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1. Zusammenfassung

Beim ischamischen Schlaganfall finden weitreichende systemische immunmodu-
latorische Anpassungsvorgange statt. Da Sphingosin-1-Phosphat (S1P)-Signal-
wege fur die Immunzellrekrutierung von hoher Relevanz sind, war angesichts der
bekannten immunologischen Veranderungen nach zerebraler Ischamie das Ziel
dieser Dissertation die genauen Veranderungen dieses Signalweges zu charak-
terisieren.

FUr diese Charakterisierung wurde ein transientes Fadenokklusionsmodell der A.
cerebri media an der Maus verwendet. Die Sphingolipidkonzentrationen wurden
drei oder 24 Stunden nach Okklusion in der Milz, im Plasma sowie im Hirngewebe
gemessen. Parallel hierzu wurde die Immunzellrekrutierung in die von der Ischa-
mie betroffenen Hemisphare analysiert.

Zunachst konnte diese Dissertation zeigen, dass in der Akutphase des Schlag-
anfalls ein S1P-Konzentrationsgradient vorherrscht. Die Milz zeigt hier die nied-
rigsten Konzentrationen, gefolgt von Plasma und Gehirn. DarUber hinaus besteht
auch in der betroffenen Hemisphare ein S1P-Gradient mit hohen Konzentratio-
nen im Infarktkern, jedoch verminderten Konzentrationen im Periinfarktkortex
(PIC).

Zweitens fuhrt eine fokale zerebrale Ischamie zu einer Infiltration von T- und B-
Lymphozyten in die ischamische Hemisphare. Im Gegensatz hierzu kommt es zu
einer Schlaganfall-induzierten Lymphopenie im Blut. Hierzu passend konnte ich
eine signifikante Abnahme des Gewichts und der B- und T-Lymphozyten der Milz
24 Stunden nach Ischamie nachweisen. Weitere von Immunzellen produzierte
Zytokine (IL-6) sowie deren Transkriptionsfaktoren (SPI11, STAT3, FoxP3) zeig-
ten in der Akutphase nach Ischamie ebenfalls eine deutliche Reduktion und wie-
sen auf die Rekrutierung peripherer Immunzellen (plZ) aus dem sekundaren lym-
phatischen Organ hin. Folgerichtig waren Leukozyten im Plasma sowohl drei als
auch 24 Stunden nach Ischamie signifikant vermehrt, welche insbesondere
neutrophilen Granulozyten entsprachen.

Basierend auf der nachgewiesenen Reduktion von T-Helferzellen sowie regula-
torischer T-Zellen sowohl in der Milz als auch in der Zirkulation, wurde drittens

die Hypothese einer zerebralen Rekrutierung dieser T-Zellpopulationen gemaf



dem vorliegenden S1P-Gradienten untersucht. Dabei gelang die Darstellung ei-
ner signifikanten Infiltration von CD45*-Zellen in beide Hemispharen, welche ins-
besondere von T-Helferzellen gepragt war.

Viertens nimmt die S1P-Rezeptor (S1PRr)-Expression auf Leukozyten eine be-
deutende Stellung in der plZ-Rekrutierung ein. In diesem Sinne konnte ich zei-
gen, dass nach zerebraler Ischamie S1P4 signifikant in der Milz vermindert expri-
miert wurde. Dieses Ergebnis deutete auf einen Austritt S1P+* Immunzellen aus
der Milz dem etablierten S1P-Gradienten folgend hin. In der ischamischen Hemi-
sphare hingegen lie sich ebenfalls eine Herunterregulation der exprimierten
mRNA fur S1P1 nachweisen, wohingegen S1P2 und S1P3 vermehrt transkribiert
wurden. Dieses Ergebnis konnte Folge der mikroglialen Aktivierung sein, die be-
kanntermal3en mit einer Hochregulation von S1P2 und S1P3 einhergeht.
AbschlieRend habe ich die Rolle von weiteren Sphingolipiden, u.a. von Cerami-
den, untersucht, die einen signifikanten Anstieg in der Milz 24 Stunden nach Is-
chamie zeigten. Im Gegensatz dazu konnte ich im Gehirn keine Unterschiede der
untersuchten Ceramidspezies abgrenzen, sodass in dem hier verwendeten Mo-
dell eine Beteiligung an lokalen pathophysiologischen Vorgangen eher unwahr-
scheinlich erscheint.

Zusammenfassend beschreiben die in dieser Dissertation dargestellten Ergeb-
nisse lokale und systemische Veranderungen des S1P-Signalwegs nach zereb-
raler Ischamie. Konkordante Veranderungen des Immunsystems deuten auf eine
relevante Rolle veranderter S1P-Konzentrationen hin. Weitergehende, funktio-
nelle Untersuchungen der hier beobachteten Ergebnisse miussen die potentielle

therapeutische Relevanz fur Patienten mit zerebraler Ischamie aufklaren.



2. Summary

Ischemic stroke exerts extensive systemic adaptive immunomodulatory re-
sponses. S1P-signaling pathways play an important role in immune cell recruit-
ment and given the known immune response alterations following stroke, the aim
of this dissertation was to provide a detailed characterization of the S1P signaling
pathway.

For this characterization, a transient filament occlusion model of the mouse mid-
dle cerebral artery was implemented. Sphingolipid concentrations were meas-
ured three or 24 hours after occlusion in spleen, plasma and brain tissue. In par-
allel, immune cell recruitment was analysed in the hemisphere affected by ische-
mia.

First of all, this thesis could demonstrate a steep S1P gradient in the acute phase
of stroke. The spleen showed the lowest S1P concentrations, followed by plasma
and brain. In addition, there was a significant S1P increase in the ischemic hem-
isphere, whereas the peri-infarct cortex (PIC) showed decreased S1P levels.
Secondly, focal cerebral ischemia induces an inflammatory cascade which is de-
noted by an early infiltration of T and B lymphocytes. This phenomenon was re-
flected systemically leading to a stroke-induced lymphopenia in the circulation. In
accordance with this result, | could demonstrate a significant weight reduction of
the spleen and a decrease of B and T lymphocytes in the spleen 24 h after ische-
mia. Other cytokines produced by immune cells (IL-6) as well as their transcrip-
tion factors (SPI1, STAT3, FoxP3) showed a significant reduction in the acute
phase after ischemia and underlined the recruitment of peripheral immune cells
(plZ) from the secondary lymphoid organ. Consequently, especially neutrophil
granulocytes in plasma were increased three hours and 24 hours after ischemia.
Thirdly, based on the reduction of T helper cells and regulatory T cells in both
spleen and circulation, the hypothesis of cerebral recruitment of these T-cell pop-
ulations in response to the S1P gradient was investigated. A significant infiltration
of CD45" cells in both hemispheres was revealed, which was particularly charac-
terized by T helper cells.

Fourthly, the S1P receptor (S1PRr) expression on leukocytes plays a pivotal role
in plZ recruitment. In this sense, | could demonstrate a significant decrease of

S1P+ in the spleen. This result suggested an egress of S1P+1* immune cells from



the spleen in response to the S1P gradient. In the ischemic hemisphere however,
S1P1+ mRNA displayed a downregulation, whereas S1P> and S1P3 showed a sig-
nificant upregulation. This result might represent sequelae of microglial activa-
tion, which is accompanied by an upregulation of S1P2 and S1Ps.

Finally, | examined the role of further sphingolipids, i.e., ceramides, which
showed a significant increase in the spleen 24 hours after ischemia. In contrast,
| could not delineate differences in the brain between the analysed ceramide spe-
cies, suggesting that a contribution of ceramides to plZ recruitment is less prob-
able in this model.

In conclusion, the results of this thesis describe a local and systemic involvement
of the S1P signaling pathway in immune cell migration after cerebral ischemia.
Concordant immune response alterations suggest a relevant role of the changes
in sphingolipid concentrations. Further insights into the herein described obser-
vations may behold the potential to pave the way to new therapeutic avenues for

patients suffering from ischemic stroke.



3. AbkuUrzungsverzeichnis

Abkurzung

Bedeutung

A. cerebri media

Arteria cerebri media

FoxP3 Forkhead box protein P3

IL-6 Interleukin-6

PIC Periinfarktkortex

plZ Periphere Immunzellen

S1P Sphingosin-1-Phosphat

S1Pr S1P-Rezeptor

SPI1 Transkriptionsfaktor PU.1

STAT3 Signal transducer and activator of transcription 3




4. Ubergreifende Zusammenfassung: Einleitung

4.1. Schlaganfall

Weltweit steht der Schlaganfall an zweiter Stelle der Todesursachenstatistik und
stellt eine der Hauptursachen fur eine dauerhafte Invaliditat und Pflegebedurftig-
keit mit gravierenden soziookonomischen Folgen fur die Betroffenen, inre Ange-
horigen und die Gesellschaft dar.” Weltweit lag die Pravalenz der Schlaganfalle
im Jahr 2016 bei 80,1 Millionen, wovon zerebrale Ischamien 84,4% einnahmen.?
Der akute ischamische Schlaganfall stellt einen medizinischen Notfall dar. Es
kommt zu einer akuten Minderperfusion mit einhergehendem neuronalen Funkiti-
onsverlust, der mit zunehmender Dauer des GefalRverschlusses in einem Neuro-
nenuntergang resultiert. Die Atiologie des ischamischen Schlaganfalls umfasst
vornehmlich eine Makroangiopathie der supraaortalen, extra- und intrakraniellen
Gefalle, eine zerebrale Mikroangiopathie sowie proximale Emboliequellen.
Anamnestisch lasst sich ein apoplektiform aufgetretenes fokal-neurologisches
Defizit eruieren. Mangels klinischer Unterscheidungsmerkmale zum hamorrhagi-
schen Schlaganfall in der Prahospitalphase bedarf es einer unverziglichen Ein-
weisung des Patienten in ein qualifiziertes Schlaganfallzentrum zur weiteren Di-

agnostik und Therapie.

4.2. Akuttherapien

Oberstes Ziel in der Schlaganfalltherapie ist eine sichere, rapide und effektive
arterielle Rekanalisation, um den Blutfluss wiederherzustellen und das funktio-
nelle Outcome zu verbessern.®# Aktuelle Therapieansatze beim ischamischen
Schlaganfall stellen die systemische thrombolytische Therapie mit dem intrave-
nos applizierten rekombinanten Gewebeplasminogenaktivator (rtPA) in einem
engen Zeitfenster und die endovaskulare Thrombektomie dar. Verschiedene Stu-
dien zeigen eine Uberlegenheit der zusétzlichen endovaskularen Therapie ge-
genlber einer solitaren Thrombolyse.>~'?

Dabei ist das Auftreten einer symptomatischen intrazerebralen Blutung (sICH)
nach Thrombolyse und Thrombektomie womaoglich nicht allein auf die induzierte
Koagulopathie zurlickzufiihren.® Vielmehr zeigen immer mehr Studien, dass die

sICH nach Thrombolyse zum Teil mit der postischamischen Neuroinflammation
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assoziiert ist.'~'6 Hierbei spielen bei kompromittierter Blut-Hirn-Schranke die In-
filtration plZ, die gliale Aktivierung sowie die Infiltration inflammatorischer Fakto-
ren eine grofRe Rolle.'®"” Eine kiirzlich veroffentlichte Studie hat jedoch auch auf
die potentiellen Komplikationen einer mechanischen Thrombektomie mit dem Ri-
siko einer sICH verwiesen.'®

Eine Option zur Behandlung von Hirninfarktpatienten im Sinne einer medikamen-
tosen Neuroprotektion besteht derzeit noch nicht. Viele Substanzen konnten le-
diglich im Tiermodell gute Ergebnisse erzielen. So konnte beispielsweise Neri-
netid, ein Peptid, welches am postsynaptischen Dichteprotein-95 ansetzt, in der
ESCAPE-NA1 Studie vor endovaskularer Therapie bei schwerem Schlaganfall
keine Wirksamkeit demonstrieren.'?

Immunmodulatorische Ansatze in der Akutphase verbleiben derzeit Gegenstand
intensiver praklinischer und klinischer Forschung, solange die reziproken Inter-
aktionen zwischen Immunsystem und zerebraler Ischamie nicht vollstandig ver-
standen sind.?° Dabei kdnnte die nahere Charakterisierung des Periinfarktcortex
Mechanismen zum Schutz vor sekundaren Schaden nach zerebraler Ischamie

beitragen.

4.3. Hamorrhagische Transformation

Die haufigsten Komplikationen nach einem Schlaganfall umfassen einen erhoh-
ten intrakraniellen Druck, Schlaganfallrezidive, Infektionen sowie symptomati-
sche intrazerebrale Blutungen nach Thrombolyse.?'

Eine hamorrhagische Transformation (HT) stellt eine Komplikation des ischami-
schen Schlaganfalls dar, die hauptséchlich nach Reperfusion auftritt.?222 Studien
haben ein ca. zehnfach erhdhtes Risiko der HT nach thrombolytischer Therapie
(rtPA) gezeigt."”?* Neueste Studien aus China, die keinen Unterschied in den
HT-Raten zwischen endovaskularer Therapie mit und ohne Alteplase demonst-
rieren, leiten einen Paradigmenwechsel ein. So weisen diese auf die Rekanali-
sation als wesentlichen Treiber der HT hin.?> Die Aktivierung von Matrix-Me-
talloproteasen (MMP)?6-28 sowie schwere Endothelschaden nach Ischamie/Re-
perfusion kompromittieren die endotheliale Integritat und scheinen die Entste-

hung von HTs zu begiinstigen.?%3° Nach transienter fokaler zerebraler Ischamie
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weist die Blut-Hirn-Schranke eine gesteigerte Durchlassigkeit bereits 25 min
nach Reperfusion auf, welche fiir mehrere Wochen anhalt.3"32

Studien demonstrieren ein erhohtes Risiko einer hamorrhagischen Transforma-
tion in kardioembolischen Hirninfarkten unter einer Antikoagulation.3334 Die Vita-
min-K-Antagonisten (Phenprocoumon, Warfarin) haben jahrelang Mittel der Wahl
der oralen Antikoagulation zur Schlaganfallpravention dargestellt. Zudem sind Vi-
tamin-K-Antagonisten (VKA) zur Thrombembolieprophylaxe bei kunstlichem
Herzklappenersatz sowie bei Mitralklappenstenosen indiziert. Dabei hemmen
diese die Vitamin-K-abhangige Synthese der Gerinnungsfaktoren Il, VII, IX, X in
der Leber sowie die regulatorischen Faktoren Protein C und S. Allerdings weisen
VKAs viele Nachteile auf, vor allem ein geringes therapeutisches Fenster, die
Notwendigkeit regelmafiger INR-Kontrollen sowie das Risiko intrakranieller Blu-
tungen. Im Mausmodell lief3 sich eine Exazerbation der hamorrhagischen Trans-
formation unter Warfarin demonstrieren.®> Ferner zeigten Patienten unter VKA
ein hoheres Risiko fur eine symptomatische intrazerebrale Blutung (sICH) nach
mechanischer Thrombektomie.3¢

Leitliniengerecht stellen die neuen direkten oralen Antikoagulanzien (DOAC) eine
Alternative zu den Vitamin-K-Antagonisten dar. Sie bieten ein gunstigeres Nut-
zen-Risiko-Profil und werden somit in der Primar- und Sekundarprophylaxe nach
Schlaganfall eingesetzt. Wahrend wir uns bei den VKAs INR-Messungen bedie-
nen, die eine gute Kontrollierbarkeit erlauben, fehlt im klinischen Tag eine ada-
quate Point-of-care-Diagnostik fur die DOACs. Der Doasense-Urintest ermoglicht
lediglich eine qualitative DOAC-Bestimmung.3” Studien demonstrieren eine ver-

gleichbare Rate an spontanen HT unter DOACs im Vergleich zu VKA.38

4.4. Sphingolipide — Rolle in der Akutphase nach zerebraler Ischa-
mie

Sphingolipide sind ubiquitar vorkommende Komponenten der Zellmembranen

und unmittelbar an Zell-Zell-Kontakten sowie an der parakrinen Informations-

Ubermittlung in Geweben beteiligt.® Bisher konnte gezeigt werden, dass diver-

sen Sphingolipiden in Krankheitsprozessen eine bedeutende Rolle zukommt.40-

42 Diese Studien haben die Relevanz des Sphingolipidmetabolismus und die

Rolle der Sphingolipide als Signalmolekule als aussichtsreiches therapeutisches
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Ziel unterstrichen. Dabei wurden vor allem Sphingosin-1-phosphat (S1P) sowie
den Ceramiden SchlUsselrollen zugesprochen.

So konnte die Bedeutung des Sphingosin-1-Phosphats (S1P) als Liganden des
Typ 1 S1P-Rezeptors (S1P+) in der Regulation der Lymphozytenverteilung ent-
lang eines S1P-Gradienten demonstriert werden.*® Eine Modulation des S1P;-
Signalweges wurde daher zunachst in der Transplantationsimmunologie**4° und
spater in der Behandlung der neurologischen Autoimmunerkrankung Multiple
Sklerose erprobt.*® Das synthetische, funktionell antagonistische S1P-Analogon
Fingolimod (FTY720) wurde 2010 zur Therapie der Multiplen Sklerose zugelas-
sen.*® Das derzeitige Konzept impliziert die Rekrutierung von Immunzellen ent-
lang steiler S1P-Gradienten, indem S1P den S1P1-Rezeptor ligiert, was zu des-
sen Internalisierung in die Zelle fuhrt.

Im murinen Schlaganfallmodell konnte gezeigt werden, dass Fingolimod vermut-
lich Uber diese immunmodulierende Wirkung zu einer verringerten InfarktgroRle,
einem verbesserten neurologischen Outcome sowie einer verringerten Anzahl
infiltrierender neutrophiler Granulozyten sowie Mikroglia in die ischamische La-
sion fuihrt.4” Ferner gelang der Nachweis einer Reduktion der Thromboinflamma-
tion in den Mikrokapillaren im Periinfarktareal unter Fingolimod.*® Voraussetzung
fur die protektive Wirkung stellt die Phosphorylierung von Fingolimod uber die
Sphingosinkinase-2 (SphK2) dar.*® Der Verlust neuroprotektiver Effekte konnte
bei SphK2-defizienten Mausen demonstriert werden, die eine Zunahme der In-
farktgroRe sowie eine Zunahme funktioneller neurologischer Defizite aufwie-
sen.*?

Ceramide nehmen als Vorlaufer des Signalmolekulls S1P eine zentrale Stellung
innerhalb des Sphingolipidmetabolismus ein®® und sind an der Regulation der
Apoptose sowie der Zellalterung beteiligt.>"52 Ferner konnte in Tiermodellen des
Schlaganfalls eine Zunahme der Ceramid-Synthese Uber eine gesteigerte Aktivi-
tat der sauren Sphingomyelinase (ASMase) gezeigt werden.53-% ASMase-defizi-
ente Mause wiesen eine verringerte InfarktgroRe und ein verbessertes neurolo-
gisches Defizit nach transienter fokaler zerebraler Ischamie auf.®’

Als Trigger der gesteigerten Ceramidsynthese im Kontext der zerebralen Ischa-
mie wird die induzierte Reperfusion angesehen.® Dabei gelten Ceramide als Me-

diator der Apoptose durch eine mitochondriale Dysfunktion.’® Zudem wurden
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hohe Ceramidspiegel als potentieller gemeinsamer Nenner der Neuroinflamma-

tion in neurodegenerativen Erkrankungen tituliert.®°

4.5. Einfluss der Sphingolipide auf die hamorrhagische Transforma-
tion

Erythrozyten sowie Endothelzellen sind die wesentlichen Quellen von S1P und
tragen zu einem steilen S1P-Gradienten zwischen dem Blutkompartiment und
dem Interstitium bei, wo tausendfach niedrigere S1P-Konzentrationen herrschen.
S1P liegt im Plasma entweder an Albumin oder Apolipoprotein M (apoM) gebun-
den vor.61-66

Dabei nimmt S1P- eine groRe Rolle in der zerebrovaskularen Integritat ein.?” In
einem Modell der spontanen HT konnte gezeigt werden, dass eine Inhibition von
S1P; die Entwicklung einer HT blockiert.®”

Studien haben auf die Reduktion einer HT nach Ischamie/Reperfusion unter Fin-
golimod hingewiesen.®®8° Im Rahmen der pathophysiologischen Einordnung
deuten die Daten von Salas-Perdomo et al. auf einen Lymphozyten-unabhangi-
gen Mechanismus, da Fingolimod auch in Lymphozyten-defizienten Tieren zu ei-
nem verringerten Blutungsausmal sowie einem verbesserten funktionellen Out-
come gefiihrt hat.?® Ferner demonstrierten Studien, dass eine selektive S1Ps-
Modulation protektive Wirkungen nach intrazerebraler Blutung aufweist.”® Somit
ruckt die direkte Wirkung von Fingolimod auf den Sphingolipidmechanismus in
den Vordergrund und scheint somit eine hohe translationale Relevanz in der

Schlaganfallforschung einzunehmen.

4.6. Darstellung des Manuskripts
Die Studie stellt die Kinetik von Sphingosin-1-phosphat (S1P) in der Akutphase

der fokalen zerebralen Ischamie sowie die damit einhergehenden systemischen
Veranderungen von T-Helferzellen (Th-Zellen) und regulatorischen Tu-Zellen
(Trec-Zellen) als wichtige Akteure des Immunsystems dar. Hier konnte ich de-
monstrieren, dass ein steiler S1P-Gradient von der Milz in Richtung Gehirn vor-
herrschend war. Mittels quantitativer PCR (qPCR) schien der S1P+* der prado-

minierend aus der Milz austretenden Zellphanotyp zu sein. Ferner konnte ich

14



nachweisen, dass die Rekrutierung Tn- und Trec-Zellen in die ischamische He-
misphare mit einer differentiellen Regulation des S1Pr-Expressionsmusters as-
soziiert ist.

Um die Rolle von S1P als chemotaktisches Agens im Kontext der zerebralen Is-
chamie naher zu charakterisieren, erfolgte zunachst die Bestimmung von S1P in
verschiedenen Kompartimenten (Milz, Plasma, Gehirn). Hierzu wurde ein
C57BL/6 Tiermodell der fokalen zerebralen Ischamie (mittels Fadenokklusion der
Arteria cerebri media, MCAQ) verwendet. Letztere resultierte in einer Hochregu-
lation des S1P-Signalwegs und einem Anstieg des S1P-Spiegels in der ischami-
schen Hemisphare sowie im Plasma nach 24 Stunden. Eine in unserer Arbeits-
gruppe durchgefihrte Beobachtungsstudie an Patienten ergab ebenso einen sig-
nifikanten Anstieg des S1P-Spiegels im Plasma innerhalb von 24 Stunden nach
Schlaganfall. Dagegen liel3 sich drei Stunden nach Ischamie eine Reduktion von
S1P sowohl im ischamischen murinen Kortex, als auch im Periinfarktkortex (PIC)
nachweisen. Die Reduktion der S1P-Spiegel im PIC persistierte bis 24 Stunden
nach Induktion der Ischamie. Somit etablierte dies einen neuen S1P-Gradienten
zwischen dem ischamischen Kern (S1PHIC") und dem PIC (S1P°W). In der Milz
konnte eine Reduktion von S1P 24 Stunden nach MCAO demonstriert werden.
Aufgrund der Bedeutung von S1P in der Rekrutierung von Immunzellen habe ich
im Folgenden eine mogliche Korrelation zwischen der S1P-S1Pr-Achse und der
Immunzellenrekrutierung in der Akutphase nach fokaler zerebraler Ischamie un-
tersucht. Durchflusszytometrische Analysen zeigten hierbei eine signifikante Ab-
nahme der B- und T-Lymphozyten in der Milz 24 Stunden nach MCAO. Makro-
skopisch liel3 sich dabei eine deutliche Atrophie der postischamischen Milz ab-
grenzen.

Analog zu den Veranderungen in der Milz konnte auch in der Zirkulation eine
Reduktion der B- und T-Zellen 24 Stunden nach fokaler zerebraler Ischamie
nachgewiesen werden. Angesichts des S1P-Gradienten stellten wir die Hypo-
these einer Rekrutierung dieser T-Zell-Populationen in Richtung der dominieren-
den S1P-Konzentration in der ischamischen Hemisphare auf. Dabei gelang die
Darstellung einer signifikanten Infiltration CD45"-Zellen, welche insbesondere

Tw-Zellen entsprach.
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Ausgehend von unseren experimentellen Befunden sowie zur ndheren Untersu-
chung der Chemotaxis von Immunzellen angesichts hoher S1P-Spiegel nach ze-
rebraler Ischamie erfolgte die nahere Charakterisierung der S1Pr-Expression in
splenischen Immunzellen. Dabei konnte ich eine signifikante Reduktion der S1P+
mMRNA-Konzentrationen 24 Stunden nach MCAO nachweisen. Dagegen liel3en
sich keine signifikanten Anderungen der S1P2, S1P3 und S1P4 mRNA-Konzent-
rationen abgrenzen.

In der ischamischen Hemisphare imponierte eine geringere S1P1-mRNA-Kon-
zentration, wahrend die S1P2- und S1P3-mRNA-Konzentrationen gesteigert wa-
ren. Mittels immunhistochemischer Farbungen konnte eine Akkumulation von
CD3" und FoxP3* Zellen vor allem im Periinfarktcortex nachgewiesen werden.
Ferner erfolgte die Bestimmung der Ceramide in der Milz nach fokaler zerebraler
Ischamie, die einen signifikanten Anstieg 24 Stunden nach fokaler zerebraler Is-
chamie zeigten. Dagegen lie3en sich im Gehirn keine signifikanten Unterschiede

der Ceramide abgrenzen.
4.7. Diskussion der Gesamtheit der Ergebnisse

Der Sphingolipid-Signalweg stellt ein aussichtsreiches Ziel pharmakologischer
Interventionen in der Schlaganfalltherapie dar. S1P gilt als Signalmolekul und ist
an der Regulation immunologischer Prozesse beteiligt.>*”! Die S1P-Konzentra-
tion wird von den Sphingosinkinasen 1 (SphK1) und 2 (SphK2) beeinflusst.”? Es
besteht ein steiler S1P-Konzentrationsgradient zwischen dem Gefaltkomparti-
ment und dem Interstitium, wo niedrige nanomolare Konzentrationen herrschen.
Vor allem Erythrozyten und Endothelzellen gelten als wesentliche Quellen von
S1P%. Es wurde postuliert, dass S1P die Lymphozytenverteilung im Organismus
entlang eines S1P-Gradienten reguliert.”>" So fiihrt Fingolimod, ein syntheti-
sches, funktionell antagonistisches S1P-Analogon, welches bei der Autoimmun-
erkrankung Multiple Sklerose Anwendung findet, zu einer Lymphozytensequest-
rierung in die Lymphknoten vermittelt durch die Internalisierung von S1P4.7°

Wir konnten einen steilen S1P-Gradienten zum ischamischen Kern nachweisen,
wahrend S1P im Periinfarktcortex eine Reduktion aufwies. Hasegawa et al. ha-
ben zwar eine Reduktion von S1P+1, SphK1 und SphK2 im Infarktcortex nachge-

wiesen, im Periinfarktcortex zeigten sich diese jedoch flir mindestens 6 Stunden
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nach MCAO stabil.”® Die Exposition von S1P an S1P; fiihrt zur Liganden-indu-
zierten Internalisierung des S1P1 Rezeptors.®® Somit besagt die von uns verfolgte
Hypothese, dass die nachgewiesenen niedrigeren S1P-Spiegel in der Penumbra
eine verminderte Internalisierung des Rezeptors im Sinne einer negativen Ruck-
kopplungsschleife der S1P-Ligation an S1P1 induzieren. Dies resultiert in einer
erhaltenen Expression von S1P1 und aktiver SphK1/2.85 Als Voraussetzungen fir
den Lymphozytenaustritt aus sekundar lymphatischen Organen gelten ein intak-
ter, chemotaktischer Gradient sowie die S1P+-Expression.”*”” Eine anhaltende
Exposition von S1P an S1P; resultiert in einem verminderten Ansprechen der
S1P1-mediierten Chemotaxis. In SphK-defizienten Mausen lie3en sich auf Lym-
phozyten eine hohe Expression von S1P4 im Vergleich zu Kontrollen nachwei-
sen, konkordant mit einem Mangel an zirkulierendem S1P.%5

Studien habe ferner gezeigt, dass Populationen von Tnh- sowie Trec-Zellen be-
reits am ersten Tag in der ischamischen Hemisphéare akkumulieren.”®-80 Diese
Daten decken sich mit unseren gPCR und immunhistochemischen Ergebnissen.
Zudem stellen Neurone eine mogliche S1P-Quelle dar, da das Gehirn die hochs-
ten S1P-Konzentrationen aufweist,®’ sodass der durch die fokale zerebrale Is-
chamie induzierte Neuronenuntergang zu einem Austritt von S1P in den ischa-
mischen Kern fihren konnte. Dies wiederum wurde einen neuen S1P-Gradienten
etablieren, der das Einwandern von Immunzellen in den Periinfarktcortex be-
gunstigen konnte.

Die differentielle Lokalisation und Konzentration der verschiedenen S1Pr auf der
Zelloberflache entscheiden (iber die Wirkung von S1P.77:82 So nehmen auch
S1P2 und S1P;3 eine wichtige Rolle in der Lymphozytenmigration ein.83-86 S1P,
wird von vaskularen Endothelzellen exprimiert und spielt eine wichtige Rolle in
der vaskularen Permeabilitat und Inflammation.8”-28 Dagegen wird S1P3 auf emb-
ryonalen Endothelzellen exprimiert und agiert als Mediator P-Selektin-mobilisie-
render Effekte (iber die Aktivierung von SphK184-86.8% Ferner moduliert S1P3 die
mikrogliale Aktivierung sowie die M1-Polarisation im Kontext der zerebralen Is-
chamie.®® In dieser Arbeit konnte ich eine Erhéhung der S1P3-mRNA in der ipsi-
lateralen Hemisphare nach fokaler zerebraler Ischamie nachweisen, die mit einer

gesteigerten CD3- und FoxP3-Expression einherging.
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Es fanden sich hohere S1P-Spiegel in der Zirkulation nach MCAO, die zu einem
verstarkten Austritt von Lymphozyten aus der Milz nach der Ischamie beigetra-
gen haben konnten. Bereits drei Stunden nach MCAO war eine Abnahme der
Lymphozyten in der Zirkulation nachweisbar. Daher stellt die Migration von Im-
munzellen einen Prozess dar, der sich in engmaschiger zeitlicher Abfolge unmit-
telbar nach MCAO abspielt.”8-8% Hier gilt es zu beleuchten, inwieweit die Expres-
sion von S1P1.5 oder anderer Glykosphingolipide wie Ceramide die Chemotaxis
von Immunzellen zum Gehirn fordern/mediieren konnte.

Wahrend ich in der Milz nach MCAO erhohte Ceramid-Spiegel nachweisen
konnte, die am ehesten auf die koinzidentelle Apoptose zurtckzufuhren waren,
lieRen sich im Periinfarktkortex keine signifikanten Veranderungen von Cerami-

den abgrenzen.

4.8. Deren Beitrag/Bedeutung fur die Beantwortung der Fragestel-

lung

Unsere Ergebnisse weisen auf eine relevante Rolle von S1P im Kontext der ze-
rebralen Ischamie und der damit assoziierten Immunzellrekrutierung hin. Die Li-
teratur zeigt eine Akkumulation von S1P im Infarktkern, die Kimura et al. auf
Mikroglia und Astrozyten als S1P-Quellen zurlickgefihrt haben.8® Salas-Per-
domo et al. gelang der Nachweis einer Hochregulation der SphK1-mRNA nach
Ischamie und damit einhergehend der S1P-Konzentration.®® Angesichts der
Ubergeordneten Stellung von S1P in der Chemotaxis von T-Zellen wurde von den
Autoren eine Assoziation zwischen der gesteigerten S1P-Konzentration und der
erhohten Anzahl S1P+*-T-Zellen in der ipsilateralen Hemisphare postuliert.®®
Diese Arbeiten unterstutzen unsere Ergebnisse.

Fir die durch S1P-vermittelte Chemotaxis ist ein etablierter S1P-Gradient und
die Expression von S1P1 von Bedeutung, um Lymphozyten aus sekundar lym-
phatischen Organen zu rekrutieren.”*”” So konnte meine Arbeit S1P1*-Zellen als
wesentliche Population nachweisen, welche die Milz verlassen hatten. Durch-
flusszytometrische Analysen zeigten dabei eine signifikante Abnahme der B- und
T-Lymphozyten in der Milz im Einklang mit dem histologischen Nachweis der Re-
duktion der weilden Pulpa 24 Stunden nach MCAO. Ferner konnte eine Abnahme
der T-Helferzellen sowie regulatorischer T-Zellen sowohl in der Milz als auch in

der Zirkulation nachgewiesen werden. Wir nahmen eine Akkumulation dieser T-
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Zellpopulationen anhand des S1P-Gradienten im Gehirn an. Hierzu passend
konnten Malone et al., 2021 eine Zunahme der FoxP3* Zellen in der infarzierten
Hemisphare nachweisen.®’ Die Migration peripherer Immunzellen ins zentrale
Nervensystem mit anschlieender Infiltration ins ischamische Hirnparenchym
wird als potentieller Mechanismus einer Potenzierung der Schadigung von Hirn-
gewebe angesehen. Dabei weisen Studien auf die Schlusselrolle infiltrierender
T-Zellen ins zentrale Nervensystem hin.92:93

Zusammenfassend stellt der Sphingolipid-Signalweg ein aussichtsreiches Ziel

pharmakologischer Interventionen in der Schlaganfalltherapie dar.
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Abstract: Emerging evidence suggests a complex relationship between sphingosine 1-phosphate
(S1P) signaling and stroke. Here, we show the kinetics of S1P in the acute phase of ischemic stroke and
highlight accompanying changes in immune cells and S1P receptors (S1Pg). Using a C57BL/6 mouse
model of middle cerebral artery occlusion (MCAO), we assessed S1P concentrations in the brain,
plasma, and spleen. We found a steep S1P gradient from the spleen towards the brain. Results obtained
by qPCR suggested that cells expressing the S1Pg type 1 (S1P;*) were the predominant population
deserting the spleen. Here, we report the cerebral recruitment of T helper (Ty) and regulatory T
(Treg) cells to the ipsilateral hemisphere, which was associated with differential regulation of cerebral
S1PR expression patterns in the brain after MCAO. This study provides insight that the SIP-S1Pg axis
facilitates splenic T cell egress and is linked to the cerebral recruitment of S1Pg* Ty and Tggg cells.
Further insights by which means the S1P-S1Pr-axis orchestrates neuronal positioning may offer new
therapeutic perspectives after ischemic stroke.

Keywords: sphingosine 1-phosphate; regulatory T helper cells; stroke; sphingosine kinase;
sphingosine 1-phosphate receptor; ceramides; fingolimod

1. Introduction

In the last two decades, the formerly enigmatic sphingolipids and their metabolism have aroused
a lot of biomedical research interest due to their pivotal role as signaling molecules. The regulation
of a wide range of cellular processes was described, including endocytosis, intracellular trafficking
of molecular constituents, and signal transduction by membrane receptors [1,2]. Recent insights
into the molecular mechanisms of action provide increasing evidence for the complex pathways
of sphingolipid metabolism in the pathogenesis of multiple diseases including cancer, diabetes,
neurodegenerative disorders, autoimmune diseases, and stroke [3-7]. Fingolimod represents an
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unselective functional antagonist to sphingosine 1-phosphate receptors (S1Pg) resulting in S1Pg
downregulation upon S1Pg engagement [8,9]. The successful application of fingolimod in the treatment
of various diseases characterized by a perturbed S1P metabolism suggests the strong therapeutic
potential of the S1IP-S1Pg-axis [8,10-12].

To date, S1P is conceived to regulate immune cell recruitment towards high S1P gradients [13,14]
by ligating the five bona fide S1Pg type 1-5 (S1P;_5) [15]. This gradient is perturbed under diseased
conditions and S1Pg signaling acts as a driver of multiple diseases [16]. However, how the S1P-S1Pg-axis
contributes to pathology in focal cerebral ischemia has not been elucidated in all details [17-19].

Ischemic stroke holds a high mortality [20] and its treatment is currently limited to restoring
the impaired blood flow [21]. Moreover, neuroprotectants have failed to add on currently available
therapeutic options [22]. In contrast, characterizing the dysfunction and elucidating the mechanism of
recovery in the peri-infarct cortex, i.e., the non-ischemic tissue surrounding the ischemic core, may
possess therapeutic potential and protect from delayed secondary damage after ischemic stroke [23].
In that respect, fingolimod has been shown to improve outcome after stroke in preclinical and clinical
trials [5,6,24,25].

The first well-characterized biological effects of SIP signaling were described in immune cells [26],
demonstrating a key role of S1P and S1Pg ligation in regulating T cell distribution [9,14]. In stroke
research, evidence has accumulated that focal cerebral ischemia facilitates an acute inflammatory
cascade characterized by the infiltration of inflammatory cells and, in particular, T cells in an
early and antigen-independent manner into the ischemic brain to contribute to post-ischemic brain
damage [27-29]. The detrimental impact of lymphocyte infiltration in early ischemic brain injury led by
T and B lymphocytes as injurious players was shown in experimental stroke by T and B cell-deficient
mice (SCID) [30], as well as asplenic rats [31]. In addition, studies suggest a dynamical reflection in the
peripheral immune system [32], leading to a state of immunosuppression. A better characterization
of the migration of immune cells into the ischemic cerebral parenchyma represents a prerequisite for
therapeutic interventions [33].

Therefore, the aims of this study were to unravel the kinetics of the S1P metabolism and the
differential regulation of S1Pg on systemic alterations of immune cell populations with reference to
their cerebral recruitment in the acute phase of ischemic stroke. Understanding the mechanisms by
which immune cell subsets are recruited to the brain via S1P could widen therapeutic options in
ischemic stroke.

2. Results

2.1. Acute Ischemic Stroke Leads to Increased Plasma S1P Levels and Creates a Gradient between the Ischemic
Core and the Peri-Infarct Cortex

In order to study the potential of S1P to act as a chemotactic agent in cerebral ischemia,
we established a temporal profile of S1P concentrations in the murine spleen, plasma, and brain in a
model of acute cerebral ischemia (MCAO). Under homeostasis, a steep S1P gradient exists towards the
brain with the lowest concentration found in the spleen and a moderate concentration observed in the
plasma (Figure 1A). In the plasma, a significant SIP increase was observed 24 h after stroke (sham vs.
MCAO; 352.8 + 20.0 ng/mL vs. 482.4 + 55.0 ng/mL, p < 0.0001, Figure 1A). Prior to 24 h, no significant
change could be reported both at 3 h (sham vs. MCAO; 352.8 + 20.0 ng/mL vs. 327.5 + 35.9 ng/mL,
p =0.168, Figure 1A) and 12 h after MCAO (sham vs. MCAQO; 352.8 + 20.0 ng/mL vs. 375.6 + 61.3 ng/mL,
p = 0.3056, Figure 1A). In humans, who had suffered from acute ischemic stroke (Str), we were able to
measure similar changes 24 h after onset of ischemia as compared to healthy controls (C) (C vs. Str;
4.55 + 2.1 ng/mg vs. 6.53 + 5.0 ng/mg, p = 0.0034, Figure 1B).
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Figure 1. Temporal profile of immuno-cellular and sphingosine 1-phosphate (S1P) alterations after
acute ischemic stroke in the spleen, circulation, and the brain. (A) Murine S1P levels are shown in
the spleen (24 h), the plasma (3, 12, and 24 h), and the brain (3 and 24 h) after MCAO. (B) Enhanced
S1P plasma levels in patients with ischemic stroke. (C) Alterations in immune cell populations in
the murine spleen (3 and 24 h) after middle cerebral artery occlusion (MCAO). (D) Alterations in
immune cell populations in the murine blood (3 and 24 h) after MCAO. (E) CD45* pan-immune cells
are expanded in the murine brain 24 h after MCAO. The vast majority of these CD45" cells comprised
T cells. IC: ischemic core; ICtx: ischemic cortex; PIC: peri-infarct cortex. The Mann-Whitney U-test
was applied to calculate statistical differences, except for the mouse plasma data (Kruskal-Wallis test)
and for the human stroke samples (unpaired t test with Welch’s correction). The data are presented as
median + IQR; * p < 0.05, ** p < 0.01, **p < 0.001, *** p < 0.0001.

In the brain, S1P remains high in the ischemic core (IC) with a tendency to further increase within
the first 24 h, although statistical significance could not be reached due to a small sample size (3 h: sham
vs. MCAO; 1448 + 380.4 pg/mg vs. 1275 + 435.4 pg/mg, p = 0.4121, Figure 1A; 24 h: sham vs. MCAO;
1448 + 380.4 pg/mg vs. 1685 + 477.8 pg/mg, p = 0.5167, Figure 1A; ICz}, vs. ICy4p; 1275.0 + 435.4 vs.
1685.0 + 477.8, p = 0.6286, Figure 1A). In contrast, SIP was reduced 3 h after the MCAO challenge had
occurred in the peri-infarct cortex (PIC) (sham vs. MCAO; 1448 + 380.4 pg/mg vs. 425.0 + 284.8 pg/mg,
p = 0.0001, Figure 1A), as well as in the ischemic cortex (ICtx) (sham vs. MCAO; 1448 + 380.4 pg/mg vs.
509.0 + 180.4 pg/mg, p < 0.0001, Figure 1A) compared to the corresponding cortex in sham-operated
mice. The reduction in S1P levels in the PIC persisted over 24 h (sham vs. MCAO; 1448 + 380.4 pg/mg
vs. 340.6 + 85.2 pg/mg, p = 0.0012, Figure 1A) but was unchanged compared to 3 h after MCAO
(PIC3p, vs. PICy4n; 425.0 + 284.8 vs. 340.6 + 85.2, p = 0.6159, Figure 1A). This reduction allowed a
new SIP gradient to be established between the IC and the PIC (3 h: IC vs. PIC; 1275.0 + 435.4 vs.
425.0 + 284.8, p = 0.007, Figure 1A), which even steepened at 24 h (24 h: IC vs. PIC; 1685.0 + 477.8 vs.
340.6 + 85.2, p = 0.0238, Figure 1A). The decrease in the ICtx also prevailed at 24 h (sham vs. MCAO;
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1448 + 380.4 pg/mg vs. 210.8 + 109.2 pg/mg, p < 0.0001, Figure 1A) and consolidated (ICtxzp, vs. ICtxo4n;
509.0 + 180.4 vs. 210.8 + 109.2, p = 0.0002, Figure 1A).

In the spleen, S1P was reduced 24 h after MCAO (sham vs. MCAO; 256.5 + 77.9 pg/mg vs.
1785 + 16.0, p = 0.0027, Figure 1A).

2.2. Lymphocyte Evasion from the Spleen after Acute Ischemic Stroke

Next, we assessed the immune cell traffic between these compartments in the context of stroke.
Our data suggest an evasion of splenic lymphocytes (T and B cells) and a striking regulation of all
leukocyte populations in the circulation (blood). As an established surrogate marker for immune
cell egress, the spleen weight was evaluated after MCAO (Figure S1) yielding a relevant reduction
in splenic weight as early as 12 h after MCAO (sham vs. MCAO; 70.0 + 12.3 mg vs. 50.0 + 7.1 mg,
p = 0.0238, Figure S1). This reduction was even more pronounced 24 h after MCAO (sham vs. MCAO;
80.0 + 19.1 mg vs. 48.3 + 8.3 mg, p < 0.0001, Figure S1).

Flow cytometric analysis of spleen homogenates revealed relevant changes in terms of decreasing
relative cell numbers in B and T cells, although this change took 24 h in our study to reach statistical
significance. Here, B cell frequencies remained unchanged at 3 h (sham vs. MCAQ; 44.6 + 2.5 vs.
43.1 + 1.9, p = 0.57, Figure 1C) and decreased at 24 h (sham vs. MCAO; 46.6 + 3.9 vs. 39.0 + 3.5,
p < 0.0001, Figure 1C). Similarly, at 3 h no change was observed in T cells (sham vs. MCAO; 27.9 + 2.0
vs. 30.1 + 1.1, p = 0.1429, Figure 1C), whilst a reduction was detected at 24 h (sham vs. MCAO;
27.7 + 3.8 vs. 24.7 + 6.1, p = 0.0093, Figure 1C). Additionally, we measured the pro-inflammatory
IL-6 (a pleiotropic cytokine), and the transcription factors (TFs) SPI1 (B cell TF), STAT3 (Ty cells), and
FoxP3 (Tggg cells) (Figure S2). Indeed, we found severe alterations in the expression level of IL-6
at 3 and 24 h after MCAO suggesting pan-immune cell egress (3 h: sham vs. MCAQ; 1.0 + 0.4 vs.
0.0 + 0.0, p = 0.0005; 24 h: sham vs. MCAO: 1.0 £ 0.4 vs. 0.2 + 0.1, p < 0.0001, Figure S2). In terms of
specific cell populations, we measured SPI1, which suggested early B cell egress from the spleen at 3 h
(sham vs. MCAO; 1.0 + 0.2 vs. 0.3 + 0.1, p = 0.001, Figure S2). In contrast, these effects were revoked
as indicated by levels of SPI1 at 24 h comparable to sham (sham vs. MCAQO; 1.0 £ 0.2 vs. 1.1 £ 0.3,
p = 0.2775, Figure S2). Unlike B cells, Ty and Trgg cells remained reduced at 3 and 24 h alike, although
not statistically significant for Trgg cells (Ty cells identified by STAT3: 3 h: sham vs. MCAO; 1.0 + 0.3
vs. 0.2 + 0.0, p = 0.001; 24 h: sham vs. MCAO; 1.0 + 0.3 vs. 0.4 + 0.2, p = 0.0003; Trgg cells identified by
FoxP3: 3 h: sham vs. MCAQ; 1.0 + 0.1 vs. 0.2 + 0.0, p = 0.0005; 24 h: sham vs. MCAO; 1.0 + 0.1 vs.
0.8 + 0.8, p = 0.0652, Figure S2). Taken together, this hints at reduced numbers of splenic lymphocytes,
in accordance with previous reports [32].

By contrast, CD45, which was used as a pan-leukocyte and pan-lymphocyte marker, showed an
early increase after 3 h (sham vs. MCAO; 85.6 + 8.8 vs. 98.6 + 0.2, p = 0.036, Figure 1C). This effect was
no longer seen after 24 h (sham vs. MCAO; 91.3 + 8.7 vs. 94.8 + 3.7, p = 0.5197, Figure 1C). The relative
frequencies of leukocytes (CD45*CD11b" cells) were unaffected at 3 h (sham vs. MCAO; 6.0 + 0.4
vs. 7.0 + 1.4, p = 0.25, Figure 1C) and increased after 24 h (sham vs. MCAQ; 5.7 + 0.7 vs. 17.3 + 4.6,
p < 0.0001, Figure 1C). Polymorphonuclear neutrophils (PMNs) characterized by the expression of
Ly6G in CD45" cells were increased both at 3 h (sham vs. MCAO; 2.6 + 0.1 vs. 4.1 + 1.1, p = 0.0357,
Figure 1C) and 24 h after MCAO (sham vs. MCAQ; 2.1 + 0.8 vs. 9.2 + 4.6, p < 0.0001). Monocyte
frequencies (CD45+Ly6CMODERATE) were only increased after 24 h (3 h: sham vs. MCAQO; 1.7 + 0.2 vs.
1.8 +£ 0.5, p = 0.7857; 24 h: sham vs. MCAQ; 2.1 + 0.8 vs. 5.3 vs. 4.0, p = 0.0008, Figure 1C). Dendritic
cells (CD45*Ly6CHIGH) displayed only a subtle change in their frequencies (3 h: sham vs. MCAO;
0.9 +0.1vs. 0.7 +£ 04, p = 0.25; 24 h: sham vs. MCAQO; 0.8 + 0.3 vs. 1.4 + 0.6, p = 0.0133, Figure 1C).

2.3. Immune Cell Alterations in the Circulation after Acute Ischemic Stroke

As in the spleen, significant alterations of immune cell counts could be appreciated in the
circulation (Figure 1D). CD45* cells were reduced in the circulation after 24 h (sham vs. MCAO;
95.5 + 2.5 vs. 72.9 + 13.1, p < 0.0001), but not at 3 h after MCAO (sham vs. MCAQ; 92.3 + 7.1 vs.
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91.1 £ 9.3, p > 0.9999, Figure 1D). While the relative numbers of leukocytes increased in the circulation
although this effect only reached statistical significance after 24 h (3 h: sham vs. MCAO; 29.8 + 7.2 vs.
49.3 +12.0, p = 0.1429; 24 h: sham vs. MCAQ; 29.3 + 9.4 vs. 61.5 + 18.6, p < 0.0001, Figure 1D) and
this increase was reflected in neutrophil frequencies, in spite of more pronounced variation compared
to the entirety of leukocytes (3 h: sham vs. MCAQ; 15.5 + 5.5 vs. 31.2 + 9.5, p = 0.0714; 24 h: sham
vs. MCAQ; 9.4 + 4.0 vs. 39.0 + 22.2, p < 0.0001, Figure 1D), monocytes and dendritic cells remained
entirely unaltered (monocytes: 3 h: sham vs. MCAQO; 5.5 + 1.8 vs. 7.9 + 4.5, p = 0.9643; 24 h: sham
vs. MCAO; 7.7 + 4.1 vs. 17.2 + 13.1, p = 0.0622; dendritic cells: 3 h: sham vs. MCAQO; 2.3 + 1.0 vs.
6.1 + 3.6, p = 0.2286; 24 h: sham vs. MCAO; 2.6 + 1.3 vs. 2.6 + 1.8, p = 0.7564, Figure 1D). Analogous
to decreased frequencies observed in the spleen, B and T cells were also reduced in the circulation
after 24 h (B cells: 3 h: sham vs. MCAO; 28.1 + 4.5 vs. 10.8 + 2.2, p = 0.0571; 24 h: sham vs. MCAO;
27.1+11.4vs. 82 +4.6,p =0.0004; T cells: 3 h: sham vs. MCAQ; 24.7 + 2.7 vs. 21.7 + 6.7, p = 0.3929;
24 h: sham vs. MCAO; 21.7 + 8.4 vs. 9.4 + 5.3, p = 0.0007, Figure 1D).

2.4. Sphingosine 1-Phosphate Is Linked to Cerebral T Cell Recruitment after Acute Ischemic Stroke

Given the S1P gradient found and the decreased frequency of Ty and Trgg cells both in the spleen
and circulation alike, we assumed these T cell populations would be subject to a swift recruitment
towards the high S1P concentration present in the brain, which was particularly high in the IC after
stroke. The release and migration of peripheral immune cells into the central nervous system (CNS)
with subsequent infiltration into the ischemic brain parenchyma are conceived as a putative mechanism
to potentiate brain damage [34,35]. We found that CD45* immune cells were recruited to the brain
24 h after MCAO as indicated by a significant increase of CD45* immune cell frequencies (Figure 1E).
Here, a recruitment of CD45" cells was observed to the contralateral hemisphere (CL) (sham vs. CL;
19.6 + 8.8 vs. 63.0 + 7.8, p = 0.0043, Figure 1E) and to the ipsilateral hemisphere (IL) (sham vs. IL;
19.6 + 8.8 vs. 70.6 + 4.0, p = 0.0022, Figure 1E), although no difference between the CL and the IL could
be established (CL vs. IL; 63.0 + 7.8 vs. 70.6 + 4.0, p = 0.1875, Figure 1E). Of interest, the vast majority
of these infiltrating immune cells comprised Ty cells (CD3*: CL vs. IL; 63.0 + 7.8 vs. 70.6 + 4.0;
CD3*CD4*: CLvs. IL; 64.9 + 15.7 vs. 70.4 + 2.9, Figure 1E). In contrast, non-lymphocytic leukocytes
and B cells contributed only scarcely to the CD45* immune cell recruitment observed (leukocytes: CL
vs. IL; 21.4 +10.6 vs. 19.7 £ 4.2; B cells: CL vs. IL; 19.1 + 5.5 vs. 13.7 + 4.8, Figure 1E).

In appreciation of these findings and in light of the S1P gradient measured we investigated the
kinetics of SIPR expression in the spleen and brain after acute ischemic stroke.

2.5. S1P; Might Contribute to the Lymphocyte Evasion from the Spleen after Acute Ischemic Stroke

To evaluate the putative mechanism behind the chemotaxis of immune cells in light of the
increasing S1P plasma levels after stroke, the relationship of S1Pg expression between immune cells
deserting the spleen and the central nervous system (CNS) was analyzed. In this regard, it was
previously postulated that splenic responses after stroke and their contribution to ischemic brain
damage represent important players in the pathology underlying stroke [36]. Our findings that the
spleen is subject to drastic shrinkage during the acute phase after MCAO (Figure 2A), are in accordance
with previous reports [31,32]. In addition, histopathology of spleens 24 h after MCAO displayed a
predominant reduction of the lymphoid tissue, in particular, and to some subtler extent hematopoietic
elements in the red pulp (Figure 2B,C). Previous studies have highlighted the importance of S1P
receptor expression by various immune cells, and T and B cells in particular, for lymphocyte egress
from tissues [37]. Hence, we measured the SIPg mRNA expression after MCAO from splenic tissue
lysates. We detected a significant reduction in the mRNA levels of S1P; 24 h after MCAO (sham vs.
MCAQ; 1.00 + 0.2 vs. 0.5 + 0.1, p = 0.0002, Figure 2D). To test S1P;-specificity of this phenomenon,
we measured mRNA levels of S1P,, S1P3, and S1P4 and did not find any significant alterations (S1P;:
undetermined (UD) in sham vs. MCAO; S1P5: sham vs. MCAO; 1.0 + 0.2 vs. 1.0 + 0.3, p = 0.8968; S1P,:
sham vs. MCAO; 1.0 + 0.2 vs. 0.8 + 0.3, p = 0.1903, Figure 2D). These findings suggest predominantly
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S1P; *-immune cells to evade the spleen in response to the SIP gradient towards the brain secondary
to an additional trigger set off by cerebral ischemia. S1P; is conceived to play an important role in
T cell egress from secondary lymphoid organs towards high S1P gradients [38,39]. Given that only
B cells and T cells were present at lower frequencies in the spleen after ischemic stroke (Figure 1C),
we assume that the expression of SIP; may be required for their evasion from the spleen.

A B

Murine spleen (24,) Murine spleen (24,)

MCAO

[ sham
[ Mcao

$1P, mMRNA (FC)
=

=:ﬁuo—.

81P, S1P, S1P,

Figure 2. S1P; immune cell egress from the spleen after acute ischemic stroke. (A) Macroscopic
reduction in spleen size 24 h after MCAO (sham-(left) vs. MCAO-operated mice (right)). (B) Microscopic
comparison of sham-(left) vs. MCAO-treated mice (right). (C) Inserts display a predominant reduction
of white pulp tissue compared to the red pulp, which was only mildly affected. (D) Detection of
S1Py, S1P, S1P3, and S1P; mRNA levels in the murine spleen 24 h after MCAO. S1P, remained
at undeterminable levels (UD) across all eight biological replicates tested. Fold change (FC) was
normalized compared to splenic GAPDH mRNA levels. The Mann-Whitney U-test was applied to
calculate statistical differences. Data are presented as median + IQR; *** p < 0.001.

2.6. Recruitment of Ty and Treg Cells to the Peri-Infarct Cortex after Stroke Is Associated with an Altered
Cerebral S1Pg Pattern

We wanted to further investigate the previously observed T cell recruitment to the brain (Figure 1E).
By qPCR and quantitative immunohistochemistry (IHC), we found that the CL featured unaltered
yields of mRNA for CD3 (sham vs. CL; 1.0 + 0.0 vs. 0.5 + 0.2, p = 0.1, Figure 3A), FoxP3 (sham vs. CL;
1.0 £ 0.0 vs. 0.8 + 0.6, p = 0.127, Figure 3A), and STAT3 (sham vs. CL; 1.0 + 0.0 vs. 1.9 + 0.6, p = 0.2063,
Figure 3A). In contrast, while CD3 and FoxP3 mRNAs were also unaffected in the IL 24 h after MCAO
(CD3: sham vs. IL; 1.0 + 0.0 vs. 2.0 £ 0.7, p = 0.1; FoxP3: sham vs. IL; 1.0 + 0.0 vs. 2.0 + 1.3, p = 0.127,
Figure 3A), STAT3 was significantly upregulated compared to sham (sham vs. IL; 1.0 £ 0.0 vs. 2.6 + 1.3,
p = 0.0079, Figure 3A). Interestingly, the proclivity for enhanced FoxP3 expression in the IL was close
to significance when compared to the CL (CL vs. IL; 0.8 + 0.6 vs. 2.0 + 1.3, p = 0.0625, Figure 3A).
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Figure 3. The ipsilateral hemisphere is distinguished by CD3* FoxP3* Ty cell recruitment and
differential regulation of S1P receptors after acute ischemic stroke. (A) mRNA levels of CD3, STAT3,
and FoxP3 were quantified by measuring fold change (FC) normalized to GAPDH expression in the
murine brain (24 h) after MCAO. An expansion of CD3* regulatory Ty cells was observed in the
ipsilateral hemisphere. (B) Likewise, nRNA levels of the sphingosine 1-phosphate receptors S1P;, S1P,,
S1P3, S1P4, and S1Ps, respectively, were quantified. In particular, SIP; was subject to a downregulation
as opposed to upregulated S1P; and S1P3 in the ipsilateral hemisphere. The Mann-Whitney U-test
was applied to calculate statistical differences between sham (S) and the contralateral hemisphere (CL)
or ipsilateral hemisphere (IL) in MCAO-treated mice. A Wilcoxon test was used when comparing
CL with IL. In (A), each data point refers to the average of four homogenized whole brain lysates
(sham), or half-brain lysates, i.e., ipsilateral or contralateral, respectively. The data are presented as
median + IQR; * p < 0.05, ** p < 0.01, ***p < 0.0001.

Previously, sphingosine 1-phosphate receptors were reported to be expressed both on neuronal
cells as well as on infiltrating T cells [19,40]. Hence, we were also interested in the differential regulation
of sphingosine 1-phosphate receptors in response to focal cerebral ischemia. S1P; was found to be
downregulated in the IL both compared to sham (S1P;: sham vs. IL; 1.0 + 0.0 vs. 0.6 + 0.2, p < 0.0001,
Figure 3B) and to the CL (S1P;: CL vs. IL; 2.7 + 1.6 vs. 0.6 + 0.2, p = 0.0078) suggesting an S1P-S1P;
ligation with subsequent receptor downregulation. There was no difference between sham and the
CL (S1P;: sham vs. CL; 1.0 + 0.0 vs. 2.7 + 1.6, p = 0.2183, Figure 3B). Regarding S1P,, we could
demonstrate a significant upregulation in the IL after MCAO compared to sham (S1P,: sham vs. IL;
1.0+ 0.1vs. 22 + 1.1, p = 0.0022, Figure 3B) and the CL (S1P;: CL vs. IL; 0.8 £ 0.5 vs. 2.2 + 1.1,
p = 0.0156, Figure 3B). There was no difference between sham and the CL (S1P,: sham vs. CL; 1.0 + 0.1
vs. 0.8 + 0.5, p = 0.6126, Figure 3B). Similarly, S1P3 displayed a profound upregulation in the IL (S1Ps:
sham vs. IL; 1.0 + 0.2 vs. 3.5 + 1.5, p = 0.0022, Figure 3B; CL vs. IL; 1.9 + 0.8 vs. 3.5 + 1.5, p = 0.1875,
Figure 3B). The S1P3 expression in the CL was not statistically different from sham (S1P3: sham vs. CL;
1.0+0.2vs. 1.9 £ 0.8, p = 0.0823, Figure 3B). Moreover, S1P; and S1P5 were also detected in the mouse
brain. Compared to sham, neither the CL nor the IL showed any difference after MCAO (S1P;: sham
vs. IL; 1.0 £ 0.1 vs. 0.8 + 0.3, p = 0.2523; CL vs. IL; 0.7 + 0.2 vs. 0.8 + 0.3, p = 0.3125; S1P5: sham vs.
CL;1.0+0.2vs. 1.2+ 0.3,p =0.7; sham vs. IL; 1.0 £ 0.2 vs. 1.2+ 0.2,p=0.2; CL vs. IL; 1.2 £ 0.3 vs.
1.2+ 0.2, p > 0.9999, Figure 3B) except for S1P;, which was downregulated in the CL (sham vs. CL;
1.0 +0.1vs. 0.7 + 0.2, p = 0.036, Figure 3B).

Given the indication for relevant Ty and Tggg cell infiltration and a differential expression of
S1Pg by qPCR, we sought to confirm these observations using quantitative immunohistochemistry
(IHC) for CD3 and FoxP3, respectively.
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We detected a significant egress of CD3 T cells from the spleen swiftly after the MCAO intervention
had occurred (Figure S3). Our measurements were acquired 3 and 24 h after MCAO, respectively,
but some reports do suggest that this process almost coincides with the onset of cerebral ischemia [40].
One day after the intervention, T cells re-appeared both in the white and red pulp, respectively,
although at a lower expression level (Figure S3).

Appreciating the reduced T cell frequencies both in the spleen and circulation 24 h after MCAO,
we intended to confirm if T cells were recruited towards the brain. For this reason, we defined
four regions of interest as potential areas for T cell recruitment: areas equivalent to the peri-infarct
cortex, but similarly the white matter area adjacent to the ischemic area from the ipsilateral (IL) and
contralateral (CL) hemisphere, respectively (Figure 4A). We found CD3 immunostaining particularly
prevalent in the peri-infarct cortex (PIC) (Figure 4(C4)) and the associated peri-ventricular area
(PVA) in the ipsilateral hemisphere (Figure 4(C3)) in MCAO-operated mice 24 h post-intervention.
These changes, to that extent, were not observed neither in the contralateral hemisphere in MCAO
mice (Figure 4(C,,C,), respectively), nor did any brain area in sham-treated mice express CD3 more
abundantly (Figure 4(B14)). These changes in CD3 expression were also quantified (Figure S4).

A

< S < wf

Figure 4. Cerebral recruitment of CD3" T cells in the peri-infarct cortex and ipsilateral white matter
after acute ischemic stroke. (A) Coronal brain sections from a sham-operated mouse (left) or a mouse
subjected to MCAO (right) 24 h post-intervention. (B) By refers to the contralateral cortical area, B, refers
to the contralateral white matter adjacent to the lateral ventricle, B34 refer to the ipsilateral equivalents
to Byj. (C) Cy refers to the contralateral cortical area, C; refers to the contralateral white matter adjacent
to the lateral ventricle, C34 refer to the ipsilateral equivalents to Cy/. Positive CD3 immunostaining
was characterized by brown-colored cells with condensed nuclei and a subtle surrounding cytoplasmic
area pertinent to lymphocytes, particularly in the peri-infarct cortex (C4) and the ipsilateral white matter
(C3), which was not observed in sham-operated mice (B3 and By, respectively). Original magnifications:
(A) 2x; (B,C) 8x.

Using IHC we also found FoxP3 to be expressed by some of the infiltrating cells (Figure 5).
Similar to CD3, only the ipsilateral PIC and PVA in MCAO mice did demonstrate relevant FoxP3
immunostaining compared to the CL and sham-operated mice (Figure 5A-C). Quantification revealed
very low levels of FoxP3 positivity (Figure S5), aligning well with the literature [41].
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Figure 5. FoxP3 immunohistochemistry (IHC). (A) Coronal brain sections from sham-operated mice
(left) or MCAO-mice (right) 24 h post-intervention detailing where the respective detailed images were
taken from. (B) B, refers to the contralateral cortical area, B, refers to the contralateral white matter
adjacent to the lateral ventricle, By refer to the ipsilateral equivalents to By. (C) C; refers to the
contralateral cortical area, C; refers to the contralateral white matter adjacent to the lateral ventricle,
Cjyy4 refer to the ipsilateral equivalents to Cyp,. Positive FoxP3 immunostaining was characterized by
brown-colored cells with condensed nuclei and a subtle surrounding cytoplasmic area pertinent to
lymphocytes, particularly in the peri-infarct cortex (C4) and the ipsilateral white matter (C3), which
was not observed in sham-operated mice (B3 and By, respectively). Original magnifications: (A) 2x;
(B,C) 8x.

2.7. Ceramide Species: A Conflicting Chemotactic Agent for Immune Cell Egress?

It has been demonstrated that focal cerebral ischemia leads to a ceramide accumulation in the
ischemic cerebral cortex [42]. Therefore, we studied the alterations after murine focal ischemia in the
spleen and ischemic cerebral cortex [42]. In the spleen (Figure 6A), sphingosine (Sph), the precursor
of S1P, was markedly reduced 24 h after MCAO, although statistic testing was not possible since
Sph levels in sham mice were consistently above the upper limit of quantification (ULOQ) (sham vs.
MCAOQO; ULOQ vs. 1644 + 196.9 pg/mg, Figure 6A). Besides, we could not establish any significant
difference in sphinganine (Sgn) levels 24 h after MCAO compared to sham-treated mice (sham vs.
MCAQ; 473.5 + 221.7 pg/mg vs. 436.9 + 78.7 pg/mg, p > 0.9999, Figure 6A). C16 concentration in
murine spleen showed a striking increase 24 h post-occlusion (sham vs. MCAO; 1506 + 646.8 pg/mg
vs. 3637 + 361.6 pg/mg, p = 0.0095, Figure 6A). Moreover, we demonstrated a significant increase in
C18 ceramide levels as well compared to sham-operated mice (sham vs. MCAO; 318.8 + 54.1 pg/mg
vs. 770.2 + 163.2 pg/mg, p = 0.004, Figure 6A). C20 and C24 ceramide levels showed a similar pattern
(C20: sham vs. MCAO; 696.6 + 138.6 pg/mg vs. 1323 + 293.4 pg/mg, p = 0.004; C24: sham vs. MCAO;
2659 + 843.3 pg/mg vs. 4900 + 836.1 pg/mg, p = 0.0081, Figure 6A).
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Figure 6. Sphingosine, sphinganine, and ceramide species levels in the spleen and murine brain (24 h)
after MCAO acute ischemic stroke. (A) Across all the ceramide species tested an increase was seen
in the murine spleen (24 h) after MCAO. (B) Ceramide species levels in the peri-infarct cortex were
unaffected (24 h) after acute ischemic stroke. The Mann-Whitney U-test was applied to calculate
statistical differences. The data are presented as median + IQR; **p < 0.01.

In contrast to the spleen, all ceramide species tested showed no difference in the brain as a
consequence of MCAO (Sph: sham vs. MCAO; 788.3 + 194.1 pg/mg vs. 900.0 + 331.7 pg/mg,
p = 0.2853; Sgn: sham vs. MCAOQ; 170.0 + 60.7 pg/mg vs. 188.9 + 74.2 pg/mg, p = 0.6885; C16
ceramide: sham vs. MCAOQ; 2735 + 964.0 pg/mg vs. 2497 + 1021 pg/mg, p = 0.607; C18 ceramide:
sham vs. MCAO; 107.5 + 21.8 ng/mg vs. 124.8 + 37.2 ng/mg, p = 0.4559; C20 ceramide: sham vs.
MCAQ; 3553 + 575.0 pg/mg vs. 3674 + 1283 pg/mg, p = 0.8639; C24 ceramide: sham vs. MCAO;
3248 + 2184 pg/mg vs. 4483 + 1808 pg/mg, p = 0.2721, Figure 6B).

3. Discussion

This study provides comprehensive data on S1P concentrations in the murine brain, in the
circulation, and in secondary lymphoid organs after MCAO and their association with systemic
adaptations of the immune system. We found a steep S1P gradient with lowest concentrations in the
spleen, moderate concentrations in the circulation, and highest concentrations in the ischemic core 24 h
after MCAO. High S1P concentrations in the brain persisted directly in the ischemic lesion 24 h after
MCAO with an additional gradient formed between the ischemic core (S1PHICH) and the peri-infarct
cortex (SIPLOW). We found the S1P gradient to be linked to splenic S1P;* T cell egress. These evading
T cells, being of Ty and Trgg cell phenotype, were swiftly recruited towards the brain almost instantly
after MCAO. Unaltered ceramide levels but a differential expression of SIPg were observed in the brain
after stroke. We suggest that a differential expression of S1Pg may lure Ty and Tggg cells towards
an S1P gradient and may be involved with the spatiotemporal positioning of these cells after acute
ischemic stroke.

S1P signaling is conceived to be involved in regulating immune responses [26]. Erythrocytes
and vascular endothelial cells have been identified as the key determinants of plasma SIP
levels [43,44]. The S1P concentration is influenced by the actions of sphingosine kinase 1 (SphK1)
and sphingosine kinase 2 (SphK2) [45]. The S1P levels in the blood and lymph are higher compared
to tissues [46]. In the circulation, bound to ApoM*-HDL and albumin, S1P reaches high nanomolar
concentrations. In contrast, low nanomolar concentrations are observed intracellularly and in interstitial
fluids [47]. It was postulated that the chemotactic S1P gradient plays a role in lymphocyte egress
directing lymphocytes into the circulation [4,13,48]. Accordingly, disrupting the S1P gradient by
2-acetyl-4-tetrahydroxybutylimidazole, an inhibitor of the S1P lyase, led to lymphopenia and inhibited
T cell egress from the thymus, which was mediated by a downregulation of surface S1P; [49]. Moreover,
a deficiency in S1P; expression was found to impair lymphocyte egress from secondary lymphoid
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organs along the S1P gradient [50]. Pharmacological manipulation of S1P; through fingolimod led to T
and B cell sequestration through internalization of S1P; suggesting the S1P-S1P; interaction to be the
molecular switch of lymphocyte egress [4]. Sustained exposure to SIP downregulates S1P; resulting in
non-responsiveness to S1P-mediated chemotaxis and vice versa [51]. As it appears, the key enzymes
SphK1/2 are inversely regulated when S1P; is ligated by S1P on naive T cells in the circulation [43].
Furthermore, these lymphocytes failed to egress from the thymus and secondary lymphoid organs [43].

We observed a steep S1P gradient towards the ischemic core after MCAO, whilst SIP was
reduced in the peri-infarct cortex. Our findings align well with a study by Hasegawa et al. [19] who
demonstrated that S1Pq, SphK1, and SphK2 were decreased in the infarct cortex but preserved in the
peri-infarct cortex at least 6 h after MCAO. With decreased levels of S1P in the penumbra, the negative
feedback loop of S1P ligation to S1P; is inhibited, resulting in maintained expression of S1P; and active
SphK1/2, respectively [43].

It was shown that NK cell infiltration into the ischemic hemisphere is an extremely swift process
happening as early as 3 h post injury [52]. Reports are accumulating that this process applies to
adaptive lymphocytes, too. In that respect, various Ty cell populations and Trgg cells in the ischemic
hemisphere have been found to amass on the first day after MCAO [53-55]. Moreover, it can be
argued that neurons are an important source of S1P [56], suggesting that as cerebral blood flow (CBF)
decreases and neuronal damage worsens, the release of S1P into the ischemic core could contribute to
the maintained high S1P levels [40,57]. This, in turn, would establish a new S1P gradient allowing
various immune cell populations to invade the peri-infarct cortex. Our data obtained by qPCR and
quantitative immunohistochemistry support the hypothesis of Ty and Trgg cell recruitment to the
ipsilateral hemisphere after MCAO.

How these cells respond chemotactically to S1P may be subject to their unique S1Pg
repertoire [39,58], which we found to be differentially patterned after MCAO. Interestingly, the SIPg
expression pattern was also altered in the contralateral hemisphere after stroke suggesting an
additional regulatory function. It has been shown that the S1P, is more abundantly expressed
on vascular endothelial cells after cerebral ischemia [17], involved in vascular permeability and
inflammation [59,60] with potential influence on lymphocyte traffic to and within the brain [61].
Moreover, S1P; was recently linked to a pro-inflammatory response by inducing M1 polarization after
cerebral ischemia [62]. In contrast, S1P; is expressed in embryonic endothelial cells and is required for
endothelial cell morphogenesis as well as migration [63-65]. In addition, S1P;3 acts as a mediator of
P-selectin-mobilizing effects by activating SphK1 [66].

In our study, we report a profound increase in the mRNAs for S1P, and S1P; correlating with
enhanced CD3 and FoxP3 expression (using qPCR and IHC) 24 h after MCAO predominantly in the
ipsilateral hemisphere. Studies have described the unique role of S1P3 in promoting inflammatory
responses, mediated through its upregulation in astrocytes [67-69], the activation of RhoA and
induction of COX-2, IL-6, and VEGF-« [70]. S1P; has also been described to recruit macrophages to the
site of inflammation [71]. We have found an upregulation of S1P3 in the ischemic brain in accordance
with a recent report [40].

In our study, we report higher S1P levels in murine and human plasma compared to secondary
lymphoid organs. This may allow lymphocyte egress from the spleen into the circulation. Nevertheless,
lymphocytes in the circulation swiftly decreased 3 h after MCAO. In accordance with this finding,
previous reports have shown that migration of immune cells is a process which almost coincides with
MCAO [53-55]. However, the S1P gradient alone cannot solely account for immune cell migration to the
brain as also sham S1P levels in the brain superseded sham S1P levels in the circulation. This suggests
that other events such as the presentation of E-selectin by activated endothelium [72], or the expression
of L-selectin by activated white blood cells [73,74] may be required for lymphocyte diapedesis in
S1P,-loosened endothelial tightness adjacent to the peri-infarct cortex. Additionally, we suggest that
the expression of S1P;_5 or other glycosphingolipids such as ceramides may foster/mediate immune
cell chemotaxis to the brain. In that respect, we report a significant reduction in splenic SIP; mRNA,

31




Int. J. Mol. Sci. 2020, 21, 6242 120f20

in accordance with an early activation and egress of splenocytes [36]. In this study it was shown
that a rapid splenic T cell response was established after the insult had occurred [36]. Moreover,
tonsil-resident T cells were reported to be promptly recruited chemotactically into the circulation in
response to S1P [48]. However, a contrasting effect was observed towards S1P as soon as these T cells
had been recruited into the circulation and this effect was attributed to an altered ratio between S1P;
and S1P, [48]. We hypothesize that the balanced expression of SIPg may be subject to change upon
activation and recruitment to the effector cell pool.

With regard to ceramides, their complex effects on immune cells have become more and more
unraveled. They have been shown to induce apoptosis [75], and to be involved in a re-assembly of the
T cell cytoskeleton by intercalating into the plasma membrane due to their lipophilic properties [76].
Here, we showed no significant changes in the level of ceramides in the peri-infarct cortex compared to
sham. In contrast, we report increased ceramide levels in the spleen after MCAO, most likely due to
the incitement of apoptosis.

Our findings regarding the S1P receptor expression profile after stroke in different compartments
indicate an involvement of the systemic and local S1P signaling in immune cell trafficking after stroke.
Contributing events, such as inflammation at the stroke site, allowing E-selectin to be expressed by the
inflamed endothelium, S1P; to reduce the extent of tight junctions established by S1P;, and L-selectin
expression on activated lymphocytes may all contribute towards Ty and Trgg cell rolling and diapedesis
through vessels traversing cerebral areas possessing SIPHICH concentrations.

Taken together, our findings suggest relevant signaling effects triggered by S1P essentially
regulating Ty and Tggg cell responses, a differential patterning of S1Pg and their swift recruitment
towards the injured site and renders ceramides unlikely to regulate lymphocyte recruitment to the brain.

4. Conclusions

We found a steep S1P gradient towards the brain after MCAO in mice and corroborated the clinical
significance with a parallel significant increase of plasma S1P after stroke. This was accompanied by a
drop of circulating lymphocytes in the context of lower S1P levels in the spleen. Our findings of intricate
and organ-specific regulations of the SIP receptor expression profile after acute ischemic stroke suggest
systemic and local S1P signaling to be involved in regulating the lymphocyte recruitment towards the
peri-infarct region of the brain and systemic stroke-induced immunosuppression. Future studies remain
to elucidate the causal effect that SIPR patterns impose on spatiotemporal positioning and chemotaxis
of Ty and TRgg cells within the brain. Understanding how these cells can be therapeutically utilized
to reduce the detrimental effects caused by ischemic stroke may help to identify pharmacologically
exploitable targets for an improved recovery and outcome in patients suffering from ischemic stroke.

5. Materials and Methods

For all experiments, male C57BL/6 mice (strain J, 11-12 weeks, Charles River Laboratories, Sulzfeld,
Germany) were used and kept on a 12:12 h light-dark cycle with food and water ad libitum. All animal
experiments in this study conformed to the German Protection of Animals Act and the guidelines for
care and use of laboratory animals by the local committee (Regierungsprasidium Darmstadt, Germany,
FU/1049, 2 April 2015).

5.1. Experimental Model of Middle Cerebral Artery Occlusion

Transient right MCAO was performed for 1 h under anesthesia with 1.5% isoflurane (Abbott,
Wiesbaden, Germany) and 0.1 mg/kg buprenorphine (Essex Pharma, Munich, Germany) under
spontaneous respiration using a standardized silicon-coated monofilament with a tip diameter of
0.23 mm (Doccol, Redlands, CA, USA). A midline cervical incision was performed, and the right
carotid bifurcation was exposed. The monofilament was introduced and advanced along the internal
carotid artery occluding the proximal stem of the middle cerebral artery. The reperfusion was initiated
by withdrawing the filament after 1 h of focal cerebral ischemia. Following the operation, mice were
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monitored until regaining consciousness and returned to their cages. All animals received food and
regular drinking water ad libitum. Animals were assessed either 3 or 24 h after reperfusion.

In total, 32 mice were subjected to 1 h of MCAO and harvested 24 h post-intervention, 10 mice
were harvested after 3 h whilst, 15 sham-operated mice were harvested after 24 h and employed
as controls. Death as a result of the MCAO operation was the sole exclusion criterion in this study.
In total, three mice had died (mortality rate: 3/57 = 5.3%) and were therefore excluded from further
experimental investigation. All other animals that were subjected to MCAO displayed clear features
of ischemia as analyzed by the mNSS score and TTC staining, respectively. The operations were
performed unblinded since the operator did not apply any modifications such as drug treatment.
However, sample provision for flow cytometry, immunohistochemistry, mass spectrometry, and qPCR
assessment were done in a blinded fashion.

5.2. Determination of Sphingolipid Concentrations by High-Performance Liquid Chromatography-Tandem
Mass Spectrometry

The quantification of sphingolipids was performed for brain or serum. In total, 10 uL serum was
used for lipid analysis. Serum samples were mixed with 190 uL water before the extraction. The samples
were mixed with 200 pL extraction buffer (citric acid 30 mM, disodium hydrogen phosphate 40 mM)
and 20 uL of the internal standard solution containing sphingosine-d7, sphinganine-d7 (200 ng/mL
each), and C18-sphingosine-1-phosphate-d7 (400 ng/mL methanol, all Matreya, State College, PA,
USA). The mixture was extracted once with 1000 pL methanol:chloroform:hydrochloric acid (15:83:2,
v/vfv). The organic phase was evaporated and reconstituted in 100 uL of tetrahydrofuran:water (9:1, v/v)
containing 0.2% formic acid and 10 mM ammonium formate.

For the determination of the tissue samples, the samples were mixed with 200 uL water and 20 uL
internal standard solution and homogenized using a Mixer Mill MM400 (Retsch, Haan, Germany) with
five zirconium oxide grinding balls for each sample (25 Hz for 2.5 min). The extraction was processed
as described for serum but using 10 pL of the homogenate. For calibration standards and quality
control samples preparation, 20 uL of the corresponding working solutions were processed as stated
instead of sample.

C20-sphingosine-1-phosphate was determined semiquantitatively by means of a C20-S1P standard.
An Agilent 1100 series binary pump (Agilent Technologies, Waldbronn, Germany) equipped with a
Luna C8 column (150 X 2 mm ID, 3 um particle size, 100 A pore size; Phenomenex, Aschaffenburg,
Germany) was used for chromatographic separation under gradient conditions. The HPLC mobile
phases consisted of water with 0.2% formic acid and 2 mM ammonium formate (mobile phase A)
and acetonitrile:isopropanol:acetone (50:30:20, v/v/v) with 0.2% formic acid (mobile phase B). The total
running time was 21 min and the injection volume was 15 uL. Acetonitrile with 0.1% formic acid was
infused post-column using an isocratic pump at a flow rate of 0.15 mL/min. The MS/MS analyses
were performed using a triple quadrupole mass spectrometer API4000 (Sciex, Darmstadt, Germany)
equipped with a Turbo V Ion Source operating in positive electrospray ionization Multiple Reaction
Monitoring mode.

Data Acquisition was done using Analyst Software V 1.6 and quantification was performed with
MultiQuant Software V 3.0 (both Sciex), employing the internal standard method (isotope dilution
mass spectrometry).

5.3. Flow Cytometry Analysis of Immune Cells

Brain, blood, and spleen tissues were collected for flow cytometric analyses. Tissue samples
were harvested, and single-cell suspensions were obtained. Blood was acquired through cardiac
puncture from the right ventricle. Each blood sample, approximately 500 uL blood, was drawn
with a syringe filled with heparin solution to prevent clotting and transferred to a Falcon tube with
ice-cold 15 mL RPMI-1640 cell culture medium. Falcon tubes were centrifuged (5 min, 1000 rpm,
4 °C) and the supernatant was discarded. Cells were incubated with blocking buffer (100 uL
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PBS + 1% FCS + 0.01%NaN3) and subsequently stained with fluorochrome-conjugated antibodies
for 30 min in the dark at 4 °C. Samples were analyzed on a BD FACSCanto II (BD Biosciences,
Heidelberg, Germany). The following antibodies were used: CD45-FITC (clone 30F11, Miltenyi Biotec,
Bergisch Gladbach, Germany), CD45-PE-Cyanine 7 (Miltenyi Biotec, Bergisch Gladbach, Germany),
CD3e-APC-Vio770 (clone 145-2C11, BD Miltenyi Biotec, Bergisch Gladbach, Germany), CD19-VioBlue
(clone 6D5, Miltenyi Biotec, Bergisch Gladbach, Germany), CD11b-APC (clone REA592, Miltenyi Biotec,
Bergisch Gladbach, Germany), Ly6G-PE (clone REA526, Miltenyi Biotec, Bergisch Gladbach, Germany),
Ly6C-FITC (clone 1G7.G10, Miltenyi Biotec, Bergisch Gladbach, Germany), and S1P;-eFluor660
(clone SW4GYPP, ThermoFisher, Darmstadt, Germany). With respect to the identification of various
immune cells in murine compartments cell lineage ontogeny was considered as follows: CD45* cell
(commonly expressed by pan-leukocytes and pan-lymphocytes, i.e., differentiated hematopoietic cells),
leukocytes (CD45*CD11b*), PMN (CD45*Ly6G*), monocytes (CD45* Ly6CMOPERATE) dendritic cells
(CD45*Ly6CHIGH), B cells (CD45*CD19"), T cells (CD45*CD3*), Ty cells (CD45*CD4*).

5.4. RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR

Total mouse RNA from splenocytes and brain homogenates were extracted using Tri reagent
(Sigma-Aldrich T9424, Taufkirchen, Germany) according to the manufacturer’s instructions. In brief,
the spleen was incised and transferred to an Eppendorf tube containing 1 mL of RPMI medium
containing GlutaMAX (Gibco, ThermoFisher Scientific, #61870-010, Darmstadt, Germany). The spleen
was dissociated using 70 uM Falcon cell strainer (Corning, #352350) and cells were collected in a 50 mL
Falcon tube. The cell suspension was centrifuged (400 rpm, 5 min), followed by red blood cell lysis.
Then, 1 mL of Tri reagent was added to the cell pellet and frozen immediately. With respect to the
brain, after removal from the skull, the ischemic and contralateral hemispheres were separated and
transferred to 15 mL Falcon tubes containing 5 mL of PBS (Gibco, ThermoFisher Scientific, #14287-080,
Darmstadt, Germany). Homogenization was achieved using the brain dissociation kit (#130-107-677,
Miltenyi Biotec, Bergisch Gladbach, Germany). Again, 1 mL of Tri reagent was added to 100 uL of
brain homogenate and RNA was isolated according manufacturer’s instructions. The RNA yield was
established by NanoDrop (ThermoFisher, Darmstadt, Germany). The A260/A280 ratio at this point
was routinely between 1.9 and 2.1. Three technical replicates were used for each condition. A total of
1200 ng of RNA was reverse transcribed into cDNA using the RevertAid First Strand cDNA Synthesis
Kit (ThermoFisher Scientific, #1621, Darmstadt, Germany). Using oligo dT primers, a TagMan-based
real-time PCR quantitation was performed (Applied Biosystems 7500fast, Darmstadt, Germany).
Duplex PCR was performed using the following cycling parameters: 95 °C (2 min (only 1st cycle));
95 °C (5 s) followed by 62 °C (30 s) for 40 cycles. Relative mRNA abundance was calculated using the
comparative delta-delta Ct method. The Ct values were normalized by the target nRNA/GAPDH gene
average value for all samples. The following TagMan probes (ThermoFisher Scientific, Darmstadt,
Germany) were used: GAPDH (Mm99999915), CD3d (Mm00442746), CD11b [ITGAM] (Mm00434455),
IL-6 (MmO00446190), PU.1 [SPI1] (MmO00488140), STAT3 (MmO01219775), FoxP3 (Mm00475162), S1P;
(Mm02619656), S1P, (PN4441114), S1P3 (Mm02620181), S1P; (Mm00468695), and S1P5 (Mm02620565).

5.5. Immunohistochemistry

The 3 um thick paraffin sections were subjected to deparaffinization/hydration as follows:
(1) suspension in xylene for 10 min for four times; (2) 5 min in isopropanol twice; (3) 5 min in 96%
ethanol twice; (4) 5 min in 70% ethanol; (5) 10 min in double distilled water twice. Antigen unmasking
was performed by boiling slides in a citrate-based target retrieval solution (Agilent Dako #51699, Jena,
Germany) for 20 min. Then, the slides were cooled to room temperature and the sections were washed
in PBS twice, followed by incubation in 0.1% Triton X-100-PBS for 4 min. The slides were washed with
PBS two more times. The slides were blocked for 45 min using an immunoblock solution (Roth #T144.1,
Karlsruhe, Germany). The primary antibody against CD3 (clone M-20, Santa Cruz Biotechnology,
#sc-1127) or FoxP3 (clone 2A11G9, Santa Cruz Biotechnology, #sc-53876, Dallas, TX, USA) diluted
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1:50 in the immunoblock solution was added to the slides and was allowed to incubate for >16 h at
4 °C. Signal detection was obtained using Histofine Simple Stain Max PO detection system (#414161F,
Nichirei Biosciences Inc., Tokyo, Japan) and DAB peroxidase substrate kit (#5K-4100, Linaris, Vector
laboratories, Dossenheim, Germany). Counterstaining was employed using hematoxylin. Finally,
images were acquired on a Keyence microscope (BZ-8000K, Osaka, Japan).

5.6. Statistical Analyses

GraphPad Prism 8 (GraphPad Software, LLC, La Jolla, CA, USA) was used for statistical analyses.
Results are expressed as median + interquartile range (IQR) except stated otherwise. Statistical
significance was assessed using Wilcoxon test for paired samples and Mann-Whitney or Kruskal-Wallis
test for unpaired samples. A p value of <0.05 was considered statistically significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/17/6242/s1,
Figure S1: Temporal profile of the murine spleen weight after MCAO, Figure S2: Temporal profile of immune cell
egress from the murine spleen after MCAO, Figure S3: Splenic CD3+ T cell egress, Figure S4: Quantification of
CD3+ T cell recruitment to the brain, Figure S5: Quantification of FoxP3+ TREG cell recruitment to the brain.
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Abbreviations

ApoM Apolipoprotein M

CBF Cerebral blood flow

CD Cluster of differentiation molecule

CL Contralateral

CNS Central nervous system

COX-2 Cyclooxygenase-2

FC Fold change

FoxP3 Forkhead box protein P3

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
IL Ipsilateral

IL-6 Interleukin-6

IQR Interquartile range

IR Ischemia/reperfusion

MCAO Middle cerebral artery occlusion

mRNA Messenger ribonucleic acid

PIC Peri-infarct cortex

PVA Periventricular area

qPCR Quantitative real-time polymerase chain reaction
RhoA Transforming protein RhoA
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SCID Severe combined immunodeficiency

SphK1 Sphingosine kinase 1

SphK2 Sphingosine kinase 2

SPI1 Transcription factor PU.1

STAT3 Signal transducer and activator of transcription 3
S1P Sphingosine 1-phosphate

S1P, Sphingosine 1-phosphate receptor 1

S1P, Sphingosine 1-phosphate receptor 2

S1P3 Sphingosine 1-phosphate receptor 3

S1P4 Sphingosine 1-phosphate receptor 4

S1Ps Sphingosine 1-phosphate receptor 5

SIPR Sphingosine 1-phophate receptor

VEGF-a Vascular endothelial growth factor A
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Figure S1. Temporal profile of the murine spleen weight after MCAO. The figure depicts the changes in splenic
weight 3, 12, and 24 h after MCAO compared to sham-operated mice. The Mann-Whitney U-test was applied to
calculate statistical differences. The data are presented as median + IQR; p < 0.05, ““p < 0.0001.
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Figure S2. Temporal profile of immune cell egress from the murine spleen after MCAO. The figure shows the
variations in the fold change (FC) of IL-6 and the transcription factors SPI1, STAT3, and FoxP3 in the murine spleen
(3 and 24 h) after MCAO compared to sham. Fold change (FC) was normalized to the expression of GAPDH mRNA
levels. The Mann-Whitney U-test was applied to calculate statistical differences. Data are presented as median +
IQR; *p < 0.05, **p <0.01.

Figure S3. Splenic CD3* T cell egress. Temporal CD3 immunohistochemistry of sections from MCAO-operated
mice. CD3 immunostaining is swiftly lost both from the white pulp, but equally, from the associated red pulp 3 h
post-intervention (T3). CD3 expression is regained in later stages after ischemia, suggesting a re-pooling of T cells
back to the spleen.
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Figure S4. Quantification of CD3* T cell recruitment to the brain. The figure details the number of infiltrated CD3*
T cells into the various cerebral areas denoted in Figure 4, i.e,, region 1 (contralateral PIC), region 2 (contralateral
peri-ventricular area (PVA)), region 3 (ipsilateral PVA), and region 4 (ipsilateral PIC). For each region, a
comparison is made between sham-operated (C) and MCAO-operated mice (IR). Data are presented as median +
IQR; n=3.
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Figure S5. Quantification of FoxP3* Treg cell recruitment to the brain. The figure details the number of infiltrated
FoxP3* T cells into the various cerebral areas denoted in Figure 5, i.e., region 1 (contralateral PIC), region 2
(contralateral peri-ventricular area (PVA)), region 3 (ipsilateral PVA), and region 4 (ipsilateral PIC). For each
region, a comparison is made between sham-operated (C) and MCAO-operated mice (IR). Data are presented as
median + IQR; n=3.
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