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Eine Vielzahl praklinischer Schlaganfallstudien zeigte die neuroprotektive und
neuroregenerative  Wirkung des hamatopoetischen Wachstumsfaktors G-CSF
(Granulozyten-Kolonie stimulierender Faktor). Ein Wirkungsmechanismus des G-CSF ist
die Mobilisation von protektiven Knochenmarkzellen in die ischamische Lasion, wobei
diese zeitverzogert nach G-CSF-Gabe stattfindet. Eine zusatzliche frihzeitige
Transplantation mononuklearer Knochenmarkzellen (BM MNC) kdnnte diese
therapeutische Licke flllen. Ziel der vorliegenden Studie war es, die Wirksamkeit dieser
Kombinationstherapie in einem Schlaganfallmodell der spontan hypertensiven Ratte
(SHR) zu testen. Syngene BM MNC wurden aus dem Knochenmark von SHRs durch
immunmagnetische Depletion der Granulozyten isoliert. Nach Verschluss der Arteria
cerebri media wurde den Tieren Uber insgesamt 5 Tage G-CSF verabreicht und zusatzlich
zu einem frilhen (6h nach Schlaganfall) oder spateren (48h nach Schlaganfall) Zeitpunkt
BM MNC intravends appliziert. Unbehandelte Schlaganfalltiere sowie Tiere mit alleiniger
G-CSF-Therapie dienten als Kontrolle.

Das Infarktvolumen wurde weder durch die alleinige G-CSF-Gabe noch durch die
zusatzliche Zelltherapie verandert. Dennoch wiesen Tiere mit G-CSF-Einzeltherapie eine
anhaltende funktionelle Verbesserung des sensomotorischen Defizites auf. Wahrend die
zusatzliche frihzeitige Zelltransplantation (6h) keinen weiteren Therapieeffekt zeigte,
fuhrte die Zelltransplantation nach 48h zu einer Aufhebung des protektiven G-CSF-
Effektes. Die G-CSF-Therapie bewirkte erwartungsgemaf einen deutlichen Anstieg der
zirkulierenden Leukozyten. Interessanterweise wurde der Granulozytengehalt im Blut und
in der Milz durch die einmalige Zelltherapie nach 48h signifikant erhtht. Ein Grol3teil der
transplantierten BM MNC (48h) konnte in der Milz nachgewiesen werden und fuhrte dort
vermutlich zu einer kompetitiven Hemmung des Granulozytenabbaus. Dies hatte sowohl
den Anstieg der zirkulierenden Granulozyten als auch deren vermehrte Infiltration in das
ischamische Hirngewebe zur Folge und kdnnte schliel3lich den negativen Einfluss auf die
funktionelle Verbesserung erklaren. Die beobachteten Interaktionsmechanismen werfen
ein interessantes Licht auf die mdogliche Wirkungsweise von Zelltherapien und
unterstreichen die entscheidende Rolle des Immunsystems in der Pathophysiologie des

Schlaganfalls.
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1 Einfihrung
1.1 Der ischamische Schlaganfall
1.1.1 Epidemiologie

Der Schlaganfall (Synonym: Hirninfarkt, Apoplex, engl. stroke) stellt eine soziodkonomisch
bedeutsame, zerebrovaskulare Erkrankung dar und ist weltweit die dritthaufigste
Todesursache. Er ist zugleich der haufigste Grund fir erworbene Behinderungen im
Erwachsenenalter und erfordert des Ofteren eine langfristige rehabilitative Behandlung.
Die mit dem Auftreten eines Schlaganfalls verbundenen Risikofaktoren wie Bluthochdruck
und Diabetes mellitus nehmen mit steigendem Alter zu. Somit ist im Hinblick auf die
demografische Entwicklung in den nachsten Jahrzehnten ein deutlicher Anstieg der
Schlaganfall-Inzidenz zu erwarten. Dank verbesserter medizinischer Versorgung
Uberleben immer mehr Patienten einen Schlaganfal, dem stehen steigende
Gesundheitskosten fir rehabilitative Nachbehandlung, Pflege und Berufsunfahigkeit

gegenuber, die sich in Deutschland auf bis zu 7,1 Milliarden Euro pro Jahr belaufen (1).
1.1.2 Pathogenese und Klinische Symptomatik

Die den Schlaganfall verursachenden Durchblutungsstérungen lassen sich auf
ischamische Verschlisse (87%; ischamischer Infarkt), intrazerebrale Blutungen (10%;
hamorrhagischer Infarkt) und Subarachnoidalblutungen (3%) zurlckfihren (2). Diese
Arbeit befasst sich ausschlieBlich mit dem ischdmischen Schlaganfall, bei dem es
aufgrund einer Verengung oder eines Verschlusses von zerebralen Blutgefdl3en zur
Ischdmie des Versorgungsgebietes kommt. Der lokale, transiente oder permanente
Verschluss kann durch ein Blutgerinnsel aus dem Herzen (kardiale Embolien),
Erkrankungen kleiner zerebraler BlutgefaRe (Mikroangiopathien) oder auch Stenosen
grol3er, zufuihrender BlutgefaRe verursacht werden (3). Die daraus resultierende
Minderdurchblutung des Gehirns und Unterversorgung mit Glukose und Sauerstoff fiihrt
zu einem Zusammenbruch des Funktions- und Erhaltungsstoffwechsels in dem
betroffenen Hirnareal. Als Konsequenz kodnnen Symptome wie leichte sensible
Missempfindungen, Sprachstérungen, Gesichtsfeldausfalle und Halbseitenlahmung
auftreten und bei schwerem Ausmafd bis hin zu Koma und Tod fihren. Sowohl die
Lokalisation und Dauer der Ischdmie als auch die Ersatzversorgung durch umliegende

Kollateralgefal3e bestimmen die Auspragung der klinischen Symptome.
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1.1.3 Pathophysiologie
1.1.3.1 Exzitotoxizitat

Nach einem ischamischen Hirninfarkt wird das Ausmaf der Gewebeschadigung durch
das Zusammenspiel komplexer pathophysiologischer Mechanismen beeinflusst. In der
akuten ischdmischen Phase fihrt die Minderdurchblutung der betroffenen Hirnareale
bereits nach wenigen Minuten zu einer Unterversorgung der Zellen mit Glukose und
Sauerstoff und damit zu einem Mangel an energiereichem Adenosintriphosphat in den
Zellen. Infolgedessen fallen die Funktionen der energieabhangigen neuronalen
lonenpumpen in den Zellmembranen reversibel aus. Es kommt zum unkontrollierten
lonenaustausch. Durch die Verschiebung der lonengradienten dringt zunehmend Wasser
in die Zelle ein, und es bildet sich ein hyperosmotisches, zytotoxisches Odem aus.
Dartuber hinaus bewirkt der zytosolische Kalziumanstieg eine mitochondriale Freisetzung
membranschadigender Sauerstoffradikale sowie eine massive Ausschittung des
exzitatorischen  Neurotransmitters  Glutamat. Extrazellulares Glutamat aktiviert
glutamatabhangige Kalziumkanéle der postsynaptischen Membran und fihrt zu einem
weiteren exzessiven Kalziumeinstrom in die Zelle (Exzitotoxizitat) (4). Dieser resultiert in
einer Aktivierung verschiedener intrazellularer Enzyme wie Calpain,
Stickstoffmonoxidsynthethasen, Phospholipasen, Endonukleasen sowie Caspasen,
welche im Wesentlichen in ihrer Funktion den programmierten Zelluntergang (Apoptose)
induzieren (5). Der anhaltende Energiemangel der Zelle leitet zudem kurzzeitig die
anaerobe Metabolisierung ein und fahrt mit der Bildung von saurem Laktat zur
metabolischen Azidose.

Die beschriebenen molekularen und zellularen Mechanismen treten zunachst lokal und
irreversibel am Ursprungsort der Minderdurchblutung auf und bilden dort den Infarktkern
aus. Im subakuten Verlauf der Ischdmie konnen diese Kaskaden jedoch auf das
umgebende Randgebiet (Penumbra) bergreifen und folglich den ischamischen
Gewebeschaden ausweiten. Obwohl die Funktionen in diesem Bereich durch die
Versorgung der Kollateralgefale zum Teil aufrecht erhalten werden, kénnen die
extrazellularen, toxischen Ansammlungen von Kalium und exzitatorischen Aminoséuren
spontane Depolarisationen im Infarktrand initileren. Im Gegensatz zu denen im Infarktkern
sind diese jedoch reversibel und stellen somit im Rahmen der Neuroprotektion einen

therapeutischen Angriffspunkt dar (6).
1.1.3.2 Bedeutung der Immunantwort nach Schlaganfal |

Nach einer lokalen Zellschadigung kommt es wie auch in anderen Organen zu einer

Entziindungsreaktion. Initial setzen ischamische Neurone Schaden-assoziierte molekulare
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Strukturen (engl. damage associated molecular patterns, DAMPS) frei. Diese DAMPs
induzieren die umliegende residente Mikroglia oder Astrozyten zur Synthese und
Freisetzung pro-inflammatorischer Signalmolekile wie Interleukin (IL) 18 oder
Tumornekrosefaktor-a (TNF-a). Diese Mediatoren erhthen die Expression von
Adhasionsmolekillen (engl. Intercellular Adhesion Molecule 1, ICAM-1; P-Selektine; E-
Selektine) an der Zelloberflache des umliegenden Endothels und erleichtern somit das
Einwandern von peripheren Leukozyten aus dem Blut in das Hirnparenchym. Nach dem
Zusammenbruch der Blut-Hirn-Schranke kommt es zu einer Infiltration von neutrophilen
Granulozyten, Makrophagen und schlieBlich T- sowie B-Lymphozyten. Die durch die
Leukozyteninfiltration bedingte sekundare Entziindungswelle kann ein Infarktwachstum
zur Folge haben (4;7).

Neben der lokalen, sterilen Entziindungsreaktion im Hirnparenchym tritt bei den
betroffenen Schlaganfallpatienten oft eine lang anhaltende systemische Immun-
depression auf, die zu schweren bis hin zu toédlichen Infektionen flihren kann (8). Die
Herabsetzung der systemischen Immunantwort nach Schlaganfall wird vor allem durch die
Aktivierung  der  Hypothalamus-Hypophysen-Achse und des  sympathischen
Nervensystems eingeleitet. Diese Aktivierung von nervalen als auch neurohumoralen
Efferenzen bewirkt eine massive Apoptose von Immunzellen in der Peripherie, welche
sich in einer Leukozytopenie im Blut als auch in einer Atrophie der sekundéren
lymphatischen Organe, wie Milz und Lymphknoten, auf3ert (8-10). Dariiber hinaus wird
Uber den parasympathischen, cholinergen Signalweg des Nervus vagus die Sekretion
pro-inflammatorischer Zytokine in Gewebsmakrophagen unterdriickt und somit ein anti-
inflammatorisches Milieu eingestellt (11;12). Das Ausmall der systemischen
Immundepression und der damit einhergehenden Infektionsanfalligkeit ist von der
InfarktgroRe, von dem klinischen Schweregrad des neurologischen Defizits und dem Alter

der Patienten abhangig (11).
1.14 Experimenteller Schlaganfall
1141 Eigenschaften des Modellsystems und Qualitd  tsrichtlinien

Der ischamische Schlaganfall wird durch einen transienten oder permanenten Verschluss
einer hirnversorgenden Arterie operativ induziert. Dies kann durch intraluminalen
Verschluss, transkranielle permanente oder transiente Okklusion einer versorgenden
Hirnarterie (bspw. engl. middle cerebral artery occlusion, MCAO), Induktion einer
Thromboembolie oder eines photo-induzierten Verschlusses (bspw. Photothrombose) im
Bereich der Arteria cerebri media erfolgen (13). In der Schlaganfallforschung werden
vorrangig Ratten oder M&ause eingesetzt, da es in diesen Kleintiermodellen bereits

umfassende Kenntnisse Uber den Ablauf von pathophysiologischen Mechanismen gibt.
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Die Anforderungen an das gewahlte Modell sind eine einfache Durchfiihrbarkeit, eine
Reproduzierbarkeit der L&sion und die entsprechende Vergleichbarkeit zum klinischen
Bild des Schlaganfalls.
Um eine effiziente Translation der praklinischen Ergebnisse in die Klinik gewahrleisten zu
kénnen, wurden durch Expertenkomitees Qualitatskriterien zur Durchfiihrung von
préklinischen Studien erstellt (STAIR — engl. ,The Stroke Treatment and Academic
Roundtable’ (14); STEPS — engl. ,Stem Cell Therapy as an Emerging Paradigm for
Stroke' (15); ARRIVE Richtlinien — engl. ‘Animals in Research: Reporting In Vivo
Experiments’ (16)). Im Allgemeinen werden dabei die folgenden Empfehlungen zur
Generierung sowie Interpretation von préaklinischen Daten gegeben:
« die Verwendung verschiedener Spezies sowie Tiere unterschiedlichen
Geschlechts;
« die Verwendung von pramorbiden Tieren unter Bertcksichtigung der relevanten
Begleiterkrankungen bei Risikopatienten;
e die a priori Bestimmung der notwendigen Tierzahlen (primarer Studienendpunkt)
sowie a priori Festlegung von Ein- und Ausschlusskriterien;
« die \vollstindige Randomisierung und Verblindung der Operationen,
Testdurchfiihrungen und Auswertungen;
« das Definieren von multiplen Endpunkten (Verhaltenstests, Infarktentwicklung und
histologische Auswertung);
« die Bestimmung einer optimalen Dosis und eines  optimalen
Transplantationszeitraums;
e die Durchfihrung von Langzeitexperimenten (Dauer von mindestens einem

Monat) sowie die Validierung der Ergebnisse durch mehrere Forschungsgruppen.
1.14.2 Préklinisches Schlaganfallmodell dieser Stu  die

In Hinblick auf den Kklinisch multimorbiden Schlaganfallpatienten spielt die Wahl des
Tiermodells eine entscheidende Rolle. So zeigt die Metaanalyse préklinischer
Schlaganfallstudien eine Uberschatzung der Therapieeffekte, wenn innerhalb der Studie
gesunde anstelle von pramorbiden Tieren verwendet wurden (17). Aus diesem Grund
wurde in dieser Studie mit spontan hypertensiven Ratten (SHR) gearbeitet. Diese von
Wistar-Kyoto-Tieren abstammenden Ratten entwickeln spontan im Alter von 5-6 Wochen
eine Hypertension mit einem systolischem Blutdruck zwischen 180 und 200 mmHg,
welcher fortschreitend zur systemischen Schadigung des vaskularen und kardialen
Mikrogefal3systems fuhrt. Weiterhin kennzeichnen SHR das Auftreten einer ausgepragten
Hyperinsulindmie, Hyperlipidamie sowie Hypercholestinamie (18). Neben den

hamodynamischen Veranderungen wurden bei diesen Tieren auch immunologische
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Einschrankungen der Leukozyten-Endothel-Interaktionen und der T-
Lymphozytenfunktionen beschrieben (19).

In dieser Studie wurde an SHRs nach Kraniotomie durch gezielte Thermokoagulation eine
permanente Okklusion der mittleren Zerebralarterie erzeugt (20) (genehmigtes
Tierversuchsvorhaben, TVV 12/11), dessen Resultat eine kortikale Infarktlasion mit
geringer Varianz in Grof3e waren. Die Effektstarke der Therapie auf das Infarktvolumen
wurde mit einem Mittelwertunterschied von 30% festgesetzt und demnach die
Versuchsgruppengrol3e mittels a priori Poweranalyse (a=0.05 and p=0.8) auf 18 Tiere je
Gruppe berechnet. Basierend auf Vorexperimenten wurde die zu erwartende Varianz der
Infarktvolumina von 0=3.2 %HLVe, (21) fur die Berechnung angenommen. Die
Datenerhebung und Datenanalyse wurde randomisiert sowie verblindet durchgefthrt. Als
Ausschlusskriterien wurden ein Gewichtsverlust von 20% oder mehr, das Fehlen einer
kortikalen, ischamischen Lasion (Bildgebung) sowie eine unvollstandige Therapie

festgelegt.
1.2 Therapieverfahren zur Behandlung des Schlaganfa lIs

Trotz intensiver Untersuchungen der experimentellen und klinischen
Schlaganfallforschung in den letzten Jahrzehnten existiert bis heute nur eine
Therapiemdglichkeit, die auf der intraventésen Aufldosung des Schlaganfall
verursachenden Blutgerinnsels mit gewebsspezifischem Plasminogenaktivator (rt-PA)
basiert (22). Das Zeitfenster fur diese Behandlung nach einem akuten ischamischen
Schlaganfall betragt nur maximal viereinhalb Stunden, und weitere Ausschlusskriterien
fuhren dazu, dass nur ca. 15% aller Schlaganfallpatienten kausal therapiert werden
konnen (23). Neben der Lysetherapie wurden in der klinischen Routine mit der Einfiihrung
sogenannter ,Stroke Units“ zusatzlich neurologische Stationen errichtet, welche sich auf
die schnellstmdgliche intensivmedizinische und interdisziplindre Akutbehandlung von
Schlaganfallpatienten sowie deren Rehabilitation spezialisiert haben.

In verschiedenen tierexperimentellen Studien konnten die nach Schlaganfall auftretenden
pathophysiologischen Prozesse durch die Anwendung neuroprotektiver Medikamente
gezielt moduliert werden. Dennoch ist es bis heute nicht gelungen, eine der in der
Praklinik getesteten neuroprotektiven Substanzen in die klinische Routine zu Uberflhren
(24-26). So zum Beispiel konnten die protektiven Eigenschaften des Radikalfangers NXY-
059 in funf verschiedenen Tiermodellen des experimentellen Schlaganfalls evaluiert,
jedoch letztendlich im Rahmen der klinischen Phase-I1I-Studie nicht bestatigt werden (27).
Die Diskrepanz in der Translation der préklinisch erfolgreich getesteten Substanzen in die
Klinik ist vordergrindig in der komplexen sowie heterogenen klinischen Pathologie des

Schlaganfalls zu suchen (28). Daruber hinaus wurde durch die bevorzugte Publikation von
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Positivergebnissen eine statistisch verzerrte Datenlage der Praklinik dargelegt (25;29).
Dennoch besteht ein groRes Interesse, neue Therapiekonzepte zu entwickeln, die eine
kausale Behandlung jenseits der bisher bestehenden Einschrankungen erlauben. Sowohl
die Zelltherapie als auch der stammzellmobilisierende h&matopoetische Wachstumsfaktor
G-CSF (engl. granulocyte-colony stimulating factor, Granulozyten-Kolonie stimulierende
Faktor) zeigten in zahlreichen experimentellen Schlaganfallstudien ein vielfaltiges
neuroprotektives und —regeneratives sowie immunmodulatorisches Wirkungsspektrum auf
(30-32).

1.2.1 Granulozyten-Kolonie stimulierender Faktor

Der Granulozyten-Kolonie stimulierende Faktor (G-CSF) ist ein aus 207 Aminosauren
bestehendes 19,6kDa grof3es hydrophobes Glykoprotein (33). Das humane G-CSF
Molekul wurde bereits vor 25 Jahren charakterisiert und zeigt eine hohe Kreuzreaktivitat
zur murinen Spezies (34). G-CSF gehort zur Gruppe der hamatopoetischen
Wachstumsfaktoren, welche im Organismus das Wachstum und die Reifung von
Blutzellen regulieren. Das Zytokin wird bei Entziindungsreaktionen (35) vor allem von
Immunzellen (36), mesenchymalen (37) oder endothelialen Zellen (38) sekretiert. Als
hamatopoetischer Wachstumsfaktor reguliert G-CSF die Reifung, die Proliferation sowie
das Uberleben myeloider Zellen (39) und verbessert deren phagozytierenden sowie
bakteriziden Eigenschaften  (40;41). Aufgrund der stammzellmobilisierenden
Eigenschaften (42) wird G-CSF bereits seit vielen Jahren klinisch fur die Behandlung der
Neutropenie nach Chemotherapie als auch im Rahmen von
Knochenmarktransplantationen praventiv und therapeutisch eingesetzt (43). DarUber
hinaus besitzt G-CSF immunmodulierende Eigenschaften (44). So konnte nach G-CSF-
Behandlung eine verminderte Ausschittung pro-inflammatorischer und eine erhéhte
Freisetzung anti-inflammatorischer Zytokine beobachtet werden (45-47).

Die Wirkungsweise von G-CSF basiert auf der Interaktion mit seinem hoch-affinen G-
CSF-Rezeptor (G-CSFR; CD114) (48) welcher vor allem auf myeloiden Vorlauferzellen
sowie reifen Granulozyten und Monozyten vorkommt (49). Dartiber hinaus konnte dieser
Transmembranrezeptor sowohl Thrombozyten (50), Lymphozyten (51), Endothelialzellen
(52) als auch Neuronen (53) nachgewiesen werden, wobei seine Expression durch seinen
Liganden G-CSF selbst reguliert wird (54). Die Expressionsdichte des Rezeptors auf
Neutrophilen ist sehr gering und lasst daher vermuten, dass eine Aktivierung von nur
wenigen Rezeptormolekilen durch G-CSF schon eine massive biologische Antwort
induziert. Kommt es zur Bindung von G-CSF an seinen Rezeptor, so wird intrazellular
Uber die Aktivierung diverser Kinasen und Transkriptionsfaktoren eine komplexe

Signhalkaskade ausgeldst, welche in der Expression verschiedenster Gene fir Proliferation
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oder Reifung resultiert (49). Unter anderem zeigen die Ergebnisse einer Mikroarraystudie,
dass Gene fir die Neutrophilenaktivierung vermehrt transkribiert werden, wohingegen
Gene, welche mit der Immunantwort in Verbindung stehen, wie beispielweise fur den T-

Zell Rezeptor oder HLA-Komplex kodierende Gene, herunterreguliert sind (55).
1211 Neuroprotektive und -regenerative Wirkungsw  eise des G-CSF

Die therapeutische Wirkung von G-CSF zur Behandlung der zerebralen Ischamie wurden
erstmals vor tber 10 Jahren experimentell im murinen Schlaganfallmodell beschrieben
(56). Die Therapie mit G-CSF fihrte zu einem signifikant verringerten Infarktvolumen.
Nachfolgende préklinische Studien im transienten Schlaganfallmodell bestétigten diese
Effekte mit einer durchschnittlichen Reduktion des Infarktvolumens von bis zu 40% sowie
einer Verbesserung der neurologischen Defizite um 24-40% (31;32). Arbeiten mit G-CSF-
defizienten Knockout-Mausen zeigten aul3erdem einen Anstieg des Infarktvolumens,
welchem mit substituiertem G-CSF entgegen gewirkt werden konnte (57). Als
Wirkungsmechanismus wird zum einen eine Geweberegeneration durch G-CSF-
mobilisierte Knochenmarkzellen angenommen, zum anderen kann G-CSF die Blut-Hirn-
Schranke passieren (53) und somit direkte zellulare Schutzmechanismen induzieren.
Interessanterweise wurde der G-CSF-Rezeptor hauptséachlich auf Neuronen im Cortex,
Hippocampus, der Subventrikularen Zone (SVZ) als auch im Cerebellum bestimmt und in
Folge des Schlaganfalls konnte ein Anstieg der endogenen, neuronalen G-CSF-Synthese
als eine Art intrinsische Stressantwort beobachtet werden (53;58).

Die anti-apoptotischen Eigenschaften des G-CSF wurden zum ersten Mal in in vitro
Kulturen von zerebellaren Kornerzellen nach glutamatinduzierter Exzitotoxizitét
nachgewiesen (59). Weitere Studien belegten diese Effekte und verzeichneten die
Aktivierung anti-apoptotischer Signalkaskaden sowie eine erhdhte Transkription der Bcl-2
Proteinfamilie (engl. B-cell lymphoma 2) welche mit der Regulation des programmierten
Zelltodes in Verbindung stehen (53;60). Beispielsweise fiihrte die G-CSF-Behandlung in
einem transienten Schlaganfallmodell der Ratte zu einem Anstieg des Apoptose
inhibierenden Proteins clAP2 (engl. cellular inhibitor of apoptosis) und folglich zu einer
Abnahme der Caspase-3-Enzymaktivitat (61).

In weiteren in vitro Studien wurde der funktionelle Einfluss von G-CSF auf die neuronale
Differenzierung von adulten neuralen Vorlauferzellen demonstriert. Dabei erhohte G-CSF
die Expression neuronaler Marker wie B-1ll Tubulin und neuronenspezifische Enolase,
wohingegen die Expression glialer Marker wie dem sauren Gliafaserprotein GFAP (engl.
Glial fibrillary acidic protein) und dem Proteolipid-Protein nicht reguliert war (53). Des
Weiteren konnte flr G-CSF eine Neurogenese férdernde Wirkung beobachtet werden.

Nach einer Ischamie kommt es im Gyrus dentatus des Hippokampus sowie in der SVZ
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der ischamischen und nicht-ischamischen Hemisphéare zu einer Neubildung von neuralen
Vorlauferzellen. Nach G-CSF-Therapie wurden sowohl im Gyrus dentatus als auch im
Randgebiet der ischdmischen L&sion eine erhéhte Anzahl proliferierender Vorlauferzellen
nachgewiesen (53). G-CSF scheint au3erdem die Gefal3neubildung zu stimulieren. So
konnte nach Schlaganfall durch die G-CSF-Therapie sowohl eine erhdhte Proliferation
von endothelialen Zellen im Infarktrand als auch ein Anstieg der Gefal3verzweigung und -
lange registriert werden. Die erhdhte Expression der Angiogenesemarker Angiopoetin 2
und endothelialen Stickstoffmonooxidsynthetase bestétigte diese Resultate (62;63).

Aufgrund der vielversprechenden praklinischen Ergebnisse wurde die Effektivitat von G-
CSF in einer multizentrischen Kklinischen Phase-lI-Studie (Axis-2) an 328
Schlaganfallpatienten eingehend untersucht (64). Diese zeigte jedoch keine statistisch
relevanten funktionellen Verbesserungen zwischen der G-CSF- und placebobehandelten
Patientengruppe. Die Diskrepanz in der Translation der vielversprechenden préklinischen
Vordaten wurde mit der variablen Pathologie des Schlaganfalls innerhalb der
Patientengruppe, sowie mit der im Vergleich zur Praklinik héheren Dosis an G-CSF
(135pg G-CSF/kg Korpergewicht gegenuber 50pug G-CSF/kg Korpergewicht) als auch der

geringen Behandlungsdauer von 3 Tagen begriindet.

1.2.1.2 Immunmodulierende Wirkungsweise von G-CSFn  ach

Schlaganfall

In der Anwendung beim Schlaganfall verdndert G-CSF als hamatopoetisches
Wachstumshormon auch immunologische Parameter. Zum einen bewirkt die G-CSF-
Therapie eine massive Leukozytose, welche hauptsachlich in einer Akkumulation von
Granulozyten (PMN, engl. polymorphonuclear leukocytes) resultiert. Es ist jedoch
umstritten, ob diese G-CSF-vermittelte Neutrophilie eine erhdhte Leukozyteninfiltration ins
Hirngewebe und somit eine verstérkte postischamische Entziindungsreaktion zur Folge
hat. Taguchi et al. konnte nach G-CSF-Behandlung eine vermehrte Infiltration myeloider
Zellen ins Infarkigewebe detektieren (63), andere Arbeiten widerlegten jedoch diese
Ergebnisse (62). Des Weiteren wurde gezeigt, dass G-CSF die Expression der Matrix-
Metalloproteinase 9 supprimiert (57), welche nachweislich zu Blut-Hirn-Schranken-
Storungen, Odembildung und Zelluntergang fiihrt (65;66). Wahrend der Ischamie senden
ischamische Neurone, aktivierte Mikroglia oder Astrozyten pro-inflammatorische
Sighalmolekiile wie IL1-B oder TNF-a aus, welche eine Entziindungsreaktion induzieren.
G-CSF kann die Expression dieser pro-inflammatorischen Zytokine reduzieren und
hierdurch neuroprotektive Effekte vermitteln (61;67). In einer aktuellen Studie werden die
immunmodulatorischen Effekte einer préklinischen Niedrig- und einer klinischen

Hochdosis an G-CSF im Vergleich zu unbehandelten Schlaganfalltieren dargestellt (68).
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Diese Studie zeigte, dass beide Dosen die Sekretion des pro-inflammatorischen IL-6 im
Serum reduzierten. Im Gegensatz dazu erhohte die 24-stindige Gabe einer G-CSF-
Hochdosis die Frequenz an Interferon-y produzierenden Th1l Lymphozyten in der Milz und
bewirkt dariber hinaus eine vermehrte Infiltration von T-Lymphozyten, Makrophagen als

inflammatorischen Monozyten ins ischdmische Hirngewebe.

G-CSF besitzt somit vielseitige Wirkungsansatze. Es steuert nicht nur das Wachstum, die
Reifung und die Mobilisation von potenziell regenerativen Knochenmarkzellen, sondern
weist sowohl lokale neuroprotektive als auch neuroregenerative Wirkungsmechanismen

nach einer Ischamie auf.
1.2.2 Mononukleare Zelltherapie beim Schlaganfall

In Hinblick auf das enge Zeitfenster der Neuroprotektion und der haufig verspateten
Diagnose und Behandlungsmoglichkeit der  Schlaganfallpatienten  gewinnen
zelltherapeutische Ansatze zunehmend an Bedeutung. Die Wirkungsweise der
Zelltherapie erstreckt sich Uber die Inhibierung des apoptotischen oder nekrotischen
Zellsterbens (69;70), den Wiederaufbau eines nahrstoffversorgenden Gefal3systems (71-
73), die Forderung der neuronalen Plastizitat (74;75), die Unterstlitzung der endogenen
Neubildung von neuralen Zellen (76) bis hin zum lokalen Gewebeersatz durch
Einwanderung der Zellen ins ischamische Gewebe. Des Weiteren wurden fir
Zelltransplantate immunmodulierende Effekte nachgewiesen, indem sie beispielsweise
die inflammatorische Reaktion der Milz unterbinden und somit lokale
Entzindungsreaktionen im geschadigten Hirngewebe vermindern.

Insbesondere mononukledre Zellen des Knochenmarks (BM MNC, engl. bone marrow
mononuclear cells) stellen als heterogenes Zellgemisch aus reifenden Immunzellen (v.a.
B-Lymphozyten, T-Lymphozyten, Monozyten) sowie hAmatopoetischen, endothelialen und
mesenchymalen Stammzellen ein vielversprechendes Zelltransplantat dar. Im Vergleich
zu mesenchymalen oder hamatopoetischen Stammzelltransplantaten ist die
Konzentration an Vorlauferzellen in der Zellfraktion der BM MNC sehr gering. Dennoch
weisen BM MNC mit variablen Anteilen verschiedener Immun- und Vorlauferzellen
mdglicherweise  ein  umfassenderes  Wirkungsspektrum auf als homogene
Stammzelltransplantate. So bewirkte die mononukleéare Zelltherapie in der akuten oder
subakuten Phase nach Schlaganfall eine Reduktion des Infarktvolumens, eine
verminderte Aktivierung der residenten Mikrogliazellen sowie eine Verbesserung
motorischer Funktionen (siehe Tabelle 1, (77-81)). Als zugrunde liegender
neuroprotektiver Mechanismus wird die Ausschittung trophischer Faktoren angenommen

welche sich mildernd auf die postischamische Entziindungsreaktion auswirken und so den
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neuralen Gewebeschaden eingrenzen (80;82;83). Diese Effekte wurden vorrangig in
Tieren ohne Vorerkrankungen mit einem therapeutischen Zeitfenster zwischen 3h und
24h ermittelt (77;79;80). Dagegen konnte eine aktuelle Studie in einem pramorbiden
Schlaganfallmodell der Ratte trotz frihzeitiger BM MNC-Transplantation mit
vergleichbaren Zelldosen weder eine Reduktion des Infarktvolumens noch eine
verminderte Entziindungsreaktion im Hirnparenchym nachweisen (84).

Als neuroregenerative Effekte nach BM MNC-Transplantationen sind die Férderung der
Neurogenese und der neuronalen Plastizitat, der Wiederaufbau eines
nahrstoffversorgenden GefalRsystems sowie immunmodulierende Funktionen beschrieben
(81;85). In der Literatur gibt es nur wenige Anhaltspunkte fur einen lokalen Gewebeersatz
durch mononukledare Zelltransplantate, so wird deren neurale Differenzierung und
Integration ins geschadigte Hirngewebe kontrovers diskutiert (86;87). Stattdessen wurde
nach intraarterieller oder intravenéser BM MNC-Injektion eine Migration und Akkumulation
der BM MNC in Leber-, Nieren-, Lungen- und Milzgewebe beobachtet (88-90), welche auf
eine immunmodulierende Wirkungsweise der Zellen schlieRen lassen.

Die Zelltherapie mit mononukledren Knochenmarkzellen bietet die Mdoglichkeit einer
autologen Therapie ohne den Einsatz von Immunsuppressiva. Ein weiterer Vorteil des BM
MNC-Transplantates ist die unkomplizierte Entnahme und Aufarbeitung innerhalb weniger
Stunden. Die Isolation ohne aufwendige Kultivierungsschritte bewahrt das physiologische
Zellvolumen und ermdglicht so die uneingeschrénkte Zirkulation des Transplantates zum
Wirkungsort (88). BM MNC werden aseptisch mittels standardisierter Dichtegradienten-
zentrifugation (DGZ) schnell und sicher angereichert und kénnen sowohl kryokonserviert
gelagert als auch umgehend therapeutisch eingesetzt werden. Bereits in den 80er Jahren
wurde diese Isolationsmethode fir die klinische Anwendung zur Behandlung von
Leukdmien zugelassen und ist im Rahmen einer offenen klinischen Studie fir die
Schlaganfalltherapie als sicher und zulassig befunden worden (91). Dennoch gehen mit
dieser Aufreinigungsmethode ein hoher Verlust an Vorlauferzellen und eine geringere
Zellausbeute einher (92;93). Daruiber hinaus kénnen die verwendeten Separationsmedien

zytotoxisch wirken.



Tab.1: Ubersicht liber praklinische Schlaganfallstudien mit

BM MNC Therapie

BM MNC-Transplantat

BM MNC-Transplantation

Literatur Modell : . i ) Primére Endpunkte Spezies/Stamm
Gewinnung Charakterisierung  Zeitpunkt  Dosis Route
lihoshi et al., 2004 tMCAO, autolog, nein 3h, 6h, 12h, 1x107 iv I\?é?r:g\t/g:]usrgﬁgl’ fsuenktlonelle Ratten/Spraque
(77) 45min Ficoll DGZ 24h, 72h erhaftensanalyse, Dawley
Biodistribution
Kamiya et al., 2008 tMCAO, autolog, . nach 7 L Infarktvolumen, funktionelle Ratten/Spraque
. : nein : 1x10 ia, iv  Verhaltensanalyse,
(78) 90min Ficoll DGZ Reperfusion s Dawley
Biodistribution
Giraldi-Guimardes syngen, . 7 : funktionelle Ratten/Wistar
et al., 2009 (79) PMCAG Ficol DGz €N 24h 3x10 v Verhaltensanalyse Kyoto
Minnerup et al., Photo- xenogen, nein 3d 5x10° ia funktionelle Ratten/Wistar
2010 (94) thrombose Ficoll DGZ Verhaltensanalyse Kyoto
Nakano-Doi et al., allogen, . 6 , Verbesserung der Angio-und ..
2010 (81) PMCAG Ficoll DGz 1@ 2d 1x10 v Neurogenese Méuse/SCID
Brenneman et al., tCCA+MCAO autolog, . 1h’h3h’ ﬁh’ 7 . Infarr]ktlvolumenl, funktionelle Ratten/Long
2010 (80) 180min Ficol DGz 12 12h, 24h,  4x10°  ja  Verhaltensanalyse, Evans
72h, 7d Biodistribution
1x106/kg, Infarktvolumen, funktionelle
zlgasr;g etal., 2011 ;%SQT;MCAO Ia:?ctglllo I%GZ nein 24h 1x107/kg, iv Verhaltensanalyse, E\f;\;tﬁglLong
3x107/kg Biodistribution
funktionelle
Wagner et al., 2012 pMCAO xenogen, ja 24h 8x10%kg v Verhaltensanalyse, Ratten/SHR
(83) Ficoll DGZ
Infarktvolumen
Infarktvolumen, funktionelle
Yang et al., 2012 tMCAO, aytolog, a 24h 1x107 ia Verhaltensanalyse, Ratten/Long
(96) 90min Ficoll DGZ S Evans
Biodistribution
Yang et al., 2013 tMCAO, autolog, . 1x10%g, . .  |nfarkivolumen, funktionelle o0y ong
. ) nein 24h 7 ia, iv  Verhaltensanalyse,
(90) 90min Ficoll DGZ 3x10'/kg S Evans
Biodistribution
. 1x10°, Infarktvolumen, funktionelle
g/lc;rize(gjdg etal, g\gzﬁo a/Angesn nein 3h 5x10°, iv Verhaltensanalyse, Ratten/SHR
2x10’ Biodistribution

Bunynyui
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1.2.3 Kombinatorische Therapieansatze beim Schlagan fall

In Hinblick auf die komplexen pathophysiologischen Vorgénge nach einem Schlaganfall
stellt die Kombination aus mehreren therapeutisch wirksamen Kandidaten einen
interessanten  Ansatzpunkt dar. Eine aktuelle Metaanalyse zeigt, dass
Kombinationstherapien sowohl die Effizienz der Einzeltherapie verstarken als auch das
therapeutische Zeitfenster erweitern kénnen (24;97). So konnte beispielsweise das
Zeitfenster der Thrombolyse durch eine zusatzliche Behandlung von 4,5h auf 8h
ausgedehnt werden und die Reduktion der Infarktvolumen in kombinatorischen
Therapieansatzen von 20% auf 38% erhoht werden. Angesichts der Multimorbiditat der
Schlaganfallpatienten kommt es in der Klinik schon jetzt zur Anwendung verschiedener
medikamentdser Therapien. Da die Kombination mehrerer Therapien auch schadigende
Wechselwirkungen aufweisen oder sogar eine Aufhebung der Therapieeffekte zur Folge
haben kann, besteht die dringende Notwendigkeit, kombinatorische Therapieansétze
praklinisch zu testen.

Die Kombinationstherapie aus G-CSF und mononuklearen Knochenmarkzellen kdnnte
eine innovative Therapieoption darstellen. Sowohl G-CSF als auch die mononukleare
Zelltherapie zeigten in experimentellen Schlaganfallstudien vielfaltige und insbesondere
identische Wirkungsmechanismen. Sie kdnnen sowohl das apoptotische Zellsterben nach
Ischamie vermindern, die Neurogenese als auch die Gefalineubildung erhéhen sowie die
Immunantwort nach Schlaganfall beeinflussen. Als hamatopoetischer Wachstumsfaktor ist
G-CSF dartber hinaus fur die Mobilisation von Knochenmarkzellen verantwortlich. Die G-
CSF-abhéangige Freisetzung der Knochenmarkzellen wird unter anderem durch die
Unterbrechung der SDF-1/CXCR-4-Achse vermittelt, welche jedoch nach Schlaganfall
zeitverzogert stattfindet (98). Eine zusatzliche frihzeitige Transplantation von
mononuklearen Knochenmarkzellen stellt somit eine synergistische Therapieoption zur

Behandlung des Schlaganfalls dar.

1.3 Zielstellung dieser Arbeit

Das priméare Ziel dieser Arbeit ist die Prifung der therapeutischen Wirksamkeit einer
Kombinationstherapie aus G-CSF und mononuklearen Knochenmarkzellen in einem
préklinischen Schlaganfallmodell. Diese multimodale Therapie setzt sich aus der
wiederholten Applikation von G-CSF sowie einer einmaligen mononuklearen Zelltherapie
nach 6h oder 48h nach Schlaganfall zusammen. Die Effizienz der Kombinationstherapie
wird im Vergleich zu unbehandelten Schlaganfalltieren oder Schlaganfalltieren mit

alleiniger G-CSF-Therapie bewertet.
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Die Studie wurde unter Anwendung empfohlener Qualitatskriterien fur préklinische
Schlaganfallstudien  durchgefihrt. Diese Vorgaben schlossen die detaillierte
Charakterisierung des verwendeten Zellproduktes, die Verwendung von pramorbiden
Versuchstieren, eine Langzeituntersuchung mit funktionell aussagekraftigen Tests, die a
priori Definition von Ausschlusskriterien, eine verblindete und randomisierte Durchfiihrung
sowie die Verwendung von multiplen Studienendpunkten ein.

Der Zustand des Zelltransplantates stellt ein wichtiges Qualitatskriterium der Studie dar.
Es wird zu Beginn die Etablierung einer reproduzierbaren Methode zur Isolation von
mononuklearen Knochenmarkzellen aus der Ratte beschrieben und deren Vergleich mit
standardisierten Aufreinigungsmethoden Uber Dichtegradientenzentrifugation dargestellt
(Kapitel 2.1: Density Gradient Centrifugation Compromises Bone Marrow Mononuclear
Cell Yield; Posel et al., PLoS One 2012). Die detaillierte Charakterisierung des
Zelltransplantates wahrend des Isolationsprozesses sowie vor der Applikation ist von

hoher Relevanz fir diese Studie.

Im Anschluss wird unter Verwendung eines pramorbiden Rattenstamms (SHR) der
Einfluss der Kombinationstherapie auf die Studienendpunkte Infarktwachstum sowie
sensomotorische Defizite untersucht. Zuséatzliche Analysen geben Aussage iber den
Wirkungsmechanismus der Therapie und zeigen potenzielle Wechselwirkungen auf
(Kapitel 2.2: Bone marrow cell transplantation time-dependently abolishes efficacy of G-

CSF after stroke in hypertensive rats; Posel et al., Stroke 2014).

Aus der Zielstellung ergaben sich folgende Fragen:

1. Welchen Einfluss hat die Aufreinigungsmethode auf das Zelltransplantat? In
welcher Zusammensetzung und Vitalitat steht das mononukleére Zelltransplantat

fur die multimodale Therapie zur Verfligung?

2. Konnen die vielversprechenden neuroprotektiven und neuroregenerativen Effekte
von G-CSF auch in einer pramorbiden Ratte nach experimentellem Schlaganfall
nachgewiesen werden? Welche zuséatzliche Wirkung ist durch die wiederholte G-
CSF-Behandlung zu beobachten?

3. Wie wirkt sich die zusatzliche Zelltherapie 6h oder 48h nach Schlaganfall auf die
Studienendpunkte aus? Welche Wechselwirkungen koénnen innerhalb der

Kombinationstherapie beobachtet werden?
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Abstract

Bone marrow mononuclear cells (BMNCs) are widely used in regenerative medicine, but recent data suggests that the
isolation of BMNCs by commonly used Ficoll-Paque density gradient centrifugation (DGC) causes significant cell loss and
influences graft function. The objective of this study was to determine in an animal study whether and how Ficoll-Paque
DGC affects the yield and composition of BMNCs compared to alternative isolation methods such as adjusted Percoll DGC or
immunomagnetic separation of polymorphonuclear cells (PMNs). Each isolation procedure was confounded by a significant
loss of BMNCs that was maximal after Ficoll-Paque DGC, moderate after adjusted Percoll DGC and least after
immunomagnetic PMN depletion (25.6+5.8%, 51.5+2.3 and 72.3%6.7% recovery of total BMNCs in lysed bone marrow).
Interestingly, proportions of BMNC subpopulations resembled those of lysed bone marrow indicating symmetric BMNC loss
independent from the isolation protocol. Hematopoietic stem cell (HSC) content, determined by colony-forming units for
granulocytes-macrophages (CFU-GM), was significantly reduced after Ficoll-Pagque DGC compared to Percoll DGC and
immunomagnetic PMN depletion. Finally, in a proof-of-concept study, we successfully applied the protocol for BMNC
isolation by immunodepletion to fresh human bone marrow aspirates. Our findings indicate that the common method to
isolate BMNCs in both preclinical and clinical research can be considerably improved by replacing Ficoll-Paque DGC with
adapted Percoll DGC, or particularly by immunodepletion of PMNs.
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Introduction BMNC:s is not entirely understood, hence impeding full realization
and further advancement of the therapeutic concept [11]. Some
groups suggested that conflicting results in large-scale clinical trials
[12,13] are, at least to some extent, due to different cell isolation
protocols and a subsequently altered BMNC composition [14]. In
fact, it has been proven that efficacy and functionality of BMNCs
are significantly influenced by red blood cell contamination [15],
the content of apoptotic cells [16], different washing steps [14] and
even by the centrifugation speed [17].

Another decisive point seems to be the choice of the density
gradient medium. Most preclinical and clinical studies used
Ficoll-Paque (hereafier indicated as Ficoll) as density medium in
order to enrich the mononuclear cell population as well as the
rare progenitor cells therein [18]. However, it is a well-known
problem that Ficoll-based density gradient centrifugation (DGC)
causes a significant reduction of BMNCs to only 15-30% of the

Bone marrow transplantation was originally established to treat
hematological malignancies [1] and is nowadays widely used in
different branches of regenerative medicine. The bone marrow is
a capable source of autologous cells with distinct regenerative
properties, which can be quickly harvested and are thus applicable
for both chronic and acute diseases. Preclinical and clinical safety,
feasibility and efficacy have been reported, inter alia, for ischemic
limb injury [2,3], cerebral ischemia [4,5] and in particular for
myocardial infarction [6,7] for which by now more than 30
placebo controlled randomized trials have been accomplished [8].

In the majority of studies, aspirated bone marrow was further
processed in order to isolate the mononuclear cell fraction
(BMINC), a heterogencous population containing differentially
matured B-cells, T-cells and monocytes, as well as rare progenitor

cells such as hematopoietic stem cells (HSC), mesenchymal stromal initial content [17,19]. This is critical since the efficacy of
cells (MS_C>3 endothelial progenitor cells (EPC) and very small autologous BMNC transplantation is likely dose-dependent [20],
Crr_lbf)"‘:"llc'l.lkc cells (VSEL). Tt _ha_s been C{?“Slamly descrﬂ)‘cd that and little data is available on a possible asymmetry of the cell loss
this cell mixture promotes distinct angiogenic properties [2], [21,22]. Recently, it was described that Ficoll DGC even
mediates vascular repair, expresses several cytoprotective growth depleted cells with a high regenerative potential, such as MSC

factors and cytokines [9] and restores pathologically altered genes

[23] and VSEL [24], and irreversibly impaired cell function by
after ischemic heart injury [10]. However, which component or

decreasing expression of chemokines receptors [25,26]. Accord-
combination of components exactly determines the efficacy of ingly, the objective of this study was to determine whether and

PLOS ONE | www.plosone.org 1 December 2012 | Volume 7 | Issue 12 | e50293
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how Ficoll DGC affects the yield and composition of the cell
graflt compared to alternative methods such as adjusted Percoll
DGC [27] and immunomagnetic bead separation of granulocytes
[28]. Owr findings indicate that the common method to isolate
BMNC in both preclinical and clinical research can be
considerably improved by replacing Ficoll with adapted Percoll
or preferably by immunodepletion of unwanted constituents of
bone marrow.

Methods

Rat Bone Marrow Harvest and Lysis of Erythroid Cells

Animal experiments were conducted according to the Guide
for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23,
revised 1996). Rat bone marrow was obtained from 12-week-old
male Sprague-Dawley rats. Femurs and tibiae were aseptically
opened and bone marrow was harvested by repeated flushing
with phosphate buffered saline (PBS). In order to dissolve
remaining cell aggregates, the solution was resuspended using
a 20 G cannula and sieved through a 100 pm cell strainer.
Erythroid bone marrow cells were lysed by short-term in-
cubation (30 seconds) with hypotonic ammonium chloride buffer
(0.155 M NH4CIL, 10 mM KHCOS3 and 0.01 mM Na2EDTA)
followed by repeated washing steps with PBS containing 3%
fetal calf serum (PBS/3% FCS). Viability and cell count were
determined by the trypan blue exclusion method using
a hemocytometer.

Rat Mononuclear Cell Isolation by Density Gradient
Centrifugation

Bone marrow cells from 5 donor rats were separated using
Ficoll-Paque 1.084 (which is used to isolate rat mononuclear cells
(MNC; GE Healthcare, Munich, Germany) with 3 technical
replicates per sample. A total of 10E7 bone marrow cells were
resuspended in 10 mL HBSS/3% FCS and carefully layered upon
7.5 mL of Ficoll separation medium. Ficoll gradients were
centrifuged for 40 min at 400 g without brake. The bone marrow
mononuclear cell (BMNC) layer was then collected, washed in
PBS/3% FCS, counted and prepared for flow cytometric analysis.

Next, we aimed to establish an appropriate density gradient for
isolating BMNC: using Percoll medium (GE Healthcare, Munich,
Germany). Concentrated Percoll was diluted in 1.5 M NaCl to an
isotonic Percoll stock solution (SIP) with a density of 1.1228 g/mlL.
We then prepared a series of different separation media (1.071,
1.073, 1.075, 1.077, 1.080 and 1.084 g/mL) by mixing SIP with
varying volumes of Hank’s balanced salt solution (HBSS) contain-
ing 3% FCS. Likewise, an invariant bottom layer was adjusted to
1.095 g/mL. For each of the separation gradients, 10E7 bone
marrow cells from two donor rats were resuspended in 5 ml
Percoll medium with the highest density (1.095 g/mL). This layer
was then carefully covered with 5 ml of the respective lower
concentrated Percoll dilutions and finally capped with 5 mlL of
HBSS/3% FCS. Discontinuous gradients were centrifuged for
40 min at 430 g without brake. After centrifugation, the cell layers
located between HBSS/separation medium or in between the two
Percoll layers were separately collected and washed twice in PBS/
3% FCS. Cells were counted and prepared for flow cytometric
analysis. The Percoll medium density leading to the highest
BMNC vield along with the lowest polymorphonuclear cells
(PMN) contamination (1.080 g/mL) was then chosen for accord-
ing BMINC isolation from 5 donor rats with 3 technical replicates
per sample.

PLOS ONE | www.plosone.org
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Rat BMNC Isolation by Immunomagnetic Depletion of
PMNs

A total of 10E8 bone marrow cells obtained from 6 donor rats
(with 3 technical replicates per sample) were incubated with 5 ng/
ml phycoerythrin conjugated anti-rat granulocytes antibody (clone
RP1; BD Pharmingen, Heidelberg, Germany) for 15 min at 4°C.
After washing in cold PBS/0.5% FCS, bone marrow cells were
further incubated with 50 UL magnetic anti-phycoerythrin
microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany) for
12 min at 4°C. Non-adsorbed microbeads were eliminated by an
additional washing step. Finally, bone marrow cells were
resuspended in 500 pl. PBS/0.5% FCS. Magnetic separation
was performed on LD columns using a magnetic QuadroMACS
separator according to manufacturer’s instructions (Miltenyi
Biotech). Both discharge and the fraction that was magnetically
trapped were separately collected, counted and prepared for flow
cytometry.

Flow Cytometric Characterization of rat BMNCs

Cellular composition of lysed rat bone marrow and separated
BMNCs following different isolation protocols were analyzed by
flow cytometry. For labelling, 2.5 x10E5 cells were incubated with
a mixture of monoclonal antibodies (Table 1) for 20 min at 4°C.
Erythroid cells were labeled by biotunylated anti-erythroid-
antibody which was secondly conjugated with streptavidin PerCP
(BD Pharmingen, Heidelberg, Germany). After incubation, cells
were washed and resuspended in 300 ul. PBS/3% FCS. Flow
cytometric acquisition and analysis was performed using a FACS
Canto II equipped with FACS Diva software (BD Biosciences,
Heidelberg, Germany). Cellular subpopulations were identified by
specific antigen expression (Table 1) and categorized according to
the gating strategy displayed in Figure 1.

Determination of Progenitor Frequency in Rat Samples

The frequency of hematopoietic or non-hematopoietic progeni-
tors was assessed by granulocyte-macrophage (CFU-GM) and
fibroblast (CFU-F) colony forming umit assays. For CFU-GM,
1.5x10E4 vital cells were seeded in duplicates with 1.1 ml
Methocult medium (GF R3774, Stem Cell technologies, Grenoble,
France) into 35 mm suspension dishes and further cultivated at
37°C, 5% COy and 95% humidity for 14 days. Proliferating CFU-
GM colonies were counted and the frequency was calculated and
normalized to leukocytes counts. CFU-GM frequency was
analyzed from 8 (lysed bone marrow) or 4 (Percoll, Ficoll and
MACS) donor rats with 2 technical replicates per sample.

Accordingly, to determine CFU-F frequency, 10E7 vital cells
from 8 (lysed bone marrow) or 4 (Percoll, Ficoll and MACS) donor
rats (with 2 technical replicates per sample) were plated into
35 mm culture dishes in Dulbecco’s modified Eagle’s medium
containing 4.5 g/L glucose (PAA Laboratories, Colbe, Germany),
10% FCS plus 1% Penicillin/Streptomycin and maintained at
37°C, 5% COy and 95% humidity for 21 days. Medium was
initially changed after 5 days and twice a week thereafter. After 3
weeks, cells were fixed in ice-cold methanol and stained with
Giemsa. Fibroblast colonies were counted and frequencies were
calculated.

Pretreatment of Human Bone Marrow Aspirates

Next, we aimed to validate the protocol of BMNC isolation by
immunodepletion in human samples. Human bone marrow
aspirates from 3 donors were purchased from Lonza Walkersville
(Lonza, Walkersville, MD; FDA-registered company for the
processing of human cells, tissue and cellular and tissue based
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Figure 1. Representative illustration of the gating strategy in rat samples. The cells of interest were first categorized into cells belonging to
the erythroid lineage (CD45—/Ery+), CD45—/Ery- cells and leukocytes (CD45+/Ery-). The latter were then differentiated into B-cells (CD45R+/CD11b—),
CD11b+ cells (CD45+/CD45R—/CD11b+) and other CD45+ cells (CD45+/CD45R—/CD11b—). Next, CD11b+ cells were separated into RP1+
polymorphonuclear cells (PMN) and RP1- monocytes/dendritic cells (Mo/DC).

doi:10.1371/journal.pone.0050293.g001

products in accordance with the US Code of Federal Regulations
(21 CFR Par 1271)). Human bone marrow was diluted 10-fold
with PBS/3% FCS and 5 mM EDTA and sieved through a 30 um
cell strainer (pluriSelect, Leipzig, Germany) to exclude fat and
bone fragments. After centrifugation for 5 min at 440 g, human
bone marrow was resuspended in PBS/3% FCS and 5 mM
EDTA to the original volume.

Each of the three bone marrow samples was then split into two
experimental groups: (i) whole human bone marrow and (ii) lysed
human bone marrow. For lysis, human bone marrow cells were
incubated with a 4 fold volume of hypotonic ammonium chloride
buffer (0.155 M NH4Cl, 10 mM KHCO3 and 0.1 mM
Na2EDTA) for 10 min at room temperature followed by repeated
washing steps with PBS/3% FCS. Viability and total cell count
were determined by the trypan blue exclusion method in
a hemocytometer. Leukocytes were separately stained and counted
with Turk’s solution.

Immunodepletion of PMNs from Human Bone Marrow
First, PMINs were depleted from lysed human bone marrow by
means of magnetic-activated cell sorting (MACS). One mL of
lysed bone marrow was incubated with 50 pL, CD15 whole blood
MicroBeads (for human PMNs; Miltenyi Biotech) for 20 min at
4°C. Non-adsorbed MicroBeads were eliminated by washing with
PBS/0.5% FCS. The labeled cell suspension was then resus-
pended in 2 mL of PBS/0.5% FCS. Subsequently, magnetic
separation was performed on LS columns using a QuadroMACS
separator according to the manufacturer’s instructions (Miltenyi
Biotech). LS columns were successively loaded with 0.5 mL of

CD15-labeled lysed bone marrow cells and 1 mL of PBS/0.5%
FCS. Both discharge and the magnetically trapped CDI5+
fraction were separately collected, counted and prepared for flow
cytometry.

Alternatively, PMNs were depleted from lysed human bone
marrow using the PluriBead technology (PluriB) that bases on
differentially sized beads (rosetted with according antibodies)
that can be separated by cell strainers (pluriStrainer, pluriSe-
lect). One mL of lysed bone marrow was incubated with anti-
human CD15 whole blood S-pluriBeads (pluriSelect; with a ratio
of 2 pluriBeads per 3 target cells) on a pluriPlix shaker
(pluriSelect) for 30 min at room temperature. Next, the labeled
cell suspension was passed through an S-pluriStrainer (plur-
1Select) accompanied by continuous rinsing with 15 mL of
washing buffer (pluriSelect). Cells that were trapped in the S-
pluriStrainer were detached from the pluriBeads using 1 mL
detachment bufler (pluriSelect) for 10 minutes at room
temperature and flushed through the strainer with 6 mL of
washing buffer. Both fractions were separately collected, counted
and prepared for flow cytometry.

In the next step, we considered to replace lysis by immunode-
pletion of erythrocytes. For immunomagnetic depletion of
erythrocytes, whole human bone marrow was incubated with
300 uL of CD235a MicroBeads (Glycophorin A; for human
erythroid cells; Miltenyi Biotech) for 20 min at 4°C.. Further steps
correspond to those described for the immunomagnetic CD15
depletion (above), except for the loading of the LS columns. Due to
the significantly higher number of magnetically labeled cells (ratio
of leucocytes to erythrocytes in whole bone marrow was 1:200),
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Table 1. Anti-rat monoclonal antibodies used for flow cytometry.
FC panel Cell population

CD45 Erythroid CD45
Antigen Fluorochrome Clone Manufacturer B-cells Mo/DC PMNs other cells —/Ery-
CD45R FITC HIS24 BD + - — - - -
Granulocytes PE RP-1 BD = = + = = =
Erythroid Biotin HIS49 BD - - - - + -
CD45 APC-Cy7 0X-1 BD aF EE + + = =
CD11b Pacific Blue MRC-0X42 Abd Serotec - + + - - -
doi:10.1371/journal.pone.0050293.1001
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1 mL of CD235a-labeled whole bone marrow was loaded onto 3
LS columns. Both discharge and the mobilized CD235a+ cells
were  separately collected, counted and prepared for flow
cytometry. In a second step, discharge was further immunomag-
netically depleted of CD15+ PMNs as described above.

Finally, we used the pluriBead technology to combine multiple
protocol steps by using differentially sized beads to simultancously
deplete erythrocytes and PMNs. Whole human bone marrow was
incubated with anti-human CD235a M-pluriBeads (with a ratio of
1 M-pluriBead per 140 target cells) and CD15 whole blood S-
pluriBeads (with a ratio of 2 pluriBeads per 3 target cells) for
30 min at room temperature on a pluriPlix shaker. Further steps
correspond to those described for the CD15 pluriBead depletion
(above).

Flow Cytometric Characterization of Human BMNC

Cellular composition of human bone marrow cells and sub-
sequently separated cell fractions were analyzed by means of flow
cytometry according to the protocols described for the analysis of
rat  BMNCs (above). Human cellular subpopulations were
identified by expression of specific antigens (Table 2).

Statistical Analysis

Statistical differences were analyzed using t-tests (in case of 2
groups) or by one way analysis of variance (ANOVA; in case of
more than 2 groups) and Holm-Sidak post hoc test. A p-value of
0.05 or less was considered statistically significant. All data was
shown as mean £ standard deviation (SD).

Results

Rat Bone Marrow Cell Yield and Effect of Lysis

Rat bone marrow obtained from femurs and tibiae was pooled
and yielded 1.2x10E9x=2.4x10E8 cells per animal that were
composed of CD45+ leukocytes (62.3£3.7%) and CD45- cells
(37.8%£3.7%; Figure 2A). The latter population primarily belonged
to the erythroid lineage (CD45—/Ery+ cells), but also contained
a small number of CD45—/Ery- cells (Figure 2D). As intended,
short-term incubation of bone marrow cells with lysis buffer
caused a 90% decrease of erythroid cells that was accompanied by
a significant loss of about 35% of the CD45+ leukocytes (Figure 2A,
B). However, we found the leukocyte loss being equally distributed
to the major bone marrow subpopulations (Figure 2B, C). Both
unprocessed and lysed bone marrow consisted of two-third

Separation Method Compromises BMNC Yield

BMNCs and one-third PMNs. The BMNC fraction was further
classified into B-cells (52.1%+5.5%), monocytes/dendritic cells
Mo/DC) (5.1+1.4%) and other CD45+ cells (9.4*1.7%;
Figure 2C). The small CD45—/Ery- cell population was hardly
affected by lysis and increased to approximately 40% of the CD45-
cells within lysed bone marrow (Figure 2D). Interestingly, we
found that the isolation of BMNCs (irrespectively of the method
used; data not shown) resulted in a further enrichment of CD45/
Ery double-negative cells alongside with an additional decrease of
erythroid cells (Figure 2D).

Establishing an Adapted Density Separation Gradient
using Percoll

We used a series of different Percoll separation gradients to
identify the density gradient most suitable to separate MNC and
PMN from rat bone marrow. The main endpoints were BMNC
loss and yield as well as PMN contamination. We found a positive
relation between escalating Percoll densities and BMNC yield
(Figure 3) with highest BMNC yield at densities 1.080 g/mL and
1.084 g/mL. However, at a density of 1.084 g/mL, we observed
a distinct increase of PMN contamination (Figure 3).

Rat BMNC Recovery following Different Isolation
Protocols

We next compared BMNC vyield and composition after
applying either the Percoll gradient selected above (1.080 g/
mL), a standard Ficoll gradient or an immunomagnetic
depletion (MACS) of PMNs. Pre-isolation, 10E7 lysed bone
marrow cell contained about 5.7x10E6 BMNCs, 2.6x10E6
PMNs and 1.7 x10E6 CD45- cells (Figure 4A). As expected, all
isolation protocols caused a nearly complete depletion of PMNs
(Ficoll: 2.5%1.3%, Percoll 11.5*6.1% and MACS 9.5%8.5%
recovery of total PMNs in lysed bone marrow) and, to a lesser
extent, of the CD45- population, particularly of the erythroid
cells (Figure 4A,C). Depletion of the CD45- cell population was
significantly more severe after Ficoll DGC compared to Percoll
DGC and MACS (14.6*8.3% versus 41.2+5.1% and
51.0£6.0% recovery of total CD453- cells in lysed bone
marrow). One major result of this study is the significant
decrease of the BMNC population after each of the isolation
procedures. This cell diminution, however, was especially
pronounced after Ficoll DGC, during which almost 75% of
the BMNC were lost. The adjusted Percoll gradient vielded
two-fold more BMNC than the Ficoll DGC, but still showed

Table 2. Anti-human monoclonal antibodies used for flow cytometry.
FC panel Cell population
Antigen Fluorochrome Clone Manufacturer B-cells T-cells Monocytes  PMNs Erythroid cells MSC HSC
cD15 FITC VIMCé Miltenyi - - - + = N/A N/A
CcD3 PE UCHT1 BD = + = = = N/A N/A
CD235a PE-Cy5 GA-R2 (HIR2) BD - - - - + N/A N/A
cD14 PE-Cy7 M5E2 BD - - + - - N/A N/A
cD19 APC HIB19 BD + - - - - N/A N/A
CD45 APC-Cy7 2D1 BD T+ G 4 4 = = +F
D133 PE AC133 Miltenyi - - - - - - (+)
CD105 PerCPCy5.5 266 BD - - - - - + -
CD34 APC AC136 Miltenyi - - - - - - +
doi:10.1371/journal.pone.0050293.t002

PLOS ONE | www.plosone.org 4 December 2012 | Volume 7 | Issue 12 | 50293



Publikationen

24

Separation Method Compromises BMNC Yield

u B lysis
before after
[ CD45+
[ CD45-
120-
100- T
n 801
8 604 —t %
B
40' 1
20- *
G L L
before after
lysis
C [ B-cells
[ CD45+ other | MNC
B Monocytes/DC =3 Ery-
IR PMN 3 Ery+
601 120- * *
1
P L 1001 I T
T 40- T g0- -
3 $ o0 *
8 20+ O 404 T
e R
R 20- *
c I L] L]
before after before after depl
lysis lysis

Figure 2. Influence of ammonium chloride lysis on rat bone marrow composition. (A) Freshly isolated rat bone marrow consists of 60%
CD45+ and 40% CD45- cells. Lysis caused a significant decrease of CD45- (—85%) and CD45+ (—369%) cells. (B) The forward/sideward scatter diagram
revealed an almost complete depletion of erythroid cells (arrow) whereas other main bone marrow populations remained largely unchanged. (C)
Quantification of the cell fractions revealed that the loss of CD45+ cells due to lysis occurred symmetrically among the main leukocyte
subpopulations. (D) Staining against an erythroid marker supported the finding that most cells of the erythroid line (CD45—/Ery+) disappeared
following lysis whereas other CD45—/Ery- cells were significantly enriched. This was further potentiated after the application of Ficoll, Percoll or MACS

depletion leading to an extended loss of erythroid cells in favor of CD45—/Ery-. Values are means *= SD for 5 samples. *p<<0.05 by t-test.

doi:10.1371/journal.pone.0050293.g002

a BMNC loss of about 50%. By contrast, immunomagnetic
depletion of PMN showed a BMNC deficit of less than 30%
(Figure 4A). Proportions of leukocyte subpopulations within the
respective. BMINC  fractions resembled those of lysed bone
marrow (Figure 4B) indicating symmetric BMNC loss in-
dependent of the isolation protocol.

To investigate the amount and composition of cell loss after
isolation, we analyzed the cells within layer 2 after Percoll DGC
and the eluate after MACS. As expected, we detected large
amounts of PMNs both after Percoll and MACS separation
(61.3%18.0% versus 75.8%=16.5% recovery of total PMNs in lysed
bone marrow). By contrast, the incidence of BMNCs was
significantly increased within the waste after Percoll DGC
compared to MACS (10.6%£1.2% versus 4.4%2.7% recovery of
total BMINC:s in lysed bone marrow; Figure 4D).

PLOS ONE | www.plosone.org

Determination of Rat Progenitor Frequencies

Additional experiments were performed to clarify whether or
not the different isolation protocols influence the progenitor
frequencies within rat BMNCs, To answer this question we used
both CFU-GM and CFU-F to assess the proportion of bipotent
hematopoietic stem cells (HSC) and of non-hematopoietic
progenitors such as mesenchymal stromal cells (MSC). In lysed
bone marrow, the CFU-GM frequency was 0.37£0.08% which
corresponds to 3.5x10E4 HSCs in 1 x10E7 bone marrow cells
(Figure 5A, B). Separation of BMNCs by means of Ficoll DGC
caused an enrichment of HSCs resulting in a CFU-GM frequency
of 0.63%0.12%. This effect was less pronounced after Percoll
DGC  and disappeared after immunomagnetic separation
(0.5%0.13% and 0.37+0.05%; Figure 5A). However, considering
the significant different BMNC yields (Figure 4A), only one-third
of all HSCs were harvested after Ficoll DGC. By contrast, after
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Figure 3. Adjusted density gradient centrifugation by using Percoll. Percoll of different densities (1.071 to 1.084 g/mL) differentially
separated the major subclasses of lysed rat bone marrow. The higher the density, the higher was the BMNC yield (within layer 1) and the lower the
BMNC loss (within layer 2), respectively. The CD45- population remained stable in layer 1 at densities from 1.073 g/mL upwards. At a density of
1.084 g/mL the BMNCs were increasingly contaminated with PMNs. Values are means from 2 pooled samples per density.

doi:10.1371/journal.pone.0050293.g003

adjusted Percoll DGC and immunomagnetic separation, the HSC
yield was two-fold higher as compared to Ficoll DGC and
increased to two-third of the total amount in lysed bone marrow
(Figure 5B). As described previously [29], CFU-I frequency was
extremely low in lysed bone marrow (0.000070.00002%)
representing only 7 of mnon-hematopoietic progenitors per
1 x10E7 bone marrow cells. We did not detect any CFU-F within
the BMINCs after Ficoll, Percoll or immunomagnetic separation
nor within the discharge of the latter two.

Isolation of Human BMNCs

To further validate whether the concept of immunodepletion
is a feasible method to isolate BMNCs also from human
samples, we used four different approaches to deplete both
erythrocytes and PMNs of fresh human bone marrow aspirates.
After harvest and pretreatment, whole human bone marrow
contained 22.6x3.6x10E6 CD45+ leukocytes per mL com-
pared to 4.68x10E9X3x10E8 CD45- cells per mL, compro-

mising predominately CD235+ erythrocytes. Thus, a ratio of

leukocytes and erythroid cells of 1:200 determined
(Figure 6A). Depletion of erythrocytes was hence indispensable
for the further flow cytometric characterization and antibody-

based processing of human bone marrow. Standard lysis led to

was

a significant decrease of CD45- cells yielding a ratio of
Immunodepletion of

leukocytes and erythroid cells of 1:5.

erythrocytes by either MACS or pluriBeads (PluriB) was even
more eflective and resulted ratio of 20:1 and I:1,
respectively (Figure 6A).

Next, we isolated BMNCs from lysed bone marrow by
immunodepletion of CD15+ PMNs using either MACS or PluriB.
Both methods were effective to significantly decrease PMN

n a

numbers to less than 1% of the content in whole bone marrow
and recovered almost 60% of the lysed bone marrow MNCs
(Figure 6B). The combined depletion of erythrocytes and PMNs by
either MACS (two-step approach) or PluriB (one-step approach)
showed a comparable BMINC yield and purity except for a slightly,
statistically not significant higher BMNC vield after PluriB
depletion (Figure 6B).

PLOS ONE | www.plosone.org

Flow Cytometric Determination of Human Progenitor

Cell Populations

In addition to the BMNC vyield and the remaining PMN
content, we used flow cytometry to quantify progenitor popula-
tions within the obtained BMNC populations. Hematopoietic stem
cells (HSCs) were identified as CD34+, CD105- and CD45dim
cells which appeared along the lymphoid population in the
forward/sideward scatter plot (Figure 6C; 1). In contrast, CD105+
and CD45- mesenchymal stromal cells (MSCs) were characterized
by increased size and granularity (Figure 6C; 2). The HSC
population was further differentiated into CD133- and CD133+
cells (Figure 6C; 3). Overall, the CD133+ HSCs accounted for
approximately 40% of the CD34+ cells in all experimental groups
(data not shown).

Flow cytometric quantification of HSCs and MSCs was not
feasible in human whole bone marrow, owing to the extremely low
rate of progenitor cells (approximately 0.005% (HSCs) and
0.0005% (MSCs) of all events in whole bone marrow). However,
after lysis of human bone marrow, we ascertained
10.2£0.2x10E4 HSCs and 1.6£0.2x10E4 MSCs per mL
(Figure 6D). The subsequent isolation of BMINCs was responsible
for a significant loss of both HSCs and MSCis (on average of 30%
for HSCs and of 55% for MSCs). The decrease of HSCs was
thereby mostly pronounced after one-step depletion of erythro-
cytes and PMNs using PluriB (Figure 6D). However, the pro-
portion of progenitors to the amount of total nucleated cells (i.e.
frequency) increased after BMNC isolation, simply as a conse-
quence of selective PMIN depletion. Thus, the HSC frequencies
increased from 0.76%£0.04% in lysed bone marrow to
3.51£0.16%  (lysistMACS),  2.97£0.05%  (lysis+PluriB),
3.8+0.06% (MACS+MACS) and 1.58%+0.3% (PluriB combina-
tion). The MSC frequencies increased from 0.1220.007% in lysed
bone marrow to 0.34%0.01% (lysis+tMACS), 0.37x0.11% (ly-
sistPluriB), 0.44%20.04% (MACS+MACS) and 0.26%0.04%
(PluriB combination).

Discussion

In this study, we provide evidence that the application of

density gradient centrifugation (DGC) for isolation of the
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Figure 4. Rat BMNC yield following different isolation procedures. (A) Compared to lysed bone marrow, each of the isolation procedures
caused an almost complete depletion of PMNs (C; arrows indicate the remaining RP1+ PMNs). As an unwanted side effect, this was accompanied by
a significant loss of BMNCs and CD45- cells (A). BMNC loss was maximal after Ficoll DGC followed by Percoll DGC and MACS separation (*p<<0.05).
Both Percoll and MACS preserved the CD45- population compared to Ficoll (A; *p<<0.05). Further analysis revealed a symmetric cell loss among the
BMNC subpopulations (B; C, representative forward/sideward scatter diagrams). (D) For both Percoll and MACS, primarily RP1+ PMNs but also
particular BMNC populations were detected within the waste (Percoll: layer 2; MACS: content of the columns). Values are means + SD for 5 samples.

*%5<0.05 by one-way ANOVA.
doi:10.1371/journal.pone.0050293.g004

mononuclear cell fraction from rat bone marrow (BMNC) is
confounded by a significant loss of the cells of interest. When
using Ficoll as density medium, only 25% of the BMNCs being
detectable in lysed bone marrow were recovered. These findings
are consistent with other studies investigating human bone
marrow that show BMNC recovery rates between 15 to 30%
after Ficoll DGC [17,19]. Interestingly, we found that DGC
using Percoll with an equal density to that of Ficoll (1.084 g/
mL) vyielded significantly more BMNCs (Figure 3), suggesting
that excessive cell loss during Ficoll DGC is a consequence of

PLOS ONE | www.plosone.org

density medium-related cytotoxicity [30]. Moreover, Ficoll based
DGC has been primarily established for separation of blood into
its components. In contrast to peripheral blood mononuclear
cells (PBMNCs), BMNCs exhibit an increased variability of cell
maturity and consequently of buoyant density [31]. Hence,
BMNCs with densities deviating from those of PBMNCs might
less likely accumulate within the correct Ficoll density layer. To
address this problem, we used a series of different layer densities
by diluting Percoll and found that the optimal density range for
isolating rat BMNCs is in between 1.080 to 1.084 g/mlL,
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doi:10.1371/journal.pone.0050293.g005

bounded above by unwanted polymorphonuclear cell (PMN)
contamination and below by decreasing BMNC vyields (Figure 3).
However, even alter adjustment of the density layers, density
gradient separation of BMNCs was generally confounded by
a cell loss of at least 50%. This i1s highly relevant for clinical
practice, since meta-analyses revealed a clear dose-dependency
of autologous BMNC transplantation [20]. A profound cell loss
during DGC may hence directly attenuate therapeutic efficacy.

Coonsequently, we looked for an alternative method to separate
BMNC:s with a higher yield, and decided to immunomagnetically
deplete PMNs as it has been described for human blood samples
from patients with sepsis or burn [28]. Immunomagnetic
separations by either positive or negative selection of special cell
populations can be conducted under conditions of good
manufacturing practice [32] and have already been applied in
several clinical studies [33-35]. In our experiment with rat
samples, we show that this approach achieved a significantly
higher BMINC yield compared to both DGC-based methods
(Figure 4A), while the leukocyte composition was identical. We
therefore conclude that immunomagnetic separation could be an
appropriate method to isolate bone marrow mononuclear cells for
transplantation purposes offering the advantage of higher BMNC
doses for patients. To further wvalidate this hypothesis, we
performed a proof-of-concept study with fresh human bone
marrow samples from three healthy donors. We found that
immunomagnetic separation (MACS) of CD15+ PMNs from lysed
human bone marrow was feasible and yielded a BMINC recovery
of 55%. An alternative method for immunoselection based upon
differently sized beads (PluriB) recovered slightly more cells (58%)
with comparable effort and almost equal final composition of
BMNCs. Generally, human BMNC yields were lower compared
to what we observed in our rat study (72%), but we assume that
a further optimization of the human proof-of-concept protocol, as
it has been extensively done for the rat protocol, would
approximate the BMNC yields.

One further important advantage of using immunoselection
compared to density gradient centrifugation is the flexibility to
adapt the protocol to a supposed mechanism of action by either
depletion of adverse or enrichment of beneficial cell populations.
We verified this concept in human bone marrow samples by
immunoselection of both PMNs and erythrocytes, since it was
shown that the content of erythroid cells directly impaired the
function of BMNCs [15]. Interestingly, immunomagnetic de-
pletion of erythrocytes resulted in a highly purified CD45+ cell

PLOS ONE | www.plosone.org

population (ca. 5% erythroid cells; Figure 6A) compared to lysis
(ca. 80% erythroid cells) or Ficoll DGC (ca. 70% erythroid cells
[15]).

Hematopoietic CD34+ stem cells (HSC) account for approxi-
mately 1.5% of the BMINCs and have been discussed to have
a crucial impact on the observed therapeutic effects [33]. DGC-
based separation of BMNCs was hence often justified to augment
these progenitors within the cell graft [27]. In fact, we and others
[12] found a significant enrichment of HSCs after Ficoll DGC. An
increased resistance against the toxicity of the density medium or
a suitable buoyant density (.e. close to lymphocytes) might explain
HSC enrichment after Ficoll DGC. Nevertheless, due to the
significant loss of BMNCis, the overall HSC yield was significantly
decreased after Ficoll DGC. Enrichment might thus be beneficial
in preclinical studies with a fixed, non-autologous BMNC
transplantation scheme. However, in a clinical and autologous
setting, DGC might rather result in a loss of effector cells. In fact,
the amount of CD34+ cells in human whole bone marrow was
described to be 1.5x10E5 per mL [36] whereas several clinical
trials yielded between 1.4 to 7.2x10E4 CD34+ cells per mL
[12,13]. After immunoselection of PMNs from lysed human bone
marrow, we found 7.5x10E4 CD34+ cells per mL which is
considerably higher compared to that what was reported recently
in large scale clinical studies.

It is still controversially discussed which cell population within
BMNC:s is actually required for beneficial eflects and which is not.
Thus, for example, one recent study described the B-cells as being
the effective cell population within the BMNCs [37]. In the
present study we observed a distinct CD45- cell population within
the rat bone marrow cells which clearly did not belong to the
crythroid line (Figure 2D). In total the CD45- population was
almost completely depleted after Ficoll DGC (15% recovery of
total CD45- cells i lysed bone marrow), a finding that is
supported by Medina et al. [38] who found many non-erythroid
CD45- cells within the usually discarded pellet after DGC. By
contrast, in our rat study, both Percoll and MACS separation
conserved a large proportion of this population (41% and 57% of
lysed bone marrow; Figure 4A). Interestingly, these CD45- cells
seem to contain specific stem cell populations such as MSCs,
VSEL, epithelial progenitors [38], multilineage inducible cells [39]
and endothelial progenitor cells [40] and might thus be relevant
for therapeutic effects of BMINCs. In line with these observations,
it was recently described that most of the bone marrow MSCs
were discarded during Ficoll DGC duc to their aggregate nature
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Figure 6. Isolation of BMNCs from fresh human bone marrow aspirates and determination of progenitor cells. (A) Fresh whole bone
marrow (BM) contained a high proportion of CD45- erythroid cells. The amount of erythroid cells could be significantly decreased by lysis or by
immunodepletion (MACS or PluriB) of erythrocytes whereas highest purity of CD45+ leukocytes was attained after immunomagnetic depletion
(MACS). (B) Lysis of whole bone marrow caused a significant loss of BMNCs (*p<<0.05 versus whole bone marrow) that was further extended by PMN
depletion with either MACS or PluriB (¥p<0.05 versus lysed bone marrow). The combined depletion of erythrocytes and PMNs by sequential MACS or
by combined PluriB yielded comparable BMNC counts. The amount of remaining PMNs was constant at a low level after each of the isolation
procedures. (C) Gating strategy for progenitor characterization. CD34+ hematopoietic stem cells (HSCs; C 1) featured a uniform, lymphoid-like
phenotype and were partially CD133+ (C 3). In contrast, CD105+ mesenchymal stromal cells (MSC; C 2) exhibited increased variability of size and
granularity. (D) Quantification of progenitors revealed that HSCs and MSCs were lost due to the different BMNC isolation procedures (p<<0.05 versus
lysed bone marrow). Cell loss was comparable in all experimental approaches except for the combined one-step depletion (PluriB), where the HSC
yield was significantly lower compared to the other isolation protocols (*p<0.05 versus lysis+MACS, lysis+PluriB and MACS+MACS). Values are means
+ SD for 3 samples. *#p<C0.05 by one-way ANOVA.

doi:10.1371/journal.pone.0050293.9006

[23], and that whole bone marrow, but not BMNCs obtained by loss that includes a decrease of therapeutically relevant stem cell
Ficoll DGC improved functional recovery after experimental populations. A higher cell yield can be obtained by using
myocardial infarction [41]. Collectively, these considerations a customized Percoll protocol or by immunodepletion of un-
question whether the concept of stem cell enrichment during wanted constituents such as erythrocytes and granulocytes.

Ficoll DGC-based BMNC separation is true and reasonable in the
setting of clinical studies.

In conclusion, our findings show that the isolation of BMNCs by
density gradient centrifugation causes a distinct and symmetric cell
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Publikationen

29

Acknowledgments

We would like to thank Dr. Gesa Weise and Dr. Alexander Deten for
critically reviewing the manuscript and for helpful discussions. We also
thank Dr. Jan-Michael Heinrich for valuable technical advice.

References

~1

. Thomas ED, Lochte HL Jr, Lu WC, Ferrebee JW (1957) Intravenous infusion of

bone marrow in patients receiving radiation and chemotherapy. N Engl | Med

257: 491-496.

. Matoba S, Tatsumi T, Murohara T, Imaizumi T, Katsuda Y et al. (2008) Long-

term clinical outcome after intramuscular implantation of bone marrow
mononuclear cells (Therapeutic Angiogenesis by Cell Transplantation [TACT]
trial) in patients with chronic limb ischemia. Am Heart J 156: 1010-1018.

. Tateishi-Yuyama E, Matsubara H, Murchara T, lkeda U, Shintani S et al.

(2002) Therapeutic angiogenesis for patients with limb ischaemia by autologous
transplantation of bone-marrow cells: a pilot study and a randomised controlled
trial. Lancet 360: 427-435.

. Savitz SI, Misra V, Kasam M, Juneja H, Cox CS Jr et al. (2011) Intravenous

autologous bone marrow mononuclear cells for ischemic stroke. Ann Neurol 70:
59-69.

5. Friedrich MA, Martins MP, Araujo MD, Klamt C, Vedolin L et al. (201 1) Intra-

Arterial Infusion of Autologous Bone-Marrow Mononuclear Cells in Patients
with Moderate to Severe Middle-Cerebral-Artery Acute Ischemic Stroke. Cell
Transplant 21 Suppl. 1: $13-21.

. Abdel-Latif A, Bolli R, Tleyjeh IM, Montori VM, Perin EC et al. (2007) Adult

bone marrow-derived cells for cardiac repair: a systematic review and meta-
analysis. Arch Intern Med 167: 989-997.

. Straver BE, Brehm M, Zeus T, Kostering M, Hernandez A et al. (2002) Repair

of infarcted myocardium by autologous intracoronary mononuclear bone
marrow cell transplantation in humans. Circulation 106: 1913-1918.

. Clifford DM, Fisher SA, Brunskill S, Doree C, Mathur A et al. (2012) Stem cell

treatment for acute myocardial infarction. Cochrane Database Syst Rev 2:

CD006536.

. Korf-Klingebiel M, Kempf T, Sauer T, Brinkmann E, Fischer P et al. (2008)

Bone marrow cells are a rich source of growth factors and cytokines: implications
for cell therapy trials after myocardial infarction. Eur Heart J 29: 2851-2858.

. Lachtermacher S, Esporcatte BL, da Silva de Azevedo Fortes, Rocha NN,

Montalvao I et al. (2012) Functional and transcriptomic recovery of infarcted
mouse myocardium treated with bone marrow mononuclear cells. Stem Cell

Rev 8: 251-261.

. Rosenzweig A (2006) Cardiac cell therapy-mixed results from mixed cells.

N Engl ] Med 355: 1274-1277.

. Schachinger V, Erbs S, Elsasser A, Haberbosch W, Hambrecht R et al. (2006)

Intracoronary bone marrow-derived progenitor cells in acute myocardial
infarction. N Engl J Med 355: 1210-1221.

. Lunde K, Solheim S, Aakhus S, Arnesen H, Abdelnoor M et al. (2006)

Intracoronary injection of mononuclear hone marrow cells in acute myocardial
infarction. N Engl ] Med 355: 1199-1209.

. Seeger FH, Tonn T, Krzossok N, Zeiher AM, Dimmeler S. (2007) Cell isolation

procedures matter: a comparison of different isolation protocols of bone marrow
mononuclear cells used for cell therapy in patients with acute myocardial
infarction. Eur Heart J 28: 766-772.

. Assmus B, Tonn T, Seeger FH, Yoon CH, Leistner D et al. (2010} Red blood

cell contamination of the final cell product impairs the efficacy of autologous
bone marrow mononuclear cell therapy. | Am Coll Cardiol 55: 1385-1394.

. Mouquet F, Lemesle G, Delhaye C, Charbonnel C, Ung A et al. (2011) The

presence of apoptotic bone marrow cells impairs the efficacy of cardiac cell
therapy. Cell Transplant 20: 1087-1097.

. van Beem RT, Hirsch A, Lommerse IM, Zwaginga ]J, Noort WA et al. (2008)

Recovery and functional activity of mononuclear bone marrow and peripheral
blood cells after different cell isolation protocols used in clinical trials for cell
therapy after acute myocardial infarction. Eurolntervention 4: 133-138.

. Jaatinen T, Laine J (2007) Isolation of mononuclear cells from human cord

blood by Ficoll-Paque density gradient. Curr Protoc Stem Cell Biol Chapter 2:
Unit.

. Aktas M, Radke TF, Straver BE, Wernet P, Kogler G. (2008) Separation of

adult bone marrow mononuclear cells using the automated closed separation
system Sepax. Cytotherapy 10: 203-211.

. Martin-Rendon E, Brunskill S], Hyde CJ, Stanworth SJ, Mathur A et al. (2008)

Autologous bone marrow stem cells to treat acute myocardial infarction:
a systematic review. Eur Heart J 29: 1807-1818.

. Renzi P, Ginns LC (1987) Analysis of T cell subsets in normal adults,

Comparison of whole blood lysis technique to Ficoll-Hypaque separation by flow
cytometry. J Immunol Methods 98: 53-36.

PLOS ONE | www.plosone.org

Separation Method Compromises BMNC Yield

Author Contributions

Conceived and designed the experiments: CP KM JB DCW. Performed
the experiments: CP KM WF IS. Analyzed the data: CP KM DCW. Wrote
the paper: CP DCW.

22.

23,

24,

34

37.

39.

40.

41.

Romeu MA, Mestre M, Gonzalez L, Valls A, Verdaguer | et al. (1992)
Lymphocyte immunophenotyping by flow cytometry in normal adults.
Comparison of fresh whole blood lysis technique, Ficoll-Paque separation and
cryopreservation. | Immunol Methods 154: 7-10.

Ahmadbeigi N, Soleimani M, Babaeijandaghi F, Mortazavi Y, Gheisari Y et al.
(2012) The aggregate nature of human mesenchymal stromal cells in native bone
marrow. Cytotherapy 14: 917-924.

Bhartiva D, Shaikh A, Nagvenkar P, Kasiviswanathan S, Pethe P et al. (2012)
Very small embryonic-like stem cells with maximum regenerative potential get
discarded during cord blood banking and bone marrow processing for
autologous stem cell therapy. Stem Cells Dev 21: 1-6.

. Nieto JC, Canto E, Zamora C, Ortiz MA, Juarez C et al. (2012) Selective loss of

chemokine receptor expression on leukocytes after cell isolation. PLoS One 7:
€31297.

. Naranbhai V, Bartman P, Ndlovu D, Ramkalawon P, Ndung'u T et al. (2011)

Impact of blood processing variations on natural killer cell frequency, activation,
chemokine receptor expression and function. ] Immunol Methods 366: 28-35.

. Rosca AM, Burlacu A (2010) Isolation of a mouse hone marrow population

enriched in stem and progenitor cells by centrifugation on a Percoll gradient.
Biotechnol Appl Biochem 55: 199-208.

. Precbrazhensky SN, Bahler DW (2009) Immunomagnetic bead separation of

mononuclear cells from contaminating granulocytes in cryopreserved blood
samples. Cryobiology 59: 366-368.

Baksh D, Song L, Tuan RS. (2004) Adult mesenchymal stem cells:
characterization, differentiation, and application in cell and gene therapy.
J Cell Mol Med 8: 301-316.

. Luttmann W, Bratke K, Kupper M, Myrtek DD (2006) Immunology. Academic

Press. 264 p.

Stelzer GT, Marti G, Hurley A, McCoy P Jr, Lovett EJ et al. (1997) U.S.-
Canadian Consensus recommendations on the immunophenotypic analysis of
hematologic neoplasia by flow cytometry: standardization and validation of
laboratory procedures. Cytometry 30: 214-230.

Ghodsizad A, Klein HM, Borowski A, Stoldt V, Feifel N et al. (2004)
Intraoperative isolation and processing of BM-derived stem cells. Cytotherapy 6:
523-526.

. Tendera M, Wojakowski W, Ruzyllo W, Chojnowska L, Kepka C et al. (2009)

Intracoronary infusion of bone marrow-derived selected CD34+CXCR4+ cells
and non-selected mononuclear cells in patients with acute STEMI and reduced
left ventricular ejection fraction: results of randomized, multicentre Myocardial
Regeneration by Intracoronary Infusion of Selected Population of Stem Cells in
Acute Myocardial Infarction (REGENT) Trial. Eur Heart J 30: 1315-1321.
Yerebakan C, Kaminski A, Westphal B, Donndorf P, Glass A et al. (2011)
Impact of preoperative left ventricular function and time from infarction on the
long-term benefits after intramyocardial CD133(+) bone marrow stem cell
transplant. ] Thorac Cardiovase Surg 142: 1530-1539.

. Federmann B, Bornhauser M, Meisner C, Kordelas L, Beelen DW et al. (2012)

Haploidentical allogeneic hematopoietic cell transplantation in adults using
CD3/CD19 depletion and reduced intensity conditioning: a phase IT study.
Haematologica 97: 1523-31.

. Lannert H, Able T, Becker S, Sommer M, Braun M et al. (2008) Optimizing

BM harvesting from normal adult donors. Bone Marrow Transplant 42: 443
447.

Goodchild TT, Robinson KA, Pang W, Tondato F, Cui ] et al. (2009) Bone
marrow-derived B cells preserve ventricular function after acute myocardial
infarction. JACC Cardiovasc Interv 2: 1005-1016.

. Medina RJ, Kataoka K, Miyazaki M, Huh NH (2006) Efficient differentiation

into skin cells of bone marrow cells recovered in a pellet after density gradient
fractionation. Int ] Mol Med 17: 721-727.

D’Ippolito G, Diabira S, Howard GA, Menei P, Roos BA et al. (2004) Marrow-
isolated adult multilineage inducible (MIAMI) cells, a unique population of
postatal young and old human cells with extensive expansion and differenti-
ation potential. J Cell Sci 117: 2971-2981.

Timmermans F, Plum J, Yoder MC, Ingram DA, Vandekerckhove B et al.
(2009) Endothelial progenitor cells: identity defined? ] Cell Mol Med 13: 87
102.

Koskenvuo JW. Sievers RE, Zhang Y, Angeli FS, Lee B et al. (2012)
Fractionation of mousc bone-marrow cells limits functional cfficacy in non-
reperfused mouse model of acute myocardial infarction. Ann Med: epub ahead
of print.

December 2012 | Volume 7 | Issue 12 | 50293



Publikationen 30

2.2 Bone marrow cell transplantation time-dependent  ly
abolishes efficacy of G-CSF after stroke in hyperte  nsive
rats

Titel: Bone marrow cell transplantation time-dependently abolishes

efficacy of G-CSF after stroke in hypertensive rats

Autoren: Claudia Pdsel, Johanna Scheibe, Alexander Kranz, Viktoria Bothe,
Elfi Quente, Wenke Frohlich, Franziska Lange, Wolf-Ridiger
Schabitz, Jens Minnerup, Johannes Boltze*, Daniel-Christoph
Wagner*
* geteilte Autorenschaft

eingereicht am: 10.12.2013

akzeptiert am: 21.05.2014

Veroffentlichung: Stroke 2014; 45 (8):2431-2437



Publikationen 31

JOURNAL OF THE AMERICAN HEART ASSOCIATION D

American  American

Heart | Stroke
Association | Associatione.

Bone Marrow Cell Transplantation Time-Dependently Abolishes Efficacy of Granulocyte
Colony-Stimulating Factor After Stroke in Hypertensive Rats
Claudia Posel, Johanna Scheibe, Alexander Kranz, Viktoria Bothe, Elfi Quente, Wenke
Frohlich, Franziska Lange, Wolf-Riidiger Schibitz, Jens Minnerup, Johannes Boltze and
Daniel-Christoph Wagner

Stroke. 2014:45:2431-2437; originally published online July 1, 2014;
doi: 10.1161/STROKEAHA.113.004460
Stroke is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2014 American Heart Association, Inc. All rights reserved.
Print ISSN: 0039-2499. Online ISSN: 1524-4628

The online version of this article, along with updated information and services, is located on the
World Wide Web at:
http://stroke.ahajournals.org/content/45/8/2431

Data Supplement (unedited) at:
http://stroke.ahajournals.org/content/suppl/2014/07/01/STROKEAHA.113.004460.DC1 .html

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Stroke can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial Office.
Once the online version of the published article for which permission is being requested is located, click
Request Permissions in the middle column of the Web page under Services. Further information about this
process is available in the Permissions and Rights Question and Answer document.

Reprints: Information about reprints can be found online at:
http://www.lww.com/reprints

Subscriptions: Information about subscribing to Stroke is online at:
http://stroke.ahajournals.org//subscriptions/

Downloaded from http://stroke.ahajournals.org/ by guest on July 30, 2014



Publikationen

32

Bone Marrow Cell Transplantation Time-Dependently
Abolishes Efficacy of Granulocyte Colony-Stimulating
Factor After Stroke in Hypertensive Rats

Claudia Posel, Dipl Ing (FH); Johanna Scheibe, PhD; Alexander Kranz, MD; Viktoria Bothe, MSc;
Elfi Quente; Wenke Frohlich; Franziska Lange, PhD; Wolf-Riidiger Schibitz, MD;
Jens Minnerup, MD; Johannes Boltze, MD, PhD*; Daniel-Christoph Wagner, MD*

Background and Purpose—We aimed to determine a possible synergistic effect of granulocyte colony-stimulating factor
(G-CSF) and bone marrow—derived mononuclear cells (BM MNC) after stroke in spontaneously hypertensive rats.

Methods—Male spontaneously hypertensive rats were subjected to middle cerebral artery occlusion and randomly assigned
to daily injection of 50 pg/kg G-CSF for 5 days starting | hour after stroke (groups 1, 2, and 3) with additional intravenous
transplantation of 1.5x10E7 BM MNC per kilogram at 6 hours (group 2) or 48 hours (group 3) after stroke, or control
treatment (group 4). Circulating leukocyte counts and functional deficits, infarct volume, and brain edema were repeatedly

assessed in the first week and first month.

Results—G-CSF treatment led to a significant neutrophilia, to a reversal of postischemic depression of circulating
leukocytes, and to a significantly improved functional recovery without affecting the infarct volume or brain edema. BM
MNC cotransplantation was neutral after 6 hours, but reversed the functional effect of G-CSF after 48 hours. Short-term
investigation of combined G-CSF and BM MNC treatment at 48 hours indicated splenic accumulation of granulocytes
and transplanted cells, accompanied by a significant rise of granulocytes in the circulation and the ischemic brain.

Conclusions—G-CSF improved functional recovery in spontaneously hypertensive rats, but this effect was abolished by
cotransplantation of BM MNC after 48 hours. In the spleen, transplanted cells may hinder the clearance of granulocytes
that were massively increased by G-CSFE. Increased circulation and infiltration of granulocytes into the ischemic brain
may be detrimental for stroke outcome. (Stroke. 2014;45:2431-2437.)

Key Words: cell- and tissue-based therapy m granulocyte colony-stimulating factor m immune system m stroke

troke remains a major challenge of modern medicine,
belonging to the most frequent causes of death and per-
manent disability, whereas causal treatment is not applicable
to most patients. Unfortunately, many promising drug candi-
dates got lost in translation, with the hematopoietic hormone
granulocyte colony-stimulating factor (G-CSF) being one of
the most recent examples.' However, this result strikingly con-
trasts with the convincing preclinical data for G-CSF** and
may be owed to the fact that therapeutic effect sizes decline
with increasing study population heterogeneity and complex-
ity. Hence, enhancing the therapeutic effect, for instance, by
synergistic combination® of G-CSF with another favorable
approach may afford its clinical use.
Evidence exists that the mobilization of bone marrow (BM)
cells, either as endogenous response,” or by G-CSF treatment® is

protective after stroke and significantly improves neurological
outcome. However, the latter process requires a successive deg-
radation of cell-arresting stromal cell-derived factor 1 within
the BM and thus begins delayed after stroke. By contrast,
intravenously transplanted BM-derived mononuclear cells (BM
MNC) rapidly increase cerebral blood flow and reduced tissue
damage after acute and chronic brain ischemia.*® We, therefore,
hypothesized that the delayed mobilization by G-CSF could be
compensated by early cotransplantation of BM MNC, which is
also an established preclinical stroke therapy.'®

To test this hypothesis, we applied a classical G-CSF regime
extended by cotransplantation of syngeneic BM MNC at 6 or 48
hours after experimental stroke. The study was planned in line
with recommendations for good preclinical stroke research,"
including the use of comorbid animals and long-term monitoring

Received December 10, 2013; final revision received May 14, 2014; accepted May 21, 2014.

From the Fraunhofer Institute for Cell Therapy and Immunology, Leipzig, Germany (C.P., J.S., A.K., EQ., WF, FL., I.B., D.-C.W.); Translational
Centre for Regenerative Medicine, Leipzig, Germany (A.K., V.B., EQ., WE, I.B., D.-C.W.); EVK Bielefeld, Bethel, Neurologische Klinik, Bielefeld,
Germany (W.-R.S.); Department of Neurology, University of Miinster, Germany (J.M.); and Massachusetts General Hospital and Harvard Medical School,

Boston (J.B.).
Guest Editor for this article was Costantino Iadecola, MD.
#Drs Boltze and Wagner contributed equally.

The online-only Data Supplement is available with this article at http://stroke.ahajournals.org/lookup/suppl/doi:10.1161/STROKEAHA.113.

004460/-/DC1.

Correspondence to Claudia Posel, Dipl Ing (FH), Fraunhofer Institute for Cell Therapy and Immunology, Perlickstrasse 1, 04103 Leipzig, Germany.

E-mail claudia.poesel @izi.fraunhofer.de
© 2014 American Heart Association, Inc.

Stroke is available at http://stroke.ahajournals.org

DOI: 10.1161/STROKEAHA.113.004460

Downloaded from http://stroke.ah@¢8inals.org/ by guest on July 30, 2014



Publikationen

33

2432 Stroke August 2014

of functional and imaging end points. Surprisingly, our study
showed that combining G-CSF and BM MNC at 48 hours had
significant adverse effects on the neurological outcome. Further
mechanistic experiments indicated an interaction of granulo-
cytes, which were massively mobilized by G-CSF, and trans-
planted BM MNC in the spleen. The consecutive spillover of
granulocytes may finally explain the unfavorable outcome.
Although our experiments failed to provide a novel preclinical
approach for stroke, it emphasizes the importance of the immune
system for the development and translation of stroke therapies.

Materials and Methods

A detailed description of materials and methods is provided in the
online-only Data Supplement.

Experimental Stroke

Animal experiments were performed according to the Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996) and
approved by legal authorities (TVV 12/11). Spontaneously hyperten-
sive rats (SHR; Charles River, Sulzfeld, Germany; 12 weeks of age)
were anesthetized with ketamine/xylazine and subjected to perma-
nent right middle cerebral artery occlusion (pMCAO).

Experimental Set Up and Treatment

Animals were randomly assigned to following experimental groups:
(1) G-CSF monotherapy (G-CSF; n=18) with daily intraperitone-
al injection of 50 pg/kg body weight G-CSF for 5 days starting 1
hour after pMCAQ; (2) G-CSF plus intravenous transplantation of
1.5x10E7 BM MNC per kilogram body weight at 6 hours after pM-
CAO (G-CSF+BM MNC 6 hours; n=18); (3) G-CSF plus intravenous
transplantation of 1.5x10E7 BM MNC per kilogram body weight at
48 hours after pMCAO (G-CSF+BM MNC 48 hours; n=18); (4) con-
trol group (control; n=18) receiving phosphate buffered saline instead
of G-CSF and BM MNC. Stroke induction, treatments, and analyses
were performed by investigators blinded to group allocation.

Study End Points

Infarct volume and space-occupying effect were determined by mag-
netic resonance imaging at days 1, 3, 7, and 30. Neurological deficits
were assessed by the adhesive removal test at days 2, 7, 14, 21, and 28.
Circulating leukocytes were identified by specific antigens (Table I in the
online-only Data Supplement) within the first week after stroke using flow
cytometry. Cytokine levels were repeatedly measured by multiparametric
enzyme-linked immunosorbent assay. At day 30 after stroke, expressions
of plasticity and inflammation-related genes were assessed by quantitative
real-time polymerase chain reaction. T cells were visualized by immuno-
fluorescence staining and counted within the infarct border and the entire
ischemic hemisphere.

Biodistribution and Short-Term Effects of Cell
Transplantation

In a subgroup analysis, animals were randomly assigned to groups 1,
3, and 4 (n=3 per group). Distribution of PKH26-labeled BM MNC
and immune cell frequencies were determined in the blood, BM, and
single cell lysates of the spleen and brain at 52 hours after stroke by
flow cytometry. Splenic gene expression of pro- and anti-inflammato-
ry cytokines was investigated by real-time polymerase chain reaction.

Results

Study Enrollment

All animals except for 1 control (1.4%) survived pMCAOQO.
One animal of G-CSF+BM MNC 6 hours group was excluded

because of partial infarction. Two animals (one in control and
one in G-CSF+BM MNC 6 hours) died during day 3 magnetic
resonance imaging. Further animals were excluded solely from
magnetic resonance imaging because of technical problems
(Table II in the online-only Data Supplement). Finally, 1 animal
with G-CSF monotherapy was excluded from behavioral tests
because of lack of compliance.

Characterization of Cell Graft

Previously isolated and cryopreserved syngeneic BM MNC
grafts were thawed and characterized by flow cytometry. We
observed only minor variation of the main leukocyte popula-
tions among the different cohorts (n=8). Mature B cells com-
promised the major part of the graft (48.2+6.5%), followed by
myeloid CD11b* cells (22.2+3.0%), T cells (4.9+0.5%), and
remaining uncharacterized leukocytes (CD450nly: 27.2+3.7%).
7.1+1.3% of BM MNC expressed the CXC chemokine recep-
tor-4 (CXCR4), whereas we did not found detectable CXCR4
expression by CD34* cells. Hematopoietic progenitor cells
analyzed by coexpression of CD45 and CD34 accounted for
5.0+1.5% of all BM MNC with a frequency of 2.0+0.3% for
granulocyte/monocyte progenitors determined by colony-form-
ing unit—granulocyte/macrophage. Analysis of programmed cell
death among the graft revealed 23.5+3.3% early apoptotic cells,
6.7+2.5% late apoptotic cells, and 1.9+1.0% necrotic cells.

Peripheral Leukocyte Counts

The impact of G-CSF administration and additional BM MNC
transplantation on peripheral leukocyte counts was analyzed 6,
48, 52, 96, and 144 hours after pMCAO. Expectably, G-CSF
treatment caused a distinct increase of peripheral leukocyte
counts, reaching its peak at 48 hours with a successive normal-
ization until 144 hours after stroke. However, additional admin-
istration of BM MNC after either 6 or 48 hours did not impact
overall leukocyte counts (Figure 1). The increase of leukocytes
was predominantly driven by granulocytes and, to a much lesser
extent, by monocytes, T cells, B cells, and natural killer cells
(Figure 1). Four hours after transplantation of BM MNC at 48
hours, we observed a statistically significant increase of granulo-
cyte counts in the G-CSF+BM MNC 48 hours group compared
with the G-CSF monotherapy (Figure 1). When comparing
leukocyte counts of stroke and naive animals, we observed a
considerable decrease of T and B cells, monocytes and natural
killer cells 48 hours after stroke. This observation is consistent
with recent studies and corresponds to the phenomenon of post-
stroke immunodepression.'? Although the suppression of T cells,
monocytes, and natural killer cells was limited to 48 hours, we
found a persistent depression of B cells (Figure 1). Interestingly,
at 48 hours after stroke, poststroke cellular immunodepression
was largely reversed by G-CSF treatment, independent of a con-
comitant cell therapy. Moreover, G-CSF provoked a significant
downregulation of CXCR4 on peripheral blood mononuclear
cells at 48 hours (Figure 1). CXCR4 expression completely
recovered in groups with G-CSF monotherapy or additional early
(6 hours) BM MNC administration, but remained suppressed in
the G-CSF+BM MNC 48 hours group. Finally, differentiation of
T cells into T helper cells, cytotoxic T cells, CD4/CD8 double-
positive, as well as CD4/CD8 double-negative T cells (data not
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Figure 1. Influence of experimental treatments on
peripheral leukocyte counts. Cell counts from naive
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spontaneously hypertensive rats (SHR) were included
as reference (grey area: upper and lower SD; n=3). All
; animals that received granulocyte colony-stimulating
15 factor (G-CSF) showed a 3-fold increase of leukocytes
; at 48 hours that successively normalized until 144
hours. As illustrated by exemplary flow cytometric for-
ward/side scatter (FSC/SSC) plots of blood samples
at 48 hours, granulocytes were the main contributors
of leukocytosis. At 52 hours, transplantation of bone
marrow-derived mononuclear cells (BM MNC) after
48 hours caused a significant increase of granulocytes
compared with G-CSF monotherapy. The transient
decline of monocytes, T, and natural killer (NK) cells
in consequence of stroke was reversed by G-CSF at
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9 144 48 hours and partly at 96 hours. The suppression of B
cells was persistent until 144 hours and was only par-
tially attenuated by G-CSF. The initial decline of CXC
chemokine receptor-4 (CXCR4) expression was tran-
sient after G-CSF or G-CSF+BM MNC 6 hours, but
persistent over the first 144 hours after G-CSF+BM
MNC 48 hours. pMCAQ indicates permanent right
middle cerebral artery occlusion. *P<0.05, **P<0.01,
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shown) and regulatory T cells (Figure 1) revealed no statistically
significant differences among the treatment groups.

Serum Cytokines

Serum concentrations of interleukin (IL)-4, 1L-10, IL-17A,
monocyte chemotactic protein-1, and macrophage inflam-
matory protein-la changed significantly as a function of
time (P<0.05), whereas interferon-y levels remained stable
<144 hours after stroke (Figure I in the online-only Data
Supplement). At 96 hours, the serum level of macrophage
inflammatory protein-1a was slightly but statistically signifi-
cant reduced by G-CSF+BM MNC 48 hours. Besides that,
none of the treatments had significant influence on cytokine
levels (Figure I in the online-only Data Supplement).

Infarct Volume and Brain Edema

Atday 1 after stroke, the mean edema-corrected infarct volume
(%HLVe) amounted to 15.7+4.5% of the hemisphere without
any differences between the experimental groups. Although
the infarct volume remained constant during the first week
after stroke, we observed a 30% increase of the infarct volume
to 19.2+3.7% at day 30 (Figure 2). G-CSF monotherapy or
combination therapy had no detectable impact on the infarct
volume at any time point. The space-occupying effect of the
ischemic lesion (%HSE) was maximally pronounced at day
1 after stroke and successively declined during the first week
(Figure 2). At day 30, we measured negative values for %HSE
that likely correspond to loss of hemispheric brain tissue and
is consistent with the aforementioned increase of infarct vol-
ume at the same time point. Neither the early edema—related
space-occupying effect nor the delayed brain atrophy was
influenced by one of the treatments (Figure 2).

Functional Outcome After Stroke
‘We next used the adhesive removal test to monitor the clinical
course within 30 days after stroke. To clearly define a hypothesis

Hours after pMCAOQ

"P<0.001 compared with control group determined
by 1-way ANOVA; n=14 to 17 (48, 96, and 144 hours)
or n=3 to 6 (6 and 52 hours) animals per group.

96 144

(treatment improves or impairs functional improvement), we a
priori decided to perform a summarized analysis of the func-
tional development by means of an area under the curve. At
the baseline prior to stroke induction, rats needed =5 seconds
to notice and remove the sticky tape from their contralateral
forelimb. As expected, we observed a substantial increase of
the tape removal time after stroke (to 91+37 seconds in the
pMCAO-only control), which subsequently declined by =50%
within 7 days to reach a constant level reflecting the perma-
nent neurological deficit (Figure 3A). The area under the curve
analysis revealed a statistically significant decrease of the tape
removal time in G-CSF and a strong trend in the G-CSF+BM
MNC 6 hours group (P=0.05). By contrast, the latter effect was
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Figure 2. Determination of the corrected hemispheric infarct
volume (%HLVe; solid bars) and space-occupying effect (% HSE;
striped bars) at day 1, 3, 7, and 30. The %HSE was maximal at
day 1 and successively declined until day 7 (ie, brain edema). The
increase of %HLVe between days 7 and 30 was accompanied by
negative values of %HSE at day 30 (ie, brain atrophy). None of
the parameters (corrected lesion volume, brain edema, and brain
atrophy) was influenced by any of the treatments; n=11 to 16
animals per group.
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Figure 3. A, Assessment of neurological deficits
I Control 3 +BM MNC 6h using the adhesive removal test (AR‘::IJ'). Experimental
OJ G-CSF I +BM MNC 48h stroke caused a significant increase of ART time in
B all experimental groups, which was less pronounced
2500 o 30 s after granulocyte colony-stimulating factor (G-CSF)
0 200d T g 251 T and G-CSF plus bone marrow-derived mononuclear
E 2207 —x— cells (BM MNC) 6 hours treatment. BM MNC trans-
& 1500 % :z plantation at 48 hours was performed 12 hours
< 41000 £ I; before the ART at day 2. The area under the curve
El 2, (AUC) analysis revealed a significantly improved
< 500 s T functional recovery after G-CSF monotherapy and a
0 10 strong trend by G-CSF+BM MNC 6 hours; 1P=0.05.
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abolished in the G-CSF+BM MNC 48 hours group (Figure 3A).
Body weights of all animals completely attained presurgery lev-
els within the following days after stroke. Interestingly, after 30
days, we observed a significant increase of body weight in ani-
mals receiving BM MNC at 6 or 48 hours (Figure 3B).
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Next, we investigated the expression of genes that are involved
in neural regeneration and delayed inflammation in the isch-
emic hemisphere. Thirty days after stroke, the expression of
Brevican, Neurocan, Gap-43 (Figure 3C), Versican, MARCKS,
and Slit] (Table III in the online-only Data Supplement) was
not affected by any treatment. The growth factors insulin-like
growth factor-1 (Figure 3C) and brain-derived neurotrophic
factor (Table III in the online-only Data Supplement) showed
a 1.5- to 2-fold increase in the ischemic hemisphere, but were
not altered by G-CSF or G-CSF+BM MNC. Similarly, expres-
sion levels of IL-1f and CD45 were increased in the ischemic
hemisphere 30 days after stroke, but did not differ among
the experimental groups (Figure 3C). Immunohistochemical
investigation revealed numerous T cells in the ischemic lesion
30 days after pMCAQO, most of them located in the cortical
infarct border. Neither G-CSF monotherapy nor cotransplan-
tation of BM MNC altered T-cell counts in the ischemic brain
(Figure 3D).

Short-Term Effects of Delayed Combination
Treatment

Finally, we tried to elucidate the mechanisms behind the
antagonizing effect of late BM MNC transplantation on the
protective effect of G-CSFE. Therefore, BM MNC were stained

B, BM MNC therapy after 6 and 48 hours caused a

significant increase of the body weight at day 30.

C, Gene expression analysis of markers associated

with inflammation and neural plasticity at day 30

a after stroke. Treatment with G-CSF, G-CSF+BM
MNC 6 hours or G-CSF+BM MNC 48 hours had no

2 D impact on the expression of analyzed genes (n=6

IL-1B

samples per group). D, T-cell counts in the ischemic
lesion border (open bars) and the entire ipsilateral
hemisphere (striped bars) were not altered by G-CSF
or cell transplantation. The representative illustration
of the infarct border zone showed a massive activa-
tion of ionized calcium-binding adapter molecule-1
(Iba1)-positive microglia/macrophages and abun-
dance of extravascular T cells (vessels were stained
with solanum tuberosum lectin [STL]). By contrast,

T cells remote from the ischemic lesion were exclu-
sively found within vessels. pMCAQ indicates perma-
nent right middle cerebral artery occlusion. *P<0.05,
***P<0.001 determined by 1-way ANOVA; n=16 to 17
animals per group; bars: 20 pm.

by the lipophilic membrane dye PKH26 to track short-term
biodistribution. Labeling efficiency was 99.3+0.08% (n=3),
and the dye had no impact on composition or vitality of the
graft (data not shown). Four hours after intravenous trans-
plantation of labeled BM MNC, we could identify PKH26*
cells in all samples investigated (blood, spleen, BM, and
brain tissue; Table). The composition of recovered PKH26*
cells varied from the original graft, indicating differences in
biodistribution or survival among the BM MNC subpopula-
tions (Figure 4A). In the spleen, numerous PKH26* cells
were found in the marginal zone between red and white pulp
(Figure 4A), partly internalized by ionized calcium-binding
adapter molecule-1-positive marginal zone macrophages
(Figure II in the online-only Data Supplement). Gene expres-
sion analysis of spleen tissue revealed a significant increase of
monocyte chemotactic protein-1 and IL-10 solely in the BM
MNC 48 hours group (Figure 4B). By contrast, we observed
a G-CSF-related increase of IL-13 mRNA (Figure 4B). Gene
expression of chemokine (CC motif) ligand 6, chemokine
(CXC motif) ligand 2, chemokine (CXC motif) ligand 5, high-
mobility group box 1, IL-6, and tumor necrosis factor-a did
not differ among the treatment groups (Table IV in the online-
only Data Supplement). Spleen weights were significantly
increased by G-CSF treatment, but not further influenced by
BM MNC transplantation (control 530+23 mg versus G-CSF
64041 mg versus G-CSF+BM MNC 48 hours, 629+14 mg;
P<0.05 by 1-way ANOVA). Flow cytometric analyses exposed
that the increased spleen weights were primarily caused by a
tremendous increase of splenic granulocytes in both groups
receiving G-CSF. The latter effect was most pronounced after
BM MNC transplantation at 48 hours (Figure 4C). By using
an annexin V/7-aminoactinomycin D flow cytometric assay,
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Table. Total Amount of PKH26* Cells 4 Hours After
Transplantation

PKH26* Cells (Mean+SD)

Graft (in 0.8 mL), body weight—adapted 4065000+187 350
Blood (in 1 mL) 1219+584
Spleen 67788+11119
Bone marrow (1 femur bone) 42811071
Brain: stroke hemisphere 284+127
Brain: contralateral hemisphere 112+78

we found most of the splenic granulocytes being vital. A small
fraction of necrotic granulocytes was also increased by BM
MNC when compared with the G-CSF group (Figure 4C).
Finally, we quantified immune cells within the ischemic
(Figure 4D) and contralateral hemisphere (Figure IIT in the
online-only Data Supplement) 52 hours after experimental
stroke. Transplantation of BM MNC after 48 hours caused
a significant increase of vital granulocytes in the ischemic
hemisphere when compared with the G-CSF or control group
(Figure 4D). Interestingly, almost half of all granulocytes in

BM MNC and G-CSF: A Combination Therapy for Stroke
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the ischemic brain were early apoptotic; however, neither
G-CSF monotherapy nor BM MNC cotransplantation had an
effect on the extent of this fraction (Figure 4D).

Discussion

In this study, we aimed to investigate the potential synergis-
tic effect of 2 successfully tested experimental treatments for
stroke: the repeated injection of G-CSF combined with trans-
plantation of BM MNC. Our study yielded 3 major findings:
first, we observed that G-CSF, neither alone nor in combina-
tion with BM MNC, had any impact on our primary end point,
the infarct volume. Second, we found that a monotherapy with
G-CSF and the cotransplantation of BM MNC after 6 hours
significantly improved functional recovery. Surprisingly, this
effect was entirely abolished when BM MNC were given after
48 hours. Finally, we found that G-CSF with and without
auxiliary cell therapy significantly altered systemic immune
responses to stroke.

The neuroprotective effect of G-CSF has been discovered
and mechanistically defined in a landmark study by Schneider
et al,”” who showed that G-CSF provides strong antiapop-
totic effects in neurons exposed to ischemia. Many studies
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Figure 4. Short-term effects of the combined treatment with granulocyte colony-stimulating factor (G-CSF) and bone marrow-derived mono-
nuclear cells (BM MNC) at 48 hours after stroke. A, Biodistribution analysis 4 hours after cell transplantation revealed a reduced proportion
of B cells in the blood, spleen, bone marrow (BM), and brain. In the circulation, primarily CD11b* monocytes were positive for the cell marker
PKH26, whereas T cells and CD45-only cells were enriched in the spleen and BM. Almost all PKH26+ cells in the brain were CD11b*. Immu-
nofluorescence staining of spleen sections revealed an accumulation of PKH26* cells in the marginal zone around the lymphatic follicles. B,
Gene expression analysis of the spleen showed a significant increase of monocyte chemotactic protein-1 (MCP-1) and interleukin (IL)-10
after BM MNC transplantation. By contrast, IL-1 mRNA was increased by G-CSF, but not further affected by cell therapy. C, Flow cyto-
metric quantification of major leukocyte populations in the spleen showed a distinct increase of granulocytes after G-CSF treatment, further
increased by BM MNC transplantation. The vast majority of splenic granulocytes were vital, reflecting the group differences of total granu-
locytes. Necrotic granulocyte counts were doubled by G-CSF and quintupled by G-CSF+BM MNC 48 hours. D, Major leukocyte subpopu-
lation in the ischemic brain did not differ between the experimental groups; however, vital granulocytes were significantly increased after
BM MNC transplantation. Iba1 indicates ionized calcium-binding adapter molecule-1; and PMN, polymorphonuclear cells (granulocytes).
1P<0.05 vs G-CSF, *P<0.05, **P<0.01, **P<0.001, 1P=0.06 determined by 1-way ANOVA; n=3 animals per group; bar: 20 pm.
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reproduced this finding and 2 meta-analyses consistently con-
firmed a significant impact of G-CSF on the infarct volume,
the most frequently used surrogate for neuroprotection.*’
Interestingly, the same meta-analysis revealed, in contrast to
one recent study,' that the infarct volume was not influenced
by G-CSF treatment in permanent stroke,’ likely owing to the
fact that the neuroprotective time window is shorter in perma-
nent stroke (3 hours) compared with the classical ischemia/
reperfusion models (up to 12 hours)." In SHR, neuroprotec-
tion is even limited to the first 60 minutes after MCAO.'® We
hence reasoned that the lack of influence of G-CSF treatment
and cell transplantation on the ischemic lesion is likely caused
by the absence of reperfusion and the comorbidities present
in SHR. Conversely, the functional effect of G-CSF observed
in our study is likely mediated by mechanism beyond neu-
roprotection. This is highly relevant for translational stroke
research,'""> but it should also be noted that inbred SHR may
be compromised by genetic aberrations that could bias the
value of our experiment.

G-CSF has an impact on various pathophysiological
aspects relevant for stroke outcome: it promotes endogenous
neurogenesis and angiogenesis, modulates immune responses,
reduces brain edema, and enhances structural and functional
regeneration capacities of the central nervous system.'” These
mechanisms could explain the significant functional improve-
ment after G-CSF treatment that was prevalent in most of
the published preclinical experiments®® being corroborated
by ours. Angiogenesis and neurogenesis were not investi-
gated here. However, we examined the expression of various
growth-promoting and growth-inhibiting genes during the
late stage of poststroke axonal sprouting'® (day 30) but found
no differences between any treatment regime and control.
Furthermore, and again in contrast to another study using a
reperfusion model of stroke,'” we found that the brain edema
was also not influenced by G-CSF.

With respect to the early functional improvement observed
in our study, we suggest acute immunologic interactions as one
key mechanism for the efficacy of G-CSF and its antagoniza-
tion by late BM MNC transplantation. Two days after stroke,
we found a significant decline of circulating CXCR4* mono-
nuclear cells in all treatment groups, likely as a consequence of
chemokine receptor downregulation by G-CSE* Recent studies
showed that early CXCR4 antagonism significantly improved
outcome after stroke by regulating the infiltration of leukocytes
into the ischemic brain.”" In this manner, G-CSF may dampen
central nervous system inflammation and damage, and in fact,
we found a strong trend toward less macrophages/dendritic
cells infiltrating the ischemic lesion in G-CSF-treated animals.

Interestingly, we found a recovery of depressed spleen
weights and circulating leukocyte counts in all groups receiv-
ing G-CSF. Postischemic immunodepression is a conse-
quence of an overactivated cholinergic anti-inflammatory
pathway finally contributing to morbidity after stroke.'> We
found no evidence for infections, such as increased mortality
or decreased body weights in our study, but the restoration of
immunocompetence by G-CSF may have protected the brain
from chronic central nervous system inflammation.?? In fact,
we found ongoing immune responses including an accumula-
tion of T cells at the infarct border at day 30 after stroke, but

T-cell counts and brain atrophy were not influenced by G-CSF
treatment or accompanying cell therapy.

One surprising finding of our study was that transplanta-
tion of BM MNC after 48 hours completely neutralized the
beneficial effect of G-CSF. Early transplantation of BM MNC
after transient stroke in SHR have had no positive or nega-
tive impact on functional outcome?; however, it is possible
that late BM MNC transplantation is detrimental after stroke
and simply deleted the protective effects of the accompanying
G-CSF therapy. This notion remains hypothetical because we
did not investigate the exclusive effect of late BM MNC trans-
plantation here. Nevertheless, adverse effects of BM-derived
cells have been described in animal models of diabetes mel-
litus and arteriosclerosis,** suggesting a compromised cell
graft under translationally relevant conditions of hyperglyce-
mia and hypertension.”®*’

We found almost 30% of the BM MNC being apoptotic
before transplantation, a finding that may reflect hyperten-
sion-related oxidative stress in the BM.**?" In steady state,
circulating apoptotic cells were trapped by specialized splenic
macrophages in the marginal zone between red and white
pulp.”® This endogenous scavenging system carefully down-
regulates immune-stimulatory functions and helps to maintain
self-tolerance.” It is thus tempting to speculate that the intra-
venous transplantation of numerous (pre)apoptotic BM MNC
may induce endogenous anti-inflammatory programs,’' and
in fact, we found an accumulation of BM MNC in the splenic
marginal zones together with increased expression of anti-
inflammatory mediators.

Intriguingly, this assumed universal mechanism for intra-
venously administered cells may also explain the interaction
effect between late BM MNC and G-CSF found in our study.
Circulating granulocytes have a short half-life and are contin-
uously cleared in the splenic marginal zone. Mice deficient for
marginal zone macrophages develop increased granulocyte
counts and I[L-1p levels.” Accordingly, we found that treat-
ment with G-CSF caused a 10-fold increase of splenic granu-
locytes and 2-fold increase of IL-1f3 expression, indicating an
overload of the granulocyte clearance system. The simulta-
neous engagement of marginal zone macrophages with trans-
planted BM MNC and massively increased granulocytes may
further overload this scavenging system, as it has been shown
after the application of polystyrene particles.*® This would
explain the significant increase of vital granulocytes in the
blood, spleen, and brain of animals that received BM MNC at
the peak point of G-CSF-induced neutrophilia. Higher neu-
trophil counts in the brain could finally explain the negative
functional effect either by disturbing the microcirculation or
by releasing toxic mediators.*

Conclusions

In our study, we could confirm the beneficial effect of G-CSF
on long-term functional recovery, but not on neuroprotection
after stroke in hypertensive rats. The cotreatment with BM
MNC was without effect after 6 hours, but reversed the protec-
tive effect of G-CSF after 48 hours, probably by overloading
the splenic scavenging system by the apoptotic fraction of BM
MNC and massively increased granulocytes.
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SUPPLEMENTAL MATERIAL

Bone marrow cell transplantation time-dependently abolishes efficacy of G-CSF after
stroke in hypertensive rats
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Supplemental methods

Experimental stroke

Animal experiments were conducted according to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996), and approved by the appropriate regional authorities (reference number
TVV 12/11). A total of 81 spontaneously hypertensive rats (SHR; Charles River, Sulzfeld,
Germany) at the age of 12 weeks were anesthetized with ketamine hydrochloride (100mg/kg)
and xylazine (10mg/kg) given as an intraperitoneal injection. During the surgical procedure,
body core temperature was constantly measured and maintained at 37.5°C. Experimental
stroke was induced by permanent occlusion of the right middle cerebral artery (pMCAQ) as
described previously.' Briefly, the right temporal scull bone and dura mater were opened, and
the subjacent middle cerebral artery was permanently occluded by thermocoagulation. Health
status including the body weight was monitored daily within the first week after stroke and
weekly thereafter. The exclusion criteria were defined as follows: i) weight loss of more than
20% body weight during week 1; ii) absence of a cortical brain lesion typical for distal
MCAO in the MR sequence; iii) incomplete injection of G-CSF, cell suspension or vehicle
solution.

Experimental group allocation

In the first study, we defined the reduction of the infarct volume (%HLVe, see below) by at
least 30% as primary endpoint. Accordingly, the sample sizes were a priori calculated for an
expected difference of the mean of 30% with a=0.05 and p=0.8 for a one-way ANOVA
(Sigma Plot version 11.0). The expected standard deviation (6=3.2 %HLVe) was obtained
from a previous study (day 1 and day 3 after pMCAOQO from SHRS).2 SHRs were randomly
assigned (balanced randomization by lot) to one of the following experimental groups: (i) G-
CSF monotherapy group (henceforth G-CSF, n=18) with a daily intraperitoneal injection of
50 pg/kg Neupogen (thG-CSF; Amgen GmbH, Thousand Oaks, USA) for 5 days starting 1h
after pMCAQ; (i) combination group with early cell transplantation (henceforth G-CSF+BM
MNC 6h, n=18) with a G-CSF schedule according to (i) and an additional transplantation of
1.5x10E7 BM MNCs per kg bodyweight at 6h after pMCAQ; (iii) combination group with
late cell transplantation (henceforth G-CSF+BM MNC 48h, n=18) with a G-CSF schedule
according to (i) and an additional transplantation of 1.5x10E7 BM MNCs per kg bodyweight
at 48h after pMCAO; (iv) control group (henceforth control, n=18) receiving phosphate
buffered saline (PBS) instead of G-CSF and BM MNCs. The administrations in all treatment
groups were completely controlled by PBS injections, meaning, for instance, that the G-CSF
group received PBS injections at 6h and 48h after stroke.

In the second study, we investigated the distribution of PKH26-labeled BM MNC and the
short-term immunological responses to late transplantation of BM MNC (48h). Nine animals
were randomly assigned to the following experimental groups (in accordance with the first
study): (i) G-CSF, n=3; (iii) G-CSF+BM MNC 48h, n=3; (iv) control group, n=3.
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BM MNC isolation and transplantation

Syngeneic rat bone marrow mononuclear cells (BM MNC) were enriched by magnetic
depletion of granulocytes as described previously’ and cryo-preserved until further use. At the
day of cell transplantation, BM MNCs were re-thawed in Dulbecco's modified Eagle's
medium containing 4.5g/L glucose (PAA Laboratories, Colbe, Germany) and 10% fetal calf
serum (FCS; PAN Biotech, Aidenbach, Germany), washed twice in medium. Vital cell
numbers were determined by the trypan blue exclusion method using a hemocytometer.
Cellular composition of cell grafts was characterized by flow cytometry for B cells
(CD45R+), T cells (CD3+) and myeloid cells (CD11b+ and RP1-; for details please refer to
supplemental table I). CXCR4+ BM MNC were identified by polyclonal rabbit anti-rat
CXCR4 (Abcam, Cambridge, UK) which was secondly labeled with donkey anti-rabbit PE
(ebioscience, San Diego, USA). Hematopoietic progenitors expressing CD34 (polyclonal goat
anti-rat; R&D Systems, Minneapolis, USA) were secondly conjugated with donkey anti-goat
PE-Cy™S5 (Santa Cruz Biotechnology, Dallas, USA) and differentiated in bipotent
hematopoietic progenitors using granulocyte-macrophage colony forming unit assay (CFU-
GM) as described elsewhere.’

For the analysis of the biodistribution, BM MNC were labeled with the red fluorescent dye
PKH26 according to the manufacturer’s instructions (Sigma Aldrich, St. Louis, USA).

Prior to transplantation, 1.5x10E7 BM MNCs per kg bodyweight were resuspended in 800l
PBS. Cell suspension was slowly administered via the tail vein. The application of G-CSF,
BM MNCs or vehicle solution was performed by an investigator blinded to the group
allocation 12h prior to functional testing and MR imaging.

Analysis of peripheral blood leukocytes and cytokine levels

Peripheral blood and serum samples were collected at 6h, 48h, 52h, 96h and 144h after
pMCAQ. Anticoagulated blood samples were harvested in 0,2M EDTA and stored in EDTA-
monovettes for hematological analysis. Absolute leukocyte counts were determined by an
animal blood cell counter (scil Vet abc, SCIL animal care company GmbH, Viernheim,
Germany). Leukocyte subsets were identified and categorized according to their antigen
expression (for details please refer to supplemental table 1) using multichannel flow
cytometry. Natural killer (NK) cells were identified by biotinylated anti-CD161a and
secondly conjugated with streptavidin Horizon™V500 (BD Pharmingen, Heidelberg,
Germany). Purified CXCR4 was secondly labeled with donkey anti-rabbit PE as mentioned
above (ebioscience, San Diego, USA). For this, 50uL of blood were diluted in 50pL PBS and
incubated with a mixture of monoclonal antibodies (supplemental table I) for 20min at 4°C.
Erythrocytes were lysed by short-term incubation (30 seconds) with distilled water followed
by two washing steps with PBS containing 3% fetal calf serum (PBS/3% FCS). Remaining
leukocytes were resuspended in 300uL PBS/3% FCS. Flow cytometric acquisition and
analysis was performed using a FACS Canto II equipped with FACS Diva software (BD
Biosciences, Heidelberg, Germany). For the quantification of circulating cytokine levels,
serum (n=6 per group and day, randomly assigned by lot) was separated from 300pul
coagulated blood samples by centrifugation at 5000 rpm for 5min and stored in aliquots at -
80°C. Cytokine secretion levels of IFNy, IL-4, 1L-10, IL-17A, MCP-1 and MIP-1a were
analyzed by multiparametric ELISA (Multimetrix GmbH, Regensburg, Germany).

Biodistribution study and flow cytometric analysis of spleen and brain tissue

Animals from the second study were sacrificed exactly 52h after stroke and transcardially
perfused with 200mL of ice-cold PBS. Spleens, femur bones and brains were removed.
Spleens were weighed and segmented into three parts for (i) histological analyses, (ii) for
gene expression analysis and (iii) for flow cytometric analyses.
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For flow cytometry, spleens were mechanically dissected using razor blades and further
dissociated through 100um and 40pm cell strainers using glass pestles. Bone marrow was
harvested from one femur bone by repeated flushing with PBS. Total cell counts and viability
were determined by trypan blue exclusion in a hemocytometer. Total leukocyte counts were
defined by counting in Turk’s solution. Single cell suspensions of the ischemic and
contralateral brain hemispheres were isolated by mechanical dissection and enzymatic
digestion as described previously’. Immune cells were separated by density gradient
centrifugation on discontinuous Percoll (GE Healthcare, Miinchen, Germany) gradients
composed of four sequent layers (80%/38%/21% Percoll covered with cell culture medium).
Cells accumulating in between 80%/38% Percoll were harvested and washed repeatedly.
Total counts of brain leukocytes were determined by additional Trucount Tube measurements
(BD Biosciences). Frequencies of PKH26+ cells and of major leukocyte populations were
assessed by flow cytometry. In total, 1x10E6 isolated spleen or bone marrow cells and
2x10E5 brain cells were incubated with a specific FC-blocking reagent (purified anti-rat
CD32; BD Bioscience) for 10min at 4°C and labeled with a mixture of monoclonal antibodies
(supplemental table I). After incubation for 20min at 4°C, cells were washed and incubated
with annexin V PE-Cy™?7 (ebioscience, San Diego, USA) in 100 pL annexin V binding
buffer for 15min at room temperature. After washing, cells were stained with 7-AAD viability
staining solution (ebioscience). Flow cytometric acquisition and analysis was performed by an
investigator blinded to the group allocation using a 3-laser FACS Canto II equipped with
FACS Diva software (BD Biosciences).

Determination of infarct volume

The infarct volume and space occupying effect of the lesion were determined in vivo by
means of magnetic resonance imaging (MRI) at day 1, 3, 7 and 30. Image sequences were
acquired in clinical MR scanner (1.5 T Gyroscan Intera human whole-body spectrometer
equipped with a 47mm loop RF-Coil, Philips). Briefly, animals were anesthetized as
described above. T2-weighted sequences (T2-TSE) consisting of 20 transverse slices (matrix:
224x224; field of view: 50mm; slice thickness: Imm) were acquired. Hemispheric lesion
volume corrected for edema (%HLVe) and hemispheric space occupying effect (%HSE) of
the lesion were calculated by a blinded investigator as described previously.

Assessment of functional recovery

Neurological deficits were repeatedly assessed by means of the adhesive removal test (ART)
as described previously.® Animals were allowed to adapt to the ART conditions for 3 days.
The baseline data was ascertained one day before pMCAO. Following pMCAO, ART was
performed at day 2, 7, 14, 21 and 28 by an investigator blinded to group allocation. The time
needed to remove the adhesive tape was measured in technical triplicates that were averaged
for one individual at each day. For the statistical analysis, time series data was summarized as
individual area under the curve (AUC).

Quantitative RT-PCR

Animals were sacrificed and transcardially perfused with 200mL of ice-cold PBS. Spleen
segments, ipsilateral and contralateral brain tissue were manually dissociated by razor blades.
Next, total RNA of 100mg tissue was extracted by homogenization in 1mL Trizol using a
ULTRA-TURRAX® (Ika, Staufen, Germany) and further purified by RNeasy Mini Kit
(Qiagen, Hilden, Germany). Single-strand cDNA copies were generated from 1pg of total
purified RNA by using random primers (Promega, Mannheim, Germany) and Superscript 111
reverse transcriptase (Invitrogen/Life Technologies, Darmstadt, Germany) according to
manufacturer’s instructions. Quantification of mRNA expression was performed and
monitored using an ABI 7900 real-time PCR system (Applied Biosystems, Darmstadt,
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Germany) applying the following conditions: initial denaturation at 95°C for 10min, followed
by 50 cycles at 95°C for 15s and 55°C for 1min. All QRT-PCR reactions were conducted in a
total volume of 15uL with addition of Power SYBR Green I PCR Master Mix (Applied
Biosystems, Darmstadt, Germany) and gene specific QuantiTect® Primer Assay
(supplemental table IIl for brain and supplemental table IV for spleen; Qiagen, Hilden,
Germany). Data was analyzed using the relative standard curve method, normalized on the
average cycle threshold of the housekeeping genes BZm (QT00176295, NM 012512), Rpll3a
(QT00425873, NM _173340), Rpl22 (QT00385119, NM_031104) and Yhwaz (QT02382184,
NM 013011) and normalized to the control group (spleen tissue) or to the contralateral
hemisphere (brain tissue).

Histological analysis

30 days after stroke, animals were sacrificed and transcardially perfused with 200mL of PBS
and 200mL of formalin solution (4%). Removed brains were vitrified in sucrose solution
(30%) and cryoconserved at -80°C. Frozen brains were cut into 20pm coronal sections and
mounted on coated slides. Brain sections (n=4 animals per group, randomly assigned by lot)
were incubated with 5% goat serum and 0.3% Trition-X-100 for 30 minutes, followed by
polyclonal rabbit anti-Ibal (lonized calcium binding adaptor molecule 1; 1:200; Wako
Chemicals, Neuss, Germany), monoclonal mouse anti-15-16A1 (1:500; Hycult Biotech,
Beutelsbach, Germany; for T cells) and biotinylated solanum tuberosum lectin (STL; 1:300;
Linaris, Dossenheim, Germany) for 24h at 4°C. Sections were then incubated with goat anti-
rabbit IgG (1:200, Invitrogen), goat anti-mouse IgG (1:200, Invitrogen) or streptavidin
(Dianova) conjugated with either Alexa Fluor® 488, 546 or Cy5 for 1h at room temperature.
Sections were counterstained with DAPI (2.5ug/mL, Sigma). Fluorescence images were
acquired using a Zeiss LSM710 confocal laser-scanning microscope (Objective: Plan-
Apochromat 63x / 1.40 oil). T cells were counted in 4 brain regions (Bregma anteroposterior
+1.5mm, 1.0mm, 0.5mm and 0.0mm) in technical duplicates using a Stereo Investigator
system (MBF Bioscience). Briefly, two regions of interest (ROI) were defined as “ipsilateral
hemisphere” and “infarct border”, the latter define as a 100um deep band adjacent to the
border of the pseudocyst. The area of the ROls, and the T cell count within the ROIs were
determined by an investigator blinded to the group allocation. Finally, T cell counts were
summarized for each biological replicate and indicated as cells per area.

Spleen segments were fixed in formalin solution (4%) for 48h, vitrified in sucrose solution
(30%) and cryoconserved at -80°C. Frozen spleens were cut into 20um coronal sections and
mounted on coated slides. Sections were incubated with 5% goat serum and 0.3% Trition-X-
100 for 30 minutes, followed by primary incubation with polyclonal rabbit anti-Ibal for 24h
at 4°C and secondary labeling with Alexa Fluor® 488 conjugated goat anti-rabbit IgG for Ih
at room temperature. Sections were counterstained with DAPI (2.5ug/mL, Sigma).

Statistical analysis

Peripheral leukocyte counts, summarized ART data, brain histology were analyzed by one-
way ANOVA followed by Bonferroni’s post-hoc test. Time series of serum cytokine levels
and MR investigations were analyzed by repeated measures two-way ANOVA followed by
Bonferroni’s post-hoc test. Immune cell distribution in spleen and brain tissue was analyzed
by one-way ANOVA followed by Newman-Keuls test. A p-value of less than 0.05 was
considered statistically significant. All data were displayed as mean + standard deviation
(SD). Data analysis was performed by Graph Pad Prism (version 5.03).
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Supplemental Tables

Supplemental Table 1

Anti-rat monoclonal antibodies used for flow cytometry

Manufacturer

BD Bioscience
BD Bioscience
Biolegend

BD Bioscience
BD Bioscience
BD Bioscience

Abd Serotec

BD Bioscience

Panel

Antigen Conjugate Clone
CD11b  Pacific Blue™ MRC 0X-42 Abd Serotec
CDl161a Biotin Okt 78
CD3 APC 1F4
CD4 PE-Cy™7 W3/25
CD45 APC-Cy™7 0X-1
CD45R  FITC HIS24
CD8a PerCP 0OX-8

Alexa Fluor®
MHCII 488 0X-6
PMN'  PE RP-1

B
cells

+ o+

+

*Monocytes; “Macrophages; "Polymorphonuclear cells (Granulocytes) *not analyzed

Supplemental Table 1T

Animals excluded from MR investigation

Control

G-CSF

GCSF+BM MNC 6h
GCSF+BM MNC 48h

Supplemental Table 11T

M = O = -

Day

(NSRS

—_— b = ]

Relative mRNA expression within the ischemic hemisphere 30 days after stroke

QuantiTect primer
assay

BDNF QT00375998
Brevican QT00176638
CD45 QTO01797957
Gap-43 QT00184520
IGF-1 QT01745373
IL-1B QT00181657
MARCKS QTO01573418
Neurocan QT00177240
Slit1 QT00189007

Versican QT01598814
s

Transcript Control

M*  sp?
NM_012513 1.61 1.15
NM 012916 0.97 0.06
NM 001109887 2.11 0.49
NM_017195 0.83 0.11
NM_001082479 128 0.64
NM 031512 1.27 0.40
XM 001060954 0.99 0.24
NM_031653 1.14 0.26
NM_ 022953 0.86 0.09
XM 001058160 1.07 0.22

mean; “standard deviation; n=6 per group

Identification
T NK Mo* Ma* PMN' CD45
cells cells only
- + + + + -
- + na’ na’ - -
+ - - - - -
(+) - na’ na’ - -
+ + + + + +
(+) (+) na nat - -
na’ nal - + - -
- - - - + -
30
2
1
1
1
G-CSF +BM MNC 6h +BM MNC 48h
M SD M SD M SD
1.29 0.73 1.34  0.56 1.55 0.91
096 0.10 0.88 0.12 1.05 0.32
221 039 1.80 0.27 243 0.47
1.01 0.14 077 0.16 1.03 0.42
1.67 0.73 1.61 0.58 1.72 1.13
1.42 0.23 1.42 0.32 1.60 0.32
1.20 0.29 1.00 0.13 1.15 0.37
1.17 021 097 0.12 1.19 0.29
1.02 0.15 096 0.21 1.06 0.34
1.10 0.13 094 0.19 1.14 0.33
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Supplemental Table IV
Relative mRNA expression within the spleen 52h after stroke

QuantiTect primer assay Transcript Control G-CSF +BM MNC 48h

M sSD M SD M SD

CCLé6 QT01573523 NM 001004202 1.00 0.13 1.70 0.17 1.60 0.20
CXCL2 QT00184891 NM_053647 1.00 0.56 1.70 0.31 2.50 0.49
CXCL5 QT00392777 NM 022214 1.00 0.07 0.84 0.10 1.10 0.18
HMGB1 QT00368410 NM 012963 1.00 0.04 0.92 0.05 0.94 0.05
IL-18 QT00181657 NM 031512 1.00 0.05 2.00 030 2.10 0.17
IL-6 QT00182896 NM_012589 1.00 0.08 0.80 0.10 0.85 0.05
IL-10 QT00177618 NM_012854 1.00 0.19 1.10 0.09 1.70 0.19
MCP-1 QT00183253 NM 031530 1.00 0.15 1.35 0.03 2.10 0.21
TNFa QT00178717 NM 012675 1.00 0.11 0.79 0.22 095 0.20

Smean; “standard deviation; n=3 per group
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Supplemental Figures
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Supplemental Figure I

Serum protein levels of inflammatory cytokines 48, 96 and 144 hours after stroke onset.
Serum levels of anti-inflammatory (Interleukin (IL)-4, IL-10) and pro-inflammatory (IL-17A,
interferon (IFN) y and macrophage inflammatory protein (MIP)-1a) cytokines showed a
moderate increase from 48h to 96h. The chemotactic molecule monocyte chemotactic protein
(MCP)-1 was detectable at relatively high serum levels (around 200 pg/mL serum) but
without any relevant kinetics during the observation period. At 96h, the serum level of MIP-
la was slightly, but statistically significant reduced by G-CSF+BM MNC 48h. Apart from
that, none of the treatment regimes had a significant influence on the cytokine levels. *p<0.05

compared to control group determined by repeated measurement two-way ANOVA; n=14-17
animals per group.
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DAPI PKH26

Supplemental Figure I1

Laser scanning microscopy of the splenic marginal zone. A, a maximum intensity projection
of a 15um thick confocal stack showed various ionized calcium binding adapter molecule 1
(Ibal)+ macrophages. B, the detail is displayed as orthographic projection. PKH26+ signals
could be clearly localized within the cytoplasm of the macrophage. Bar: 10pum
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Supplemental Figure I11
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Flow cytometric analysis of major leukocyte populations in the contralateral hemisphere 52h
after stroke. G-CSF treatment caused a significant increase of granulocytes that was not
further influenced by BM MNC transplantation at 48h. *p<(0.05 determined by one-way

ANOVA; n=3 animals per group.
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2.3 Beantwortung initialer Fragestellungen

Mit den Ergebnissen dieser Arbeit und dem Auseinandersetzen mit der aktuellen Literatur

kann eine klare Beantwortung der initial gestellten Fragen erfolgen:

1. Welchen Einfluss hat die Aufreinigungsmethode auf das Zelltransplantat? In welcher
Zusammensetzung und Vitalitdt steht das mononukledre Zelltransplantat fur die
multimodale Therapie zur Verfligung?

In der publizierten Arbeit ,Density gradient centrifugation compromises bone marrow
mononuclear cell yield* konnte gezeigt werden, dass bei der Aufreinigung des BM
MNC-Transplantates mit der standardisierten Dichtegradientenzentrifugation ein
Verlust an Zielzellen um bis zu 75% einhergeht. Mit der Etablierung einer neuen
Depletionsmethode basierend auf der magnetischen Abbindung von PMN konnte der
Verlust auf 30% minimiert werden. Unabhangig der Methode erstreckte sich der
Zellverlust homogen auf alle Zellpopulationen und es wurden BM MNC mit einer
Reinheit von Uber 90% angereichert. Mit der héheren BM MNC-Ausbeute nach
immunomagnetischer Separation wurden zugleich zahlenm&fRig mehr bipotente
hamatopoetische als auch nicht-hamatopoetische Vorlauferzellen isoliert.

Fur die préklinische Wirksamkeitsstudie des kombinierten Therapieansatzes wurden
BM MNC durch immunmagnetische Depletion der PMN isoliert. Die BM MNC setzten
sich Uberwiegend aus B-Zellen, mononukledren myeloiden Zellen, T-Zellen sowie
wenigen hamatopoetischen Vorlauferzellen zusammen und wiesen nach

Kryokonservierung eine durchschnittliche Apoptoserate von 30% auf.

2. Konnen die vielversprechenden neuroprotektiven und neuroregenerativen Effekte von
G-CSF auch in einer pramorbiden Ratte nach experimentellem Schlaganfall
nachgewiesen werden? Welche zusatzliche Wirkung ist durch die wiederholte G-CSF
Behandlung zu beobachten?

In der publizierten Studie ,Bone marrow cell transplantation time-dependently
abolishes efficacy of G-CSF after stroke in hypertensive rats* konnte erstmals durch
eine  G-CSF-Therapie neurologische Funktionen nach einem permanenten
Schlaganfall in einer prAmorbiden Ratte verbessert werden. Die G-CSF-Behandlung
hatte keinen Einfluss auf das Infarktvolumen oder Hirnddem, was auf ein kirzeres
Zeitfenster der Neuroprotektion in einem permanenten Schlaganfallmodell
zurickzufuhren ist. Des Weiteren gab es keine Anhaltspunkte fir verbesserte
neuroregenerative Effekte durch G-CSF. In den ersten Tagen nach Schlaganfall fiel in

der Kontrollgruppe eine auffallige Reduktion der zirkulierenden Immunzellen im Blut
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auf. Die wiederholte G-CSF-Gabe fiihrte dagegen zu einem deutlichen Anstieg von
PMN, Lymphozyten und Monozyten im Blut und hob die in der Kontrollgruppe
beobachtete Immundepression auf. Die Einzeltherapie mit G-CSF fiihrte ebenso zu
einer vermehrten Ansammlung von vitalen als auch nekrotischen PMN in der Milz
sowie zu einem Anstieg der Sekretion des pro-inflammatorischen Zytokins IL-1f3. In
der ischdmischen Hemisphare konnte indessen keine erhdhte Infiltration von PMN
beobachtet werden, dennoch kam es zu einer zahlenmaRigen Abnahme von

infiltrierten Makrophagen durch die G-CSF-Behandlung.

3. Wie wirkt sich die zusatzliche Zelltherapie zu einem frihen oder spéateren
Transplantationszeitpunkt auf die Studienendpunkte aus? Welche Wechselwirkungen
kénnen innerhalb der Kombinationstherapie beobachtet werden?

Die mononukleare Zelltherapie 6h nach Schlaganfall zeigte weder einen férdernden
noch schadlichen Einfluss auf die G-CSF-Effekte. Demgegeniber fihrte die
zusatzliche Zelltherapie nach 48h zur vollstandigen Aufhebung des protektiven
Therapieeffektes von G-CSF und wies demnach ein neurologisches Defizit
vergleichbar zur unbehandelten Kontrollgruppe auf. Die Entwicklung des
Infarktvolumens oder des Hirnédems sowie die neuroregenerativen Prozesse wurden
weder durch die friihe noch durch die spate Zelltherapie verdndert. Die Aufhebung
des G-CSF-Therapieeffektes durch eine zusatzliche Zelltransplantation nach 48h ist
vermutlich auf nachteilige immunologische Interaktionen in der Milz zurtickzufihren.
So konnten 4h nach Injektion des Zelltransplantates fluoreszenzmarkierte BM MNC
durchflusszytometrisch in Blut, Milz, Knochenmark und Hirn lokalisiert und
differenziert werden, wobei ein Grof3teil der transplantierten Zellen in der Milz
akkumulierte. Die histologische Analyse ergab, dass zahlreiche BM MNC zwischen
roter und weil3er Pulpa in direkter Nachbarschaft zu Makrophagen der Marginalzone
lokalisiert waren. In Anbetracht der Tatsache, dass diese Makrophagen vor allem fur
den Abbau von zirkulierenden seneszenten und apoptotischen Zellen verantwortlich
sind, konnte die G-CSF-bedingte Neutrophilie und die zusétzliche Injektion von
apoptotischen BM MNC eine doppelte Belastung des Systems bewirkt haben. Die
kompetitive Hemmung des Granulozytenabbaus in der Milz fuhrte zu einer
Akkumulation der PMN im Blut und bewirkte eine vermehrte Infiltration von vitalen
PMN in die ischamische Hemisphare. Dies kdnnte schlief3lich den negativen Einfluss
auf die funktionelle Erholung erklaren. Die untersuchte Kombinationstherapie war
also je nach Therapiebeginn ohne Vorteil oder sogar schadlich und es konnten
sowohl fir die G-CSF- als auch die zuséatzliche Zelltherapie interessante

immunologische Wechselwirkungen beobachtet werden.
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In Deutschland ist der Schlaganfall die zweithdufigste Todesursache sowie oftmals der
Grund fir erworbene Behinderungen im Erwachsenenalter. Trotz intensiver Forschung in
den letzten Jahrzehnten existiert bis heute nur eine kausale Therapiemdglichkeit: die
Auflosung des gefallverschlielenden Blutgerinnsels mit gewebsspezifischem
Plasminogenaktivator (Thrombolyse). Das Zeitfenster fur diese Notfallbehandlung ist auf
maximal viereinhalb Stunden nach Auftreten des Schlaganfalls limitiert, und weitere
Begleitumstande fiihren dazu, dass nur ca. 15% aller Schlaganfallpatienten eine
Thrombolyse erhalten. Ein wichtiges Ziel der Schlaganfallforschung ist die Entwicklung
neuer Therapien, die in einem ausgedehnten Zeitfenster einsetzbar sind und somit mehr
Patienten eine kausale Therapie ermoéglichen. In Hinblick auf die komplexen
pathophysiologischen Vorgédnge nach einem Schlaganfall stellt die Kombination aus
mehreren therapeutisch-wirksamen Kandidaten einen interessanten Ansatzpunkt dar. Die
vorliegende Dissertation beschreibt die praklinische Prifung eines multimodalen
Therapiekonzeptes, dass die wiederholte Applikation des Wachstumshormones G-CSF
(engl. granulocyte-colony stimulating factor, Granulozyten-Kolonie stimulierender Faktor)
mit der Transplantation syngener, mononukledrer Knochenmarkzellen kombiniert. Die
Effektivitat der Therapie wurde fir die Endpunkte Neuroprotektion und Neuroregeneration
beurteilt. Aufgrund der immunmodulatorischen Eigenschaften von G-CSF wurde zudem
die Wirkung der Kombinationstherapie auf die periphere und zerebrale Immunantwort

nach Schlaganfall betrachtet.
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G-CSF zeigte in verschiedenen préklinischen Schlaganfallstudien eine neuroprotektive
und  neuroregenerative  Wirkung:  beispielweise  aktiviert G-CSF  multiple
Zelliberlebenskaskaden und fiuhrt so zu einer Verringerung des finalen Infarktvolumens.
Weiterhin fordert G-CSF die adulte Neurogenese und unterstutzt die GefalZneubildung
nach einem Schlaganfall. Als h&matopoetisches Wachstumshormon regt G-CSF die
Reifung und Proliferation von therapeutisch relevanten Vorlauferzellen an und bewirkt
deren Mobilisation aus dem Knochenmark in die Blutbahn. Da diese mobilisierende
Eigenschaft des G-CSF zeitverzdgert stattfindet, kbnnte eine zusatzliche, friihzeitige
Zelltransplantation mit mononuklearen Knochenmarkzellen eine synergistische
Therapieoption zur Behandlung des Schlaganfalls darstellen. Zelltherapeutische Ansatze
weisen ebenfalls ein vielfaltiges Wirkungsspektrum auf, zu der die Hemmung des
apoptotischen oder nekrotischen Zellsterbens, die Férderung der Neurogenese und der
neuronalen Plastizitat, der Wiederaufbau eines nahrstoffversorgenden GefalRsystems und
die Immunmodulation durch die Sekretion trophischer Faktoren gehéren. Die in dieser
Arbeit verwendeten mononukledren Zellen des Knochenmarks (engl. bone marrow
mononuclear cells, BM MNC) stellen als heterogenes Zellgemisch aus reifenden B-
Lymphozyten, T-Lymphozyten, Monozyten sowie h&matopoetischen, endothelialen und
mesenchymalen Stammzellen ein vielversprechendes Zelltransplantat dar. Die
unkomplizierte Entnahme und Aufbereitung macht eine autologe Anwendung innerhalb

weniger Stunden maglich.

Das in der Kombinationstherapie mit G-CSF verwendete mononukledre Zelltransplantat
(BM MNC) wurde aus dem Knochenmark von syngenen, spontan hypertensiven Ratten
(SHR) gewonnen. Die Separation der BM MNC von der polymorphonuklearen Zellfraktion
(PMN, Granulozyten) erfolgte Uber immunmagnetische Depletion (engl. magnetic
activated cell sorting, MACS) der PMN. Die im Rahmen dieser Arbeit etablierte
Depletionsmethode zur Isolation der murinen BM MNC wurde mit den standardisierten
Sedimentationsmethoden Uber Dichtegradientenzentrifugation mit Ficoll- oder Percoll-
Medien verglichen. Mittels MACS konnten 72,3 + 6,7% der BM MNC aus dem murinen
Knochenmark isoliert werden. Demgegenuber reicherte die Dichtesedimentation nur ein
Viertel (Ficoll: 25,6 + 5,8%) bzw. die Halfte (Percoll: 51,5 + 2,3%) der BM MNC Fraktion
an. Unabhangig von der Isolationsmethode erstreckte sich der ermittelte Zellverlust
homogen auf alle Zellpopulationen, so dass sich die angereicherten BM MNC-Faktionen
in ihrer zellularen Verteilung nicht von der des Knochenmarks unterschieden. Die
Separation mit Ficoll fiihrte zu einer prozentualen Anreicherung von hamatopoetischen
Vorlauferzellen (engl. hematopoietic stem cell, HSC) im BM MNC-Transplantat, jedoch

konnten aufgrund der geringeren BM MNC-Ausbeute im Ficoll-Ansatz zahlenm&Rig nur
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halb so viele HSC isoliert werden als nach Percoll-Dichtegradientenzentrifugation oder
immunmagnetischer Separation (HSC-Gehalt nach Ficoll: 10700 + 4066; Percoll: 20099 +
5317 oder MACS: 20092 + 3229, p<0,05). Fiur die praklinische Wirksamkeitsstudie des
kombinierten Therapieansatzes wurden BM MNC durch immunmagnetische Depletion der
PMN aus dem Knochenmark von SHR gewonnen und bis zur Transplantation

kryokonserviert.

Die Wirksamkeit der Kombinationstherapie wurde in einem experimentellen
Schlaganfallmodell in der komorbiden SHR gepruft. Unter Einhaltung tierschutzrechtlicher
Vorgaben wurde in 81 mannlichen SHRs die rechte mittlere Hirnarterie permanent
verschlossen (engl. permanent middle cerebral artery occlusion, pMCAQ). Die Tiere
wurden randomisiert einer der vier Experimentalgruppen zugeteilt: drei Gruppen erhielten
taglich eine intraperitoneale Injektion von 50ug G-CSF je kg Kérpergewicht fir insgesamt
5 Tage, beginnend eine Stunde nach pMCAOQ. Zusatzlich erhielten zwei der mit G-CSF
behandelten Gruppen eine einmalige intravendse Zelltherapie mit 1,5 x 10’ syngenen BM
MNC je kg Korpergewicht nach entweder 6h oder 48h nach Schlaganfall. Die
Kontrollgruppe wurde zu allen Zeitpunkten der G-CSF- oder Zellapplikation mit einer
Pufferldsung behandelt.

Zur Bewertung der Therapieeffizienz wurde tber einen Zeitraum von 30 Tagen wiederholt
das Infarktvolumen und das Hirnédem mittels Magnetresonanztomographie bestimmt. Die
neurologische Entwicklung wurde mit dem Adhesive Removal Test (ART) Uber 28 Tage
bestimmt und anhand der Flache unter der Kurve (engl. area under the curve, AUC)
quantifiziert. Weder in der Gruppe mit alleiniger G-CSF-Behandlung noch in den Gruppen
mit zuséatzlicher Zelltherapie nach 6h oder 48h wurde eine Beeinflussung des
Infarktvolumens oder des Hirnddems festgestellt. Dennoch konnte bei Tieren mit einer G-
CSF-Monotherapie eine Reduktion des funktionellen Defizites nachgewiesen werden
(PMCAO AUC: 1291 + 768; pMCAO+G-CSF AUC: 797 £ 581, p<0,05). Die zusatzliche
Zelltherapie 6h nach Schlaganfall bewirkte keine weitere Veranderung dieses Befundes
(PMCAO+G-CSF+BM MNC 6h AUC: 843 + 391, p>0,05), interessanterweise fuhrte jedoch
die zusatzliche Zelltherapie nach 48h zur vollstandigen Aufhebung des G-CSF
Therapieeffektes (pMCAO+G-CSF+BM MNC 48h AUC: 1238 * 707, p>0,05). Dies liel3
eine nachteilige Interaktion zwischen der G-CSF- und Zelltherapie nach 48h vermuten.
Die erhthte Expression der Leukozyten-spezifischen Tyrosinphosphatase (CD45) und
des entziindungsférdernden Interleukins-1B in der ischamischen Hirnhemisphéare, sowie
zahlreiche T-Lymphozyten im Randbereich der ischdmischen L&sion wiesen auf einen
andauernden Entziindungsprozess im Spatstadium des Schlaganfalls hin. Jedoch wurden

die Prozesse weder durch G-CSF noch durch die zuséatzliche Zelltherapie moduliert.
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Innerhalb der ersten 5 Tage nach Schlaganfall wurde im Blut der Kontrollgruppe
erwartungsgemald eine auffallige Reduktion an zirkulierenden Immunzellen nach
Schlaganfall festgestellt. Im Gegensatz dazu bewirkte die G-CSF-Therapie einen
deutlichen Anstieg von PMN, Lymphozyten und Monozyten. Die Transplantation von BM
MNC nach 6h hatte zu keinem der untersuchten Zeitpunkte einen signifikanten Einfluss
auf die Leukozytenverteilung. Interessanterweise konnte jedoch in der spéaten
Zelltherapiegruppe (48h) bereits vier Stunden nach Zelltransplantation ein signifikanter
Anstieg der zirkulierenden PMN beobachtet werden (pMCAOQ: 1,54 + 1,01 x10° PMN/ml;
PMCAO+G-CSF: 6,11 * 0,58 x10° PMN/ml; pMCAO+G-CSF+BM MNC 48h: 8,01 1,09
x10® PMN/ml, p<0,05).

Um eine potenziell immunologische Interaktion zwischen der G-CSF-Therapie und der
spaten Zelltherapie ermitteln zu kénnen, wurde zunéchst die Verteilung der spat-
transplantierten (48h) BM MNC 4h nach Injektion in Blut, Milz, Knochenmark und Gehirn
untersucht. Die fluoreszenzmarkierten BM MNC konnten durchflusszytometrisch in allen
untersuchten Organen lokalisiert und differenziert werden, wobei der Grof3teil der
transplantierten Zellen in der Milz akkumulierte. Die histologische Analyse der Milz ergab,
dass zahlreiche BM MNC zwischen roter und weil3er Pulpa in direkter Nachbarschaft zu
Makrophagen der Marginalzone lokalisiert waren. Diese sogenannten Marginal Zone
Macrophages (MZM) sind fir den Abbau von zirkulierenden seneszenten und
apoptotischen Zellen verantwortlich. Moglicherweise hat die doppelte Belastung dieses
Systems durch die massive G-CSF-bedingte Neutrophilie und die Injektion von teilweise
apoptotischen BM MNC zu einer kompetitiven Hemmung des Granulozytenabbaus
gefuhrt. Tatsachlich konnte nach einer spaten Zelltherapie sowohl einen Anstieg der
zirkulierenden PMN als auch deren vermehrte Infiltration in die ischamische
Hirnhemisphéare nachgewiesen werden. Dies kdnnte schlieBlich den negativen Einfluss

auf die funktionelle Verbesserung erklaren.

Zusammenfassend konnte in dieser Arbeit erstmals die Wirksamkeit von G-CSF auf die
funktionelle Erholung nach einem permanenten Schlaganfallmodell in einer komorbiden
Ratte bestatigt werden. Wahrend die zusatzliche Transplantation von BM MNC nach 6h
keinen weiteren Therapieeffekt zeigte, fuhrte die Zelltransplantation nach 48h,
wahrscheinlich aufgrund einer immunologischen Interaktion, zu einer Aufhebung des
protektiven G-CSF-Effektes. Die untersuchte Kombinationstherapie war also je nach
Therapiebeginn ohne Vorteil oder sogar schadlich. Die zugrundeliegenden
Interaktionsmechanismen werfen ein interessantes Licht auf die mdgliche Wirkungsweise
von Zelltherapien und unterstreichen die entscheidende Rolle des Immunsystems in der

Pathophysiologie des Schlaganfalls.
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