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I. Abkürzungsverzeichnis 

ATP   Adenosintriphosphat 

C48/80  „compound 48/80“ 

DNA   „deoxyribonucleic acid“ 

DNase  Desoxyribonuklease 

EC   „endothelial cell“ 

EGF   „epidermal growth factor“ 

eRNA   „extracellular ribonucleic acid” 

FACS   „fluorescence activated cell sorting“ 

FAL   Femoralarterienligatur 

FGF-2   „fibroblast growth factor-2“ 

FSS   „fluid shear stress“/Schubspannung 

GM-CSF  „granulocyte-macrophage colony-stimulating factor“ 

GPIbα   „glycoprotein I b α“ 

HIF-1α  „hypoxia-inducible factor-1 α“ 

ICAM-1   „intercellular adhesion molecule-1” 

MMP   „matrix metalloproteinase” 

MCP-1  „monocyte chemoattractant protein-1” 

NRP-1   „neuropilin-1“ 

pAVK   Periphere arterielle Verschlusskrankheit 

PECAM-1  „platelet endothelial cell adhesion molecule-1” 

PDGFβ  „platelet derived growth factor β“ 

PLGF    „placental growth factor” 

RNA   „ribonucleic acid” 

RNase  Ribonuklease  
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ROS   „reactive oxygen species“ 

SMC   „smooth muscle cell“ 

TNFα   „tumor necrosis factor α“ 

VCAM-1   „vascular cell adhesion molecule-1” 

VE-Cadherin  „vascular endothelial cell cadherin” 

VEGF   „vascular endothelial growth factor” 

VEGFR2  „vascular endothelial growth factor receptor 2” 

vWF   von Willebrand Faktor 

WPB   „Weibel-Palade Bodies“ 
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III. Bestätigung der Ko-Autoren 

Die Bestätigungen der Ko-Autoren sind vollständig im beigefügten Promotionsantrag 
zu finden. 
 

IV. Einleitung 

1. Arteriogenese – Allgemeines 
 

Kardiovaskuläre Erkrankungen, wie das akute Koronarsyndrom, die periphere 

arterielle Verschlusskrankheit (pAVK) und der ischämische Insult stellen seit vielen 

Jahren die führende Todesursache in der westlichen Welt dar. Insgesamt machte der 

Komplex dieser gefäßverschließenden Krankheiten im Jahre 2017 30% der Todesfälle 

aus [1]. Therapeutisch liegen je nach Krankheitsstadium meist invasive Methoden, wie 

die perkutane Intervention und Revaskularisation mittels Stents, sowie eine Operation 

durch Bypass-Chirurgie vor. Es ist bereits bekannt, dass der Körper die Fähigkeit 

besitzt, eigenständig Kollateralkreisläufe um ein verschlossenes Gefäß auszubilden. 

Dieser Prozess wird als Arteriogenese bezeichnet [2]. Als therapeutische Option wird 

diese jedoch bisher, aufgrund der unzureichend erforschten pathophysiologischen 

Mechanismen, kaum genutzt. Intensive Forschungsarbeiten der letzten Jahre konnten 

zeigen, dass während der Arteriogenese durch gesteigerten Blutfluss in bereits 

präexistenten Arteriolen die Schubspannung („fluid shear stress“, (FSS)) erhöht wird 

und im Verlauf eine lokale Inflammation auftritt [3, 4]. Hierbei handelt es sich um einen 

multifaktoriellen Prozess, bei dem Leukozyten, insbesondere Monozyten, rekrutiert 

werden, die anschließend eine Vielzahl von Zytokinen bereitstellen, welche die 

Proliferation von Endothelzellen („endothelial cells“, (ECs)) und glatten 

Gefäßmuskelzellen („smooth muscle cells“, (SMCs)) stimulieren [5]. Die Erforschung 

des Prozesses der Arteriogenese kann somit wichtige Angriffspunkte zur alternativen 

Therapie von Gefäßverschlüssen gegenüber interventionellen Verfahren, welche 

häufig bei multi-morbiden Patienten schwer einsetzbar sind, liefern. 
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2. Abgrenzung der Arteriogenese von der Angiogenese 
 

Der akute oder chronische Verschluss eines arteriellen Gefäßes, meist ausgelöst 

durch Arteriosklerose [6], stellt neben Prozessen der Wundheilung [7] und des 

Tumorwachstums [8] die Voraussetzung für den Prozess einer Kapillarsprossung 

(Angiogenese) oder des Wachstums bereits bestehender Kollateralkreisläufe 

(Arteriogenese) dar. Das Gewebegebiet stromabwärts/distal eines verschlossenen 

Gefäßes wird nicht mehr ausreichend mit Sauerstoff und Nährstoffen versorgt, 

wodurch eine Ischämie in jenem distalen Areal provoziert wird. Diese Ischämie initiiert 

die Gefäß- und Kapillar-Neubildung, welche als Angiogenese bezeichnet wird [9]. Der 

Prozess der Angiogenese ist abhängig von erhöhten Mengen des Transkriptionsfaktor 

„hypoxia-inducible factor-1 α“ (HIF-1 α) [10] sowie von VEGF, den „vascular 

endothelial growth factor“, welcher dabei vermehrt von Leukozyten freigesetzt wird [11] 

(Abbildung 1A). Die VEGF-Familie unterteilt sich in unterschiedliche 

Wachstumsfaktoren: VEGFA, VEGFB, VEGFC, VEGFD, VEGFE und „placental 

growth factor“ (PLGF) [12].  

Die Arteriogenese hingegen ist Hypoxie-unabhängig und nicht assoziiert mit HIF-1α 

oder einer erhöhten lokalen Expression von VEGF [13, 14]. Im Bereich der bereits 

vorhandenen Kollateralarterien entsteht keine Sauerstoffunterversorgung, jedoch 

erhöht sich durch den arteriellen Verschluss der Blutfluss signifikant innerhalb der 

Kollateralen, was zu einer erhöhten Schubspannung führt. Im Verlauf bewirkt dies ein 

Wachstum der Kollateralen, die sogenannte Arteriogenese [4] (Abbildung 1B). Es ist 

beschrieben, dass der Prozess der Aktivierung und Initiierung der Arteriogenese durch 

erhöhten FSS ausgelöst wird [15], welche Mechanismen hierbei jedoch ablaufen ist 

bisher nicht bekannt und war Thema dieser Forschungsarbeit.  
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Abbildung 1: Angiogenese und Arteriogenese 
(A) Nach Verschluss einer blutführenden Arterie (Art.) kommt es aufgrund der, distal des 
Verschlusses entstehenden, Ischämie zur Kapillarsprossung (Angiogenese). (B) Durch die 
Stenosierung eines arteriellen Gefäßes (Art.) entsteht in präexistenten Kollateralkreisläufen 
(K-Art.) eine erhöhte Schubspannung, welche das Wachstum dieser präexistenten 
Kollateralen, die sogenannte Arteriogenese, stimuliert.  

 
 

 

 

 

 

3. Allgemeiner Ablauf der Arteriogenese 
 
Die Arteriogenese kann in 4 Phasen gegliedert werden: die initiale Phase (0-24 

Stunden nach Verschluss des arteriellen Gefäßes), die proliferative Phase (2-7 Tage 

nach Gefäßverschluss), die synthetische Phase (8-14 Tage nach Verschluss) und die 

Reifungsphase (15-21 Tage nach Gefäßverschluss) [16, 17]. Die hier vorliegende 

Arbeit konzentriert sich vor allem auf die initiale Phase, in welcher die Endothelzellen 

zur Expression von Adhäsionsmolekülen wie „intercellular adhesion molecule-1“ 

(ICAM-1) und „vascular cell adhesion molecule-1“ (VCAM-1) stimuliert werden und 

Leukozyten adhärieren, sowie auf die proliferative Phase. In dieser Phase weisen 

Endothelzellen und glatte Gefäßmuskelzellen eine maximale mitotische Aktivität auf. 

Hierbei spielt Synectin, das mit „neuropilin-1“ (NRP-1) interagiert, eine wichtige Rolle 

[18, 19]. Als Modulator des „vascular endothelial growth factor receptor 2” (VEGFR2) 

Singaltransduktionswegs nimmt NRP-1, als VEGFR2-Co-Rezeptor, einen hohen 

Stellenwert in der Aktivierung des VEGFR2 und somit bei der Arteriogenese ein [20]. 
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Die letzte Phase der Arteriogenese ist durch eine erhöhte proteolytische Aktivität der 

Leukozyten, sowie eine geringere Migrationsrate gekennzeichnet [16]. 
 

4. Leukozytenrekrutierung während der Arteriogenese 

Bereits in früheren Studien konnte gezeigt werden, dass die Arteriogenese als 

inflammatorischer Prozess stark von der Rekrutierung und Aktivierung von 

Leukozyten, insbesondere Monozyten, abhängig ist [21]. Nach Extravasation in das 

sogenannte perivaskuläre Gewebe präexistenter Kollateralen und Differenzierung von 

Monozyten zu Makrophagen liefern diese wichtige Zytokine wie „monocyte 

chemoattractant protein-1“ (MCP-1) oder Wachstumsfaktoren wie „fibroblast growth 

factor-2“ (FGF-2) und „matrix-metalloproteinases“ (MMPs) [5, 22]. Als weitere 

Immunzellpopulation im perivaskulären Bereich präexistenter Kollateralen wurden 

Mastzellen beschrieben [23], welche ebenfalls vasoaktive Wachstumsfaktoren wie 

VEGF, FGF-2, „platelet derived growth factor β“ (PDGFβ), „epidermal growth factor“ 

(EGF), Interleukine, „granulocyte-macrophage colony-stimulating factor“ (GM-CSF), 

„tumor necrosis factor α“ (TNFα) oder MMPs freisetzen können [24, 25].  

Es ist bereits bekannt, dass einige dieser Substanzen am arteriellen 

Gefäßumbau/Gefäßwachstum beteiligt sind [26, 27]. Dass Mastzellen und auch 

neutrophile Granulozyten eine mögliche Funktion während der Arteriogenese ausüben 

und wichtig für eine Rekrutierung von Monozyten sind, wurde bereits 2010 vermutet 

[28], jedoch nie in vivo untersucht und war Bestandteil dieser Forschungsarbeit. 

5. Von Willebrand Faktor und Plättchen-Neutrophilen-
Aggregatbildung in der Arteriogenese 

Von Willebrand Faktor (vWF) ist ein multimerisches Glykoprotein, welches im 

Blutplasma, in der subendothelialen Matrix oder in Speicherorganellen in 

Endothelzellen („Weibel-Palade-Bodies“, WPB) und Plättchen (Alpha-Granula) 

vorkommt [29]. Es wird konstitutiv in den Blutkreislauf freigesetzt, kann jedoch auch in 

Endothelzellen gespeichert werden und zügig aus WPB nach Stimulation freigesetzt 

werden [30]. vWF vermittelt die Adhäsion von Plättchen und agiert als Transportprotein 

für Faktor VIII [31]. vWF spielt somit eine essentielle Rolle während der Blutgerinnung 

und ist unter anderem in die Ausbildung von akuten koronaren Thrombosen involviert 
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[32]. Bei Patienten mit bereits präexistenten kardiovaskulären Erkrankungen kann er 

als klinischer Marker für das Risiko eines akuten Koronarsyndroms dienen [32]. Des 

Weiteren spielt vWF eine wichtige Rolle bei der Regulation inflammatorischer 

Prozesse durch die Modulation der Adhäsion von Leukozyten [33, 34] und stellt einen 

der Hauptliganden des „glycoprotein Ibα“- (GPIbD)-Rezeptors, einem 

Oberflächenrezeptor auf Plättchen, dar. Eine durch diesen Rezeptor vermittelte 

Aktivierung der Plättchen und damit verbundene Wechselwirkung von Plättchen mit 

dem Kollateralendothel, sowie Plättchen-Neutrophilen-Aggregatbildung und die 

Extravasation von Leukozyten während der Arteriogenese konnte bereits gezeigt 

werden [35]. Eine mögliche Relevanz von vWF selbst im Rahmen der Arteriogenese 

war jedoch bislang noch nicht erforscht worden und sollte im Rahmen der hier 

vorliegenden Arbeit ebenfalls untersucht werden.  

6. Initiierung der Arteriogenese durch erhöhte Schubspannung  
 
Eine Aktivierung der Endothelzellen durch erhöhten FSS stellt die Initiierung der 

Arteriogenese dar [15, 21]. Es gibt bereits Ergebnisse aus in vitro-Studien, die einen 

komplexen Ablauf des Prozesses beschreiben. Hierbei ist ein mechanosensorischer 

Komplex identifiziert worden, der aus dem „platelet endothelial cell adhesion molecule“ 

(PECAM-1), dem „vascular endothelial cell cadherin” (VE-Cadherin) und dem 

VEGFR2 besteht. Diese in vitro generierten Ergebnisse wurden bereits in Aorten von 

Mäusen an Stellen mit gestörtem Blutfluss und daraus resultierender 

Leukozytenrekrutierung und Atherosklerose bestätigt [36]. Der Mechanismus der 

Mechanoperzeption von Endothelzellen während der Arteriogenese ist jedoch noch 

unzureichend erforscht und untersucht [37]. Andere Forschungsarbeiten haben zeigen 

können, dass Endothelzellen als Antwort auf eine erhöhte Schubspannung 

Adenosintriphosphat (ATP) freisetzen können, welches die Gq- und G11-Protein-

gekoppelten Purinorezeptoren (P2Y2) aktiviert, welche wiederum für eine 

Thyrosinphosphorylierung von PECAM-1 wichtig sind [38]. Anschließend wird durch 

die Komplexbildung von PECAM-1 mit VE-Cadherin der VEGFR2 rekrutiert. Obwohl 

eine direkte Blockierung des VEGFR2 oder eine Applikation von Antikörpern gegen 

VEGFA, den Liganden von VEGFR2, die Arteriogenese stark beeinträchtigt, wird der 

Prozess durch eine zusätzliche Applikation von VEGFA nur geringfügig bis gar nicht 

gefördert [14]. Eine Stimulation des VEGFR2-Signalwegs ist somit für die regelhafte 
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Initiierung der Arteriogenese nötig und wird durch den nontyrosinkinase Co-Rezeptor 

NRP-1 vermittelt [19]. Dieser ist in der Lage, die VEGFA165 Isoform des VEGFA zu 

binden und somit die lokale Plasmakonzentration und damit die Bindung von VEGFA 

an VEGFR2 zu fördern [39-41]. Über die NRP-1 gekoppelte Aktivierung von VEGFR2 

gibt es bereits Hinweise aus in vitro Daten, dass hierbei Heparin sowie „extracellular 

ribonucleic acid” (eRNA) eine wichtige Rolle spielen [42]. RNA selbst ist ein 

Ribonukleotid, das aus vier unterschiedlichen Nucleosidmonophosphaten aufgebaut 

ist und meist in Einzelstrangform vorliegt, im Gegensatz zu in Doppelstrangform 

vorliegender „deoxyribonucleic acid“ (DNA) [43]. Dass RNA, welche unter anderem 

durch Tumorzellen oder im Rahmen einer Gewebeschädigung freigesetzt werden 

kann [44], keine chemische Reaktivität aufweist, jedoch verschiedene biologische 

Reaktionen stimulieren kann, wurde bereits von Fischer et al. postuliert [45]. Ein durch 

eRNA vermittelter Effekt auf das angeborene Immunsystem und ein Zusammenhang 

mit der Bildung von Thrombosen wurde bereits mehrfach beschrieben [44]. Konkret 

konnte der Einfluss von eRNA auf die Adhäsion und Transmigration von Leukozyten 

aus den Gefäßen in einem in vivo-Mausmodell am M. cremaster gezeigt werden [46]. 

Der Einfluss von eRNA auf den Prozess der Arteriogenese war zu Beginn meiner 

Arbeit weitgehend unbekannt. Ziel meiner Forschungsarbeit war zu analysieren, ob 

und, wenn ja, inwiefern eRNA einen Einfluss auf die Vermittlung des mechanischen 

Reizes, der erhöhten Schubspannung, bezüglich der Immunzellrekrutierung und -

aktivierung, welche die essentielle Grundlage für den Ablauf der Arteriogenese 

darstellt, hat. 

 

7. Mausmodell der peripheren Arteriogenese 

Um das Wachstum von Kollateralen zu untersuchen wird das Modell nach Limbourg 

et al. am häufigsten verwendet [47]. Hierbei wird insbesondere die Ähnlichkeit von 

muriner und humaner arterieller Versorgung des Beins genutzt. Die A. femoralis stellt 

die hauptsächlich versorgende Arterie der unteren Extremität dar. Distal des 

Leistenbands geht die A. epigastrica caudalis und die A. profunda femoris ab. Die 

bereits präexistenten Kollateralen zwischen A. profunda femoris und A. femoralis 

werden innerhalb dieses Modells untersucht. Sie verlaufen parallel zu Fasern der 

Adduktorenmuskulatur des Oberschenkels. Auf der rechten Hinterlaufseite erfolgt 

direkt distal des Abgangs der A. profunda femoris die Unterbindung der A. femoralis 
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(FAL) mit Hilfe einer chirurgischen Gefäßligatur. Zur Kontrolle wird auf der linken Seite 

eine Scheinoperation ohne Ligatur durchgeführt, um einen möglichen Einfluss des 

Fremdmaterials, sowie des operativen Eingriffs als solchen auszuschließen. Der Erfolg 

der Operation wird mittels Laser-Doppler-Imaging (LDI) unmittelbar postoperativ 

verifiziert. Hierbei wird die Durchblutung der Pfoten gemessen, welche direkt nach 

Ligatur stark eingeschränkt ist. Zur besseren Vergleichbarkeit der Ergebnisse 

zwischen den verschiedenen Mäusen wird das Verhältnis der Durchblutung des 

ligierten Hinterlaufs zur schein-operierten Gegenseite bestimmt. Zur detaillierteren 

Analyse der Arteriogenese wurden neben der LDI Methode weitere histologische und 

molekularbiologische Analysen nach erfolgter Gewebeentnahme zu definierten 

Zeitpunkten durchgeführt.  
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V. Zielsetzung und Eigenanteil der Veröffentlichungen 

1. Zielsetzung 
 

Die vorliegende Arbeit konzentriert sich insbesondere auf den Mechanismus der 

Initiierung der Arteriogenese. Im Detail soll analysiert werden, wie eine erhöhte 

Schubspannung innerhalb der Kollateralarterien zur Rekrutierung und Aktivierung von 

Leukozyten und Mastzellen führt, welche essentiell für eine Proliferation von 

Endothelzellen und glatten Gefäßmuskelzellen ist. 
 

2. Eigenanteil Veröffentlichung 1 (Perivascular mast cells govern 
shear stress-induced arteriogenesis by orchestrating leukocyte 
function) 

 

Mein Anteil an dieser Originalarbeit bestand in der Erforschung der Rolle neutrophiler 

Granulozyten im Rahmen der Arteriogenese und die damit verbundene 

Aktivierung/Degranulation von perivaskulären Mastzellen in vivo.  

Hierbei wurde oben beschriebenes Mausmodell genutzt wobei die unilaterale Ligatur 

der A. femoralis durchgeführt wurde und anschließend die distale Durchblutung der 

Hinterbeine mit der LDI Methode zu unterschiedlichen Zeitpunkten (vor Ligatur, nach 

Ligatur, Tag 3, Tag 7) gemessen wurde. Dies geschah in mehreren Mausgruppen mit 

unterschiedlichen Behandlungen. Um die allgemeine Beteiligung neutrophiler 

Granulozyten während der Arteriogenese zu untersuchen, wurden die Tiere mit dem 

Ziel der Depletion der neutrophilen Granulozyten mit einem Anti-Ly6G-Antikörper 

(1A8) intraperitoneal behandelt. Dabei zeigte sich an Tag 3 und Tag 7 eine signifikant 

schlechtere Durchblutung der Hinterbeine nach Depletion der neutrophilen 

Granulozyten. Zur detaillierteren Analyse der Auswirkung der 1A8-

Antikörperbehandlung wurde an Tag 1 nach Ligatur die Degranulation/Aktivierung von 

perivaskulären Mastzellen untersucht, bei deren Auswertung ich ebenfalls beteiligt 

war. Da hierbei eine verringerte Mastzelldegranulation nach Behandlung mit dem 

Antikörper 1A8 festgestellt werden konnte, wurde weiterführend analysiert ob durch 

eine erhöhte Stimulation der Mastzellen zur Degranulation mittels „compound 48/80“ 

(C48/80), einem selektiven Mastzellaktivator, der Effekt der Neutrophilendepletion 

aufgehoben werden konnte. Hierfür wurde eine zweite Mausgruppe mit 1A8 und 
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C48/80 in Kombination behandelt und erneut die Durchblutung der Hinterbeine mittels 

LDI Methode gemessen. 

Weiterführend bestand meine Aufgabe für diese Veröffentlichung darin, mehrere 

Abbildungen für die Publikation zu erstellen und den Revision-Prozess zu 

unterstützen.  
 

3. Eigenanteil Veröffentlichung 2 (Extracellular RNA released due 

to shear stress controls natural bypass growth by mediating 
mechanotransduction in mice) 

 

Der an dieser Forschungsarbeit geleistete Eigenanteil bestand insbesondere in der 

Erforschung, wie der gesteigerte mechanische Reiz, die erhöhte intravaskuläre 

Schubspannung, in biologische Signaltransduktionskaskaden umgesetzt wird und dies 

zur Aktivierung des Gefäßendothels mit nachfolgender Mastzellaktivierung und 

Leukozytenrekrutierung führt. 

Für die in vivo durchgeführten Versuche wurde erneut das Mausmodell der peripheren 

Arteriogenese verwendet. Nach unterschiedlicher Behandlung der Mäuse u.a. mit 

Semaxanib (VEGFR2-Blocker) oder RNase A/humaner aktiver RNase1 (Degradierung 

der eRNA) wurde zunächst der Effekt der Behandlung zu unterschiedlichen 

Zeitpunkten durch die Analyse der peripheren Durchblutung mittels LDI-Methode 

gemessen. Zur weiteren Evaluation des Behandlungseffekts wurde 7 Tage nach FAL 

über eine Immunfluoreszenz-BrdU-Färbung die Proliferation der ECs und SMCs 

untersucht und mittels Giemsa-Färbung der Gefäßdurchmesser berechnet. Zusätzlich 

wurde ebenfalls 7 Tage nach FAL die Anzahl der rekrutierten, perivaskulären 

Makrophagen mittels Immunfluoreszenzfärbung analysiert und quantifiziert.  

Des Weiteren wurde die Aktivierung/Degranulation perivaskulärer Mastzellen zu 

verschiedenen Zeitpunkten mittels Giemsa-Färbung untersucht. Darüber hinaus 

wurden FACS-Analysen des Vollbluts der Mäuse 24 h nach FAL im Hinblick auf die 

Bildung von Plättchen-Neutrophilen-Aggregaten durchgeführt. Mittels 

Immunfluoreszenzfärbungen gelang der Nachweis von freigesetztem vWF auf dem 

Gefäßendothel 2 h nach Ligatur der Femoralarterie. Zuletzt wurde bereits 30 min nach 

FAL Immunfluoreszenzfärbungen zur Darstellung von aktiv sezernierter eRNA im 

Bereich der Kollateralarterien angefertigt.  
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Die Niederschrift von Teilen des Manuskripts, des Material- und Methodenteils, sowie 

die Anfertigung aller Abbildungen und die Durchführung des Revisionsprozesses 

gehörte ebenfalls zu meinem Aufgabenbereich.  

  



20 
 

VI. Zusammenfassung 

Im Bereich kardiovaskulärer Erkrankungen, wie der koronaren Herzkrankheit oder der 

peripheren arteriellen Verschlusskrankheit, bestehen aktuell fast ausschließlich 

interventionelle Therapiemöglichkeiten wie die perkutane transluminale (Coronar)-

Angioplastie oder die Bypasschirurgie. Dabei besitzt der menschliche Organismus die 

Fähigkeit ein stenosiertes oder verschlossenes Blutgefäß durch einen mehrstufigen 

Prozess des Wachstums von präexistenten Kollateralarterien zu kompensieren.  

Die Extravasation von Leukozyten in das sogenannte perivaskuläre Gewebe sowie die 

Proliferation von Endothelzellen und glatten Gefäßmuskelzellen stellen wichtige 

Schritte während des, als Arteriogenese bezeichneten, Prozesses dar.  

In dieser Arbeit konnte in vivo gezeigt werden, dass extrazelluläre RNA nach 

Verschluss eines arteriellen Gefäßes als Folge einer erhöhten Schubspannung in den 

Kollateralgefäßen aktiv freigesetzt wird. Zusätzlich konnte in vitro gezeigt werden, dass 

eRNA von Schubspannung-ausgesetzten Endothelzellen aktiv freigesetzt worden ist. 

Die freigesetzte eRNA ist essentiell für eine verstärkte VEGFA vermittelte Aktivierung 

des VEGFR2/NRP-1-Rezeptorkomplexes. Eine Aktivierung dieses 

Rezeptorkomplexes resultiert in einer aktiven Freisetzung von vWF aus den WPB nach 

intraluminal, welcher mittels Immunfluoreszenzfärbung in der frühen Phase der 

Arteriogenese (2 h nach Ligatur) nachgewiesen werden konnte (siehe dazu auch die 

Graphik in Abbildung 2). Da vWF einen Hauptligand des GPIbα Plättchenrezeptors 

darstellt [35], kommt es nach Freisetzung des vWF zu einer Aktivierung der Plättchen 

und einer Ausbildung von Plättchen-Neutrophilen-Aggregaten (24 h nach Ligatur), 

welche mittels FACS Analyse nachgewiesen werden konnten. Weiter konnte gezeigt 

werden, dass die Ausbildung dieser Komplexe essentiell für eine Aktivierung und 

Extravasation der neutrophilen Granulozyten ist. Nach Extravasation der neutrophilen 

Granulozyten aktivieren diese mittels „reactive oxygen species“ (ROS) die 

perivaskulären Mastzellen, welche degranulieren und über die Sezernierung von 

Zytokinen und Wachstumsfaktoren weitere Immunzellen wie Monozyten rekrutieren 

und das Wachstum der ECs und SMCs stimulieren (Abbildung 3). Eine 

Blockade/Inhibition dieser, zuvor nur in Teilen oder gar nicht bekannten, erstmalig 

zusammengefügten Abläufe an unterschiedlichen Stellen wie z.B. VEGFR2/eRNA 

mittels RNase A/VEGFR2-Blocker, neutrophile Granulozyten mittels Depletion durch 
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1A8, Mastzellen mittels Cromolyn oder die Verwendung von vWF-defizienten Mäusen 

führte jeweils zu einer signifikanten Verschlechterung der Arteriogenese.  

Anhand dieser Ergebnisse kann zusammengefasst geschlussfolgert werden, dass 

eRNA, welche durch einen erhöhten FSS aktiv aus ECs freigesetzt wird, einen 

maßgeblichen Faktor in der Vermittlung der Mechanotransduktion darstellt und die 

entscheidende inflammatorische Reaktion initiiert, welche anschließend die 

Arteriogenese stimuliert. Dieses neu gewonnene Wissen könnte in Zukunft dafür 

verwendet werden, neue medikamentöse Angriffspunkte zur Behandlung von 

stenosierenden Herz-Kreislauf-Erkrankungen zu etablieren. Von diesen konservativen 

Therapiealternativen würden vor allem multimorbide Patienten, welche für eine 

interventionelle Therapie nicht mehr in Frage kommen, profitieren, wodurch ein 

entscheidender Beitrag zur Reduktion der Mortalität kardiovaskulärer Erkrankungen 

geleistet werden könnte. 
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VII. Summary 

In case of cardiovascular diseases, such as myocardial infarction or peripheral artery 

disease, there are almost exclusively interventional therapy options such as 

percutaneous transluminal (coronary) angioplasty or bypass surgery. Interestingly, the 

human organism has the ability to compensate a stenosed or closed artery through a 

multi-step growth process of preexisting collateral arteries, called arteriogenesis. 

The extravasation of leukocytes in the perivascular space as well as the proliferation 

of endothelial cells and smooth muscle cells represent important steps in this process. 

In this project I have shown by means of in vivo analyses that extracellular RNA is 

actively released after the occlusion of an arterial vessel as a result of an increased 

FSS in the preexisting collateral arteries. In addition, it was shown in vitro that eRNA 

is actively released from shear stress-exposed endothelial cells. The released eRNA 

is essential for an enhanced activation of the VEGFR2/NRP-1 receptor complex by 

VEGFA. The activation of this receptor complex results in an active release of vWF 

from WPB, which was demonstrated by immunofluorescence staining of tissue 

samples isolated at an early phase of arteriogenesis (2 h after ligation, see also the 

graphic of Figure 2). vWF is a major ligand of the GPIbα platelet receptor [35]. 

Accordingly, platelets were activated by released vWF and platelet-neutrophil 

aggregates were formed as shown by FACS analyses (24 h after induction of 

arteriogenesis by femoral artery ligation). Furthermore, it was shown that the formation 

of these aggregates is essential for the activation and extravasation of neutrophil 

granulocytes. After extravasation, these neutrophils activate the perivascular mast 

cells by producing and releasing reactive oxygen species (ROS). Mast cells in turn 

degranulate and recruit additional immune cells such as monocytes via the secretion 

of cytokines and growth factors, and stimulate the growth of ECs and SMCs (Figure 

3). A blockade/inhibition of individual steps of these processes (previously only partially 

or not at all known) e.g. VEGFR2/eRNA using RNase A/VEGFR2 blocker, neutrophils 

using 1A8, mast cells using cromolyn or the use of vWF-deficient mice resulted always 

in a significant deterioration of arteriogenesis. 

Based on these results, it can be concluded that eRNA, which is actively released from 

ECs by an increased FSS, is a decisive factor in mediating mechanotransduction and 

initiates the relevant inflammatory reaction, which subsequently stimulates 
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arteriogenesis. This newly acquired knowledge may be useful to identify prospective 

drug targets for the treatment of cardiovascular diseases in the future.  

Particularly multimorbid patients, incapable of undergoing interventional therapy, 

would benefit from new conservative therapy options, which ultimately, could make a 

decisive contribution kn reducing the mortality of cardiovascular diseases. 
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Abbildung/Figure 2: Freisetzung von vWF 
Nach Aktivierung des „vascular endothelial growth factor receptor 2“ / 
„neuropilin-1“ (VEGFR2/NRP-1) Rezeptorkomplexes auf „endothelial cells“ 
(ECs) durch „vascular endothelial growth factor“ (VEGF) und „extracellular 
ribonucleic acid (eRNA) kommt es zu einer Kalziumionenerhöhung (Ca2+) 
intrazellulär, welche eine aktive Exozytose der „Weibel-Palade Bodies“ 
(WBP) triggert, worauf der darin enthaltene von Willebrand Faktor (vWF) 
nach intraluminal freigesetzt wird. Der freigesetzte vWF aktiviert 
anschließend unter Bindung an den „glycoprotein IbD“- (GPIbD)-Rezeptor 
die Plättchen. 
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            Abbildung/Figure 3 (aus Kluever et al. [48]): 
            Der Kreislauf der Arteriogenese 

 

 

 

 

 

 

 

 

  

Nach Stenosierung einer blutversorgenden Arterie erhöht sich der „fluid 
shear stress“ (FSS) in präexistenten Kollateralarterien. Daraufhin folgt 
eine aktive Freisetzung von „extracellular ribonucleic acid“ (eRNA), 
welche zusammen mit „vascular endothelial growth factor“ (VEGF) den 
Rezeptorkomplex aus „vascular endothelial growth factor receptor 2“ 
(VEGFR2) und „neuropilin-1“ (NRP-1) aktiviert. Die 
Rezeptoraktivierung resultiert in ein Freisetzen von von Willebrand 
Faktor (vWF) aus „Weibel-Palade Bodies“ (WBP), welcher zur 
Aktivierung der Plättchen führt und die Bildung von „platelet-neutrophil 
aggregates“ (PNA) triggert. Die PNA sind essentiell für perivaskuläre 
Mastzellaktivierung und die daraufhin folgende Rekrutierung von 
Leukozyten. Die rekrutierten Leukozyten fördern über Zytokine die 
„endothelial cell“ (EC)- und „smooth muscle cell“ (SMC)-Proliferation, 
bis die Kollateralarterien eine ausreichende Größe erreicht haben und 
die distale Durchblutung normalisiert wurde. 
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SUMMARY

The body has the capacity to compensate for an
occluded artery by creating a natural bypass upon
increased fluid shear stress. How this mechanical
force is translated into collateral artery growth (arte-
riogenesis) is unresolved. We show that extravasa-
tion of neutrophils mediated by the platelet receptor
GPIba and uPA results in Nox2-derived reactive oxy-
gen radicals, which activate perivascular mast cells.
These c-kit+/CXCR-4+ cells stimulate arteriogene-
sis by recruiting additional neutrophils as well as
growth-promoting monocytes and T cells. Addition-
ally, mast cells may directly contribute to vascular re-
modeling and vascular cell proliferation through
increased MMP activity and by supplying growth-
promoting factors. Boosting mast cell recruitment
and activation effectively promotes arteriogenesis,
thereby protecting tissue from severe ischemic
damage. We thus find that perivascular mast cells
are central regulators of shear stress-induced arte-
riogenesis by orchestrating leukocyte function and
growth factor/cytokine release, thus providing a
therapeutic target for treatment of vascular occlusive
diseases.

INTRODUCTION

Arteries transport oxygenated blood from the heart to every
individual organ of the body. Accordingly, occlusion of a major

artery by thrombus formation or stenosis results in substantially
reduced perfusion of distal organs, leading to ischemic damage
or even necrosis of the affected tissue. Current options to treat
vascular occlusive diseases such as myocardial infarction,
stroke, or peripheral artery disease are percutaneous translumi-
nal angioplasty (PTA) or bypass surgery. However, the body can
create natural bypasses from pre-existing arteriolar anastomo-
ses. This so-called arteriogenesis constitutes a tissue and
even life-saving process, as it can compensate for the loss of a
major peripheral or coronary artery. Promoting arteriogenesis
in ischemia-related diseases may present a non-invasive alter-
native therapeutic approach to established clinical interventions.
Arteriogenesis is a complex, multi-factorial process (Deindl

and Schaper, 2005) that involves the proliferation of endothelial
cells (ECs) and smooth muscle cells (SMCs) as well as the
recruitment of leukocytes, especially monocytes, which provide
a variety of growth-promoting factors to the growing blood
vessel (Arras et al., 1998). It is, therefore, not surprising that
the therapeutic use of single growth factors or cytokines to sup-
port arteriogenesis did not meet expectations in clinical studies.
To effectively promote arteriogenesis in patients, it is important
to identify the molecular mechanisms naturally triggering the
process of collateral artery growth.
Mast cells reside in the perivascular space of arteries (Wolf

et al., 1998) and produce several vasoactive substances and
growth factors (Hiromatsu and Toda, 2003; Rao and Brown,
2008), some of which have been described to contribute to arte-
rial remodeling (Cao et al., 2003; Ito et al., 1997). The functional
role of these c-kit+/CXCR4+ cells in arteriogenesis is currently
unclear. Moreover, how fluid shear stress, which is the driving
force for arteriogenesis (Pipp et al., 2004) and is sensed directly
by vascular ECs, is translated into the activation of perivascular
mast cells remains unresolved. Here we dissect the underlying
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mechanisms, finding a decisive role for platelets and neutrophils
in this process. In particular we find that platelet receptor
GPIba-dependent and urokinase plasminogen activator (uPA)-
mediated extravasation of neutrophils culminates in mast cell
activation by reactive oxygen species (ROS) produced by
neutrophil-expressed Nox2. Furthermore, following natural or
pharmacological activation, we find that mast cells promote
arteriogenesis by creating an inflammatory microenvironment
essential for the recruitment of growth-promoting leukocytes.
Thus, mast cells might represent a therapeutic target for the
treatment of vascular occlusive diseases.

RESULTS

Mast Cell Activation Fosters Experimental
Arteriogenesis
To study the functional impact of mast cells in arteriogenesis,
we used an experimental murine hindlimb model in which

femoral artery ligation (fal) resulted in collateral artery growth
in the upper leg (Figure 1A) (Limbourg et al., 2009). Our results
showed that, upon fal, mast cells located in the perivascular
space of collaterals became activated and gradually but spe-
cifically degranulated (Figures 1B and 1C). Moreover, treat-
ment of mice with the mast cell activator Compound 48/80
(C48/80); the c-kit ligand stem cell factor (SCF), which triggers
mast cell maturation and recruitment (Oliveira and Lukacs,
2003); or diprotin A (dipA) (for protocols, see Figure 7 and
Supplemental Experimental Procedures), respectively, signifi-
cantly enhanced perfusion recovery upon fal (Figure 1D).
DipA treatment, inhibiting dipeptidylpeptidase IV (DPPIV) activ-
ity and, thereby, retarding stroma cell-derived factor-1 (SDF-
1a) degradation (Zaruba et al., 2009), resulted in an increased
level of SDF-1a (Figure S1A) and drastically increased the
number of c-kit+ cells (Figure S1B). In accordance with previ-
ous findings (McGowen et al., 2009), C48/80 treatment pro-
voked enhanced mast cell degranulation, culminating in a

Figure 1. Collateral Artery Growth Is Fostered by Activated Mast Cells
(A) Photographs of superficial collateral arteries (arrows) in the medial adductor hindlimb region of a mouse. Right: pre-existing collaterals on the left sham-

operated leg are observed as thin vessels running in a straight line. Left: grown collateral arteries of the occluded right leg (occ) have drastically increased in

diameter and appear in a typical corkscrew formation. Pictures were taken 21 days after the surgical procedure. Scale bar, 1 mm; n = 3.

(B) Representative Giemsa staining reveals mast cell degranulation next to growing collaterals (arrow left), whereas sham operation had no effect on mast cells

(arrows right). Pictures were taken 3 days after the surgical procedure. Scale bar, 100 mm; n = 6.

(C) Mast cell degranulation is shown per collateral 2 hr, 12 hr, 24 hr, and 3 days after fal (n = 4 animals with four collaterals/time point; *p % 0.05 from two-way

ANOVA with Newman-Keuls test).

(D) Laser Doppler perfusion measurements of wild-type mice following fal (right leg) and sham operation (left leg). Upper panels: perfusion was calculated by

means of laser Doppler right-to-left ratios before, immediately after, and at 6, 12, 24, and 48 hr (middle panel) or at days 3, 7, 14, and 21 after the surgical

procedure (right and left panels). Color-coded lines indicate treatment of mice (control = saline). Control and internal control (dipA) of the right plot are identical to

that of the left plot. Statistical analysis (p % 0.05) was performed between different groups (n = 6 per group) using repeated-measures two-way ANOVA with

subsequent multiple comparisons by Bonferroni test (&C48/80 versus control; YdipA versus control; NSCF versus control; *C48/80 + dipA versus control; UC48/

80 + dipA versus dipA; cC48/80 + dipA versus C48/80; Lcromolyn versus control; +cromolyn versus dipA; and fcromolyn + dipA versus dipA). Lower panels:

representative flow images of day 7 are shown.

Data are means ± SEM. See also Figure S1.
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drastic reduction in the numbers of detectable mast cells in the
vicinity of collateral arteries (93% ± 4.6% reduction, p < 0.05).
Combined administration of C48/80 and dipA further increased
perfusion recovery, reaching significant values already 6 hr
after fal (Figure 1D), whereas combined treatment of mice
with C48/80, dipA, and SCF showed no further additive effect
(Figure S1C).
Simultaneous treatment of mice with dipA and the mast cell

stabilizer cromolyn was performed to exclude the possibility
that the positive effect of dipA was not mainly due to the mobili-
zation of other bone marrow-derived cells also expressing the
SDF-1a receptor CXCR-4 (e.g., monocytes and stem cells). Cro-
molyn treatment abolished the stimulating effect of dipA and
impaired perfusion recovery (Figure 1D) to a similar extent as
observed with single cromolyn treatment (Figure 1D), indicating
that the majority of recruited cells were indeed mast cells that
promoted arteriogenesis by their degranulation products.
Cromolyn treatment also blocked the positive effect of C48/80
(Figure S1D).
Mast cell-deficient Mcpt5-Cre+ R-DTA mice showed no

reduced perfusion recovery upon the induction of arteriogenesis.
Intriguingly, these mice responded neither to cromolyn nor to
C48/80 treatment (Figure S1E). These data indicate that these
transgenic mice were capable of compensating the lack of

Figure 2. C48/80 + DipA Treatment Fosters
Leukocyte Recruitment
(A) Proteolytic activity of matrix metalloproteinases

(MMPs) was measured in collaterals of mice 24 hr

after fal and saline (control) or C48/80 + dipA treat-

ment (n = 3).

(B) MCP-1 protein levels were measured in collat-

erals of mice treated with saline (control) or C48/80 +

dipA 24 hr after fal (n = 3).

(C) TNF-a levels were measured in plasma of mice

without fal (control w/o lig) or 24 hr after fal and saline

(control w lig) or cromolyn treatment (cromolyn w lig)

(n = 3 per group).

(D) Left: representative immunostaining showing

CD45-positive cells (arrows) in the perivascular

region of collaterals of saline- (control), cromolyn-,

cromolyn + dipA-, and C48/80 + dipA-treated ani-

mals 3 days after fal. Right: quantitative analysis is

shown. Scale bars, 100 mm; n = 4 animals with four

collaterals each.

(E and F) Quantitative analyses by flow cytometry

of CD45+/CD11b+/Gr-1+/CD115!, CD45+/CD11b+/

F4/80+, and CD45+/CD3+ cells in adductor muscles

of mice at day 1 (E) and day 3 (F) after fal and

saline (control, open bars) or C48/80 + dipA (filled

bars) treatment (n = 6 per group; *p % 0.05 in (C)

and (D) from two-way ANOVA with Newman-Keuls

test).

Data are means ± SEM. See also Figures S2

and S3.

mast cells in arteriogenesis; yet, cromolyn
as well as C48/80, specifically influenced
the action of mast cells or, if at all, did not
influence decisively other cells or off tar-

gets relevant for the process of collateral artery growth in wild-
type mice.

Combined Treatment of Mice with C48/80 and DipA
Promotes Leukocyte Recruitment and Vascular Cell
Proliferation
Matrix metalloproteinases (MMPs), which are well described to
be activated by mast cell-derived proteases (Kovanen, 2007),
degrade and remove basement membrane proteins around
SMCs (Rudijanto, 2007) and have been shown to promote
vascular remodeling in the context of arteriogenesis (Cai et al.,
2000). In growing collaterals of mice treated with C48/80 +
dipA, we found significantly increased MMP activity compared
to saline-treated controls (Figure 2A).
MCP-1 and tumor necrosis factor a (TNF-a) are two cytokines

previously reported tobeofmajor relevance for leukocyte recruit-
ment in the process of arteriogenesis (Grundmann et al., 2005; Ito
et al., 1997). Heremice treatedwithC48/80+dipA showedsignif-
icantly increased mRNA and protein levels of MCP-1 compared
to saline-treatedcontrols (Figures 2BandS2). In contrast, cromo-
lyn treatment strongly reduced the plasma level of TNF-a as
compared to saline-treated controls (Figure 2C), indicating that
mast cells play a major role in providing this cytokine being rele-
vant for leukocyte recruitment (Malaviya et al., 1996).
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Immunohistological analyses of the adductor muscle re-
vealed significantly increased numbers of CD45+ (pan leukocyte
marker) cells in the perivascular space of C48/80 + dipA-treated
mice (Figure 2D). Subset analyses of recruited CD45+ cells by
flow cytometry showed significantly increased levels of neutro-
phils (Gr-1+/CD115!) and macrophages (F4/80+) at day 1 after
fal (Figures 2E and S3A) and neutrophils, macrophages, and
T cells (CD3+) at day 3 after fal (Figures 2F and S3B). The latter
represents a subset of leukocytes previously described to
invade tissue in a TNF-a-dependent manner (Maggi et al.,
2013) and to be involved in arteriogenesis (Stabile et al.,
2006). Regarding the recruitment of subsets of CD45+ cells at
day 1 and day 3 after fal, a similar although less drastic effect
was observed in mice treated with C48/80 alone (Figures S3C
and S3D).

Treatment of primary vascular ECs and SMCs with condi-
tioned medium of activated mast cells increased their prolifer-
ation rate (Figure S4). Moreover, fibroblast growth factor
(FGF)-2 and platelet-derived growth factor (PDGF)-BB was
found in mast cells located in close proximity to collateral ar-
teries (Figure 3A). A combined administration of both growth
factors previously has been described to enhance arteriogene-
sis (Cao et al., 2003). Mice treated with combined C48/80 +
dipA revealed an increased number of Ki67+ (cell proliferation
marker) vascular cells in collateral arteries (Figure 3B), which
was associated with an increased luminal diameter of these

Figure 3. Mast Cells Promote Vascular Cell
Proliferation and Vessel Growth
(A) Representative fluorescent immunohistological

pictures of collaterals of mice 2 hr after fal. c-kit+

cells in close proximity to collaterals (marked by

dotted lines) stain positive for FGF-2 and PDGF-BB.

Scale bar, 10 mm; n = 6 slices from three individual

experiments.

(B) Left: representative immunostaining showing

Ki67+ cells (stained in brown) in collaterals of mice

treated with saline (control), C48/80 + dipA, or cro-

molyn + dipA 3 days after fal. Right: quantitative

analysis is shown. Scale bar, 100 mm; n = 3 animals

with four collaterals each.

(C) Left: representative HE staining documenting

collaterals of mice treated with saline (control) or

C48/80 + dipA at day 3 or 7 after fal. Right: chart

shows inside luminal diameter of collaterals of mice

treatedwith saline (control) or C48/80 + dipA at day 3

and 7 after fal or sham operation.

Scale bar, 100 mm; n = 3 animals with three collat-

erals each; *p % 0.05 (B and C) from two-way

ANOVA with Newman-Keuls test. Data are means ±

SEM. See also Figure S4.

blood vessels (Figure 3C). In contrast,
combined treatment with cromolyn +
dipA reduced the number of Ki67+

vascular cells (Figure 3B). Altogether
these data suggest that mast cells pro-
mote vascular cell proliferation, not only
indirectly by promoting leukocyte recruit-
ment supplying growth-promoting factors

but also by themselves representing a source of vascular
growth factors.

Boosting Mast Cell Recruitment and Activation Protects
Tissue from Damage by Fostering Arteriogenesis
Upon ligation of the femoral artery in the upper leg, the resulting
reduced perfusion of the lower leg was associated with ischemic
damage, provoking increased infiltration of leukocytes and capil-
lary sprouting (angiogenesis). Both processes are necessary for
removing fibrotic and necrotic tissue. Since our data demon-
strate that combined treatment of mice with C48/80 + dipA
significantly increased perfusion recovery already 6 hr after fal
(Figure 1D), we hypothesized that this is associatedwith reduced
damage of the distal calf muscle (Figure S5). Histological anal-
ysis of the gastrocnemius muscle revealed almost negligible
ischemic tissue damage in mice treated with C48/80 + dipA (Fig-
ure 4A). This was associated with (1) a significantly reduced infil-
tration of leukocytes (CD45+ cells) (Figure 4B) as well as (2) a
diminished capillary sprouting, as shown by the reduced number
of Ki67+ ECs (Figure 4C) and a reduced capillary-to-muscle fiber
ratio (Figure S6). Interestingly, neither fal nor local application of
C48/80 in the upper leg resulted in mast cell degranulation in the
ipsilateral lower leg (M. gastrocnemius) (Figure 4D) or in the
contralateral upper or lower leg (data not shown). These data
indicate that local application of C48/80 in the upper leg did
not result in systemic effects of the agent. Additionally, the
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data suggest that protection of tissue from ischemic damage
was a result of arteriogenesis in the upper leg, but not due to
degranulation of mast cells in the lower leg.

Perivascular Mast Cells Are Activated by a Cascade of
Platelet- and Neutrophil-Dependent Reactions
Fluid shear stress, which is the driving force behind arteriogene-
sis, can only be sensed directly by vascular ECs, but not by peri-
vascular cells. Hence, we asked which factors or cells may be
responsible for mast cell degranulation during the initial phase
of arteriogenesis. As platelets are sensors of fluid shear stress
and can adhere to endothelial von Willebrand factor (vWF) under
conditions of increased fluid shear stress through platelet GPIb

Figure 4. Effective Arteriogenesis Protects
Tissue from Severe Ischemic Damage
(A) Representative HE staining of gastrocnemic

muscles 3 days after fal (control) or sham operation

or 3 days after fal and C48/80 + dipA treatment

in different magnifications. Scale bar, 100 mm.

Bar graph represents ischemic tissue in the M.

gastrocnemius in percentage of high-power field.

(B) Left: representative pictures of immunostaining

show reduced infiltration of leukocytes (CD45+ cells,

arrows, stained in brown) in the M. gastrocnemius of

mice treated with C48/80 + dipA compared to

saline- (control) treated mice 3 days after fal. Scale

bar, 100 mm. Right: quantitative analysis is shown.

(C) Left: following fal, representative pictures docu-

ment Ki67-positive capillaries (arrows, stained in

brown) in theM. gastrocnemius of saline- (control) or

C48/80-treated mice 3 days after fal. Scale bar,

100 mm. Right: number of Ki67-positive capillaries

was quantified.

(D) Representative Giemsa staining of the M.

gastrocnemius of mice treated with saline (control)

or C48/80 + dipA 3 days after fal or sham operation.

Insets show magnifications of mast cells.

Scale bar, 100 mm; n = 3 in triplicates (A–D). Data are

means ± SEM. See also Figures S5 and S6.

receptor (Sadler, 2002), we hypothesized
that platelets or platelet-dependent reac-
tions may be involved in transmitting mo-
lecular signals from the vascular lumen to
the perivascular space.
Interestingly, blockage of the platelet re-

ceptor GPIba as well as genetic ablation of
the ectodomain of GPIba in transgenic IL4-
R/Iba mice inhibited mast cell degranula-
tion to a similar extent as cromolyn treat-
ment (Figure 5A). Similarly, uPA deficiency
or the inhibition of uPA proteolytic activity
by the administration of UK122 signifi-
cantly diminished mast cell degranulation
(Figure 5A).
We have shown previously that uPA defi-

ciency (but not uPA receptor or tissue plas-
minogen activator deficiency) is associated
with a reduced perfusion recovery upon fal,

which was due to reduced leukocyte infiltration (day 3 after fal)
(Deindl et al., 2003). Recently, we observed a reduced reperfu-
sion recovery upon fal when blocking the GPIba receptor using
a Fab fragment. Furthermore, the same effect was seen in GPIba
receptor-deficient IL4-R/Ibamice. Of note, our results evidenced
that the GPIba receptor is essential in arteriogenesis for (1) tran-
sient platelet interaction with collateral endothelium, (2) differen-
tial expression of vascular uPA (day 1 after fal), (3) platelet-
neutrophil aggregate (PNA) formation (day 1 after fal), and (4)
extravasation of leukocytes (3 days after fal) (Chandraratne
et al., 2015). Furthermore, in a model of hepatic ischemia
reperfusion injury, we found endothelial-derived uPA to be
essential for intravascular adherence of neutrophils. Moreover,
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neutrophil-derived uPA was critical for subsequent paracellular
transmigration of neutrophils and, hence, extravasation (Reichel
et al., 2011). We therefore hypothesized that neutrophils also
may play a role in arteriogenesis and may represent the missing
link inmast cell activation. Indeed, inhibition of GPIba receptor or
uPA activity resulted not only in reduced mast cell activation but
also in diminished neutrophil infiltration at day 1 after fal, as as-
sessed by flow cytometry (Figures 5B and 5C).

To analyze the functional relevance of neutrophils and PNA
formation in more detail, we performed in vitro studies using iso-
lated platelets and neutrophils. We found that PNA formation is a
prerequisite for surface expression of uPA on neutrophils as well

as for extracellular superoxide anion formation (Figures S7A–
S7D). P-selectin deficiency on platelets as well as deficiency of
its ligand PSGL-1 on neutrophils interfered with PNA formation
and diminished uPA surface expression (Figures S7A–S7C). In
addition, P-selectin deficiency of platelets prevented superoxide
anion formation (Figure S7D), accounting for the relevance of
platelet P-selectin for the production of neutrophil-derived
ROS (Page and Pitchford, 2013). Finally, extracellular ROS pro-
duction was absent when using Nox2-deficient neutrophils for
PNA formation, indicating that neutrophils are the source of su-
peroxide anions (Figure S7D). A proposed model for neutrophil
activation during arteriogenesis is shown in Figure S7E.

Figure 5. Mast Cells Are Activated by Neutrophil-Derived ROS
(A) Degranulated mast cells in the perivascular space of collaterals 1 day after fal in control mice or in mice treated with cromolyn to stabilize mast cells; UK122

(uPA inhibition); 1A8 (neutrophil-depleting agent); N-actelcysteine (NAC, ROS scavenger); apocynin (NADPH oxidase inhibitor); GPIba-blocking Fab fragment;

isotype Fab fragment; and in mice deficient for platelet receptor GPIba (IL4-R/Iba mice), uPA, or Nox2, respectively, are shown (n = 4 animals with two collaterals

each).

(B and C) Flow cytometry analysis of CD45+/CD11b+/Gr-1+/CD115! and CD45+/CD11b+/F4/80+ cells in adductor muscles of animals treated with GPIba-

blocking Fab fragment or isotype Fab fragment (B) or uPA inhibitor UK122 or control group (C) at day 1 after fal is shown (n = 4).

(D) Laser Doppler perfusion measurements of (left panel) wild-type mice (control), Nox2-deficient mice (Nox2!/!), wild-type mice reconstituted with bone

marrow from wild-type mice (controlcontrol), and wild-type mice reconstituted with bone marrow from Nox2-deficient mice (controlNox2!/!) and (right panel) wild-

type mice (control), Nox2-deficient mice reconstituted with bone marrow from Nox2-deficient mice (Nox2!/!Nox2!/!), and Nox2-deficient mice reconstituted

with bone marrow fromwild-type mice (Nox2!/!control) after the induction of arteriogenesis (right leg) or sham operation (left leg) at the indicated time points after

the surgical procedure. Color-coded lines indicate different groups. The controls of the left and right plot are identical. Statistical analysis (p % 0.05) was as

follows: *Nox2!/! versus control; FcontrolNox2!/! versus control; &Nox2!/! versus controlcontrol; UcontrolNox2!/! versus controlcontrol; ccontrolNox2!/! versus

Nox2!/!; #Nox2!/!Nox2!/! versus control; εNox2!/!Nox2!/! versus Nox2!/!control; and %Nox2!/!control versus control (n = 5 per group).

(E) Degranulated mast cells in the perivascular space of growing collaterals 1 day after fal in Nox2!/!control, Nox2!/!Nox2!/!, controlNox2!/!, and controlcontrol

mice are shown (n = 6 slices from three individual animals with two collaterals each).

(F) Laser Doppler perfusion measurements of saline- (control), 1A8-, or 1A8 + C48/80-treated wild-type mice following fal (right leg) and sham operation (left leg)

(n = 6 per group). Statistical analysis (p % 0.05) was as follows: &control versus 1A8 and *1A8+C48/80 versus 1A8.

Data are means ± SEM. Significances (*p % 0.05) in (A) and (E) were from two-way ANOVA with Newman-Keuls test, and significances in (D) and (F) were from

repeated-measures two-way ANOVA with subsequent multiple comparisons by Bonferroni test. See also Figure S7.
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To assess whether Nox2-derived ROS from neutrophils are
relevant for mast cell degranulation during arteriogenesis, we
performed further in vivo analyses. Indeed, our results showed

that depletion of neutrophils by the application of 1A8 (reduction
of neutrophils: 70% ± 3.7%, p < 0.05), deficiency of Nox2
(= gp91phox), as well as blocking ROS production or their
function by the administration of apocynin or N-acetylcysteine
(NAC) (Schulz et al., 2014; Tobar et al., 2010), respectively,
blocked mast cell degranulation to a similar degree as observed
in GPIba-deficient mice (Figure 5A). To investigate whether
neutrophil-derived ROS are responsible for mast cell degranula-
tion, we created chimeric mice by transplanting bone marrow
from Nox2!/! mice to wild-type mice (controlNox2!/!) and vice
versa (Nox2!/!control). Compared to their corresponding control
(controlcontrol), controlNox2!/! showed a significant reduction in
perfusion recovery as well as mast cell degranulation, whereas
Nox2!/!control revealed a significant improvement in collateral
formation as compared to control (Nox2!/!Nox2!/!) (Figures
5D and 5E). To confirm that mast cells become activated
by ROS derived from neutrophils, neutropenic mice were chal-
lenged with C48/80 to induce mast cell degranulation. While
neutrophil depletion impaired perfusion recovery after fal, the
induction of mast cell degranulation completely restored the
phenotype (Figure 5F).

DISCUSSION

In this study, we show that natural bypass growth is a matter of
innate immunity, and we highlight the central role of mast cells in
orchestrating leukocyte function in this process. In addition, we
deciphered the mechanisms responsible for the translation of
increased fluid shear stress to the activation of perivascular
mast cells (Figure 6).
Mast cells were found to reside in the perivascular space of

growing collaterals (Wolf et al., 1998). However, their function
in arteriogenesis has never been investigated. Moreover, the
mechanism by which perivascular mast cells become activated
by increased mechanical load, such as fluid shear stress, has
not been resolved up to now. We demonstrate that this is medi-
ated by platelets and neutrophils and that neutrophil-derived
ROS are the driving force for mast cell activation.
Fluid shear stress, which stimulates arteriogenesis, is well

described to induce the adherence of platelets to ECs, a process
mediated by the interaction of the platelet receptor GPIba with
the endothelial vWF (Sadler, 2002). We recently demonstrated
that platelet receptor GPIba is essential for the transient interac-
tion of platelets to collateral endothelium, PNA formation, and
extravasation of leukocytes during arteriogenesis (Chandraratne
et al., 2015). Here we show that platelet receptor GPIba is partic-
ularly relevant for neutrophil extravasation. We demonstrate that
PNA formation through platelet P-selectin and neutrophil PSGL-
1 is associated with uPA release to the neutrophil cell surface,
paving the way for leukocyte infiltration. Moreover, we found
that PNA formation is a prerequisite for neutrophil Nox2-depen-
dent superoxide anion release.
As the deficiency or inhibition of uPA resulted in diminished

neutrophil extravasation and mast cell degranulation, it is fair
to deduce that the activation of neutrophils through interaction
with platelets not only drives extravasation of these cells via
uPA but also promotes mast cell activation via the release of
neutrophil superoxide anions. This conclusion is endorsed by

Figure 6. Proposed Model for the Central Role of Mast Cells in
Arteriogenesis
Step 1. Upon occlusion of a main artery, increased fluid shear stress

in collateral arteries initiates GPIba-dependent PNA formation, which results

in the activation of neutrophils. Step 2. After uPA-mediated extravasation

of neutrophils, Nox2-derived superoxide anions (ROS) induce mast cell

degranulation. Step 3. TNF-a promotes further neutrophil extravasation in a

positive feedback loop. Step 4. TNF-a supports T cell extravasation and

MCP-1 attracts monocytes, which mature to macrophages and supply the

growing vessel with growth factors and cytokines. See also Figure S7E.
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our findings showing (1) a rescue of the impaired reperfusion re-
covery and mast cell degranulation observed in Nox2!/! mice
by the transplantation of bone marrow isolated from wild-type
mice, and (2) restored perfusion in neutropenic mice by the in-
duction of mast cell degranulation. These in vivo data are af-
firmed by in vitro findings showing that ROS stimulate mast
cell activation (Gan et al., 2015) as well as by our results showing
that activated neutrophils induce mast cell degranulation (Fig-
ure S7F). Together, these data indicate that the intravascular,
shear stress-dependent activation of platelets and PNA forma-
tion triggers the production of effectors, such as ROS, that serve
to transmit the locally initiated signal to proximal perivascular
sites where mast cell degranulation is initiated.

Interestingly enough, platelet activation, uPA-mediated
neutrophil extravasation, as well as mast cell activation recently
were shown to contribute to reperfusion injury due to revascular-
ization or organ transplantation (Chang et al., 2014; Egashira
et al., 2013; Köhler et al., 2011; Reichel et al., 2011; Yang
et al., 2014). In addition, allergic contact dermatitis was reported
to strongly depend on mast cells, neutrophils, and neutrophil-
derived ROS (Weber et al., 2015). Thus, the mechanisms identi-
fied in this study for mast cell activation under arteriogenic con-
ditions appear to have a strong andmore general impact, not just
on pathogenesis and control of cardiovascular diseases, and
they will contribute to the understanding of mast cell-dependent
pathways in sterile inflammation/innate immunity.

In our study, we found mast cells to specifically degranulate
around growing collateral arteries. Additional pharmacological
activation of mast cells with C48/80 greatly enhanced perfusion
recovery and, hence, arteriogenesis. Stabilizing mast cells with
cromolyn showed the opposite effect and blocked the positive
effect of C48/80 as well as dipA. Mast cell-deficient Mcpt5-
Cre+ R-DTA mice showed no reduced perfusion recovery
upon fal, neither was it improved by C48/80 treatment nor
impaired by cromolyn. These data suggest that these trans-
genic mice were capable of compensating the lack of mast cells
in the process of arteriogenesis and that cromolyn as well as
C48/80 specifically and decisively influenced the action of
mast cells in the process of collateral artery growth in wild-
type mice.

TNF-a is a major determinant in neutrophil recruitment, as evi-
denced in many experimental settings (Griffin et al., 2012; Mala-
viya et al., 1996). Our results demonstrate that inhibition of mast
cell degranulation strongly reduced the elevated plasma levels of
TNF-a observed upon the induction of arteriogenesis. C48/80
treatment, in contrast, resulted in an increased number of neu-
trophils, especially at day 1 after fal (Figure S3C). These data
indicate that neutrophils are likely to be recruited by mast cells
in a positive feedback mechanism. Our data are in line with pre-
vious results showing mast cells to be essential for elevated
TNF-a levels and neutrophil recruitment (Malaviya et al., 1996;
Sun et al., 2007). TNF-a also has been implicated in MCP-1 pro-
duction (Murao et al., 2000), relevant for monocyte recruitment
(Ito et al., 1997). In our study, boosting mast cell activation
by C48/80 resulted in increased levels of macrophages and
T cells, particularly at day 3 after fal. Recruitment of perivascular
macrophages supplying growth factors to growing blood vessels
(Arras et al., 1998) was demonstrated to be essential for arterio-

genesis (Heil et al., 2002; Hoefer et al., 2004; Ito et al., 1997),
whereas T cells have been described to contribute to macro-
phage recruitment (Stabile et al., 2003). Hence, mast cells indi-
rectly promoted arteriogenesis by amplifying the inflammatory
reaction, thus providing macrophage-derived growth factors
supporting vascular cell proliferation. In addition, mast cells
may directly contribute to vascular cell proliferation as shown
by our in vitro results.
In a more translational approach, we administrated dipA,

which again increased perfusion recovery. Platelets, which tran-
siently adhere to the endothelium of growing collaterals in the
early phase of arteriogenesis (Chandraratne et al., 2015), are a
rich source of SDF-1a. Platelet activation enhances surface
expression and release of SDF-1a (Chatterjee and Gawaz,
2013), which results in recruitment of CXCR-4+ cells at the site
of inflammation. The administration of dipA, blocking DPPIV
activity and, hence, SDF-1a degradation, resulted in a drastic in-
crease in the number of c-kit+ mast cells together with a signifi-
cantly improved perfusion recovery.
Combined treatment of mice with C48/80 and dipA showed

additive effects in terms of perfusion recovery and leukocyte
recruitment, and it protected tissue from severe ischemic dam-
age by effectively promoting arteriogenesis. Although we found
that leukocytes, which express the SDF-1a receptor CXCR-4
aswell, are recruited upon dipA treatment, a substantial increase
in leukocyte recruitment occurred not earlier than upon treat-
ment with dipA in combination with C48/80 (Figure 2D), arguing
for the relevance of mast cells in this process.
Mast cells express the SDF-1a receptor CXCR-4 aswell as the

SCF receptor c-kit. Both ligands have been addressed in many
experimental as well as clinical settings to recruit stem cells aim-
ing at promoting neovascularization. Since it has been demon-
strated previously that bone marrow-derived stem cells do not
differentiate to ECs or SMCs and, hence, do not contribute to
vascularization, i.e., arteriogenesis and angiogenesis (Ziegel-
hoeffer et al., 2004), our results may shed a different light on
the nature of c-kit+/CXCR-4+ stem cells recruited to sites of neo-
vascularization. Diverse studies could not demonstrate the pres-
ence of recruited stem cells at sites of (neo-) vascularization
despite a functional improvement. In this context it might be of
particular interest to mention that extensively degranulated
mast cells cannot be identified anymore as individual cells in tis-
sue (McGowen et al., 2009). A huge number of publications are
available attributing mast cells an essential role in tumor angio-
genesis; however, little information is available on the role of
mast cells under other pathological or physiological conditions
and results are contradictory.
Much effort has been made to find new therapeutic options

to treat patients with vascular occlusive diseases. Here we
show that promoting mast cell recruitment concomitant with
mast cell activation promotes the growth of natural arteriolar
bypasses to such an extent that distal tissue is preserved
from severe ischemic damage. Local administration of C48/
80 showed no systemic side effects in our study, and mast
cell activators as well as drugs that inhibit DPPIV are used in
clinical applications (Rukwied et al., 2000; Yanai, 2014). Recent
clinical studies showed no major adverse cardiovascular events
in patients with type 2 diabetes treated with DPPIV inhibitors
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(White et al., 2013) and evidenced a lower risk for hospitaliza-
tion for heart failure (Fadini et al., 2015), although there might
be differences depending on the DPPIV inhibitor used. There-
fore, SDF-1a, which recently has been shown in an animal
model to promote vascular outward remodeling when locally
released (Krieger et al., 2016), or DPPIV inhibitors alone or in
combination with locally applied mast cell-activating factors
may represent therapeutic approaches to treat affected pa-
tients non-invasively.
Collectively, our data show that mast cells play a central role in

arteriogenesis by converting signals derived from upstream
platelets and neutrophils in actions that specifically support the
process of collateral artery growth. Pharmacological induction
of mast cell recruitment and degranulation effectively promotes
arteriogenesis, thereby protecting tissue from severe ischemic
damage, and may thus constitute a therapeutic approach to
treat patients with vascular occlusive diseases.

EXPERIMENTAL PROCEDURES

Murine Hindlimb Model of Arteriogenesis and Bone Marrow
Transplantation
Animal care and all experimental procedures were performed in strict accor-

dance to the German and NIH animal legislation guidelines and were approved

by the Bavarian Animal Care and Use Committee (GZ. 55.2-1-54-2532-73-12).

Ligation of the right femoral artery was induced in 8- to 10-week-old male

SV129/S6 mice (Charles River Laboratories) treated with the indicated sub-

stances (for protocol see Figure 7 and the Supplemental Experimental Proce-

dures); in bone marrow-transplanted mice; in Mcpt5-Cre+ R-DTA, Nox2!/!,

uPA!/!, and IL4-R/Iba mice; and in corresponding wild-type littermates,

respectively, as previously described (Limbourg et al., 2009). The left side

was sham operated and served as control. For Laser-Doppler perfusion

measurements, bone marrow transplantation, and further information, see

the Supplemental Experimental Procedures.

SDF-1a, TNF-a, and MCP-1 Quantifications
SDF-1a protein levels in serum and collaterals were analyzed using a mouse

SDF-1a ELISA kit (ELM-SDF1alpha-001-1, RayBiotech). MCP-1 and TNF-a

protein levels were analyzed with MCP-1 and TNF-a ELISA ready-SET-go

(REF 88-7391-22 and REF 88-7324-88, eBioscience), respectively, following

the manufacturer’s protocol. Plasma was collected from heparinized blood af-

ter centrifugation at 2,3003 g at 4"C for 20min. Tissue was homogenized with

200 ml of cell lysis buffer (25 mM Tris [pH 7.5], 1% Triton X-100, 0.5 mM EDTA,

150 mM NaCl, 10 mM NaF, and 1% PMSF), treated five times for 2 s with

ultrasound, and centrifuged as described above. For qRT-PCR analyses of

MCP-1, see the Supplemental Experimental Procedures.

MMP Activity Assay
MMP activity in collateral samples was analyzed with SensoLyte 520 Generic

MMP Assay Kit (Anaspec). Briefly, collaterals were homogenized in assay

buffer with 0.1% (v/v) Triton X-100, centrifuged, and supernatants were incu-

bated for 2 hr with 4-aminophenylmercuric acetate (APMA) at 37"C, following

the manufacturer’s protocol. Fluorescence signal was measured at excitation/

emission = 490/520 nm for 1 hr (Infinite 200, S/N 711003634, TECAN). Data

were normalized to the reference standard curve.

Histology and Immunohistology
Paraffin-embedded issue samples were isolated at the indicated time points.

After deparaffinization and antigen retrieval using Target Retrieval Solution

Figure 7. Study Protocol
Treatment protocol of mice with C48/80, SCF, dipA, or cromolyn with the indicated time points of laser Doppler perfusion measurements. Tissue for qRT-PCR

was harvested at 12 hr, for protein analyses at 24 hr, for flow cytometry analyses at days 1 and 3, and for histology or immunohistology at 2 hr, 12 hr, 24 hr, 3 days,

or 7 days after fal (right leg) or sham operation (left leg).
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(S1699, Dako), sections were stained for CD31 (DIA-310, Dianova, dilution

1:150), Ki67 (M7249, Dako, dilution 1:100), or CD45 (550539, BD Pharmingen,

dilution 1:600), respectively. For detection of the immunoreaction, the Vectas-

tain ABC-Kit Elite Rat IgG (PK6104, Vector Laboratories) was used. DAB+

(K3468, Dako) served as chromogen for CD31 and ACE (00-1122, Invitrogen)

for Ki67 and CD45 staining. Giemsa and H&E staining were performed accord-

ing to standard procedures. The luminal diameter of collateral arterioles was

measured in at least three different sites of an individual arteriole. Cryopre-

served tissue samples were stained with an antibody against c-kit (14-1172-

85, eBioscience, dilution 1:100) and secondary antibody donkey anti-rat Cy3

(AC189C, Millipore, dilution 1:300); FGF-2 (ab106245, Abcam, dilution 1:100)

and secondary antibody donkey anti-rabbit AF488 (A21206, MoBiTec, dilution

1:100); or PDGF-BB (ab16829, Abcam, dilution 1:100) and secondary antibody

donkey anti-rabbit AF488 (A21206, MoBiTec, dilution 1:100), respectively, and

viewed with a confocal microscope (Leica SP5).

Flow Cytometry Analyses of Muscle Tissue
For flow cytometry analysis, adductor muscles were digested with 1 mg/ml

collagenase II (Biochrom) in PBS/1% BSA at 37"C for 90 min. The suspension

was then filtered with PBS/2% BSA through a 70-mm cell strainer (BD Falcon),

spun for 10 min at 160 3 g, and the pellet was finally resuspended in 100 ml

PBS/2% BSA. Surface staining was conducted using CD 45 rat anti-mouse

APC-Cy7 (557659, clone 30-F11, BD Biosciences), F4/80 rat anti-mouse

eFluor 450 (48-4801, clone BM8, eBioscience), CD 115 rat anti-mouse APC

(17-1152, clone AFS98, eBioscience), CD 11b rat anti-mouse fluorescein iso-

thiocyanate (FITC) (11-0112, clone m1/70, eBioscience), GR-1 rat anti-mouse

PE (553128, clone RB6-8C5, BD Biosciences), c-kit (CD117) rat anti-mouse

PerCP/Cy5.5 (105823, clone 2B8, BioLegend), and CD3 rat anti-mouse eFlour

450 (48-0032, clone 17A2, eBioscience). Rat isotype controls were as follows:

IgG2b APC-Cy7 (552773, clone A95-1, BD Biosciences), IgG2a eFluor 450

(48-4321, clone eBR2a, eBioscience), IgG2a APC (17-4321, clone eBR2a,

eBioscience), IgG 1 FITC (11-4301, clone eBRG1, eBioscience), IgG2b PE

(553989, clone A95-1, BD Biosciences), and IgG2a PerCP/Cy5.5 (45-4321,

clone eBR2a, eBioscience). Becton Dickinson fluorescence-activated cell

sorting (FACS) lysing solution was used to fix and lyse the samples according

to the manufacturer’s protocol. Samples were measured using Gallios flow

cytometer and analyzed with Kaluza Software (both from Beckman Coulter

Genomics).

In Vitro Analyses
For protocols of the in vitro analyses, see the Supplemental Experimental

Procedures.

Statistical Analysis
Comparisons between groups were calculated by unpaired Student’s t test

unless otherwise stated. Results were considered to be statistically significant

at *p% 0.05. Data are represented as means ± SEM. Statistical analyses were

performed with GraphPad software PRISM6.

SUPPLEMENTAL INFORMATION
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Cao, R., Bråkenhielm, E., Pawliuk, R., Wariaro, D., Post, M.J., Wahlberg, E.,

Leboulch, P., and Cao, Y. (2003). Angiogenic synergism, vascular stability

and improvement of hind-limb ischemia by a combination of PDGF-BB and

FGF-2. Nat. Med. 9, 604–613.

Chandraratne, S., von Bruehl, M.L., Pagel, J.I., Stark, K., Kleinert, E., Konrad,

I., Farschtschi, S., Coletti, R., Gärtner, F., Chillo, O., et al. (2015). Critical role of

platelet glycoprotein iba in arterial remodeling. Arterioscler. Thromb. Vasc.

Biol. 35, 589–597.

Chang, J.C., Leung, J., Tang, T., Holzknecht, Z.E., Hartwig, M.G., Duane Da-

vis, R., Parker, W., Abraham, S.N., and Lin, S.S. (2014). Cromolyn ameliorates

acute and chronic injury in a rat lung transplant model. Journal Heart Lung

Transplant. 33, 749–757.

Chatterjee,M., andGawaz,M. (2013). Platelet-derivedCXCL12 (SDF-1a): basic

mechanisms and clinical implications. J. Thromb. Haemost. 11, 1954–1967.

Deindl, E., and Schaper, W. (2005). The art of arteriogenesis. Cell Biochem.

Biophys. 43, 1–15.
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Figure S1. Related to Figure 1. Pharmaceutical recruitment and activation of mast cells promotes arteriogenesis
(A) SDF-1a  levels were measured to investigate the  effectiveness of diprotin A treatment. The SDF-1a  levels in collateral arteries (left panel) or sera (right panel) of mice isolated 24h after fal and
saline treatment (control w lig), or 24h after fal and diprotin A  treatment (dipA w lig) were assessed by ELISA. n=3 in triplicates. (B) Flow cytometry analyses of  CD45+/c-kit+ cells in   adductor
muscles of mice at day 1 after fal and saline (control) or dipA  treatment. n=6. (C, D, E) Laser Doppler perfusion measurements following fal (right leg)  and sham operation (left leg). Color-coded
lines indicate treatment of mice (control = saline). Statistical analysis  (P < 0.05)  was  performed  between  different  groups  (n=6 per group)  using  repeated  measures  two-way  ANOVA  with
subsequent multiple comparisons by Bonferroni test.  (C)  Treatment of mice with  C48/80+dipA+SCF showed  no  additive effects  compared to C48/80+dipA  treatment. The control and internal
control (C48/80+dipA)  are  identical  to  Figure  1D. *C48/80+dipA vs control; #C48/80+dipA+SCF vs control. (D) Cromolyn  treatment abolished the  positive effect of C48/80. The control  and
internal controls (C48/80, cromolyn) are identical to Figure 1D. *C48/80 vs control;  #C48/80 vs cromolyn; WC48/80 vs cromolyn+C48/80; •cromolyn vs control; &cromolyn+C48/80 vs control.
(E) Perfusion recovery of mast cell deficient Mcpt5-Cre+ R-DTA mice (Cre+) was neither influenced by C48/80 treatment nor by cromolyn  treatment. Control mice: Cre-. Data are means ± SEM.
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Figure S2. Related to Figure 2. MCP-1 mRNA levels
mRNA expression level of MCP-1 in collaterals of mice treated with
saline (control), C48/80, or C48/80 and dipA (C48/80+dipA), 12h after
fal (occ) or sham operation, as measured by qRT-PCR. Data are means
± SEM; n=3 in triplicates. Statistical significances (*P ≤ 0.05) are from
two-way ANOVA with subsequent Newman-Keuls test.
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Figure S3. Related to Figure 2. Flow
cytometry analyses
(A, B) Representative flow cytometry dot plots
and histograms showing the gating strategy of
CD45+, CD45+/CD11b+, CD45+/CD11b+/
F4/80+, CD45+/CD11b+/Gr-1+/CD115- or
CD45+/CD3+ cells, respectively, of adductor
muscles of mice treated with saline (control) or
C48/80+dipA at (A) day 1 and (B) day 3 after
fal. (C, D) Distribution of CD45+/CD11b+/Gr-
1+/CD115-, CD45+/CD11b+/F4/80+, and
CD45+/CD3+ cells in adductor muscles of mice
at day 1 (C) and day 3 (D) after fal. Open bars:
control (saline treatment), filled bars: C48/80
treatment. n=6. Data are means± SEM.
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Figure S4. Related to Figure 3. In vitro proliferation assay and histological analyses
(A) Influence of mast cell degranulation factors on in vitro proliferation of primary murine endothelial (ECs) and smooth
muscle cells (SMCs), measured by detection of DNA synthesis. Medium: supernatant of mast cells without induction of
degranulation (control, number was defined as 1); conditioned medium: supernatant of degranulated mast cells. Data are
means ± SEM; n=3 in triplicates. (B) Immuno-staining of cromolyn treated mice showed no Ki67+ cells (stained in brown)
in collaterals of mice 3 days after fal. Scale bar = 100mm. (C) Left: representative images of HE staining of collaterals of
mice treated with cromolyn at day 3 or day 7 after fal. Scale bar = 100mm. Right: for measurement of luminal diameter 3
animals with 3 collaterals each were analyzed. Data are means± SEM
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Figure S5. Related to Figure 4. Natural bypasses protect tissue from ischemic damage
Arteries have the function to transport oxygenated blood through the body. In the legs, the femoral
artery of the upper leg is the main artery being responsible for blood supply to the lower leg (left).
Upon occlusion of the femoral artery, the lower limb suffers from reduced blood supply resulting in
tissue fibrosis and gangrene formation. This is associated with a strong infiltration of leukocytes and
extensive capillary sprouting in order to remove cellular debris (middle). However, in case of effective
collateral artery growth compensating for the loss of the occluded main artery, sufficient blood is
transported to the lower leg by naturally grown bypasses preventing severe tissue damage.
Accordingly, there is a reduced infiltration of leukocytes and capillary sprouting (right).
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Figure S6. Related to Figure 4. Capillary/muscle fibre ratio 
Upper panel: representative CD31 staining (ECs appear in brown) of the m. gastrocnemius of sham operated
mice (sham) or mice treated with saline (control, occ) or C48/80+dipA (C48/80+dipA, occ) 3 days after fal.
Scale bar = 100mm. Lower panel: for quantification of the capillary/muscle fibre ratio in gastrocnemius
muscles high power fields of 6 slices from 3 individual experiments were analyzed. Data are means ± SEM.
Significances are from two-way ANOVA with subsequent Newman-Keuls test.
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Figure S7. Related to Figure 5 and 6. Activation of 
neutrophils 
(A) P-selectin deficient platelets as well as PSGL-1 
deficient neutrophils showed reduced formation of plate-
let neutrophil aggregates (PNA) compared to wild type 
(WT) platelets (*P ≤ 0.05, (n=5 in duplicates) or WT 
neutrophils (n=3 in duplicates, *P ≤ 0.05), respectively, 
as measured with flow cytometry of Ly-6G+/CD41+ 
cells.  (B) Representative flow cytometry dot plots of 
CD41 staining (green) in Ly-6G positive populations. (C) 
While PNA formation increased uPA surface expression 
on neutrophils (*P ≤ 0.05, n=5 in duplicates), as detected 
by flow cytometry, PSGL-1-/- neutrophils (*P ≤ 0.05, 
n=5 in duplicates) as well as P-selectin -/- platelets 
showed decreased uPA surface expression (*P ≤ 0.05, 
n=5 in duplicates). (D) PNA induced Nox2 derived extra-
cellular superoxide formation (both *P ≤ 0.05, n=4 in 
duplicates), as assessed by the cytochrome C assay, was 
reduced when using P-selectin -/- platelets (*P ≤ 0.05, 
n=5 in duplicates). All data are presented as means ± 
SEM and considered significant at an error probability 
level of P ≤ 0.05. (E) Proposed model for neutrophil 
activation during arteriogenesis: Increased shear stress, 
triggering arteriogenesis (Pipp et al., 2004), induces vWF 
release from ECs, which binds to platelet GPIbα 
(Chandraratne et al., 2015; Sadler, 2002) resulting in 
surface expression of P-selectin on platelets (Goto et al., 
2000). Subsequent PNA formation (Chandraratne et al., 
2015) mediated by binding of platelet P-selectin to   

neutrophil PSGL-1 is associated with uPA release (Plesner et al., 1994) to the cell surface and initiates neutrophil extravasation 
together with EC uPA (Reichel et al., 2011). (F) Co-culture of mast cells and activated neutrophils increased β-hexosaminidase activi-
ty, indicative for mast cell degranulation. The activity of control mast cells was set to 100 %. (*P ≤ 0.05, n=3 in duplicates).



Supplemental Experimental Procedures 

Murine hindlimb model of arteriogenesis 
Ligation of the right femoral artery was induced in 8-10 weeks old mast cell deficient (Mcpt5-Cre+ R-DTA) 
(Dudeck et al., 2011), GPIbα deficient (IL4-R/Iba mice) (Chandraratne et al., 2015), Nox2 deficient (Schulz et 
al., 2013), uPA deficient mice (Deindl et al., 2003) or corresponding wild type littermates as previously 
described (Limbourg et al., 2009). The left side was sham operated and served as control. SV129/S6 mice 
receiving the same surgical procedure were treated with Compound 48/80 to boost mast cell degranulation 
(McGowen et al., 2009), Diprotin A to boost mast cell recruitment (Juremalm et al., 2000; Zaruba et al., 2009), 
cromolyn to block mast cell degranulation (Vincent et al., 2013) (all from Sigma Aldrich) or SCF to boost mast 
cell maturation and activation (Oliveira and Lukacs, 2003) (Immuno Tools) as shown and described in Figure 7. 
10µl of uPA inhibitor UK122 (150mg/kg dissolved in DMSO, i.v., Santa Cruz) or solvent was given 1h before 
fal. The GPIbα-inhibiting Fab fragment or the specific control isotype Fab (Chandraratne et al., 2015) was 
administered immediately before ligation (150mg/kg, i.v.). Apocynin (Schulz et al., 2013) (50mg/kg/d) (Santa 
Cruz Biotechnology) or N-acetylcysteine (Tobar et al., 2010) (1g/kg/d) (Sigma Aldrich), respectively, was 
administered in drinking water starting 3 days before ligation. Neutropenia was induced by administration of 
neutrophil depleting antibody 1A8 (Drechsler et al., 2010) (100mg/kg, i.p.) (BioXcell) 2 days before ligation and 
again immediately after fal. Blinded analysis was performed when evaluating tissue samples from these 
experiments. 
 
Laser Doppler perfusion measurements 
Laser Doppler perfusion measurements and calculations of left leg to right leg ratio were performed as 
previously described (Limbourg et al., 2009; Pagel et al., 2012) using the Laser Doppler Imaging technique 
(MoorLDI 5061 and Moor Software Version 3.01, from Moor Instruments). 
 
Bone marrow transplantation 
For the bone marrow transplantation, 3 x 106 bone marrow cells of C57BL/6-Ly5.1 mice were injected into the 
tail vein of lethally irradiated (twice 600rads) Nox2-/- mice and vice versa. After 6 weeks, when a stable 
chimerism was guaranteed with flow cytometry analysis of CD45.1 and CD45.2 cell counts, the mice were used 
for femoral artery ligation and laser Doppler perfusion measurements. Furthermore, Nox2-/- mice received 
Nox2-/- bone marrow cells and C57BL/6-Ly5.1 mice received C57BL/6-Ly5.1 bone marrow cells, in order to 
rule out the possible influence of the transplantation on the experiments.    
 
qRT-PCR analyses 
Total RNA from collaterals was extracted with Trizol (Life technologies) and DNA digested with DNase I 
(Promega). 250ng of total RNA was reverse transcribed with the 1st Strand cDNA synthesis kit (Roche), and 
cDNA was diluted 1:5 in RNase free water. Quantitative PCR was performed with 1µl diluted cDNA using 
Power Sybr Green master mix (Life technologies) following manufacturer’s protocol and as previously described 
(Pagel et al., 2012) in a StepOnePlus light cycler (Life technologies). Specific amplification was controlled by 
melt curve analyses and expression level of MCP-1 was related to the expression levels of the 18S rRNA. On 
each template three independent qRT-PCR reactions were performed. The primer sequences were as follows: 
Egr-1, forward, 5’-CGAACAACCCTATGAGCACCTG-3’, reverse, 5’-CAGAGGAAGACGATGAAGCAGC-
3’; 18S rRNA, forward, 5‘-GGACAGGATTGACAGATTGATAG–3‘, 5’-CTCGTTCGTTATCGGAATTAAC–
3‘. 

Isolation of bone marrow mononuclear cells 
C57Bl6J (4-6) mice of 8-12 weeks were sacrificed by cervical dislocation: intact femurs and tibias were 
removed, and bone marrow cells were harvested by repeated flushing with minimal essential medium. Cells were 
cultured as described previously (Stassen et al., 2003). Characterization of cells was performed by flow 
cytometry analysis using anti-mouse c-kit antibody (CD117 from Invitrogen). 
 
Endothelial cells 
Mouse coronary endothelial cells were purchased from CellBiologics and cultured as described (CellBiologics 
Inc). 
 
Vascular smooth muscle cells 
Mouse vascular SMCs were isolated as described earlier (Kanse et al., 1997) and cultivated in Iscove’s modified 
medium containing 10% (v/v) heat-inactivated fetal calf serum, 10U/ml penicillin, 10g/ml streptomycin, and 
2mM L-glutamine. 
 



Cell proliferation assay 
Cell proliferation was determined by a colorimetric immunoassay, which based on the uptake of BrdU during 
DNA synthesis and the quantitative binding of a monoclonal anti-BrdU-antibody (Roche Diagnostics). Cells 
were cultivated in a 96-well microtiterplate. Subsequently, supernatants derived from mast cells treated for 1h 
with ionomycin (1µM, Sigma) or solvent were diluted in serum-free medium to a total volume of 100µl/well. 
After an incubation period of three days BrdU-incorporation was determined. 
 
Isolation of murine neutrophils and platelets 
Murine bone marrow cells were harvested from tibias and femurs of PSGL-1-/-, Nox2-/-, or corresponding wild 
type mice, respectively, and cultured as previously described (Walzog et al., 1999). Prior to experiments, 
neutrophils were washed and resuspended in Hank’s solution supplemented with 0.25% BSA and 0.1% glucose. 
Platelet rich plasma from citrated whole blood (wild type or P-selectin deficient mice) was obtained by 
centrifugation at 200g for 5min. Platelets were pelleted (450g, 10min) and resuspended in a buffer containing 
138mM NaCl, 2.7mM KCl, 12mM NaHCO3, 0.4mM NaH2PO4, 1mM MgCl2, 5mM D-glucose, 5mM Hepes, pH 
7.35. Neutrophil and platelet concentrations were measured in a Beckman Coulter (FL/USA) and adjusted to 
concentrations of 1x103/µl or 2x105/µl, respectively. 
 
Platelet-neutrophil interaction in vitro 
For flow cytometry or superoxide anion detection neutrophils were incubated with platelets in an 1:200 ratio at 
37°C for 10 or 30min, respectively. PNA formation or surface uPA on neutrophils was measured by flow 
cytometry (FACS Canto II, BD Biosciences) by incubating cells with FITC-labeled rat anti-mouse CD41 
antibody (Cat# 11-0411-81, eBioscience), the corresponding rat isotype control IgG1 FITC (Cat# 11-4301-81, 
eBioscience), anti-uPA rabbit polyclonal antibody (H140, Cat# sc14019, Santa Cruz; labelled with Alexa fluor 
488 labeling kit, life technologies), or the rabbit polyclonal isotype control (Cat# CTL-4112, Biolegend), 
respectively. Co-staining with an APC-labelled anti-Ly-6G antibody (Cat# 17-5931-81, eBioscience) was 
performed to identify the neutrophil population. To detect superoxide anion release neutrophil suspensions 
(Hank’s solution, 0.25% BSA, 0.1% glucose) were supplemented with 0.5mg/ml cytochrome C (Sigma) prior to 
incubation with platelets. Supernatants were transferred to a 96-well plate and absorbance was measured at 
550nm. To exclude reduction from radicals others than superoxide anions, samples supplemented with 200U/ml 
superoxide dismutase (SOD; Roche) were measured in parallel and values were subtracted from values without 
SOD. 
 
Co-culture of mast cells and neutrophils 
300 µl of human mast cells (HMC-1) were seeded into a 24 well plate (2 x 106 cells/ml) in RPMI medium 
without FCS. After 2 hours filter inserts with a pore size of 0.4 µm (BD Biosciences) containing either 100 µl of 
RPMI or 100 µl of freshly isolated human neutrophils (500000 cells) were placed above the mast cells. To 
activate neutrophils, phorbol 12-myristate 13-acetat (PMA, Sigma-Aldrich) was added to the neutrophils and as 
a control also to medium-containing filter inserts. 
After 3 hours, filter inserts containing medium or neutrophils were removed and supernatants of HMC-1 were 
used for β-hexosaminidase assay. In brief, supernatants were incubated with 26 mM citrate buffer (pH4.5) and 
2.3 mg/ml p-nitrophenyl N-acetyl-α-D-glucosaminide for 90 min at 37 °C. The reaction was stopped by adding 
0.4 mM glycine (pH 10.7), and the absorbance was measured at 405 and 570 nm using a multiplate reader.  
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KEY PO INT S

l Shear stress–induced
release of RNA from
endothelial cells is
crucial for initiation
of arteriogenesis
by controlling
mechanotransduction.

l Extracellular RNA is
essential for VWF
release from
endothelial cells
initiating the
inflammatory process
driving arteriogenesis.

Fluid shear stress in the vasculature is the driving force for natural bypass growth, a
fundamental endogenous mechanism to counteract the detrimental consequences of
vascular occlusive disease, such as stroke or myocardial infarction. This process, referred to
as “arteriogenesis,” relies on local recruitment of leukocytes, which supply growth factors
to preexisting collateral arterioles enabling them to grow. Although several mechano-
sensing proteins have been identified, the series of mechanotransduction events resulting
in local leukocyte recruitment is not understood. In a mouse model of arteriogenesis
(femoral artery ligation), we found that endothelial cells release RNA in response to in-
creased fluid shear stress and that administration of RNase inhibitor blocking plasma
RNases improved perfusion recovery. In contrast, treatment with bovine pancreatic RNase
A or human recombinant RNase1 interfered with leukocyte recruitment and collateral
artery growth. Our results indicated that extracellular RNA (eRNA) regulated leukocyte
recruitment by engaging vascular endothelial growth factor receptor 2 (VEGFR2), which
was confirmed by intravital microscopic studies in a murine cremaster model of in-
flammation. Moreover, we found that release of von Willebrand factor (VWF) as a result of

shear stress is dependent on VEGFR2. Blocking VEGFR2, RNase application, or VWF deficiency interfered with
platelet–neutrophil aggregate formation, which is essential for initiating the inflammatory process in arteriogenesis. Taken
together, the results show that eRNA is released from endothelial cells in response to shear stress. We demonstrate this
extracellular nucleic acid as a critical mediator of mechanotransduction by inducing the liberation of VWF, thereby initiating
the multistep inflammatory process responsible for arteriogenesis. (Blood. 2019;134(17):1469-1479)

Introduction
Vascular occlusive diseases are the leading cause of morbidity
and mortality worldwide. Interestingly, the human body has an
endogenous mechanism that can compensate for the loss of an
artery. Preexisting arteriolar connections can grow to form a
natural bypass, thereby substituting for the occluded vessel.1

Accordingly, much effort has been spent to unravel the mo-
lecular mechanisms of this process, called “arteriogenesis,” to
enable clinicians to promote this process in patients suffering
from myocardial infarction, stroke, or peripheral artery disease
(PAD). If successful, this would lead to a substitution for invasive
treatments, such as percutaneous luminal angioplasty, bypass
surgery, or even heart transplantation.

Intensive research over the last years revealed that arteriogenesis
relies on a local inflammatory process that is triggered by fluid
shear stress.2 Upon narrowing or occlusion of a feeding artery,
blood flow is redirected into preexisting arteriolar connections. In
these vessels, the subsequently increased fluid shear stress causes
an activation of the endothelium, followed by an inflammatory
cascade initiated by platelet receptor glycoprotein 1ba (GPIba)
and platelet–neutrophil aggregate (PNA) formation.3-5 Finally,
perivascular-recruited macrophages promote collateral artery
growth by a cytokine burst to restore blood flow.6

A mechanosensory complex consisting of platelet endothe-
lial cell adhesion molecule-1 (PECAM-1), the cell–cell adhesion
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receptor vascular endothelial cell (EC) cadherin, and vascular
endothelial growth factor receptor 2 (VEGFR2) has been identified
by in vitro studies, and results were confirmed in aortas of mice at
sites of disturbed blood flow prone to leukocyte recruitment and
atherosclerosis.7 However, the mechanisms of mechanosensing
of ECs are still incompletely understood.8 Other investigators
have shown that, in response to shear stress, ECs release ATP,
which activates the G proteins Gq- and G11-coupled purinergic
P2Y2 receptors, which are relevant for tyrosine phosphorylation
of PECAM-1.9 Subsequently, PECAM-1, which forms a complex
with vascular EC cadherin, recruits VEGFR2. Although the direct
blockade of VEGFR2 or antibodies directed against vascular en-
dothelial growth factor A (VEGFA) strongly interferes with arte-
riogenesis, the process is only marginally, if at all, promoted by
additional doses of VEGFA (for an overview see Jazwa et al10),
because endogenous VEGFA levels are not rate limiting in arte-
riogenesis.11 However, for proper arteriogenesis to occur, en-
hanced VEGFR2 signaling is required. This is mediated by the
nontyrosine kinase coreceptor neuropilin 1 (NRP-1),12 which is
capable of binding the VEGRA165 isoform of VEGFA, thereby in-
creasing the local plasma membrane concentration of VEGFA and
promoting its binding to VEGFR2.13-15 Interestingly, recent in vitro
studies from our group pointed to a role for heparin or extracellular
RNA (eRNA) in NRP-1–mediated activation of VEGFR2.16

Nucleic acids, which can be released upon cellular damage, are
not inert molecules but trigger diverse biological reactions. For
example, they are involved in innate immune reactions related
to bacterial killing by neutrophil extracellular traps,17 as well as
thrombus and edema formation.18,19 Recently, we were able to
demonstrate that eRNA promotes leukocyte recruitment and
extravasation in a murine cremaster model of inflammation,
identifying eRNA as a proinflammatory factor.20 Arteriogenesis is
a matter of innate immunity that involves recruitment of neu-
trophils, followed by mast cell activation and recruitment of
T cells and macrophages.4 Whether eRNA plays a role in arte-
riogenesis has never been investigated, and it was the topic of
the present study.

Materials and methods
Quantification of eRNA and LDH in vitro
Bovine aortic ECs (BAECs) were isolated from bovine aorta, as
described,21 and cultured in Dulbecco’s modified Eagle medium
containing 10% (volume-to-volume ratio) fetal calf serum. To
determine the release of cellular RNA, confluent BAECs were
washed twice with phosphate buffered saline (pH 7.4) and
maintained under static conditions or exposed to shear stress
(12 dyn/cm2) in fetal calf serum–free medium for 60 minutes in a
temperature-controlled cone-plate viscosimeter, as previously
described.22 Cell supernatants were removed and centrifuged
for 5 minutes at 200g to remove cells and cell debris. RNA was
isolated using a Master Pure RNA purification kit (Epicentre
Biotechnologies, Madison, WI) and quantified using Quant-iT
Technology (Invitrogen). Lactate dehydrogenase (LDH) was
determined in cell supernatants by measuring its activity using a
detection kit (Roche Diagnostics, Basel, Switzerland).

Animals and treatments
All experiments were performed in strict accordance with the
German animal legislation guidelines and were approved by the
Bavarian Animal Care and Use Committee. Mice were housed in

a temperature-controlled room on a 12-hour light-dark cycle and
were fed a standard laboratory diet. Our investigations were
performed with wild-type C57BL/6J mice (Charles River Labo-
ratories, Sulzfeld, Germany), which also served as controls for our
studies on intercellular adhesion molecule 1 (ICAM-1)–deficient
mice (Icam1tm1Jcgr),23whichwereagenerousgift fromC.Scheiermann
(Walter Brendel Centre of Experimental Medicine), and von
Willebrand factor (VWF)–deficient mice (B6.129S2-Vwf tm1Wgr/J).24

Because C57BL/6J mice show a high spontaneous blood flow
recovery rate, for RNase inhibitor treatment we used SV129 mice
(Charles River Laboratories), which show a relatively reduced
perfusion recovery.25

C57BL/6J mice were treated IV with bovine RNase A (Thermo
Fisher Scientific,Waltham,MA), active or inactive human RNase1
(both manufactured by ProteoGenix, Schiltigheim, France), or
DNase (Promega, Madison,WI), at a dose of 50mg/kg, dissolved
in saline starting 30 minutes before femoral artery ligation (FAL)
and then every other day until the end of the experiment.
To inhibit VEGFR2, mice were treated intraperitoneally with
semaxanib (Hycultec, Beutelsbach, Germany), 25 mg/kg per day
dissolved in dimethyl sulfoxide (DMSO), starting 1 day before
the surgical procedure. The highly selective blocking antibody of
VEGFR2, DC101 (Bio X Cell, West Lebanon, NH), was admin-
istered equally to semaxanib, at a dose of 20 mg/kg dissolved in
saline. SV129 mice were treated IV with 20 U RNase inhibitor
(Thermo Fisher Scientific) dissolved in saline immediately after
ligation and then daily until day 3 after ligation. To block mast cell
degranulation, mice were treated intraperitoneally with cromolyn
(Sigma-Aldrich, St. Louis, MO), 20 mg/kg per day dissolved in
DMSO, starting 3 days before ligation. The control groups of all
experimental set-ups were treated with the appropriate solvent.

Additional methods
For a detailed description of FAL, Laser-Doppler perfusion mea-
surements, tissue sampling, histology, immunohistology, flow
cytometry analyses, white blood cell counts, and intravital micros-
copy of the cremaster muscle please see supplemental Material
and methods (available on the Blood Web site).

Statistical analyses
Statistical analyses were calculated with GraphPad Prism 6
(GraphPad Software, La Jolla, CA). Data are mean 6 standard
error of the mean (SEM). Statistical analyses were conducted as
indicated in the figure legends. Results were considered sta-
tistically significant at P , .05.

Results
Fluid shear stress induces the release of eRNA
Collateral artery growth is locally induced by increased fluid
shear stress in arterioles bypassing a stenosed vessel. Because
arteriogenesis is not associated with cell damage at sites of
vessel growth, we wanted to investigate whether fluid shear
stress might trigger the release of RNA from ECs. Indeed, the
application of shear stress to primary ECs in culture resulted
in significantly increased levels of eRNA in cell supernatant
(Figure 1A). Because increased eRNA levels were not associated
with increased LDH activity (Figure 1B), these data indicate that
the eRNA was liberated from ECs as a result active release and
not cell damage.
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To investigate whether fluid shear stress might also be associ-
ated with release of eRNA in vivo, a fluorescently labeled an-
tibody directed against ribosomal RNA was administered IV
immediately after induction of arteriogenesis by FAL, making
use of the general property of antibodies not to enter cells.
Immunohistological analyses of cross-sections of adductor muscles
containing growing collaterals isolated 30 minutes after the
experimental procedure revealed decoration of the EC layer with
eRNA at its basolateral surface, an observation that was not made
in resting collaterals from the contralateral sham-operated side
(Figure 1C) or from control-treated animals (Figure 1D).

RNase, but not DNase or inactive RNase, treatment
interferes with arteriogenesis
To investigate whether extracellular nucleic acids might play a
role in arteriogenesis, mice were treated with bovine RNase A
or DNase using the FAL model. Following induction of arte-
riogenesis, RNase A but not DNase treatment provoked a sig-
nificant reduction in perfusion recovery in comparison with
saline-treated control mice (Figure 2A). In this context, it is im-
portant to mention that treatment of animals with RNase has no
toxic side effect (even when overdosed 20-fold), as demon-
strated by our previous in vivo studies.26,27 To examine whether
the reduction in perfusion recovery was due to eRNA degra-
dation by RNase or to an unknown function of RNase, mice were
treated with recombinant human active or inactive RNase1 (which
is the counterpart of bovine RNase A), respectively. Again, per-
fusion recovery was reduced in mice treated with active RNase1
but not in mice treated with inactive RNase1 (Figure 2B). More-
over, our histological analyses revealed a significant reduction in
the luminal diameter of growing collaterals in mice treated with
RNase A or active RNase1 but not in mice treated with inactive
RNase1 (Figure 2C-D).

Because exogenously administered RNA is rapidly degraded
by endogenous RNase in blood28 and is suitable for acute, but
not chronic, in vivo experiments, such as arteriogenesis20 (see
"Discussion"), mice were treated with RNase inhibitor to fully
block any endogenous RNases to protect eRNA against deg-
radation. In vitro RNase inhibitor showed no signs of toxicity to
induce the release of LDH (supplemental Figure 1A-C) at con-
centrations used for the in vivo experiments (10 U/mL). In vivo,
the administration of RNase inhibitor significantly increased
perfusion recovery after FAL, suggesting that an increase in
eRNA bioavailability improves arteriogenesis (supplemental
Figure 1D). Together, these results confer a decisive role for
eRNA in the process of fluid shear stress–induced arteriogenesis.

RNase treatment interferes with neutrophil
extravasation and mast cell activation
To investigate whether eRNA plays a role in the previously
identified pathway of perivascular macrophage accumulation
during collateral artery growth,4 we investigated leukocyte re-
cruitment andmast cell activation in the process of arteriogenesis.
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Figure 1. In vitro and in vivo analysis of eRNA release. (A) eRNA levels were
measured in supernatant of BAECs, with or without shear conditions of 12 dyn/cm2

for 60 minutes. (B) The levels of LDH (expressed as percentage of total) were
measured in the same supernatants of the BAECs, exposed to shear or under static
conditions. Data are mean6 SEM; n5 6 per group. (C-D) Representative fluorescent
immunohistological pictures of collaterals of mice 30 minutes after induction of
arteriogenesis (occ) or sham operation. To visualize collaterals, tissue samples were
stained with an antibody against CD31 (red) depicting ECs. Nuclei were counter-
stained with 49,6-diamidino-2-phenylindole. The dashed lines in the magnified

Figure 1 (continued) images (right panels) delineate the outer border of the vessels
of the smooth muscle cells. A specific signal for the IV applied fluorescently labeled
antibody against ribosomal RNA (green) was found at the abluminal side of ECs of
growing collaterals (occ, upper panel), but not of resting collaterals (sham, lower
panel) (C), or control mice (D). Scale bars, 20 mm. *P , .05, unpaired Student t test.
n.s., not significant.
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Compared with control, treatment of mice with RNase A or active
RNase1 resulted in a significant reduction in the number of infil-
trated neutrophils (CD451/Gr11/CD1152) at day 1 following in-
duction of arteriogenesis (Figure 3A-D). This was accompanied
by a reduced number of degranulating mast cells in the

perivascular space of growing collateral arteries and was com-
parable with treatment using the mast cell stabilizer cromolyn
(Figure 3E). In contrast, administration of inactive RNase1 did not
have an influence on neutrophil recruitment or on mast cell
degranulation (Figure 3C-E), confirming that eRNA plays a role in
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Figure 2. RNase treatment decreases perfusion recovery and vessel growth. (A-B) Laser Doppler perfusion measurements (upper panels) and corresponding flux images
(lower panels) of mice treated as indicated. The perfusion was calculated using occluded/sham (right to left) ratios before the surgical procedure, immediately after the surgical
procedure, and at days 3 and 7 after surgery (n5 6). Representative flux images are shown for days 3 and 7. (C) The dot plots show the inner luminal diameter of mice treated with
saline, RNase A, or recombinant inactive or active human RNase1 7 days after the surgical procedure (n 5 6 per group). Data are mean 6 SEM. The dashed horizontal line
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neutrophil-related mast cell activation. At day 3 following RNase
A treatment, reduced numbers of infiltrated macrophages
(CD451/F4/801) were seen, in line with the function of activated
and degranulated mast cells in the promotion of perivascular
accumulation of macrophages (Figure 3F-H). The parallel anal-
yses of blood samples on day 1 and day 3 revealed that RNase A
treatment had no influence on the number of circulating leu-
kocyte subsets (Figure 3I-J). This indicates that RNase treatment
exclusively affected perivascular leukocyte recruitment but not
their mobilization from the bone marrow.

VWF release from ECs is dependent on eRNA
and VEGFR2
It has been shown in vitro and in vivo that VWF is released from
ECs as (ultra-)large multimers under conditions of increased
shear stress.29,30 VWF provides a major ligand for platelet re-
ceptor GPIba, mediating effective platelet adhesion, particularly
under high fluid shear stress.29,31 In addition to other mecha-
nisms, it is well described that VEGFA induces VWF release from
endothelial Weibel-Palade bodies (WPBs) by activating the
cognate VEGFR2.32 Therefore, we asked whether VEGFR2 is
relevant for VWF release under conditions of increased shear
stress during arteriogenesis and whether eRNAmight play a role
in this process.

Administration of the VEGFR2 inhibitor semaxanib (SU5416)
significantly interfered with perfusion recovery and collateral
artery growth (Figure 4A-D), confirming previous results.10 To
investigate whether VWF is released from collateral ECs during
the process of arteriogenesis, we again took advantage of the
properties of antibodies not to be able to enter cells and ad-
ministered an IV antibody against VWF 30minutes prior to tissue
sampling. Our immunohistological analyses performed on tissue
samples isolated 2 hours after the surgical procedure showed
that induction of arteriogenesis resulted in the release of VWF
from ECs of growing collateral arteries (Figure 4E-F). This release
process was almost completely abolished when mice were pre-
treated with semaxanib, a VEGFR2-blocking antibody (DC101), or
RNase A (Figure 4E-F).

eRNA and VEGFR2 play a crucial role in
PNA formation
We have previously shown that platelet activation by platelet
receptor GPIba, followed by PNA formation, is a prerequisite for
mast cell degranulation in the context of arteriogenesis.4 In the
course of the present study, treatment of mice with RNase A or
with the VEGFR2 blocker semaxanib, as well as VWF deficiency,
significantly interfered with PNA formation. These data indicate
that the process of arteriogenesis is dependent on VWF release
mediated by activation of VEGFR2 involving eRNA (Figure
5A-C). Under these experimental conditions, the numbers of pe-
ripheral blood neutrophils and platelets were not altered (Figure
5D-E), suggesting that the reduced PNA formation in differently
treated mice was not due to a reduced bioavailability of 1 of the
PNA components.

eRNA initiates mast cell–mediated macrophage
recruitment and vascular cell proliferation
The administration of RNase A or semaxanib, as well as a VWF
deficiency, in mice also significantly interfered with mast cell
degranulation without influencing mast cell recruitment per
se (supplemental Figure 2), accounting for an eRNA-induced

signaling pathway of mast cell activation. The treatment of mice
with RNase A or semaxanib interfered with perivascular M1-
polarized (CD681MRC12) and M2-polarized (CD681MRC11)
macrophage accumulation (supplemental Figure 3). Compara-
ble results were obtainedwithmice that were deficient for ICAM-
1 (an endothelial adhesion receptor whose increased expression
is dependent on enhanced VEGFR2/NRP-1 signaling33), which is
upregulated during arteriogenesis34 and is relevant for mono-
cyte adhesion during collateral artery growth,35 as well as in mice
that were treated with the mast cell degranulation blocker
cromolyn (supplemental Figure 3). These latter results are in
line with our previous data showing that mast cell activation/
degranulation is essential for perivascularmacrophage recruitment
in arteriogenesis.4 Moreover, reduced perivascular macrophage
accumulation under the same experimental settings was associ-
ated with a reduced proliferation of collateral artery ECs and
smooth muscle cells after induction of arteriogenesis (supple-
mental Figure 4). These findings underline the relevance of
leukocytes as a source of growth factors and cytokines for the
process of arteriogenesis.36,37

eRNA mediates VEGFR2-induced inflammation
To further confirm our data that eRNA is essential for VEGFR2-
promoted inflammation and to investigate the relevance of our
findings, an acute murine trauma model (cremaster model) of
inflammation was included.20 Intrascrotal injection of RNA in-
duced leukocyte adhesion to a comparable level as did tumor
necrosis factor a (TNF-a), which was used as a positive control.
The blockade of VEGFR2 by semaxanib significantly interfered
with eRNA-induced, but not with TNF-a–promoted, leukocyte
adhesion (Figure 6A). Interestingly, when TNF-a was applied the
rolling flux fraction was reduced, although not significantly.
However, due to as yet unknown reasons this was not the case
when eRNA was administered (Figure 6B). Together, our data
confirm that eRNA provides its proinflammatory action via
VEGFR2 and highlight the relevance of our findings for shear
stress–induced arteriogenesis, as well as for acute and chronic
inflammatory processes in general. However, our data also point
to VEGFR2-independent mechanisms of inflammation because
TNF-a–induced leukocyte recruitment was not influenced by
VEGFR2 blockage.

Discussion
Arteriogenesis is a fluid shear stress–triggered process that is
strongly dependent on local leukocyte recruitment. Previous
studies identified several signaling processes that are involved
in transducing shear stress–mediated effects. However, how
leukocytes are locally recruited to sites of sterile inflammation is
not clear. In the present study, we identified several missing links
in translating fluid shear stress, the triggering force for arterio-
genesis, to leukocyte recruitment, thereby promoting collateral
artery growth. This allows us to plot the circle of complex
mechanisms of cellular and molecular chain reactions in arterio-
genesis (Figure 7). In particular, we show that shear stress triggers
the release of RNA from preexisting collateral arteries. eRNA, in
turn, acts as a mechanotransducer provoking the release of VWF,
which subsequently initiates the local inflammatory cascade
mediating collateral artery growth.

Nucleic acids and, in particular, RNA, as a result of its extra-
nucleic localization, have been described to be released from
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Figure 3. RNase treatment reduces leukocyte infiltration and mast cell degranulation. (A-D,F-H) Quantitative analyses, using flow cytometry, of infiltrated leukocytes in
adductor muscles isolated at day 1 or 3 after induction of arteriogenesis via FAL. Scatter plots show the percentages of CD451 cells (A,C,F), CD451/Gr11/CD1152 cells (B,D,G),
and CD451/F4/801 cells (H) in adductor muscles from mice treated with saline or RNase A (A-B,F-H) or from mice treated with saline, recombinant inactive human RNase1, or
recombinant active human RNase1 (C-D). Analyses were performed at day 1 (A-D) and day 3 (F-H) after FAL. (E) The scatter plot shows the number of degranulated mast cells in
the perivascular space of growing collaterals at day 3 after induction of arteriogenesis in mice treated with saline, RNase A, recombinant active or inactive human RNase1, or the
mast cell stabilizer cromolyn, as evaluated onGiemsa-stained tissue sections. Counts of white blood cell (WBC) populations in blood samples drawn frommice at day 1 (I) or day 3
(J) after induction of arteriogenesis by FAL and saline or RNase A treatment. Data are mean 6 SEM. n 5 6 mice per group (A-D,F-J), n . 10 mice per group (E). The dashed
horizontal line in the scatter plots indicates the mean sham value. *P, .05, unpaired Student t test (A-B,F-J), 1-way ANOVA with the Bonferroni multiple-comparison test (C-E).
Lymph, lymphocytes; Mono, monocytes; Neut, neutrophils.
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Figure 4. RNase treatment and VEGFR2 blockade interferewith VWF release during arteriogenesis. Laser Doppler perfusionmeasurements (A) along with corresponding
flux images (B) of DMSO (solvent)-treated mice compared with semaxanib-treated mice. The perfusion recovery was calculated by the occluded/sham (right to left) ratio before
the surgical procedure, immediately after the surgical procedure, and 3 days and 7 days after ligation. Representative flux images of the Laser Doppler perfusion measurements
are shown for day 3 and day 7. The scatter plot shows the inner luminal diameter of mice treated with DMSO or semaxanib 7 days after FAL (C) along with representative Giemsa
stains of evaluated tissue samples (D). Scale bars, 20 mm. (E) The scatter plot shows the amount of luminal VWF (as calculated by quantifying the mean green fluorescence
intensity per luminal area) in mice treated with saline, DMSO, RNase A, semaxanib, or DC101 (antibody blocking VEGFR2) 2 hours after FAL. (F) Representative immuno-
histological stains of evaluated collateral arteries. ECs of growing collaterals are strongly decorated with VWF on their luminal surface (green dots; top and middle left panels);
this is not visible in the other panels (saline sham, RNase A occ, semaxanib occ, or DC101 occ). Scale bars, 10 mm. Insets show magnifications of collateral arteries in boxes. Data
are mean6 SEM. n5 6 per group (A-B), n. 10 per group (C-D), n5 3 per group (E-F). The dashed horizontal line in the scatter plots indicates the mean sham value. *P, .05,
2-way ANOVA with the Bonferroni multiple-comparison test (A), unpaired Student t test (C), 1-way ANOVA with the Bonferroni multiple-comparison test (E).
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cells as a result of damage.38 However, nucleic acids can be
actively released from cells, as shown for neutrophils forming
neutrophil extracellular traps.17,39 Here, we show that fluid
shear stress provides a trigger for the release of eRNA from
ECs, although the exact mechanism of liberation remains to
be elucidated. Depending on the cell type and the agonist
used, eRNA can be released as free RNA or in association with
microvesicles40,41 (S.F. and K.T.P., unpublished observations).
In the case of arteriogenesis, it appears that mainly free
ribosomal RNA is released as eRNA from ECs, because this
tissue-associated eRNA was stained by a specific antibody or
became readily degraded by administered RNase. In contrast,
microvesicle-entrapped eRNA would not be recognized by an
IV-administered antibody or RNase.40 The identified proin-
flammatory mechanisms that allow eRNA to act as a danger-
associated molecular pattern apply for shear stress–induced
arteriogenesis, as well as for acute and chronic inflammatory
processes in general, as documented previously.41,42 In fact,
ribosomal RNA makes up .80% of cellular RNA and constitutes
the majority of RNA released, once a cell becomes stressed or
damaged. In earlier reports, eRNA has been described as a
damaging factor in cardiovascular pathologies, and it was
demonstrated that administration of RNase1 interfered with the
adverse effects of eRNA.42,43 In sharp contrast, the present study
strongly indicates that endogenous eRNA serves as a potent
mechanotransducing and inflammatory factor that is necessary
for effective natural bypass growth. Administration of active
RNases (bovine pancreatic RNase A or human recombinant
RNase1), but not the inactive endonuclease or DNase, strongly

reduced the process of collateral artery growth, pointing to
eRNA as a key factor in arteriogenesis. Although one might
expect RNase1 to have cytotoxic side effects, RNase1 has been
demonstrated to exert its activity exclusively outside of cells.44

So far, no distinct receptor for RNase1 has been identified,45 and
despite the fact that the enzyme might enter cells by endocy-
tosis,46 it is rapidly inactivated by the high cytosolic concen-
trations of RNase inhibitor.47,48 In accordance with the function of
eRNA as a driving force in arteriogenesis and the counteracting
activity of vascular RNases, the bioavailability of eRNA and, hence,
the perfusion recovery could be enhanced by administration of
RNase inhibitor in the mouse FAL model to abrogate the en-
dogenous RNases and to prevent rapid eRNA degradation.

In a murine cremaster model of inflammation, we recently
demonstrated that eRNA promotes leukocyte recruitment and
extravasation as strongly as does TNF-a.20 The process of
arteriogenesis follows the different steps of a sterile inflamma-
tory pathway. Using the same hindlimb model of arteriogenesis
as used here, we demonstrated that arteriogenesis is depen-
dent on activation of the platelet receptor GPIba,3 which results
in PNA formation causing extracellular superoxide anion and,
hence, reactive oxygen species formation of neutrophils. After
extravasation, neutrophil-derived reactive oxygen species acti-
vate mast cells, which, in turn, recruit monocytes, which, in the
form of perivascular macrophages, promote arteriogenesis by
delivering growth factors and cytokines.4 The ligands for GPIba
are manifold,49 and the question about which factor activates the
receptor in response to fluid shear stress, resulting in arteriogenesis,
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Figure 5. VWF is essential for PNA formation in the process of arteriogenesis. Following induction of arteriogenesis at day 1, whole blood was drawn from wild-type mice
treated with saline or RNase A (A) or with DMSO or semaxanib (B) or from VWF-deficient (VWF KO) mice and their respective controls (C) and analyzed using flow cytometry. The
scatter plots show the percentage of PNAs relative to the total number of neutrophils. Platelets were detected by a CD41 antibody, and neutrophils were identified by CD11b
andGr-1 antibodies. The dashed horizontal line indicates themean sham value. For comparison, blood neutrophils (D) and platelets (E) were quantified in wild-typemice treated
with saline, RNase A, DMSO, or semaxanib, as well as in VWF-deficient (VWF KO) mice and untreated wild-type mice (Control). Data are mean 6 SEM. n 5 6 per group (A-C),
n 5 3 per group (D-E). *P , .05, unpaired Student t test.
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remained open. Here, we show that deficiency of VWF strikingly
interfered with PNA formation without affecting the number of
platelets or neutrophils in peripheral blood, identifying VWF as a
relevant factor for GPIba activation.

Interestingly, PNA formation in the arteriogenesis model did not
create any prothrombotic situation that would be detrimental for
the blood flow reconstitution in growing collaterals. We did not
observe any thrombus formation in the growing collaterals,
possibly because of the high shear rate–dependent increased
production of nitric oxide and prostacyclin in these vessels,
thereby blocking platelet aggregation and subsequent fibrin
formation.5,30,31,50-54 Moreover, under these conditions, ultralarge
VWF multimers may become degraded by ADAMTS13,30,31,52

resulting in a transient, but not firm, adhesion of platelets to the
endothelium of growing collaterals.3 Yet, further investigations are
needed to address this issue in more detail.

Shear stress has been closely correlated with VWF release and
action.29,31 Again, a variety of agonists, among them VEGF and
TNF-a, have been described to induce WPB exocytosis; how-
ever, the mechanisms relevant for shear stress–triggered release
of VWF from WPBs remained to be elucidated.55-57 Our results
revealed that blocking VEGFR2 interfered with VWF release and
subsequent PNA formation, mast cell activation, leukocyte re-
cruitment, and, finally, the process of arteriogenesis. Similar ef-
fects were seen upon treatment of mice with RNase A. It has
previously been shown that mutation of Tyr1175 in the C terminus
of VEGFR2 abolished VWF release from ECs in vitro.32 For the

process of arteriogenesis, it was demonstrated that NRP-1, the
coreceptor of VEGFA, which is essential for enhancing VEGFR2
signaling, is required for VEGFR2 Tyr1175 phosphorylation, thereby
playing a profound role in the process of collateral artery
growth.12 Moreover, we have shown in vitro that eRNA initiates
the binding of VEGFA to NRP-1, thereby increasing the local
concentration of VEGFA relevant for proper binding of the cy-
tokine to VEGFR2 and Tyr1175 phosphorylation.16 In the present
study, we observed an intense immunostaining for eRNA at the
abluminal site of ECs in growing collaterals. Although we cannot
exclude that eRNA was removed during the process of perfusion
fixation of the tissue or as a result of degradation of eRNA by
RNases in blood circulation, our data are in line with immuno-
cytochemical data localizing VEGFA at the abluminal plasma
membrane of ECs in vivo58 and corresponding to the anticipated
distribution of VEGFRs and VEGFR2 activity.59,60

To follow these leukocyte-dependent reactions and to provide
proof-of-principle data in the context of arteriogenesis, exper-
iments were performedwith eRNA in the acutemurine cremaster
vasculature model of acute inflammation, because in vivo ad-
ministration of eRNA would not be suitable for chronic experi-
ments, such as the FAL model. Our results showed that blocking
VEGFR2 strictly interferes with eRNA-induced, but not with
TNF-a–induced, leukocyte recruitment, confirming that the in-
flammatory properties of eRNA are mediated by VEGFR2. Nev-
ertheless, eRNA is also likely to be involved in TNF-a–related
inflammation. We have previously demonstrated that the in-
creased bioavailability of TNF-a in arteriogenesis is dependent on
mast cell degranulation,4 and our current results suggest that
the relevant signal transduction cascade resulting in mast cell
degranulation is initiated by eRNA. Finally, it has been described
that eRNA liberates TNF-a from macrophages in a TNF-a–
converting enzyme–dependent manner.41 However, eRNA sig-
naling seems to have an even broader relevance for inflammatory
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Figure 6. eRNA activates VEGFR2 in a murine cremaster model of inflammation
activation. In a cremaster model of inflammation, adherent leukocytes (A) and the
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Figure 7. The circle of arteriogenesis. Upon occlusion of a feeding artery, blood
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Because of the increased blood flow, collaterals experience increased shear stress,
which results in release of RNA from ECs. eRNA acts as mechanotransducer
provoking EC activation. Activated ECs release VWF from their WPBs, which
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processes. The facts that P-selectin is concomitantly released
with VWF from WPBs and translocated to the cell surface,61-64

and that increased expression of ICAM-1 is dependent on
enhanced VEGFR2 signalingmediated by engagement of NRP-
133 suggest that eRNA might also have a function in rolling and
firm adhesion of leukocytes. These assumptions are in line with
our previous findings on RNA stimulation of cremaster muscle
vessels.20

Taken together, our work identified eRNA, released as a result of
shear stress, as a relevant factor mediatingmechanotransduction
and, thereby, initiating the inflammatory response triggering
natural bypass growth. However, the discussed mechanisms
of eRNA-mediated inflammation are likely to apply to shear
stress–driven leukocyte recruitment, as well as to other chronic
and acute types of inflammation in which RNA is released be-
cause of cell damage, conferring a major role for eRNA in innate
immune reactions.
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SUPPLEMENTAL MATERIAL AND METHODS 

 
Femoral artery ligation, Laser-Doppler perfusion measurements and tissue sampling 
Arteriogenesis was induced in 6-8 weeks old male mice by unilateral femoral artery ligation 
(FAL) of the right femoral artery while the left femoral artery was sham operated (sham) as 
previously described.1,2 For every surgical procedure mice were anesthetized with a combination 
of fentanyl (0.05 mg/kg, CuraMED Pharma, Karlsruhe, Germany), midazolam (5.0 mg/kg, 
Ratiopharm GmbH, Ulm, Germany) and medetomidine (0.5 mg/kg, Pfister Pharma, Berlin, 
Germany). Hindlimb perfusion measurements were performed using the Laser-Doppler Imaging 
(LDI) technique (Moor LDI 5061 and Moor Software Version 3.01, Moor Instruments, Remagen, 
Germany) under temperature-controlled conditions from 36 °C to 38 °C. Measurements were 
performed before ligation (baseline), directly after ligation and 3 or 7 days after FAL. A defined 
region of interest (ROI) was charted over each hindlimb from the ankle to the toes of each animal 
and all areas (ROIs) were chosen equal in size (0.50 cm2) for all animals (Supplemental Figure 
5). Later, the software processed a flux mean value and the perfusion was calculated by flux 
means of right-to-left (ligated-to-sham operated) ratios. Prior to tissue sampling for histological 
analyses mice were perfused with adenosine buffer (1% adenosine (Sigma-Aldrich, St. Louis, 
MO), 5% bovine serum albumin (BSA, Sigma-Aldrich), dissolved in phosphate buffered saline 
(PBS, PAN Biotech, Aidenbach, Germany, pH 7.4)) to assure maximal vasodilation3, followed 
by perfusion with 3% paraformaldehyd (PFA, Merck, Darmstadt, Germany) (for 
cryopreservation), or 4% PFA (for paraffin embedding) in PBS, pH 7.4. 

Histology and immunohistology 
For all histological- and immunhistological analyses two superficial collateral arteries of mice 
were analyzed (Supplemental Figure 6). 
eRNA staining: Mice received intravenously Alexa fluor 488 labeled rRNA antibody Y10b 
(Novus Biological, Centennial, CO, USA) (2mg/kg) immediately after FAL. Mice were 
sacrificed 30 min after FAL and tissue samples were harvested and cryopreserved. 8-10µm thick 
cryosections were incubated with anti-CD31-Alexa fluor 647 antibody (BioLegend, San Diego, 
CA, USA) (dilution 1:50) overnight at 4 °C to stain endothelial cells and counter-stained with 
4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, Waltham, MA, USA) (dilution 
1:1000) for 20 min at room temperature (RT) to detect nuclei. Images were captured with a Zeiss 
fluorescent microscope (Carl Zeiss AG, Feldbach, Switzerland) and analyzed by AxioVision 
software (Carl Zeiss AG).  
vWF Staining: Mice were treated intravenously with vWF antibody (Dako Denmark/Agilent 
Technologies, Santa Clara, CA, USA) (800µg/kg, dissolved in PBS) 30 min before tissue 
sampling. Two hours after FAL, tissue samples were harvested and cryopreserved. 10 µm thick 
cryosections were stained with Alexa fluor 488 conjugated secondary antibody (Abcam, 
Cambridge, United Kingdom) (dilution 1:200) for 1h at RT. For endothelial cell staining the anti-
CD31-Alexa fluor 647 antibody (BioLegend) (dilution 1:50) was used followed by DAPI 
counter-staining. The imaging was done using a LSM 700 laser scanning confocal microscope 
(Carl Zeiss AG). For a quantitative analysis of vWF the mean luminal fluorescence intensity was 
measured with ZEN software (Carl Zeiss AG).  
Macrophage Staining: Cryosections were stained for MRC1 (Abcam) and CD68 (Abcam) as 
previously described.4 The perivascular macrophages were counted around the two main 



 

 
 

superficial collateral arteries using a Leica (DM6 B) fluorescence microscope (Leica 
Microsystems, Wetzlar, Germany).  
Bromodesoxyuridine (BrdU) staining: Mice were treated daily with BrdU (Sigma-Aldrich) (1.25 
mg dissolved in 100 Pl PBS, i.p.) for 6 consecutive days starting directly after the surgical 
procedure. Cryosections were incubated for 5 min with 2M HCl in order to denature DNA, and 
thereafter with an anti-BrdU antibody (Abcam) (dilution 1:50) at 4 °C overnight. This was 
followed by incubation with Alexa fluor 488 conjugated secondary antibody (Abcam) (dilution 
1:200) for 20 min at RT, and an anti-CD31-Alexa fluor 647 antibody (BioLegend) (dilution 
1:50), which was used to visualize the endothelial cell layer, followed by DAPI stain. Imaging 
was done using a Leica (DM6 B) fluorescence microscope (Leica Microsystems). Giemsa 
staining on paraffin embedded tissue samples was performed according to standard procedures. 
Slices were analyzed with an Axioscope 40 (Carl Zeiss AG). The inner luminal diameter of the 2 
main superficial collateral arteries was determined by measuring the area of the lumen and 
calculating the diameter of the coextensive circle by AxioVision software (Carl Zeiss AG). 
Giemsa stained tissue sections were also used to investigate perivascular mast cell accumulation 
and degradation. Mast cells were counted at 24 h and at day 3 after FAL. 

Flow cytometry analyses of digested muscles 
Mice were perfused with 3-5 ml saline using an aortic catheter and adductor muscles were 
isolated. Individual muscles were cut into small pieces with a scissor and digested with 
collagenase II (Collagenase II, Biochrom GmbH, Berlin, Germany) (2mg/ml, in PBS/1%BSA) at 
37 °C for 90 min to 2 hours. The suspensions were then filtered with PBS/1%BSA using a 70 Pm 
cell-restrainer (Greiner Bio-One, Kremsmünster, Austria). After centrifugation (160 x g, 10 min, 
RT) the cell pellets were washed with PBS/1%BSA and after a second centrifugation, dissolved 
in PBS/1%BSA. Surface staining was conducted using antibodies against CD45 (dilution 1:100), 
Gr-1 (dilution 1:200) (both BD Bioscience, San Jose, CA, USA), F4/80 (dilution 1:40), CD11b 
(dilution 1:100), CD115 (dilution 1:333) (all eBioscience/Thermo Fisher Scientific) for 15 min at 
RT. The samples were washed with lysing solution (FACS Lysing solution, BD Bioscience), 
centrifuged (225 x g, 5 min, RT) and the pellets were resolved in PBS/1%BSA for analysis by 
flow cytometry (Galios Flow Cytometer, Beckman Coulter, CA, USA) using Kaluza Analysis 
Software (Beckman Coulter) (for gating strategy and representative pictures see Supplemental 
Figure 7).  

Flow cytometry analyses of whole blood 
Whole blood collection was performed by cardiac puncture, the blood was anticoagulated with 
heparin (Ratiopharm GmbH, Ulm, Germany) and immediately diluted with 2 ml lysing solution 
(BD Bioscience). Thereupon, the blood was centrifuged (300 x g, 5 min, RT). Cell pellets were 
incubated with antibodies against CD11b (dilution 1:300), CD115 (dilution 1:300), CD41 
(dilution 1:400), Gr-1 (dilution 1:800) (all BioLegend), (all diluted in 100µl PBS/1%BSA) for 20 
min at 4 °C. The samples were washed with PBS (PAN Biotech) and centrifuged again (300 x g, 
5 min, RT). The cell pellet was dissolved in PBS/1%BSA for analysis by flow cytometry (Galios 
Flow Cytometer, Beckman Coulter) using Kaluza Analysis Software (Beckman Coulter). 

White Blood Cell Counts 
Blood samples were withdrawn by cardiac puncture and collected in ethylenediaminetetraacetic 
acid (EDTA)-tubes (SARSTEDT, Nümbrecht, Germany) in order to avoid coagulation. White 



 

 
 

blood cell counts were investigated employing a Hematology analyzer Indexx ProCyte Dxt 
(Indexx Laboratories, Westbrook, ME, USA). 

Intravital microscopy of the cremaster muscle 
To analyze leukocyte rolling and adhesion, we performed intravital microscopical studies on a 
murine cremaster model as previously described.5 Mice were treated with Semaxanib (4mg/kg 
i.p.) dissolved in DMSO, or DMSO alone (control) 1 day as well as 3 h before analyses. Two 
hours before analyses both groups were either treated with TNFα (R&D, Minneapolis, MN, 
USA) (500 ng, intrascrotal (i.s.)), or 15 μg of total cellular RNA (i.s.) (isolated from skeletal 
muscles of another mouse according to the method of Chomczynski and Sacchi)6. Mice were 
anesthetized with a combination of fentanyl (0.0015 mg/kg, CuraMED Pharma, Karlsruhe, 
Germany), midazolam (0.15 mg/kg, Ratiopharm GmbH, Ulm, Germany) and medetomidine 
(0.015 mg/kg, Pfister Pharma, Berlin, Germany. Analyses were recorded using a CCD camera 
system (model CF8/1; Kappa, Gleichen, Germany) on a Panasonic S-VHS video recorder.  

Cytotoxicity of Recombinant Ribonuclease Inhibitor 
Primary human umbilical vein endothelial cells (HUVEC) were prepared and cultured as 
described.7 The endothelial cell line EA.hy926 and the fibrosarcoma cell line HT1080 were 
purchased from American Type Culture Collection (ATCC) and cultured as described by the 
supplier. Cytotoxicity of treatments with Recombinant Ribonuclease Inhibitor (Thermo Fisher 
Scientific) to cells was determined by measuring the activity of released lactate dehydrogenase 
(LDH) in cell supernatants. After treatments, cell supernatants were removed, centrifuged for 10 
min at 300 g to remove cell debris, and LDH activity was measured by using the detection kit 
from Roche Diagnostics (Basel, Switzerland). All values were referred to the LDH activity 
measured after treating cells with 0.1 % (v/v) Triton X100, which was set to 100 %. 
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Supplemental Figure 1. RNase Inhibitor Improves Perfusion Recovery 
Cytotoxicity tests of RNase Inhibitor: (A) HUVEC, (B) HT1080- or (C) EA.hy926-cells were treated with different 
concentrations of RNase Inhibitor for 24 h. Afterwards, LDH activity in supernatants was determined and referred to the 
LDH activity measured after treating cells with 0.1 % Triton X100, which was set to 100 %. Data are means±s.e.m, n=3. 
*P<0.05 (different concentrations vs 0 U/ml RNase Inhibitor group), from one-way ANOVA with Bonferroni’s multiple 
comparison test. (D) Laser Doppler Imaging perfusion measurements of SV129 mice treated with Saline or RNase 
Inhibitor. The perfusion was calculated by means of occ to sham (right to left) ratios before, immediately after the surgical 
procedure, and at day 3 and 7 after surgery. Data are means±s.e.m., n=5 per group. *P<0.05 (Saline vs RNase Inhibitor 
treated group), from two-way ANOVA with Bonferroni’s multiple comparison test.
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Supplemental Figure 2. RNase A as 
well as Cromolyn and Semaxanib 
Treatment Inhibit Mast Cell Activation 
alike vWF-Deficiency
The scatter plots show the number of (A) 
all perivascular mast cells, or (B) of  
degranulated perivascular mast cells during 
the process of arteriogenesis (occ) or in 
resting collateral arteries (sham) at day one 
after the procedure. (C) Representative 
pictures of analyzed Giemsa stained tissue 
samples. The upper picture (occ) shows a 
degranulated mast cell (black rectangle, 
zoom) in the perivascular space of a 
growing collateral artery; the lower picture  
(sham) a non-degranulated mast cell (grey 
rectangle, zoom) next to a resting collateral. 
Scale bars 20µm. The number of all 
perivascular mast cells and degranulated 
mast cells was moreover quantified in mice 
either treated with (D, G) RNase A and 
Cromolyn, or (E, H) Semaxanib, or (F, I) 
in mice deficient for vWF, as well as their 
respective controls (Saline, DMSO or 
untreated wild-type mice (control)). Data 
are means±s.e.m., n>10 per group. 
*P<0.05 (occ vs sham group; RNase A vs 
Cromolyn vs Saline-treated group; 
Semaxanib vs DMSO-treated group;  
vWF deficient vs untreated wild-type 
mice) from (A, B, E, F, H, I) unpaired 
student’s t-test or (D, G) one way 
ANOVA with Bonferroni’s multiple 
comparison test. (D-I) The dotted line 
indicates the mean sham value for each 
scatter plot.
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Supplemental Figure 3. RNase A as well as Semaxanib Treatment Interfere with Perivascular 
Macrophage Accumulation

The scatter plots show the number of perivascular macrophages (CD68+MRC1- and CD68+MRC1+) 
around growing collaterals of mice treated with (A, B) RNase A, or (C, D) Semaxanib, or (E, F) in 
ICAM-1-deficient mice, or of mice treated with (G, H) Cromolyn, or their respective controls (Saline, 
DMSO or untreated wild-type mice (control)) at day 7 after induction of arteriogenesis via FAL. Data 
are means±s.e.m., n>10 per group. *P<0.05 (RNase A vs Saline-treated group; Semaxanib vs 
DMSO-treated group; ICAM-1-deficient mice vs untreated wild-type mice, Cromolyn vs Saline-
treated group) from unpaired student’s t-test. The dotted line in the scatter plots indicates the mean  
sham value.
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Supplemental Figure 4. RNase A as well as Semaxanib Treatment show Adverse Effects on 
Vascular Cell Proliferation
The scatter plots show the percentage of proliferating endothelial cells (ECs) and smooth muscle cells 
(SMCs) in growing collaterals of mice treated with (A, B) RNase A, or (C, D) Semaxanib, or (E, F) in 
mice deficient for ICAM-1-deficient, or (G, H) Cromolyn treated mice as well as their respective 
controls (Saline, DMSO or untreated wild-type mice (control)) at day 7 after induction of 
arteriogenesis via FAL. Data are means±s.e.m., n>10 per group. *P<0.05 (RNase A vs Saline-treated 
group; Semaxanib vs DMSO-treated group; ICAM-1-deficient mice vs untreated wild-type mice, 
Cromolyn vs Saline-treated group) from unpaired student’s t-test. The dotted line in the scatter plots 
indicates the mean  sham value.
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Supplemental Figure 5. Representative Picture of Laser Doppler 
Imaging (LDI) 
The upper panel shows a representative picture of a flux image after 
ligation (1) of the right leg or sham operation (2) of the left leg. The 
region of interest (ROI) is marked in white. The lower panel displays 
the calculated flux statistics by the software.
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Supplemental Figure 6. Characteristics of Collateral Vessel Morphology
Photographs of superficial collateral arteries 7 days after femoral artery ligation (FAL, occ, left picture) or sham 
operation (right picture). Arrows indicate the two growth-induced collaterals of the experimental site (occ) or 
pre-existing collaterals of the sham-operated site (sham) which connect the arteria femoralis and profunda 
femoris, and which were investigated by means of (immuno-) histology in the different experimental setups. The 
ligation (*) of the femoral artery was performed downstream of the profound artery. Scale bars: 5mm.
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Supplemental Figure 7. Flow Cytometry Analyses with Gating Strategy and 
Representative Pictures
Representative flow cytometry dot plots visualizing the gating strategy of (A) leukocytes 
(CD45+), (B) neutrophils (CD45+/CD11b+/Gr-1+/CD115-) and (C) macrophages (CD45+/
CD11b+/ F4/80+) of adductor muscles of mice treated with Saline or RNase A (B) one day 
or (C) 3 days after FAL.
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