory proximal to the ACA border was significantly reduced in S1pri
ECKO mice (Fig 5H, SV2). No significant genotype-dependent difference in ICA blood
flow reduction at 50 minutes argued that protective effects of S1P; signaling take time to
establish, possibly because of the need to engage EC-autonomous S1P production through
Sphkl induction (Fig 21). Accordingly, when occlusion time was reduced to 35 minutes in
the tMCAQO model, EC S1P, deficiency no longer influenced infarct size (Fig 51). These
observations are consistent with the notion that EC S1P, limits the expansion of the necrotic
core in the acute phase of stroke by supporting local vasodilation so as to promote retrograde
perfusion of affected MCA territories.

Endothelial S1P4 signaling maintains microvascular patency in the ischemic penumbra.

In addition to the active redistribution of blood from neighboring vascular territories,
perfusion of the ischemic penumbra is highly dependent on microvascular patency within
the affected zone. The recruitment of leukocytes to an activated endothelium in the ischemic
penumbra can directly impair capillary blood flow and propagate microvascular coagulation
and thrombosis.#2 43 S1P; helps sustain the anti-inflammatory status of the aortic
endothelium,12 and we observed a significant increase in ICAM-1 in brain homogenates and
in postcapillary venules in the cerebral cortex of naive S2pr1£¢K0 mice (Fig 6A, Online Fig
IV A). This increase was not observed with selective impairment of S1P production in
endothelial or hematopoietic cells (Fig 6A, Online Fig IV A). In the acute phase after
pMCAO (2.5 hours), however, an increase in ICAM-1 expression in the ipsilateral
hemisphere of control but no S2pr7£€K0 mice overcame the genotype-dependent difference
(Fig 6B). Myeloperoxidase levels were increased in S1pr16¢K0 mice (Fig 6B), albeit not
beyond the increase in infarct size (Fig 1A). We next stained for erythrocytes, neutrophils,
platelets, and fibrin(ogen) in sections of brains perfused transcardially with heparinized
saline three hours after pMCAO. Plasma serotonin was slightly increased at this time
independent of genotype, arguing against a significant difference in platelet activation
(Online Fig 1V B). We nevertheless observed a striking reduction in the penetration of
tomato lectin, infused 15 minutes prior to transcardial perfusion, into the MCA territory
superior/distal to the core in SZpr1E¢K0 mice (Fig 6C, Online Fig IV C). This again points
to collateral failure. Platelets and fibrin(ogen) were observed within both perfused and non-
perfused capillaries only superior to the core and correlated with more intense staining for
PECAM1/CD31 (Fig 6C, Online Fig. IV D, E). Fibrin deposition was more widespread and
significantly more abundant in SZpr7£€K0 mice (Fig 6C, Online Fig IV F). Occasional
neutrophils were observed within capillaries on both sides of the infarct core at similar
frequency in both genotypes (Fig 6C, Online Fig IV D,F,G). These observations confirm that
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EC S1P; signaling promotes the perfusion of the ischemic penumbra and suggest that this
involves the maintenance of microvascular patency.

Receptor polarization restricts S1P, signaling and ligand access at the blood-neural

barrier.

The need for EC autonomous S1P provision to sustain vascular protective S1Pq signaling in
the ischemic brain could be explained by depletion of circulating S1P, as observed in
myocardial infarction and during systemic inflammation.% 44 However, plasma and platelet
S1P levels were unchanged in the early acute phase of stroke with or without reperfusion
(Fig 7A). An alternative explanation could be that receptor polarization restricts access of
S1P, to circulating ligand at the BBB. To address this possibility, we first used confocal
microscopy to evaluate the subcellular localization of S1P1. Imaging across one or two
nuclei allowed us to distinguish the EC plasma membranes, and S2prA¢%0 mice allowed us
to discriminate between the abluminal plasma membrane and astrocyte end-feet in the
cerebral cortex. In the developing retina, S1P; was present primarily on the luminal surface
of capillary ECs, where it co-localized with ICAM-2 (Fig 7B, Online Fig VV A). By contrast,
expression was predominantly abluminal on capillary ECs in the adult retina (Fig 7C, Online
Fig V B), although a subset of arteriolar ECs retained luminal expression (Fig 7D, Online
Fig V C). S1P; expression was also predominantly abluminal on capillary ECs in the adult
brain (Fig 7E, Online Fig V D). Polarization was retained after tMCAO (Online Fig V E).

To confirm our impression that S1P4 is surface expressed but luminally excluded in the
majority of ECs in the cerebral cortex, we again made use of the S1P; signaling reporter. In
naive S1IP1GS mice, hepatocytes show no nuclear GFP although they express S1Pq (Online
Fig VI A).38 Systemic administration of the potent S1P;-selective agonist RP-001 (0.6
mg/kg)38: 45 induced robust S1P4 signaling in hepatocytes as well as ECs of skeletal muscle
and lung, but not cerebral cortex (Fig 7F, Online Fig VI). In striking contrast, when injected
directly into the brain parenchyma, RP-001 (0.06 mg/kg) substantially increased S1Pq
signaling in arteries, capillaries and veins of the cerebral cortex (Fig 7F). Astrocytes
remained GFP negative despite S1P; expression (Online Fig VI11),38 suggesting together
with mostly punctate staining (Fig 7E) that the receptor is not expressed on the astrocyte
surface under homeostasis. Further attesting to polarization and a role for S1P4 in blood flow
regulation, we observed a significant EC S1P;-dependent increase in cortical blood flow by
laser Doppler when RP-001 was administered directly into the cerebrospinal fluid for
paravascular access*® but not systemically (Fig 7G). Surprisingly, induction of S1P;
signaling in brain ECs, although detectable, was also minimal after systemic administration
of high dose FTY720 (2x5 mg/kg), despite strong activation of the S1P4 reporter in other
organs (Fig 7F, Online Fig VI). It should be noted that although FTY720 is known to cross
the BBB and desensitize S1P1 on the brain endothelium, this has been demonstrated with
high doses over extended time.26: 47 CYM-5442 is an S1P;-selective agonist reported to
distribute rapidly and preferentially to the brain after systemic injection.® Accordingly, at a
dose required to induce S1P; signaling equivalent to RP-001 (0.6 mg/kg) and FTY720 (2x5
mg/kg) in hepatocytes, CYM-5442 (10 mg/kg) induced signaling also in brain ECs after
systemic administration (Fig 7H, Online Fig VI A).
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Collectively, these observations argue that abluminal polarization shields S1P; from
circulating endogenous and synthetic ligands in capillary, venous, and most arterial ECs
once the blood-neural barrier is established, and that BBB penetration is required for
agonists to harness this receptor pool. Gradual receptor polarization in all but a small subset
of arterial ECs with maturation of the blood-neural barrier provides an explanation for why
cell autonomous S1P provision is required for full endothelial S1P4 activation during
cerebral ischemia (Fig 2A, C, D, H), although it is dispensable both for S1P; activation in
the developing retina (Fig 3A) and for homeostatic signaling in cerebral arterioles (Fig 2F,
H).

A BBB-penetrating S1P4-selective agonist limits cortical infarct expansion after both
permanent and transient MCA occlusion.

Our results so far argue that optimal therapeutic S1P, targeting for stroke would transiently
suppress lymphocyte trafficking and activate but not desensitize EC S1P4, and that
CYM-5442 may be better suited than RP-001 and FTY720. CYM-5442 distributes
preferential to brain and has a relatively short plasma half-life (3 hours).48 Accordingly,
CYM-5442 induced lymphopenia 3 hours after administration that was evident at 1 mg/kg
and as profound as RP-001 (0.6 mg/kg) and FTY720 (1 mg/kg) at 3 mg/kg (Fig 8A).
Twenty-four hours later, lymphocyte counts remained low in mice receiving FTY720, but
returned to normal in mice receiving CYM-5442 and RP-001 (Fig 8A). In the pMCAO
model, CYM-5442 modestly reduced 24 hour infarct volumes at 1 mg/kg (Online Fig 8A)
and provided substantial benefit when administered both immediately and up to 6 hours after
occlusion at 3 mg/kg (Fig 8B). In a modified pMCAO model that included permanent
ligation of the ipsilateral CCA, infarct volumes were also reduced at 7 days with daily
CYM-5442 (3 mg/kg) administration (Online Fig VIII B). Consistent with the engagement
of and dependence on EC S1P;, CYM-5442 (3 mg/kg) reversed sensitivity to stroke in
Sphk1&2FCKO mice (Fig 8C vs. Online Fig |1 B), but not in SZpr15€K0 mice (Fig 8D vs.
1A). CYM-5442 (3 mg/kg) also afforded significant protection when administered at
reperfusion 60 minutes after MCAO (Fig 8E). Consistent with a mechanism involving
collateral blood supply 28, protection in tMCAQ was delimited to the cortex, where an
infarct reduction of 70% mirrored protection achieved in the cortically restricted pMCAO
model (Fig 8E). RP-001, which did not efficiently cross the BBB (Fig 7F), did not provide
protection in the pMCAO model despite inducing equivalent lymphopenia and strong S1P4
signaling in other organs (Fig 8A, F, Online Fig VI A). Thus, optimal S1P; targeting for
ischemic stroke requires BBB penetration for engagement of endothelial receptors (Fig 8G),
and can provide substantial protection against cortical infarct expansion independent of
reperfusion and in a therapeutically relevant time window.

DISCUSSION

S1P; modulators have shown promise in experimental models and small-scale trials of
ischemic and hemorrhagic stroke.5: 22 Yet as their mechanisms of action are not fully
elucidated, optimal drug properties and targeting strategies remain to be defined. As
protection has been attributed to suppression of lymphocyte-mediated thromboinflammation,
most current strategies focus on inhibiting the function of lymphocyte S1P;.6: 19. 20, 24
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Employing a variety of genetic and experimental murine models to address endogenous
roles of S1P4 signaling in cerebral ischemia, we confirm the potential benefit of targeting
lymphocyte receptors but also reveal a critical role for EC S1P in cerebrovascular
homeostasis and endogenous protection against ischemic brain damage. Compromised BBB
function, reduced vasodilatory capacity, and fibrin deposition in the ischemic penumbra
provoked collateral failure and rapid expansion of the infarct core in mice with selective
deficiency of S1P4 in ECs. This provides genetic evidence to support the critical and
multifaceted neuroprotective roles of the endothelium in ischemic stroke and the importance
of S1P signaling in coordinating these functions. Addressing mechanisms of S1P4
engagement, we uncover that the receptor is abluminally polarized and insensitive to
circulating ligands in most ECs at the blood-neural barrier, imposing a need for cell
autonomous ligand provision for stroke protection and BBB penetration for therapeutic
receptor engagement. This suggested optimal benefit of joint targeting of lymphocyte and in
particular EC receptor pools with BBB penetrating S1P; agonists, a strategy that we
demonstrate to limit cortical infarct spreading in mouse models of MCAO independent of
reperfusion.

Our findings argue that endothelial S1P; is dynamically engaged to limit infarct expansion,
as neonatal deletion of S1P4 did not visibly alter vascular anatomy in the adult brain and as
exacerbation of infarct size was also observed when S1P4 deficiency was induced in
adulthood. Moreover, EC-selective deficiency in sphingosine kinases sensitized to MCAQ to
a similar degree as S1Pq deficiency even if it did not reproduce defects in retinal
angiogenesis or in cerebrovascular homeostasis observed in S7pr75¢K0 mice, and
sensitization was overcome by compensating for the lack of endogenous ligand with a
pharmacological S1P; agonist.

S1P, supports hallmark functions of the endothelium in 1) mediating smooth muscle
relaxation, 2) maintaining vascular integrity, and 3) suppressing inflammation.” We provide
evidence that S1P; exerts all these functions in the brain:

1) A role for EC S1P; in control of cerebral blood flow in the naive brain was suggested by
impaired acetylcholine- and hypercapnia-induced blood flow responses S$1pr1E€K0 mice,
impaired flow-mediated dilation in SZpr75C¢K0 cerebral arteries ex vivo, and the capacity of
an S1Pq agonist to stimulate cerebral blood flow in wild-type but not in S2pr7£¢K0 mice.
Impaired blood flow recovery and microvascular perfusion in SZpr7£¢K0 mice in the acute
phase after MCAQ argued that S1P, also actively supports endothelial function during
cerebral ischemia. This was substantiated by the impact of S1P4 deficiency on injury to the
cortex, in which MCA branches are well connected to contiguous vascular territories, but not
the striatum, in which they are not.28: 4950 S1p, coordinates developmental angiogenesis by
promoting perfusion of the nascent vasculature,1! and supports flow-mediated dilation of
mesenteric arteries.10 Endothelial NOS, which is important for the vasoactive functions of
S1P4,10. 11 also promotes the early establishment of collateral supply, thus counteracting
infarct expansion in ischemic stroke.! It is therefore likely that S1P; acts at least in part
through eNOS. Blunted vasodilation in response to acetylcholine, hypercapnia, and flow, but
not whisker stimulation, with EC S1P4 deficiency is intriguing and argues against a role for
S1P4 in the mechanisms through which the endothelium contributes to retrograde

Circ Res. Author manuscript; available in PMC 2022 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nitzsche et al.

Page 13

propagation of vasoactive signals generated by neural activity. The dissociation between
endothelium-dependent responses and functional hyperemia has also been observed in mice
fed a high salt diet, which display marked suppression of the eNOS-driven response to
acetylcholine, but not of functional hyperemia.®2 53 While the role of eNOS and other
effectors downstream of S1P4 in this context remains to be specifically addressed, our results
suggest that one important mechanism by which EC S1P, limits infarct expansion is by
facilitating retrograde perfusion of the affected MCA territory through collateral
anastomoses with contiguous arterial branches.

2) Further attesting to the importance of S1P4 in supporting the functions of the brain
endothelium, naive S7pr16¢K0 mice also displayed impaired BBB integrity. Although
subtler in the naive brain than defects in lung vascular integrity observed in the same genetic
model,% % dramatic and early onset edema after MCAO nevertheless argues for an
important role for S1P in supporting BBB function during ischemia. Evans Blue/albumin
leak more than doubled in SZpr1ECK0 24 hours after pMCAO, and MRI revealed profound
edema within hours after tMCAQ. This suggests a possible role for S1P; in regulating
vesicular transport, as edema in ischemic stroke involves transcellular transport in the early
phase and tight junction impairment in the late phase.*9 Minimal impact of S1P; deficiency
on 4 kDa dextran leak in a model of septic encephalopathy in this study also argued against
a critical role for S1Pq in maintaining tight junctions. This is consistent with reports that
ApoM-S1P regulates vesicular transport in brain arterioles through S1P4 signaling.%> A
second important mechanism by which EC S1P4 limits infarct expansion is therefore
through the regulation of BBB integrity, suggesting that benefit afforded by S1P4 agonists
on edema formation in ischemic and hemorrhagic stroke may involve direct actions on the
BBB.6’ 21,24

3) EC S1P, deficiency was associated with increased ICAM-1 expression in the naive brain,
suggestive of a role for S1P4 in suppressing endothelial activation and leukocyte adhesion.
However, expression was not further increased in the context of ischemia, and we observed
no significant difference in the early recruitment of neutrophils to the ischemic penumbra in
S1pr1ECKO mice, nor in hemorrhagic transformation, which depends on leukocyte-mediated
BBB destruction at later stages. Circulating markers of platelet activation and platelet
recruitment to ischemic capillaries were also not substantially affected by EC S1P;
deficiency. On the other hand, the deposition of fibrin, which extended well beyond the
boundary of no perfusion 3 hours after pMCAO, reached significantly further into distal
MCA territories in SZprI1E¢KO mice than in littermate controls. This suggests that
microvascular coagulation contributes to rapid deterioration of collateral supply in
S1pr1FCKO mice. Whether this reflects the loss of direct actions of S1P; signaling on the
anticoagulant or profibrinolytic status of the endothelium or is a consequence of reduced
perfusion remains to be determined. Regardless, it highlights the critical dynamic role of the
endothelium in maintaining microvascular patency.

Endothelial S1P, signaling thus counteracts the expansion of the ischemic core by concerted
actions on hallmark endothelial functions in the regulation of smooth muscle tone, vesicular
trafficking, and intravascular coagulation.
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Highly restricted S1P signaling in the naive cerebral cortex and the need for EC
autonomous S1P provision during cerebral ischemia both argue that S1P signaling is tightly
controlled at the BBB. Characterization of S1P; expression and signaling indicates that S1P
may remain silent in most ECs after maturation of the blood-neural barrier due to S1P;
polarization away from circulating S1P in all but a subset of arteriolar endothelial cells. As
homeostatic functions of S1Pq in the naive brain did not all depend on EC S1P production,
this subset of cells may sense circulating or other S1P sources. Although it is possible that
the S1P1GS reporter mouse under-represents homeostatic S1P4 signaling, limited GFP
accumulation in both ECs and perivascular cells suggests that brain ECs may export S1P
only when stressed. In the resting state, most brain ECs express Sphk2, Spns2and S1prl,
but not Sphk1.3¢ Induction of Sphk transcription as an acute response to ischemia observed
in this study could thus represent a trigger for EC S1Pq activation in stroke and explain the
limited effect of S1P4 deficiency observed immediately after MCA occlusion. High
expression of lipid phosphate phosphatase-3 in pericytes, smooth muscle cells, and
astrocytes of the neurovascular unit suggests that local S1P availability is also regulated by
dephosphorylation.36: 56 Limiting local S1P availability may serve both to maintain EC S1P;
responsiveness and to prevent S1P-mediated activation of astrocytes.>6-58 Restricted S1P;
signaling also in peripheral organs suggests that polarization is not unique to the brain,
although it has greater impact on the access of synthetic ligands at the BBB. Thus,
homeostatic S1P4 signaling in the cerebral cortex appears to be maintained by a small subset
of primarily arteriolar ECs that may have access to circulating ligand, while broader receptor
engagement in ischemic stroke depends on the activation of EC-autonomous S1P
production, possibly through the expression of Sphk.

What are the implications of our study for therapeutic targeting of S1P; in stroke? While
modest protection observed in SZpr1/7“K0 mice in the tMCAO model supports the
previously suggested benefit of targeting lymphocyte receptors,20 increased stroke severity
and loss of efficacy of S1P; agonists in SZprZE¢K0 mice point to the endothelial receptor
pool as their principal therapeutic target. This argues against the use of competitive
antagonists or strong functional antagonists, which induce prolonged lymphopenia and may
disable EC receptors. Most S1P; agonists also induce lymphopenia, suggesting that these
could provide benefit through both cellular targets. Our results argue that BBB penetration is
needed to reach the EC receptor pool. FTY720, the S1P; modulator employed in most
experimental and clinical studies thus far, is nonspecific, did not efficiently penetrate the
BBB in this study, desensitizes EC S1P; at high doses, and induces long lasting
lymphopenia.25: 4 While FTY720 is probably mostly activating on EC S1P at therapeutic
doses, our study argues that a more specific drug could be not only safer but also more
efficacious. CYM-5442, an S1P4-selective agonist used in our study, is also desensitizing at
high doses but rapidly distributes to brain, triggers only transient immunosuppression, and is
mostly washed out from plasma and brain 24 hours after administration.*8 The suitability of
other second-generation SIPR modulators needs to be defined. It is promising that recently
FDA-approved Ozanimod and Siponimod both improve BBB function in models of
intracerebral hemorrhage.21: 24 New biased agonists have been developed that are minimally
desensitizing on EC receptors and do not induce lymphopenia; 5% 69 protection afforded
with ApoM-Fc in a tMCAQO model is consistent with our findings and suggest that targeting
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EC S1P4 alone may provide considerable benefit.® The SIP1GS mouse used in this study
and an analogous firefly split luciferase based reporter provide valuable tools to test BBB
penetration of S1P4 agonists that elicit R-arrestin recruitment.38: 61

In conclusion, this study supports a key role for S1P; signaling in regulating endothelial
function and vascular reactivity in the brain that expands with the engagement of EC-
autonomous S1P provision to become a critical determinant of neuronal survival during
cerebral ischemia. Although EC S1P, signaling is partially sustained by cell-autonomous
S1P provision, it can be boosted with BBB penetrating pharmacological agonists. Joint
targeting of lymphocyte?? and EC S1P; with BBB penetrating agonists is feasible and
provides protection in transient and permanent ischemic stroke models in a therapeutically
relevant time frame. Mechanistically, S1P; targeting may promote regional blood flow,
microvascular patency, and BBB integrity, independent of the prolonged
immunosuppression induced by some S1P; modulators. This is consistent with observed
efficacy of FTY720 on downstream microvascular perfusion even in patients with failed
recanalization to altapase,22 and suggests that S1P; agonists may preserve microvascular
function and the recruitment of the collateral circulation even when recanalization is either
not possible or not successful. This therapeutic strategy could therefore be envisioned in
patients as soon as stroke is diagnosed, without waiting for the outcome of thrombolysis,
which provides measurable benefit in less than 1/3 of patients treated.52 Sustained S1P;
expression during ageing in mice (this study) and humans (Online Fig 1X),%3 and efficacy of
S1P; agonist on vascular parameters in murine models of diabetes and hypertension suggest
that S1P; remains a viable target in the typical stroke patient.10: 64 This is underscored by
efficacy of FTY720 in small scale human trials for ischemic and hemorrhagic stroke, which
also do not report an unexpected increase in bleeding, cardiac adverse events, or post-stroke
infections.5: 6. 66 Our findings suggest that this strategy may be refined with focus on
minimally desensitizing, BBB penetrating S1P, agonists. The critical protective roles for EC
S1P; and its mechanisms of engagement observed in this study may also be relevant to
hemorrhagic stroke, vascular dementia, and ischemic disease of other organs.
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Nonstandard Abbreviations and Acronyms:

ACA
ACKO
AzZA
BBB
BT
CBF
EC
ECKO
eNOS
GPCR
HCKO
HDL
ICA
mBFV
MCA
NO
NVU
PBS
PCA
PFA
pMCAO
S1P
S1P,
Sphk
Spns2
tMCAO
TTC

WT

anterior cerebral artery

astrocyte selective knockout

azygos artery

blood-brain barrier

basilar trunk

cerebral blood flow

endothelial cell
endothelial cell selective knockout
endothelial nitric oxide synthase

G protein-coupled receptor
hematopoietic cell selective knockout
high density lipoprotein

internal carotid artery

mean blood flow velocity

middle cerebral artery

nitric oxide

neurovascular unit
phosphate-buffered saline

posterior cerebral artery
paraformaldehyde

permanent middle cerebral artery occlusion
sphingosine 1-phosphate
sphingosine 1-phosphate receptor-1
sphingosine kinase

spinster homolog 2

transient middle cerebral artery occlusion
triphenyltetrazolium chloride

wild-type
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Immune suppression and stimulation of vascular function have been
investigated as adjunct therapies to limit the expansion of stroke and reduce
hemorrhagic transformation

. Sphingosine 1-phosphate (S1P) signaling through S1P receptor-1 (S1Pq)
plays an important role in immune cell trafficking and vascular homeostasis.

. S1P receptor modulators including fingolimod have shown promise for the
treatment of ischemic and hemorrhagic stroke in both experimental models
and small-scale clinical trials.

. Mechanistically, these modulators have been considered to act principally by
inhibiting S1P1-mediated sensing of circulating S1P, thus blocking
lymphocyte trafficking and immunothrombosis.

What New Information Does This Article Contribute?

. Disruption of homeostatic S1P4 signaling in the vascular endothelium, but not
lymphocytes, profoundly impacts the outcome in mouse models of ischemic
stroke.

. Receptor polarization shields endothelial S1P4 from circulating endogenous

and synthetic ligands and imposes a need for cell-autonomous S1P provision
in the ischemic brain.

. A blood-brain penetrating S1P;-selective agonist prevents infarct expansion in
permanent and transient models of ischemic stroke during a therapeutically
relevant period of time.

Therapies for stroke are currently limited to mechanical and thrombolytic recanalization
of the occluded artery. Immune suppression and stimulation of vascular function have
both been explored as adjunct therapies to limit the expansion of the infarct core and
reduce hemorrhagic transformation. S1P4 has emerged as a potential therapeutic target
for both ischemic and hemorrhagic stroke, yet immunosuppression induced by S1P;
modulation could potentially increase the risk of post-stroke infection. By demonstrating
that the main protective action of S1P; modulation is to the endothelial receptor, we
demonstrate that it is possible to obtain protection without the prolonged
immunosuppression induced by some S1P; modulators currently being explored for
stroke therapy. Coupled with the need for blood brain barrier penetration, this finding has
implications as to the choice of S1P; modulators for stroke therapy. Our study also
highlights the potential of targeting endothelial function as a therapeutic approach for the
treatment of ischemic stroke.

Circ Res. Author manuscript; available in PMC 2022 February 05.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nitzsche et al.

ECWT

B

stortEWT D

Page 23

o S1pr1ECKO strt EOT C o ECKO stprt B2
Sipri ] S1pr1ECKO Stpr1 O s1pr HCKO
P=0.0009
P=0.036 P=0.017 P=0.0008 ns P=12E-5
(6_\35 — 357 p—— 35— /1 T B — 1 — 12
£ 30 o 30 304 30+ £ 304 g '1°§'_
£ |
< 254 - 25+ 25+ 254 = 254 o
£ 20 20 20 ° 20 o2 £ 204 | © g
2 s - 3 15 ot o 2
9 157 15+ o 154 15+ 9 i L, @
B 107 10+ 101 10 B 101 ! =
£ 54 54 5 5. E 54 : @'2 £
0 0- 0- 0- ) -0
pMCAO
S1pr1 ECWT F StprHowT G
O s1pr1 ECKO O SipriHcKko
lymphocyte
P=0.0052 P=0.039 P=0.074 P=7.4E-9
709 54 1209 T " r v 12
“c 60+ g4_ € 58) L10& —> Disruption
S o O £ 904 3
< 504 %] ~ L3 e
o T 3 o o 3
£ 40- °C § £ )
3 S cooo S 60 Ls 2
3 30; 8 2 S b
5 20+ e 3 RS EC —> Protection
g 3 1. B 501 S
£ 104 z £ ﬁ 2 £
0- 0- 04 -0
tMCAO

Figure 1: Endothelial S1P1 signaling limits brain injury after permanent and transient MCA

occlusion.

A-C. Infarct volumes 24 (A,C) or 72 (B) hours after pMCAO in S1pr1E€KO and littermate
males (A, middle panel, B) and females (A, right panel) generated by neonatal SZpr1
deletion with Pdgft-iCreERT2 (A,B) or Cah5iCreERT2 (C). Left panel of A: representative
images. D. Basal peripheral blood lymphocyte counts and infarct volumes 24 hours after
pMCAO in male mice lacking S1P; in hematopoietic cells (S1priH¢K0O: vayi-Cre). E.
Infarct volumes and neurological deficits 24 hours after 60 minutes tMCAO in male mice
lacking S1P; in endothelial cells (S1pr1ECKO: Cah5-iCreERT2; adult deletion). Left panel:

representative images. F. Infarct volumes 24 hours after 60 minutes tMCAO in males lacking
S1P; in hematopoietic cells (S2pr1/7¢K0: Mx1-Cre). Lymphocyte counts pre-MCAO in right
panel. G. Schematic representation of the net cell type specific contribution of S1P;
signaling to stroke outcome. Bar graphs show mean + SEM. Statistical significance assessed
by Mann-Whitney test (A, males) or unpaired t-test (all other).
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Figure 2: Endothelial cell autonomous S1P provision sustains S1P4 activation during cerebral
ischemia.

A-D. Infarct volumes 24 hours after pMCAQ or 60 minutes tMCAO in male mice lacking
S1P production in hematopoietic cells (Sphk1&27CKO, A), platelets (Sphk1&2MKKO, B), or
endothelial cells (Sphk1&2ECKO: C), or deficient in S1P export from blood endothelial cells
(Spns2ECKO: D) and respective littermate controls. E. S1P; expression in the naive cerebral
cortex of wild-type mice (left) and mice lacking S1P in astrocytes (S1pr1A¢K0 Gfap-Cre,
right). Note expression of S1Pq in all vessels. Green, S1P4; white, ECs (CD31); red, vascular
smooth muscle cells (ASMA); blue, all cell nuclei (Hoechst). Scale bar: 50 um. F, G. S1P;
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signaling visualized in S1P; signaling mice (SLP1GS) in a naive cerebral cortex (F) and 48
hours after pMCAO (G) assessed in the contralateral (left) and ipsilateral (right) cerebral
cortex. Note that S1P4 signaling is highly restricted to arteries in the naive and contralateral
cerebral cortex and more widespread but still predominantly endothelial in the ipsilateral
cortex. Red, EC nuclei (Erg); green, S1P; signaling cells (GFP); yellow, S1P1 signaling ECs
(GFP/Erg double positive nuclei); white, ECs (CD31); blue, vascular smooth muscle cells
(ASMA). Scale bar: 100 um. H. Quantification of GFP positive arterial and non-arterial ECs
in the ipsilateral and contralateral hemisphere of SIP1GS mice with (Sphk1&2E€WT) and
without (Sphk1&2E€KO) the capacity for EC S1P production 48 hours after pMCAO. I.
Relative expression of S1pri, Sphkl1, Sphk2and Spns2in cerebral microvessels isolated
from naive cerebral cortex or 6 hours after tMCAOQO, normalized to 7jpI transcript. Bar
graphs show mean + SEM. Statistical significance assessed by ANOVA with Tukey multiple
comparisons test (H, 1), Mann-Whitney test (C, pMCAO) or unpaired t-test (all other).
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Figure 3: Loss of EC-autonomous S1P1 signaling does not impact cerebrovascular patterning.
A. Isolectin B4 staining shows vascularization of the mouse retina at postnatal day (P)5 after

neonatal Pagfb-driven Siprlor Sphk1&2 deletion. Note delayed expansion of the vascular
network (top panel, arrow) and abundant filopodia at the vascular front (bottom panel,
arrowheads) of S1pr1ECKO put not Sphk1&26CKO retinas. Scale bar: 1 mm (top panel), 50
um (bottom panel) B. Quantification of outgrowth of the retinal vasculature at P5,
normalized to weight of pups. C,D. Collateral connections between the MCA and branches
of the posterior CA (PCA, white asterisk) and of the anterior CA (ACA, yellow asterisk)
extending laterally from the midline between S1pr15¢K0 and littermate controls. C,
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quantification of ACA-MCA connections. D, representative images. E. Vascular density in
the cortex of S1pr15¢KO and littermate controls assessed by collagen 1V (Coll 1V) or Glutl
staining. Representative images of Coll IV staining (left panels) and quantification of both
(right panel), scale bar: 100 pm. Bar graphs show mean + SEM. Statistical significance
assessed by one-way ANOVA with Tukey multiple comparisons test (B) and unpaired t-test
(all other).
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Figure 4. Endothelial S1P sustains BBB function.

A. Effect of Pdgfb-iCreERT2-mediated deletion of SZprl and Sphk1&2 on the accumulation

of 4 kD TRITC-Dextran in the cerebral cortex of naive mice. B. Effect of Pagft-iCreERT2-
mediated deletion of SZprZ on the accumulation of 4 kD TRITC-Dextran in the cerebral
cortex 8 hours after challenge with 10 mg/kg LPS i.p. C. Effect of Pdgft-iCreERT2-
mediated deletion (ECKO) of SZprIand Sphki1&2as well as MxI-Cre-mediated deletion

(HCKO) of Sphki&2 on the accumulation of Evans Blue/albumin in the brain of naive mice.

D. Effect of Pdgfb-iCreERT2-mediated deletion of SZpri on Evans Blue/albumin leak 24
hours after pMCAQ in ipsilateral and contralateral hemispheres. Left, representative brains.
Right, corrected absorbance of full hemisphere extracts. E. Full T2-weighted magnetic
resonance imaging (MRI) 4 and 6 hours after 90 min tMCAQ in S1pr15¢K0 and littermate
controls. Left: Representative axial sections from level of the mid-olfactory bulb from the
same animal at the two time points. Hatched line indicates midline, asterisk affected MCA
territory, and arrow contralateral ventricle. Right: T2 lesion ratios calculated from MRI
images based on axial plane images at the mid-olfactory bulb. Bar graphs show mean +
SEM. Statistical significance assessed by Mann-Whitney test (D) and unpaired t-test (all
other).
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Figure 5. Endothelial S1P1 regulates cerebral blood flow and supports tissue perfusion in the
acute phase of stroke.

A. Somatosensory cortex blood flow (CBF) assessed by laser Doppler flowmetry in mice
equipped with a cranial window in response to whisker stimulation or superfusion of the
endothelium-dependent vasodilator acetylcholine (ACh; 10 pmol/L) on exposed neocortex
(left). Mean arterial blood pressures monitored in the femoral arteries during the CBF
measurements (right). B. Mean blood flow velocities (mBFVs) measured by ultrasound in
the basilar trunk of SZpr75€K0 mice and littermate controls before and 2-5 minutes after
exposure to a gas mixture of 16% O,, 5% CO», 79% N, (normoxia-hypercapnia) and the
relative change in velocities presented. Doppler image shows vessels analyzed in B and F.
(BT: basilar artery, PCA: posterior cerebral artery, ICA: internal carotid artery, ACA:
anterior cerebral artery, AzA: azygos artery). C. Flow-mediated dilation in posterior cerebral
artery segments of SZpr1£CK0 and littermate control mice assessed by arteriography. D.
Blood pressures of non-sedated S2pr16¢K0 and littermate control mice recorded for 72
hours by telemetry. Average day and night systolic blood pressure (SBP) is shown; diastolic
blood pressure and heart rates also did not differ between the groups. E. Basal perfusion of
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the cerebral cortex and hippocampus in SZpr1E€K0 mice assessed by arterial spin labeling
MRI. F. mBFVs measured by ultrasound imaging in left and right intra cranial ICA and BT
under 0.5% isoflurane anesthesia before, 50 minutes and 2 hours after electrocoagulation-
induced pMCAQ. Normalized values in ipsilateral ICA shown, absolute values for all
arteries in Online Fig 111 C. G. mBFVs in the left ICA 2 hours after left MCAO expressed as
% of mean pre-occlusion velocities are plotted against infarct volumes in the same mice
determined 24 hours after occlusion. H. Blood flow in the leptomeningeal vasculature in the
ipsilateral hemisphere was imaged by sidestream dark field imaging through a cranial
window 2-2.5 hours after pMCAO. Left panel illustrates approximate positions of regions
monitored at the MCA/ACA border. Right panel shows results of automated analysis of
microvascular perfusion in the MCA/ACA and MCA/PCA border regions. Representative
videos in Data Supplement. 1. Infarct volumes (left) 3 days after 35 minutes of tMCAO in
S1pr1FCKO males and littermate controls. Graphs show mean + SEM. Statistical significance
was assessed by repeated measures (C, D, F) two-way ANOVA with Bonferroni (C, F) or
Sidak’s (D) multiple comparisons test, one-way ANOVA (A CBF, E), linear regression
analysis (G), Mann-Whitney test (H) or unpaired t-test (all other).
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Figure 6: Endothelial S1P1 suppresses tissue perfusion and fibrin formation in MCA territories.
A. ICAM-1 protein in homogenates of cerebral cortex from naive S1pr1£C¢KO,

Sphk1&2ECKO (Pagfb-Cre) and Sphk1&2HCKO (Mx1-Cre) mice and littermate controls
analyzed by Western Blot and normalized to the vascular marker VE-Cadherin. B. ICAM-1
and myeloperoxidase (MPO) protein in homogenates of contra- and ipsilateral hemispheres
2.5 hours after pMCAO from S2pr15€K0 mice and littermate controls. Top panel, Western
Blot. Bottom panel, quantification. C. Female S1pr1E€WT and S1pr1£€K0 mice were
analyzed three hours after pMCAO. Representative images of brain sections from
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S1priFCWT (left) and S1priE€KO (middle & right) mice. Dashed line indicates the perfusion
border assessed by tomato lectin infusion 15 minutes prior to sacrifice (top panel).
Fibrin(ogen) (red); endothelial cells (CD31, green), platelets (CD41, blue/white). Square
indicates area of higher magnification to the right. Note the extended area of poor perfusion
superior to the infarct core and fibrin deposition both within and beyond the non-perfused
regions. Scale bar: 500 um for low magnification image and 100 pm for high magnification
images. Lectin perfusion was assessed superior and inferior to the infarct core in an area of
600 um x 1200 um (“total™), and fibrin(ogen) only superior to the infarct core in an area of
800 pm x 1200 pum (“total””) or only within the distal part in an area of 800 um x 600 pm
(“distal’). Bar graphs show mean + SEM. Statistical significance assessed by one-way
ANOVA with Holm-Sidak multiple comparisons test (B, left), Mann Whitney (B, right) or
unpaired t-test (all other).
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Figure 7. Receptor polarization restricts S1P1 signaling and ligand access at the blood-neural

barrier.

A. S1P levels in plasma (left) and platelets (right) after permanent and transient filament-
induced MCAQO relative to sham. B-E. Assessment of S1Pq polarization in capillaries (B, C,
E) and artery (D) of the developing retina (B), adult retina (C, D) and adult cerebral cortex
(E) of wild-type mice (B, C, D, E upper panel) and mice lacking SZprZ in astrocytes
(S1pr1ACK0, E middle panel) or in ECs (S2pr1ECKO: E lower panel). Note that S1P4
expression (red) colocalizes with the luminal EC marker ICAM-2 (green) in capillaries of
the developing retina but not in the mature retina and brain. Luminal expression remains in
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some arterial ECs in the mature retina. The non-polarized EC marker isolectin B4 (B, C) or
GLUT1 (D, E) is shown in white, and the nuclear marker Hoechst in blue. Arrowheads
indicate luminal and arrows abluminal side of the endothelium. Scale bars: 2 pm. Plots of
fluorescence intensity are provided in Online Fig V. F. S1P4 signaling in the cerebral cortex
studied in S1P; GFP signaling reporter mice (S1P1GS) after systemic (0.6 mg/kg i.v.) or
local (0.06 mg/kg intraparenchymal) administration of RP-001 or systemic FTY720
(2x5mg/kg p.o.) or vehicle control by the same route. Note that signaling (GFP positive
nuclei, green), usually restricted to ASMA positive arterioles (blue), is widespread in Erg-
positive EC (red) after local administration of RP-001. GFP/Erg double positive EC nuclei
were counted in arterial (ASMA positive, lower panel) and other ECs (ASMA negative,
upper panel) and expressed as a percentage of all ECs in the same category. Upper panel,
representative images, lower panel, image-based quantification (only statistical analysis for
S1P1GS mice is shown and was done within and across treatment groups, respectively).
Scale bar: 100 um. GFP induction in other tissues in Online Fig VI, high resolution image
and quantification of non-EC GFP in Online Fig. VII. G. Evolution of blood flow velocities
in the cerebral cortex after injection of RP-001 i.v. (0.6 mg/kg; left panel) or into the
cerebrospinal fluid (0.06 mg/kg; right panel) of SZpr16¢K0 and littermate control mice.
Error bars: SEM. H. S1P4 signaling in the cerebral cortex after systemic administration of
CYM-5442 (10 mg/kg) or vehicle control. Left panel: Representative images, scale bar: 100
um; right panel: Image-based quantification of GFP/Erg double-positive ECs as a fraction of
total arterial and non-arterial ECs, respectively. Bar graphs show mean £ SEM. Statistical
analyses by Mann Whitney (F, local administration) or by one or two-way ANOVA with
Dunnett (A) or Tukey (all other) multiple comparisons test (all other).
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Figure 8. A BBB penetrating S1P1 agonist limits cortical infarct expansion in ischemic stroke.
A. Effects of CYM-5442, RP-001 and FTY720 at indicated concentrations on lymphocyte

counts 3 and 24 hours after bolus administration. Values normalized to pre-bleed. Statistical
significance assessed in comparison to vehicle control at indicated time points. B. Effect of
CYM-5442 (3 mg/kg i.p. 0-6 hours after occlusion) on infarct size 24 hours after pMCAOQO in
wild-type males. C, D. Effect of CYM-5442 (3 mg/kg i.p. immediately after occlusion) on
the impact of EC Sphk1&2 (C) and S1P4 (D) deficiency (Pdgf-iCreERT2) on infarct size
24 hours after pMCAQ. E. Effect of CYM-5442 (3 mg/kg i.p. immediately before
reperfusion) on infarct size 24 hours after 60 minutes tMCAO (left panel, representative
infarcts; right panel, total and regional infarct size). F. Effect of RP-001 (0.6 mg/kg i.p.
immediately after occlusion) on infarct size 24 hours after pMCAO. G. Protective actions of
CYM-5442 are accounted for mostly by engagement of endothelial S1P4, which promotes
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vasodilation and BBB integrity and limits fibrin deposition. By inducing transient
lymphopenia through modulation of lymphocyte receptors, CYM-5442 may further reduce
thromboinflammation, as has been previously described for FTY720. These distinct actions
will act in concert to limit inflammation and edema, and promote microvascular patency and
perfusion of affected brain regions. PC, pericytes; AC, astrocytes; RBC, red blood cell; PLT,
platelet; LY, lymphocyte; Alb, albumin. Bar graphs show mean + SEM. Statistical
significance assessed by repeated measures two-way ANOVA (A), Kruskall-Wallis test with
Dunn’s multiple comparisons test (B), unpaired t-test (C, F) or Mann-Whitney test (D, E).
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