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I. Einleitung 

A. Genetische Treiber des Glioblastoms 

Maligne Gehirntumore wie das Glioblastom (GBM) gehören zu den häufigsten und aggressivsten 

primären Gehirntumoren (Louis et al., 2016). Die heutige Standardtherapie beim GBM besteht 

aus maximaler Resektion gefolgt von Strahlentherapie mit konkomitanter Chemotherapie mittels 

Temozolomid (Stupp et al., 2005; Weller et al., 2021). Leider kann damit das GBM aktuell, trotz 

multimodaler Therapiekonzepte im Wesentlichen nur palliativ behandelt werden. 

Die große Mehrzahl der primären GBM wird durch Mutationen in bestimmten 

Tumorsuppressorgenen (vor allem TP53 und CDKN2A) in Kooperation mit erhöhter Aktivität 

verschiedener proto-onkogener Signalwege (z.B. Epidermal growth factor receptor, EGFR oder 

platelet-derived growth factor-B, PDGFB) hervorgerufen (Brennan et al., 2013; Verhaak et al., 

2010). Zusätzlich findet man oft eine Deletion des „Neurofibromatosis-1“ (NF1) Gens in 

Koinzidenz mit einem Verlust des „phosphatase and tensin homolog deleted on chromosome-10“ 

(PTEN) Gens. Unterschiedliche Kombinationen dieser genetischen Mutationen führen unisono zur 

Entstehung von Tumoren mit dem histopathologischen Erscheinungsbild eines GBMs. Aus diesem 

Grund wird das GBM, welches bislang wegen seines pathologischen Bildes als eine homogene 

Entität beschrieben wurde, nun in verschiedene (genetische) Subtypen unterteilt (Brennan et al., 

2013; Verhaak et al., 2010). Neueste Forschungsergebnisse belegen, dass diese Subtypen sich in 

ihrer Prognose und Behandlungscharakteristik unterscheiden. Diese drei wesentlichen Subtypen 

werden als proneurales, klassisches oder mesenchymales GBM bezeichnet. Es scheint daher fast 

unmöglich, dass eine einzelne, standardisierte Therapie die spezifischen Schwachpunkte jedes 

einzelnen Tumorsubtyps angreifen kann (Aldape et al., 2015). 

 

B. Die Tumormikroumgebung beeinflusst das Gehirntumorwachstum 

Aufgrund der beobachteten genetischen Heterogenität der GBM-Zellen ist in den letzten Jahren 

das Tumormikromilieu ins Zentrum des Forschungsinteresses gerückt. Die zelluläre 

Mikroumgebung des GBMs besteht aus einer komplexen Mischung von Gehirn-eigenen und 

Gehirn-fremden Zellen (Aldape et al., 2019; Glass et al., 2005; Hambardzumyan et al., 2016), 
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darunter auch Stammzellen und Vorläuferzellen (Audia et al., 2017; Stock et al., 2014). 

Pathologisch relevant sind dabei die mesenchymalen Stammzellen, neuronale und 

oligodendrogliale Vorläuferzellen (Audia et al., 2017; Huang et al., 2014; Stock et al., 2014). 

Mesenchymale Stammzellen zeigen sowohl eine Tumor-unterstützende Wirkung wie auch anti-

neoplastisches Potential entsprechend ihrem Ursprung im Knochenmark oder in einer 

perivaskulären Position (Audia et al., 2017; Behnan et al., 2014; Ho et al., 2013). Neuronale 

Vorläuferzellen hemmen die GBM-Progression über die Freisetzung von bioaktiven Lipiden (Stock 

et al., 2014), aber die Anzahl an neuronalen Vorläuferzellen nimmt mit dem Alter ab, weshalb ihr 

Tumor-hemmender Effekt im Tierversuch auf junge Mäuse (auf die ersten 90 Tage nach Geburt) 

limitiert bleibt (Walzlein et al., 2008). Oligodendrogliale Vorläuferzellen können zur Bildung von 

perivaskulären Zellen im GBM beitragen und so die Gefäßneubildung unterstützen (Huang et al., 

2014). Zusätzlich ist unklar ob noch andere Stamm- und Vorläuferzellen existieren, welche das 

GBM-Wachstum vorantreiben können. 

Eine weitere Hauptkomponente in der Tumormikroumgebung machen die Immunzellen des 

Gehirns aus, die sogenannten Mikroglia. Ein Großteil der Zellen im GBM besteht nämlich aus 

diesen myeloischen Zellen (Audia et al., 2017). Die myeloische Population des GBM setzt sich 

jedoch nicht nur aus den hirneigenen Mikroglia, sondern auch aus Tumor-assoziierten 

Makrophagen (gemeinsam TAM genannt) zusammen. Unter physiologischen Bedingungen sind 

myeloische Zellen in der Lage durch zytotoxische und phagozytische Mechanismen 

Fremdmaterial zu eliminieren. Unter den pathologischen Bedingungen des GBMs scheint diese 

Wirkung unterdrückt und die Mikroglia können die lebensbedrohliche GBM-Zell-Streuung in das 

gesunde Gehirngewebe scheinbar sogar unterstützen (Aldape et al., 2019; Glass and Synowitz, 

2014; Markovic et al., 2009). Zusätzlich häufen sich die Hinweise, dass die Tumor-assoziierten 

myeloischen Zellen eine aktive Rolle in der Bildung der Tumorgefäße (Angiogenese) und ihrer 

Reifung (Gefäßnormalisierung) spielen (Brandenburg et al., 2016; Mathivet et al., 2017). Dieses 

Krankheits-induzierte Gefäßwachstum des GBMs kann wiederum die Tumor-Progression 

befördern (Aldape et al., 2019; Glass and Synowitz, 2014). Insgesamt ist die Gesamtpopulation 

myeloischer Zellen sehr heterogen und eine Unterscheidung einzelner Subpopulationen aufgrund 

von überlappenden Markerprofilen äußerst komplex (Glass and Synowitz, 2014; Hambardzumyan 

et al., 2016; Prinz et al., 2019). Da jedoch unterschiedliche Subpopulationen von TAM sehr 
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unterschiedliche Funktionen für das Tumorwachstum aufweisen können ist die umfangreiche 

Charakterisierung des myeloischen Kompartiments im Tumormikromilieu entscheidend für die 

Identifikation neuer Therapiestrategien. Der einzige Weg unterschiedliche Subpopulationen 

eindeutig zuzuordnen und funktionell zu studieren, beruht im Moment auf der Nutzung 

neuartiger transgener Mausmodelle. Zum Beispiel können über das transgene Myeloid-

Reportermodell Cx3cr1-CreER durch ein etabliertes „Pulse-Chase“ Verfahren die langlebigen 

Gehirn-eigenen Mikroglia von den kurzlebigen, aus der Peripherie-einwandernden, Makrophagen 

im GBM unterschieden werden (Wieghofer et al., 2015), während Tumor-invadierende periphere 

Makrophagen eine hohe Expression von Chemokin-Rezeptor CCR2 aufweisen und mittels CCR2-

GFP Reporter-Modell verfolgt werden können (Chen et al., 2017).  

Ein weiteres Hauptmerkmal des GBMs ist das zahlreiche Vorkommen von fehlgebildeten 

Gefäßkapillaren (Aldape et al., 2019; Louis et al., 2016; Weller et al., 2021). Diese entstehen aus 

proliferierenden Endothelzellen und werden während der Gefäßreifung von Gefäßstützzellen 

umhüllt (Armulik et al., 2011). Diese sogenannten Perizyten teilen dieselbe extrazellulare Matrix 

(„basement membrane“) mit den kapillaren Endothelzellen. Indem sie die Signale aus ihrer 

Nachbarschaft, bestehend aus Endothel, Astrozyten und Neuronen (die sogenannte 

Neurovaskuläre Einheit) integrieren, ermöglichen sie die physiologische Funktion des 

Zentralnervensystems (ZNS). Außerdem erhalten sie die Integrität der Bluthirnschranke und 

kontrollieren so deren Durchlässigkeit (Sweeney et al., 2016). Die molekularen Signalwege in der 

Kontrolle der Bluthirnschranken-Öffnung sind dabei noch wenig erforscht.  

Aufgrund der starken Gefäßneubildung im GBM wurden in den letzten Jahren verschiedene anti-

angiogene Behandlungsansätze gegen das GBM verfolgt (Jain et al., 2007), wobei jedoch in 

klinischen Studien bei Nutzung des Angiogenese-Faktors VEGFA als therapeutisches Ziel keine 

Verbesserung des allgemeinen Patientenüberlebens beobachtet werden konnte (Chinot et al., 

2014; Gilbert et al., 2014). Aus diesem Grund wird dringend nach neuartigen anti-angiogene 

Therapien gesucht. Eine Möglichkeit bietet dabei die Erforschung alternativer angiogener 

Signalwege, wie wir sie in den letzten Jahren betrieben haben. 
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C. Das neurovaskuläre Peptid Apelin und sein Rezeptor APLNR in der 
Gefäßentwicklung 

Das humane APLNR-Gen (auch bekannt als APJ) wurde durch seine Sequenzhomologie zum 

„Angiotensin II Rezeptor type 1“ (AT1R) entdeckt (Kälin and Kälin, 2017; O'Dowd et al., 1993). Das 

orthologe Frosch-Gen für APLNR (auch bekannt als Msr) wurde danach kloniert und seine 

Expression in den venösen und arteriellen Gefäßen während der Embryonalentwicklung erstmalig 

beschrieben (Devic et al., 1996) In Folgestudien wurde APLNR als verlässlicher Gefäßmarker in 

Xenopus Kaulquappen (Cleaver et al., 1997; Devic et al., 1999; Kälin et al., 2009) und Nagetieren 

etabliert (De Mota et al., 2000; Devic et al., 1999; Hosoya et al., 2000; O'Carroll et al., 2000). 

Über einen biochemischen Liganden-Screen für G-Protein-gekoppelte Rezeptoren wurde ein 

kleines bioaktives Peptid für APJ (APLNR) isoliert und nach seinem Rezeptor Apelin (für APJ 

endogener Ligand) benannt (Tatemoto et al., 1998). Dank der Peptidsequenz wurde danach die 

cDNA für das humane Apelin (APLN) kloniert welches für ein sezerniertes Präproprotein aus 77 

Aminosäuren (Apelin-77) kodiert (Reaux et al., 2001; Tatemoto et al., 1998). Proteolytisch wird 

Apelin weiter in die Isoformen Apelin-36, Apelin-17, Apelin-13, und das pyroglutamylierte (Pyr1) 

Apelin-13 (Tatemoto et al., 1998) aufgespalten. Interessanterweise sind die letzten 14 

Aminosäuren von APLN, welche das Peptid Apelin-13 enthalten, zu 100% in allen Wirbeltieren 

identisch, vom Frosch über die Maus bis hin zum Menschen (Kälin et al., 2007). 

 

Während der Rezeptor APLNR embryonal in der gesamten Vaskulatur vorkommt (Devic et al., 

1996; Devic et al., 1999), beschränkt sich die Expression des Liganden APLN auf die 

Gefäßregionen, die sich in der Aussprossung befinden (Cox et al., 2006; Kälin et al., 2007; Saint-

Geniez et al., 2002). In Folgeexperimenten konnte von uns und von anderen Forschern gezeigt 

werden, dass APLN notwendig und hinreichend für die Angiogenese während der 

Embryonalentwicklung ist (Cox et al., 2006; Kälin et al., 2007). Die Hochregulation der APLN-

Expression kann dabei durch den VEGFA-Signalweg (Kälin et al., 2007) oder durch Hypoxie 

ausgelöst werden; im APLN-Promoter befindet sich nämlich dafür ein „hypoxia-responsive 

element“ (Cox et al., 2006; Kasai et al., 2010). Während in APLN-KO Mäusen in erster Betrachtung 

nur milde Effekte auf die Vaskulatur gefunden wurden (z.B. ein reduzierter Gefäßdurchmesser) 

(Kidoya et al., 2008), wurde später auch eine Reduktion in der Gefäßentwicklung beobachtet (z.B. 
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in der Retina; Kasai et al., 2010). Apelin scheint dabei zuerst parakrin die angiogene 

Gefäßsprossung auszulösen und dann autokrin die Motilität der endothelialen „Tip“-Zellen, in 

denen APLN am höchsten exprimiert ist, zu steuern. (del Toro et al., 2010; Helker et al., 2020; 

Kälin et al., 2007; Kidoya et al., 2008; Strasser et al., 2010). In der Folge wurden APLN-Cre Reporter 

Mäuse entwickelt, mit welchen die Endothelien angezeigt werden, die sich während der 

Embryonalentwicklung oder sich unter pathologischen Umständen gerade in der Aussprossung 

befinden (Liu et al., 2015). 
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II. Ziel der Arbeit 

Ziel meines Habilitationsprojektes war es neuartige Kontrollmechanismen der Glioblastom-

Angiogenese und Invasivität zu untersuchen. Dies geschah unter der Hypothese, dass über das 

Verständnis und die Manipulation der Zusammensetzung des Tumorparenchyms die genetische 

Heterogenität des GBMs (als erschwerender Faktor für eine erfolgreiche Tumor-Therapie) 

umgangen werden kann und somit einen neuartigen Weg zur Bekämpfung des GBMs zu 

erschliessen. 

Wie im Kapitel I.B beschrieben, wurde in klinischen Studien über die anti-angiogene Therapie 

mittels Hemmung von VEGFA keine Verbesserung des allgemeinen Patientenüberlebens beim 

GBM erzielt. Daher wurde im ersten Teil meiner Arbeit untersucht, ob der APLN/APLNR Signalweg 

die Angiogenese auch in der Pathologie des GBMs steuert und ob er einen alternativen 

Angriffspunkt für die anti-angiogene Therapie darstellt. 

Im zweiten Teil meines Habilitationsprojektes wurde erforscht, ob das antagonistische Peptid 

Apelin-F13A für die anti-angiogene Therapie beim GBM nutzbar gemacht werden kann. 

Insbesondere wurde die Frage adressiert, ob die zusätzliche Hemmung des APLNR-Signalweges 

die VEGFA/VEGFR2-gerichtete Therapie unterstützen kann und inwiefern sie sich auf die 

Invasivität des GBMs auswirkt. 

Im dritten Teil meiner Arbeit sollte mittels eines transgenen Mausstammes, der als Reporter für 

die Aktivität des Stammzellgens Nestin dient, untersucht werden, inwiefern bekannte oder noch 

unbekannte Vorläuferzellen im Tumorparenchym die Pathologie des GBMs beeinflussen können. 

Die Modulation einer von uns dadurch neu-identifizierten Tumor-assoziierten Zelle mit 

myeloischem Expressionsmuster (TAMEP) sollte zeigen, inwiefern eine solche Zell-basierte-

Therapie (im Gegensatz zur Blockade einzelner angiogener Signalwege) das Tumorwachstums 

beeinflussen kann. 
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III. Ergebnisse 

A. Apelin kontrolliert die Tumor-Angiogenese im Glioblastom 

Ziel dieses ersten Projektes war die Bestimmung der Rolle des APLN/APLNR Signalweges in der 

Tumormikroumgebung beim Glioblastom. Aus früheren Studien war bekannt, dass die Expression 

von APLN und seinem Rezeptor APLNR in den Gefäßproliferaten des Glioblastoms hochreguliert 

wird, während deren mRNA im gesunden Gehirn kaum detektierbar war (Kälin et al., 2007). Diese 

Ko-expression von Ligand und Rezeptor in den Tumorgefäßen wies auf eine autokrine Regulation 

des Signalweges hin, wie sie auch während der Embryonalentwicklung beobachtet wurde (Cox et 

al., 2006; Kälin et al., 2007). Zusätzlich zur Gefäßexpression war die APLN mRNA auch in 

hypoxischen Arealen prominent hochreguliert, in welchen VEGFA mRNA ebenfalls detektiert 

wurde (Kälin et al., 2007; Plate et al., 1992). Dies wies bereits auf eine kooperative Rolle beider 

Signalwege in der parakrinen Kommunikation von Tumorzelle zum Tumorgefäß hin.  

Um nun die Funktion von APLN aus der Tumorzelle oder aus dem Tumorparenchym im 

Glioblastomwachstum getrennt zu untersuchen, haben wir im Folgenden einerseits die endogene 

APLN-Expression in einer GBM-Zelllinie mittels lentiviralem APLN Knockdown (KD) und 

andererseits im Mausmodell mittels Verwendung einer APLN Knockout (KO) Maus (Kuba et al., 

2007) manipuliert. 

In einem ersten Schritt wurden GBM-Zellen, humanen oder murinen Ursprungs, orthotop ins 

Hirnparenchym von Mäusen implantiert und die Validität des Mausmodells bezüglich APLN-

Expression untersucht. Tatsächlich zeigte sich, dass auch im GBM-Mausmodell APLN einerseits in 

den Tumorzellen und andererseits in den neoplastischen Tumorgefäßen hochreguliert wurde 

(Anhang A.1, Abb.1B, (Fig. 1B)). 

Als nächstes wurde die Rolle von APLN aus der Tumorumgebung untersucht, indem 

unterschiedliche GBM-Zellen in APLN-KO Mäuse implantiert wurden. Die Tumore, die nach 

GL261-Tumorzell-Implantation (Zellen ohne APLN-Expression, Anhang A.1, Abb1A, (Fig. 1A)) 

entstanden, zeigten eine signifikante Verminderung der Gefäßdichte und -komplexität im 

Vergleich zu den Tumoren in APLN Wildtyp (WT) Mäusen (Anhang A.1, Abb. 2, (Fig. 2)). Die 
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fehlgeformten Tumorgefäße wiesen dabei keine APLN Expression mehr auf (Anhang A.1, Abb. 2A, 

(Fig. 2A)).  

Dann untersuchten wir den Beitrag des APLN-Signals aus der Tumorzelle zur Steuerung der 

Tumorangiogenese. Dazu benutzen wird die humane GBM-Zelllinie U87MG, welcher eine hohe 

APLN-Expression zu eigen ist (Anhang A.1, Abb. 1C, Fig. 1C), und generierten durch lentivirale 

Transduktion einer „small hairpin RNA“ (shRNA) gegen APLN einen stabilen APLN-knockdown 

(U87AKD) in diesen Zellen. Nach Implantation ins Mausgehirn wurden diese Zellen mit einer 

Kontroll-Zelllinie („U87 non-silencing control“; U87NSC) mit endogener APLN-Expression 

verglichen. Es zeigte sich, dass die sehr hohe Gefäßdichte dieses Tumormodells signifikant 

reduziert war, wenn APLN in der Tumorzelle fehlte (Abb. 1 und Anhang A.1, Abb. 3, Fig. 3). 

Zusätzlicher Verlust der APLN-Expression auch in den Tumorgefäßen unter Verwendung der 

genannten APLN-KO Maus drückte die Gefäßdichte sogar unter das Maß, welches in der 

Kontrollsituation beobachtet wurde. 

 

Abb. 1: GBM- und Endothelzell-sezerniertes APLN sind beide wichtig für die Aussprossung der 
Tumorgefäße. 
A) U87MG Zellen wurden ins Mausgehirn implantiert und 28 Tage wachsen gelassen. Mittels doppelt-

fluoreszenter Immunfärbung wurden die Tumorgefäße sichtbar gemacht („CD31“ für Endothelzellen in rot 
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und „Desmin“ für Perizyten in blau). Wenn APLN in den Tumorzellen (U87AKDAPLNWT), der Mikroumgebung 

(U87NSCAPLNKO) oder in beiden (U87AKDAPLNKO) depletiert wird, ist die Gefäßdichte im Vergleich zur 

Kontrolle (U87NSCAPLNWT) massiv reduziert. B) Drei Stunden vor Euthanasie der Mäuse wurde der 

Proliferationsmarker BrdU gespritzt. Mittels doppelt-fluoreszenter Immunfärbung wurden die Tumore 

gegen BrdU und Isolectin B4 (IB4) gefärbt und konfokale Bilder aufgenommen. In allen vier 

Versuchsgruppen gibt es sich noch teilende BrdU positive Endothelzellen (IB4+). (Supplementary Material 

aus Frisch et al., 2020). 

 

Bisher konnten wir zeigen, dass die APLN-Expression notwendig für die Tumorangiogenese im 

GBM ist. Als nächstes untersuchten wir, ob die kleinste bioaktive Peptid-Isoform Apelin-13 auch 

hinreichend für die Sprossung der Tumorgefäße sein kann. Dazu infundierten wir Apelin-13 

mittels osmotischer Mini-Pumpen intracerebral (ic) direkt in die U87AKD Gehirntumore der APLN-

KO Mäuse, in denen kein APLN mehr vorhanden war. Im Vergleich zur Kontrolle, bei der nur 

künstliches Gehirnwasser (artifizielle cerebrospinale Flüssigkeit; aCSF) infundiert wurde, rettete 

Apelin-13 partiell die Tumorangiogenese indem es die Gefäßdichte signifikant erhöhte (Anhang 

A.1, Abb. 4 (Fig. 4)). 
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Abb. 2: Der Verlust von APLN in der Tumorumgebung führt zu kleineren Tumorvolumen.  
U87MG-Zellen mit und ohne APLN-Expression wurden in WT oder APLN-KO Mäuse orthotop implantiert 

und bildeten 28 Tage später ein vorwiegend kompaktes GBM (Pfeilspitze) mit einzelnen Zellgruppen die 

ins Gehirnparenchym hineinragen (Pfeile). Tumorschnitte wurden mit H&E-Lösung gefärbt und GBM-

Zellen wurden mittels GFP-Reporter sichtbar gemacht. (Supplementary Material aus Frisch et al., 2020). 

 

Um den Einfluss der APLN-abhängigen Tumorangiogenese auf das Tumorwachstum zu 

bestimmen, führten wir ein Überlebens-Experiment durch und verfolgten das Wachstum der 

GBM Zellen im Mausgehirn mittels Magnetresonanz-Tomographie (MRT). Es zeigte sich in allen 

Versuchsgruppen ein exponentielles Tumorwachstum, allerdings zu einer signifikant niedrigeren 

Rate in APLN-KO Mäusen im Vergleich zu den WT Mäusen (Anhang A.1, Abb. 6 (Fig. 6)). 

Interessanterweise war der Größenunterschied am stärksten, wenn die APLN-Expression in den 
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Tumorzellen vorhanden war und in der Tumorumgebung fehlte (Abb. 2.). Diesen Befund 

untersuchten wir in einer Folgestudie ausführlicher (siehe Kapitel III.B). 

 

Zusammenfassend konnte in dieser Studie gezeigt werden: 

 dass der autokrine APLN-Signalweg im APLNR-exprimierenden Tumorendothel notwendig 

für die Aussprossung der Tumorgefäße ist. 

 dass APLN sezerniert von der Tumorzelle sich parakrin stark auf die Komplexität der 

Tumorgefäße auswirkt. 

 dass der endogene Ligand Apelin-13 hinreichend die Tumorangiogenese induziert. 

 dass der Verlust von APLN in der Tumor-Mikroumgebung das GBM-Wachstum hemmt und 

das Überleben von GBM-tragenden Mäusen steigert. 

Somit ließ sich zum ersten Mal nachweisen, dass Apelin spezifisch die Tumorangiogenese im GBM 

steuert und dass in einem kompakt wachsenden orthotopen GBM-Modell das Tumorwachstum 

vom Maße der APLN-induzierten Tumorangiogenese abhängt. 

 

 

 

 

 

 

Themenbezogene Publikation: 

Frisch, A.; Kälin, S.; Monk, R.; Radke, J.; Heppner, F. L.; Kälin, R. E., Apelin Controls Angiogenesis-

Dependent Glioblastoma Growth. Int J Mol Sci 2020, 21, (11), 4179. 
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B. APLN/APLNR als therapeutischer Angriffspunkt beim Glioblastom 
verbessert die Effizienz der VEGFA/VEGFR2 Blockade-vermittelten 
Antiangiogenese und vermindert dessen pro-invasive Nebenwirkung 

Das Glioblastom ist charakterisiert durch schwach differenzierte Astrozyten, erhöhte 

Zellproliferation, Tumornekrosen, Gefäßproliferate und eine missgebildete Vaskulatur (Louis et 

al., 2016; Weller et al., 2021). Die Hemmung der Angiogenese scheint daher ein 

vielversprechender Therapieansatz zu sein (Jain et al., 2007). Klinische Studien zur Verwendung 

von Bevacizumab, einem humanisierten Antikörper zur Blockade des VEGFA Signalweges, 

zeitigten jedoch keine Verlängerung des allgemeinen Überlebens bei GBM-Patienten (Chinot et 

al., 2014; Gilbert et al., 2014). Unter der antiangiogenen Therapie entwickelte das GBM scheinbar 

eine Resistenz mittels Hochregulation von weiteren Angiogenese-Faktoren oder einer 

Verstärkung der Invasivität der Tumorzellen (Lu and Bergers, 2013). 

Wie in der erstgenannten Studie unter Kapitel III.A gezeigt, spielt der APLN Signalweg eine 

entscheidende Rolle in der Tumorangiogenese des GBM (Frisch et al., 2020; Kälin et al., 2007). Im 

zweiten Teil dieser Arbeit fokussierten wir uns daher auf den Einfluss des APLN/APLNR 

Signalweges auf die antiangiogene Therapie des GBM. 

Zunächst wurden Proben von GBM-Patienten, die vor und nach Gabe von Bevacizumab 

entnommen wurden, auf die Expression von APLN untersucht. Dabei konnten wir einerseits 

bestätigen, dass die APLN Expression im GBM im Vergleich zum umliegenden tumorfreien 

Gehirngewebe erhöht ist, andererseits fanden wir jedoch eine Herunterregulation der APLN Level 

nach Bevacizumab -Gabe sowohl per quantitativer PCR (Abb. 3A) wie auch per in situ 

Hybridisierung (Anhang A.2, Abb. 1D (Fig. 1D)). 

Dann untersuchten wir die Verbindung zwischen dem VEGFA/VEGFR2- und dem APLN/APLNR-

Signalweg im GBM Mausmodell. Dazu benutzten wir zwei neuartige Modelle für den proneuralen 

GBM-Subtyp, die durch den Wachstumsfaktor PDGFB in genetisch manipulierten neuronalen 

Vorläuferzellen angetrieben werden. Die Gehirntumore dieses ersten sogenannten Rcas/TVA-

Modells (Hambardzumyan et al., 2009) wurden mit einer murinen Version von Bevacizumab 

behandelt (Pitter et al., 2016). Ein zweites von uns generiertes proneurales GBM-Modell mit 

Verlust des Onkogens Tp53 und mit ektoper PDGFB-Überexpression in neuronalen 
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Vorläuferzellen wurde nach orthotoper Tumorzellimplantation mit dem mausäquivalenten 

VEGFR2-inhibierenden Antikörper Ramucirumab behandelt. Beide Modelle imitierten das 

humane GBM ideal und zeigten Gefäßproliferate in der Nachbarschaft von pseudopalisaden-

artigen Nekrosen. Während das Ausmaß der Nekrosen unverändert war (Abb. 3B, C), reduzierte 

sich die durch in situ Hybridisierung erhobene APLN-positive Fläche sowohl der Tumorzellen, wie 

auch der Gefäßproliferate, signifikant (Anhang A.2, Abb. 1A-C (Fig. 1A-C)). 

A 

 

 

 

 

 

 
Abb. 3: Anti-VEGFA/VEGFR2 Therapie im humanen und murinen GBM.  
A) Die APLN Expression ist in Biopsien von GBM-Patienten nach Bevacizumab-Therapie reduziert. 

Patientenbiopsien wurden vor und nach Bevacizumab-Therapie entnommen und per qPCR verglichen. 

Zwischen den Proben wurden die APLN- auf die GAPDH-Level normalisiert. B) Ein proneurales GBM-

Implantationsmodell der Maus wurde mit Ramucirumab behandelt und die Fläche der Pseudopalisaden 

über H&E-Färbung quantifiziert (C). Signifikanzen wurden per einfachem T-Test erhoben und der mittlere 

Standardfehler ist angezeigt. p**<0,005, p***<0,0005. (Supplementary Material aus Mastrella et al., 

2019). 

Als nächstes untersuchen wir inwiefern sich die beiden Signalwege VEGF/VEGFR2 und 

APLN/APLNR ergänzen oder unterscheiden. Zuerst testeten wir den Effekt eines APLN-Verlustes 

auf die Angiogenese in primären GBM-Modellen, sowohl des proneuralen wie auch des 

klassischen Subtyps, welche ein verbessertes neuropathologisches Erscheinungsbild (hohe 

Tumorzellinvasivität und GBM-typischen Tumornekrosen) im Vergleich zu den etablierten 

Modellen (Frisch et al., 2020) zeigen. Dazu implantierten wir die von uns generierten GBM Zellen 

mit proneuralen (PDGFB-Überexpression und p53 Verlust) oder den klassischen Tumortreibern 

(EGFRvIII Überexpression und cdkn2a Verlust) in WT oder in APLN-KO Mäuse. In beiden Fällen 

fanden wir eine signifikante Reduktion der Tumorangiogenese in den Gehirntumoren der APLN-
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KO Mäuse im Vergleich zu den APLN-exprimierenden WT Mäusen (Abb. 4 und Anhang A.2, Abb. 

2 (Fig. 2)). 

 

Abb. 4: APLN aus Tumor- und aus Parenchym-Zellen steuert die Tumorangiogenese im primären Maus-
GBM.  
Primäre Maus-GBM Zellen des klassischen Subtyps (cdkn2aKO; EGFRvIII), implantiert in APLN-WT oder 

APLN-KO Mäuse, wurden auf die Gefäßdichte mittels „von Willebrand-Faktor“ (VWF) -Immunfärbung 

analysiert, am Fluoreszenzmikroskop dokumentiert (linkes Panel) und die Gefäßdichte mittels 

Stereoinvestigator quantifiziert (rechtes Panel). Die Gefäßlängendichte („vessel length density“) und die 

totale Gefäßlänge („vessel length“) der Tumore in den APLN-KO Mäusen ist signifikant reduziert im 

Vergleich zu APLN-WT Mäusen. Signifikanzen wurden per einfachem T-Test erhoben und der mittlere 

Standardfehler ist angezeigt. p**<0,005, p***<0,0005. (Supplementary Material aus Mastrella et al., 

2019). 

 

Unter Nutzung einer öffentlichen Datenbank für regionale Genexpressionsanalysen beim GBM 

(„IVY GBM Atlas Project RNAseq database“) fanden wir eine unterschiedliche Verteilung von APLN 

und APLNR im GBM (Anhang A.2, Abb. 3A (Fig. 3A)). Während die APLN-Expression vor allem in 

Regionen erhöhter Gefäßdichte vorlag, war der Rezeptor APLNR zusätzlich in den invasiven 

Tumorrandzonen hochreguliert. Dieses Expressionsmuster wurde von uns in stereotaktischen 

Proben von Patienten-GBM verifiziert (Anhang A.2, Abb. 3B (Fig. 3B)). Dies deutete auf eine 

zusätzliche Rolle des APLN/APLNR-Signalweges in der GBM-Zellinvasion hin. Tatsächlich konnten 

wir sowohl i) in einem Sphäroid-Invasions-Modell, ii) in einem Wundheilungs-Modell in vitro und 

iii) in einem ex vivo Schnittkultur-Modell nachweisen, dass APLN eine migratorische Wirkung auf 

die APLNR-exprimierenden primären humanen GBM-Zellen ausübt (Anhang A.2, Abb. 3 (Fig. 3C), 

zusätzliche Abb. 3G, H; 4F (Fig. S3H, G; S4F). In anschließenden in vivo Versuchen im murinen 

GBM-Modell fanden wir heraus, dass der schrittweise Verlust von APLN in den Tumorzellen und 
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Abb. 5: Die anti-invasive Rolle von 
APLN im orthotopen GBM-Modell. 
Primäre Maus-GBM Zellen des 
klassischen Subtyps (cdkn2aKO; 
EGFRvIII) implantiert in APLN-WT 
oder APLN-KO Mäuse wurden auf das 
Tumorvolumen mittels H&E-Färbung 
oder GFP-Immunfärbung analysiert, 
und das Gesamtvolumen, bzw. das 
kompakte und das invasive 
Tumorvolumen quantifiziert. Die 
Invasivität wird mittels mittlerer 
invasiver Distanz („distance in mm“) 
der Tumorzellen in das umgebende 
Normalgewebe, und dem Verhältnis 
des invasiven zum kompakten 
Tumorvolumen („invasive ratio“ und 
„invasive Volume“ in %) dargestellt. 
Während das Kompakt- und das 
Gesamt-Volumen sich unter Verlust 
der APLN-Expression reduzierte, 
erhöhte sich der invasive Anteil 
signifikant. Signifikanzen wurden per 
einfachem T-Test erhoben und der 
mittlere Standardfehler ist angezeigt. 
p*<0,05 p**<0,005, p***<0,0005. 
(Supplementary Material aus 
Mastrella et al., 2019). 

in der Tumorzellumgebung nicht nur die Angiogenese reduzierte, sondern auch die Invasivität der 

GBM-Zellen vergrößerte (Anhang A.2, Abb. 4 (Fig. 4)). Während das mittels H&E-Färbung sichtbar 

gemachte kompakte Tumorvolumen signifikant abnahm, erhöhte sich das über GFP-Färbung 

angezeigte invasive Tumorvolumen im Vergleich zur APLN-exprimierenden Kontrolle (Abb. 5). 

 
 

 

Zusammengefasst lässt sich festhalten, dass Apelin aus der Tumorumgebung oder der Tumorzelle 

selbst ein essentieller Mediator der Gefäßbildung im Tumor ist, jedoch auch die 

Tumorzellinvasivität unterdrücken kann. Dies wurde mittels inverser Korrelation zwischen APLN-

Expression und GBM Invasivität in Patientenproben gefunden und sowohl in vitro als auch in 

unseren in vivo GBM Modellen beobachtet. Über einen direkten anti-invasiven Effekt auf die 

APLNR-Stimulation in in vitro Migrations-Versuchen konnte diese Beobachtung weiter bestätigt 

werden. 
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Sodann untersuchten wir das Potenzial von APLNR als therapeutischen Angriffspunkt für die 

GBM-Therapie. Dazu benutzten wir den bekannten APLNR-Antagonisten Apelin-F13A (Lee et al., 

2006; Lee et al., 2005). Infusion von Apelin-F13A mittels osmotischer Minipumpen direkt in den 

Gehirntumor der Mäuse führte zu einer Verminderung sowohl der Tumorangiogenese, wie auch 

des Gesamt-Tumorvolumens unserer hoch-invasiven humanen oder murinen primären GBM-

Modelle (Anhang A.2, Abb. 5 (Fig. 5)). Dass Apelin-F13A tatsächlich den Rezeptor APLNR auf den 

Tumorzellen aktivierte, konnten wir mittel Internalisierungs-Assay im Zellkultur-Experiment 

nachweisen (Anhang A.2, Abb. S5C (Fig. S5C). 

Eine Hauptkomplikation in der Anwendung von Bevacizumab beim GBM ist die beobachtete 

Erhöhung der Tumorzellinvasivität (Lu and Bergers, 2013). Aus diesem Grund fragten wir uns ob 

die Blockade der pro-angiogenen und pro-invasiven Eigenschaften von APLNR diese 

pathologische Nebenwirkung der etablierten anti-VEGFR2-Therapie überwinden könnte. 

Orthotop implantierte immunkompetente p53KOPDGFB-GBM Zellen konnten in Mäusen zu 

Tumoren anwachsen bevor wir diese direkt intracerebral mit Apelin-F13A und VEGFR2 

Kombinations- bzw. Einzeltherapie behandelten. Es zeigte sich, dass die Ko-behandlung der 

Tumormäuse mit VEGFR2-Antikörpern und dem Apelin-F13A Peptid synergistische Effekte im 

Vergleich zur jeweiligen Einzelbehandlung entfaltete (Anhang A.2, Abb. 6C, D (Fig. 6C, D)). 

Immunhistologische Analysen der Tumore ergaben eine klare Reduktion der Tumorangiogenese 

in Kombination mit einer Verminderung des pro-invasiven Effekts der VEGFR2-Therapie mittel 

Apelin-F13A Gabe. Dies führte zu einer Erhöhung des Überlebens der mit beiden Substanzen 

behandelten Mäusen um bis zu 65% Prozent (Abb. 6). 

Abb. 6: Die Kombinationstherapie gegen 
VEGFR2 und APLNR verbessert das 
Überleben von GBM-Mäusen.  

Apelin-F13A und anti-VEGFR2 erhöhen das 
Überleben der GBM-Mäuse signifikant im 
Vergleich zur Trägersubstanz (aCSF). Ko-
behandlung mit Apelin-F13A und anti-
VEGFR2 erhöht das Überleben zusätzlich 
um 28% im Vergleich zur anti-VEGFR2 
Einzelbehandlung signifikant. («One-way 
ANOVA plus post-hoc Test»). p*<0,05 
p**<0,005. (aus Mastrella et al., 2019). 
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Die Ergebnisse dieser Studie lassen sich wie folgt zusammenfassen: 

 Apelin aus dem Tumorparenchym und den Endothelzellen ist notwendig für die 

Tumorangiogenese beim primären GBM des proneuralen und klassischen Subtyps. 

 Zum ersten Mal wurde gezeigt, dass der APLN/APLNR Signalweg zusätzlich eine 

entscheidende Rolle in der Tumorzellinvasion spielt. 

 Die Stimulation des APLN-Rezeptors APLNR durch Apelin-F13A stellt eine 

vielversprechende Strategie zur Behandlung spezifischer GBM-Subtypen dar. 

 Die ergänzende Behandlung des GBMs mittels Apelin-F13A reduziert die durch 

VEGFA/VEGFR2-Blockade vermittelten invasiven Nebeneffekte der anti-angiogenen 

Therapie. 

Aus dieser und der vorangehend erwähnten Studie (III.A) schlussfolgern wir, dass unsere 

Resultate eine neuartige Strategie zur Reduktion der Therapieresistenz durch die 

Antiangiogenese einführt und GBM Subtypen identifiziert, die eine bessere Antwort auf eine 

Kombinationstherapie mit APLN/APLNR und VEGFA/VEGFR2 als Angriffsziele zeigen. 
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C. TAMEP sind neuartige Gehirn-eigene Vorläuferzellen, die die 
neoplastische Angiogenese und die Tumorprogression steuern 

In dieser dritten Studie haben wir neuartige Gehirn-eigene Vorläuferzellen in der Tumor-

Mikroumgebung entdeckt, die aufgrund ihres myeloischen Expressionsmusters Mikroglia-Zellen 

ähneln, aber nicht von Mikroglia oder peripheren Monozyten abstammen. Diese Zellen haben wir 

TAMEP genannt, für „Tumor-assoziierte Zellen mit einem myeloid-ähnlichen Expressions-Profil“. 

Im Mausmodell lässt sich eine ZNS-eigene Vorläuferzelle und dessen Nachkommen mittels 

künstlich induzierter Expression unter der Kontrolle des Nestin-Genpromotors verfolgen. Berichte 

zur Nestin-Expression in Vorläuferzellen gab es bereits bezüglich neuronaler und 

oligodendroglialer Vorläufer-Zellen und Perizyten (Sun et al., 2014), die ihrerseits alle gewisse 

Eigenschaften mit mesenchymalen Vorläuferzellen teilen. All diese Zellen sind Teil des 

Tumorparenchyms im GBM (Audia et al., 2017; Huang et al., 2014; Stock et al., 2014). 

Für unsere Studie nutzten wir ein Mausmodell (Nes-RFP) in welchem der Promotor für das 

Intermediär-Filament Nestin eine Cre-Rekombinase exprimiert (Giachino and Taylor, 2009). Die 

Rekombinase (CRE) ist mit einem mutierten Östrogen-Rezeptor (ER) fusioniert. Dies erlaubt, dass 

Tamoxifen-induziert (getimed) ein Transgen (hier z.B. das rot-fluoreszierende Reporterprotein 

tdTomato (Madisen et al., 2010)) exprimiert wird, und die so markierte Zelle und ihre Nachfahren 

verfolgt (getraced) werden können. 

Zur Beobachtung von eventuellen Tumor-assoziierten Vorläuferzellen während des 

Tumorwachstums implantierten wir nun GL261-Gliomzellen ins Maus-Gehirn, behandelten die 

Tiere in den folgenden drei Tagen mit Tamoxifen und untersuchten die Maus-GBMs histologisch 

an Tag 7, 14 und 21. Dieses erste Experiment zeigte avaskuläre rote Zellen, die in ihrer Anzahl am 

siebten Tag am höchsten waren und dann stetig abnahmen, wohingegen rot-markierte vaskuläre 

Zellen beobachtet wurden, die in ihrer Anzahl über 21 Tage stetig zunahmen (Abb. 7 A, B). Mittels 

Immunfluoreszenz-Färbung für PDGFRB, Desmin, NG2 und CD146 (Armulik et al., 2011) konnten 

diese vaskulären Zellen als Perizyten identifiziert werden (Abb. 7C). Intravitale Bildgebung mittels 

2-Photonen Mikroskopie zeigte, dass die vaskuläre und die avaskuläre RFP-positive Zellpopulation 

sich während der Gliomexpansion örtlich nicht vermischte, sondern an deren jeweiligen Position 

verweilte (Anhang A.3, Abb. S2 (Fig. S2)). 
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Dies schloss die Möglichkeit aus, dass die vaskuläre aus der avaskulären Population hervorging 

und ließ damit die Frage offen um welche Zellen es sich bei der avaskulären Fraktion handelte.  

 

Abb. 7: Ein Model zur Verfolgung von Tumor-assoziierten Zellen mit einem myeloid-ähnlichen 
Expressionsprofil (TAMEP).  
A) Nes-RFP Mäuse orthotop implantiert mit Gliomzellen wurden 7, 14 und 21 Tage post Operation (DPO) 
inspiziert. B) Anzahl der RFP-positiven Zellen in avaskulärer (links) und Gefäß-assoziierter (rechts) Position 
(jeder Punkt repräsentiert die Daten von einer Maus). C) Immunfluoreszenz von Perizytenmarker (alle in 
grün); bei 7 DPO dominieren die Perizytenmarker-negativen RFP-positiven Zellen; die Pfeilspitze markiert 
dieselbe Zelle in Einzelkanal- und Orthogonal- Ansicht; bei 21 DPO sind die meisten RFP-positiven Zellen 

auch Perizytenmarker-positiv. Der Maßstab entspricht 50 m. Statistische Signifikanzen («One-way 
ANOVA plus post-hoc Test») sind angezeigt. p*<0,05 p**<0,01, p****<0,0001. (aus Kälin et al., 2021). 

 

Um die Identität der avaskulären RFP-positiven Zellen zu entschlüsseln reinigten wir diese aus 

Mausgliomen per Fluoreszenz-Durchflusszytometrie (FACS) auf und untersuchten sie per 

Einzelzell-Transkriptomanalyse (scRNAseq). Die Einzelzell-Expressionsprofile (60-50´000 

Transkripte/Zelle) der avaskulären Zellen (155 aus 180 prozessierter Zellen) wurden dann mit 

Expressionsprofilen von über 3´000 neuronalen und nicht-neuronalen Zellen des Mausgehirns 

(Zeisel et al., 2015) verglichen. Dabei wurden unsere avaskulären Zellen als eine eigenständige 
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homogene Zellfraktion mit höchster Ähnlichkeit zu Mikroglia-Zellen klassifiziert (Abb. 8 und 

Anhang A.3, Abb. 1D-F (Fig. 1D-F)).  

 

Abb. 8: TAMEP sind eine eigenständige Zellpopulation charakterisiert durch ihre Positivität auf 
myeloische Marker. 

A) Einzelzell-Sequenzierungs-Daten von RFP-positiven avaskulären Zellen aus Gliomen von Nes-RFP 
Mäusen wurden mit publizierten Expressionsmustern aus Mikroglia, Oligodendrozyten, Astrozyten und 
ependymalen Zellen (Astrocytes/ependymal), Endothel/vaskulär-muralen Zellen (Endothel/mural) und 
drei neuronalen Subtypen (pyramidal CA1, pyramidal SS und Interneuronen) verglichen und werden als 
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tSNE-Plot angezeigt. TAMEP sind rot markiert. Das Expressions-Level für den myeloischen Marker CX3CR1 
wurde in allen Zellpopulationen quantifiziert und ist erhöht in Mikroglia und TAMEP, jedoch niedrig bis 
abwesend in allen anderen Zellpopulationen. Auch das Expressions-Level für den Stammzell-Marker Sox2 
wurde quantifiziert und ist erhöht in Neuronen, Astrozyten und TAMEP. B) TAMEP wurden mit etablierten 
Gehirnzellen mittels „Unsupervized Clustering“ verglichen und teilen die größte Überlappung im 
Expressionsprofil mit Mikroglia, nur limitierte Ähnlichkeit mit oligodendroglialen Vorläuferzellen (OPC) 
und keine Übereinstimmung mit anderen reifen Gehirnzellen. (Supplementary Material aus Kälin et al., 
2021). 

 

Eine ausführliche vergleichende Immunhistologie- und Genexpressions-Analyse (Anhang A.3, 

Abb. 2A, B (Fig. 2A, B)) unserer RFP-getracten Zellen auf typische Marker für Mikroglia, 

oligodendrogliale Vorläuferzellen (OPC), Astrozyten oder Neuronen bestätigte die Ähnlichkeit 

unserer neu-identifizierten Zellen mit Mikroglia (plus kleinerer Überlappungen mit 

oligodendroglialen Vorläuferzellen). Zusätzlich zeigte die immunhistologische Auswertung, dass 

die avaskulären Zellen unterschiedlich zu Perizyten, mesenchymalen Vorläuferzellen, 

reifen/unreifen Neuronen, Oligodendrozyten und Astrozyten sind. Während einige Mikroglia-

Marker wie CD11b, F4/80 und CX3CR1 häufig vorkamen, waren andere wie Iba1 oder CD45 auf 

Proteinebene nicht auffindbar. Die Kombination unseres Nes-RFP Mausmodells mit dem 

myeloischen CX3CR1-GFP Tracer-Modell und begleitende FACS-Analysen bestätigte den 

myeloischen Charakter dieser Zellen (Anhang A.3, Abb. 2C-F (Fig. 2C-F). 

Die Verbindung aller dieser Resultate aus Einzelzellsequenzierung, Immunfluoreszenz, 

Mausreporterstämmen und FACS-Analysen offenbarte eine atypische myeloische 

Zellkomponente im GBM-Parenchym, die wir als TAMEP für „Tumor-Assoziierte Zellen mit einem 

Myeloid-artigen Expressions-Profil“, einführen. 

Modifikationen unseres Tamoxifen-Zeitplans zeigten, dass TAMEP auch zu verschiedenen 

Zeitpunkten des Gliomwachstums (1 oder 7 Tage nach Operation) beobachtet werden konnten, 

aber nicht, wenn Tamoxifen an tumorfreie Mäuse ohne Tumorwachstum (Anhang A.3, Abb. 3A 

(Fig. 3A)) verabreicht wurde. Dieses Resultat ließ uns vermuten, dass die avaskulären Zellen aus 

wenigen Vorläuferzellen hervorgegangen sein könnten. Aus diesem Grund haben wir in unseren 

Daten nach einer Expression von Vorläuferzellgenen gesucht. Fündig wurden wir mit der 

Expression des Stammzell-Transkriptionsfaktors SOX2 in der TAMEP-Zellpopulation (Abb. 8A und 

Anhang A.3, Abb. 3C (Fig. 3C)). 
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Um zu untersuchen, ob SOX2 eine biologische Funktion in den avaskulären Zellen ausübt, 

verkreuzten wir die Nes-RFP Reporter-Maus mit SOX2-flox Mäusen um einen konditionellen KO 

in den TAMEP zu erhalten. Es zeigte sich, dass der Verlust von SOX2 in den avaskulären RFP-

positiven Zellen zu einer starken Reduktion der TAMEP-Zellzahl führte (Anhang A.3, Abb. 3C (Fig. 

3C-E)). Interessanterweise war eine viel größere Population an getracten Zellen betroffen, als die 

Anzahl der SOX2-positiven RFP-positiven Zellen vermuten ließ. Daraus schlossen wir, dass die 

SOX2-positiven TAMEP die Quelle für alle TAMEP darstellen und nennen sie daher TAMEP-

Vorläuferzellen.  

Ob TAMEP und ihre Vorläufer aus dem hematopoietischen System hervorgehen untersuchten wir 

im Anschluss. Zu diesem Zweck führten wir Experimente mit Knochenmarkschimären durch. Als 

Knochenmark-Spender dienten Spi1-GFP Mäuse (Back et al., 2005), als Empfänger die Nes-RFP 

Reporter Mäuse. Das SPI1 Gen kodiert für den Transkriptionsfaktor PU.1, der essentiell für die 

Entstehung der myeloischen Zelllinie ist (Back et al., 2005). Wie erwartet fanden wir eine massive 

Ansammlung von Spi1-GFP-positiven Zellen im Gehirntumor von Nes-RFP 

Knochenmarkschimären (Abb. 9A, B), die TAMEP Zellzahl blieb jedoch unverändert. Im 

umgekehrten Chimären-Experiment fanden wir keine Nes-RFP-positiven Zellen im Gehirntumor, 

welche aus dem Knochenmark hätten stammen können. Intratumoral getracte Zellen der Nes-

RFP Maus exprimierten auch nie den pan-Leukozyten-Marker CD45 (Abb. 9C) oder den 

Monozyten-Marker CCR2 (Abb. 9D), wie wir mittels Nes-RFP; Ccr2-GFP-transgener Maus 

(Bowman et al., 2016; Chen et al., 2017) zeigen konnten. Die Flt3cre Mauslinie, mit welcher Zellen 

aus dem Knochenmark spezifisch verfolgt werden können (Benz et al., 2008), zeigte nie SOX2-

positive, GFP-positive Zellen aus dem Knochenmark. Auch Zellen aus der Mikroglia-Zelllinie 

exprimierten nie SOX2 (Abb. 9F) bei der Verwendung des etablierten Cx3cr1cre-RFP Verfolgungs-

Protokolls (Huang et al., 2018; Wieghofer et al., 2015). Zusammengefasst lassen uns diese 

Experimente ausschließen, dass TAMEP von Makrophagen, Mikroglia oder anderen ZNS-

residenten Phagozyten abstammen. TAMEP scheinen daher nicht mit den bisher bekannten 

myeloischen Zellen verwandt (Abb. 9G). 
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Abb. 9: TAMEP und ihre Vorläufer gehören nicht zur myeloischen Zelllinie.  

A) Verfolgung der Zellabstammung in Knochenmarks (KM) -Chimären 14 Tage nach Tumorimplantation 
(14 DPO). Chimera-1: KM-Transplantation von der Spi1-GFP Maus in die Nes-RFP-Maus. Chimera-2:  KM-
Transplantation aus der Nes-RFP-Maus in eine WT-Maus. B) Der erfolgreiche KM-Transfer dokumentiert 
durch GFP-positive Zellen im Gliom von Chimera-1 (n = 4); Chimera-2 zeigt keine RFP-positiven Zellen die 
aus dem KM stammen (n = 4), im Gegensatz zur Kontrolle aus Nes-RFP-Maus ohne KM-Transfer (n = 6). C) 
RFP-positive avaskuläre Zellen exprimieren kein CD45. D) Nes-RFP; Ccr2-GFP-Gliommäuse enthalten keine 
GFP/RFP-doppelpositive Zellen. E) Flt3cre getracte Zellen (GFP-positiv) sind nicht SOX2-positiv. F) Ein Puls-
Verfolgungs-Protokoll in Cx3c1::creERT2,R26-RFP positiven Mäusen lässt ausschließen, dass echte getracte 
Mikroglia Sox2 exprimieren. G) Nes-RFP- oder Sox2-positive Zellen überlappen nicht mit Makrophagen 
(CCR2-GFP+), Sox2-positive Zellen stammen nicht von KM-Stammzellen (Flt3-getract) oder echten 

Mikroglia ab. Der Maßstab entspricht 50 m in A; 10 m in C, D und E. Statistische Signifikanzen («One-
way ANOVA plus post-hoc Test») sind angezeigt. p*<0,05 p***<0,0001. (aus Kälin et al., 2021). 



Habilitationsschrift Kälin 

28 
 

Bisher konnten wir zeigen, dass TAMEP den Myeloid-Marker CX3CR1 exprimieren und von SOX2-

positiven Zellen abstammen. Die immunhistologische Detektion mittels Kombination von zwei 

(nukleär-lokalisierten) Transkriptionsfaktoren stellt eine verlässliche Methode zur Identifizierung 

bestimmter Zellen dar. Deshalb verifizierten wir zuerst, dass SOX2-positive TAMEP auch den 

myeloischen Transkriptionsfaktor PU.1 enthalten (Anhang A.3, Abb. 5B (Fig. 5B)). Ebenso fanden 

wir SOX2-positive Zellen in Myeloid-Reporter Mäusen (CX3CR1-GFP, SPi1-GFP; Anhang A.3, Abb. 

5D (Fig. 5D)). Dies bedeutet, dass die kombinierte Immundetektion von SOX2 und PU.1 oder 

CX3CR1 eine nützliche Methode zur Identifikation von TAMEP in humanen Patientenproben 

darstellt. 

Im Folgenden untersuchten wir verschiedene genetische und patienten-derivierte Maus-GBM-

Modelle per Immunfluoreszenzfärbung auf SOX2/PU.1-Koexpression und fanden damit 

tatsächlich TAMEP-Vorläuferzellen in unterschiedlicher loco-regionaler Anhäufung (Abb. 10A, B). 

Im Gegensatz dazu, waren in Mausmodellen für andere Krankheiten wie der Hirnschlag oder die 

Neuroinflammation keine SOX2/PU.1 doppel-positiven Zellen detektierbar (Anhang A.3, Abb. 

S5D-K (Fig. S5D-K)). Interessanterweise waren in GBM-Proben von verschiedenen Patienten 

SOX2/PU.1 doppel-positive TAMEP-Vorläuferzellen, wie im Mausmodell beobachtet, in regional 

unterschiedlicher Häufigkeit auffindbar (Abb. 10C). Per Transkriptomanalyse verglichen wir das 

Expressionsprofil der TAMEP aus den Maus-GBMs mit dem von humanen Patientenproben und 

fanden Zellen mit dem TAMEP-spezifischen Expressionsmuster, unter anderem angereichert an 

SOX2/SPI1-exprimierenden Zellen (Anhang A.3, Abb. 5E und Abb. S4C (Fig.5E und Fig. S4C)). Aus 

diesen Daten lässt sich ableiten, dass TAMEP auch im humanen GBM prominent vertreten sind. 
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Abb. 10: Bestätigung der Anwesenheit von TAMEP in murin-transgenen und in humanen GBM.  

SOX2/PU.2-Kofärbungen indizieren die Anwesenheit von TAMEP A) in unterschiedlichen orthotop 
implantierten Maus-GBM Zellen, B) in Xenografts von patienten-derivierten GBM-Zellen (PDX) und C) in 
Proben aus verschiedenen GBM-Patienten. Ko-markierte TAMEP-Vorläufer Zellen sind durch Pfeilspitzen 
hervorgehoben und einzelne dieser Zellen (Pfeile) werden zusätzlich vergrößert in der Orthogonal-Ansicht 

dargestellt. Der Maßstab entspricht 30 m in den Übersichten und 5 m in den Vergrößerungen. 
(Supplementary Material aus Kälin et al., 2021). 

 

Nachdem nun die pathologische Relevanz von TAMEP im humanen und murinen GBM 

nachgewiesen war, untersuchten wir deren Rolle im Tumorwachstum. In den konditionellen 

SOX2-KO Mäusen schalteten wir Sox2 spezifisch in TAMEP-Vorläuferzellen aus und fanden 

eindrückliche morphologische Veränderungen in den Tumorgefäßen der Nestin::creERT2,R26-

RFP,Sox2fl/wt -Mäuse (Abb. 11A-G und Anhang A.3, Abb. 7A-C (Fig.7A-C)) im Vergleich zu den 
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Kontrollmäusen (Nes-RFP). Mittels quantitativer Auswertung an 7, 14 und 21 Tagen post 

Operation (DPO) entdeckten wir eine starke Reduktion der Gefäßdichte im konditionellen SOX2-

KO im Vergleich zum WT (Abb. 11A, H und Anhang A.3, Abb. 7B (Fig.7B)) ermittelt per 

Stereoinvestigation über die Anzahl Verzweigungen („average branch points“), die 

Gefäßlängendichte („vessel length density“) und die totale Gefäßlänge („vessel length“). In einem 

zusätzlichen Kontrollexperiment ablatierten wir die komplette TAMEP-Zelllinie mittels Cre-

induzierter Expression des Suizidgens Diphteria Toxin (iDTA) zu Beginn des Tumorwachstums 

(Anhang A.3, Abb. 7B (Fig.7B)). Dies reduzierte ebenso die Gefäßdichte im Tumor, bewirkte aber 

keinen zusätzlichen Effekt auf die Tumorangiogenese im Vergleich zum konditionellen Sox2-KO. 

Der Verlust von Sox2 in TAMEP führte zu Tumorgefäßen mit vergrößertem Lumen und kleinerer 

Komplexität. Diese Gefäßstrukturen trugen zusätzlich weniger Perizyten (Anhang A.3, Abb. 7C 

(Fig.7C)). Die Antiangiogenese mittels VEGFR2-Antikörperbehandlung hatte hingegen keine 

Auswirkung auf die Anzahl der TAMEP-Zellen im Tumor (Abb. 11I). Zusammengefasst zeigten 

diese Versuche, dass TAMEP einen starken Einfluss auf die Bildung der Tumorgefäße ausüben. 

Das GBM-Wachstum wird bekanntermaßen durch die Vaskularisierung des Tumors unterstützt 

(Jain et al., 2007) und die reduzierte Gefäßdichte sollte daher einen Effekt auf das 

Tumorwachstum zeigen, wie wir es bereits in den vorhergehenden Studien in den Kapiteln III.A 

und III.B über die APLN-abhängige Tumorangiogenese beobachten konnten (Frisch et al., 2020; 

Mastrella et al., 2019). Um dies zu untersuchen benutzten wir unsere etablierten Mausmodelle 

zur Reduktion der TAMEP-Zellen (Nestin::creERT2,R26-RFP,Sox2fl/fl) oder der TAMEP und den 

zusätzlich „getracten“ Perizyten (Nestin::creERT2,R26-RFP,iDTA), sowie anderer Modelle, in 

denen wir Sox2 konditionell in Endothelzellen (VE-cadherin::creERT2,R26-RFP,Sox2fl/fl), Perizyten 

(Pdgfb::creERT2,R26-RFP,Sox2fl/fl) oder Mikroglia (Cx3c1::creERT2,R26-RFP,Sox2fl/fl) ablatierten. 

Nach erfolgtem Tumorwachstum untersuchten wir die GBM-Volumen in allen Modellen und 

fanden, dass die Reduktion der TAMEP oder der TAMEP mitsamt den Perizyten, im gleichen Maße, 

zu einem signifikant kleineren Tumorvolumen führte (Abb. 11J und Anhang A.3, Abb. 7D-F (Fig.7D-

F)). Der Verlust der Sox2-Expression in Perizyten alleine, in den Endothelzellen oder in Mikroglia, 

führte dagegen zu keiner Veränderung im Tumorvolumen im Vergleich zur Kontrolle (Abb. 11J; 
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Nes-RFP). Dies beweist, dass TAMEP und ihre Vorläuferzellen eine entscheidende Rolle in der 

GBM-Pathologie, der Gefäßbildung und Tumorausdehnung, spielen. 
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Abb. 11: TAMEP und deren Vorläufer steuern das Gefäßwachstum und die Tumorexpansion beim GBM.  

A) Orthotope GBM Mäusen von Nes-RFP oder Nes-RFP mit heterozygotem Sox2-Verlust (Sox2fl/wt) wurden 
21 Tage nach Implantation bzgl. der Gefäße analysiert (n = 3 pro Gruppe). Die Gefäßlänge war in den Sox2 
heterozygoten Tumoren signifikant reduziert im Vergleich zur WT-Kontrolle (Nes-RFP). B-G) Mittels 
Immunfluoreszenzanalyse auf verschiedene vaskuläre Marker (Aqp4, CD31, Glut1) wurden konditionelle 
Sox2-KO in TAMEP oder TAMEP-Depletions-Mäuse (iDTA) mit Nes-RFP (Kontrolle) -Mäusen verglichen und 
so die abnormalen Tumorgefäße (Pfeile), und normale Gefäße aus der Tumorumgebung (Pfeilspitze), in 
den manipulierten Mäusen dokumentiert. Der Glukose-Transporter Glut1 ist auf allen Gefäßen (CD31+) 
aller Gruppen unverändert vorhanden und das Aquaporin Protein Aqp4 ist in den Tumorgefäßen aller 
Gruppen abwesend. H) Die Gefäßdichte am Mikroskop quantifiziert per Stereoinvestigation für die Anzahl 
Verzweigungen („average branch points“), die Gefäßlängendichte („vessel length density“) und die totale 
Gefäßlänge („vessel length“) in den Tumoren zeigte eine signifikante Reduktion in der konditionellen Sox2-
KO Maus im Vergleich zur WT-Kontrolle (n = 4 pro Gruppe). I) GBM-Mäuse wurden mit VEGFR2-Antikörper 
(DC101) oder aCSF Trägersubstanz intracerebral während des Tumorwachstums behandelt (n = 4 pro 
Gruppe). Das Tumorvolumen war aufgrund der Antiangiogenese signifikant reduziert, die Zahl der TAMEP 
(„avascular RFP“) -Zellen blieb jedoch unverändert. J) Tiermodelle für die Verfolgung von TAMEP (Nes-RFP; 
n = 5), die Ablation von TAMEP und Perizyten (Nestin::creERT2,R26-RFP,iDTA; n = 6), den Verlust von Sox2 
in Endothelzellen (VE-cadherin::creERT2,R26-RFP,Sox2fl/fl; n = 3), Perizyten (Pdgfb::creERT2,R26-
RFP,Sox2fl/fl n = 3) oder Mikroglia (Cx3c1::creERT2,R26-RFP,Sox2fl/fl; n = 5) wurden auf die Tumorgröße 14 
Tage nach Tumorwachstum analysiert und auf die Kontrollgruppe (Nes-RFP) normalisiert (100%). Nur in 
der TAMEP- und Perizyten- Ablation (und der TAMEP-Vorläuferablations-Gruppe; siehe zusätzlich Anhang 

Abb. 7C (Fig. 7C)) war die Tumorgröße signifikant verkleinert. Der Maßstab entspricht 30 m. Statistische 
Signifikanzen erhoben per einfachem T-Test oder One-way ANOVA plus post-hoc Test sind angezeigt. 
p*<0,05, p***<0,01 p***<0,001. (Supplementary Material aus Kälin et al., 2021). 

 

In dieser Studie konnten wir folgende neue Erkenntnisse gewinnen: 

 Wir entdeckten im Glioblastom eine bisher unbeschriebene „Tumor-Assoziierte Zelle mit 

einem Myeloid-ähnlichen Expressions-Profil“, genannt TAMEP. 

 TAMEP weisen weitestgehend das Erscheinungsbild von myeloischen Zellen auf, stammen 

aber weder von Mikroglia noch von Knochenmarkszellen ab. 

 TAMEP gehen aus lokalen Vorläuferzellen nach Aktivierung durch Gehirntumorzellen 

hervor. 

 TAMEP fördern die Tumorexpansion durch die Anregung der Gefäßbildung.  

In dieser Arbeit verfolgten wir eine neuartige CD11b-positive (myeloische) Zelle, genannt TAMEP, 

die eine erstaunliche angiogene Kapazität aufweist. Durch die beschriebenen Eigenschaften, 

stellen TAMEP ein vielversprechendes und neuartiges therapeutisches Ziel in der Neuroonkologie 

dar. 
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IV. Zusammenfassung und Ausblick 

Das Tumormikromilieu spielt eine entscheidende Rolle in der Pathologie des Glioblastoms, indem 

es das Tumorwachstum antreibt und dessen angiogene und invasiven Eigenschaften und somit 

seine Aggressivität mitbestimmt. Die zelluläre Mikroumgebung des GBMs besteht aus einer 

Vielzahl von Gehirn-eigenen und Gehirn-fremden Zellen, darunter Stamm- und Vorläuferzellen 

wie mesenchymale Stammzellen, neuronale oder oligodendrogliale Vorläuferzellen, deren 

Einfluss auf die GBM-Progression bereits in früheren Studien gezeigt wurde. Eine 

Hauptkomponente des Tumorparenchyms bilden vaskuläre und Tumor-assoziierte myeloische 

Zellen, bestehend aus Mikroglia und peripheren Makrophagen. Durch ihre wichtige tumortrophe 

Funktion und die Sekretion angiogener und immunsuppressiver Faktoren treiben diese das GBM-

Wachstum weiter voran.  

In dieser Arbeit fanden wir eine bisher unbekannte Population an GBM-assoziierten Zellen mit 

einem myeloischen Expressionsmuster (Kälin et al., 2021). Diese myeloid-artigen Zellen stammen 

von Gehirn-eigenen Vorläuferzellen ab, ohne Beitrag aus dem Knochenmark. Sie unterscheiden 

sich damit komplett von den bekannten Mikroglia oder Monozyten-derivierten Makrophagen 

(Abb. 12). 

Abb. 12: Graphische 
Zusammenfassung der Rolle 
von TAMEP. 
TAMEP sind Tumor-assoziierte 
Zellen mit einem myeloischen 
Expressionsmuster. TAMEP und 
deren Vorläufer sind Gehirn-
eigene Zellen, charakterisiert 
durch die Expression von SOX2 
und Nestin, und stammen nicht 
von Mikroglia oder Monozyten-
derivierten Makrophagen aus 
dem Knochenmark ab. Im 
Glioblastom steuern sie das 
Gefäßwachstum und die 
Tumorexpansion. (aus Kälin et 
al., 2021). 
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Diese Vorläuferzellen definieren sich ursprünglich durch die Expression des Stammzellmarkers 

SOX2 und durch die Aktivität des Nestin Gen-Promoters, der als Marker für unreife Zellen dient. 

Durch konditionelle Ablation von SOX2 wird die Ansammlung von TAMEP im GBM spezifisch 

verhindert. TAMEP exprimieren viele bekannte myeloische Marker auf RNA-Niveau und auf 

Protein-Ebene (z.B. Pu.1, CD11b, F4/80 und CX3CR1). Wir konnten jedoch zeigen, dass TAMEP 

nicht von der hematopoietischen Zelllinie abstammen, indem wir CCR2-, Flt3- oder CX3CR1-

Reporter Mäuse benutzten. Dies unterstützt die momentane Sicht, dass Tumor-assoziierte 

myeloische Zellen äußerst heterogen sind und sich sogar als solche „verkleiden“, aber keine sind 

(Audia et al., 2017; Glass and Synowitz, 2014; Hambardzumyan et al., 2016). Durch weitere 

Immunfluoreszenz-Analysen konnten wir ausschließen, dass es sich bei TAMEP um 

mesenchymale Stammzellen oder um neuronale oder oligodendrogliale Vorläuferzellen handelt. 

Wir zeigten außerdem, dass die Ablation der kleinen TAMEP Zellpopulation einen großen Einfluss 

auf die gesamte GBM-Angiogenese ausübt und somit die Tumorprogression hemmt.  

Daraus schließen wir, dass diese GBM-assoziierte CD11b-positive kleine Zellpopulation notwendig 

für das angiogene Wachstum des Tumors ist und sich daher für eine neuartige Strategie der Zell-

basierten Tumor-Therapie eignet. Indem eine spezifisch Tumor-assoziierte hirnständige Zelle 

therapeutisch adressiert wird, könnte eine eventuelle Behandlungsresistenz aufgrund der 

Tumorheterogenität umgangen werden (Weller et al., 2017). Tumor-assoziierte myeloische Zellen 

bieten sich also als mögliches zelluläres Ziel zur GBM-Therapie an, da gezeigt wurde, dass sie die 

GBM-Progression und –Invasion unterstützen können (Markovic et al., 2009). Die ZNS-spezifische 

Ablation von myeloischen Zellen (in einem transgenen CD11b-Mausmodell) führte bereits zu 

einer Reduktion von Tumorgefäßen und Tumorgröße (Brandenburg et al., 2016). Eine 

pharmakologische Intervention gegen Tumor-assoziierte myeloische Zellen erreichte jedoch 

hauptsächlich periphere myeloische Zellen und führte zu einer Normalisierung der Tumorgefäße 

ohne Tumor-hemmenden Effekt (Mathivet et al., 2017). Dies zeigt, dass eine spezifische 

hirnständige myeloische Subpopulation sich prinzipiell als Zielzelle für eine anti-angiogene 

Wirkung anbietet. Unser Mausmodell für TAMEP-Zellen erlaubt es uns, diese neuartige Zell-

Population als alternativen Therapieansatz weiterzuverfolgen. Indem wir TAMEP- und ihre 

Vorläufer-Zellen mittels Einzelzell-Sequenzierung mit etablierten Zell-Reporter Linien für reife 
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Tumorparenchymzellen (Perizyten, Endothel, Oligodendrozyten, Neuronen und Astrozyten) auf 

deren Genexpression untersuchen und vergleichend analysieren, erwarten wir die 

Entschlüsselung von neuen Signalwegen, die für die TAMEP-Zellpopulation einzigartig sind und 

sich als molekulares Therapieziel gegen das GBM eignen. 

Ein Signalweg, der sich bereits für die GBM-Therapie eignen könnte, ist der APLN/APLNR 

Signalweg. In unseren früheren Studien beschrieben wir eine dramatische Hochregulation der 

APLN- und APLNR-mRNA Expression in den GBM-assoziierten mikrovaskulären Proliferaten (Kälin 

et al., 2007). Zusammen mit einer Studie über das Genexpresssionsmuster des Tumorendothels 

(Seaman et al., 2007), stellte dies den ersten Hinweis dar, dass der APLN/APLNR Signalweg auch 

in der Tumorigenese eine entscheidende Rolle spielen könnte. Unter Verwendung eines seriellen 

Transplantationsmodells in Ratten, in welchem der Wechsel von einem hoch-invasiven zu einem 

hoch-angiogenen GBM nachvollzogen wird (der sogenannte angiogene Switch), konnten wir die 

Hochregulation von APLN experimentell beobachten (Mastrella et al., 2019). Um den Einfluss von 

APLN aus dem Tumorparenchym zu untersuchen, wendeten wir verschiedene orthotope GBM-

Modelle (syngene und xenobiotische) in APLN-KO Mäusen an (Frisch et al., 2020; Mastrella et al., 

2019). Der Verlust der APLN-Hochregulation in der Tumorvaskulatur führte zu einer signifikant 

verminderten Gefäßbildung im GBM (Frisch et al., 2020; Mastrella et al., 2019), was die 

Bedeutung des autokrinen APLN/APLNR Signalweges in Endothelzellen aufzeigte. Zusätzlich zur 

vaskulären APLN-Expression untersuchten wir auch die Wirkung des APLN-Signals aus den GBM 

Pseudopalisaden (Kälin et al., 2007; Mastrella et al., 2019). Durch einen shRNA-vermittelten APLN 

Knockdown in den GBM-Zellen fanden wir, dass die Gefäßdichte im Tumor weiter erniedrigt 

wurde. Aus der Kombination beider Ansätze resultierte eine komplette Blockade der 

Tumorangiogenese. Die Infusion des Peptids Apelin-13 ermöglichte die teilweise Erholung der 

Tumorgefäße im APLN-defizienten GBM-Modell (Frisch et al., 2020), wodurch bewiesen war, dass 

APLN beim GBM die Gefäßbildung direkt steuert.  

Im zweiten Teil unserer Analysen der APLN-Funktion untersuchten wir das invasive Wachstum 

unserer GBM-Mausmodelle. Es zeigte sich, dass GBM-Zellen in hohem Maße APLNR exprimieren 

können und dass diese Expression mit einer erhöhten Tumorzellinvasivität einhergeht. 

Gleichzeitige hohe APLN-Expression korrelierte dagegen mit hoher Tumorzelldichte, wenig 
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Invasivität aber einem hohen Gefäßreichtum (Abb.13). Durch die oben beschriebene 

experimentelle APLN-Reduktion zeigte sich auch eine erhöhte GBM-Invasivität in vivo (Mastrella 

et al., 2019). 

Außerdem fanden wir, dass VEGFA und APLN im humanen GBM in hypoxischen Arealen ko-

exprimiert sind und dass die Blockade des VEGFA/VEGFR2 Signalweges (über Bevacizumab oder 

Ramucirumab) diese APLN Expression beim Patienten reduzierte. Im Mausmodell wurde 

ersichtlich, dass die Blockade von VEGFA/VEGFR2 und die gleichzeitige Verminderung der APLN-

levels zwar die Tumorangiogenese weiter hemmte, die Tumorzellinvasivität jedoch erhöhte (Lu-

Emerson et al., 2015; Mastrella et al., 2019). Im Gegensatz dazu führte die gleichzeitige Gabe des 

partiellen APLNR-Antagonisten Apelin-F13A mit VEGF/VEGFR blockierenden Antikörpern zu einer 

reduzierten Angiogenese und einer verminderten GBM-Invasivität, sowie einem erhöhten 

Überleben der GBM-tragenden Mäuse (Abb.13 und Anhang A.2 Abb. 6 (Fig.6A)). 

 

Vor kurzem konnte in anderen Studien gezeigt werden, dass das bizyklisch-stabilisierte MM54 

Peptid von erhöhter in vivo Stabilität (Macaluso et al., 2011) ebenfalls eine Reduktion der Tumor-

Angiogenese in einem Maus-GBM-Modell bewirkt und das Überleben der Versuchstiere erhöht 

(Harford-Wright et al., 2017). Dieses MM54 Peptid war auch in Mausmodellen für Brust- und 

Lungen-Krebs erfolgreich darin die Tumorgefäßdichte zu erniedrigen (Uribesalgo et al., 2019). 

Ebenso konnte es die Nebenwirkung einer anti-angiogenen Therapie mittels Sunitinib (ein 

Abb. 13: Modell für die Rolle von 
Apelin im GBM.  
Das Apelin-Peptid wird von GBM- 
und/oder Endothelzellen 
ausgeschüttet und aktiviert seinen 
Rezeptor APLNR auf den 
Tumorzellen (was die Invasion 
verhindert) und auf Endothelzellen 
(was die Angiogenese 
aktiviert/erhält). Die Zugabe von 
Apelin-F13A vermindert sowohl die 
Tumor-Angiogenese als auch die 
GBM-Zellinvasivität (aus Mastrella et 
al., 2019). 
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VEGFR2 Kinase-Hemmer) vermindern, indem es die Metastasierung dieser Tumorzellen in die 

Lunge signifikant reduzierte.  

Zusammen mit unseren Untersuchungen bestärken uns diese Resultate in der Annahme, dass die 

APLNR-Blockade in Synergie zur VEGF-Blockade eine verbesserte anti-angiogene Wirkung 

entfalten und durch die zusätzliche Reduktion der GBM-Zellinfiltration die Resistenz gegen 

gängige anti-angiogene Therapien auflösen kann. 

Einer verbesserten Therapie gegen das GBM stehen allerdings noch weitere Hindernisse im Weg. 

Eine gemeinsame Komplikation bei primären ZNS-Tumoren stellt das Tumor-assoziierte 

Hirnödem dar, welches zu neurologischen Ausfällen führt (Schnell and Tonn, 2017). 

Kortikosteroide sind hier die am häufigsten verwendeten Mittel zur Kontrolle dieser Tumor-

vermittelten Ödeme. (Galicich et al., 1961; Vecht et al., 1994). Obwohl die Anwendung des 

Kortisols Dexamethason (DEX) zur Auflösung des Hirnödems führen kann, sollte den klinischen 

Nebenwirkungen wie abnormaler Glukose-Metabolismus, Leukopenie und Pneumonie mehr 

Beachtung geschenkt werden (Cenciarini et al., 2019). Häufig wird DEX auch bei Tumorrezidiven 

erfolgreich angewendet, um die neurologischen Symptome zu kontrollieren. Trotz dieses 

günstigen Effektes bezüglich des zerebralen vasogenen Ödems scheint die Kortisol-Anwendung 

ein eigener unabhängiger Risikofaktor zu sein, mit der erwähnten Gefahr einer Lymphopenie und 

der damit assoziierten Verminderung des Überlebens (Hui et al., 2019). Dieser Zusammenhang 

wurde kürzlich im GBM Mausmodell bestätigt (Pitter et al., 2016). Zu einer Zeit in der 

Immuntherapien (z.B. durch CAR-T Zell-Therapie) immer neue Erfolge erzielen, verstellt eine DEX-

Behandlung des vasogenen Ödems möglichicherweise einem therapeutischen Fortschritt den 

Weg (Cloughesy et al., 2019; Keskin et al., 2019; O'Rourke et al., 2017; Schalper et al., 2019; Zhao 

et al., 2019). Aus diesem Grund ist es wichtig Alternativen für die gängige Ödem-Therapie bei 

GBM-Patienten zu finden (Cloughesy et al., 2019). Eine anti-VEGF Therapie hat beim GBM in der 

Klinik einen gewissen Nutzen gezeigt und wird unterdessen zur temporären Symptomkontrolle 

unter Auslassung von Kortikosteroiden verwendet (Weller et al., 2021).  

Leider vermindert die VEGF/VEGFR2-zentrierte Therapie, wie oben beschrieben, nicht nur die 

entartete Tumorvaskulatur, sondern führt auch zu einer erhöhten Tumorzellinvasivität. Hier 

könnte der APLN/APLNR als neues multimodales Therapieziel in die Lücke springen (Abb. 14), da 
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In früheren Studien gezeigt wurde, dass APLN die Gefäßreifung fördert und die Durchlässigkeit 

neuer Gefäße vermindert (Kidoya et al., 2011). Eine Reduktion des vasogenen Ödems wäre als 

Effekt beim GBM denkbar. Zusätzlich könnte eine Normalisierung der Tumorvaskulatur helfen das 

GBM-Standardtherapeutikum Temozolomid (Temodal) effizienter an den Ort des Geschehens zu 

befördern. Darüber hinaus wurde erst kürzlich gezeigt, dass APLNR essenziell für die adaptive 

Immunantwort gegen Krebs ist (Patel et al., 2017). Die Autoren konnten zeigen, dass die APLNR-

Expression die Anzahl der T-Effektorzellen erhöht und somit eine T-Zell-vermittelte 

Immuntherapie beim GBM zusätzlich in Aussicht stellt. 

 

Abb. 14: Die multimodale Wirkung einer zielgerichteten APLN/APLNR-Therapie beim GBM.  
Während der ersten Phase der Krankheit verbessert eine DEX Behandlung die neurologischen Symptome, 
in der zweiten Phase nach der Resektion kann DEX eine mögliche zielgerichtete Therapie behindern (z.B. 
die Immuntherapie). In Phase 3 während der Chemotherapie und einem Tumorrezidiv entfaltet DEX keine 
Wirkung mehr. Für eine mögliche Apelin-F13A Therapie gibt es Evidenzen, dass sie durch eine 
Ödemreduktion die Lebensqualität erhöhen könnte, dass die Antiangiogene Kombinations-Therapie das 
Überleben steigert und dass eine Gefäßnormalisierung die Temodal-Chemotherapie zusätzlich verbessern 
könnte (aus Kälin and Glass, 2021). 

 

Zusammengefasst lässt sich sagen, dass eine pharmakologische Modulation des APLN/APLNR 

Signalweges möglich ist und dass diese eine anti-angiogene und anti-invasive Wirkung entfaltet. 

Zusätzlich scheint die Inhibierung des APLN/APLNR Signalweges die Proliferation von 

Gliomstammzellen zu verhindern und eine neuroprotektive Wirkung zu besitzen. Außerdem 

bietet APLN/APLNR als neues Angriffsziel die einmalige Chance neurologische Symptome zu 
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mindern und die Überlebensspanne des Patienten zu erhöhen, indem es die Tumorgefäße 

normalisiert und so die Ödembildung reduziert, aber auch die Chemotherapie verbessert und eine 

zukünftige Immuntherapie unterstützt. Eine kleines Bluthirnschranken-gängiges 

Pharmazeutikum, das auf den APLN/APLNR-Signalweg zielt, trägt daher ein vielversprechendes 

Potential für ein GBM-Medikament mit multimodaler Wirkung in sich. 
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Abstract: Glioblastoma (GBM) present with an abundant and aberrant tumor neo-vasculature.
While rapid growth of solid tumors depends on the initiation of tumor angiogenesis, GBM also
progress by infiltrative growth and vascular co-option. The angiogenic factor apelin (APLN) and
its receptor (APLNR) are upregulated in GBM patient samples as compared to normal brain tissue.
Here, we studied the role of apelin/APLNR signaling in GBM angiogenesis and growth. By functional
analysis of apelin in orthotopic GBM mouse models, we found that apelin/APLNR signaling is required
for in vivo tumor angiogenesis. Knockdown of tumor cell-derived APLN massively reduced the tumor
vasculature. Additional loss of the apelin signal in endothelial tip cells using the APLN-knockout
(KO) mouse led to a further reduction of GBM angiogenesis. Direct infusion of the bioactive
peptide apelin-13 rescued the vascular loss-of-function phenotype specifically. In addition, APLN
depletion massively reduced angiogenesis-dependent tumor growth. Consequently, survival of
GBM-bearing mice was significantly increased when APLN expression was missing in the brain
tumor microenvironment. Thus, we suggest that targeting vascular apelin may serve as an alternative
strategy for anti-angiogenesis in GBM.

Keywords: Apelin-13; APLN; APLNR; glioblastoma; GBM angiogenesis

1. Introduction

Glioblastoma (GBM) is the most frequent and most aggressive primary brain tumor [1], and,
-despite intensive efforts including recent advances of anti-GBM treatment modalities, there are still only
limited therapeutic options, offering patients only an average survival time of one year after diagnosis,
at best [2,3]. Hallmarks of GBM biology include strong invasiveness of tumor cells and the abundance
of an aberrant vasculature [4]. GBM cells infiltrate normal brain tissue and, as a result, surgical resection
is always incomplete [3,5,6]. Regardless of aggressive surgery and radio and chemotherapy, GBM
remain uniformly fatal in patients. Hence, alternative therapeutic approaches for treatment against
GBM are urgently needed.
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The finding that highly vascularized tumors are rapidly growing while tumors with low
vessel density are rather dormant led to the idea that tumor angiogenesis was required for tumor
progression [7]. Vascular endothelial growth factor—A (VEGFA), which was first identified as a vascular
permeability factor—turned out to be a potent endothelial mitogen [8]. The treatment of xenografted
mice with a specific monoclonal VEGFA antibody demonstrated that VEGFA was a strong in vivo
pro-angiogenic factor and that its blockade suppressed tumor growth [9]. This led to the first successful
anti-angiogenic therapy with a humanized monoclonal antibody that blocks VEGFA (bevacizumab)
in colorectal cancer and resulted in FDA approval [10]. However, recent clinical studies performed
in patients with GBM using bevacizumab (AVAglio, RTOG-0825) did not show an improved overall
survival [11,12]. Possible explanations for treatment resistance to bevacizumab are the ability of GBM
cells for vascular co-option to obtain access to blood supply [13] or the upregulation of alternative
angiogenic factors [14]. In the search for such additional factors involved in tumor angiogenesis,
Masiero and colleagues [15] analyzed the expression profile of more than 1000 well-vascularized
primary human cancers (head and neck squamous cell carcinomas, breast cancers, and clear cell renal
cell carcinomas) for genes correlating with that of several well-recognized angiogenesis signature genes.
The angiogenesis core signature they identified contained a set of 40 genes, including the apelin receptor
(APLNR; also known as APJ). The human APLNR gene was coincidently cloned with primers designed
to obtain vasopressin receptors in 1993 and found to encode a 7 transmembrane receptor related to the
angiotensin II receptor type (AGTRL1) [16]. By screening various tissue extracts for ligands of orphan
G-protein coupled receptors (GPCR) in an extracellular acidification assay, Tatemoto et al. (1998) [17]
identified the apelin isoforms apelin-36, apelin-17, apelin-13, and the pyro-glutamylated (Pyr)apelin-13
as bioactive peptides encoded by the apelin gene (APLN). It is now established that the different apelin
isoforms are the cognate ligands for APLNR with different binding properties [18].

In our previous work, we described a proangiogenic role of apelin acting as chemoattractant during
vertebrate development [19]. That apelin signaling is instrumental for cell attraction was first shown
for APLNR-transfected cell lines [20,21] and then verified for immortalized and primary vascular
endothelial cells [19,22,23], vascular smooth muscle cells [24,25], lymphatic endothelial cells [26],
and one tumor cell line (lung adenocarcinoma cell line A549) [27]. The functional importance of apelin
in angiogenesis and its epistatic relationship with VEGFA signaling was established in a series of loss-
and gain-of-function experiments in Xenopus tadpoles [19,22] and further confirmed in other organisms,
like zebrafish and mouse [28]. In early vessel development, apelin appears to act in a paracrine fashion
to first induce intersomitic blood vessel outgrowth shaping the primitive vascular plexus [19,29,30].
Next, during vessel sprouting, APLN-expression gets confined to endothelial tip cells, while the
receptor is also found in the stalk cells controlling vessel-guidance and -maturation [19,28,31]. APLN
can thus be used as a tip cell marker for ongoing angiogenesis and has a role in sprouting angiogenesis
in pathology [32]. While APLNR mutant mice are born at sub-mendelian ratios, APLN knockout
(KO) mice are viable and fertile [33–35]. The lethality observed in APLNR-KO mice is due to growth
retardations and cardiac malformations during embryogenesis [36].

By in situ hybridization on GBM patient specimens, we found the first indication of a role for
apelin signaling in tumor development. While APLN RNA was undetectable and only low level
of APLNR RNA was found in normal brain vessels, we detected a dramatic upregulation of both
within GBM-associated microvascular proliferations, particularly in areas of vessel sprouting and
branching as assessed by in situ hybridization [19]. Co-expression of ligand and receptor in the tumor
vasculature suggested an autocrine mode of signaling, similar to the one observed during embryonic
development [19]. In addition, we also found abundant APLN expression in the pseudo-palisading
areas of GBM. In these hypoxic regions, APLN is co-expressed with VEGFA [19,37], suggesting
a cooperative function of apelin and VEGFA in paracrine signaling from tumor to endothelial cells
during GBM angiogenesis.

All these data hint towards a vascular function for apelin/APLNR signaling during GBM growth.
To study the role of apelin in establishing the structure and function of the GBM vascular beds
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and its implications to tumor growth, we here used established GBM mouse models. Intracerebral
implantation of GBM cell lines with different APLN expression levels showed that tumor-derived
apelin is required for the formation of the GBM neo-vasculature. Moreover, loss-of-APLN in the tumor
microenvironment of APLN-KO mice showed that APLN expression controls patterning of the glioma
vasculature. We also show, for the first time, that this sprouting angiogenesis effect is specific to APLN
gene function as the vascular patterning phenotype was rescued by adding back the bioactive apelin-13
peptide. Furthermore, we found that the loss-of-APLN expression in the tumor microenvironment
reduced angiogenesis-dependent tumor growth and increased the survival of GBM-bearing mice.
Together, our data demonstrates that the endothelial APLN signal can serve as an alternative target to
reduce GBM growth by specifically blocking sprouting angiogenesis.

2. Results

2.1. APLN Is Expressed at Variable Levels in GBM Cells and Upregulated in the Pathologic Neo-Vasculature

To study if tumor cell-derived APLN controls angiogenesis-dependent GBM growth, we first tested
widely used GBM cell lines for APLN expression, revealing differing levels of expression. Using APLN
expression levels in mouse wildtype (WT) brains as a comparison, we characterized the human cell-line
U87MG as having high levels of APLN expression and the human U251 (formerly known as U373MG)
cell line expression as being lower, whilst in the murine GL261 glioma cell-line APLN expression was
not detectable (n.d.; Figure 1A).

In the next step, we orthotopically implanted human, as well as murine, GBM cells into
immunodeficient or immunocompetent mice, respectively, to assess APLN expression in in situ
pathology. In a previous study, we had found that APLN was not only expressed in GBM cells but was
also upregulated in the vascular proliferates of the disease [19]. Thus, we also tested our experimental
GBM models for vascular APLN expression and found that APLN expression was upregulated in newly
forming tumor vessels (Figure 1B; arrowheads) of the xenografts. Interestingly, the vascular APLN
RNA signal was highest in the tumor regions where human VEGFA RNA was also detected. VEGFA
expression is a marker for hypoxic tumor areas in pseudopalisading necrosis in GBM. In addition,
in murine GL261 glioma, APLN expression became localized to newly forming tumor vessels but
remained absent from GL261 tumor cells (Figure 1B). To also address the role of GBM cell-derived
APLN-levels, we selected the high APLN-expressing U87MG cell line, in addition, and lentivirally
transduced it with shRNA against APLN RNA to create tumor cells with stable reduction of APLN RNA
expression by 90% (U87AKD) compared to the non-silencing control (NSC) shRNA-transduced cells
(U87NSC) or to untransduced parental U87MG cells (Figure 1C). Viability, as well as in vitro proliferation,
of the manipulated cells was tested and turned out to be unchanged compared to their parental controls
(Figure 1D,E). In contrast, cells transduced with the shRNA against EG5 kinesin (encoded by the
Kinesin Family Member 11 gene KIF11 involved in nuclear division and cell growth [38]) caused
reduced viability and proliferation rates (Figure 1D,E).

2.2. APLN Expression Is Required for the Formation of the GBM Neo-Vasculature

In agreement with a range of previous reports [39,40], we observed that orthotopic implantation
of GL261 cells generated compact glioma mass 21 days post-implantation (dpi) with an abundant but
aberrant tumor vasculature (Figure 2A, upper panel). To investigate the impact of APLN expression
derived from the tumor microenvironment, namely APLN expressed on endothelial tip cells [19,28,31,32]
during sprouting angiogenesis (Figure 1B), we implanted GL261 cells into APLNKO mice. We found that
the tumor vasculature was significantly attenuated compared to APLNWT control mice (Figure 2A,B).
Specifically, we found by stereological assessment of the tumor tissues that the vessel length density
(VLD), as a read-out for the extent of tumor vascularization independent of tumor-size [41–43], was
856 mm/mm3 in controls, while this number significantly decreased to 653 mm/mm3 in APLNKO

glioma (Figure 2B). Note that in situ hybridization for mouse APLN RNA shows that APLN is absent
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in tumor cells, as well as in the GBM microenvironment, of APLNKO mice, while APLN expression
in APLNWT mice is specifically upregulated in endothelia of the tumor neo-vasculature (Figure 2A;
arrows). Interestingly, the VLD determined in GL261 implants is smaller than the values observed for
a healthy tumor-free brain. In the caudate putamen, which is the brain region targeted by the tumor
cell implantation, we measured a VLD of 1269 mm/mm3 for APLNWT mice and 1359 mm/mm3 for
APLNKO mice, without the difference being significant (Figure 2C). Similar values for VLD were also
previously reported for the tumor-free hippocampus (1100 mm/mm3) of adult mice [44]. This finding
of reduced vessel density in GBM as compared to healthy brain can be explained by the neoplastic
growth and the higher cell density inside tumors. While the VLD of tumor-free brain is unchanged
in APLNKO mice, the VLD of the glioma is reduced in APLNKO mice compared to APLNWT controls.
In addition, loss-of host-derived APLN also resulted in reduced vascular complexity, serving as an
indicator of the extent of angiogenic sprouting [45]. We found that the average number of vessel
branch-points (ABP), which measured 1.25 in APLNWT glioma, was reduced to 1 in tumor vessels of
APLNKO mice. In addition, the ABP values in the tumor were thus lower than the values observed
in tumor-free striatum (Figure 2C; ABP = 2.5 in APLNWT and 2.6 in APLNKO). This means that the
vascular complexity in APLNKO GBM is low to nearly linear, and this indicates that no more angiogenic
sprouting took place during tumor growth.
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Figure 1. Angiogenic factor apelin (APLN) expression in glioblastoma (GBM) cells and the tumor
neo-vasculature. (A) Expression analysis of APLN RNA was performed by qPCR on the human
cells U87MG and U251, the murine GL261 cells and on APLNWT or APLNKO mouse brain tissue.
APLN RNA expression was not detectable (n.d.) in GL261 cells but high in U87MG cells. (B) In situ
hybridization against mouse APLN showed no expression in implanted mouse GL261 tumor cells but
an upregulation of APLN in the tumor vessels of GL261 or U87MG gliomas (arrowheads). The right
panel is the magnifications within the tumor that is depicted in the overview panel on the left. Note that
vascular APLN RNA expression is highest in hypoxic regions marked by human vascular endothelial
growth factor (VEGFA) RNA expression (arrows) in the U87MG xenografts. (C) Lentiviral transduction
of U87MG parental cells caused shRNAmir-mediated stable APLN knock-down (AKD) by 90% (as
analyzed by qPCR) compared to the non-silencing shRNA control (NSC) transduced cells. (D) Cell
viability, as well as in vitro proliferation (E), was unchanged in U87AKD cells compared to U87NSC

control or untransduced U87MG cells. In contrast, U87 cells transduced with the shRNA against the
kinesin EG5 significantly reduced viability and proliferation of U87E5KD cells compared to U87NSC

control. Data are obtained from more than 3 independent experiments each and reported as mean
+/-SEM; statistical significance (one-way ANOVA plus Bonferroni’s post hoc test) is indicated ** p < 0.005,
*** p < 0.0005. WT = wildtype; KO = knockout.



Int. J. Mol. Sci. 2020, 21, 4179 5 of 19

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 5 of 19 

Int. J. Mol. Sci. 2020, 21, x; doi: FOR PEER REVIEW www.mdpi.com/journal/ijms 

APLNWT controls. In addition, loss-of host-derived APLN also resulted in reduced vascular 
complexity, serving as an indicator of the extent of angiogenic sprouting [45]. We found that the 
average number of vessel branch-points (ABP), which measured 1.25 in APLNWT glioma, was reduced 
to 1 in tumor vessels of APLNKO mice. In addition, the ABP values in the tumor were thus lower than 
the values observed in tumor-free striatum (Figure 2C; ABP = 2.5 in APLNWT and 2.6 in APLNKO). This 
means that the vascular complexity in APLNKO GBM is low to nearly linear, and this indicates that no 
more angiogenic sprouting took place during tumor growth. 

 
Figure 2. Endothelial APLN expression controls formation of a complex GBM vasculature. Orthotopic 
GL261 implants in APLNWT or APLNKO mice 21 days post-implantation (dpi). (A) The panels on the 
left indicate the tumor (tumor boarder highlighted by arrowheads) in the right brain hemisphere in 
overview and close up view on Hematoxylin & Eosin (H&E) sections. The in situ hybridization panels 
in the middle show the loss-of vascular APLN expression (arrows) in the tumor in overview and close 
up view when comparing APLNWT to APLNKO mice. The CD31-immunostaining shown in the panel 
on the right illustrates the reduced vessel density in APLNKO mice. (B) Vessel length density (VLD) 
was assessed on CD31 immunofluorescent brain slides and demonstrated a significant decrease in 
APLNKO mice. In addition, vascular complexity measured by the average branch points (ABP) was 
reduced in APLNKO as compared to APLNWT. (C) In the healthy brain, VLD and ABP do not differ in 
APLNKO compared to APLNWT mice. Data of n = 9 APLNWT vs. 6 APLNKO mice are reported as mean +/-
SEM; statistical significance (students test) is indicated * p < 0.05. 

Together, these results show that autocrine signaling of endothelial apelin to APLNR-expressing 
vessels is required for sprouting angiogenesis to take place and shape the complex tumor neo-
vasculature. 

2.3. Paracrine and Autocrine APLN Signaling Controls GBM Angiogenesis 

Figure 2. Endothelial APLN expression controls formation of a complex GBM vasculature. Orthotopic
GL261 implants in APLNWT or APLNKO mice 21 days post-implantation (dpi). (A) The panels on
the left indicate the tumor (tumor boarder highlighted by arrowheads) in the right brain hemisphere
in overview and close up view on Hematoxylin & Eosin (H&E) sections. The in situ hybridization
panels in the middle show the loss-of vascular APLN expression (arrows) in the tumor in overview and
close up view when comparing APLNWT to APLNKO mice. The CD31-immunostaining shown in the
panel on the right illustrates the reduced vessel density in APLNKO mice. (B) Vessel length density
(VLD) was assessed on CD31 immunofluorescent brain slides and demonstrated a significant decrease
in APLNKO mice. In addition, vascular complexity measured by the average branch points (ABP) was
reduced in APLNKO as compared to APLNWT. (C) In the healthy brain, VLD and ABP do not differ
in APLNKO compared to APLNWT mice. Data of n = 9 APLNWT vs. 6 APLNKO mice are reported as
mean +/-SEM; statistical significance (students test) is indicated * p < 0.05.

Together, these results show that autocrine signaling of endothelial apelin to APLNR-expressing
vessels is required for sprouting angiogenesis to take place and shape the complex
tumor neo-vasculature.

2.3. Paracrine and Autocrine APLN Signaling Controls GBM Angiogenesis

Next, we wanted to study the contribution of GBM cell-derived APLN to tumor angiogenesis
and thus we compared vascular patterns generated by U87MG cells with a stable knock-down for
APLN (U87AKD) to non-silencing control cells (U87NSC; Figure 1C–E). The modulation of human
GBM-derived APLN is pathologically meaningful in mouse models as the amino acid sequence of
the bioactive peptide apelin-13 of human or mouse origin is 100% identical [19]. Four weeks after
tumor-induction with U87NSC cells in immune-deficient WT mice (U87NSCAPLNWT), we observed
an extremely dense tumor vasculature (Figure 3A) with a VLD of 3937 mm/mm3 (Figure 3B), while
the VLD of U87AKD-induced GBM in WT mice (U87AKDAPLNWT) was 1519 mm/mm3 (62% reduced
as compared to U87NSCAPLNWT). Injection of U87NSC into APLNKO mice (U87NSCAPLNKO) resulted
in a VLD of 2601 mm/mm3, whereas combined ablation of APLN expression in U87MG cells and
in the host (implantation of U87AKD cells into immune-deficient APLNKO mice; U87AKDAPLNKO)
largely blocked tumor angiogenesis and resulted in a VLD of 766 mm/mm3, which is lower than in
tumor-free brain-tissue (Figures 2C and 3B). While vessel branching reflects the picture observed
by VLD assessment, the total vessel length (that is the VLD multiplied by the individual tumor
volume) was highly reduced in all three xenografts with reduction of APLN expression (Figure 3B).



Int. J. Mol. Sci. 2020, 21, 4179 6 of 19

At the same time, the change in APLN-levels did not affect the extent of pericyte cell coverage as
assessed by CD31/Desmin double-immunofluorescence (Figure S1A). BrdU in vivo labeling of the
tumor vasculature further demonstrated that endothelial cells are still able to proliferate upon APLN
level reduction (Figure S1B).
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Figure 3. GBM-and endothelial cell-derived APLN are both controlling sprouting angiogenesis.
(A) U87MG was implanted into immunodeficient mice and grown to big xenografts within 28 dpi.
Fluorescent immunostaining for CD31 was performed and is depicted in an overview and a close up
view for every xenograft. (B) The microvasculature in the green fluorescent protein (GFP)-positive
tumor area was analyzed by stereomorphology. In comparison to U87NSCAPLNWT controls (n = 8),
VLD in U87AKDAPLNWT xenografts (n = 13) was reduced by 62% and vessel length by 75%. Additional
loss-of-APLN expression in the tumor neo-vasculature of the APLNKO mouse (U87AKDAPLNKO,
n = 10) lead to further reduction of the tumor vasculature. VLD was also reduced when only the
tumor cells express APLN (U87NSCAPLNKO, n = 9) but was the highest of all manipulated xenografts.
While vascular complexity measured by vascular branch points (ABP values are 6, 2.3; 4.3; and
1.2, respectively) reflects the results seen by VLD, the total vessel length was highly reduced in all
three xenografts with reduction of APLN expression. Data are reported as mean +/−SEM; statistical
significance (one-way ANOVA plus Bonferroni´s post hoc test) is indicated ** p < 0.005, *** p < 0.0005.

These data showed, on one hand, that the high expression of APLN in the U87MG (and U87NSC

control) cells induces a very dense and complex tumor vasculature as compared to U87AKD cells
depleted in APLN-expression, as well as the APLN-non expressing GL261 cells. On the other hand, the
loss-of-APLN in both GBM cell models in the tumor microenvironment decreased vascular sprouting
to a level even lower than the vessel density observed throughout the healthy brain.

Together, these experiments indicate that paracrine (from the tumor) and autocrine (from the host
microenvironment) APLN release has profound effects on the extent of GBM angiogenesis and thus the
vascular pattern generated.

2.4. Apelin-13 Specifically Controls Vessel Density in the GBM Neo-Vasculature

In the following experiment, we addressed the question if APLN-deficiency in our mouse
model (i.e., in the APLNKO mice) would lead to, e.g., developmentally regulated alterations in the
signal transduction pathways controlling angiogenesis or if APLN-responsiveness by APLNR is
maintained in the absence of the ligand. Therefore, we infused the bioactive apelin-13 peptide into
the U87AKDAPLNKO xenograft model and were indeed able to obtain a partial rescue of the tumor
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neo-vasculature increasing VLD from 766 mm/mm3 (infusion of artificial cerebrospinal fluid; aCSF
control) to 2573 mm/mm3 (Figure 4). In contrast, the C-terminally mutated peptide apelin-F13A
(which had been used as an antagonist for physiological functions on APLNR before [46]) was not
able to rescue tumor angiogenesis. Instead, when apelin-F13A was infused into U87NSCAPLNWT

GBMs expressing endogenous APLN levels, it significantly reduced VLD working as a competitive
antagonist on APLNR (Figure S1C). Together, this part of our study supports the notion that APLNKO

mice are devoid of endogenous APLN but can respond to exogenous or tumor-derived APLN.
This is a prerequisite to explain the gradual anti-angiogenic responses to APLN-ablation in our
GBM models. Here, we observed that APLN -deficiency in the GBM-cells or in the host generates
a tumor mass with a reduced vascularization, as compared to tumor with unmodulated APLN levels.
Ablation of APLN in both the GBM cells and in the tumor-bearing animals resulted in a striking
cooperative anti-angiogenic effect. The partial rescue of the vascular GBM phenotype by addition
of apelin-13 peptide to APLN-depleted xenografts shows that these effects are specifically mediated
by apelin-signaling.
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shown by von Willebrand factor (VWF) staining. (B) Quantification on a Stereoinvestigator resulted 
in a VLD of 1269 mm/mm3 in U87AKDAPLNKO xenografts infused with aCSF only; 2573 mm/mm3 with 
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Figure 4. Apelin peptide rescues the vascular loss-of-function phenotype. (A) Intracerebral infusion
of 30 µg of apelin-13 peptide (n = 9) increased glioma angiogenesis in U87AKDAPLNKO xenografts
compared to infusion of artificial cerebrospinal fluid (aCSF, n = 8) or apelin-F13A (n = 6) antagonist as
shown by von Willebrand factor (VWF) staining. (B) Quantification on a Stereoinvestigator resulted in
a VLD of 1269 mm/mm3 in U87AKDAPLNKO xenografts infused with aCSF only; 2573 mm/mm3 with
the APLN receptor (APLNR) agonist apelin-13 peptide or 1419 mm/mm3 with the APLNR antagonist
apelin-F13A. ABP obtained were 2.2; 3.9 and 2.2, respectively. Data are reported as mean +/−SEM;
statistical significance (one-way ANOVA plus Bonferroni´s post hoc test) is indicated. * p < 0.05,
** p < 0.005.

2.5. Loss of APLN Reduces Angiogenesis-Dependent Tumor Growth

To compare the effect of APLN on tumor growth, we performed a classical test for in vivo
anti-angiogenic pharmacological function [9,47]. By generating subcutaneous xenografts, we found
that APLN knockdown in tumor cells, as well as the loss-of-APLN, in the tumor microenvironment
significantly reduced VLD by 36% (U87AKDAPLNWT) and 48% (in U87NSCAPLNKO), respectively, as
compared to U87NSCAPLNWT controls (Figure 5). The depletion of both, tumor and host APLN
in U87AKDAPLNKO xenografts further reduced VLD by 61% as compared to U87NSCAPLNWT

control. Interestingly, the tumor volume was reduced by 50% when tumor-cell derived APLN
was depleted compared to APLN-expressing control cells. Strikingly, if APLN was missing in the
tumor microenvironment, the tumor volume decreased to less than 15% compared to WT controls.
We also assessed if the tumor cells were growing equally well in all mice. We found that tumor take
was similar for APLN-knockdown (87% for U87AKDAPLNWT) compared to U87NSC control cells (90%
for U87NSCAPLNWT) when implanted in WT mice and only slightly reduced when APLN was missing
in the tumor microenvironment in APLNKO but still present in the tumor cells (72% for U87NSCAPLNKO

xenografts). However, when APLN expression was fully depleted as in U87AKDAPLNKO xenografts,
only 50% of tumor cell implantation led to successful tumor growth.
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Figure 5. Apelin is required for compact tumor growth. Mice were inoculated subcutaneously
with U87 cells and grown for 28 dpi. (A) Tumor volumes were measured, and vessel density
was quantified on CD31-immunostained sections. Representative pictures of subcutaneous tumors
are shown. (B) VLD and tumor volume was significantly attenuated upon reduction of APLN
expression as compared to U87NSCAPLNWT controls (percentages compared to the control group are
indicated). Tumor volumes were reduced to 50% in APLN knockdown U87AKDAPLNWT xenografts.
Further reduction to less than 15% was observed in APLNKO mice. Number of cell implantations for
U87NSCAPLNWT, U87AKDAPLNWT, U87NSCAPLNKO, U87AKDAPLNKO were n = 38, 31, 18, 24, while
tumor take was 87%, 90% 72%, 50%, respectively. For VLD analysis n = 7, 6, 7, 6 of the respective
xenografts were analyzed. Data are reported as mean +/−SEM; statistical significance (one-way ANOVA
plus Bonferroni’s post hoc test) is indicated * p < 0.05, ** p < 0.005, *** p < 0.0005.

This experiment demonstrated that apelin is important for tumor angiogenesis and that compact
subcutaneous tumors depend on the apelin-induced neo-vasculature for their growth.

2.6. Loss-of-APLN Expression in the Tumor Microenvironment Increases Survival of Glioma-Bearing Mice

Finally, to assess the impact of apelin-controlled tumor angiogenesis on survival, we implanted
the human GBM cells into APLNWT or APLNKO mice orthotopically. To follow in vivo tumor growth
over time, we performed longitudinal magnetic resonance imaging (MRI) and found that all four
groups of xenografts expanded exponentially however at a lower rate in APLNKO mice (Figure 6A).
At 28 dpi, the U87NSCAPLNKO glioma showed a significantly smaller tumor volume of 31% compared
to U87NSCAPLNWT tumors (defined as 100%). These results are pathologically relevant as we could
confirm them in the survival experiment in which the APLNKO mice bearing U87NSCAPLNKO xenografts
survived longest (Figure 6B). Survival of this group increased by 42.3% compared to the U87NSCAPLNWT

control group. Surprisingly, APLNWT mice receiving the apelin-deficient xenografts (U87AKDAPLNWT)
survived by 14.7%, significantly shorter than controls (U87NSCAPLNWT). Interestingly, when APLN
levels were decreased stepwise in the tumor microenvironment and the tumor cells, the cell behavior
of the GBM cells changed towards increased invasiveness (Figure S2).

In summary, we found that the absence of APLN expression from the tumor microenvironment
showed a beneficial effect on the survival of GBM-bearing mice.
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Figure 6. Loss-of-APLN in the tumor microenvironment increases survival of GBM mice. Human U87
cells modulated for APLN levels were orthotopically implanted into APLNWT or APLNKO mice.
(A) T2-weighted magnetic resonance imaging (MRI) was performed weekly and MRI volumes were
measured producing an in vivo growth curve for every xenograft. After 28 days, U87NSC or U87AKD

cells in APLNKO mice showed reduced tumor volume by 69% and 44%, respectively, compared to
U87NSCAPLNWT controls. Number of mice per group are indicated. Data are reported as mean
+/−SEM; statistical significance (one-way ANOVA plus Bonferroni’s post hoc test) is indicated * p < 0.05.
(B) A mouse survival experiment with orthotopically implanted tumor cells was performed and mice
sacrificed at humane endpoints. Median survival differed significantly in U87AKDAPLNWT (shorter
survival) and U87NSCAPLNKO (longer survival) mice compared to U87NSCAPLNWT control mice.
U87AKD xenografts in APLNKO mice showed a trend to longer survival. Number of mice per group are
indicated. Survival data are shown as Kaplan-Meier Curves and significant differences between the
experimental groups and the U87NSCAPLNWT control group assessed by long-rank (Mantel-Cox) test
is given in the table and is indicated in the graph by * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Discussion

In this study, we show, for the first time, that apelin peptide specifically and directly controls
in vivo GBM angiogenesis. Moreover, we demonstrate that compact GBM growth depends on
apelin-directed angiogenesis. Interestingly, the absence of apelin upregulation in the tumor vasculature
of APLNKO mice led to smaller tumor volume and a significant extension of the survival time for
GBM-bearing mice. The results of our study fit with previous in vivo observations made, where
ectopic apelin overexpression enhanced angiogenesis and tumor cell proliferation in subcutaneous
tumor models [26,48,49]. Moreover, recent results obtained in a mouse model of breast cancer showed
that loss-of-APLN markedly reduced tumor angiogenesis leading to impaired tumor growth and,
consequently, improved survival of these animals [50,51].

In line with these findings, we found in our GBM mouse model that the absence of APLN
expression from the tumor vasculature showed a beneficial effect on the survival of GBM-bearing mice;
however, the reduction of APLN expression from the tumor cell had an ambiguous effect on in vivo
GBM volume. Specifically, we found that tumor-derived, as well as ectopically infused, apelin-13
could rescue partially the vascular phenotype. However, the tumor volume did not increase in these
models (Figure S2D). Thus, vascular APLN expression seems to be essential for the formation of
a mature tumor neo-vasculature that supports GBM growth. One explanation for this finding might be
that the apelin-peptide is present in many different isoforms that could confer additional biological
effects [17,52].

Another possibility could be that certain effects might be mediated by the second APLNR ligand
APELA that was recently identified to be expressed in GBM [53]. APELA expression was associated
with poor patient survival and correlated with glioma grade. APELA had been identified as an early
APLNR ligand during embryogenesis being essential for early cardiovascular development and
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controlling cellular movements through APLNR [54,55]. In GBM, APELA expression was detected
in stem cell niches and may thus drive tumorigenesis by supporting GSC growth [53]. A role in GBM
angiogenesis has not been described yet.

Previously, ectopic expression of APLN in subcutaneous tumors was described to stabilize tumor
vessels and support vascular maturation [56]. Moreover, overexpression of APLN reduced the leakiness
of vessels in models of ischemia [35]. Our finding that the in vivo volume assessed by MRI was
smallest when APLN was expressed by the tumor cells, but not by the vessels, might be explained
by improved tightness of the neo-vasculature and, consequently, improved function and reduced
formation of brain edema. In contrast, the loss-of-APLN expression in the tumor cells and the tumor
vessels may lead to less functional vessels that finally induce the tumor cells to change their growth
behavior. Indications for such a change in tumor cell behavior we recently found in a study of highly
invasive glioblastoma stem-like cells [57]. Using these infiltrative GBM mouse models, we found
increased in vivo, as well as in vitro, invasion, when the tumor cells lost autocrine apelin signaling [57].
Interestingly, U87AKD cells with low apelin expression also showed increased invasion in vitro as
compared to U87NSC cells [57]. Thus, we re-inspected the U87MG xenografts (Figure S2A–C) and
found that single invasive cells were detectable detaching from the compact GBM mass when APLN
expression was knocked down in tumor cells (U87AKD). Hence, the notoriously low invasiveness
that is generally observed with the U87MG cell line (Figure 1B) seemed to be increased upon loss-of
tumor-derived apelin/APLNR signaling. We also observed in our second immunocompetent GBM
model, the APLN-non-expressing GL261 cells, that GBMs growing in APLNKO mice exhibited a drastic
increase in glioma cell-invasion (Figure 2A; see arrowheads in Gl261 APLNKO samples) as compared to
controls. While tumor volume slightly decreased, the invasive score significantly increased from 1.2 to
2.8 (Figure S2E). Moreover, by confocal microscopy, we observed that the GBM cells in the invasive
U87AKDAPLNKO GBMs adhere to remaining tumor vessels instead of being equally distributed amongst
the highly dense vascular network in the U87AKDAPLNKO control GBMs. And, finally, we found
in a qPCR screen for angiogenesis and invasion-related genes that loss-of-apelin directed angiogenesis
led to a change in their expression Figure S2F). Marker gene expression levels for angiogenesis like
KDR, VEGFA, FGF2, HIF1a, and APLN itself were decreased. Instead Timp1, the inhibitor of the matrix
metalloproteinase 2 MMP2, was downregulated in U87AKDAPLNKO GBMs compared to the wildtype
situation, and MMP2 itself, a proteinase degrading the extracellular matrix to support tumor cell
invasion, was upregulated. Taken together, it seems that APLN-deficient GBM cells can change their
cellular behavior to adhere to the remaining tumor vessels supporting tumor growth by increased
invasiveness into the tumor-free brain. Such a shift towards a more invasive behavior of the tumor
might be a reason for GBM recurrence after VEGFA-centered anti-angiogenic therapy, in addition to
utilizing alternative pro-angiogenic factors [14], as previously observed in glioma models after blockage
of angiogenesis by inhibition of VEGFA signaling [58–60]. We also showed that anti-VEGF therapy
resulted in decreased APLN expression in the glioblastoma-stem-like model, resulting in increased
tumor cell invasiveness [57]. To avoid this pro-invasive side effect, we used an alternative approach to
target apelin/APLNR signaling by infusion of APLNR antagonists [57]. We, and others, found that
the use of such competitive antagonistic peptides, like apelin-F13A or MM54, indeed led to reduced
vascularization (Figure S1C), attenuated tumor progression, and increased survival in GBM mouse
models, as well as models of breast cancer [51,57,61]. In the breast cancer model, tumor cell invasion
was also changed and led to reduced metastatic growth [51]. What hampers the clinical application of
such a peptidic agent is their usually low penetration into the target tissue.

Moreover, clinical trials of GBM therapies have highlighted the need to identify predictive
markers for clinical outcomes of new therapeutic strategies [2,62]. APLN expression levels inversely
correlate with overall survival in breast, colorectal, and lung cancer by directly correlating with
increased angiogenesis in these tumors [48,51,63,64]. Furthermore, APLNR is a marker of increased
angiogenesis in many cancer types [15]. However, in GBM, we found that the ratio between APLN
and APLNR expression is an important indicator of therapy success, as low APLN and high APLNR
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expression correlated with increased GBM cell invasiveness [57]. Interestingly, targeting vascular
APLNR by conditional ablation of APLNR-positive tumor vessels led to a significant reduction of
tumor growth [65].

Thus, an overall depletion of apelin in GBM might not be the therapy of choice. Instead, together
with our here-presented results, we propose that a more targeted-strategy to specifically deplete
vascular apelin (e.g., using an apelin-specific antibody delivered intravenously) can open a new
treatment avenue. This strategy would specifically block sprouting angiogenesis by not targeting the
established brain vasculature and may lead to additional normalization of the tumor vasculature [50]
also in GBM. In addition to the anti-angiogenic effect such an approach would circumvent the increased
GBM cell invasion and carry the potential to reduce tumor hypoxia and edema formation, as well [66].

In summary, we found that apelin expression correlated with enhanced vascularization in GBM.
Reduction of apelin expression in tumor cells attenuated tumor angiogenesis and ectopic infusion of
apelin-13 peptide specifically reversed this vascular GBM phenotype. Moreover, loss-of-APLN in the
mouse brain further reduced GBM vessel density below normal levels that are observed in the striatum
of a healthy mouse brain, underlining the switch to an avascular tumor growth. By this blockade
of APLN-dependent tumor angiogenesis, tumor growth was reduced and survival of GBM-bearing
mice was, in turn, increased. Thus, we believe that targeting vascular apelin/APLNR signaling in the
GBM microenvironment specifically offers a promising new opportunity to overcome resistance to
anti-angiogenic therapy, as observed by VEGFA blockade, in GBM.

4. Materials and Methods

4.1. Cell Culture

U87MG and U373 cells were obtained from the American Type Culture Collection (ATCC), GL261
cells were obtained from the National Cancer Institute, NCI-Frederick (Tumor Cell Repository) and all
cells were cultured under adherent conditions in DMEM containing 1×MEM non-essential amino
acids, 5% penicillin-streptomycin and 10% FBS (all Thermo Fisher Scientific, Waltham, MA, USA).
All cell lines were maintained at 37 ◦C in a humidified atmosphere of 95% O2 and 5% CO2.

4.2. Cell Transduction

For gene silencing of U87MG cells, lentiviral shRNAmir constructs for APLN (AKD; cat. RHS4430:
V3LHS_401190), EG5 positive control (EG5KD; cat. RHS4480), or non-silencing control (NSC; cat.
RHS4346) were produced in HEK293T cells using the TransLenti Viral GIPZ Packaging System
(cat. TPLP4614, all, Dharmacon GE Life Sciences, Lafayette, CO, USA) according to the manufacturer´s
instructions. Virus particle-containing supernatant was harvested two days after transfection, filtered
with a 0.22 µm filter to avoid cellular contamination and stored at −80 ◦C. U87MG cells were detached
with Trypsin/EDTA (Merck Millipore, Burlington, MA, USA). Eight by ten [4] cells were incubated
with 500 µL of virus particles with an multiplicity of infection of 0.6–0.7 for six hours in a 24-well
plate; then, 1 mL of medium was added, and cells were left overnight at 37 ◦C. The day after, cells
were centrifuged and resuspended in fresh medium. After cell recovery, selection with puromycin
(Sigma Aldrich, St.Louis, MO, USA) was performed for up to three weeks. Concentration of antibiotics
had been previously determined by a kill curve. More than 99% efficiency of transduction/selection
was confirmed by FACS and immunofluorescence.

4.3. Animals

All experiments were performed in compliance with the National Guidelines for Animal Protection,
Germany, with approval of the local animal care committee of the “Landesamt für Gesundheit und
Soziales” (LaGeSO) in Berlin, and every experiment was conducted after the guidelines of the UK
Co-ordinating Committee on Cancer Research [67]. APLNKO mice were obtained from J.P. (Vienna,
Austria) [34] and crossed to Rag2KO mice (B6.129S6-Rag2tm1Fwa) [68] kindly provided by Prof. G.
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Willimsky/Charité–Univeritätsmedizin Berlin previously purchased from Taconic (Rensselaer, NY,
USA) (all on C57Bl/6J background). All mice were kept in a 12 h light/dark cycle with ad libitum access
to food and water. Mice were sacrificed at defined presymptomatic time points or at humane end-point
for the survival experiment.

4.4. Tumor Implantation

Mice were anesthetized with 7 µL/g of body weight of a mixture of Xylazine (Rompun 2%; Bayer
Health Care, Leverkusen, Germany) and Ketamin (Ketavet; Zoetis, Berlin, Germany) in 0.9% NaCl,
immobilized on a stereotactic frame (David Kopf Instruments, Tujunga, CA, USA) in flat-skull position
and kept warm. A midline incision was made with a scalpel. One by ten [5] cells/µL in medium
without supplements were implanted by stereotactic injection 1 mm anterior and 1.5 mm right to the
bregma with a 22-gauge Hamilton syringe (Hamilton, Bonaduz, Switzerland) after drilling a whole
into the skull with a 23G needle. At a depth of 4 mm, cells were slowly injected within 2 min and, after
a settling period of another minute, the needle was removed in 1 mm step/minute. The incision was
sutured and patched with Opsite spray dressing (Smith&Nephew, London, UK).

4.5. Intracerebral Drug Application

One day before implantation, micro-osmotic pumps were filled with 30 µg pyr-apelin-13
or apelin-F13A for 14 days (micro-osmotic pumps cat. 1002; Alzet; Charles River) in artificial
cerebrospinal fluid (aCSF; as described by Alzet) or aCSF alone to be primed overnight in aCSF at 37 ◦C.
Pump implantation was performed under anesthesia using the brain infusion kit 3 (Alzet) inserting
the needle into the previously drilled hole after initial orthotopic tumor establishment as observed by
magnetic resonance imaging. At the end of pump performance, animals were sacrificed.

4.6. Magnetic Resonance Imaging

MRI was performed using a 7 Tesla rodent scanner (Pharmascan 70⁄16AS, Bruker BioSpin Bruker,
Billerica, MA, USA) with a 16 cm horizontal bore magnet and a 9 cm (inner diameter) shielded gradient
with a H-resonance-frequency of 300 MHz and a maximum gradient strength of 300 mT/m. For imaging,
a 1H-RF quadrature-volume resonator with an inner diameter of 20 mm was used. Data acquisition and
image processing were carried out with the Bruker software Paravision 5.1. During the examinations,
mice were placed on a heated circulating water blanket to ensure constant body temperature of 37 ◦C.
Anesthesia was induced with 3% and maintained with 1.5–2.0% isoflurane (Forene, Abbot) delivered in
0.5 L/min of 100% O2 via a facemask under constant ventilation monitoring (Small Animal Monitoring
& Gating System, SA Instruments, Stony Brook, NY, USA). For imaging the mouse brain, T2-weighted
2D turbo spin-echo sequence was used (imaging parameters for T2 TR/TE = 4200/36 ms, RARE factor
8.4 averages). Twenty axial slices with a slice thickness of 0.5 mm, a field of view of 2.60 × 2.60 cm
and a matrix of 256 × 256 were positioned over the brain. Calculation of lesion volume was carried
out with the program Analyze 5.0 (AnalyzeDirect, Inc., Mayo Clinic, MI, USA). The hyperintense
tumor areas were assigned with a region of interest tool. This enables a threshold-based segmentation
by connecting all pixels within a specified threshold range about the selected seed pixel and results
in a 3D object map of the whole tumor region. Further, the total volume of the whole object map was
automatically calculated.

4.7. HE Tumor Volume Analysis

Tumor volumes were obtained from Hematoxylin & Eosin (H&E)-stained tumor sections measuring
the area of every 9th section and calculated by the Cavalieri Method [69].
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4.8. Quantitative PCR

RNA extraction was performed using Trizol (Thermo Fisher Scientific) according to the
manufacturer´s instructions. One microgram total RNA was reverse-transcribed into cDNA using
QuantiTect Reverse Transcription Kit (Qiagen) and the cDNA was analyzed by quantitative PCR using
TaqMan Gene Expression Assays for APLN (Hs00936329_m1; Mm00443562_m1; Rn00581093_m1), EG5
(Hs00189698_m1), and GAPDH (Hs99999905_m1; Mm99999915_g1; Rn01775763_g1) with TaqMan
Gene Expression Master Mix (Cat. 4369016) in a StepOnePlus Instrument (all Thermo Fisher Scientific).
Samples were amplified with the standard running method provided by StepOne Software v2.2.2,
increasing the cycle numbers to 45. In every run, gene-of-interest expression levels were normalized to
the house-keeping gene GAPDH.

4.9. Viability and Proliferation Assays

Six thousand cells/well were plated in 96-well plates in DMEM-F12 medium on day 0. Cell viability
was measured after 24, 48, 72, and 96 h using a MTT assay (CellTiter 96 Non-Radioactive
Cell Proliferation Assay, Promega, Fitchburg, WI, USA) for cell metabolic activity according to
manufacturer´s instruction, incubating the cells one hour with the “Stop Mix” solution. Absorbance
was measured with Versa Max microplate reader and SoftMax Pro software (Molecular Devices)
with a reference wavelength of 630 nm. Background absorbance from wells containing no cells was
subtracted from all measurements, and six replicate samples were used in each experiment. Three
experiments per cell type were performed.

4.10. In Situ Hybridization

Solutions were prepared with RNAse free water and sterilized. Sections on slides were
deparaffinized by serial passages into Roti-Histol and graded alcohol (100–25%). Tissue was
permeabilized with 10 min incubation in 10 µg/mL of Proteinase K (PeqLab, VWR). Slides were
fixed for 10 min in 4% paraformaldehyde (PFA) and blocked for 10 min with Acetic Anhydride
(0.25%; Sigma Aldrich) in Triethanolamine (1.5%; Sigma Aldrich). Sections were dried for 2 h at room
temperature, then incubated overnight at 65 ◦C in a humidified chamber with DIG-labeled (DIG RNA
labeling; Roche Diagnostics) antisense or sense probes at a final concentration of 7 µg/mL, and diluted
in a hybridization solution containing ssDNA (100 µg/mL, Salmon sperm DNA; Ambion, Thermo
Fisher Scientific) to mask unspecific binding and co-precipitant RNA (100 µg/mL, Yeast RNA; Ambion).
RNA probes were generated from human VEGFA and mouse APLN cDNA as previously described [19].
Probe-containing hybridization solution was boiled at 95 ◦C for 10 min before application. On day two,
unspecific signal was removed with graded stringency washes with saline sodium citrate from 20×
to 0.1× and incubated with alkaline phosphatase conjugated anti-DIG antibody (Roche Diagnostics)
overnight at 4 ◦C. On day three, slides were washed in PBT (0.1% Tween in 1×PBS) and incubated
with BCIP/NBT substrate (Vector Laboratories, Burlingham, CA, USA) at 37 ◦C for up to four days.
For counterstaining with Eosin, slides underwent serial passages in graded alcohol (70–100%) till
Roti-Histol and were then mounted with Entellan (Merck Millipore). Pictures were taken under
an Axioskop2 microscope with Axiocam 105 Color and Axiovision SE64 Rel. 4.9 software (Carl Zeiss,
Jena, Germany).

4.11. Immunofluorescence and Vessel Density Quantification

Mice were transcardially perfused under Narcoren (Merial) anesthesia with 1x PBS followed by
4% phosphate buffered PFA. Brains were post-fixed for two days in 4% PFA and then left in 30% sucrose
for at least 24 h at 4 ◦C. Freezing was performed embedding the tissue in Cryomatrix (Thermo Fisher
Scientific) and brains were preserved at −20 ◦C. Tissue was sectioned horizontally in 40 µm-thick slices
on a microtome. Floating sections were blocked for 1 h at room temperature in 1x PBS containing
5% normal donkey serum (NDS; cat. 017-000-121; Jackson Immuno-Research,) and 0.3% Triton-X
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(cat. 93418; Fluka) and incubated overnight at 4 ◦C with primary antibodies rat anti-CD31 (1:50, cat.
550274; BD Biosciences) or rabbit anti-VWF (1:400, cat. A0082; Dako, Agilent Technologies, Santa Clara,
CA, USA). The next day, sections were incubated for 3 h at room temperature with the secondary
antibodies biotin donkey anti-rabbit, anti-rat (1:250, cat. 711-065-152; 712-065-150), and/or 2 h at
room temperature with Streptavidin-AF488 or -AF594 (1:500, cat. 016-540-084; 016-580-084, Jackson
Immuno-Research). Alternatively, sections were directly incubated for 2 h at room temperature with
the secondary antibodies donkey anti-rabbit AF488 or AF594 (1:500, cat. A-21206, A-21207 Thermo
Fisher Scientific). All antibodies were diluted in blocking solution. After staining, tissue was mounted
in Fluorescent Mounting Medium (Dako) and pictures taken at Axiovert25 microscope with Axiocam
MRm and Axiovision Rel 4.8 software (Zeiss) or with confocal laser scanning microscopy at the Leica
TCS SP5 Confocal with LAS AF software (Leica Microsystems). Stereological analysis of vessel density
was performed in green fluorescent protein (GFP)-positive tumor area of the CD31- or VWF-positive red
fluorescent vessels on every 9th section using the space ball method of the StereoInvestigator Software
10.21.1 (MicroBrightField Bioscience, Williston, VT, USA) connected to an Olympus-BX53-microscope
(Olympus Europe, Hamburg, Germany, USA) and a motorized object table MicroBrightField Bioscience.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/11/
4179/s1. Figure S1. Modulation of APLN-signaling changes vessel density but not pericyte coverage and
endothelial proliferation. (A) U87MG was implanted into immunodeficient mice and grown to big xenografts
within 28 dpi. Double-fluorescent immunostaining for CD31+ endothelial cells and Desmin+ pericytes was
performed. Double-fluorescent staining confirms decreased vessel density upon reduction of APLN expression in
tumour cells (U87AKDAPLNWT), the microenvironment (U87NSCAPLNKO) or both (U87AKDAPLNKO) compared
to control (U87NSCAPLNWT). The number of pericyte-covered vessel objects was assessed by the “Count and
measure” function in the Cellsense software (Olympus Life Science) on 20× micrographs of different tumour
areas of three different tumour sections per animal (six animals per group) and no significant difference of the
experimental group compared to the control group was observed (graph not shown). (B) U87MG were grown for
28 dpi and mice intravenously injected with the proliferation marker BrdU three hours before sacrifice. Tumours
were stained by double-immuofluorescence for BrdU and Isolectin B4 (IB4) and confocal images were taken. In all
four groups BrdU+ endothelial cells (IB4+) could be observed. (C) U87NSCAPLNWT GBM cells were treated with
aCSF or the antagonistic peptide apelin-F13A by intracerebral infusion for 14 days and tumours assessed 28 dpi
for vessel density by stereomorphometry (n = 6.5). Vessel length density significantly decreased compared to
controls when apelin-F13A was used. Data are reported as mean +/-SEM; statistical significance (students t-test)
is indicated ** p < 0.01. Figure S2. Decrease in APLN-expression correlates with increased GBM cell invasion.
(A) U87MG cells generally form a very compact tumour 28 dpi (see U87NSCAPLNWT control in the left panel)
but single invading cells (arrows) are especially detectable in U87AKDAPLNKO xenografts (right panel) by the
GFP reporter. By H&E staining a gradual loosening of the tumor border (arrowhead) from left to right panel
can be observed (arrows). (B) To assess the extent of GBM cell-invasion, we analysed every 8th tumour section
per mouse assigning it an invasive score from 0 to 3 (where 0 is no histological sign of cell invasion from the
tumour mass, 1 describes a larger, connected group of invading GBM cells, 2 indicates smaller scattered groups of
invading GBM cells and 3 highlights single scattered highly invasive GBM cells). While the U87NSCAPLNWT

control tumours grow fully compact, the invasive score gradually increases when APLN expression is knocked
down in the tumor cells (U87AKDAPLNWT), the microenvironment (U87NSCAPLNKO) or both (U87AKDAPLNKO).
In particular the U87NSCAPLNKO GBMs exhibit a strong and inter-individually heavily heterogeneous invasive
behavior. Here, one set of tumours had moderate levels of invasion (invasive scores below 1, which are comparable
to the invasive pattern in the U87AKDAPLNWT or U87NSCAPLNKO group), while other gliomas generated by the
U87NSCAPLNKO cells were strongly invasive (invasive scores above 2). (C) Double immunofluorescent staining
for GFP-positive tumor (green) and CD31-positive endothelial cells (red) of U87 tumours 28 dpi were performed
for U87NSCAPLNWT or U87AKDAPLNKO xenografts and merged confocal micrographs (left panels) or a Volocity
representation of the confocal z-stacks (right panels) are shown. Note that In the APLN-deficient U87AKDAPLNKO

xenografts the GBM cells largely associate with the vasculature which may support directed invasion towards the
tumour-free brain. (D) Infusion of Apelin-13 peptide intracerebrally decreased T2-weighted MRI tumour volume
of U87AKDAPLNKO xenografts (n = 5) compared to control aCSF treated mice (n = 6). (E) Orthotopic GL261 tumor
cell implants in APLNWT or APLNKO mice 21 days post implantation show a reduced tumour volume assessed
by the Cavalieri Estimator method (StereoInvestigator) and increased tumor cell invasiveness (arrowheads) as
quantified on H&E sections (n = 9.6 mice). Data are reported as mean +/-SEM; statistical significance (students
t-test) is indicated *** p < 0.001. (F) Gene expression screen for change in 84 angiogenesis and invasion related genes.
RNA was isolated from microdissected orthotpic xenografts of all four U87 GBM groups (n = 4 per group) 28 dpi
with different APLN expression levels and a qPCR screen using an “RT2 Profile PCR Array Mouse Angiogenesis”
(Qiagen PAMM 024Z) was performed. Marker genes involved in angiogenesis were downregulated when APLN
expression was decreaed in the tumour cells or the microenvironment. Instead the marker for cell invasion MMP2
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was found to be upregulated, while its inhibitor TIMP1 was downregulated. Data are reported as mean +/-SEM;
statistical significance (one-way ANOVA plus Bonferroni’s post hoc test) is indicated * p < 0.05, ** p < 0.01.
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ABP Average branch points
aCSF Artificial cerebrospinal fluid
AKD Apelin knock-down
APLNKO Apelin knock-out
APLNWT Apelin wildtype
APLN Apelin
APLNR Apelin Receptor
dpi days post implantation
GBM Glioblastoma
GFP Green fluorescent protein
NSC Non-silencing control
VEGFA Vascular endothelial growth factor-A
VLD Vessel length density
VWF von Willebrand factor
WT Wild-type
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TargetingAPLN/APLNR ImprovesAntiangiogenic
Efficiency and Blunts Proinvasive Side Effects of
VEGFA/VEGFR2 Blockade in Glioblastoma
Giorgia Mastrella1, Mengzhuo Hou1, Min Li1, Veit M. Stoecklein2, Nina Zdouc1,
Marie N.M. Volmar1, Hrvoje Miletic3,4, S€oren Reinhard5, Christel C. Herold-Mende6,
Susanne Kleber7, Katharina Eisenhut1, Gaetano Gargiulo8, Michael Synowitz9,
Angelo L. Vescovi10, Patrick N. Harter11, Josef M. Penninger12, Ernst Wagner5,
Michel Mittelbronn11,13, Rolf Bjerkvig3, Dolores Hambardzumyan14, Ulrich Sch€uller15,
J€org-Christian Tonn2, Josefine Radke16, Rainer Glass1,17,18, and Roland E. K€alin1,18

Abstract

Antiangiogenic therapy of glioblastoma (GBM) with bev-
acizumab, a VEGFA-blocking antibody, may accelerate
tumor cell invasion and induce alternative angiogenic path-
ways. Here we investigate the roles of the proangiogenic
apelin receptor APLNR and its cognate ligand apelin in
VEGFA/VEGFR2 antiangiogenic therapy against distinct sub-
types of GBM. In proneural GBM, apelin levels were down-
regulated by VEGFA or VEGFR2 blockade. A central role for
apelin/APLNR in controlling GBM vascularization was cor-
roborated in a serial implantation model of the angiogenic
switch that occurs in human GBM. Apelin and APLNR are
broadly expressed in human GBM, and knockdown or
knockout of APLN in orthotopic models of proneural or
classical GBM subtypes significantly reduced GBM vascular-
ization compared with controls. However, reduction in ape-
lin expression led to accelerated GBM cell invasion. Analysis
of stereotactic GBM biopsies from patients as well as from

in vitro and in vivo experiments revealed increased dissemi-
nation of APLNR-positive tumor cells when apelin levels
were reduced. Application of apelin-F13A, a mutant APLNR
ligand, blocked tumor angiogenesis and GBM cell invasion.
Furthermore, cotargeting VEGFR2 and APLNR synergistically
improved survival of mice bearing proneural GBM. In sum-
mary, we show that apelin/APLNR signaling controls GBM
angiogenesis and invasion and that both pathologic features
are blunted by apelin-F13A. We suggest that apelin-F13A can
improve the efficiency and reduce the side effects of estab-
lished antiangiogenic treatments for distinct GBM subtypes.

Significance: Pharmacologic targeting of the APLNR acts
synergistically with established antiangiogenic treatments in
glioblastoma and blunts therapy resistance to current strate-
gies for antiangiogenesis.

See related commentary by Amoozgar et al., p. 2104

Introduction
Glioblastoma (GBM) is the most common and most malig-

nant primary brain tumor (1). Current standard treatment
consists of maximal resection followed by radiotherapy with

concomitant temozolomide chemotherapy, if safe (2, 3). A
subgroup of GBM is generated by epigenetic dysregulation
(CpG-island methylator phenotype in isocitrate dehydrogenase
mutant gliomas; IDHMUT), but the majority of GBM represents
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IDH wild-type (WT) GBM (4), which can originate from neo-
plastic neural precursor cells (NPC; refs. 5, 6) after ablation or
somatic mutation of the tumor suppressor p53, deletion of
neurofibromatosis-1 (NF1), or loss of CDKN2A. Such genetic
aberrations can coincide with loss of the PTEN. The vast
majority of primary GBM is driven by genetic mutation in key
tumor suppressor genes concomitant with accelerated activity
of different proto-oncogenic signaling pathways (e.g., EGFR or
platelet-derived growth factor receptor-A, PDGFRA) or through
a mutant (ligand independent) form of EGFR (EGFR-variant-3,
EGFRvIII; ref. 5).

Hallmarks of GBM include poorly-differentiated neoplastic
astrocytes, increased cell proliferation, tumor necrosis, micro-
vascular proliferation, and formation of an aberrant vascula-
ture (1). Thus, antiangiogenic treatments appear to be a prom-
ising strategy for GBM (7). However, clinical studies using
bevacizumab (AVAglio, RTOG-0825), a humanized mAb that
blocks VEGFA signaling, did not improve overall survival in
patients with GBM (8, 9). GBM often develops resistance to
bevacizumab owing to upregulation of alternative proangio-
genic pathways and the induction of tumor cell invasion (10).
Moreover, differences in angiogenic responses could originate
from interindividual GBM heterogeneity, as evidenced by the
genetic stratification of GBM (11). The Cancer Genome Atlas
(TCGA) revealed three subtypes of GBM, namely proneural,
classical, and mesenchymal, which show differences in prog-
nosis and response to treatment (4, 12). The neural GBM
subtype was recently considered as a potential artefact (13).
A retrospective analysis of the AVAglio trial indicated that
patients with (IDHWT) proneural GBM can benefit from bev-
acizumab by increased overall survival (14).

We previously hypothesized that the G-protein coupled recep-
tor (GPCR) APJ (APLNR) and its cognate peptide-ligand apelin
play some roles in tumor development (15). Here, apelin was
undetectable in the healthy brain and APLNR mRNA expression
was very low in normal brain vessels and we observed a dramatic
upregulation of both apelin and APLNR in GBM -associated
microvascular proliferations, as well as in radially oriented neo-
plastic cells surrounding band-like foci ("pseudopalisading
necroses"). In hypoxic regions, apelin was highly coexpressed
with VEGFA (15–17). In this context, it was suggested that apelin
levels indicate improved tumor hypoxia due to vascular normal-
ization upon bevacizumab treatment (18).

In this study using in vitro and in vivo models, we confirm that
apelin/APLNR signaling has a strong proangiogenic role in pro-
neural GBM. We show for the first time that blocking VEGFA/
VEGFR2 signaling in GBM reduces apelin levels and accelerates
the invasion of APLNR-expressing GBM cells. Importantly,
administration of apelin-F13A, a mutant form of the natural
apelin-13 peptide with avidity for APLNR (19), reduced tumor
angiogenesis and cell invasion in GBM models, and had syner-
gistic effects with VEGFR2 blockade.

Materials and Methods
Cell culture

GBM stem-like cell (GSC) were derived from human glioblas-
toma biopsies [as previously reported for NCH644 and
NCH588J (20); GBM10, GBM13 and GBM14 (21); and GBM5av
to 10av (22)] and were maintained under stem cell cultivation
conditions in DMEM-F12 (catalog no. 11320-074) supple-

mented with 1 � B27 (catalog no. 17504-044), 5% penicillin–
streptomycin (catalog no. 151140-122; all Thermo Fisher Scien-
tific), 10 ng/mL epidermal growth factor (EGF; catalog no.
236-EG; Biotechne), and 10 ng/mL fibroblast growth factor (FGF;
catalog no. 100-18B PeproTech). For all cultures, gene copy
number analysis was performed and the TP53, EGFR, PDGFRA,
PIK3CA, PIK3R1, PIK3CG, PTEN, NF1, RB1, IDH1, and ATRX loci
were sequenced. We confirmed that all cultures were tumorigenic
upon orthotopic implantation in immunodeficient mice. All of
the GSCs, except for GBM10 cells, corresponded to the GBM
subtype of the parental tumor.

NPCs were isolated from the subventricular zone of 5-day-old
Bl6/J or FVBmicewithhomozygous deletion ofTP53orCDKN2A.
Isolated cells were cultured in spheroid conditions with DMEM-
F12 medium supplemented with 1 � B27, 1% penicillin-strep-
tomycin, 10 ng/mL EGF (catalogno. 236-EG; Biotechne) and
10 ng/mL FGF (catalog no. 100-18B; PeproTech). U87MG
(HTB14) cells were obtained from the ATCC and cultured under
adherent conditions in DMEM containing 1�MEM nonessential
amino acids (catalog no. 11140-035), 5% penicillin–streptomy-
cin, and 10% FBS (catalog no. 102270-106; all Thermo Fisher
Scientific). GL261 cells were obtained from the National Cancer
Institute, NCI-Frederick (Frederick, MD; Tumor Cell Repository)
and maintained under neurosphere cell culture conditions as
described above. All cellsweremaintained at 37�C inahumidified
atmosphere of 95% O2 and 5% CO2. GSCs were validated
repeatedly (2015 and 2017) by short tandem repeat (STR) fin-
gerprinting (Eurofins Medignomix Forensik) and were regularly
tested for Mycoplasma contamination by PCR.

Cell transduction
Mouse transgenic glioma cells as amodel of the proneuralGBM

subtype (p53KOPDGFBGSCs)were generated by transduction of a
single-cell suspension of p53KO NPCs for 1 hour with a multi-
plicity of infection (MOI) of 80 of VSV-G pseudotyped GFP-
PDGFB retroviral particles (kindly provided by F.Calzolari/M.
G€otz, Department of Physiological Genomics, LMU Munich,
Munich, Germany). Human PDGFB cDNA was derived from the
RCAS-pBIG plasmid (kindly provided by E. Holland, Fred Hutch-
inson Cancer Research Center Seattle). Transduction efficiency
was verifiedbyGFP immunofluorescence andwas>99%. To study
the influence of p53 status in the generated p53KOPDGFB mouse
GSCs, cells were transfected with lipofectamine (catalog no.
18324020; Thermo Fisher Scientific) and 3 mg of empty vector
containing ampicillin-neomycin resistance, hotspot p53 mutant
(R172H, R175H, R248W, R249S, R270H, R273H, V143A) or
wild-type p53 plasmid DNA. Transfected GSCs were first selected
for 4 weeks with 3 mg/mL of G418 antibiotics and selection was
maintained using 1 mg/mL of G418.

As a model of the classical GBM subtype, cdkn2aKO NPCs were
transfected with EGFRvIII-blasticidin/GFP plasmids to obtain
cdkn2aKOEGFRvIII GSCs. To obtain EGFRvIII-EGFR–overexpres-
sing cells, cells were then transfected with 3 mg of neomycin-EGFR
plasmid, and the cells were selected for 2 weeks with 1 mg/mL of
Geneticin (catalog no. 10131027; Thermo Fisher Scientific). For
proneural-like p53KOEGFR GSCs, p53KONPCs were transfected
with 3 mg of neomycin-EGFR plasmid and selected for 2 weeks
with 1 mg/mL of Geneticin.

For gene silencing in GBM14 and NCH644, we used three
different lentiviral shRNAmir constructs for apelin (AKD; catalog
no. RHS4430: V3LHS_401190) or nonsilencing control (NSC;
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catalog no. RHS4346) to produce viral particles in HEK293T cells
with the TransLenti Viral GIPZ Packaging System (catalog no.
TPLP4614, all Dharmacon GE Life Sciences) according to the
manufacturer's instructions. Virus particle-containing superna-
tant was harvested 2 days after transfection, filtered with a
0.22-mm filter to avoid cellular contamination, and stored at
�80�C. Primary GSC spheroids were dissociated with Accutase
(catalog no. A6964; Sigma Aldrich), while U87MG cells were
detached with trypsin/EDTA (catalog no. L2153; Merck Milli-
pore). Then, 8 � 104 cells were incubated with 500 mL of virus
particles at anMOI of 0.6–0.7 for 6 hours in a 24-well plate. Next,
1 mL of medium was added and the cells were left overnight
at 37�C. The next day, the cells were centrifuged and resuspended
in fresh medium. After cell recovery, cells were selected using
puromycin (catalog no. P8833; Sigma Aldrich) for up to 3 weeks.
The concentration of antibiotics was determined beforehand
using a lethal dose curve. The efficiency of transduction/selection
was >99%, as confirmed by FACS and immunofluorescence.

Animals
All experiments were performed in compliance with the

National Guidelines for Animal Protection, Germany, with
approval of the local animal care committee of the Government
ofOberbayern (Regierung vonOberbayern). All experimentswere
conducted in accordance with the UK Coordinating Committee
on Cancer Research guidelines (23). APLN-Knockout (APLNKO)
mice were obtained from J.M. Penninger (Institute of Molecular
Biotechnology, Austrian Academy of Sciences, Vienna, Austria;
ref. 24) and crossed with Rag2KO mice (B6.129S6-Rag2tm1Fwa;
ref. 25) kindly provided by G. Willimsky (Charit�e – Universit€ats-
medizin Berlin, Berlin, Germany) and previously purchased from
Taconic. Allmice had a C57Bl/6J background and genotypingwas
performed as previously described (24, 25). Foxn1nu/nu mice were
ordered from Envigo. All mice were kept in a 12-hour light/dark
cycle with ad libitum access to food andwater. Mice were sacrificed
at defined presymptomatic time points or at a humane endpoint
in survival studies.

Tumor implantation
Mice were anesthetized with 7 mL/g of body weight of amixture

of xylazine (Rompun 2%; Bayer) and ketamine (Ketavet; Zoetis)
in 0.9% NaCl. They were immobilized on a stereotactic frame
(David Kopf Instruments) in flat-skull position and kept warm. A
midline incision was made on the skull with a scalpel. To prevent
the cornea fromdrying out, the eyes of themicewere coveredwith
amoisturizing cream (Bepanthen; Bayer). Then, 1� 105 (human)
or 1 � 104 (mouse) cells/mL in supplement-free medium were
implanted by stereotactic injection 1 mm anterior and 1.5 mm
right to the bregma using a 22G Hamilton syringe (Hamilton)
after drilling a hole into the skull with a 23G needle. At a depth of
4 mm, the cells were slowly injected within 2 minutes. After a
settling period of another minute, the needle was removed at
1-mm steps/minute. The incision was sutured and patched with
Opsite spray dressing (Smith &Nephew). Analgesia was achieved
by administering a dose of 4 mg/kg before surgery and 2� 2 mg/
kg doses of intraperitoneal carprofen (Rymadil, Zoetis) for 3 days
after surgery.

Intracerebral drug application
One day before implantation, mini-osmotic pumps were filled

with 30mg of apelin-F13A (Bachem) or 0.8mgofDC101 (Eli Lilly)

for sustained delivery over 14 days (Model 1002; Alzet) or 60 mg of
apelin-F13A for sustained delivery over 28 days (Model 2004,
Alzet) in artificial cerebrospinal fluid (aCSF; as described by Alzet)
or with aCSF alone following priming overnight in aCSF at 37�C.
The mini-osmotic pumps were implanted under anesthesia as
described previously (26). For p53KOPDGFB GBM treatment,
14-day pumps were implanted one week postimplantation, for
GBM14GBM28-day pumps were implanted 2 weeks postimplan-
tation. The needle of the brain infusion kit 3 (Alzet) was inserted
into the hole originally prepared for orthotopic tumor implanta-
tion. The mice were sacrificed at the end of the pump's life (14 or
28 days) or at humane endpoints in survival studies.

Quantitative PCR
RNA was extracted using TRIzol (catalog no. 15596-026;

Thermo Fisher Scientific) according to the manufacturer's
instructions. Total RNA (1 mg) was reverse-transcribed into
cDNA using a QuantiTect Reverse Transcription Kit (catalog
no. 205313; Qiagen) and the cDNA was analyzed by quanti-
tative PCR using TaqMan Gene Expression Assays for apelin
(Hs00936329_m1; Mm00443562_m1; Rn00581093_m1),
APLNR (Hs00945496_s1; Mm00442191_s1; Rn00580252_s1),
KDR (Hs009117_m1; Rn00564986_m1), VEGFA
(Hs00900054_m1), EG5 (Hs00189698_m1), and GAPDH
(Hs99999905_m1; Mm99999915_g1; Rn01775763_g1) with
TaqMan Gene Expression Master Mix (catalog no. 4369016) in
a StepOnePlus Instrument (all Thermo Fisher Scientific). Sam-
ples were amplified using the standard running method within
StepOne Software v2.2.2 by increasing the cycle number to 45.
In each run, the expression levels of the target gene were
normalized to those of GAPDH as a housekeeping gene.

Copy number analysis
Copynumber analysis of all primaryGBMwasperformedusing

Affymetrix Cytoscan HD Microarray at IMGM Laboratories. The
array data are deposited at http://www.ebi.ac.uk/arrayexpress/
(Acc. E-MTAB-7649).

Viability and proliferation assays
For viability and proliferation assays, 6,000 cells/well were

plated in 96-well plates in DMEM-F12 medium on day 0. Cell
viability wasmeasured after 24, 48, 72, and 96 hours using aMTT
assay (CellTiter 96 Non-Radioactive Cell Proliferation Assay,
catalog no. G4000; Promega) to assess cell metabolic activity.
Cells were incubated for 1 hour with the Stop Mix solution.
Absorbance wasmeasured on a Versa Maxmicroplate reader with
SoftMax Pro software (Molecular Devices) at a reference wave-
lengthof 630nm. Thebackground absorbanceofwells containing
cell-free supernatant was subtracted from all measurements. Six
replicate samples were used in each experiment. Three experi-
ments were performed for each cell type.

Invasion assays
For this assay, we used U87MG cells that had been main-

tained in spheroid conditions in DMEM-F12medium. Spheroids
were picked under an Axiovert25 microscope (Carl Zeiss). Spher-
oids were plated onto 24-well plates in 50 mL containing 1mg/mL
Rat Tail Collagen I (catalog no. A10483-01; Thermo Fisher Sci-
entific), 10� PBS, 1 N NaOH, and diluted in bi-distilled water
according to the manufacturer's instructions. As a chemoattrac-
tant source, the U87MG spheroids were added to the collagen
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mix. Apelin-F13A was added at to the collagen mix at a concen-
tration of 1 mmol/L. The collagen matrix was left to gel for 50
minutes at 37�C and then covered with 600 mL DMEM-F12
medium. Cell invasion was monitored for 7 days by taking
photographs every day under an Axiovert25 microscope with
Axiocam MRm and Axiovision Rel. 4.8 software (Carl Zeiss). The
images were analyzed with ImageJ distribution Fiji and the
invasive area (mm2) was calculated as: DA ¼ (area covered on
day n) � (sphere area on day 0).

Human GBM specimens
The study was approved by the local Institutional Review

Board of the LMU Munich (number 599-16, 18-304) and the
UCT Frankfurt, Frankfurt am Main (GS4/09 SNO-6-2018) and
agrees with all standards regarding the use of informed consent
according to the guidelines of the local Institutional Review
Board and the etical standards of the Helsinki Declaration.
Informed written consent was obtained from all individual
participants included in the study. GBM samples obtained
from the Neurosurgery Department of the University Hospital,
LMU Munich (Munich, Germany) were classified according
to whether they were taken from the center or border of the
original tumor mass at the time of surgical resection. Necrotic
tumor tissue, as evaluated by H&E staining, was excluded from
the analysis. Paraffin-embedded GBM samples were obtained
from the Center for Neuropathology and Prion Research (ZNP),
LMU Munich (Munich, Germany). For stereotactic biopsy,
the surgical depth (the distance in mm from the target point
0 defined by the neurosurgeon) and the histopathologic
description was recorded for each section obtained per speci-
men. Displayed in Fig. 3B are successive biopsies of the
same patient taken along the stereotactic trajectory (z-axis),
that were described by a neuropathologist to show a cell-dense
pleomorphic glial tumor expressing glial fibrillary acidic pro-
tein (GFAP) and microtubule-associated protein 2 (MAP2),
IDH1WT, 15% Ki67-positive tumor cell nuclei, and numerous
vascular proliferates from coordinate z ¼ 0 until 3 mm toward
the tumor border. From 5 mm to 8 mm along the z-axis, the
biopsies contained central nervous system tissue with a pro-
gressively decreasing number of infiltrating glial tumor cells.
Sections of patients pre- and post-bevacizumab treatment were
obtained from the Edinger Institute, Frankfurt am Main. Quan-
tification of pseudopalisading areas was performed in ImageJ
using the threshold function on H&E overview images of the
tumor area.

In situ hybridization
The work bench and instruments were carefully cleaned with

RNAse-Zap (catalog no. R2020; Sigma Aldrich). Solutions were
prepared using RNAse-free water and sterilized. Sections on
slides were deparaffinized by serial passages into Roti-Histol
and graded alcohol (100%–25%). Tissue was permeabilized by
incubation for 10 minutes in 10 mg/mL proteinase K (catalog
no. 04-1070; PeqLab, VWR). Slides were fixed for 10 minutes in
4% paraformaldehyde (PFA) and blocked for 10 minutes with
acetic anhydride (0.25%; catalog no. 320102; Sigma Aldrich) in
triethanolamine (1.5%; catalog no. 09278; Sigma Aldrich).
Sections were dried for 2 hours at room temperature, incubated
overnight at 65�C in a humidified chamber with digoxigenin
(DIG)-labelled (DIG RNA labeling, cat. 11277073910; Roche
Diagnostics) antisense or sense probes at a final concentration

of 7 mg/mL, and diluted in a hybridization solution containing
100 mg/mL salmon sperm DNA (catalog no. AM9680; Ambion,
Thermo Fisher Scientific) to mask unspecific binding, and
100 mg/mL of coprecipitant RNA (yeast RNA; catalog no.
AM7118; Ambion). RNA probes were generated from human
and mouse APLN and APLNR cDNA as described previous-
ly (15). The probe-containing hybridization solution was
boiled at 95�C for 10 minutes before application. On day 2,
nonspecific signals were removed by stringency washing in
graded saline sodium citrate (from 20 � to 0.1 �) and incu-
bated with alkaline phosphatase–conjugated anti-DIG anti-
body (catalog no. 11093274910; Roche Diagnostics) overnight
at 4�C. On day 3, the slides were washed in PBS-T (0.1% Tween
in 1 � PBS) and incubated with 5-bromo-4-chloro-3-indolyl
phosphate (BCIP)/nitro blue tetrazolium (NBT) substrate (cat-
alog no. SK-5400; Vector Laboratories) in 0.1 mol/L Tris-HCl
(pH 9.5) at 37�C for up to 4 days. For counterstaining with
eosin, the slides underwent serial passages in graded alcohol
(70%–100%) followed by application of Roti-Histol, and were
then mounted with Entellan (catalog no. 107960, Merck Milli-
pore). Pictures were taken under an Axioskop2microscope with
Axiocam 105 Color and Axiovision SE64 Rel. 4.9 software (Carl
Zeiss). Quantification of pseudopalisading or apelin-positive
areas was performed in ImageJ using the threshold function on
six representative pictures (�5 magnification) per animal on
hematoxylin and eosin (H&E) or on consecutive sections
stained for apelin mRNA.

Immunofluorescence and vessel density quantification
Under pentobarbital (Narcoren; Merial) anesthesia, mice were

transcardially perfused with 1� PBS followed by 4% phosphate-
buffered PFA. The brain was postfixed for 2 days in 4% PFA and
then left in 30% sucrose for�24 hours at 4�C. The brain was then
embedded in Cryomatrix (catalog no. 6769006; Thermo Fisher
Scientific) and frozen at �20�C. Tissue samples were prepared as
horizontal sections (40-mm–thick) using a microtome. Floating
sections were blocked for 1 hour at room temperature in 1� PBS
containing 5%normal donkey serum (NDS; catalog no. 017-000-
121; Jackson Immuno-Research), and 0.3% Triton-X (catalog no.
93418; Fluka). The sections were then incubated overnight at 4�C
with the following primary antibodies: rabbit anti-MKi67 (1:200,
catalog no. ab16667), rabbit anti-APLNR (1:100, catalog no.
ab66218), rabbit anti-APLN 1:100, catalog no. ab59469 (all
Abcam), rat anti-CD31 (1:50, catalog no. 550274; BD Bio-
sciences), rabbit anti-von Willebrand factor (vWF; 1:400, catalog
no. A0082; Dako, Agilent Technologies), or rabbit anti-GFP
(1:500, catalog no. A11122; Thermo Fisher Scientific). The next
day, the sections were incubated for 3 hours at room temperature
with the following secondary antibodies: biotin-labeled donkey
anti-rabbit or anti-rat antibody (1:250, catalog no. 711-065-152;
712-065-150) and/or 2 hours at room temperature with strepta-
vidin-AF488 or -AF594 (1:500, catalog no. 016-540-084; 016-
580-084, all Jackson Immuno-Research). Alternatively, sections
were directly incubated for 2 hours at room temperature with
the secondary antibodies donkey anti-rabbit AF488 or AF594
(1:500, catalog no. A-21206; A-21207, Thermo Fisher Scientific).
All antibodies were diluted in blocking solution. For nuclear
DAPI, 1:1,000 was used. After staining, tissue was mounted in
fluorescent mounting medium (catalog no. S3023; Dako) and
photographs were taken using an Axiovert25 microscope with
Axiocam MRm and Axiovision Rel 4.8 software (Carl Zeiss).
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Stereological analysis of vessel length density was performed
for the GFP-positive tumor area of CD31- or vWF-positive red
fluorescent vessels on every 12th section using the space ball
method of StereoInvestigator Software 10.21.1 (MicroBrightField
Bioscience) connected to an Olympus-BX53-microscope (Olym-
pus Europe) and a motorized object table (MicroBrightField
Bioscience).

IHC and tumor volume
Free-floating sections were immersed in 0.3% peroxide for 10

minutes to block endogenous peroxidase, washed in PBS, and
incubated for 1 hour at room temperature in PBS containing
0.3% Triton X-100 and 5% NDS. Sections were then incubated
with the primary antibodies rabbit anti-MKi67, rabbit anti-GFP
(1:1,000, catalog no. A-11122, Thermo Fisher Scientific), or
mouse anti-VIM (1:200, catalog no. sc-6260, Santa Cruz Bio-
technology) overnight at 4�C in PBS containing 5% NDS. The
next day, after three washes in PBS to remove unbound anti-
bodies, the sections were incubated with secondary biotin
donkey anti-rabbit, anti-rat, or anti-mouse antibodies (1:250,
catalog no. 711-065-152; 712-065-150; 115-065-166, Jackson
Immuno-Research) for 3 hours and then for 1 hour at room
temperature with streptavidin-conjugated horseradish peroxi-
dase (1:200, catalog no. SA-5004, Vector Laboratories). After
washing in PBS, the sections were stained with DAB substrate
according to the manufacturer's instructions (catalog no.
DC137C100DCS, Innovative Diagnostik-Systeme). Finally, sec-
tions were mounted on glass slides (Superfrost Plus, R.Langen-
brinck GmbH) and air dried for 10 minutes, followed by
counterstaining with hematoxylin for 1 minutes. The slides
were then rinsed with tap water, dehydrated with a graded
series of ethanol (70%, 80%, 96%, 100%), cleared two times
with xylene, and coverslipped with RotiHistokit II mounting
medium (catalog no. 6640.1, Carl Roth GmbH). Tumor
volumes were obtained from H&E or GFP-stained tumor sec-
tions by measuring the area of every 12th section and calculated
using the Cavalieri method. The overall tumor volume was
determined by measuring the total area including regions with
single invasive tumor cells visible on GFP-stained sections. In
addition, the compact tumor volume was determined by mea-
suring the area of GFP-positive tumor cells that were in direct
contact with neighboring tumor cells. The invasive tumor
volume was determined as the difference between overall GFP
and compact GFP tumor volume, and tumor invasiveness was
determined as the percentage of invasive tumor volume over
overall GFP tumor volume.

Statistical analysis
The distribution of each variable was summarized by its mean,

SD, or SEM. Number of individuals, replicates, and or repetition
of independent experiments are indicated in the figure text. In
treatment groups comparing two groups, values are reported as
themean� SD and unpaired Student t test was used to determine
statistical significance. In treatment groups comparing more than
two groups, values are reported as the mean � SD and one-way
ANOVA with Newman–Keuls post hoc test was used to determine
statistical significance. For spheroid invasion assay, data are
reported as the mean � SEM and two-way ANOVA was used to
determine the statistical significance. For survival experiments,
Kaplan–Meier curves were used and log-rank (Mantel–Cox) test
was applied to determine statistical significance. P values are

indicated as �, P < 0.05; ��, P < 0.005; and ���, P < 0.0005 in all
results. All statistical analyses were conducted using GraphPad
Prism 5.

Results
Apelin is downregulated by VEGFA/VEGFR2 blockade

We explored the pathophysiologic context of apelin signal-
ing in a GBM subtype-specific manner by searching the TCGA
dataset for genes coexpressed with APLN (the gene encoding for
apelin; ref. 27). Interestingly, gene ontology analysis revealed
that high apelin expression was associated with angiogenesis
and blood vessel morphogenesis (Supplementary Fig. S1A) in
the proneural or classical subtypes, but not in the mesenchymal
subtype of GBM (Supplementary Table S1), which relates to
previous observations that particularly the proneural and clas-
sical GBM subtypes may respond to antiangiogenic treat-
ments (14, 28). To investigate a functional link between the
VEGFA/VEGFR2 and apelin/APLNR signaling pathways, we
examined the effects of bevacizumab in a mouse model of
proneural GBM. First, we analyzed tumor samples from a
murine platelet-derived growth factor B (PDGFB)-driven pro-
neural-like GBM model based on the RCAS/Tva system (29). In
this model, genetically manipulated NPCs are the point of
origin for GBM. Tumor-bearing mice were then treated with
a murine bevacizumab surrogate anti-VEGFA antibody (B20-
4.1.1, Roche), which increased survival and decreased total
vessel area, but also let to an increased tumor volume com-
pared with mice treated with vehicle (30). In situ hybridization
of control tumors revealed strong apelin mRNA expression in
areas corresponding to GBM pseudopalisades (Fig. 1A aster-
isks) and tumor vessels (Fig. 1A arrows). In the anti-VEGFA
antibody–treated samples, pseudopalisades were less promi-
nently stained by apelin in situ hybridization (Fig. 1A asterisks)
and smaller and less numerous vascular proliferates were
detectable (Fig. 1A arrows). qPCR confirmed that apelin expres-
sion was downregulated in the treated samples as compared
with control samples (Fig. 1A).

In a second set of experiments, we orthotopically implanted
mice with murine transgenic GBM stem-like cells (GSCs; p53
knockout GSCs overexpressing PDGFB, p53KOPDGFB GSCs) as
a model of human proneural GBM (31, 32). After tumor
establishment, the murine VEGFR2-blocking antibody DC101
(corresponding to ramucirumab, Eli Lilly) was intracerebrally
infused into the mice (Supplementary Fig. S1B). As in the
RCAS/Tva model, the vehicle-treated control tumors showed
strong apelin expression in tumor cells (Fig. 1B, asterisks) and
in tumor vessels (Fig. 1B, arrows). Apelin mRNA expression was
greatly reduced in the anti-VEGFR2–treated tumors. In partic-
ular, we found that apelin-labeling was strongly and signifi-
cantly reduced in pseudopalisades within anti-VEGFR2–treated
(5.1%) compared with control tumors (34.3%) while the
extent of pseudopalisades (quantification of the total pseudo-
palisading area) was unchanged (Fig. 1C). Also APLN-positive
vessel area was significantly reduced by 35% in anti-VEGFR2–
treated tumors. Comparable observations were made in biop-
sies of GBM from patients before and after bevacizumab
treatment. While the total area of pseudopalisading necrosis
did not change (Fig. 1D; Supplementary Fig. S1C), we found
that apelin expression was lower in the tumor samples obtained
after antiangiogenic treatment (Fig. 1D; Supplementary
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Figure 1.

Apelin is downregulated by anti-VEGFA or anti-VEGFR2 treatment. Mouse or human GBM samples were stained by H&E and consecutive sections were analyzed
by APLN in situ hybridization; cell-dense pseudopalisading structures (asterisks) and vascular proliferates (arrows) are indicated. A, In a murine PDGFB-driven
GBMmodel (RCAS/Tva system; ref. 29), apelin is strongly expressed in pseudopalisades and tumor vessels of controls (vehicle) but is weak in anti-VEGFA
antibody-treated samples, with few apelin-positive vessels; this is corroborated by qPCR (n¼ 4 vs. 4). B, Mice orthotopically implanted with p53KOPDGFB GSCs
were intracerebrally infused with anti-VEGFR2 antibody or vehicle (n¼ 7 vs. 10). The overall extent of pseudopalisading structures was unchanged, but apelin
levels were reduced in pseudopalisades and tumor vessels in anti-VEGFR2–treated tumors compared with controls. This was quantified in C.D, Biopsies from 7
patients pre- and post-bevacizumab were stained histologically and consecutive sections were inspected by in situ hybridization for apelin; note that apelin
labeling is strong in vascular proliferates and pseudopalisades pre-bevacizumab but greatly reduced post-treatment. Scale size is indicated in individual
micrographs; statistical significance (t test) is indicated. �� , P < 0.005; ���, P < 0.0005.
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Fig. S1D) than in the initial resected samples; note that control
genes (e.g., HPRT, ACTB) were unchanged or upregulated (e.g.,
NEK7, VAMP4) confirming good RNA quality of patient sam-
ples (Supplementary Fig. S1D). In agreement with previous
studies (15), we observed that apelin expression was also much

higher in GBM (initial biopsy before antiangiogenesis) than in
tumor-free human brain tissue (Supplementary Fig. S1E).

These results indicate that the APLN and VEGFA genes are
coexpressed in GBM and that blocking VEGFA/VEGFR2 signaling
with antibodies reduced apelin expression. Hence, we sought to

Figure 2.

Glioma cell- and host-derived apelin
control GBM angiogenesis. A,A
xenograft serial implantation model
was used to investigate the
angiogenic switch;APLN, APLNR,
and KDRwere upregulated in the
rat tumor microenvironment after
the angiogenic switch (while
VEGFAwas unchanged). APLN and
APLNR expression remained
constantly low in human tumor cells
(quantified by species-specific
qPCR in 8 invasive vs. 5 angiogenic
tumors originating from 7 different
patients; ref. 33). B and C, GBM
were immunostained for vWF or
CD31 and analyzed for vascular
patterns. B, Vascular density (VLD
and VL) in p53KOPDGFB GBMwas
higher in APLNWTmice (n¼ 7) and
was significantly reduced in APLNKO

mice (n¼ 8). C, In GBM14
orthotopic xenografts, VLD and VL
were greatly diminished in tumors
with reduced apelin levels relative
to controls (group-size was
between n¼ 4 and n¼ 7). Scale
size is indicated in individual
micrographs; statistical significance
(t test or one-way ANOVA plus post
hoc test) is indicated. � , P < 0.05;
�� , P < 0.005; ��� , P < 0.0005.
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elucidate whether APLNR targeting has synergistic effects with
VEGFA/VEGFR2 blockade. We also investigated the potential
adverse effects of reduced apelin expression in GBM.

Apelin and APLNR upregulation is correlated with the
angiogenic switch in GBM

We previously established a rodent model of the angiogenic
switch in GBM that involved serial transplantation of a patient-
derived xenograft (33–35). This model is initially characterized
by highly infiltrative brain tumors without apparent neoangio-
genesis (Fig. 2A; ref. 33), but after several generations of in vivo
passaging acquires an angiogenic, noninvasive phenotype
(angiogenic switch; ref. 34). This model (and an alternative
model; ref. 35) allowed us to determine the relative expression
levels of individual genes derived from the GBM cells or the
host.

In both models, we compared the gene expression patterns in
the initial generation of tumors against later-generation tumors
(Fig. 2A). We found that the vascular expression levels of apelin
and APLNR mRNA were dramatically increased in the tumor
microenvironment of angiogenic versus invasive GBM (Fig. 2A;

Supplementary Fig. S2A) highlighting a central role of the APLNR
signaling pathway in promoting angiogenesis in GBM.

Host-derived apelin controls GBM angiogenesis
To study the role of APLNR signaling within the tumor micro-

environment, we orthotopically implanted murine GSCs into
APLN-wild-type (APLNWT) or APLN-knockout (APLNKO) mice.
In the first set of in vivo experiments, we used proneural-like
p53KOPDGFB GSCs expressing low levels of apelin (Supplemen-
tary Fig. S2B). The GBM originating from these cells produced an
invasive and well-vascularized tumor. The vessel length density
(VLD)wasquantified in the tumor area (1,327mm/mm3; Fig. 2B).
When p53KOPDGFB GSCs were implanted into APLNKOmice, the
VLD was significantly reduced by 41% to 776 mm/mm3. The
intratumoral vessel length (VL) was reduced by 47% from 1,520
mm in APLNWT mice to 799 mm in APLNKO mice (Fig. 2B).

In human GBM, the apelin expression levels were related to
angiogenic signaling pathways in proneural and classical, but not
mesenchymal GBM. Therefore, we also established a mouse GSC
culture model of the classical GBM subtype (cdkn2aKOEGFRvIII
GSCs; CDKN2A-knockout cells overexpressing EGFRvIII; refs. 28,

Figure 3.

APLNR is expressed in the tumor margin and attenuation of apelin/APLNR signaling in vitro uncovers a role of APLNR in GBM cell invasion.A, IVY GBM Atlas
Project dataset depicting regional gene expression levels; note that APLN expression is high in pseudopalisades and APLN or APLNR are abundant in
microvascular proliferations; APLNR alone is high in the infiltrating tumor area. B, Stereotactic GBM biopsies taken along a trajectory from the cell dense tumor
(z¼ 0mm) to the infiltrative tumor in the tumor periphery (z¼ 6 and 8mm). APLN is expressed in tumor vessels (arrows) and individual cells (arrowheads) in
the cell-dense tumor (z¼ 0), but is undetectable in the periphery (z¼ 6 and 8 mm). APLNR is expressed in tumor vessels (arrows) and in individual cells at z¼ 0,
and in peripheral cells at z¼ 6 and 8mm. Themagnified insets show the cellular staining. APLN and APLNR are undetectable in tumor-free brain. C, In vitro
spheroid invasion assay with GBM14AKD cells demonstrated significantly greater invasion compared with the control GBM14NSC cells. D and E, Application of
1 mmol/L of apelin-F13A attenuated invasion of GBM14NSC (D) and p53KOPDGFB (E) GSCs. Data were obtained from at least five different spheres per condition.
Scale size is indicated in individual micrographs; statistical significance (one-way ANOVA plus post hoc test) is indicated. � , P < 0.05; �� , P < 0.005.
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32). The GBM originating from cdkn2aKOEGFRvIII GSCs pro-
duced a high vascular density (Supplementary Fig. S2C). The
VLD was 2,746 mm/mm3 in APLNWT mice (Supplementary Fig.
S2C) and was significantly reduced by 33% to 1,830mm/mm3 in
APLNKO mice. Overall vessel length (VL) was reduced by 75.4%
from82,726mminAPLNWTmice to 20,349mminAPLNKOmice.
This set of experiments corroborated our working hypothesis that
host-derived apelin plays a prominent role in controlling the
extent of tumor vascularization.

Combined effects of GBM cell- and host-derived apelin on
tumor angiogenesis

Next, we investigated the contribution of GBM cell–derived
apelin on tumor angiogenesis in vivo. We selected two patient-
derived GBM cultures of the proneural subtype that expressed
relatively high levels of apelin (arrows in Supplementary Fig.
S2D). First, we manipulated primary GBM14 cells (21) to express
a shRNA construct to knockdown endogenous APLN
(GBM14AKD; Supplementary Fig. S2E) or a nonsilencing control
shRNA (GBM14NSC). APLN-knockdown (APLNKD or AKD) did
not affect GBM viability or expansion in vitro (Supplementary Fig.
S2E). Six weeks after orthotopic injection of GBM14NSC cells into
immunocompromisedwild-typemice,we detected the formation
of a vascularized brain tumormasswith a VLDof 1,249mm/mm3

(Fig. 2C). The VLD of GBM14AKD orthotopic xenografts in wild-
type mice was 930 mm/mm3, a reduction of 25.5% versus
GBM14NSC, which suggests that GBM-derived apelin is proangio-
genic. The modulation of human GBM-derived apelin is patho-
logically meaningful in mouse models because the amino acid
sequences of the bioactive peptide apelin-13 of human or mouse
origin are identical (15).

Implantation of GBM14NSC into APLNKO mice reduced the
tumor vasculature by approximately 25% as compared with
GBM14NSC gliomas grown in APLNWT mice (Fig. 2C). When
GBM14AKD cells were implanted into immunodeficient APLNKO

mice, we detected scant tumor angiogenesis with a VLD of
569 mm/mm3, a 54% reduction relative to that in control mice
(Fig. 2C). Furthermore, theoverallVLwas reduced from1,720mm
to 588mm (by 66%), 460mm (by 73%), and 161mm (by 91%),
respectively.

We also orthotopically implanted mice with a second well-
established human primary GSC model (NCH644 cells (20))
corresponding to the proneural subtype (36). These cells pro-
duced a GBM with a VLD of 1,168 mm/mm3 in wild-type mice
(Supplementary Fig. S2F and S2G). Stable knockdownofAPLN in
the tumor cells (NCH644AKD; Supplementary Fig. S2F) reduced
the VLD by 50% to 648 mm/mm3 (Supplementary Fig. S2G).

This series of experiments consistently indicated that tumor
cell–derived and/or host-derived APLN levels are directly corre-
lated with the level of tumor angiogenesis. GBM vascularization
was reduced by APLN knockdown in tumor cells or APLN knock-
out. Injection of APLNKD GBM cells into APLNKO mice achieved
an even greater reduction in GBM angiogenesis.

Reduced apelin in APLNR-expressing GBM is related to
invasion

In the IVY Glioblastoma Atlas Project RNA-seq database, we
found regionally distinct expression levels of apelin and APLNR
(Fig. 3A; Supplementary Fig. S3A). In particular, apelin was
more abundantly expressed in tumor areas enriched with micro-
vascular proliferation and hyperplastic blood vessels (BV; with

high levels of KDR expression). However, apelin expression was
very low in microdissected GBM samples containing an infiltrat-
ing tumor or a leading edge (Fig. 3A), whereas APLNR mRNA
expression remained high, especially in the infiltrating tumor
zone (Fig. 3A). The elevated expression of APLNR was also
associated with increased expression of genes involved in tumor
cell invasion likeMMP2 (matrix metallopeptidase 2) and BAI1/3
(brain-specific angiogenesis inhibitor 1/2), but the expression of
tissue inhibitor ofmetalloproteinase-1 (TIMP1), anMMP2 inhib-
itor, was low (Supplementary Fig. S3A).

To further investigate a potential role of APLNR in invasive
GBM areas, we used GBM biopsies obtained by neurosurgical
resection using a neuronavigation system (Supplementary Fig.
S3B). In situ hybridization revealed that the tumor center
expressed apelin in cellular (arrowheads) and vascular regions
(arrows; also visible on consecutiveH&E), whereas apelinwas not
detected at the tumor border. APLNR was also expressed in the
cellular (arrowheads) and vascular (arrows) regions in the tumor
center, but APLNR expression was more pronounced in some
dispersed cells along the tumor border (Supplementary Fig. S3B,
arrowheads). To provide a greater resolution of local APLN/
APLNR expression, we examined stereotactic GBM biopsies with
defined three-dimensional coordinates (Fig. 3B). In successive
biopsies taken along the stereotactic trajectory (z-axis), from the
tumor core to the invasive zone, we observed a progressive
reduction in apelin expression (Fig. 3B), but APLNR expression
was maintained in individual cells (arrowheads) of the invasive
margin. Also, immunostaining for APLNR in orthotopic GBM
mouse models (see below) confirmed its expression in invasive
tumor cells (Supplementary Fig. S3C and S3D). Taken together,
these findings indicate that APLNR expression is maintained in
scattered GBM cells within the apelin-free invasive tumormargin.

To investigate a potential role for apelin/APLNR signaling in
GBM invasion in vitro, we embedded GBM14 cells (GBM14AKD or
GBM14NSC) in a collagen matrix (28). We found that the
GBM14AKD cells were much more invasive than the control
GBM14NSC cells (Fig. 3C). To exclude that the increase in invasive
area observed with GBM14AKD cells compared with GBM14NSC

control cells was a result of enhanced proliferation we analyzed in
vitro proliferation assays and compared their Ki67 status, but did
not detect anydifferences (Supplementary Fig. S2E, S3E, andS3F).

Next by performing a wound healing and a Boyden chamber
chemotaxis assay (Supplementary Fig. S3G and S3H), we con-
firmed that the depletion of apelin in GBM cells (GBM14 and
U87MG) accelerates invasion in vitro. However, application of
apelin-F13A, another APLNR ligand (37), to GBM14 spheres
reduced invasiveness (Fig. 3D). A similar inhibitory effect of
apelin-F13A on glioma cell invasion was also observed in murine
p53KOPDGFBGSCs (Fig. 3E). In line with that, addition of apelin-
F13A in the twomigration assays also attenuated the invasiveness
of APLNKD cells (Supplementary Fig. S3G–S3I).

Overall, we found that APLNR is expressed in the apelin-free
invasive zoneof patient-derivedGBMsamples, that the absence of
endogenous apelin can increase GBM cell invasion in vitro, and
that application of the APLNR ligand apelin-F13A has an anti-
invasive effect.

Anti-invasive role of apelin in GBM in vivo
Next, we investigated whether apelin modulates tumor inva-

sion in murine GBM models in vivo. Immunostaining for a GFP
reporter in GBM14 cells and histologic staining revealed the
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Figure 4.

Anti-invasive role of apelin in orthotopic
models of proneural GBM.A and B,GBMwere
analyzed by H&E and GFP immunostaining to
assess overall, compact, and invasive tumor
volumes, as well as the migration distance of
single cells from the tumor mass Arrowheads,
compact tumor border; arrows, single
invading cells. A, GBM14NSC or GBM14AKD

GSCs were grown in immunodeficient
APLNWT or APLNKOmice. Although there is no
difference in overall tumor volume, the
invasive tumor volume (% invasive volume) is
significantly greater for GBM14AKD cells
implanted into APLNWT (n¼ 7), GBM14NSC

cells implanted into APLNKO (n¼ 4), and
GBM14AKD cells implanted into APLNKOmice
(n¼ 4) as compared with GBM14NSC cells
implanted into APLNWTmice (n¼ 7). The
distance of single invading cells to the tumor
center is significantly greater in the APLNKO

mouse xenografts. B, p53KOPDGFB GBMwere
grown in immunocompetent APLNWT or
APLNKOmice. Although the overall tumor
volume is unchanged in APLNKOmice (n¼ 8)
compared with APLNWTmice (n¼ 7), the
invasiveness, as assessed by percent invasive
volume and distance of migration, is
substantially increased in APLNKO mice. Scale
size is indicated in individual micrographs;
statistical significance (t test or one-way
ANOVA plus post hoc test) is indicated.
� , P < 0.05; �� , P < 0.005; ��� , P < 0.0005.
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tumor mass (H&E staining; Fig. 4A; arrowheads indicate compact
GFP volume). In addition, individual GFP-positive cells (arrows)
were observed to invade the brain. When intratumoral apelin
levels were gradually reduced by implanting GBM14AKD cells into
APLNWTmice, by inoculation ofGBM14NSC intoAPLNKO animals
or GBM14AKD cells into APLNKO mice, the overall tumor volume
gradually decreased (as compared with controls), but the invasive
volume of GBM cells increased significantly (Fig. 4A; Supplemen-
tary Fig. S4A).

We confirmed that the change of in vivo tumor volumewasnot a
result of altered GBM cell proliferation (Supplementary Fig. S4B).
Consistently, orthotopic implantation of NCH644NSC GSCs gen-
erated tumors with few regions of accelerated invasiveness (Sup-
plementary Fig. S4C, arrows), but implantation of NCH644AKD

cells resulted in a much more pronounced invasive pattern
(Supplementary Fig. S4C, arrows).

Similar observations were made using an immunocompetent
model of proneural GBM, in which we implanted p53KOPDGFB
GSCs into apelin-deficient hosts. Again, the resulting tumors were
muchmore invasive than GBM grown in APLNWT hosts (Fig. 4B).
In p53KOPDGFB GBM, the distance of tumor cell migration away
from the dense tumor mass increased from 1.1 in APLNWT to
2.6 mm in APLNKOmice. In addition, the invasive ratio increased
by 1.6 times (Supplementary Fig. S4D) and the percentage of
invasive versus overall volume increased from 59% to 72%
(Fig. 4B). Using cdkn2aKOEGFRvIII GBM as a model of the
classical subtype, we found that the compact and overall volumes
were decreased by 53% in APLNKO mice compared with APLNWT

mice, but tumor invasiveness significantly increased as well (Sup-
plementary Fig. S4E).

In another approach to investigate apelin-modulated GBM cell
invasion, we implanted human primary GBM cells into murine
orthotopic brain slice cultures. Here apelin knockdown increased
the invasiveness of proneural NCH644 as well as classical
GBM5av cells (Supplementary Fig. S4F and S4G).

In summary, we found that apelin derived from the host and
tumor cells is an essential mediator of neoangiogenesis in GBM
and that apelin also contributes to suppressingGBMcell invasion.
This was demonstrated by an inverse correlation between apelin
expression levels withGBM invasiveness in our in vitro, ex vivo, and
in vivo models and by the direct anti-invasive effect of APLNR
stimulation in our collagen-based invasion as well as migration
assays.

Apelin-F13A inhibits GBM angiogenesis and invasion
To study the potential of APLNR as a therapeutic target for

GBM, we tested the in vivo application of apelin-F13A (37).
Apelin-F13A with the C-terminal phenylalanine mutated to ala-
nine can antagonize the APLNR in vivo (38), but was also found to
act as an agonist on different functional assays, such as adenyl
cyclase inhibition or APLNR internalization (39, 40). First, we
established that APLNR is abundantly expressed in scattered,
infiltrative GBM cells in our models (Supplementary Figs. S3C
and S3D and S5A and S5B). Then we explored the therapeutic
properties of apelin-F13A in vivo. We found that the vascular
density ofmurine proneural-like GBMwas reduced from aVLDof
1,069 mm/mm3 in control mice to 629 mm/mm3 in apelin-
F13A–treated mice (Fig. 5A). The overall tumor volume was
decreased by 56% from 104 mm3 in control mice to 46 mm3 in
apelin-F13A–treated mice. While the compact tumor volume did
not change significantly, the invasive tumor volume decreased by

53% from 72 mm3 in control mice treated with artificial cerebro-
spinal fluid (aCSF) to 34 mm3 in apelin-F13A–treated mice
(Fig. 5A). We then repeated this experiment using proneural
GBM14 GSCs. We observed a reduction in VLD for these
human-derived GBM, from 1,333 mm/mm3 in control mice to
749mm/mm3 in apelin-F13A–treatedmice (Fig. 5B). In addition,
overall tumor volume decreased by 68% from 69mm3 in control
mice to 22 mm3 in apelin-F13A–treated mice. As in the
p53KOPDGFB model, the compact tumor volume did not change
significantly in the human GBM model, but the invasive tumor
volume decreased by 59% from 31 mm3 in control mice to 13
mm3 in apelin-F13A–treated mice (Fig. 5B).

To test the binding specificity of the apelin peptides as well as
the functional response of the GBM APLNR, we performed two
in vitro internalization assays (15, 40–43); because internalization
rates of GPCRs give valuable insight in signaling activity by native
(nonrecombinant) GPCR (44). We found that the addition of
apelin-13 and apelin-F13A caused the internalization of the
APLNR to cytoplasmic and perinuclear regions (Supplementary
Fig. S5C). Most interestingly, we detected a difference in the
APLNR redistribution in response to the two peptides. While
apelin-13 led to a massive decrease of APLNR localization in
the nucleus, apelin-F13A caused exactly the opposite outcome
(Supplementary Fig. S5C). In a second internalization assay, we
administered GFP-linked apelin peptides to GBM14 cells. We
found that both, apelin-13 and apelin-F13A, were internalized by
the cells, while a scrambled peptide was not (Supplementary Fig.
S5D). In addition, we confirmed the specificity of peptide uptake
by performing a dose escalation with unlabeled peptide showing
that uptake of bothGFP-labeled peptides was specifically blocked
by corresponding unlabeled peptides (Supplementary Fig. S5E).

These findings imply that the synthetic APLNR ligand apelin-
F13A efficiently suppressed angiogenesis and invasiveness in two
models of GBM (Fig. 6A). Apelin-F13A can bind and activate the
APLNR, functions as a competitive agonist for other APLNR
ligands, and has only partial APLNR-activating properties (19).
Our receptor internalization assay revealed that apelin-13 or
apelin-F13A induce distinct patterns of intracellular APLNR local-
ization, which can point-out differences in signaling cues initiated
by these two peptides. This may explain why only apelin-F13A
(but not apelin-13) was able to block the proangiogenic effects of
intratumoral apelin while both ligands suppressed tumor inva-
sion (Supplementary Fig. S5F).

Cotargeting VEGFR2 and APLNR synergistically improved
survival of murine models of GBM

One of the major adverse effects of bevacizumab for the
treatment of GBM is an increase in tumor cell invasiveness or
upregulation of alternative angiogenic factors (10). Hence, we
asked whether blocking the proangiogenic and -invasive proper-
ties of APLNR could overcome the pathologic side effects of
established antiangiogenic regimen like anti-VEGFR2 therapy,
and hence improve overall survival. Orthotopically implanted
p53KOPDGFBGBMwere allowed to expand for one week inmice.
These mice were then treated intracerebrally with apelin-F13A,
anti-VEGFR2 antibody, apelin-F13A, and anti-VEGFR2 antibody,
or with vehicle (aCSF) alone as a control (Fig. 6B). The median
survival of aCSF-treatedmice was 52 days. Administration of anti-
VEGFR2 increased survival by 28% compared with control mice,
with amedian survival of 67 days. Administration of apelin-F13A
alone achieved a similar increase in survival (63 days; 19%
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Figure 5.

The APLNR ligand apelin-F13A inhibits
GBM angiogenesis and invasion.A and
B,murine p53KOPDGFB (A) or human
GBM14 (B) GSCs were implanted and
once GBMwere established, aCSF or
apelin-F13A was administered
intracerebrally. Both, mouse- and
patient-derived GBM showed a
significant reduction in VLD and VL, as
well as for invasive and overall tumor
volume. Arrows, single invasive tumor
cells in GFP- or H&E-stained sections;
arrowheads, compact tumor border.
aCSF or apelin-F13A were infused into 8
and 6mice with murine GBM and 6 and
5 mice with human GBM, respectively.
Scale size is indicated in individual
micrographs; statistical significance
(t test) is indicated. � , P < 0.05;
�� , P < 0.005; ��� , P < 0.0005.
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Figure 6.

Cotargeting of VEGFR2 and APLNR synergistically improves survival of mice bearing GBM. A,Model for apelin/APLNR signaling in GBM. Apelin is released by
GBM and/or endothelial cells, activates APLNR on tumor cells (which inhibits invasion) and on endothelia (activating/sustaining angiogenesis); administration of
apelin-F13A attenuates both angiogenesis and invasion. B, Intracerebral infusion of apelin-F13A and/or anti-VEGFR2 antibody significantly increased survival
compared with the infusion of aCSF in mice bearing p53KOPDGFB GBM. Cotreatment with apelin-F13A and anti-VEGFR2 increased survival by additional 28%
(P < 0.05) compared with anti-VEGFR2 single treatment. Ten, 7, 9, and 6mice were treated with aCSF, anti-VEGFR2, apelin-F13A, and anti-VEGFR2 plus
apelin-F13A, respectively. C, GBM invasiveness was analyzed in GFP-stained sections. In the composite images, the compact border (blue line) and the invasive
tumor border (red line) are indicated. In the magnified images, massive invasion of single cells is visible in anti-VEGFR2–treated tumors. While the invasive
GBM volume increased in anti-VEGFR2–treated tumors compared with control tumors, the invasive GBM volumewas decreased in apelin-F13A-treated and
anti-VEGFR2 and apelin-F13A cotreated mice. Data are shown for 4 and 5 tumors for treated versus control group. D, VEGFR2 and apelin-F13 treatment
significantly decreased VLD to 440 and 357 mm/mm3, respectively, versus 613 mm/mm3 in control mice. Coadministration of anti-VEGFR2 and apelin-F13
decreased VLD to 243mm/mm3, which was significantly lower than that in anti-VEGFR2–treated tumors. Four tumors were analyzed per group. Scale size is
indicated in individual micrographs; statistical significance (one-way ANOVA plus post hoc test) is indicated. � , P < 0.05; �� , P < 0.005; ���, P < 0.0005.
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increase) comparedwith controlmice.Notably, coadministration
of anti-VEGFR2 and apelin-F13A had synergistic effects, with a
65% increase in the survival rate (86 days). Median survival of the
cotreatedmice was significantly improved compared with admin-
istration of anti-VEGFR2 (P ¼ 0.0385) or apelin-F13A (P ¼
0.0327) alone. Immunohistologic analysis of tumors with com-
parable overall tumor volume showed that administrationof anti-
VEGFR2 alone had a proinvasive effect with a 77% increase in the
invasive volume relative to control mice (Fig. 6C). Interestingly,
the anti-invasive effect of apelin-F13A reduced the invasive vol-
ume by 74 % significantly compared with control mice and
combined treatment by 66% compared with anti-VEGFR2 treat-
ment alone. Anti-VEGFR2decreasedVLD to72%andapelin-F13A
decreased VLD to 58% relative to control mice (Fig. 6D), while
coadministration of apelin-F13A and anti-VEGFR2 decreased the
VLD to 40% compared with controls.

In summary, we observed that cotargeting of the APLNR and
VEGFR2 signaling pathways exerted synergistic antiangiogenic
effects and strongly reduced the proinvasive side effects of estab-
lished antiangiogenic strategies. We suggest that inhibition of
VEGFR2 may be beneficial for the treatment of patients with the
proneural subtype of GBM, if apelin-F13A is coadministered to
modulate APLNR activation.

Discussion
In this study, we revealed a central role of the apelin/APLNR

signaling pathway in antiangiogenic treatment of GBM and in
countering resistance to bevacizumab. We showed that apelin
is required for tumor angiogenesis and we uncovered a previ-
ously unknown function of the apelin/APLNR signaling path-
way in GBM cell invasion (Fig. 6A). Furthermore, we investi-
gated for the first time the pathologic roles of host- or tumor
cell–derived apelin separately, and examined their specific
effects on GBM expansion, invasion, and angiogenesis. Our
data indicate that the apelin/APLNR signaling pathway has
dichotomous roles in angiogenesis and invasion in GBM, and
we established that stimulation of APLNR using apelin-F13A is
a promising strategy to treat distinct subtypes of GBM. A clinical
perspective for the coapplication of apelin-F13A together with
VEGFA/VEGFR2 inhibitors is also suggested because coadmin-
istration of apelin-F13A and DC101 synergistically blunted
GBM vascularization and diminished the proinvasive side-
effects associated with VEGFA/VEGFR2 inhibition. In addition,
the reduced vascularization might be accompanied with vas-
cular normalization that could be supportive for combined
chemotherapy (18).

In previous studies, the pathologic function of apelin was
largely associated with tumor vascularization (45–47) and con-
sequently we observed that tumor cell- and host-derived apelin
has additive effects on tumor angiogenesis. We found that apelin
expression levels were positively correlated with vascular density
in murine and human GBM models of the proneural GBM
subtype as well as in classical GBM. The vascular upregulation
of apelin was further confirmed by colocalization of apelin
peptide in tumor vessels by immunofluorescence (Supplemen-
tary Fig. S6). We focused on the proneural and classical subtypes
of GBM because TCGA data suggested that the apelin/APLNR
signaling pathway mediates vascularization in these two sub-
types, but not in the mesenchymal subtype of GBM.

In this study, we used GSC cultures that were previously
extensively characterized for their stem-like capacity (22, 48). A
recent publication proposed a critical role of the apelin/APLNR
signaling pathway in GSC maintenance (49). However, in our
GSC models, we did not find any alterations in cell viability,
proliferation, or sphere formation capability following attenua-
tion of apelin expression or APLNR blockade.

Knockdown of APLN in GBM cells or knockout of APLN in the
host both enhanced tumor cell invasion, and implantation of
APLNKD cells into APLNKO mice further accelerated the dissem-
ination of GBM cells. This was particularly apparent in GBM cells
with elevated APLNR expression levels. Application of apelin-
F13A bluntedGBM invasion and neoangiogenesis. These findings
support the view that autocrine and paracrine apelin signaling has
proangiogenic effects on vascular cells and blunts invasion of
GBM cells (Fig. 6A). This observation is clinically relevant because
bevacizumab lowers intratumoral apelin levels, which may
explain why bevacizumab-treated patients often suffer from
increased GBM cell invasion (10). We propose that bevacizumab
directly (via blockade of VEGFA activity) and indirectly (by
lowering apelin expression) exerts powerful antiangiogenic
effects. However, we have shown that a reduction in apelin
disinhibits GBM cell invasion, which may result in treatment
resistance. Our data suggest that the synthetic APLNR ligand
apelin-F13A can support antiangiogenic therapies by blocking
vascularization (synergistically with VEGFA/VEGFR2 inhibitors)
and preventing invasion. In this study, we exploited the pharma-
cologic properties of apelin-F13A, which acts as a partial agonist
for APLNR (19, 50) and as a competitive agonist for natural apelin
isoforms, like apelin-13 (37). We hypothesize that apelin-F13A
cannot sufficiently activate APLNR expressed on the endothelium
to induce vascular sprouting but sufficiently stimulates APLNRon
GBM cells to blunt invasion and prolong survival. This can be
explained by a lower receptor binding capacity (39) and alterna-
tive activation of intracellular signaling pathways (51) by apelin-
F13A as compared with natural APLNR ligands. Although we
could not formally show direct binding of apelin-F13A on tumor
endothelial cells in vivo,most recent findings of Zhao and collea-
gues (52) are in full support of our results by demonstrating
apelin-F13A binding to APLNR in a structural in silicomodel and
showing antiangiogenic effects of apelin-F13A on APLNR-expres-
sing endothelia in peripheral tumors. We acknowledge that the
experimental therapeutic agent apelin-F13A may have further
effects on the tumor microenvironment (like, for example, on
intratumoural immune cell populations), which could support
the antiangiogenic and anti-invasive traits reported here. How-
ever, when we quantified tumor-associated myeloid cells in
experimental GBM treated with vehicle or apelin-F13A we did
not observe a difference in myeloid cell numbers.

Clinical trials of GBM therapies in the last two decades have
highlighted the need to identify predictivemarkers to improve the
clinical outcomes of new compounds (2, 53). One approach for
patient stratification according to molecular and pathologic cri-
teria involves clustering of GBM into genetic subtypes (12), which
may be particularly relevant to antiangiogenic treatments using
bevacizumab (14) and apelin-F13A (as in this study) because
both agents have beneficial effects on the proneural subtype of
GBM. In addition, the high expression of APLNR in GBM may
qualify as a marker for an increased propensity of GBM cells to
invade during bevacizumab treatment, a process that can be
blocked by apelin-F13A.
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In conclusion, the results of this study introduce a new strategy
to reduce therapeutic resistance during antiangiogenic therapy
and identify GBM subtypes that may show better therapeutic
responses by cotargeting the apelin/APLNR and VEGFA/VEGFR2
signaling pathways.
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SUMMARY

Aggressive brain tumors like glioblastoma depend on support by their local environment and subsets of tu-
mor parenchymal cells may promote specific phases of disease progression. We investigated the glioblas-
toma microenvironment with transgenic lineage-tracing models, intravital imaging, single-cell transcriptom-
ics, immunofluorescence analysis aswell as histopathology and characterized a previously unacknowledged
population of tumor-associated cells with a myeloid-like expression profile (TAMEP) that transiently ap-
peared during glioblastoma growth. TAMEP of mice and humans were identified with specific markers.
Notably, TAMEP did not derive from microglia or peripheral monocytes but were generated by a fraction
of CNS-resident, SOX2-positive progenitors. Abrogation of this progenitor cell population, by conditional
Sox2-knockout, drastically reduced glioblastoma vascularization and size. Hence, TAMEP emerge as a tu-
mor parenchymal component with a strong impact on glioblastoma progression.

INTRODUCTION

The microenvironment of primary, malignant brain tumors (glio-

blastoma; GBM) can strongly support neoplastic progression

(Aldape et al., 2019). The GBM parenchyma consists of a com-

plex mix of brain resident as well as immigrating cells (Aldape

et al., 2019; Glass and Synowitz, 2014; Hambardzumyan et al.,

2016) including subsets of stem and progenitor cells (Audia

et al., 2017; Stock et al., 2012). A range of pathologically relevant

effects mediated by mesenchymal stem cells (MSCs), neural

precursor cells (NPCs), or oligodendrocyte progenitor cells

(OPCs) have been reported (Audia et al., 2017; Huang et al.,

2014; Stock et al., 2012). MSCs have tumor-supporting or anti-

neoplastic functions potentially owing to their origins in the

bone marrow or in local perivascular positions (Audia et al.,

2017; Behnan et al., 2014; Ho et al., 2013). NPCs curtail GBM

progression by the release of bioactive lipids (Stock et al.,

2012), but the number of NPCs declines with age, and therefore,

NPC-induced GBM suppression is restricted to the young brain

and lost at postnatal day 90 (P90) in mice (Walzlein et al., 2008).

OPCs can contribute to perivascular cells in GBM and thereby

support neovascularization (Huang et al., 2014). However, it is
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Figure 1. A model for tracing tumor-associated cells with a myeloid-like expression profile (TAMEP)

(A) Nes-RFP mice bearing orthotopic glioma were inspected at 7, 14, or 21 DPO.

(B) Quantity of RFP+ cells in an avascular (left) and a vessel-associated (right) position (each dot indicates data from one mouse: n = 6 at 7DPO, n = 4 at 14DPO,

and n = 5 at 21 DPO).

(C) Immunofluorescence for pericyte markers (in unison shown in green); at 7DPO pericyte marker-negative RFP+ cells predominate, arrow corresponds to

single-channel micrographs (dashed line) and orthogonal view; at 21 DPO RFP+, cells are pericyte marker positive.

(D) Purified cells from orthotopic glioma showed strong RFP expression; in log2(CPM).

(E) A t-SNE plot of classified mouse brain cells combined with our scRNA-seq data.

(legend continued on next page)
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currently unclear if other (e.g., tissue resident) pools of stem and

progenitor cells contribute to GBM progression.

Vascular cells as well as tumor-associated myeloid cells

constitute the major components of the GBM parenchyma (Al-

dape et al., 2019; Audia et al., 2017). Myeloid cells, which consist

of microglia and peripheral macrophages, accelerate GBM cell-

invasion (Glass and Synowitz, 2014; Hambardzumyan et al.,

2016) and the rich vascular network of GBM has important tu-

mor-trophic functions (Aldape et al., 2019; Audia et al., 2017). Mi-

croglia are ontogenetically distinct from bone-marrow-derived

immune cells, but otherwise share the cellular plasticity, innate

immune functions, and sets of markers with peripheral macro-

phages (Hammond et al., 2018; Prinz et al., 2017). Under physi-

ological conditions, the bonemarrow contributes only to ventric-

ular (choroid plexus) macrophages but not to other pools of CNS

phagocytes (Goldmann et al., 2016), while large numbers of pe-

ripheral immune cells can accumulate in the brain during neuro-

pathology (Glass and Synowitz, 2014; Hambardzumyan et al.,

2016; Hammond et al., 2018; Prinz et al., 2017).

While the role of tumor-associated myeloid cells on GBM pro-

gression is well documented, we have only partial knowledge of

the pathological impact of GBM-parenchymal progenitor cells.

Therefore, we investigated the GBM microenvironment using a

transgenic lineage-tracing model indicating progenitor cells of

the brain and their progeny (Giachino and Taylor, 2009). Detailed

inspection of this cell subset revealed a previously unacknowl-

edged population of GBM-associated cells with a myeloid

expression profile. This newly identified set of myeloid-like cells

derives from local progenitors without any contribution from the

bone marrow. Hence, this cell subset is clearly distinct from mi-

croglia or monocyte-derived macrophages. We show that this

population supports tumor growth in murine models of GBM

by inducing angiogenesis.

RESULTS

Tracing a subpopulation of myeloid-like cells in GBM
GBM-associated progenitor cells may modulate the course of

disease progression, but data on the intratumoral fate of progen-

itor-derived cell types are sparse. Mouse strains for tamoxifen-

induced cre-recombinase expression under the control of

various nestin gene-promoters (Nestin::creER2) allow tracing of

CNS-resident progenitors (and their progeny), for e.g., NPC,

OPC, and partly also of pericytes (Sun et al., 2014), which share

characteristics withMSC (Crisan et al., 2008; Sun et al., 2014). All

these cell types are part of the GBM microenvironment (Audia

et al., 2017; Huang et al., 2014; Stock et al., 2012). Animal

models containing genetically modified gene-promoter ele-

ments for the intermediate filament Nestin allow transgene

expression preponderantly in stem and progenitor cells (Gia-

chino and Taylor, 2009). Nestin promoter controlled expression

of cre recombinase fused with a mutant estrogen receptor

(creER2) permits tamoxifen-induced (timed) transgene expres-

sion (Giachino and Taylor, 2009). In combination with cre-medi-

ated excision of a loxP-flanked (floxed) stop codon driving the

expression of a fluorescent reporter (tdTomato; RFP), this pro-

vides a system for inheritable cell labeling (Madisen et al.,

2010). Initially, we compared two Nestin::creER2 mouse strains

(Giachino and Taylor, 2009; Lagace et al., 2007) and chose the

model (abbreviated as Nes-RFP mice) with superior sensitivity

and specificity as an experimental model (Figures S1A–S1C).

Nes-RFP mice traced larger numbers of intratumoral cells (Fig-

ure S1D) that were negative for the astrocyte-marker glial

fibrillary acidic protein (GFAP) (Figure S1E) and were non-leaky

(Figure S1F; see Tables S1 and S2 for details on all models).

NPC-migration to GBM is restricted to the young brain (before

postnatal day 90; P90) and we excluded effects of tumor-asso-

ciated NPCs by using mice of P100 or older for all experiments

(Stock et al., 2012; Walzlein et al., 2008). Thereby, we obtained

a technically soundmodel for tracing of tumor parenchymal cells

from a Nestin-positive source without contribution by astrocytes

or NPCs.

Experiments were performed according to the experimental

schedule in Figure 1A and inspection over a time course showed

a number of traced (RFP+) avascular cells, whose numbers

declined during tumor progression (from 7 to 21 days post-oper-

atively; DPO), whereas a population of vascular RFP+ cells

increased (Figure 1B). Immunofluorescence for platelet-derived

growth factor-B (PDGFRB), Desmin, neural/glial antigen-2

(NG2), and CD146 (Armulik et al., 2011) identified vessel-associ-

ated RFP+ cells as pericytes (Figures 1C and S1G–S1N),

whereas avascular cells were not labeled for pericyte markers

(Figure 1C). Intravital imaging of traced cells during glioma

expansion over a time course of 3 weeks and longer showed

that both sets of cells remained in their respective localization

(Figure S2), thereby excluding the possibility that avascular

RFP+ cells may acquire a pericyte identity throughout tumor

growth or that pericytes detach from vessels. Of note, this also

shows that traced cells in our study are different from OPCs,

which exert a pathological role in GBM by contributing perivas-

cular cells form an avascular source (Huang et al., 2014).

In order to uncover the identity of the non-vascular RFP+ cells,

we purified these by flow cytometry from experimental gliomas

at 7 and 21 DPO and analyzed them by single-cell transcriptom-

ics (scRNA-seq; Figures 1D–1F). Note that due to the tight asso-

ciationwith blood vessels, vascular RFP+ cells were excluded by

our cell-isolation protocol (Bondjers et al., 2006). Cells were pro-

cessed using SCRB-seq, a sensitive 30-tagged RNA-seq proto-

col (Parekh et al., 2018; Ziegenhain et al., 2017), andwe obtained

high-quality single-cell expression profiles with 6,000 to 50,000

transcripts for 155 out of 180 processed cells with confirmed

RFP expression (Figure 1D). Integrating our RFP+ avascular cells

with the expression profiles of over 3,000 neuronal and non-

neuronal cells from the mouse brain (Zeisel et al., 2015) within

a t-distributed stochastic neighbor embedding (t-SNE) plot

showed that they form a homogeneous cell fraction (Figure 1E)

and a classification algorithm suggested a similarity with micro-

glia (Figure 1F). In summary, this indicates that our Nes-RFP

(F) A random-forest analysis indicated a high statistical proximity of traced avascular cells with microglia at 7 and 21 DPO. All immunofluorescence data were

retrieved with n R 4 mice per group and scRNA-seq analysis was performed with n = 6 animals. Scale bar is 50 mm; data (in B) are presented as mean ± SD;

statistical significancewas determined by one-way ANOVAwith post hoc test and is indicated as follows: *p < 0.05, **p < 0.01, ****p < 0.0001. See also Figures S1

and S2.
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Figure 2. Traced myeloid-like cells express phagocyte markers but differ from microglia or macrophages

(A) ScRNA-seq data indicate that avascular RFP+ cells (Avasc. RFP+; TAMEP) express microglia or some OPC markers.

(B) Immunofluorescence markers in avascular RFP+ cells (at 14 DPO; as compared with Iba1+ myeloid cells; each dot indicates data from one mouse; n = 4

animals in all groups).

(C) Nes-RFP, Cx3cr1-GFP glioma models corroborate myeloid differentiation of RFP+ avascular cells at 7 DPO (a single cell is shown in orthogonal view; arrow).

(D) Three-dimensional and orthogonal view of a traced avascular cell (within a glioma; Nes-RFP strain) expressing CD11b at 7 DPO.

(legend continued on next page)

ll
OPEN ACCESSArticle

Cell Systems 12, 248–262, March 17, 2021 251



strain traced a transient population of intratumoral cells, which

stably remained in a non-vascular position and acquired amicro-

glia-like transcription profile.

Characterization of TAMEP
Single-cell gene expression levels for traced avascular cells (Fig-

ure 2A) were compared with established gene expression profiles

for microglia, OPCs, astrocytes, or neurons and confirmed that

traced avascular cells have high similarity with microglia (plus a

minor overlap with OPC; Figure 2A). In addition, we quantified im-

muno-positivity for a range of cell-lineage-identifying molecules

(Armulik et al., 2010; Hammond et al., 2018; Jones and Sch€afer,

2015; Kovacs, 2017; Prinz et al., 2017) in traced avascular cells

(Figure 2B) and found that these were different from pericytes,

MSC, mature/immature neurons or astrocytes (Astro). PDGFRA

(an OPC marker) was expressed in a subset of RFP+ avascular

cells, whereasmyelin basic protein (MBP; formature oligodendro-

cytes; Oligo) was absent; several key-markers for microglia

(CD11b, F4/80, and CX3CR1) were abundant, but other canonical

markers for myeloid cells like Iba1 and CD45 were not found

(whereas Iba1+ tumor-associated myeloid cells abundantly ex-

pressed CD11b, F4/80, CX3CR1, and CD45; Figure 2B). Addi-

tional evidence, that traced avascular cells have a myeloid

appearance (Figure 2C), was obtained after crossbreeding Nes-

RFP mice with the Cx3cr1-GFP strain, which reliably identifies

macrophages (Jung et al., 2000;Mizutani et al., 2012). Coherently,

we detected immuno-positivity (Figures 2D and 2E) for myeloid

(CD11b) and macrophage (F4/80) markers (Van Hove et al.,

2019) in traced RFP+ cells. Flow cytometry analysis of traced

avascular cells from orthotopic gliomas at 14 DPO fully substanti-

ated that viable, traced avascular cells can express myeloid

markers on the protein level (Figures 2F and S3). Altogether,

scRNA-seq of traced, avascular RFP+ cells revealed a GBM-

parenchymal, atypical myeloid component (hereafter referred to

as tumor-associated cells with a myeloid-like expression profile;

TAMEP). Immunofluorescence, reporter mouse strains, and

FACS confirmed that TAMEP resemble myeloid cells.

TAMEP derive from Sox2-dependent progenitors
So far our study characterized TAMEP as a transient, myeloid-

like subset of cells, which are largely confined to earlier/interme-

diate phases of glioma growth. Modification of the tamoxifen-

schedule revealed that TAMEP could be traced from different

time points (1 DPO or 7 DPO) of gliomagenesis, while injection

of tamoxifen into tumor-free animals followed by a chase period

and implantation of tumors thereafter did not yield traced cells

(Figure 3A). This suggests that our model specifically traced TA-

MEP in a disease context and that this cell population is not pre-

sent in the healthy brain. Labeling with thymidine analogs

showed that TAMEP are proliferative and can repetitively enter

the cell cycle (Figure 3B). We reasoned that this may imply that

TAMEP originates from a progenitor through activation by a

pathological stimulus, followed by rapid expansion. Therefore,

we investigated the expression of stem and progenitor cell

markers in traced intratumoral cells of Nes-RFP mice (Figures

3C and 3D). Indeed, we detected an expression of the stem

cell transcription factor SOX2 (Sarkar and Hochedlinger, 2013)

in avascular RFP+ cells (Figure 3C) but never in vascular RFP+

cells (Figure 3D). Next, we asked if SOX2 has a particular biolog-

ical role in avascular RFP+ cells and induced a conditional Sox2-

knockout (Shaham et al., 2009) using our Nes-RFP mouse strain

(Nestin::creER2, R26-RFP, Sox2fl/fl; as compared with Nes-RFP

controls) after tumor inoculation (Figure 3E). Remarkably, we

observed that Sox2-loss diminished the number of RFP+ avas-

cular cells in gliomas. In particular, we found that traced avas-

cular cell numbers were very strongly reduced inNestin::creER2,

R26-RFP, Sox2fl/fl mice at 14 DPO (in average 2.07 cells per

counting frame in knockouts as compared with 10.9 cells per

frame in wild-type controls). At 7 DPO, a tendency for a reduction

in avascular RFP+ cell numbers was already seen and at 21 DPO

the amount of RFP+ non-vascular cells had also declined in con-

trols (consistent with the transient nature of this avascular cell

subset). We found that SOX2was expressed in 42%of avascular

RFP+ cells (Figure 3E, pie diagram). Thus, it is apparent that

Sox2-loss in Nestin::creER2, R26-RFP, Sox2fl/fl animals affected

a much larger population of traced cells than only the fraction of

cells initially characterized as SOX2 positive. In particular,

SOX2+ TAMEPwere necessary for generating the entire popula-

tion of traced avascular, myeloid-like cells. As SOX2+ TAMEP

were the source for all TAMEP they are hereafter referred to as

TAMEP progenitors.

Interestingly, we also noted that in addition to homozygous

Sox2-knockouts (see above), even loss of a single Sox2-allele

(Nestin::creER2, R26-RFP, Sox2fl/WT) profoundly reduced TA-

MEP-numbers at 14DPO (Figure 3F) showing that TAMEP are

haploinsufficient for Sox2. Sox2-haploinsufficiency is well

described for some cell subsets, e.g., cells of the cochlea (Atkin-

son et al., 2018), while NPC or OPC remain fully functional with a

single Sox2 allele (Mich et al., 2014; Zhao et al., 2015). Using

mouse models (Arnold et al., 2011; Riccardi et al., 2016), tracing

cells with a single (Sox2::creER2, R26-RFP) or with two func-

tional copies (Sox2::IRES-creER2, R26-RFP) of Sox2, we find

that TAMEP were traced exclusively with the Sox2::IRES-

creER2, R26-RFP model (Figure 3F). Crossbreeding of Sox2::-

IRES-creER2, R26-RFP mice with Cx3cr1-GFP strain (Jung

et al., 2000) corroborated that traced cells in this model had a

myeloid appearance (Figure 3G); of note, the Sox2::IRES-

creER2, R26-RFP model did not immunolabel for PDGFRB,

which confirmed that pericytes did not derive from TAMEP.

Overall, we traced TAMEP from two independent mouse models

and found that TAMEP are haploinsufficient for SOX2, distin-

guishing TAMEP from astrocytes, OPC, or NPC, which show

no Sox2-gene dosage effects.

TAMEP do not derive from peripheral or CNS
macrophages
We investigated if TAMEP (and/or their progenitors) may be

derived from the hematopoietic system. To do this, we

(E) Confocal maximum projection for Iba1 and F4/80 at 7 DPO (Nes-RFP model); note that traced cells express F4/80 but not Iba1 (orthogonal view).

(F) Intratumoral avascular RFP+ cells (Nes-RFPmodel) were analyzed by FACS; immune-positivity for CD11b was detected (representative data of 9 independent

FACS experiments).

Data (in B) are presented as mean ± SD. Scale bars are 15 mm. See also Figure S3.
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Figure 3. TAMEP are generated by a SOX2-dependent progenitor

(A) Different experimental schedules in Nes-RFP mice (each group: n = 4 animals); avascular RFP+ cells were only traced from tumor-bearing brains.

(B) CldU/IdU uptake inspected by immunofluorescence (arrow indicates one identical cell) at 14DPO (see schedule; n = 8 Nes-RFP mice).

(C and D) (C) Robust SOX2 expression in a set of avascular traced cells (maximum projection; orthogonal view) in the Nes-RFP gliomamodel was (D) restricted to

the avascular cell population (arrow); absent from traced (PDGFRB+) perivascular cells (arrowhead).

(E) Quantification of avascular RFP+ cells in GBM of Nes-RFP mice or conditional Sox2-knockouts: Sox2-knockout strongly reduced avascular traced cells at 14

DPO; pie diagram: SOX2 is expressed in 42% of avascular RFP+ cells and SOX2-loss abrogates the vast majority of TAMEP; hence, Sox2+ TAMEP progenitors

are necessary for the generation of TAMEP (arrow); each dot indicates data from one mouse; with n = 4 to n = 8 animals per experimental group.

(legend continued on next page)
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generated bone-marrow chimeric models, in which lethally irra-

diated Nes-RFP mice received bone marrow from the Spi1-

GFP strain (Back et al., 2005), abbreviated as chimera-1. The

Spi1-gene encodes the transcription factor PU.1, which is

essential for establishing the myeloid lineage and some other

lymphocytes (Back et al., 2005). Also, we transplanted bone

marrow from Nes-RFP animals into wild-type mice (chimera-2).

After established bone-marrow reconstitution, mice were ortho-

topically inoculated with glioma, and cell-tracing was initiated by

tamoxifen-application (scheme in Figure 4A). Non-irradiated

Nes-RFP mice were used as controls. As expected, in

chimera-1, we observed a massive accumulation of bone-

marrow-derived Spi1-GFP+ cells in GBM, and brain-endoge-

nous Nes-RFP+ cells remained at control levels (Figures 4A

and 4B). However, no intracranial accumulation of bone-marrow

transplanted Nes-RFP+ cells was observed in chimera-2 (Fig-

ures 4A and 4B). Intratumoral traced cells of the Nes-RFP strain

never expressed the pan-leukocyte marker CD45 (Figure 4C) or

the monocyte-marker CCR2 (Figure 4D), as investigated with

Nes-RFP, CCR2-GFP transgenic mice (Bowman et al., 2016;

Chen et al., 2017). The Flt3-cre mouse line containing a GFP-re-

porter for lineage tracing from bone-marrow stem cells (Benz

et al., 2008) was used as a glioma model and revealed that

SOX2 was absent from bone-marrow-derived cells (Figure 4E).

Finally, we also tested a microglia-origin of TAMEP by using

the Cx3cr1::creER, R26-RFP model, which accurately identifies

microglia (and other CNS-resident macrophages) after adequate

tamoxifen pulse/chase schedules (Huang et al., 2018; Wieghofer

et al., 2015). This showed that cells of themicroglia lineage never

expressed Sox2 (Figure 4F), thereby excluding that TAMEP pro-

genitors (and subsequently TAMEP) stem from brain macro-

phages. All in all, we used a range of models identifying blood-

borne macrophages or microglia as well as other CNS-resident

phagocytes and consistently observed that TAMEP do not relate

to established sets of myeloid cells (Figure 4G).

Identification of TAMEP in human GBM
Hitherto, we relied on transgenic mouse models with orthotopic

implantation of glioma cells to identify TAMEP. In order to extend

our study to different models and human brain tumor biopsies,

we sought to establish scRNA-seq profiles as well as immuno-

histochemical procedures to locate TAMEP in human material.

We have shown that TAMEP and their progenitors express

myeloid markers (without belonging to the myeloid lineage) and

require SOX2 (in order to maintain their own lineage). Our previ-

ous experiments demonstrated that SOX2 is absent from blood-

borne myeloid cells or tissue macrophages (Figures 4E–4G),

which is in full agreement with other reports (Liu et al., 2018; Ros-

ager et al., 2017; Sarkar et al., 2014). However, TAMEP express-

ing the myeloid marker CX3CR1 derive from SOX2-positive pro-

genitors (Figure 3G). Therefore, we investigated if SOX2 and

CX3CR1 coexpressing TAMEP would be observed in our

scRNA-seq data from lineage-traced intratumoral cells. This

was indeed the case, we detected RFP+, CX3CR1/SOX2-coex-

pressing TAMEP (Figures 5A and S4A), which have similarity with

microglia (Figure S4B). Immunofluorescence inspection corrob-

orated that Nes-RFP, Cx3cr1-GFP+ transgenic mice express

SOX2 (Figure 5B).

Combinatorial detection of (nuclear) transcription factors rep-

resents a very reliable way for cell identification, and hence, we

asked if some TAMEP also express the (essential) myeloid tran-

scription factor Spi1/PU.1 (Back et al., 2005). Therefore, we first

investigated if PU.1 was expressed in GBM-parenchymal cells

traced with the Sox2::IRES-creER2, R26-RFP model and

confirmed PU.1 in Sox2-traced cells (Figure 5C). Second, we

determined if Nes-RFP, Spi1-GFP mice (reporting PU.1-expres-

sion as GFP-signal) would express SOX2, which was also the

case (Figure 5D). We found that SOX2 immuno-positivity in

myeloid-reporter strains (Cx3cr1-GFP or Spi1-GFP) was exclu-

sively observed in cells coexpressing RFP (from the Nes-RFP

strain). Hence, SOX2-expression inmyeloidmarker positive cells

in our models was restricted to TAMEP and combinatorial im-

muno-detection of SOX2 and PU.1 or CX3CR1 represents a use-

ful strategy to identify TAMEP in human material since SOX2/

PU.1 coexpression is otherwise only seen in some forms of leu-

kemia (Tosic et al., 2018).

These defining features for TAMEP from transgenic mouse

models (data from immunofluorescence analysis and from

scRNA-seq data identifying TAMEP) were now applied to human

GBM-derived datasets. We analyzed scRNA-seq datasets from

CD45+ GBM-associated cells (Sankowski et al., 2019) and from

samples without enrichment for specific cell types (Wang et al.,

2019). Coherent with our previous finding that TAMEP are

CD45 negative (Figure 4C), we did not find any SOX2+/SPI1+

double-positive cells in CD45+ GBM-derived cells, while we de-

tected SOX2+/SPI1+ double-positive cells in three out of five

GBMsamples obtainedwithout CD45-targeting purification (Fig-

ure S4C). Regional abundance (or scarcity) of TAMEP (subse-

quently observed by immunofluorescence, as described below)

may explain why two biopsies did not contain SOX2+/SPI1+

cells. Detailed transcriptome information was then obtained

from the dataset with the best coverage (SF11644 in Figure S4C).

We observed that cells with a myeloid expression profile from

this sample were segregated into 4 clusters (Figure 5E) and

that SOX2+/SPI1+ cells were significantly enriched in cluster 2

(chi2-test: OR = 16.96, p < 10�16). A machine-learning approach

(Malta et al., 2018) named one-class logistic regression (OCLR)

allowed to score patient-derived expression profiles for their

overall similarity with mouse TAMEP scRNA-seq data. This indi-

cated that cells in cluster 2 have a higher TAMEP index than

other clusters. In agreement with our TAMEP profile, cluster 2

was enriched for cells that express the OPC marker PDGFRA

and for CX3CR1. It cannot be formally excluded that multiplets

contribute to expression profiles of datasets from microfluidics

(F) Ablation of one Sox2-allele was sufficient to reduce TAMEP-numbers (comparable to Sox2-knockouts; lower dashed line); the Sox2::creER2 strain (with one

functional Sox2-allele) did not trace TAMEP; the Sox2::IRES-creER2 strain (containing two functional Sox2 alleles) traced TAMEP (comparable to Nes-RFP

controls; upper dashed line; n = 5 mice per experimental group).

(G) Sox2::IRES-creER2, R26-RFP, Cx3cr1-GFP glioma models were used to trace TAMEP (arrow); single-positive cells (GFP+; double-arrow) or RFP+ (bi-color

arrowhead) are also shown. Each value (in E and F) represents onemouse, data (in A, E, and F) are presented asmean ± SD; statistical significance (in A, E, and F)

was tested by one-way ANOVA with post hoc test and is indicated: (N.S., non-significant; **p < 0.01; ****p < 0.001); scale bars are 5 mm.
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(human GBM). However, expression profiles for mouse TAMEP

(clearly excluding multiplets by flow cytometry) served to identify

human TAMEP with high reliability. Altogether, this underscores

the validity of our approach for TAMEPdetection in samples from

human GBM.

The bioinformatics identification of TAMEP in mouse and hu-

man GBM was substantiated by immunofluorescence inspec-

tion of TAMEP in GBMmodels and human GBM specimen. First,

we used a genetic GBM mouse model (Figures S5A and S5B)

and explored immunofluorescence for SOX2 and PU.1. We

Figure 4. TAMEP and their progenitors do not derive from the myeloid lineage

(A) Lineage tracing in bone marrow (BM) chimeric models at 14DPO, chimera-1: Nes-RFP mice received BM from Spi1-GFP mice. Chimera-2: wild-type mice

obtained BM from Nes-RFP mice.

(B) BM-transfer was successful (GFP+ cells in glioma of chimera-1, n = 4 mice); BM-derived RFP+ cells had no tropism to GBM (chimera-2; n = 4 mice); controls

(without BM-exchange; n = 6 mice).

(C) RFP+ avascular cells do not express CD45.

(D) The Nes-RFP, Ccr2-GFP glioma-bearing mice contained no GFP+/RFP+ cells.

(E) Flt3-cre traced cells (GFP+) in gliomas never express SOX2.

(F) A pulse-chase paradigm in a Cx3cr1::creER, R26-RFP model excluded SOX2-expression from traced glioma-associated microglia (RFP+ cells; arrow);

staining for Iba1 in microglia (arrowheads) and macrophages (double-arrow).

(G) Nes-RFP+ or Sox2+ cells never overlapped with macrophages (Ccr2-GFP+), did not derive from BM stem cells (Flt3-traced) and did not origin frommicroglia.

Data (in B) are presented asmean ± SD; statistical significance was tested by one-way ANOVAwith post hoc test and is indicated: *p < 0.05, ****p < 0.0001); scale

bars are 50 mm in (A), 10 mm in (C), (D) and (E).
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found Sox2 single-positive nuclei (Figure 6A) indicating glioma

cells, PU.1 single-positive nuclei (representing tumor-associated

myeloid cells), and areas with many SOX2/PU.1 double-positive

nuclei indicating a loco-regional abundance of TAMEP. TAMEP

were reliably detected in GBM but were absent from mouse

models for stroke or neuro-inflammation (Figures S5D–S5K) as

quantified in Figure 6B. SOX2/PU.1 coexpressing cells were

locally abundant (with regional heterogeneity) in a range of hu-

man CNS neoplasms comprising GBM and additional othotopic

models (Figures 6C–6E and S6A–S6D), whereas SOX2/PU.1

double-positive cells were absent from tumor-free human brain

(Table S3). Altogether, we were able to consistently identify cells

expressing the combinatorial TAMEP markers SOX2+/SPI1+ or

PDGFRA/CX3CR1 in multiple human GBMs and identified a

Figure 5. TAMEP are observed in murine and human GBM

(A) Nes-RFP cells were purified from experimental gliomas and scRNA-seq data (TAMEP), compared with established single-cell expression profiles of identified

brain cells after unsupervised clustering and presented as tSNE-plot; expression levels for Cx3cr1 and Sox2 were quantified in all cell populations.

(B) SOX2 and GFP colabel exclusively in avascular RFP+ cells in glioma-bearing Nes-RFP, Cx3cr1-GFP models.

(C) Immunofluorescence for PU.1 in tumor-associated RFP+ cells from the Sox2::IRES-creER2, R26-RFP model (arrow).

(D) Sox2-immunolabeling is restricted to traced avascular cells in Nes-RFP, Spi1-GFP transgenic mice.

(E) scRNAseq data from 3/5 humanGBM-datasets indicated abundance of TAMEP. One dataset was inspected in detail for tumor-associatedmyeloid cells and a

UMAP-plot indicated 4 different myeloid clusters; SOX2+/SPI1+ cells are enriched in cluster 2. A large TAMEP-defining gene set was obtained from mouse

transgenic models and the same set of genes identified TAMEP in cluster-2 of humanGBMby aOCLRmodel (TAMEP index). Expression pattern forCX3CR1 and

PDGFRA recapitulate the expectations for TAMEP in human GBM. Scale bars represent 5 mm ( B-D). See also Figure S4.
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population of cells in one humanGBMwhose transcriptional pro-

file showed a high TAMEP-score. These data suggest that TA-

MEP are present in human GBMs.

TAMEP shape GBM angiogenesis
Next, we asked if TAMEP and their progenitors have a particular

pathological role in GBM. In Nestin::creER2, R26-RFP, Sox2fl/fl

mice (Sox2-KO; Figures 7A–7C and S7A–S7G), we observed

morphological changes in tumor vessels (as compared with

Sox2 wild-type controls; WT) and therefore quantified the extent

of GBM vascularization in Nes-RFP or Sox-deficient mice over a

time course (Figure 7A). At earlier time points (7 and 14 DPO; Fig-

ure S7H), we noted a reduction in vessel branch-points after con-

ditional Sox2-loss, in comparison with controls, and this effect

persisted into advanced glioma stages (Figure 7B). Intratumoral

vascularization was strongly reduced at 21DPO in Nestin::c-

reER2, R26-RFP, Sox2fl/fl mice (and in Nestin::creER2, R26-

RFP, Sox2fl/WT models; Figure S7A), as compared with

Sox2-WT mice. Furthermore, we included an additional control

and ablated the entire population of traced cells by conditional

expression of diphtheria toxin-A (Nestin::creER2, R26-RFP,

R26-iDTA; abbreviated as iDTA in Figure 7B), which did not

mediate any additive effects with respect to the extent of tumor

vascularization in comparison with conditional Sox2-KOmodels.

However, conditional Sox2-loss affected vessel-morphology

generating vessels with a very large lumen and little complexity

(this was rare in controls; Figures 7C and S7B–S7G). The

vascular cavities in gliomas from the Sox2-knockout model

lacked full pericyte coverage (Figure 7C). We investigated a po-

tential reciprocal connection between TAMEP and tumor vessels

by determining if anti-angiogeneis can reduce TAMEP density,

but this was not the case (Figure S7I). Overall, this revealed

that TAMEP (and their progenitors) have a strong impact on

GBM vascularization and can persistently modulate the intratu-

moral vascular network.

TAMEP affect GBM expansion
GBM growth is supported by tumor vascularization (Jain et al.,

2007) and reduced tumor vessel density (as seen after TAMEP-

reduction) should impact on GBM expansion (Mastrella et al.,

2019; von Baumgarten et al., 2011). In order to investigate this

point, we used our established mouse models that produce

diminished TAMEP cell numbers (nestin::creER2, R26-RFP,

Sox2fl/fl or nestin::creER2, R26-RFP, Sox2fl/WT), ablating TAMEP

plus intratumoral pericytes (nestin::creER2, R26-RFP, R26-iDTA)

or controls (Nes-RFP; leaving TAMEP intact). After implanting

GBM and stimulation with tamoxifen (Figure 7D), we determined

GBM volumes (Figures 7E and 7F) by histological inspection of

Figure 6. Confirmation of TAMEP in human and mouse transgenic GBM

(A) Regional abundance of TAMEP (SOX2+/PU.1+; arrowheads) in a genetic glioma model (arrow; magnified).

(B) Quantification of TAMEP after middle cerebral artery occlusion (MCAO), LPS (i.c.) or in GBM (n = 4 mice per group in all cases; box and whisker plot).

(C–D) TAMEP (arrowheads) in biopsies from human GBM; magnified in orthogonal view (arrows). Scale bars are 200 mm (A), 30 mm (in magnified part of A), 10 mm

(insert in A), and 30 mm (C–E). See also Figures S5 and S6.
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brain serial sections. In agreement with the role of TAMEP in

GBM vascularization, we found that numbers of TAMEP (or TA-

MEP plus pericytes) largely reduced GBM volumes (Figure 7F).

This effect was TAMEP-specific as heterozygosity for Sox2

already modulated tumor expansion and as Sox2-conditional

knockout in endothelia, pericytes or microglia of GBM-models

did not reduce the tumor-size (Figure S7J). In summary, our

work introduces TAMEP as a GBM-parenchymal component

with high pathological impact.

DISCUSSION

We described a progenitor cell type of the brain tumor microen-

vironment, termed TAMEP-progenitor, which has a profound

role in neoplastic angiogenesis in the brain. These progenitors

were initially characterized by expression of the stem-cell-

related transcription factor SOX2 (Sarkar and Hochedlinger,

2013) and by an active transgenic Nestin gene-promoter serving

as amarker for immature cells (Bernal and Arranz, 2018). TAMEP

progenitors were specifically ablated by conditional Sox2-

knockout, preventing the intratumoral accumulation of TAMEP.

Also, we discovered that TAMEP progenitors are sensitive to al-

terations in Sox2 gene-dosage, which served as a criterion for

additional TAMEP tracing models corroborating our findings

from Nes-RFPmice. Our scRNA-seq data indicated an aberrant,

myeloid-like expression profile in TAMEP. This was subse-

quently validated in different models by transgenic reporters

and immunofluorescence markers, e.g., PU.1, CD11b, F4/80,

or CX3CR1 (Back et al., 2005; Glass and Synowitz, 2014). How-

ever, despite this myeloid appearance, we could clearly show

that TAMEP are not myeloid cells: we excluded that TAMEP (or

their progenitors) derive from hematopoietic niches in the bone

marrow (using mouse-chimera, CCR2-reporters, or Flt3-based

tracing), and we ruled out that TAMEP derive from microglia us-

ing the Cx3cr1-creER2 model (Benz et al., 2008; Chen et al.,

2017; Wieghofer et al., 2015). A non-myeloid origin for TAMEP

is also supported by the notion that these cells are generated

from a (Sox2-dependent) progenitor, which excludes amicroglial

source (Huang et al., 2018). All in all, this supports the view that

tumor-associated myeloid cells are highly heterogeneous (Audia

et al., 2017; Glass and Synowitz, 2014; Hambardzumyan et al.,

2016) and even bear non-myeloid subsets disguised as a

myeloid component.

TAMEP progenitors are different from established, GBM-

associated stem and progenitor cell types, such as MSC,

OPC, or NPC, as observed by intravital imaging, immunofluores-

cence studies in different transgenic lineage-tracing models, or

pathological outcome in lineage-ablation experiments. The

most prominent sources for MSC include the vascular mural

compartment (Crisan et al., 2008) or the bone marrow (Frenette

et al., 2013), but these were experimentally excluded for TAMEP.

In addition, MSC markers (Jones and Sch€afer, 2015) were ab-

sent from TAMEP. OPCs (which are not vessel associated)

contribute to GBM expansion by generating mural cells of the in-

tratumoral vasculature (Huang et al., 2014), but such a contribu-

tion was again ruled out by intravital imaging. NPC have a strong

GBM tropism only in the young brain but not in the age range of

mice used in our study (Stock et al., 2012; Walzlein et al., 2008).

Furthermore, NPCs exert anti-tumor effects in young mice

(Stock et al., 2012), whereas TAMEP support glioma expansion.

Sox2-based tracing of TAMEP requires models (Riccardi et al.,

2016) that are different from lineage-tracing models for NPC or

OPC (Mich et al., 2014; Zhao et al., 2015), as progenitors for TA-

MEP are Sox2-haploinsufficient (whereas NPC/OPC are not).

These features clearly distinguish TAMEP progenitors from other

known progenitors within the GBM parenchyma.

We show that a small and distinct population of cells with a

myeloid expression profile has a specific impact on brain neoan-

giogenesis. A role for myeloid cells in GBM angiogenesis was

previously observed (Brandenburg et al., 2016; Mathivet et al.,

2017). Reducing the numbers of monocyte-derived macro-

phages was exploited to improve chemotherapy but had no

direct tumor-suppressing effect (Mathivet et al., 2017). In

contrast, CNS-specific ablation of CD11b-positive cells resulted

in an overall reduction in intratumoral vessels and glioma size

(Brandenburg et al., 2016). Hence, dissecting the set of

CD11b-positive cells is interesting in order to establish strategies

for direct anti-tumor effects. In this work, we explored one GBM-

associated subpopulation of CD11b-positive cells (TAMEP) with

striking angiogenic capacity. Altogether, the transient set of TA-

MEP is required for a dense and functional vascularization of

GBM, thus offering a new and promising therapeutic target in

neurooncology.
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(A265)’’ and the ‘‘Bayerische Gleichstellungsförderung.’’ C.S. was supported

by the DFG (SFB914) and the DZHK and BMBF. W.E., I.H., and P.J. were sup-

ported by LMUexcellent SFB1243. Furthermore, we are grateful to the Core

Facility Bioimaging at the Biomedical Center and the animal facilities at the

University Clinics Munich. PU.1kiGFP mice were provided by Dr. Philippe

Kastner (IGBMC -CNRSUMR7104),Ve-cadherin-creER2mice by Ralf Adams

(MPI Mol. Biomedicine), and Sox2-IRES-creER2 mice by the Novartis Insti-

tutes of BioMedical Research. We thank Christoph Ziegenhain for scRNA-

seq library generation, Magali Soumillon and Tarjei Mikkelsen for the SCRB-

seq protocol, Stefan Krebs and Helmut Blum from the LAFUGA platform

(LMU) for sequencing, and Aaron Diaz (UCSF) for sharing scRNA-seq data.

AUTHOR CONTRIBUTIONS

R.E.K., M.Synowitz, L.v.B., C.S., W.E., E.M., and R.G. designed experiments;

R.E.K., L.C., Y.L., D.Z., H.Z., J.C., W.Z., Y.W., K.E., L.S., P.J., I.H., F.M., C.F.,

M.H., S.V.K., S.S., M.S., I.A., E.M., L.v.B., C.S., W.E., and R.G. conducted ex-

periments and analyzed data. P.J. analyzed human scRNA-seq datasets.

R.E.K., Y.L., Y.W., K.E., J.C.T., M. Schiemann, I.A., C.G., V.T., M. Synowitz,

E.M., and R.G. obtained and characterized experimental models, generated

the mouse model or provided scientific support. R.G. wrote the manuscript.

All authors discussed the results and revised the manuscript text.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 26, 2019

Revised: April 7, 2020

Accepted: January 4, 2021

Published: February 15, 2021

REFERENCES

Aldape, K., Brindle, K.M., Chesler, L., Chopra, R., Gajjar, A., Gilbert, M.R.,

Gottardo, N., Gutmann, D.H., Hargrave, D., Holland, E.C., et al. (2019).

Challenges to curing primary brain tumours. Nat. Rev. Clin. Oncol. 16,

509–520.

Aran, D., Looney, A.P., Liu, L., Wu, E., Fong, V., Hsu, A., Chak, S., Naikawadi,

R.P., Wolters, P.J., Abate, A.R., et al. (2019). Reference-based analysis of lung

single-cell sequencing reveals a transitional profibrotic macrophage. Nat.

Immunol. 20, 163–172.
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