
Julius-Maximilians University of Würzburg 

Contribution of vascular adventitia-resident progenitor cells to 

new vessel formation in ex vivo 3D models  

Der Beitrag der Gefäßwandadventitia-residenten Vorläuferzellen zur 

Neovaskularisation in ex vivo 3D Modellen  

Thesis for a doctoral degree at the Graduate School of Life Sciences, 

Julius-Maximilians University of Würzburg,  

Section Biomedicine 

submitted by 

Dipl.-Biol. Berin Upcin 

Würzburg, March 2021 

This document is licensed under the Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA 4.0):  
http://creativecommons.org/licenses/by-sa/4.0 This CC license does not apply to third party material (attributed to another source) in this publication.



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Submitted on: …………………………………………………………..……..   

Office stamp  

  

Members of the promotion committee: 

  

Chairperson: Prof. Dr. med. Manfred Gessler  

  

The primary Supervisor: Prof. Dr. Süleyman Ergün  

  

Supervisor (Second): Dr. Erik Henke  

  

Supervisor (Third): Prof. Dr. Alma Zernecke-Madsen  

 

Supervisor (Fourth): Prof. Dr. Thomas Dandekar 

  

  

 

  

Date of Public Defence: …………………………………………….…………  

  

Date of Receipt of Certificates: ……………………………………………… 

 



iii 
 

List of Abbreviations 

Adv: Adventitia    

ANGPT2: Angiopoietin 2 

ARA: Aortic ring assay 

ARs: Aortic rings 

AMPCs: Adventitial macrophage 

progenitor cells  

BL: Basal lamina 

BM: Bone marrow 

BSA: Bovine serum albumin 

DLL4: Delta ligand like-4  

ECs: Endothelial cells 

ECM: Extracellular matrix 

EPCs: Endothelial progenitor cells 

FACS: Fluorescence-activated cell sorting 

FCS: Fetal calf serum 

FIA: Freshly isolated aorta 

Gas6: Growth-arrest-specific gene-6 

GFP: Green fluorescent protein 

HSPCs: Hematopoietic stem and 

progenitor cells 

HSCs: Hematopoietic stem cells 

I: Intima 

IEL: Inner elastic membrane  

IHC-P: Immunohistochemistry with 

paraffin sections 

IF: Immunofluorescence staining 

M: Media  

MCTS: Multicellular tumour spheroids 

mdARA: Modified ARA 

MNCs: Mononuclear cells  

MSCs: Mesenchymal stem cells  

NCAM 1: Pericytes secret neural cell 

adhesion molecule 1 

NGS: Normal goat serum  

OEL: Outer elastic membrane  

ON: Overnight 

PCs: Pericytes 

Pros1: Protein S 

SDF-1: Stromal cell-derived factor 1 

SMCs: Smooth muscle cells 

TAM: Tyro-3, Axl, Mer  

TME: Tumor microenvironment 

Tulp1: Tubby-like protein 1 

VEGF-A: Vascular endothelial growth 

Factor A 

VEGFR-2: VEGF receptor 2 

VM: Vascular mimicry  

VW-SPCs: Vascular wall-resident stem 

and progenitor cells



 

1 
 

Abstract  

Ongoing research to fight cancer, one of the dominant diseases of the 21st century has 

led to big progress especially when it comes to understanding the tumor growth and metastasis. 

This includes the discovery of the molecular mechanisms of tumor vascularization, which is 

critically required for establishment of tumor metastasis.  

Formation of new blood vessels is the first step in tumor vascularization. Therefore, 

understanding the molecular and cellular basis of tumor vascularization attracted a significant 

effort studying in biomedical research. The blood vessels for supplying tumor can be formed 

by sprouting from pre-existing vessels, a process called angiogenesis, or by vasculogenesis, that 

is de novo formation of blood vessels from not fully differentiated progenitor cell populations. 

Vasculogenic endothelial progenitor cells (EPCs) can either be activated from populations in 

the bone marrow reaching the pathological region via the circulation or they can be recruited 

from local reservoirs. Neovessel formation influences tumor progression, hence therapeutic 

response model systems of angiogenesis/vasculogenesis are necessary to study the underlying 

mechanisms. Although, initially the research in this area focused more on angiogenesis, it is 

now well understood that both angiogenesis and postnatal vasculogenesis contribute to 

neovessel formation in adult under both most pathological as well as physiological conditions. 

Studies in the last two decades demonstrate that in addition to the intimal layer of fully 

differentiated mature endothelial cells (ECs) and various smaller supplying vessels (vasa 

vasorum) that can serve as a source for new vessels by angiogenesis, especially the adventitia 

of large and medium size blood vessels harbors various vascular wall-resident stem and 

progenitor cells (VW-SPCs) populations that serve as a source for new vessels by postnatal 

vasculogenesis. However, little is known about the potential role of VW-SPCs in tumor 

vascularization.  

 To this end, the present work started first to establish a modified aortic ring assay 

(ARA) using mouse aorta in order to study the contribution of vascular adventitia-resident VW-

SPCs to neovascularization in general and in presence of tumor cells. ARA is already 

established an ex vivo model for neovascularization allows to study the morphogenetic events 

of complex new vessel formation that includes all layers of mature blood vessels, a significant 

advantage over the assays that employ monolayer endothelial cell cultures. Moreover, in 

contrast to assays employing endothelial cells monocultures, both angiogenic and vasculogenic 

events take place during new vessel formation in ARA although the exact contribution of these 

two processes to new vessel formation cannot be easily distinguished in conventional ARA. 

Thus, in this study, a modified protocol for the ARA (mdARA) was established by either 
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removing or keeping the aortic adventitia in place. The mdARA allows to distinguish the role 

of VW-SPCs from those of other aortic layers. The present data show that angiogenic sprouting 

from mature aortic endothelium was markedly delayed when the adventitial layer was removed. 

Furthermore, the network between the capillary-like sprouts was significantly reduced in 

absence of aortic adventitia. Moreover, the stabilization of new sprouts by assembling the NG2+ 

pericyte-like cells that enwrapped the endothelial sprouts from the outside was improved when 

the adventitial layer remained in place.  

Next, mimicking the tumor-vessel adventitia-interaction, multicellular tumor spheroids 

(MCTS) and aortic rings (ARs) with or without adventitia of C57BL/6-Tg (UBC-GFP) mice 

were confronted within the collagen gel and cultured ex vivo. This 3D model enabled analysis 

of the mobilization, migration and capillary-like sprouts formation by VW-SPCs within tumor-

vessel wall-interface in comparison to tumor-free side of the ARs. Interestingly, while MCTS 

preferred the uptake of single vascular adventitia-derived cells, neural spheroids were directly 

penetrated by capillary-like structures that were sprouted from the aortic adventitia. In 

summary, the model established in this work allows to study new vessel formation by both 

postnatal vasculogenesis and angiogenesis under same conditions. It can be applied in various 

mouse models including reporter mouse models, e.g. Cxcr1 CreER+/mTmG+/- mice, in which 

GFP-marked macrophages of the vessel wall were directly observed as they mobilized from 

their niche and migrated into collagen gel. Another benefit of the model is that it can be used 

for testing different factors such as small molecules, growth factors, cytokines, and drugs with 

both pro- and anti-angiogenic/vasculogenic effects. 
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Zusammenfassung 

 

Die Forschungsarbeiten der letzten Jahrzehnte zur Bekämpfung der Krebserkrankung, 

einer der dominierenden Krankheiten des 21. Jahrhunderts, haben zu großen Fortschritten, 

insbesondere im Verständnis bezüglich der Tumormetastasierung geführt. Dies schließt die 

Prozesse der Tumorvaskularisierung als einen der initialen Schritte der Metastasierung mit ein, 

die nach wie vor nicht ausreichend geklärt sind.  

Die Blutgefäßbildung zur Versorgung des Tumorgewebes kann durch die 

Anagiogenese, die als Einsprießen neuer Gefäße aus den bereits vorhandenen Blutgefäßen 

definiert wird, oder durch die Vaskulogenese, die als Gefäßneubildung aus Stamm- und 

Vorläuferzellen beschrieben wird, sichergestellt werden. Noch nicht vollständig 

ausdifferenzierte endotheliale Vorläuferzellen (EPCs) werden dabei nach dem bisherigen 

Kenntnistand aus dem Knochenmark rekrutiert und erreichen die Regionen der 

Gefäßneubildung über die Blutzirkulation und können dort zur de novo Formierung neuer 

Blutgefäße auch beim Erwachsenen beitragen. Untersuchungen der letzten zwei Dekaden haben 

gezeigt, dass solche Vorläuferzellen auch aus lokalen Reservoiren, wie z.B. aus der 

Gefäßwandadventitia der bereits existierenden Blutgefäße mobilisiert werden. Da die Bildung 

neuer Gefäße einen direkten Einfluss auf die Tumorprogression hat, sind entsprechende 

Modellsysteme notwendig, um die zugrundeliegenden Mechanismen möglichst präzise zu 

untersuchen. Obwohl sich die Forschung der Tumorvaskularisierung zunächst auf Prozesse der 

Angiogenese konzentrierte, ist es mittlerweile ausreichend belegt, dass auch die Vaskulogenese 

zur Tumorvaskularisierung beiträgt und somit die Tumorprogression beeinflusst.  

Anhand einer Vielzahl an Studien der letzten zwei Jahrzehnte konnte demonstriert 

werden, dass sich, neben der Intimaschicht, die vollständig differenzierte Endothelzellen (ECs) 

enthält und kleineren Gefäßwand-versorgenden Blutgefäßen, der sogenannten Vasa vasorum in 

der Adventitia der großen Gefäße, auch Populationen gefäßwandresidenter Stamm- und 

Vorläuferzellen (VW-SPCs) in der äußeren Gefäßwandschicht, nämlich der Adventitia fast 

aller Gefäßabschnitte nachweisen lassen. Obwohl diese als Quelle neuer Gefäße in der 

postnatalen Vaskulogenese beschrieben sind, ist nach wie vor wenig über die potenzielle Rolle 

von VW-SPCs in der Tumorvaskularisation bekannt.  

Daher wurde im Rahmen dieser Arbeit zuerst ein modifiziertes Aortic Ringassay (ARA) 

unter Verwendung der Mausaorta etabliert, um den Beitrag der VW-SPCs zur 

Neovaskularisierung im Allgemeinen und zur Tumorvaskularisierung im Speziellen ex vivo 

untersuchen zu können. ARA ist ein bereits seit einigen Jahrzehnten etabliertes ex vivo Modell 

zur Untersuchung der Gefäßneubildung durch Angiogenese. Mittels ARA kann die Bildung 
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komplexer vaskulärer Strukturen in Präsenz aller Wandschichten reifer Blutgefäße untersucht 

werden, was einen wesentlichen Vorteil gegenüber der Verwendung von Endothelzellkulturen 

in Monolayer bedeutet. Hierbei ist jedoch anzumerken, dass in ARA sowohl angiogene als auch 

vaskulogene Prozesse zur Gefäßbildung beitragen, aber der genaue Beitrag beider Prozesse 

schwer oder kaum voneinander unterscheidbar ist. Daher wurde im Rahmen dieser Arbeit ein 

modifiziertes ARA-Protokoll etabliert (mdARA), in welchem die aortale Adventitia vor dem 

Beginn des ARA entweder entfernt oder belassen wurde und somit die Rolle der VW-SPCs bei 

der Gefäßsprossung von den Zellen anderer Aortenwandschichten differenziert studiert werden 

konnte. Die dabei generierten Daten zeigen, dass sich die angiogene Aussprossung aus dem 

reifen Aortenendothel nach Entfernung der adventitialen Schicht deutlich verzögerte. Darüber 

hinaus war das Netzwerk zwischen den kapillarartigen Sprossen in Abwesenheit der 

Aortenadventitia signifikant reduziert. Mehr noch, das Belassen der adventitialen Wandstruktur 

führte zu einer verbesserten Stabilisierung neuer Gefäßsprossen. Als sichtbares Korrelat hierfür 

zeigte sich eine stärkere und bessere Anlagerung der NG2+ Perizyten-ähnlichen Zellen zu den 

endothelialen Kapillar-ähnlichen Aussprossungen von außen, wie Perizyten an der 

Kapillarwand in situ. 

Als nächstes wurden die Aortenringe (ARs) von C57BL/6-Tg (UBC-GFP)-Mäusen mit 

multizellulären Tumor-Sphäroiden (MCTS) in Kollagengel ko-kultiviert, um die Interaktion 

zwischen Tumor und Gefäßwand-Adventitia ex vivo nachzuahmen. Dieses 3D Modell 

ermöglichte die Analyse der Mobilisierung und Migration der VW-SPCs von der aortalen 

Adventitia sowohl zu der Tumorseite in den Tumor-Gefäßwand-Interfaces als auch zu der 

tumorfreien Seite der Aortenringe. Interessanterweise wurde die Kapillarsprossung im Tumor-

Gefäßwand-Interface an der Grenze zum MCTS gestoppt und die VW-SPCs als Einzelzellen in 

die MCTS aufgenommen. Demgegenüber wurde auf der tumor-freien Seite der Aortenringe 

eine deutlich längere Kapillaraussprossung beobachtet. Im Gegensatz zu MCTS resultierte die 

Ko-Kultivierung der ARs mit neuronalen Spheroiden darin, dass die aus der aortalen Adventitia 

aussprossenden Kapillar-ähnlichen Strukturen direkt in die neuronalen Spheroide penetrierten. 

Zusammenfassend berücksichtigt dieses neuartige in vitro 3D-Modell sowohl Angiogenese als 

auch Vaskulogenese und bietet vielfältige Vorteile, wie zum Beispiel die Kompatibilität zu 

verschiedenen Mausmodellen einschließlich der Reporter-Mausmodelle, wie z.B. die in dieser 

Arbeit gezeigte Verwendung der Aorta von Cxcr1 CreER+/mTmG+/- um die GFP-markierten 

Makrophagen aus der Gefäßwand bei der Gefäßaussprossung studieren zu können. Des 

Weiteren ist dieses Model auch für Testung unterschiedlicher Faktoren und Therapeutika 

einschließlich der anti-angiogenen und -vasculogenen Substanzen unter ex vivo Bedingungen 

geeignet.   
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1. Introduction 
 

Tumors need blood supply in order to support their continuous growth. With the help of 

vasculature they obtain the nutrients, oxygen and also remove accumulated waste products7. 

Tumors employ various strategies for vascularization including angiogenesis, that is the 

formation of new blood vessels from pre-existing vessel8,9, vasculogenesis the formation of 

neovessels from progenitor cells10, which can either be achieved by recruiting vascular 

progenitors from bone marrow11,12 that reaches pathological region via the circulation or by 

recruiting progenitors from local pools, via co-option around pre-existing macro- and micro 

vessels13 and by vascular mimicry (VM) defined as the ability of tumor cells to acquire 

endothelial-like properties and create vascular like networks14. 

 

1.1. Angiogenesis 

Angiogenesis is a dynamic, multistep physiological process through which new blood 

vessels are formed from pre-existing vasculature and essential during embryonic development, 

postnatal life in the female reproductive cycle, wound repair. Angiogenesis also contributes to 

pathologic blood-vessel formation such as tumor vascularization15, 16.  

The main regulator of angiogenesis, both physiological and pathological, is vascular 

endothelial growth factor (VEGF). The biological effects of VEGF are mediated and regulated 

by two receptor tyrosine kinases (RTKs): Vascular endothelial growth factor receptor-1 

(VEGFR-1=Flt-1) and 2 (VEGFR-2=Flk-2). The angiogenic process begins with the proteolytic 

degradation of basement membrane glycoproteins laminin, and extracellular matrix (ECM) 

surrounding the blood vessels. After the enzymatic degradation of the ECM, endothelial cells 

are detached from the basement membrane, start to migrate and proliferate and participate to 

formation of new vessels that are constructed by only endothelial cells (ECs) in the early stage 

of angiogenesis and can be stabilized by creating their own basement membrane. Tumor cells 

releasing pro-angiogenic signals such as VEGF-A, delta ligand like-4 (DLL4), and angiopoietin 

2 (Ang-2) 16,17 induce the formation of motile ECs, called endothelial tip cells with many 

filopodia, which breakdown the surrounding ECM and lead to the growth of new vascular 

sprouts towards a VEGF gradient by the so-called “stalk cells” that follow the tip cells18. 

  New vessel branches need to generate a lumen to ensure blood flow. ECs use pinocytosis 

to internalize multiple vesicles of the plasma membrane that adhere together and thereby create 

an intracellular lumen. Contacts between ECs, extracellular matrix and adjacent cells facilitate 
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the fusion of vacuoles that also depends on signaling of integrins16. Newly formed blood vessels 

are maturated by assembling of pericytes that enwrap the endothelial tubes from outside in cases 

of capillary vessels or smooth muscle cells that also cover the endothelial tubes from outside in 

cases of formation of arteries and veins. Pericytes swarm the outer wall of endothelial 

capillaries, stabilize the capillary structure, and play an important role in the formation of new 

blood vessels. During angiogenesis, pericytes serve to pattern vascular networks and facilitate 

ECs growth and differentiation, while regulating vessel tone, caliber, and permeability and 

providing mechanical stability in established vessels19,20. They are recruited by tip cell-secreted 

platelet-derived growth factor B (PDGF-B) to the capillary sprouting and interact with 

endothelial cells, e.g. through Angiopoietins-Tie-2 receptor-mediated signalling17.  

After embedding of pericytes into the basement membrane of the small capillary, ECs 

secrete growth factors, matrix metalloproteinase inhibitors (MMPI) and ECM molecules, which 

promote the survival of ECs and restrain their proliferation16,17. Attached pericytes secret neural 

cell adhesion molecule 1 (NCAM 1) and NG2 proteoglycan that in turn induce the recruitment 

of further pericytes into the vessel wall 

Increased expression of VEGF-A at the tumor location leads to higher expression and 

production of angiopoietin-1 (Ang-2) by ECs that disrupts the pericyte–endothelial cell 

interaction and thus induce a vascular destabilization. Hereby pericytes detach from the 

basement membrane of pre-existing but also of tumor blood vessels that causes the immature 

behavior and chaotic organization of tumor vessels17,21. High concentrations of VEGF-A in the 

tumor microenvironment (TME) induce neo-angiogenesis and initiate an immature phenotype 

of the vasculature that is characterized by irregular, non-functional, and abnormally permeable 

blood vessels17,22. TME is not supplied sufficiently due to the chaotic blood vessel system23. 

This leads to increasingly low oxygen tension (hypoxia)24 that in turn results in enhanced 

expression of hypoxia inducible factors (HIFs). HIFs are constitutively degraded under normal 

oxygen supply (normoxia) while under hypoxia they are stabilized. Hypoxia induces the 

expression of VEGF in tumor cells whereas VEGFRs are induced by HIFs23,25,26 in endothelial 

cells in TME. In an orchestrated manner these processes end up in induction and activation of 

tumor angiogenesis.  
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1.2. Vasculogenesis 

Vasculogenesis has long been thought to occur only in the initial phases of embryonic 

de novo development of blood vessels. Extensive studies have now established that 

vasculogenesis takes place not only during embryologic development of the circulatory system 

but also in the adult organism by de novo formation of new blood vessels by endothelial 

progenitor cells (EPCs) that e.g. can be delivered from the bone marrow25 that has been named 

as postnatal vasculogenesis. Postnatal vasculogenesis also contributes to the pathological 

process in postnatal life usually in synchrony with angiogenesis.  

After discovery of EPCs the view on tumor vascularization was changed10. Recent 

studies have demonstrated that EPCs are mobilized from the bone marrow by tumor secreted 

cytokines such as VEGF 11,12. Under therapy-induced acute hypoxic stress, tumors express high 

levels of HIF-1 (hypoxia-inducible factor 1), which in turn upregulates SDF-1, the main driver 

of the vasculogenesis pathway and VEGF-A. These mobilize EPCs from the bone marrow or 

recruit them from the peripheral circulation. EPCs reach the tumor or pathological lesion via 

blood circulation and differentiate into ECs and contribute then to new vascularization27. Some 

studies suggested that vasculogenesis rather than angiogenesis is in the center of the 

neovascularization that occurs during glioma recurrence28. This observation is important in 

clinical terms, since after irradiation, when gliomas recur, patients are usually administered 

anti-angiogenic therapies that may have limited utility. It is likely that inhibiting the new vessel 

formation through vasculogenesis will be more beneficial for glioma patients. A better 

understanding of the balance between angiogenesis and vasculogenesis in different types of 

cancer is critical for modeling tumor growth and will allow to find more effective therapies to 

target tumor growth.  

Another source of new vessels, e.g. by postnatal vasculogenesis is supply of various 

vascular wall-resident stem and progenitor cells (VW-SPCs) from the adventitial layer of 

mature large to medium sized blood vessels as well as from the wall of the microvessels. The 

VW-SPCs express immunophenotypic markers of stem and progenitor cells such as CD34, Flk-

1, Sca1, Nestin and c-Kit and are located within the vessel wall of large arteries and veins but 

also in the micro vessels covering the vessel wall from outside. These cells have started to draw 

attention in recent years because of the possibility of contributing to tumor vascularization4. In 

the large and midsized vessels, VW-SPCs are found in the subendothelial zone of the vascular 

intima and most prominently in the vascular adventitia. They have the capacity to differentiate 

into endothelial, smooth muscle cells, fibroblast/myofibroblast-like, and immune cell lineages 
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in response to different stimuli26,29. While their location makes VW-SPCs attractive for local 

vascularization processes in different disease types, e.g. ischemia and tumor growth the exact 

contribution of these cells to tumor vascularization remained elusive until now. 

 

1.3. Alternative mechanisms of tumor vascularization  

Under certain conditions, other mechanisms of vascularization can significantly 

contribute to maintaining tumor blood supply. One of these is vessel co-option, a non-

angiogenic process by which tumors integrate pre-existing blood vessels of the surrounding 

nonmalignant tissue to support their growth, survival and metastasis30. The tumor cells migrate 

along the abluminal surface of pre-existing vessels, infiltrating the space between pre-existing 

vessels. Consequently, this process allows pre-existing vessels to be incorporated into the 

tumor. This allows tumors to co-opt host vessels to meet their metabolic requirements in the 

initial invasion into the surrounding tissue without needing to stimulate angiogenesis. Vessel 

co-option can be described histologically based on the presence of its specific morphological 

features but cannot be distinguished from angiogenesis by examination of microvessel density 

alone. Vessel co-option occurs in a wide range of human tumors growing within numerous 

tissues such as the brain, lungs, liver, and lymph nodes. Its mechanisms are poorly understood. 

It has been shown that glioma cells invade into the surrounding parenchyma along the existing 

blood vessels under anti-angiogenic therapy, thereby co-opting these vessels for their metabolic 

needs as long as neo-angiogenesis is blocked31. Vessel co-option is an overlooked mechanism 

of tumor vascularization. As such it should be considered an important target for new 

therapeutic strategies as it is implicated in patient outcomes, resistance to cancer therapies, and 

metastasis.  

 Another alternative and until recently unexpected mechanism of neovascularization is 

the so-called vasculogenic mimicry (VM). VM was defined as a completely neoteric blood 

supply construction in malignant melanoma32. Tumors build their own, tumor cell-lined 

channels for nutrient transport independent of typical angiogenesis. These tumor cells can 

transdifferentiate into a stem cell-like state subsequently become an endothelial-like phenotype. 

They may express endothelial-selective markers and anti-coagulant factors14. The 

transdifferentiated endothelial-like cells release matrix proteins such as collagen IV and VI, 

proteoglycans, heparan sulfate and laminin that support formation of tubular networks within 

tumors. These tubular networks are anatomically different from the regular blood vessels, 

where the ECs localized on the basal lamina. The basal lamina of tubular networks is towards 

the lumen33. In the end tumor-derived tubular channels fuse with the endothelial-derived 
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vasculature from the nearby milieu and a hybrid structure can emerge33-35. After the first 

discovery of VM in malignant melanoma it was also reported in many other non-melanoma 

neoplastic malignancies such as breast36, glioblastoma (GBM)37, lung38, ovarian39,40, and also 

in prostate41. These alternative vascularization processes ensure tumor rescue from the therapies 

and provide resistance by providing vascular structures impervious to anti-angiogenic 

therapeutic strategies. Finally, also the aforementioned VW-SPCs have to be considered among 

such additional or alternative sources that could contribute to tumor vascularization.  

To better understand the potential role of neovascularization in health and diseases such as 

tissue regeneration, wound healing, ischemia and cancer it is necessary to discuss the vascular 

wall structure in more detail. 

 

1.4. Vascular wall structures 

The adult vascular system is hierarchically organized and is build up by large, middle sized 

and small vessels. The wall structure of the vessels reflects also their functions. Capillaries 

belong to the microvasculature and represent the smallest vessels. The luminal surface of the 

capillary wall is lined by ECs. Pericytes are contractile and cover the endothelial intima from 

the abluminal side. Both cells are in close contact with each other. Pericytes are enclosed by 

the same basal lamina that underline the ECs at the abluminal basal side (Fig. 1A). Arterioles 

are also lined by ECs on the luminal side which is followed by at least one layer of 

concentrically and continuous organized smooth muscle cells (SMCs) (Fig. 1B). Like arterioles, 

also the venules possess one layer of concentrically organized SMCs that cover the innermost 

endothelial layer from the outside but in contrast to the arterioles they display a clearly less 

compact and tight structure. The wall of both arterioles and venules exhibit also a thin and 

circularly organized adventitia that contains fibroblasts and nerve fibers. The classical three-

layered vessel wall can be observed best in large and middle-sized peripheral blood vessels 

including main branches of the aorta and large arteries arising from these branches as well as 

veins. The innermost layer is named as the intima, that is followed by second layer called as 
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media and the outermost layer named as adventitia as also graphically visualized below (Fig. 

1B and C). 

 

Tunica intima is the innermost layer and composed of a monolayer of ECs that line the 

vascular lumen, thus exposed to the continuous blood flow. ECs are assigned different functions 

such as building a permeability barrier, regulation of hemostasis, leukocyte recruitment and 

homing, and control of the vascular wall tone. Furthermore, the intima layer of the vessel wall 

contains also a sub-endothelial layer that is composed basically by connective tissue and some 

types of progenitor cells. Next to this layer is the inner elastic membrane (IEL) that separates 

the tunica intima from the tunica media.  

Tunica media is the intermediate layer and constructed by SMCs as well as extracellular 

matrix that contains different types of collagen and elastic fibers and proteoglycans. SMCs and 

elastic fibers regulate the internal diameter of the vessel and absorb the fluctuating pressure 

within the vascular system. The outer elastic membrane (OEL) separates the tunica media from 

the tunica adventitia. 

Tunica adventitia is the outermost layer and composed of loose connective tissue containing 

collagen, elastic fibers, and fibroblasts. The tunica adventitia supports blood vessels to provide 

Figure 1. Vascular wall structure 

Capillaries are the smallest vessels. They are comprised of endothelial cells (ECs) that line the 

lumen and pericytes (PCs) that cover the endothelial cell layer (A). Medium-sized arteries are 

comprised of three layers: intima (I), media (M), and the adventitia (A) (B). The inner elastic 

membrane (IEL) separates the intima from the media. Large vessels are constructed with three 

layers: intima (I), media (M), and adventitia (A) that also contains vasa vasorum. The outer elastic 

membrane (OEL) separates the tunica media from the tunica adventitia (C). Figure adapted from 

Ergün et al., 20115.  
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additional stability against the blood pressure and embedding into surrounding tissue. In larger 

vessels such as the aorta, adventitia contains so called vasa vasorum, microvessels that supply 

oxygen and nutrients to the outer layers of the vessel wall (Fig. 1C).  

Vasa vasorum play important roles in maintaining vessel integrity and may contribute to 

the development of vascular disease42,43. Further, it enables the transmigration of bone marrow 

(BM)-derived stem and progenitor cells and cells circulating in the peripheral blood into the 

vascular adventitia. For example, it has been shown that mononuclear cells (MNCs) are found 

in pulmonary artery adventitia in hypoxia-induced pulmonary vascular remodeling44. 

 

1.4.1. Vascular wall-resident stem and progenitor cells (VW-SPCs) 

In recent years, accumulating evidence demonstrate that not only the bone marrow but 

also the intimal layer of the vessel wall that contains ECs that lines the lumen harbors 

mesenchymal progenitors within the subendothelial space and that the adventitial layer of the 

adult vessel wall serves as a niche for various stem and progenitor cells. These vascular wall 

stem and progenitor cells (VW-SPCs) differentiate into both vascular and nonvascular cells 

4,6,45-48. This niche within the adventitia is called “vasculogenic zone”5. The VW-SPCs might 

have been retained there since embryonic development of blood vessels into the adulthood and 

may function as a reserve capacity contributing the new vessel formation and/or vascular 

remodeling in postnatal growth, diseases and aging processes49. 

VW-SPCs include EPCs, mesenchymal stem cells (MSCs)6,2,45,4,50,51 and hematopoietic 

stem and progenitor cells (HSPCs) including circulation-derived HSPCs as well as macrophage 

progenitor cells (AMPCs)52,3(Tab. 1). These cells can differentiate into various terminal 

lineages depending on environmental milieu and signaling (Fig. 2).  

 

Table 1 | VW-SPCs and their markers 

VW-SPCs Marker 

EPCs VEGFR-2+ CD34+ Tie-2+ CD31- 

MSCs Sca-1+ CD44+ CD90+ CD73+ CD34- VEGFR-2- 

HSPCs CD133+ CD45+ 

AMPCs Sca-1+ CD45+ 
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1.4.2. Dynamic of VW-SPCs in the postnatal period 

Under normal conditions, all components of the vascular wall are mostly quiescent, but 

several physiological and pathological processes might activate them to migrate, proliferate and 

differentiate into various cell types51,53,54. In response to stress, development of atherosclerotic 

plaques, or injury, the activation of VW-SPCs can result in their specification leading to 

exhibition of different functional and structural behaviors55,56,57,58. VW-SPCs might have a role 

as a biological bank for the repair and healing processes, secrete cytokines, which support 

affected tissues, defunct cells, retrieval, integration, storage and release of key regulators of 

vessel wall function59. While this stem cell niche within the vascular wall of adult human 

arteries was identified almost 15 years ago4, the contribution of these cells to vascular health 

and disease is still in need of further research.  

The first clues indicating the potential existence of progenitors in the vascular wall were 

obtained through studies of the human embryonic aorta which was cultivated in collagen in 

order to investigate its angiogenic capacity. These studies showed that capillary sprout from the 

aorta expressed markers of endothelial differentiation. This finding suggested that immature 

endothelial precursor cells might be present in the vessel wall. For this reason, CD34+/CD31− 

vessel wall cells were isolated and cultivated. Differentiation of these cells into mature 

Figure 2. VW-SPCs types in the adult vascular adventitia 

Currently four immunophenotypically different stem or progenitor cell types were described in the 

vascular adventitia in mouse, rat, and human. These cells can differentiate into mature vascular cells 

such as endothelial cells (ECs), pericytes and smooth muscle cells (SMCs) as well as non-vascular 

cells such as macrophages and follicular dendritic cells and mesenchymal-derived cells such as 

chondrocytes, adipocytes and osteocytes. Figure adapted from Wörsdörfer et al., 20162-6. 
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endothelial cells in vitro confirmed this hypothesis46. Similarly, it has been shown in a murine 

model of peripheral ischemia that vascular progenitor cells residing in the human fetal aorta 

were able to differentiate into endothelial and mural cells in response to VEGF and Platelet-

derived Growth Factor-BB (PDGF-BB) respectively to improve neovascularization60. 

In another study EPC population was identified in human umbilical vein endothelial cells 

(HUVECs) and human aortic endothelial cells (HAECs) derived from vessel walls and were 

considered to have the capacity to differentiate into mature ECs. EPCs also can be identified 

and distinguished from mature endothelial cells by their clonogenic and extensive proliferative 

potential50. These data support the hypothesis that vessel wall harbors cells other than those 

participating in the structure of the vessel wall as mature cells and that it also contains diverse 

cell populations that have the potential to switch to a dynamic phase when required and 

maintaining vessel integrity.  

It has been also shown that atheroma development and its complications are tightly 

associated with the density and structural integrity of vasa vasorum61. VW-PCs are tending to 

contribute to vasa vasorum formation by direct differentiation into both ECs and pericytes, and 

also by secreting factors that act in a paracrine manner and unfold pro-angiogenic signaling 

during arterial ring assays on resident macrophage progenitors, EPCs, and MSCs modulating 

their activation and local activity4,62,63.  

Furthermore, it has been shown that VW-SPCs can be mobilized efficiently in case of severe 

arterial trauma45 and replace damaged cells. Immunohistochemical staining indicated that 

vascular adventitia contains multipotent cells expressing the stem cell markers such as Sca-1. 

After an injury these cells could replace dead or malfunctioning cells, provide physiological 

renewal and local rapid rescue for regeneration by rapidly giving rise to new ECs and SMCs48. 

Another evidence supporting the dynamism of VW-SPCs in postnatal vascular remodeling 

was observed in intimal denudation, e.g. experimentally induced endothelial damage. In case 

of an injury an early proliferation and subsequent migration of adventitial cells to the neointima 

was observed. Initially, it was thought that adventitial fibroblasts were the only probable 

candidate for this migration but later studies demonstrated that intimal mesenchymal cells and 

pericytes from the adventitial vasa vasorum can also mediate neointimal thickening19,20.  

Although the dynamism of VW-SPCs in postnatal period is well examined the contribution 

of the VW-SPCs to tumor vascularization is not well understood. To fill this gap and contribute 

to uncover various aspects of tumor vascularization, it has been focused in this work on this 
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rather overlooked question of if and how VW-SPCs contribute to tumor vasculogenesis. One 

of the most suitable models to such a study is the so-called “arterial ring assay” that uses small 

rings of the adult arteries, e.g. mouse or rat aorta as reported in the majority of the published 

studies in the field of angiogenesis but in some cases also human internal thoracic artery. This 

ex vivo assay is highly suited for studying the angiogenic sprouting, as identifying the role of 

VW-SPCs in this process, and generation of macrophages from local-tissue and their role in 

tumor vascularization.  

 

1.5. Modified aortic ring assay 

In 1990, Nicosia and Ottinetti designed the rat aortic ring assay (ARA) to assess 

angiogenesis in an ex vivo model that bridged the gap between in vitro and in vivo. In 2002, 

ARA was adapted to mice tissue because transgenic mouse models are more easily available 

allowing for the molecular dissection of angiogenesis. ARA is widely used by many researchers 

to study neovascularization processes64,65. This organ culture assay is non-expensive, more 

informative, and superior to monolayer endothelial cultures for studying new blood vessel 

formation66-69. Aorta contains mature endothelial cells in the intimal layer and smaller 

supplying vessels (vasa vasorum) in its adventitia. In addition, aorta contains the VW-SPCs in 

the sub-endothelial zone as well as more prominently within the adventitial vasculogenic zone 

that can give rise to all cell types of mature vessels such as endothelial cells, smooth muscle 

cells and pericytes2,4,6,45.  

To distinguish the contribution of pre-existing mature endothelial cells from VW-SPCs to 

new vessel formation, e.g. in the context of tumor vascularization, we established a modified 

ARA (mdARA). Another reason for the modification of the classic ARA was the fact that 

angiogenesis in vivo occurs frequently from micro vessels, and removing adventitia enables to 

distinguish the contribution of the mature endothelial cells from those that might arise from the 

wall of the adventitial vasa vasorum. In ARA, angiogenesis and vasculogenesis can be observed 

together, and by simplifying e.g. removing adventitia, this complex model provides advantages 

in examining the effects of various factors in either angiogenesis or vasculogenesis. 

Furthermore, growth-arrest-specific gene-6 (Gas6)70,71 and protein S (PROS1)72,73 which 

function as ligands of TAM (Tyro3, Axl, and Mer) receptors that were reported to be involved 

in the regulation of angiogenesis, e.g. by modulating the macrophage function. In order to 

examine the role of these factors in detail, e.g. in angiogenesis and/or postnatal vasculogenesis, 

their effects were studied in ARA and mdARA.  
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1.5.1.  Angiogenic factors and a novel TAM receptor-ligand in angiogenesis 

A further aspect of angiogenic regulation is the role of macrophages that can also be 

generated from VW-SPCs during ARA. Macrophages in turn produce different cytokines and 

growth factors that act in a paracrine manner and can influence new vessel formation. In 

addition to other factors macrophages are regulated by TAM receptors and their ligands such 

as Gas6 which, reportedly act as a proangiogenic factor and PROS1 that acts anti-angiogenic 

factor. The known TAM receptors are transmembrane proteins. Their regulatory roles are 

prominent in the vascular, mature immune, reproductive, hematopoietic, and nervous 

system74,75. Genetic or experimental alteration of the TAM receptor signaling can contribute to 

several disease states, including coagulopathy, autoimmune disease, retinitis pigmentosa, and 

cancer76. However, their role in angiogenesis is still poorly understood. Using the mdARA, the 

role of TAM receptor and its ligands in angiogenesis and vasculogenesis can be dissected.  

Tulp1 is recently reported TAM receptor ligand that interacts with all three receptors: 

Tyro3, Axl and MerTK77. Tulp1 is expressed mainly in the photoreceptor cells of the retina78 

and provides retinoprotection by stimulating macrophage phagocytosis with MerTK of retinal 

pigment epithelium cells79. Tulp1 acts as a bridge molecule and binds with its N-terminal region 

to MerTK and C-terminal region as phagocytosis prey-binding domain (PPBD). Tulp1 is 

synthesized without a classical signal peptide and secreted unconventionally77. Importantly, the 

role of Tulp1 in angiogenesis and vasculogenesis is still unknown.  

Figure 3. TAM receptors ligand and their effect on angiogenesis  

Gas6 stimulates angiogenesis by binding Axl and activating MEK, ERK1/2 cascade. Another ligand 

of TAM receptors Protein S acts as anti-angiogenenic factor by activating the Mer and SHP-2 

cascade, thereby blocking VEGF-A stimulation of MEK-ERK ½ signaling. Tulp1 can bind to all 

three of TAM receptors; however impact of the contradictory signals from these receptors on 

angiogenesis remains unknown. 
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1.6. In vitro 3D tumor models 
 

Multicellular tumor spheroids (MCTS) were defined in the 1970s80 and are spherical 

aggregates that are formed with hydrogel scaffold79, linker-engineered spheroids80 or on 

agarose81. MCTSs show an intermediate complex between 2D in vitro cell cultures and in vivo 

solid tumors. MCTSs received increasing attention due to their potential for drug screening and 

for offering the possibility of studying the mechanism of various factors in tumor maintenance 

and progression82-84. They are currently considered as a highly applicable 3D model for drug 

evaluation in experimental oncology83,85.  

 

Large spheroids (∼400–500 μm diameter) and in vivo solid tumors share important 

similarities. They have internal layered cell distribution and cell-cell contact in 3D. Transport 

of nutrients and oxygen inside them and removal of waste product and carbon dioxide becomes 

a challenge that causes the creation of specific gradients of the spheroid and solid tumor. These 

give rise three types of cellular zones85-88: 

 

Highly proliferating zone: This zone is located in the periphery of spheroids and has a 

sufficient supply with oxygen and nutrients. The cells in this zone display high rate of 

proliferation. In tumors this zone extends to the periphery of blood vessels in the tumor 

surrounding. 

Figure 4. The similarity between MCTS and the solid tumor 

MCTS (A) and solid tumor (B) both have hypoxic (red), quiescent (yellow), proliferative (green) 

regions. Additionally, solid tumor has vasculature and extracellular matrix. Figure adapted from 

Millard et al., 2017 1.  
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Quiescent zone: This is middle zone of the spheroid. There is a progressive decrease in the 

supply with oxygen, and nutrients with increasing distance from the spheroid periphery, 

following this cell metabolism decreases while toxic metabolites accumulate. 

Necrotic zone: This is the inner-most part of the spheroid and is characterized by low level of 

oxygen or hypoxia and high level of metabolic waste. Due to starvation and increased CO2 

level, most cells located in this zone become necrotic.  

In spheroids the interactions and signaling of tumor cells with each other in close 

proximity give rise to gene expression similar to tumor likely due to similar micro-environment. 

Different cell zones and diffusive gradients of spheroid act as microenvironmental stress factors 

for tumor cells. For the cells located in the innermost zone of the spheroid this causes resistance 

against anticancer drugs or therapy64,85,86,89. The inner zone of growing spheroids becomes 

hypoxic. Hypoxic cells release high levels of pro-angiogenesis factors that induce angiogenesis 

by activating endothelial cells which are present in surrounding tissue17,21,22. This behavior 

recapitulates the tumor situation in situ. In particular, the 3D tumor spheroid models have been 

useful because MCTS mimics the physical barriers found in real solid tumors, which obstruct 

the free penetration of drugs through the tumor mass85.

MCTS alone does not reflect the tumor tissue components in situ, e.g. it is devoid of 

vasculatures as well as of some stromal cells and lacks fluid dynamics within the tumor82,85. 

Recently, the investigation of the interaction between blood vessels and tumor spheroids in 3D 

in vitro has drawn attention90-92. To generate MCTS that better recapitulate solid tumors 

interaction of mature endothelial cells and tumors was considered. However, it is necessary to 

develop 3D models which enable for the studying the contribution of VW-SPCs to tumor 

vascularization. 
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2. Aim of Study  
 

A comprehensive understanding of the mechanisms that contribute to tumor vascularization 

is critical to establishment of new and/or improvement of existing anti-tumor therapies. 

Understanding the origins of cells contributing to tumor vascularization as well as the molecular 

and cellular mechanisms that govern angiogenesis/vasculogenesis is essential for understanding 

tumor biology and to realize the potential of therapies directed towards cutting the blood supply 

to tumors. To this end, ex vivo 3D models that can reflect the tumor-vessel interaction as it 

occurs in vivo are required. Such models will be immensely for understanding the contribution 

of adventitial VW-SPCs alone or in combination with the intimal mature ECs to tumor 

vascularization.  

Thus, this study aimed specifically at the following objectives:  

- modify the ARA (mdARA) to examine the contribution of VW-SPCs in comparison to 

the intimal mature ECs to new vessel formation  

- to analyze the effect of angiogenic and anti-angiogenic factors on mdARA in 

comparison to the conventional ARA model  

- to optimize the ARA-tumor cell spheroid co-culture system at a reproducible and 

quantifiable level 

- to establish an ex vivo 3D tumor-vessel wall-interface model which allow studying the 

contribution of VW-SPCs to tumor vascularization. 
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3. Results  
 

3.1. Modification of ARA 

To examine the contribution of VW-SPCs to new vessel formation, e.g. to tumor 

vascularization, and to distinguish the contribution of mature vascular endothelial cells to 

neovascularization from contribution of VW-SPCs, the conventional ARA procedure was 

modified. Specifically, a protocol was established that enabled the secure removal of the entire 

adventitial layer before embedding the aortic rings (ARs) into the collagen gel without 

impairing sprouting from the mature endothelial cells of the aortic intima.  

Conventional histological staining of aortic sections with H&E revealed that the 

aforementioned protocol of AR-modification by removing the aortic adventitia indeed allowed 

the removal of the adventitia from the entire wall circumference while preserving the structure 

of the remaining aortic wall composed by both media as well as intima layers (Fig. 5A-B). This 

modified procedure, the cultivation of the aortic rings without adventitia, was named as 

modified ARA (mdARA). In mdARA activated intimal endothelial cells form capillary sprouts 

into the aortic lumen similar to the conventional ARA using aortic rings with intact adventitia, 

abbreviated here further as ARA per convention (Fig. 5C-D). Comparison of the sprouting 

behavior and pattern of ARs embedded into collagen with and without the intact adventitia 

allowed for differential study of the contribution of the adventitia-derived VW-SPCs to new 

vessel formation, in particular under various treatment modalities. Conventional organ culture 

of the ARA resulted in an extensive capillary sprouting and a dense network formation within 

the collagen gel (Fig. 5E). In contrast, in mdARA with the removal of the aortic adventitia, the 

organ culture of the embedded ARs still resulted in solid capillary sprouting (Fig. 5E-F), 

however, their sprouting was considerably delayed (Fig. 6) and their sprouting pattern was 

sparse as the capillary network intensity and numbers were reduced in comparison to ARA (Fig. 

5F). Remarkably, the radial length of the capillary sprout seems to considerably be longer in 

mdARA than in ARA (Fig. 5E-F).  
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3.2. Influence of adventitia-derived VW-SPCs on capillary sprouting 
 

As a next step, the differences in sprouting behavior and pattern were examined in more 

detail. While ARA displayed sprouting cells within the collagen gel already at day 1 of culture 

this was observed for mdARA after almost 3 days of culture. Similarly, ARA exhibited capillary 

sprouts within the first 2 days of culture (Fig. 6A-B), whereas mdARA displayed such 

morphogenetic events first on culture day 3 (Fig. 6A'-B'). Upon extended incubation, e.g. after 

eight days, the length of single individual capillary sprout from the mdARA was increased more 

in a radially directed pattern within the gel than those observed from the ARA (Fig. 6E). On the 

other hand, the sprouting density for both sprouting cells (single cells migrating from the aortic 

ring) and capillary sprouts (migrating cells from the aortic ring forming capillary-like structures 

within the collagen gel) were significantly more pronounced in ARA than in those mdARA 

(Fig. 6F-G).  

A 

B 

C 

D 

E 

F 

Figure 5. Differentiation of sprouting pattern in ARA and mdARA 

Mouse aortic ring assay (ARA) in conventional mode (A, C and E) and in modified form by 

removing the aortic adventitia (B, D and F). H&E stained paraffin sections of freshly isolated mouse 

ARs with intact adventitia (A) and ARs without adventitial layer (B) as well as after being used in 

ARA in conventional mode (C) and in modified form (mdARA) after 7 days of culture (D). In 

conventional ARA sprouting originated from the intima as well as the adventitia (arrows) (C), while 

in mdARA sprouting was observed only from the intima (D). Phase-contrast images of ARA (E) 

and mdARA (F) in rat tail collagen Type I gel display sprouting pattern and intensity as well as 

network formation after 7 days of cultivation. 
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Particularly significant difference between ARA and mdARA was found regarding the 

network formation of capillary sprouts within the collagen gel. In daily performed phase-

contrast microscopic observation of ARs, a complex mesh of interconnected sprouts within the 

collagen gel was reproducibly observed in ARA. This network was particularly prominent 

within an area in distance to the ARs and displayed a circular organization around the entire 

circumference of ARs (Fig. 5E). In contrast, sprouting from mdARAs displayed either no or 

only a few single areas with network formation, as the great majority of sprouts grew largely 

linear into the collagen matrix but without or with only few branching (Fig. 5F).  

Consistently, the quantification of the sprouting networks in mdARAs where the 

sprouting was generated without the assistance of adventitia-derived VW-SPCs showed a much 

lower branching index (Fig. 6H-I), while the length of few individual branches was 

considerably longer (Fig. 6J). This led to the morphological appearance of a clearly 

distinguishable and stratified sprout pattern under the phase contrast microscopy. Detailed 

measurements of the sprouts revealed that the absolute length of the sprouting from mdARAs 

was 24% longer than those from the ARA (1125 ± 29.50 µm vs. 906.9 ± 56.43 µm, Fig. 6J). 

Indeed, particularly in cases of conventional ARAs with intact adventitial layer the explants 

showed massive infiltration of the collagen gel by high number of individual cells that were 

migrating from aortic wall and of which a great number seems not to be involved directly in the 

formation of capillary-like sprouts.  

Detailed examination of the outer border areas of the ARs showed that the major part of 

the cells migrating into the collagen gel is coming from aortic adventitia (Fig. 5C). These 

observations supported the idea that besides contributing directly to new vessel formation 

expanding cells from the aortic adventitia also influence the sprouting process by supplying 

pro-angiogenic factors that essentially contribute to the formation of a more complex and 

enhanced network of sprouting vessel-like structures that are constructed not only by ECs but 

also by peri-endothelial cells contributing to the stabilization of these structures. 
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Figure 6. Delayed sprouting when aortic adventitia was removed 

ARA and mdARA on culture day 1: ARA: cell sprouting was already started on the inside of ring 

(A). mdARA: almost no cell sprouting is visible (A’). Culture day 3: ARA: capillary sprouting 

started already on the inside as well as outside of the ring (B). mdARA: capillary sprouting newly 

started on the inside of the ring while sprouting into the outside is still missing (B’). Culture day 5: 

ARA: high density of branches and single cells migrated into the collagen gel (C). mdARA: single 

short capillary sprouting without branch formation (C’). Culture day 8: ARA: high density and 

length of branches of capillary-like sprouts (D). mdARA: extended capillary sprouting without 

considerable branching (D’). Quantification of the length (E) and area (F) of capillary-like sprouts 

per field. Number (G), and length (H) of capillary sprouts as well as branch numbers (I) and branch 

length (J) per capillary sprouting compared between ARA and mdARA on culture day 8. Capillary 

sprouts length was measured as a mean maximal sprout from the perimeter of the ARs to the most 

distal tip of the capillary sprouting in four quadrants of each AR and, total sprouting area of each 

AR was marked and measured using ImageJ program. Per condition six ARs were analyzed from 

n = three mice. Number of sprouts was quantified as mean counted capillary sprouting in four 

quadrants of each AR. Number of branches were calculated as mean total length of capillary sprouts 

and were divided to mean of length of distance from branching (branch length). Pro condition 9 

ARs were analyzed. For each AR, for four quadrants 8 branches length were measured. Average 

brunch length was quantified as mean total length of capillary sprouts were divided to mean number 

of branches. Error bars indicate SDs. P values were calculated by unpaired Student`s t-test. **p ≤ 

0.01 ***p ≤ 0.001, ****p ≤ 0.0001, n.s.: non-significant. All measurement was performed during 

the experiment (nonfixed, live rings) by live phase-contrast microscopy. 
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3.3. The role of vascular adventitia in sprouting 
 

3.3.1.  Directly involving adventitial progenitor cells in the sprouting  

To further explore the role of the vascular adventitia on capillary sprouting the 

immunophenotype of cells involved in the morphogenesis of capillary sprouting in ARA and 

mdARA was studied. These analyses revealed that the capillary-like sprouts that were formed 

in mdARA displayed only a few NG2+ cells that were associated with sprouts. In contrast, a 

high number of NG2+ cells was found in the capillary sprouts that were formed in the ARA 

with adventitial layer in place. More intriguingly, NG2+ cells enwrapped the endothelial sprouts 

from the outside in a pericyte-like manner (Fig. 7A, C). Moreover, the NG2+ cells that were 

attached to the few sprouts formed in mdARA showed a more irregular coverage of sprouts, 

e.g. not sufficiently flattened and close to the endothelial cells compared to those formed in 

ARA (Fig. 7B, D).  

These data suggested that NG2+ cells, which contribute to a significantly better 

maturation, stabilization, and network formation of capillary sprouting are generated from the 

adventitia-resident stem and progenitor cells (Fig. 7E). The origin of other progenitor cells that 

are CD34+, CD31+, and CD44+ were also examined via DAB-based immunostainings and these 

analyses revealed that the aortic adventitia serves as a major source of these cells supporting 

the capillary-like morphogenesis of the sprouts (Fig. 7F). Quantitative assessment of these data 

showed that the contribution of such cells was significantly stronger in conventional ARA with 

intact adventitia (Fig. 7G). The results presented in this work confirm the previously published 

data characterizing distinct zones of the vascular wall as a niche for stem and progenitor cells 

that reside, e.g. within the subendothelial space and the vascular adventitia93. 



 

27 
 

 

A
d

v
 (

+
)

A
d

v
 (

- )

0

2 0 0

4 0 0

6 0 0

C
D

4
4

 (
+

)
 c

e
ll

s
/m

m
2

* * * *

 A
d

v
 (

+
)

 A
d

v
 (

- )

0

2 0 0

4 0 0

6 0 0

C
D

3
4

 (
+

)
 c

e
ll

s
/m

m
2

* *

 A
d
v
 (
+
)

 A
d
v
 (
- )

0

1 0 0

2 0 0

3 0 0

4 0 0

C
D

3
1

 (
+

)
 c

e
ll

s
/m

m
2

* *

F G ARA mdARA 

Figure 7. The role of vascular adventitia on sprouting 

Whole-mount staining of ARA and mdARA for NG2 (pericytes, green) and CD34 (EPCs, red). 

Confocal images: new sprouts from ARA (A and C) display considerably more NG2+ cells than 

those from mdARA (B and D). Quantification of the NG2+ cells from ARA and mdARA (E). 

DAB immunostaining staining for some vascular wall cell populations on paraffin sections (F) 

and their quantification comparing ARA and mdARA (G). Per condition, three ARs and six 

cross-sections from each of them were DAB immunostained for indicated marker and analyzed 

quantitively. Area measurements and cell counting was performed automatically using ImageJ. 

Error bars indicate SDs. P values were calculated by unpaired Student’s t-test. *p ≤ 0.05, **p ≤ 

0.01, ****p ≤ 0.0001. 
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3.3.2.  Non-vascular adventitial progenitors and their role in sprouting from ARs  

Besides cells that directly contribute to the sprouting morphogenesis the aortic 

adventitia also delivered other cells in ARA, e.g. F4/80+ macrophage-like cells. These F4/80+ 

macrophage-like cells were only generated in ARA (Fig. 8B), while they were not detectable 

in sections of freshly isolated aorta (FIA) and in sections of mdARA (Fig. 8A, C). These 

findings were further confirmed by flow cytometry (FACS) analyses (Fig. 8D). F4/80+ cells 

were observed with their filopodia in the brunching point (black arrows) of the capillary sprouts 

and thus, might play a role in formation of sprouts and the complex network building that 

display a high number of brunching points (Fig. 8E-F).  

In further studies, after carefully removing from the vessels, the aortic adventitia was 

cultivated alone within collagen, i.e. without intima and media layers, to better investigate the 

contribution of the adventitia-derived cells to the capillary morphogenesis. First, after 

mechanical detachment and isolation of the aortic adventitia, H&E staining was performed in 

order to visualize the histology and the morphological organization of the adventitial cells in 

their niche under normal conditions, e.g. without culturing (Fig. 8G). These analyses revealed 

almost homogenously distributed cells with rounded nuclei, collagen fiber bundles and some 

elastic fibers like aortic adventitia in situ while no vessel-like structures were observed (Fig. 

8G). In contrast, H&E staining after the culture showed that the adventitial cells formed 

capillary sprouts (Fig. 8H). To better characterize such structures, immunofluorescence staining 

(IF) was performed for NG2, CD34 and F4/80. These analyses showed that CD34+ cells form 

capillary-like sprouts that are enwrapped by NG2+ cells even when the media and intima layers 

were lacking (Fig. 8J). Furthermore, single relatively large cells that were also observed in H&E 

staining of cultivated adventitia alone was shown to be F4/80+ macrophage-like cells. Since 

these cells were not seen in freshly isolated adventitia, these findings again confirmed that 

vascular adventitia harbors non-vascular progenitors to deliver F4/80+ macrophage-like cells 

(Fig. 8K-L). 
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Figure 8. Resident macrophages, their origin and function 

FIA (A), ARA (B) and mdARA (C) were incubated in rat collagen with Opti-MEM for 7 days. IF 

on paraffin sections revealed F4/80+ cells (orange) are prominent in ARA (B) but almost not 

present in FIA (A) und mdARA (C). FACS analyses present increased F4/80+
 
cells in ARA (D). 

DAB immunostaining on paraffin section of ARA demonstrated the presence of F4/80+ cells in the 

regions of brunching points (arrows) of capillary sprouts (E-F). H&E staining of freshly isolated 

adventitia shows quiescent adventitial cells (black arrows) and elastic fibers of the aortic adventitia 

(blue arrows) (G). Formation of capillary-like structures with some associated cells form outside 

like pericytes (arrows) within the adventitia after cultivation in collagen on day 7 (H) and detailed 

analyses demonstrate lumen formation (Lu) in such structures (I). IF on paraffin sections of in 

collagen cultured adventitia indicated that cells forming capillary sprouts are CD34+ and NG2+ (J). 

Besides capillary sprouts, F4/80+ cells (yellow arrows) were observed while not directly involved 

in capillary formation (K-L).  
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3.4. The role of VEGF-A, Gas6 and Tulp1 in capillary-like sprouting on 

ARA and mdARA  
 

Next, the effect of the VEGF-A and the TAM receptor ligands Gas6 and Tulp1 was 

studied in conventional ARA with intact adventitia and mdARA lacking adventitia. VEGF is 

known to be the most effective proangiogenic factor94,95 that acts via its receptors VEGFR-1 

(Flt-1) and -2 (Flk-1) and activate both migration as well as proliferation of ECs that result in 

formation of new vessels96. Gas6 have also been reported to act as a pro-angiogenic factor in 

ARA70. To better characterize the effect of the these angiogenic factors on sprouting, 

particularly to determine if their pro-angiogenic effects are mediated by mature ECs vs. 

adventitial progenitor cells (VW-SPCs), VEGF-A and Gas6 were added to ARA and mdARA 

organ cultures. To the best of our knowledge, this is the first study to evaluate effect of TAM 

receptor ligands Tulp1 and Gas6 as well as VEGF-A in mdARA. As expected VEGF-A 

displayed a pro-angiogenic effect in both ARA and mdARA (Fig. 9A-B). However, Gas6 

promoted sprouting from the ARs with intact adventitia (Fig. 9A-B) suggesting that pro-

angiogenic cellular targets of Gas6 are also among adventitia-resident VW-SPCs. In contrast, 

Tulp1’s proangiogenic effects were particularly prominent when the aortic adventitia was 

removed (mdARA). This finding suggests that mature ECs from the aortic intima may be the 

primary target of the pro-angiogenic effects of Tulp1 (Fig. 9 A-B). It appears that presence of 

adventitia-derived VW-SPCs results in shorter capillary sprouts probably because VW-SPC-

derived peri-endothelial cells stabilize the new capillary sprouts which in turn might result in a 

reduction of the sprouting length.  

Further studies were undertaken to determine whether Tulp1 activates TAM receptors 

in mdARA to promote angiogenesis. For this purpose, a highly selective TAM kinase inhibitor 

(LDC1267)97 that inhibits Mer, Tyro3, and Axl was added to organ cultures simultaneously 

together with Tulp1. The combined treatment with LDC1267 resulted in the almost complete 

abrogation of the pro-angiogenic effect of Tulp1. These data indicate that proangiogenic effects 

of Tulp1 are most likely mediated by interaction of Tulp1 with TAM receptors (Fig. 10A). 

Remarkably, the simultaneous addition of LDC1267 and VEGF to organ culture also reduced 

the pro-angiogenic effect of VEGF-A in mdARA (Fig. 10B). Detailed microscopic analyses 

revealed that inhibition of TAM receptor signaling by LDC1267 reduced VEGF-A-induced 

formation of capillary sprouts in both ARA and mdARA but did not block single-cell sprouting 

from the ARs (Fig. 10B). These data suggest a potential role of Tulp1 in VEGF-A-mediated 

vascular morphogenesis. The research on the relationship between TAM receptors and VEGF-
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A in angiogenesis is rather limited, although some publication indicates that Axl might play an 

important role in VEGF-A-mediated angiogenesis98.  

 

 

A 
Basal VEGF-A 

Gas6  Tulp1 

Basal VEGF-A 

Gas6  Tulp1 

ARA 

mdARA B 

Figure 9. Comparison of the effects of testing factors in ARA and mdARA 

Tulp1-induced capillary sprouts were prominent when adventitia was removed, however, Gas6´s 

effect was exact opposite, but VEGF-A had a proangiogenic effect in both cases (A-B). 6 ARs per 

condition were analyzed. Sprout length and area measurements were performed using ImageJ. 

Figures of capillary sprouts were captured at culture day 7 and used for quantification of sprout’s 

length from the perimeter of the AR to the most distal tip of the angiogenic sprout in four quadrants 

of each AR using the ImageJ program. Error bars indicate SDs. P values were calculated by 

unpaired Student`s t-test. **p ≤ 0.01 ***p ≤ 0.001, n.s.: non-significant. 
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Figure 10. Tulp1 and VEGF-A signal through TAM receptors 

In mdARA blocking TAM receptors with LDC1267 indicates that Tulp1 signals through TAM 

receptors (A). In ARA and mdARA blocking TAM receptors caused drastically reduced VEGF-

A-induced capillary formation while single-cell sprouting was not changed significantly (B). 6 

ARs per condition were analyzed. Sprout length and area measurements were performed using 

ImageJ. Capillary sprout’s length was measured from the perimeter of the AR to the most distal 

tip of the angiogenic sprout based on figures captured from four quadrants of each AR at culture 

day 7 by phase-contrast microscopy and quantified using ImageJ program. Error bars indicate 

SDs. P values were calculated by unpaired Student`s t-test. *p ≤ 0.05, **p ≤ 0.01, n.s.: non-

significant. 
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To understand why the effect of Tulp1 on angiogenic sprouting was strongest when 

adventitia was removed, IHC-P (immunohistochemistry with paraffin sections) was performed 

for Tulp1 on tissue sections of FIA and ARA. The results revealed that the adventitia of FIA 

contains Tulp1+ cells and this was apparently increased after ARA. In addition to this, in ARA 

Tulp1+ cells emerged and were clearly detectable also in intima layer (Fig. 11A-B). 

Furthermore, data obtained from FACS and western blot analyses also confirmed the expression 

of Tulp1 in FIA and increased expression in ARA (Fig. 11C-D). Hence the localization of Tulp1 

immunostaining in retina was already demonstrated in the literature77,99  tissue sections of retina 

were used as positive control. According to the published data100 the immunostaining here 

demonstrated Tulp1 expression in photoreceptor cells in a similar spatial pattern (Fig. 11E I). 

Additionally, expression of Tulp1 mRNA was detected in the retina, FIA and ARA using PCR 

(Fig. 11E III). Already high expression of Tulp1 in ARA could be an explanation for the 

decreased effectiveness of additionally added Tulp1 to the ARA compared to mdARA. 

Additionally, added Tulp1 could not be processed, because probably there is high basal 

angiogenesis in ARA due to the presence of Tulp1+ cells. 
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B 

Figure 11. Expression of Tulp1 in ARA 

IF for Tulp1 on paraffin sections of FIA and ARA at day 7 in rat tail collagen. Tulp1+ cells (orange) 

are present in the aortic adventitia of both FIA (A) and AR after ARA (B). After ARA, also 

angiogenicly activated endothelial cells of the aortic intima (I) become Tulp1+ (B). Western blot 

(C) and FACS analysis (D) supported IF data. Antibody specificity test on retina tissue as positive 

control: Tulp1 antibody in red stained specifically between retinal pigment epithelium (RPE) and 

photoreceptor layer (PL) (E I) as already described in the literature. No specific staining in the 

negative control as exposed to secondary antibody only (E II). RT-PCR confirmed Tulp1 expression 

in both FIA and ARA as well as in the retina as positive control (E III).  
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The results of this work confirm the pro-angiogenic effect of Gas6 on the capillary 

sprouting in the ARA but based on the data obtained from mdARA this proangiogenic effect of 

Gas6 seems to be largely mediated via the adventitia-resident VW-SPCs (Fig. 9A-B). 

Moreover, Gas6 was observed to reduce the CD31 staining in the cells of the intima layer in 

conventional ARA as well as in mdARA as demonstrated by CD31 immunostaining on aortic 

sections as well as immunoblot analyses (Fig. 11A-B).  
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Figure 12. Gas6 effect on CD31 expression in the aortic intima layer 

DAB immunostaining for CD31 on paraffin section of basal as well as Gas6 (200 ng/ml) and Tulp1 

(60 ng/ml) treated ARA and mdARA respectively at day 7 (A). Western blot analysis demonstrates 

CD31 expression of myocardial endothelial cells (MyEnd) after overnight cultivation in basal-, 

basal + Gas6 (200 ng/ml), basal + Tulp1 (60 ng/ml) medium respectively (B). Reference for the 

size of CD31 from Invitrogen, cat. # PA5-16301(C). 
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3.5. Ex vivo 3D tumor-vessel wall-interface model 
 

The ex vivo 3D tumor-vessel wall-interface model was established by co-embedding a 

multi-cellular tumor spheroid (MCTS) and an aortic ring (AR) in close vicinity to each other 

within the collagen gel. To distinguish cells of AR origin from tumor cells infiltrating the 

collagen matrix by leaving the MCTS the ARs were prepared from the aorta of GFP-C57BL/6-

Tg mice and used in confrontation assay. Three areas were examined in this model: Non-tumor 

side of the AR, interface between AR and MCTS, and non-aortic side of the MCTS. With this 

model, it was possible to follow vascularization, angiogenesis, and the vasculogenic mimicry 

(VM) of the tumor day by day in the same assay.  

The non-tumor side of the AR was characterized by the development of capillary sprouts 

as they were observed in conventional ARA without MCTS confrontation (Fig. 13a A-B). 

However, these sprouting and the number of adventitia-derived cells that migrated into the 

surrounding collagen gel were considerably reduced when ARA was performed under hypoxic 

conditions (Fig. 13a C-D). In contrast, the number of aortic wall-derived cell that were found 

to be migrated into the tumor-AR interface region and also into the MCTS was enhanced under 

hypoxic conditions (Fig. 13a F-G). Moreover, under hypoxic conditions, the GFP+ aortic wall-

derived cells formed complex networks within the MCTS, while under normoxia the number 

GFP+ cells that infiltrated the MCTS was considerably lower and also network formation was 

less (Fig. 13a F-G). Moreover, a population of the MCTS-infiltrating and network-forming cells 

were found to be positive for the pericyte marker NG2 (Fig. 13a H-I).  
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Figure 13a. Ex vivo 3D tumor-vessel wall-interface model 

MCTS confrontation with Adv(+)-ARs cultivated for 11 days in collagen under normoxia (A) and 

hypoxic conditions (B). Aortic cells were GFP positive. At the non-tumor side, vascular sprouting 

occurred under normoxia and hypoxia at day 7 (C-D), whereas under hypoxia fluorescently labeled aortic 

wall cells sprouted into the tumor-vessel-interface as well as MCTS areas (B). Quantification of the 

sprout’s length (E). Sprouting towards the MCTS is observable after 11 days of confrontational 

cultivation under normoxic (F and H), and hypoxic conditions (G and I). Migrated NG2+ aortic cells 

only surrounded the MCTS under normoxia (H) but formed networks within the MCTS under hypoxia 

(I). Quantification from F and G (J). Sprouting length was measured as a mean maximal sprout from the 

perimeter of the AR to the most distal tip of the angiogenic sprout in four quadrants of each AR using 

ImageJ. Area of the migrated GFP+ aortic cells into spheroids was quantified by measuring of total cells 

area by ImageJ program. Error bars indicate SEM. P values were calculated by unpaired Student`s t-test. 

*p ≤ 0.05, ***p ≤ 0.001. 
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In the interface area between AR and MCTS single cell sprouts formed capillary like 

structures which were maintained until day 5 (Fig. 13b A) but after day 5 (Fig. 13b B) they 

started to disappear, apparently due to resolution into single cells again. This observation 

suggests that MCTS preferred to incorporate the aortic wall-derived cells as single cells to use 

them for building their own vascular network inside the tumor rather than allowing penetration 

by expanding capillaries. When conventional ARs with intact adventitia were confronted with 

MCTS, migration of single GFP+ aortic cells into the interface region was observed, some of 

these GFP+ cells also infiltrated the MCTS.  

 GFP+ aortic wall-derived cells were detectable within MCTS not only as single-cell 

clusters but also as cell cords forming networks (Fig. 13b C). Under these conditions cell cords 

Figure 13b. Ex vivo 3D tumor-vessel wall-interface model 

In the tumor-vessel-interface transient capillary sprouts were built by day 5 (A) but started to 

disappear at day 6 at the border to MCTS (B). Initiation of network formation of GFP+ aortic cells 

within the MCTS under hypoxia and sprout-like (circle) structure at the non-aortic side formed by 

(GFP-) tumor cells at day 5 (C-D) and day 11 (E) of cultivation. Whole-mount staining for CD34 

(red), NG2 (green) (E).  
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originating from the MCTS and invading the collagen gel at the non-aortic side (Fig. 13b C) 

were found to be GFP- indicating that these cords did not originate from the ARs but were 

positive for CD34 (Fig. 13b E). CD34 has been considered to be a marker for hematopoietic as 

well as vascular stem and progenitor cells but was also detected in some mesenchymal cells 

and mature endothelial cells lining adult vascular lumen101-103. We suspected that these tumor 

cells might have the capacity of the vasculogenic mimicry (VM) where the tumor cells 

themselves form vessel-like channels37,104-106. 

Furthermore, the ARs stripped of the adventitial layer before embedding into collagen 

matrix in the confrontation with MCTS displayed considerably less recruitment of the aortic 

wall-derived cells to the MCTS and only a few of these cells were found to penetrate into the 

MCTS (Fig. 14A and C). In comparison to the Adv(+)-ARs (aortic rings with intact adventitia) 

Adv(-)-ARs (aortic rings without adventitia) displayed dense cell cords into the interface area 

and towards the MCTS that did not penetrate into the MCTS while covering them from the 

outside (Fig. 14C-D).  

These observations prompted to investigate whether the interaction between MCTS and 

VW-SPCs is tumor cell specific. To this end the 3D spheroid-vessel wall-interface experiment 

was repeated by replacing tumor spheroid with hiPSC-derived neural spheroids (provided by 

Dr. Wörsdörfer from Institute of Anatomy and Cell Biology). In contrast to confrontation of 

Adv(+)-ARs with MCTS, Adv(+)-AR-derived capillary sprouts penetrated directly into the 

neural spheroids (Fig. 14 E-F). These data indicate that the behavior of vascular adventitia-

derived cells to form capillary sprouts depend on surrounding tissue, e.g. tumor vs. neuronal 

spheroids probably due to the signals released from the tumor or neuronal cells, respectively. 
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Figure 14. Dependence of sprouting pattern on VW structure and cell types of 

spheroid 

ARs are co-embedded with MCTS into the collagen gel, on day 8, under hypoxia condition (A-D). 

Abundant GFP+ aortic cells of Adv(+)-AR migrated towards the MCTS (A). The cells express the 

vascular marker CD34 or the pericyte marker NG2 (B). In the absence of an adventitia and thus, also 

absence of VW-SPCs, the migration of single cells towards the MCTS is reduced, however, the 

formation of cell cords to and around the MCTS are intensified (C-D) Neural spheroid with Adv(+)-ARs 

(E) and tumor spheroid (MCTS) with Adv(+)-ARs (F) on day 8 under normoxia condition. If Adv(+)-

ARs were co-embedded with neural spheroids, capillary sprouts were observed in interface area that also 

penetrated directly into neural spheroids (E) but if Adv(+)-ARs were co-embedded with tumor spheroids, 

only cell sprouts were observed while capillary-like spout formation was almost missing (F).  
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To study and observe the behavior of macrophage-like cells directly during the assay in 

the interface area, this model was applied to Adv (+)-AR of Cxcr1 CreER+/mTmG+/- mouse 

model. The Cxcr1 CreER+/mTmG+/- mouse model allowed to differentially follow the 

behavior of GFP labeled macrophages in the confrontation culture of ARA+MCTS. As it was 

shown in the Fig. 8E-F, F4/80+ macrophage-like cells from the aortic adventitia were 

preferentially accumulated at the brunching points of capillary-like sprouts in ARA. 

Interestingly the GFP+ macrophages could be observed in blood vessel-tumor-interface and 

they were particularly accumulated in direction to MCTS (Fig. 15A). Additionally, IF of whole-

mount showed that they were accompanied by NG2+ cells (Fig. 15B). In contrast to this pattern, 

Figure 15. Behavior of VW-SPCs-derivedmacrophages differed depending on the 

presence of the MCTS 

Adv(+)-ARs of Cxcr1 CreER+/mTmG+/- mouse model (macrophages are permanently labeled by 

GFP). ARs were confronted with MCTS in rat collagen (A-B), and cultured alone (C-D) at culture 

day 7, under normoxia. Under fluorescence microscope: fluorescently marked cells mobilized from 

the Adv(+)-AR, migrated towards to MCTS (A). Confocal images: whole-mount clearing and 

staining of Adv(+)-AR and MCTS confrontation. GFP+ cells in green and NG2+ cells in red 

(B).When Adv(+)-ARs were cultivated alone macrophages localized mostly at the capillary 

branching points (C-D). 
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in conventional ARA the GFP+ macrophages were again accumulated in branching points of 

capillary-like sprouts (Fig. 15C-D). 

Following this, the data presented here show that vascular adventitia has a significant 

influence on the effect of anti-angiogenic drugs. Next, the effect of selective anti-angiogenic 

drugs, e.g. VEGFR-2 inhibitor ZM 323881 was tested in AR-MCTS-confrontation assay. 

Treatment with the VEGFR-2 (VEGF Receptor 2) inhibitor ZM 323881 has been shown to 

block angiogenesis and capillary-like networks by inhibiting the VEGF and VEGFR-2-

mediated signaling107,108. Treatment of the AR-MCTS-confrontation assay cultures with ZM 

323881 resulted in a strong reduction of the sprouting of the aortic wall-derived cells into the 

interface region and towards the MCTS (Fig. 16C). However, angiogenic sprouting at the non-

tumor side was not completely blocked by the inhibitor while capillary sprouting was reduced 

significantly (Fig. 16D). In contrast, when the adventitia was removed ZM 323881, was able to 

block the sprouting, both in the interface region (Fig. 16G) and at the non-tumor side much 

stronger (Fig. 16H). These experiments were repeated by embedding only ARs into collagen 

gel without confrontation with MCTS. The findings of these analyses revealed that ZM 323881 

affected the length of capillary sprouts in both conventional ARA with intact adventitia and 

mdARA lacking adventitia significantly, while sprouting of the cells (without capillary 

morphogenesis) was not significantly affected in conventional ARA with intact adventitia (Fig. 

16I-M). IF of whole-mount showed that ZM 323881 specifically inhibited mobilization of 

CD34+ cells while NG2+ cells continued to migrate (Fig. 16N-O). 
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Figure 16. Differential effects of VEGFRs inhibition in the presence of VW-SPCs 

Co-culture of MCTS with ARs under hypoxia, on day 14 (A-H). Treatment with the VEGF-R 

inhibitor ZM 323881 reduced migration of cells towards the MCTS in the Adv (+) ARA 

experiments (A vs. C), also reduced capillary sprouting at the non-tumor side (B vs. D). In the Adv 

(-) ARA experiments ZM 323881 almost completely blocked cell sprouting and migration (E-F vs. 

G-H). Similarly, ZM 323881 had a negative effect on capillary sprouting in ARA without tumor 

spheroids (I-J) and reduced in both capillary-like sprout formation significantly while this effect 

was much stronger in mdARA as in ARA (K-L). Quantification of the sprout length (I-L) confirmed 

this microscopic observation (M). Whole-mount immunostaining of ARA+MCTS without and with 

ZM 323881 treatment, CD34 in red and NG2 in green (N-O). Capillary sprouts length was measured 

as a mean maximal sprout from the perimeter of the AR to the most distal tip of the angiogenic 

sprout in four quadrants of each AR using ImageJ. Error bars indicate SDs. P values were calculated 

by unpaired Student`s t-test. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001. 
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4. Discussion 
 

Tumor vascularization by angiogenesis and/or postnatal vasculogenesis is an essential 

perquisite for tumor growth and metastasis, and thus, anti-angiogenic therapeutic strategies 

were considered to have a high potential for anti-tumor therapy for decades. These hopes have 

not come to fruition to the extent hoped for as angiogenesis inhibitors have shown only a partial 

success in clinic. Lack of knowledge about cellular sources that can contribute to tumor 

vascularization and molecular events involved in activating these cellular sources of new blood 

vessel formation limited the potential of anti-angiogenic therapy. The hypothesis of this work 

was that under- or un-appreciated local sources for such cells, e.g. the vascular wall-resident 

stem and progenitor cells (VW-SPCs) might be one of the reasons for that limited effectiveness 

of the anti-angiogenic therapy in cancer. To elucidate whether and how the VW-SPCs might be 

recruited for tumor vascularization, first the basic behavior of these cells in angiogenic 

processes was studied using the well-established aortic sprouting (ring) assay (ARA). To adopt 

this assay for more specifically testing the role of VW-SPCs a modified ARA (mdARA) was 

established in this work by removing the adventitial layer prior to using the aortic rings (ARs) 

for ARA. In a second step, the ARA-MCTS-confrontation assay was established in which ARs 

and tumor spheroids (MCTS) were simultaneously embedded into the collagen gel in close 

vicinity to each other. The data obtained from these analyses and presented in this work suggest 

that: a) VW-SPCs are to a great extent resident within the vasculogenic zone of the adult 

vascular adventitia and contribute to both CD34+ endothelial capillary sprout formation as well 

as to their stabilization by delivering e.g. NG2+ pericytes, b) absence of the vascular adventitia 

causes a significant alteration of this process and reduces network formation among the new 

vascular sprouts, c) adventitia-derived F4/80+ macrophage-like cells are tightly associated to 

the new sprouts with a particular accumulation at the branching points, d) VW-SPCs are 

recruited to the MCTS preferentially as single cells while capillary sprouts into the interface 

area between AR and MCTS were dissolved into single cells that penetrate the MCTS and 

formed de novo vessel-like structures within the tumor spheroids, e) in contrast to tumor MCTS, 

the confrontation of ARs with iPSC-derived neural spheroids resulted in penetration of the AR-

derived capillary sprouts directly into the neural spheroids suggesting a tumor-specific 

interaction with VW-SPCs and f) the application of the angiogenesis inhibitor ZM 323881 in 

ARA and mdARA resulted in a differential alteration of vascular sprouts depending on presence 

of the vascular adventitia, g) TAM receptor ligand Tulp1 particularly influences the new vessel 

formation provided by mature vascular endothelial cells while Gas6 seems to be more effective 

on VW-SPCs.  
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4.1. Vascular adventitia-derived cells contribute to new vessel 

morphogenesis and maturation  
 

ARA was introduced in the field of angiogenesis and vascular research several decades 

ago to study the basic biology of angiogenesis and test the effect of pro- and anti-angiogenic 

factors in a vascular wall tissue context including all cell types of the vessel wall. With these 

properties, this ex vivo assay still serves as a robust tool for studying neovascularization66-69. 

While it was initially believed that the new vessel will be formed by mature ECs lining the 

aortic lumen later studies showed that vascular wall-derived progenitor cells are also involved 

in new vessel formation 4,51,109. These studies revealed that adult vascular wall including aorta 

contains VW-SPCs populations that have the capacity to deliver all mature cell types of the 

vessel wall such as endothelial and smooth muscle cells and pericytes2,4,6,45. In traditional ARA, 

angiogenesis and vasculogenesis cannot be easily distinguished due to the fact that both ECs of 

the vascular intima but also vascular wall-resident progenitors can simultaneously contribute to 

formation of the vascular sprouts that either are directed into the lumen of arterial/aortic rings 

or into the collagen gel in the surrounding of ARs. In order to differentiate the contribution of 

pre-existing, mature ECs of the intimal layer to vascularization from that of the adventitia-

derived VW-SPCs, mdARA was established. For this purpose, the adventitia layer of mouse 

aorta was removed after a short collagenase digestion, before the aortic rings were embedded 

into the collagen gel. Treatment time and collagenase concentrations were critical so they were 

optimized in order to avoid structural damage of the vessel wall when removing adventitia. 

Histological H&E staining of cross sections after removal of the adventitia confirmed the 

structural preservation of the remaining aortic wall layers such as the intima and media. 

Removal of adventitia resulted in a significantly delayed cell sprouting. While in 

conventional ARA with intact adventitia, cell sprouting started from adventitia side as well as 

from the lumen at day 1 of organ culture, in mdARA lacking adventitia this was first observed 

at day 3. The most obvious explanation for this difference is the early activation of adventitia-

resident VW-SPCs in ARA that could initiate two processes: a) direct sprouting of VW-SPCs 

into the collagen gel, even at the culture day 1, and b) secretion of paracrine factors by activated 

adventitial VW-SPCs that are pro-angiogenic and can reach the intima layer by diffusion 

through the vessel wall where they activate the mature ECs in the intima to sprout into the 

collagen gel within the aortic lumen. Moreover, these factors released by VW-SPCs may induce 

proliferation and activation of progenitor cells residing in the subendothelial zone of the aortic 

intima. An alternative explanation for this phenomenon, the sprouted cells into the lumen may 
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also originate from adventitia that can migrate towards the aortic lumen and could alone or 

together with some mature ECs contribute to the sprouting cells and capillaries into the aortic 

lumen already at day 1 of culturing. 

In the longer ARA cultures a different sprouting pattern was observed when comparing 

the conventional ARA with intact adventitia to mdARA lacking the adventitial layer. In ARA 

more robust vessel sprouts and complex vessel networks were observed while mdARA 

displayed single sprouts almost without network building. These findings clearly suggest that 

the establishment of the mdARA enabled to some extent to specifically study the role of the 

aortic adventitia-derived VW-SPCs and to distinguish their role from that of other aortic layers 

in new capillary formation. The data presented here suggest further that, although neovessel 

sprouting into the collagen gel surrounding the ARs might also be generated to a lesser extent 

from the intimal ECs when the incubation period of ARA culture was extended, progenitor cells 

from the adventitia apparently are the major contributors to the formation of the new vascular 

structures. Detailed examination of the capillary sprout with whole-mount IF and IHC-P 

analyses showed significantly less NG2+cells that covered the capillary sprouts within the 

collagen gel when adventitial layer was removed, as is the case of mdARA. Furthermore, 

F4/80+ macrophage-like cells surrounding these capillaries in some places were also absent 

suggesting that they are generated from the adventitia-resident progenitors during ARA and 

their absence was due to the removal of the adventitial layer and thus also of VW-SPCs. Taken 

together these data suggest that the adventitial VW-SPC population contributes to the 

development of a mature vascular wall with pericyte coverage of the capillary sprouts as evident 

by NG2 staining along the capillary wall. Moreover, non-generation of F4/80+ macrophage-like 

cells in mdARA indicate that the vascular adventitia also serves as a niche for non-vascular 

progenitor cells, e.g. those delivering macrophages. During ARA, F4/80+ macrophage-like cells 

sprouted into the collagen gel, where they were mobilized to and accumulated at capillary 

sprouts and gained filopodia pointing to their activation. They might play a significant role in 

the initiation and maintenance of vascular formation by secreting pro-angiogenic factors such 

as VEGF6 while these cells do not directly participate in morphogenesis of new vessels. 

Furthermore, the data presented here demonstrate for the first time accumulation of VW-SPC-

derived macrophages in the branching regions of capillary sprouts (Fig. 8E-F). Through this 

localization macrophages may play a particular role in the complex network building e.g. by 

supporting the vessel branching in ARA via secreted factors in a paracrine manner. 

Another relevant advantage of mdARA beside being suitable for studying the role of 

adventitial VW-SPCs is that it allows for better characterization of the role of mature ECs of 
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vascular intima a) without contamination by adventitia-derived cells including ECs and b) 

without being extracted from their tissue context in the vascular wall that better recapitulates 

their activation under in vivo conditions in health and disease. Moreover, in in vitro angiogenic 

assays such as Boyden Chamber, wound healing, and tube formation assay repeatedly passaged 

ECs are used in monolayer, which is far from the in vivo situation compared to ARA or even 

mdARA. With these properties the mdARA might serve under some conditions an improved or 

more suitable model for testing the effect of pro- vs. anti-angiogenic compounds on vascular 

ECs before going with the in vivo studies.  

As a proof-of-concept, potent angiogenic factors such as VEGF-A and factors with 

potential angiogenic effects such as Gas6 and Tulp1 were tested in ARA and mdARA to 

examine their effects on new vessel formation in the presence vs. absence of the aortic 

adventitial layer. The data presented here demonstrate that presence or absence of adventitia 

had a profound effect on the mode of action of the angiogenic factors that were tested. For 

example, Tulp1-induced new vessel formation was considerably more prominent and clearer in 

mdARA lacking aortic adventitia in comparison to conventional ARA with intact adventitia. 

This differential effect of Tulp1 can be explained at least in part by results obtained from 

immunostaining for Tulp1 on tissue sections of fresh isolated aorta (FIA) and ARA that 

revealed an expression of Tulp1 in both in adventitial and intimal layers of the aortic wall. 

Moreover, Tulp1 immunostaining was seemingly stronger in the adventitia after ARA in 

comparison to adventitia of FIA. This observation might also explain why externally applied 

Tulp1 induced less sprouting in conventional ARA in comparison to mdARA. Due to the 

already strong adventitial Tulp1 expression in ARA, external Tulp1 addition did not result in 

enhanced sprouting in ARA. In contrast, in mdARA without adventitia and probably less 

endogenous Tulp1 level, the external addition of Tulp1 resulted in considerable amount of 

angiogenic sprouting that was to a major part generated by the intimal ECs. In contrast to Tulp1, 

the effect of Gas6 was prominent in conventional ARA with intact adventitia. Furthermore, 

IHC-P of ARA and mdARA showed that the treatment of ARA and mdARA by Gas6 results 

in a decreased CD31 immunostaining in mature ECs lining the aortic intima while increasing 

CD31 staining in adventitial cells (Fig. 12A). Such differential effects of Gas6 on two different 

cell types of the aortic wall may explain why this factor had acted differently on ARA vs. 

mdARA. These findings indicate that the effect of angiogenesis regulating factors is to a great 

extent context-dependent, e.g. vascular wall structure and cannot be defined by only testing on 

endothelial cell culture. It is evident that ARA is closer to in vivo conditions for studying new 

blood vessel formation. Therefore, testing potential pro- or anti-angiogenic factors in different 
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in vitro and ex vivo assays including the mdARA may be a more appropriate way to study the 

complex effects and interactions of such factors before testing them in vivo.  

 

4.2. A more accurate understanding of tumor vascularization and ex vivo 

3D models  
 

During embryogenesis the large blood vessels like aorta and its main branches are 

formed by vasculogenesis which also plays critical roles in physiological developmental 

processes and organ growth in the fetal period110,111. Postnatal vasculogenesis by vascular 

progenitors contribute to pathophysiological processes such as tumor vascularization that is 

essential for supplying tumor with oxygen and nutrients by blood perfusion. Research during 

last decades clearly explored that tumor neovascularization is not only provided by 

angiogenesis but also postnatal vasculogenesis based on endothelial progenitor cells EPCs9,112-

115. The first evidence of Flk1+ and CD34+ EPCs that circulate in the peripheral blood and 

contribute to new vessel formation at angiogenic sites was published 1997 by Asahara et al.116. 

Later it was demonstrated that EPCs generated from mononuclear blood cells can contribute to 

tumor vascularization even though their physical integration into the tumor vessels was not that 

high117. The major source delivering these progenitors was identified to be bone marrow 

(BM)11,118. Further studies demonstrated that in addition to EPCs, BM also contributes to the 

components of tumor stroma that is essential for 3D tumor structure and supports indirectly the 

neovascularization and thus tumor growth as well as metastasis. The major stromal components 

that are delivered by BM include hematopoietic stem and infiltrating mononuclear cells113,119, 

peri-endothelial cells of vascular wall120 as well as fibroblasts and myofibroblasts121, 118. The 

cellular and matrix composition as well as the micromilieu containing cytokines and growth 

factors differs among tumors and also from tumor center to tumor margin or tumor 

surrounding122, 123. In addition to these, studies in the last two decades identified adventitial 

layer of the vessel wall as a niche for different types of stem and progenitor cells (VW-SPCs) 

that were shown to deliver ECs and pericytes4,62 as well as smooth muscle cells (SMCs)63,109,124. 

It was also reported that CD34+ adventitial VW-SPCs which deliver ECs, pericytes and SMCs 

and thus contribute to new vessel formation are recruited to the border of tumor lesions and 

responsive to the anti-angiogenic therapy4,62,109,125. Furthermore, adventitia-derived CD44+ 

cells were reported to differentiate into pericytes and smooth muscle cells that enwrap the 

endothelial lining of new vessels as pericytes do in capillaries and smooth muscle cells do in 

the wall of arteries and veins in situ63,124. Moreover, besides differentiating into vascular cells, 

https://tureng.com/de/turkisch-englisch/e.g.
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VW-SPCs were shown to also deliver non-vascular cells e.g. to generate macrophages 

independently of the bone marrow3,4,52,126 that serve as a local source for high level VEGF 

production.  

However, until now, the role of these vessel wall-derived macrophages in tumor 

vascularization was not well understood. Based on the data about the niche and differentiation 

potential of VW-SPCs it can be assumed that determining the role of VW-SPCs in tumor 

vascularization requires complex ex vivo and in vivo models to exactly explore and to 

distinguish it from conventional angiogenesis by mature ECs. Hence, there is a need for 3D- 

models that can mimic the in vivo conditions. To this end, first the behavior of VW-SPCs was 

analyzed by immunohistochemical studies for CD34 that serves as a reliable marker for the 

adventitial niche of VW-SPCs on human tumor tissue sections such as urinary bladder and 

breast tumor samples. Confirming the previously published data125 the results of this work 

demonstrate that CD34+ cells were detected from vascular adventitia and recruited to the tumor 

area when blood vessels were in close location to the tumor tissue. The present data show 

further that these CD34+ adventitial VW-SPCs infiltrate the nearby tumor area where they are 

apparently involved in formation of vascular-like structures leading to tumor vascularization. 

Hence, in a first step, a modified aortic ring assay (mdARA) was established using mouse aorta 

and by this the contribution of the adventitial VW-SPCs to new vessel formation was 

determined. In a second step, a tumor cell-blood vessel-model was created where collagen gel 

was used as a matrix in which tumor spheroids (MCTS) were simultaneously embedded 

together with small arterial rings that were prepared from the mouse aorta. For a comparable 

and reproducible evaluation, three regions were marked and distinguished in this model that 

served for the qualitative as well as quantitative assessment such as: non-tumor side of ARs, 

the interface between the MCTS and ARs, and non-aortic side of the MCTS. The data obtained 

from this model show that, adventitial CD34+ VW-SPCs are mobilized from their niche, 

directed to the MCTS as single cells and/or cell cords that a) surround the tumor spheroid and 

b) infiltrate the MCTS where they form vessel-like structures when model was performed using 

ARA with adventitia in place. These data were amazingly very similar in whole pattern to the 

findings that were obtained from the in situ CD34 immunostaining on human bladder and breast 

cancer tissues. To this end, we established AR-MCTS-confrontation model which, that fully 

recapitulates the behavior of human vascular adventitial VW-SPCs in presence of tumor. This 

model is highly suited for detailed analyses of the contribution of VW-SPCs to tumor 

vascularization. Unexpectedly, the presented data demonstrate that the presence of MCTS in 

close vicinity to ARs alters the sprouting pattern within the tumor-vessel-interface significantly 
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as it apparently stops the growth of the capillary sprouts before they reach the tumor spheroid 

border. Interestingly, VW-SPCs were recruited to and incorporated into the MCTS as single 

cells where they formed capillary-like structures. This behavior of capillary sprout formation 

in presence of tumor is a novel finding and remarkably is not observed when neural cell 

spheroids were used instead of MCTS. Therefore, this morphogenetic phenotype seems to be 

tumor-specific. Further studies are needed in order to explore the molecular and cellular 

mechanisms behind this phenomenon. When the confrontational assay was conducted using 

mdARA with lacking the adventitia, the vessel sprouting roughly reflected the classical 

angiogenesis, the capillary sprouts were directed towards the MCTS and encircled the spheroids 

from the outside.  

A further essential parameter of tumor vascularization is the hypoxia which is critical in 

induction of molecular and cellular mechanisms that govern the tumor vascularization23-26. 

Therefore, the behavior of VW-SPCs in the AR-MCTS-confrontation assay was studied under 

hypoxic conditions. The data presented here show that under hypoxia infiltration of VW-SPCs 

into the MCTS was increased in comparison to normoxia. This is a further evidence for the 

suitability of the ex vivo confrontation model established in this work for recapitulating the in 

vivo tumor angiogenesis/vasculogenesis. 

Beside the classical tumor vascularization by angiogenesis and vasculogenesis there are 

sufficient data in the literature suggesting that the so-called vasculogenic mimicry (VM) can 

also help to maintain the tumor microcirculation14,127. While it was not the focus of the current 

work, the formation of cell cords and in some areas capillary-like sprouts by tumor cells 

themselves was observed. These structures were similar to the VM as reported in the literature 

and they formed at the non-aortic side of the MCTS of the confrontation model. Using ARs 

form global GFP-reporter mice and non-labeled tumor cells for MCTS in the confrontation 

assays aortic wall-derived cells could directly be distinguished from the tumor cells that migrate 

form the MCTS into the collagen matrix. Subsequently performed immunostaining for CD34 

and NG2 revealed remarkable cellular composition of the VM channels. These analyses 

revealed that these channels are formed by non-GFP-labeled but CD34+ cells suggesting their 

tumor origin while NG2+ cells were GFP-labeled indicative of their aortic origin. This finding 

suggests that vessel wall derived NG2+ cells associate with the CD34+ channels form the outside 

similar to the peri-endothelial cells. These findings suggest further that some tumor cells, which 

have the ability to VM, can transdifferentiate into a stem cell-like state and subsequently acquire 

an endothelial-like phenotype, e.g. by expressing EPC- and/or EC-selective markers15 like 

CD34 in the studies here. These data suggest that tumors could generate vessel-like structures 
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that are constructed heterogeneously by vascular and non-vascular cells of tumor origin. Here, 

tumor cells may interact with pericytes by expressing cell-cell adhesion molecules such as N-

cadherin that was reported to mediate contacts between EC and pericytes on the abluminal 

surface of the EC128. Further studied are needed in order to better characterize these type of 

tumor vessels and their role in tumor growth. 

 

4.3. Therapeutic strategies targeting tumor vascularization 
 

There has been much progress in the field of anti-angiogenic therapy, but clinical 

success is still limited. The majority of the anti-angiogenic drugs are focused on the main pro-

angiogenic signaling pathway that is mediated by VEGF-A/VEGFR2129,130. One of the most 

prominent drugs among them is bevacizumab (Avastin)131,132 that is still used for the treatment 

of few human tumor types in combination with chemotherapeutics or radiation133,134. The 

current view of such therapies is that anti-angiogenic therapy targeting VEGFR leads to blood 

vessel stabilization125,135 and thus normalization of the tumor vasculature. It is thought that 

replacing unstable and leaky tumor vasculature with a more stable and less leaky vasculature 

could improve the drug distribution within the tumor tissue or tumor oxygen supply which in 

turn might improve the efficacy of the radiation therapy136,137. The data presented in this work 

suggest that complex and comprehensive anti-neovascularization approaches which target 

angiogenesis and postnatal vasculogenesis by VW-SPCs as well as lymphangiogenesis and VM 

are needed to more efficiently block tumor growth and metastasis in the clinical setting.  

A further aspect concerning the testing and establishment of new therapeutic strategies 

in tumor treatment is the improvement of models that can be used in preclinical studies, e.g. 3D 

ex vivo models that might improve drug screening without prior animal experimentation and 

thus, increase the output, reduce the costs and in particular the number of animals used for in 

vivo studies. The 3D tumor-vessel wall-interface model, established in this work, was used to 

demonstrate that the cells derived from the mouse aortic adventitia play a crucial role in the 

response of the neovessels to therapeutics. Because blood vessels and thereby vascular 

adventitia is omnipresent in vivo138, their vasculogenic potential might have an impact on the 

efficacy of anti-angiogenic tumor therapy. The data presented here provide first hints that this 

fact has to be considered in anti-cancer therapeutic strategies. In 3D model, VEGFR2 inhibitor 

ZM 323881108,107 was tested for inhibition of new vessel formation in the context of the VW-

SCPs. The inhibitory effect of ZM 323881 on capillary sprouting was significant in both 

conventional ARA and mdARA but more prominent in the latter. The demonstration that in 
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ARA the capillary sprouting was significantly reduced while cell sprouting was not affected 

considerably by treatment with ZM 323881 suggest the existence of cells in the vascular 

adventitia that might be resistant to anti-angiogenic therapy targeting VEGF-signaling and thus, 

they could maintain vascular sprouting to some extent even under the treatment with such anti-

angiogenic drugs (Fig. 16I-L). It is conceivable that VW-SPCs protect the capillary- and cell 

sprouting process from the inhibition of VEGF-signaling, as the inhibitory effect was strongly 

diminished in ARA when the adventitial layer was left in place. For example, despite the 

inhibition of VEGF-signaling VW-SPC-derived NG2+ cells could still migrate to the MCTS 

(Fig. 16O). One explanation for this phenomenon could be the fact that adventitial VW-SPCs 

deliver F4/80+ macrophages like cells as also demonstrated in the present study (Fig. 8K-L) that 

in turn might produce and secret different types of growth factors which are not related to VEGF 

signaling pathway but can support to protect the already formed vessels and thus, reduce the 

effect of anti-angiogenic substances blocking the VEGF-related signaling6,139,140.  

Recent studies regarding the contribution of pericytes to tumor metastasis and the 

maintenance of tumor vascular supply and angiogenesis demonstrated the potential of targeting 

pericytes with anti-angiogenic therapies140-142. Pericytes stabilize endothelial cells and make 

them less sensitive to VEGF-inhibition. The data presented here show that NG2+ cells that were 

mobilized to the MCTS induced and maintained the capillary sprouts within the MCTS (Fig. 

13aI). Also, in this context, the ARA and mdARA models described in this work are 

exceptionally useful for studying angiogenesis/vasculogenesis including tumor vascularization 

in complex 3D cellular and microenvironmental milieu. Furthermore, the ex vivo 3D tumor-

vessel wall-interface-model introduced in this work for the first time demonstrated that large 

blood vessels which are co-opted by the tumor serve as a source for mature endothelial as well 

as vascular stem and progenitor cells that can be recruited for tumor neovascularization. These 

results let assume that the tumor-co-opted vessels can also deliver non-vascular cells that are 

only partially or non-responsive to some anti-angiogenic drugs and by this, might be supportive 

for new tumor vessel formation even under the therapy. 

Beside the vascular stem and progenitor cells also the vascular adventitia-generated 

inflammatory cells like F4/80+ macrophages should be considered in tumor therapeutic 

strategies. The so-called TAM receptors could be of functional relevance as it has been 

suggested in the published literature by demonstrating the existence of a crosstalk between Axl 

and VEGFR-2 that apparently regulates VEGF-A activities during tissue vascularization141. 

Consistently, other studies showed that VEGF-A-driven migration, permeability, and tube 

formation of ECs are dependent on Axl142. Furthermore, TAM receptor inhibition in xenograft 
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tumor models of glioblastoma and breast cancer inhibited tumor growth76. Despite these 

observations, little was known about the role of TAM receptors in neovascularization. The data 

presented here demonstrate that blocking the TAM receptors by adding a TAM-specific 

inhibitor inhibited VEGF-A mediated angiogenesis in both in ARA and mdARA. Furthermore, 

this blocking of TAM receptors also inhibited the generation of adventitia-derived macrophages 

and probably also their activity (Fig. S1 A-D). It is known that the macrophages express TAM 

receptors129. To this end, tumor-associated macrophages that were derived from the adventitial 

layer secrete a range of angiogenic factors including VEGF-A, FGF-2, and SDF-143-146. Action 

of macrophages such as initiating the pro-inflammatory signals or removing cell debris after 

apoptosis and necrosis, e.g. under tumor treatment conditions can modulate the cytokine release 

in a TAM receptor-dependent manner130and thus the tumor microenvironment and stroma. This 

could in turn modulate the tumor growth and metastasis. Therefore, understanding the 

interaction of TAM receptors with VW-SPCs and macrophages as well as their influence on 

tumor neovascularization is important for developing new anti-tumor therapies. The present 

results suggest that TAM receptors should be considered as a relevant target for development 

of new anti-angiogenic and anti-tumor drugs.  
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5. Conclusion 
 

These studies on the role of VW-SPCs in the vascularization using ARA and mdARA 

showed that VW-SPCs ensured robust and complex capillary network. Studies using mdARA 

demonstrated further that adventitia is not only important as a niche for vascular cells e.g. 

CD34+, and NG2+, but also a for non-vascular cells e.g. F4/80+ macrophage-like cells 

contributing to angiogenesis by accumulating at the and playing a role at the branching points 

of capillary sprouting.  

In addition, the effect of angiogenic factors such as Tulp1, Gas6 and VEGF-A were 

tested in ARA and mdARA comparing their effects in these two assays. Tulp1’s pro-angiogenic 

effects were particularly prominent when the aortic adventitia is removed suggesting an 

endothelial-specific pro-angiogenic effect of Tulp1. The effect of Gas6 on length of capillary 

sprouting was significant in ARA, but not in mdARA. However, VEGF-A significantly 

increased the length of capillary sprouting in both ARA and mdARA. Tulp1 was already 

expressed in FIA in adventitia layer and in ARA. This expression was increased and included 

the intima region in a time dependent manner in ARA. To investigate the molecular mechanism 

of Tulp1’s effect in mdARA, TAM receptors were blocked by the inhibitor LDC126 in 

mdARA. Results are suggesting that the pro-angiogenic effect of Tulp1 is mediated by TAM 

receptors. TAM receptors were also involved in VEGF-A-induced capillary sprouting in the 

ARA and mdARA.  

The immunostaining for CD34 as a marker for VW-SPCs on tissue sections of human 

urinary bladder and breast cancer revealed the mobilization and recruitment of CD34+ VW-

SPCs into the tumor tissue. To follow up on this observation, an ex vivo 3D tumor-vessel wall-

interface model was established using Adv(+)-ARs and Adv(-)-ARs to dissect the role of VW-

SPCs in the tumor vascularization. This model showed that VW-SPCs migrate to the MCTS as 

single cells in the interface area and that these single cells then assemble into vessel-like 

structures within the tumor spheroids.  

In contrast to the MCTS- vessel interface in the non-tumor side of vessel both single 

cells sprouting and capillary formations were observed. In non-aortic side of MCTS vascular 

mimicry of tumor cells were observed. Interestingly, in contrast to confrontation of ARs with 

tumor MCTS, the confrontation of ARs with iPSC-derived neural spheroids demonstrated that 

capillaries emanating from the ARA directly penetrated into the neural spheroids. 
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The application of the angiogenesis inhibitor ZM 323881 in 3D tumor-vessel wall-

interface model with Adv(+)-ARs and Adv(-)-ARs resulted in a differential alteration of 

capillary sprouts depending on presence vs. absence of the vascular adventitia. Parallel to this 

ZM 323881 was applied in ARA and mdARA. Although in ARA cell sprouting was not 

affected, capillary sprouts were reduced, while in mdARA capillary sprouting was drastically 

reduced.  
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6. Materials 

6.1. Chemicals  
 

Table 2 | Chemicals 

Product name Manufacturer Cat. # 

ABC- Complex Vector laboratories, Vectastain  PK-6100 

Acetic acid  ROTH 3738.4 

Agarose Biozym 840004 

Albumin fraction V (pH 7.0) AppliChem A1391 

Aluminium sulfate-18-hydrate Sigma-Aldrich 450308 

Ammonium chloride (NH4Cl) ROTH P726.2 

Bovine serum albumin ( BSA) Sigma-Aldrich A9647 

Chloroform AppliChem A1585 

Chloral hydrate AppliChem A4431 

Citric acid AppliChem A1350 

DABCO ROTH 0718.2 

DAPI  Roche 10236276001 

DePeX Serva 18243.02 

D(+)-Glucose AppliChem A1422 

Di-sodium hydrogen phosphate AppliChem 131679.1211 

DNA ladder Thermo Fisher Scientific SMO 313 

D(+)-Saccharose (sucrose) ROTH 4621.1 

EDTA BioFroxx 1115KG001 

Ethanol ROTH 9065.4 

Ethyl cinnemate Sigma-Aldrich W243000-1KG-K 

Glycerol AppliChem A3552 

Hydrochloric acid Sigma-Aldrich 30721 
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Hydrogen peroxide ROTH 9683.1 

2-[4-(2-hydroxyethyl)piperazin-1-

yl] ethanesulfonic acid 

(HEPES) sodium salt 

AppliChem A1070.0100 

KAl(SO4)2 AppliChem A2811 

2-methylbutane (isopentane) ROTH 3927.1 

Mowiol® 4-88 ROTH 0713.1 

NaJO3 Merck 7412159 

Nickel(II) sulfate hexa-hydrate Merck 1.06727.0100 

Normal goat serum (NGS) Sigma-Aldrich G9023 

Nuclear fast red Merck 5189 

Paraffin wax Merck 1.11609.2504 

Paraformaldehyde ROTH 0335.4 

Penicillin G sodium salt AppliChem A7000 

Protein ladder Thermo Fisher Scientific 26616 

2-Propanol (isopropanol) ROTH 6752.4 

Potassium di-hydrogen phosphate AppliChem A3620 

RedMastermix (2X) Genaxxon M3029 

Roti®-Quant ROTH K015.1 

Sodium citrate di-hydrate ROTH 4088.1 

Sodium hydroxide 

 

ROTH 6771.3 

Streptomycin sulfate salt Sigma-Aldrich S6501 

Tissue-Tek® Sakura 4583 

Tris free base ROTH 4855.2 

Triton X-100 Sigma-Aldrich T-9284 

TRIzol® Ambion 15596018 

Trypsin Serva 37289.01 

Tween-20 ROTH 9127.1 

Xylole, 99.9%, redistilled University of Würzburg  
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6.2. Cell culture media, buffers, enzymes, matrices, and factors 
 

Table 3 | Cell culture media, buffers, enzymes, matrices, and factors 

Product name Manufacturer Cat. # 

Collagen type I Millipore 08-115 

Collagenase II Worthington LS004176 

Dimethylsulfoxide (DMSO) ROTH A994.2 

Dulbecco’s modified Eagle’s medium  

DMEM (1x) 

Thermo Fisher 

Scientific 

41966-029 

Dulbecco´s phosphate-buffered saline (PBS) Sigma-Aldrich D8537 

EBMTM-2 Lonza 00190860 

Elastase grade II Roche 100907 

EGMTM-2 Lonza CC-3162 

FCS  Biochrom S0115 

Gas6 Abnova H00002621-P01 

LDC1267  MedChemExpress HY-12494 

Opti-MEM I (1x) - GlutaMAX™-I Thermo Fisher 

Scientific 

51985-026 

P/S (Penicillin-Streptomycin) 0.1 U mL-1 Sigma-Aldrich P4333 

Tulp 1 Abnova H00007287-P01 

VEGF-A Peprotech 450-32 

Water for analysis Acros organics AC389400010 

ZM 323881 Selleckchem S2896 

 

6.3. Self-prepared buffers and solutions 
 

Table 4 | Self-prepared buffers and solutions 

Name Components Concentration 

0.1 M PBS, pH = 7.4 NaCl  

Na2HPO4  

KH2PO4 

KCl  

 

136 mM 

9.5 mM 

1.46 mM 

2.6 mM 

Phosphate buffer, pH = 7.4  KH2PO4  

Na2HPO4  

 

18 mM 

82 mM 

DAB staining solution Nickel Sulfate  

Glucose  

NH4Cl 

DAB  

Glucose oxidase  

 

0.25 mg mL-1 

0.2% (w/v)  

0.38 mg mL-1 

0.48 mg mL-1 

4 μg mL-1 

10 mM Citrate buffer, pH 6 Citric acid  

Tri-Sodium Citrate  

1.8 mM 

8.2 mM 

Eosin staining solution Eosin Y  

 

distilled water 0.1% (w/v) 

Mowiol mounting solution Tris-HCl (pH = 8.5)  

Glycerol  

Mowiol®4-88 

DABCO  

0.1 M 

25% (w/v) 

10% (w/v)  

25 mg mL-1 
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Hematoxylin staining solution  

 

Hematoxylin  

NaJO3  

KAl(SO4)2  

Chloral hydrate  

Citric acid  

0.1% (w/v)  

0.02% (w/v)  

5% (w/v)  

5% (w/v)  

0.1% (w/v) 

Digestion medium for Adventitia  

Digestion medium for Aorta 

 

Collagenase Type 2, PBS 

Collagenase Type 2, Elastase, PBS 

125 U mg-1 

Nuclear fast red staining solution  

 

Nuclear fast red  

Aluminium sulfate-18-hydrate  

0.1% (w/v)  

5% (v/v) 

Tris-acetate-EDTA (TAE) (50x) 

pH = 8.3 

 

Tris free base  

Acetic acid  

Na2EDTA•2H2O  

 

2 M 

5.71% (v/v) 

50 mM 

Penetration Buffer 

 

 

Triton X-100 

Glycin  

PBS 

0.25% (v/v) 

0.375 M 

74.75% (v/v) 

Blocking Buffer Triton X-100 

BSA  

DMSO  

PBS 

0.25% (v/v) 

6% (w/v) 

10% (v/v) 

83.8% (v/v) 

Washing Buffer 

 

Tween-20 

PBS 

0.2% (v/v) 

99.8% (v/v) 

Antibody Buffer  Tween-20 

60 mg BSA 

100 µl DMSO 

1.836 ml 1x PBS 

0.2% (v/v) 

3% (w/v) 

5% (v/v) 

91.8% (v/v) 

 

 

 

 

Lysis buffer for protein extraction 

Triton X-100 

NP-40 

NaCl 

Tris ph 7,4 

Protease Inhibitor Cocktail (x50) 

EDTA 

EGTA 

ß-Glycerophosphate 

NaVO4 

NaF 

1% (v/v) 

0,5% (v/v) 

150 mM 

10 mM 

x1 

1 mM 

1 mM 

1mM 

0,2 mM 

10 M 
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6.4. Equipments 
 

Table 5 | Equipments  

Equipment Manufacturer 

 

Perfusor® VI B. Braun 

 

Tissue embedding system, TP1020  

 

Leica Biosystems 

Paraffin pouring station, 2080/K BAVIMED 

 

Microtome SM2010 R  Leica Biosystems 

 

Cryostat CM3050S  Leica Biosystems 

 

Inverted fluorescence microscope  Leica Biosystems 

 

BZ-9000 fluorescence microscope 

- PlanApoλ 2x/0.10 

- PlanApoλ 10x/0.45 

- PlanApoλ 20x/0.75 

- PlanApoλ 40x/0.95 

KEYENCE (Nikon objectives) 

Axioscope 2 mot plus  

- Plan-NEOFLUAR 5x/0.15 

- Plan-NEOFLUAR 10x/0.30 

- Plan-APOCHROMAT 20x/0.8 

Zeiss (Zeiss objectives) 

A1R+confocal microscope  Nikon 

FACSCantoTM II  BD Biosystems 

VeritiTM 96-well thermal cycler Applied Biosystems 

FUSION SOLO X Vilber Lourmat 

Nanodrop 2000c spectrophotometer Thermo Fisher Scientific 

StepOnePlusTM real-time PCR system Applied Biosystems 

Dissecting microscope ZEISS Opton Stereomikroskop 

Incubator Thermo Fisher Scientific 

Laminar flow workstation Prettl  

Water bath Memmert 

 

6.5. Supplies  
 

Table 6 | Supplies  

Product name Manufacturer Cat. # 

Forceps e.g. Dumont FST 11251-20, 11252-20 

Scissors (Vannas scissors) Instrumentarium HB.7380 

Surgical disposable scalpels Braun 5518091 

Culture dishes 35/10 mm Cellstar 627160 

Tissue-tek cryomold 10 mm x 10 mm 

x 5 mm 

Sakura Finetek TM4565 10690461 
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End-paper 54x72 mm Emotion A14100713 

Embedding cassettes Süsse abortechnik   100408 

Western blotting membrane, 

nitrocellulose 

 

Amersham™ Protran® 1060002 

12-24-48-96 well cell culture plates, F-

bottom 

 

Cellstar  665180, 662160, 677180, 

655180 

70 μm cell strainer Falcon 352350 

SuperFrost® ULTRA  

plus microscope slides 

R. Langenbrinck 03-0060 

1 ml reaction tubes Ratiolab 5615000 

2 ml reaction tubes  Ratiolab 5615101 

15 ml conical tube  Cellstar 188271 

50 ml conical tube Cellstar 227261 

Syringe (20 mL)  B.Braun  302030 

 

6.6. Antibodies  
6.6.1. The primary antibodies for DAB and IF microscopy 

 

Table 7 | Unconjugated the primary antibodies for DAB and IF microscopy 

Antigen  Clone  Origin Dilution Manufacturer  Cat. # 

F4/80 Monoclonal Rat 1:100 Abcam ab16911 

CD31 Polyclonal Rabbit 1:50 Santa Cruz 28188 

CD34 Monoclonal Rat 1:100 Abcam ab8158 

CD44 Monoclonal Rat 1:100 BioLegend 103002 

NG2 Polyclonal Rabbit 1:200 Merck Millipore AB5320 

GFP Polyclonal Chicken 1:500 Abcam ab13970 

Tulp1 Polyclonal Rabbit 1:100 Abcam ab97281 

Gas6 Polyclonal Mouse 1:100 Abcam ab67099 
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6.6.2. Secondary antibodies for DAB and IF microscopy  

 

Table 8 | Secondary antibodies for IF microscopy 

Antigen  Dilution Manufacturer  Cat. # 

Biotinylated goat anti-rabbit IgG 1:250 Vector Laboratories BA-9200 

Biotinylated goat anti-mouse IgG 1:250 Vector Laboratories BA-1000 

Biotinylated goat anti-rat IgG 1:250 Vector Laboratories BA-9400 

CyTM3-conjugated AffiniPure goat 

anti-rat IgG (H+L) 
1:400 Jackson ImmunoResearch 

Laboratories Inc. 

112-165-003 

CyTM5-conjugated AffiniPure goat 

anti-rabbit IgG 
1:400 Jackson ImmunoResearch 

Laboratories Inc. 

111-175-144 

CyTM5-conjugated AffiniPure goat 

anti-rat IgG (H+L) 
1:400 Jackson ImmunoResearch 

Laboratories Inc. 

112-175-143 

Goat anti-chicken IgY (H+L), Alexa 

Fluor 488 

1:800 Thermo Fisher Scientific A-11039 

Alexa Fluor® 647 goat anti-rat IgG 

(H+L) 

1:800 Jackson ImmunoResearch 

Laboratories Inc. 

112-605-143 

 

 

6.7. Primers 
 

Table 9 | Primers for RT-PCR 

Target m RNA Forward primer (5‘-3‘) Reverse primer (5‘-3‘) 

Tulp1 Mus musculus  GAGGACGCCTTCACCCTAGA CAACCGAATGCTTTCCCA

GC 

 

 

Table 10 | List of cells lines used 

Cell lines Type Tissue Origin 

MDA-MB-231 Adenocarcinoma Breast Human 

MDA-MB-435s Adenocarcinoma Breast Human 

MyEnd Myocardial endothelial 

cells 

Myocard Mouse 
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6.8. Experimental animals 
 

Wild type C57BL/6 and Cxcr1 CreER+/mTmG+/- mice were bred and maintained at 

the facilities of the Centre for Experimental Molecular Medicine (Zinklesweg 10, 97078 

Würzburg), the Institute of Physiology (Röntgenring 9, 97070 Würzburg), or purchased from 

Charles River Laboratories. Wild type C57BL/6 mice were used age of 7 - 12 weeks and Cxcr1 

CreER+/mTmG+/- mice were used age of 8 weeks. 

 

C57BL/6-Tg (UBC-GFP) 30Scha/J mice were purchased from Jackson Lab (Stock No: 

004353). These transgenic mice express green fluorescent protein (GFP) which directed by the 

human ubiquitin C promoter this was microinjected into fertilized C57BL/6 oocytes. Mice were 

screened by PCR for genomic integration of the transgene. Female mouse which exhibited the 

desired phenotype was bred to a male C57BL/6J mouse. F1 progeny from this cross that 

expressed GFP were intercrossed to produce homozygotes. The GFP expression is uniform 

within a cell type lineage and remains constant throughout development. 

 

All procedures were performed following the German Law on the Protection of Animals 

and the Guide for Care and Use of Laboratory Animals147 , and were approved by the 

government of Lower Franconia, Germany (approval number: 55.2 DMS-2532-2-109). 

 

6.9. Softwares 
 

Statistics were performed using GraphPad Prism and BZ-II Analyzer program. 

GraphPad Prism has version 6.07 for Windows, GraphPad Software, La Jolla California USA, 

www.graphpad.com. BZ-II Analyzer is developed by KEYENCE. Images were edited and 

analyzed using ImageJ version 1.49 m, Wayne Rasband, National Institutes of Health, USA. 

Bands spot quantification of Western blot were quantified with FUSION© software of Fusion 

Solo X. 
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7. Methods 
 

7.1. Isolation of aorta and removing the adventitia layer  

Mice were sacrificed by carbon dioxide (CO2); the abdomen thoracic cavity was opened. 

Lungs, stomach, liver, intestine, and esophagus were removed. The aorta was gently grasped 

from the kidney end with forceps, the aorta was lifted slightly and removed the fatty layer using 

a scissor, moving gently toward the heart end until the aorta is mostly detached from the dorsal 

side of the mouse. The thoracic aorta was removed at the kidney end first, then at the heart end. 

Removed thoracic aorta was transferred into a petri dish containing three ml phosphate-buffered 

saline (PBS). 

781.25 U collagenase II was prepared in a 2 ml tube containing 1.5 ml PBS per 1 

thoracic aorta. Aorta was incubated in the collagenase II solution for 10 min, at 37°C, and put 

in a petri dish containing three ml PBS. It was washed gently and transferred to the dry petri 

dish. Adventitia layer was removed by holding one end of the aorta with fine-forceps and with 

other fine-forceps pulling along the aorta. Under a dissection microscope, the aorta was cut into 

the rings ~0.5 mm (20–25 rings can be obtained, on average, from an ~20 mm length of the 

adult thoracic aorta.) in width with a scalpel and transferred into a 10 cm dish containing three 

ml of Opti-MEM with 1% P/S. Rings were starved in this medium for overnight (ON), at 37°C.  

 

7.2. Performing of ARA 
 

Rat tail collagen solution was prepared with concentration 1 mg/ml in DMEM without 

FCS, and without P/S. The pH value of collagen solution was adjusted with 5N NaOH (1% 

amount of total collagen solution). 80 µl collagen solution was pipetted into each well of 96 

well plate and one AR was placed into each well. For the polymerization collagen gel with ARs 

was incubated for 15 min at 37°C. After polymerization of gel 150 µl ARA medium (Opti-

MEM 1% P/S + 2.5% FCS (heat inactivated) + murine VEGF-A 30 ng/ml) was added into each 

well. 96 well plate was incubated one week at 37°C. For the first 3 days, the medium was not 

changed, and medium was changed   every 2 days. 

 

7.2.1. Inhibition of TAM receptors 

To prepare LDC1267 stock solution (50 mM) 10 mg LDC1267 was dissolved in 356.8 

µl DMSO. After ON starvation, the ARs (Adv (+)-ARs or Adv (-)-ARs) were embedded in 

collagen and 0.5 µM or 5 µM LDC1267 in Opti-MEM+2.5% FCS was added with or without 
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VEGF-A 30 ng/ml to the collagen embedded ARs. Every three days medium was changed, and 

images were captured with phase-contrast microscopy for the quantitative analyses. 

On day 8, the medium was removed, samples were washed once with PBS and fixed 

with 4% paraformaldehyde (PFA) in PBS (pH = 7.4) for ON at room temperature (RT). After 

fixation samples were washed with PBS and embedded in the paraffin for IHC-P or stored in 

PBS at 4°C in dark for whole-mount clearing and staining. 

 

7.3. Paraffin embedding 
 

Freshly isolated aorta (FIA) and ARA or mdARA (with MCTS or alone) were fixed in 

4% (w/v) PFA in PBS (pH = 7.4) for ON at 4°C with mild shake. After washing twice in PBS 

for 15 min at RT, the FIA and ARs were processed directly for paraffin embedding. ARs were 

packed with end-paper (see Supplies Table 6) before they were placed in embedding cassettes. 

Samples were embedded in cassettes and were washed twice in 70% (v/v) ethanol for 1 h with 

mild shake at RT. They were further dehydrated via consecutive incubations in ethanol/xylene 

(20 - 25°C) and embedded in molten paraffin wax using the TP1020 embedding carousel (Leica 

Biosystems) (Tab. 11).  
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Table 11 | Procedure to dehydrate and paraffinize tissues 

 

 

7.4. Embedding for cryosectioning 

Samples were incubated in 4% (w/v) PFA in PBS (pH = 7.4) at RT with mild shake ON. 

Following washing twice in PBS for 15 min at RT they were embedded in cryomold filled with 

Tissue-Tek® and rapidly frozen on a metal plate which was placed in liquid nitrogen. Frozen 

tissues were stored at -80°C until further use. 

 

7.5. IF of paraffin sections 

Paraffin sections were deparaffinized in xylene and slowly rehydrated via consecutive 

incubations using a series of decreasing ethanol concentrations (Tab. 12). 

 

Table 12 | Procedure to deparaffinize and rehydrate paraffin sections for IF 

 

Samples were placed in buffer solution for demasking (10 mM sodium citrate, pH = 

6.0), preheated in a microwave using a temperature-stable glassware, and subsequently 

incubated for 30 min at 95°C. The setup was then cooled down at RT for 15 min. For buffer 

dilution, samples were placed under constant flow of tap dH2O for 5 min. Further washing was 

Solution Incubation [min] 

70% (v/v) ethanol  30 

70% (v/v) ethanol  60 

80% (v/v) ethanol 150 

80% (v/v) ethanol 150 

96% (v/v) ethanol 150 

100% (v/v) ethanol 60 

100% (v/v) ethanol 120 

100% (v/v) ethanol 120 

100% (v/v) xylene 60 

100% (v/v) xylene 120 

100% (v/v) xylene 120 

Paraffin wax  210 

Paraffin wax  210 

Solution Incubation [min] 

100% (v/v) xylene 10 

100% (v/v) xylene  10 

100% (v/v) ethanol 5 

100% (v/v) ethanol 5 

96% (v/v) ethanol 5 

80% (v/v) ethanol 5 

70% (v/v) ethanol 5 

dH2O 5 



 

67 
 

performed in PBS three times for 5 min each. To block unspecific binding, sections were treated 

with 5% (v/v) NGS (Normal Goat Serum)/PBS for 2 h. The blocking solution was discarded by 

using absorbent paper and replaced with the primary antibody which was previously diluted in 

0.2% (w/v) bovine serum albumin (BSA)/PBS + 1% (w/v) NGS/PBS. 

After ON incubation at 4°C, the excess antibody was removed via three washes in PBS 

for 5 min each. Sections were covered with secondary antibody, diluted in PBS, and incubated 

for 1 h. This was followed by three serial 5 min washes in PBS in the dark. To counterstain 

nuclei, DAPI was included in the last incubation step at 1 μg ml-1. MowiolTM was added, 

samples were mounted with coverslips, and stored at 4°C for at least 30 min to solidify for 

subsequent microscopic analysis. 

To avoid evaporation and to protect from the light, all incubation steps were conducted 

in a humidified dark chamber. For washing steps, slides were transferred into a glass cuvette 

and placed on a shaker. 

 

7.6. DAB-staining of paraffin sections 

Paraffin sections were deparaffinized in xylene and gradually rehydrated via 

consecutive incubations in varying dilutions of ethanol in dH2O (Tab. 13). 

 

Table 13 | Procedure to deparaffinize and rehydrate paraffin sections for DAB 

Solution  Incubation [min] 

100% (v/v) xylene 10 

100% (v/v) xylene 10 

100% (v/v) ethanol 5 

100% (v/v) ethanol 5 

96% (v/v) ethanol 5 

80% (v/v) ethanol 5 

70% (v/v) ethanol 5 

dH2O 5 

 

Sections were incubated in 3% (v/v) H2O2/dH2O for 10 min in the dark to block 

endogenous peroxidase activity, followed by two consecutive 5 min washes in dH2O. Buffer 

for demasking (10 mM sodium citrate, pH = 6.0) was preheated in a microwave in temperature-

stable glassware. Samples were placed in boiling buffer and incubated for 30 min at 95°C. The 

setup was cooled down for 30 min at RT. For buffer dilution, samples were placed under 

constant flow of tap dH2O buffer for 5 min. Further washing was performed in PBS three times 

for 5 min each. To block unspecific binding, sections were blocked with 5% (v/v) NGS/PBS 

for 2 h. The blocking solution was discarded by absorbent paper and replaced with the primary 
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antibody which was previously diluted in 0.2% (w/v) BSA/PBS + 1% (w/v) NGS/PBS. After 

incubating ON at 4°C, excess antibody solution was removed via  three washes in PBS for 5 

min each. 

Sections were covered with biotinylated secondary antibody, diluted in 1% (v/v) 

NGS/PBS, and incubated for 1 h. Following three 5 min washing steps with PBS, samples were 

incubated with peroxidase anti-peroxidase (PAP) solution (1:500 in PBS) to increase staining 

intensity for 30 min. Excess reagent was removed via three times 5 min washes in PBS, before 

incubating sections with AB-complex (1:250 in PBS) for 30 min. Samples were washed twice 

with PBS and subsequently twice with 0.1 M phosphate buffer for 5 min each. 

Sections were incubated in DAB staining solution for 5 - 30 min in the dark. Staining 

was regularly checked at a microscope and eventually stopped by transferring the samples into 

PBS. After completed DAB reaction, sections were washed three time for 3 min in PBS, one 

time in dH2O for 1 min, and finally incubated in nuclear fast red staining solution for 2 min. 

Excess dye was removed by washing in dH2O for 1 min. Samples were gradually dehydrated 

via consecutive incubations in ethanol/xylene (Tab. 14) and mounted with DePex and a 

coverslip.  

Table 14 | Procedure to dehydrate sections after DAB reaction 

Solution Incubation [min] 

70% (v/v) ethanol 1 

80% (v/v) ethanol 1 

96% (v/v) ethanol 1 

100% (v/v) ethanol 3 

100% (v/v) ethanol 3 

100% (v/v) xylene 5 

100% (v/v) xylene 5 

 

To reduce evaporation, all incubation steps were processed in a humidified chamber. 

For washing steps, slides were transferred into a cuvette and placed on a shaker. 

 

7.7. IF of frozen sections 
 

Frozen sections were air-dried for 30 min at 37°C and washed in PBS for 10 min at RT. 

Sections were surrounded with a lipid marker and covered with 5% (v/v) NGS/PBS to block 

unspecific binding for 1 h at RT. The blocking solution was discarded by using absorbent paper 

and replaced with primary antibody which was diluted in 0.2% (w/v) BSA/PBS + 1% (w/v) 

NGS/PBS. Following incubation at 4°C for ON, the excess antibody was removed via three 
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times 5 min wash in PBS at RT. For washing, slides were transferred into a cuvette on a shaker. 

Sections were covered with secondary antibody, diluted in 1% (v/v) NGS/PBS, and incubated 

for 1 h at RT in the dark. To counterstain nuclei, DAPI (1:5000) was added with samples 

incubated for 15 min at RT. This was followed by three consecutive 5 min washes in PBS at 

RT in the dark. Sections were mounted with coverslips and MowiolTM mounting solution for 

solidification with subsequent storage at 4°C for at least 30 min until microscopic analysis. 

Samples were stored at 4°C for long-term storage.  To avoid evaporation, all incubation steps 

were processed in a humidified chamber.  

 

7.8. Whole-mount IF  
 

The culture medium was removed from samples cultured in a 96 well plate and washed 

one time with PBS. Samples were fixed with 200 μl of 4% (w/v) PFA/PBS per well at RT for 

ON. The fixative was removed from samples followed by washing with PBS. Samples were 

placed in 2 ml tubes. This was followed by incubation with 500 μl penetration buffer for 1 h at 

RT on the shaker in a horizontal position. Subsequently, blocking buffer (see Table 4) was 

applied for 1 h at RT. Afterwards, specimens were washed with washing buffer two times for 

1 h at RT.  

 

The primary antibody was diluted in antibody buffer (see Table 4). 100 μl antibody 

solution was added into tubes filled with samples and incubated ON at 4°C. The day after 

samples were washed five times for 20 min each at RT with washing buffer (see Table 4). 

Samples were incubated in secondary antibody buffer ON at 4°C in the dark. The day after, 

samples were washed five times for 30 min each at RT. Afterwards, samples were incubated 

with DAPI solution for 30 min at RT in the dark. After aspiration of DAPI solution, specimens 

were washed eight times with washing buffer for 10 min each at RT. 

 

Samples were dehydrated in 50%, 70%, and 90% ethanol for 1h and three times for 1h 

in 100% ethanol 10 mM Tris-HCl pH 9.0. Samples were transferred into a glass vial and organic 

solvent ethyl cinnamate was added. With ethyl cinnamate, samples were incubated ON at RT 

in dark. After ethyl cinnamate treatment, samples gained invisibility and thus they were 

permeable to microscope light. Samples were eventually visualized by confocal microscope. 
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7.9. Ex vivo 3D tumor-vessel wall-interface model 
 

MCTSs were generated from MDA-MB 435s tumor cells under non-adherent 

conditions. For this, the inner 60 wells of a 96 well plate were covered with 50 µl 1% (w/v) 

agarose/dH2O which had previously been liquefied in a microwave. Because the outer 36 wells 

are exposed to different conditions compared to the inner 60 wells, they are unsuitable for 

generating spheroids. While the agarose solidifies in the wells, the tumor cells were prepared. 

First, the medium was aspirated from the culture bottles, the cells were washed with PBS and 

then detached from the culture bottle with 0.05% (w/v) trypsin, 0.02% (w/v) EDTA/PBS 

solution for 3 min. The detached cells were transferred to a 15 ml conical tube and centrifuged 

at 1000 rpm for 5 minutes. The supernatant medium was aspirated, the cell pellet was 

resuspended in 5 ml medium, and the cells were counted using a Neubauer’s counting chamber. 

For the generation of MCTSs, 5000 tumor cells/ml were required. The required amount of fresh 

medium for the inner 60 wells was transferred to a new 15 ml conical tube and the previously 

calculated number of cells was added. 200 μl of cell suspension was pipetted into each well. 

Finally, 250 µl of PBS (1x) was added to the outer wells and the plate was incubated at 37°C 

under normoxia (20% O2) condition.  

   

After 9 days, ARs from C57BL/6-Tg (UBC-GFP) mouse were prepared, cut to rings, 

and incubated ON at 37°C under normoxia. The day after, Ars (Adv(+)-ARs or Adv(-)-Ars) 

and MCTSs were confronted in collagen. A 20 µl pipette tip was cut at its first segment using 

a sterile scalpel. Tumor spheroids were carefully aspirated with a little amount of liquid using 

the cut tip and placed into the middle of a new 96 well plate. 80 µl of collagen mixture was 

prepared, added to the spheroids, and AR was immediately placed near the respective spheroid. 

The setup was left for solidification at 37°C and ARA medium was added. The samples were 

cultivated under normoxia (20% O2) or hypoxia (2% O2) conditions at 37 ° C. The first 3 days 

the medium was not changed. After day 3, medium was changed and microscopic images were 

taken every 2 days. 

Figure 17. Experimental procedure of AR-tumor spheroid confrontation 

The thoracic aorta was isolated from GFP mouse. Intact or removed adventitia placed into collagen 

near to tumor spheroid. 
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 In this work, the created model shows three different regions: the “interface” area 

directly between MCTS and AR, the “non-tumor side” area of the AR averted from the MCTS, 

and the “non-aortic side” area of the MCTS averted from the AR (Fig. 18B).  

 

  

Non-aortic 
 side 

Non-aortic 
 side 

Interface 
MCTS 

Day 0 A 

Day 7 

B 

Figure 18. Description of the ex vivo 3D tumor-vessel wall-interface model 

This figure presents three different regions of 3D tumor-vessel wall-interface model: non-aortic 

side, interface, and non-tumor side. MCTS cultured with the AR in rat collagen on day 0 (A) and 

on day 3, under hypoxia conditions, shown with the phase contrast (B). Because the aortic cells 

are fluorescence-labeled, they can be distinguished from the MCTS cells using green fluorescence 

channel on day 7 under hypoxic conditions (C-D).  
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Non-tumor  
side 

C D 
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Interface 
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7.10. FACS  
 

7.10.1.  Cell isolation and preparation from ARA and mdARA 

ARA and mdARA were performed with rings of 3 thoracic aortas for each. After 7 days 

the rings and collagens are placed separately into the 2 ml tubes. Rings were incubated with 

digestion medium (see Table 4) for 50 min, collagen with cells were incubated for 20 min at 

37°C. Subsequently, they were collected and filtered with a 70 µm cell strainer, 3 ml DMEM 

with 10% FCS was added to stop the enzymatic reaction and centrifuged by 1000 rpm 5 min, 

at 20°C. The supernatant was discarded, and the cells were resuspended in PBS and shared into 

4 tubes:1) unstained, 2) isotype ctrl, 3) ABs, 4) ABs. 

 

7.10.2. Extracellular staining 

Samples in PBS were centrifuged by 500 x g for 5 min at 4°C, and supernatant was 

removed. Cells were blocked with 50 µl NGS 5% for each tubes at RT for 30 min.1 ml PBS 

was added to the tubes, resuspend and centrifuged by 500 x g for 5 min at 4°C. ABs in PBS 

were added to the cells and incubated for 1 h at RT in the dark. 1 ml PBS was added to the 

tubes, resuspened and centrifuged 500 x g 5 min at 4°C. This step was repeated. This followed 

incubation of secondary ABs for 1 h at RT in the dark. After this 1 ml PBS was added to the 

tubes, resuspended and centrifuged 500 x g 5 min at 4°C. This step was repeated. Finally, cells 

were incubated for live dead staining with SV452 for 15 min at RT in the dark. After incubation 

time 1 ml PBS was added to the tubes, resuspended and centrifuged 500 x g 5 min at 4°C. Cells 

were resuspended in 2 ml PBS and perform FACS analyses. 

 

7.11. Western blot 
 

7.11.1. Preparation of cells and protein extraction from monolayer cells 

For each well of 6 well plate 5x105 MDA-MB-231 tumor cells were plated in 2 ml 

DMEM with 10% FCS and incubated for ON at 37°C under normoxia. The day after, medium 

was removed, adherent cells were washed once with PBS to remove the residual medium with 

serum and starved with serum-free DMEM for 24 h at 37°C under normoxia. Medium was 

removed and samples were washed with ice-cold PBS. 6 well plate was place on ice and 200 

µl lysis buffer added into each well, incubated for 10 min on ice. After that, the adherent cells 

were detached with cell scrapers, transferred into the 1.5 ml tube, vortexed and incubated on 

ice for 30 min. They were centrifuged at 14.000 rpm at 4°C. Pellet was discarded. 
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7.11.2. Protein extraction from FIA, ARA, retina and liver 

3 thoracic FIA, ARA which performed with 3 thoracic aorta, 2 retina, and 300 mg of the 

mouse liver, were separately frozen in liquid N2 and ground up in the glass mortar (1.5 ml). 800 

µl TrizolTM was added to the samples and samples were homogenized three times for 15 min 

on ice. After this 200 µl chloroform was added to the samples and samples were incubated with 

chloroform for 3 min in RT. Following this, the samples were transferred into the 2 ml tube and 

centrifuged at 12.000 x g at 4°C, for 15 min. They were separated into the 3 phases, the aqueous 

phase (on the top) was transferred into the new tube for RNA isolation. DNA was precipitated 

by adding 300 ml of 100% ethanol. Tube was mixed thoroughly and incubated for 3 min at RT. 

Tube was centrifuged at 2000 x g for 5 min at 4°C and the supernatant was collected into a 

fresh 2 ml tube. Proteins were precipitated by adding 1.5 ml isopropanol mixed thoroughly and 

incubated for 10 min at RT. Tube was centrifuged at 12.000 x g for 10 min at 4°C, the 

supernatant was discarded. 2 ml 0.3 M guanidine hydrochloride solution was added in the tube 

and incubated for 20 min at RT. Tube was centrifuged at 7500 x g for 5 min at 4°C, the 

supernatant was discarded. The protein pellet was washed with 2 ml 100% ethanol. After 

incubation for 20 min at RT sample was centrifuged at 7500 x g for 5 min at 4°C. Ethanol wash 

was removed. The protein pellet was dried for 5-10 min at RT. 1 ml 1% SDS solution was 

added, dissolved the protein by repeated pipetting and centrifuged at 10.000 x g for 10 min at 

4°C, supernatant was collected the into a fresh 1.5 ml tube. Before proteins were analyzed 

with western blotting, their concentrations were determined by Bradford. 

 

7.11.3. Determination of protein concentration by Bradford  

For the determination of protein concentration, 5xRoti®-Quant was used. Fist 1xRoti®-

Quant was prepared in distilled water. This technique is based on the measurement of 

Coomassie Brilliant Blue-G250 this comes out via binding of the dye to a protein. The cationic 

state of dye is converted to the anionic state; the absorption can be measured at 595 nm. This 

change in absorption is proportional to the protein concentration over a wide range. The 

standard curve must be prepared with BSA. Because Coomassie Brilliant Blue-G250 mainly 

binds to basic amino acids that way the different levels of absorption of different proteins come 

out.  

 

 

 

https://www.creative-diagnostics.com/Sample-Gel-Preparation.htm
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Table 15 | Standard curve for the determination of protein concentration by Bradford 

The concentration of samples 

(mg/ml) 

BSA-Standard 1 mg/ml in 

PBS 

PBS 

Blanc  0 µl 200 µl 

0.10 20 µl 180 µl 

0.25 50 µl 150 µl 

0.50 100 µl 100 µl 

0.75 150 µl 50 µl 

1.00 200 µl 0 µl 

 

10 µl Samples for the standard curve and experiment samples were mixed with 1 ml 1x 

Roti®-Quant in a 1.5 ml tube and incubated for 10 min at RT. They were transferred to the 

glass cuvette and measured via BioRad Smart Plus. To create a standard curve, firstly the 

standard curve samples, then the experiment samples were measured. After measurement to 

denature the experiment samples, boiled each experiment samples in sample buffer at 95°C for 

5 min. Experiment samples were aliquoted and stored at -20°C for future use. 

7.11.4. Preparation of the SDS-PAGE gel 

The gel percentage required is dependent on the size of the proteins of interest. In this 

work, 12% gel percentage was used for 10–70 kDa and 10% gel percentage was used for 10–

130 kDa. The gel is toxic in the liquid state that way using gloves under the hut the components 

were mixed. 
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Table 16 | 12% SDS-page gel for 2 gels 

 

 

 

     Stacking gel 

Components Volume (µl) 

H20 3100 

Acrylamide 600 

1.5 M Tris (pH 6.8) 1300 

10% SDS 50 

10% APS 22.5 

TEMED 11.5 

 

     

     Resolving gel 

H20 3400 

Acrylamide 4000 

0.5 M Tris (pH 8,8) 2500 

10% SDS 100 

10% APS 42.5 

TEMED 25 

 

After preparing the separating gel solution, the rack was assembled for gel solidification. 

Separating gel solution was added carefully to the green bar holding the glass plates. H2O was 

added to the top to make an even line. After 15–30 min and the gel was solidified the stacking 

gel solution was prepared according to the table. Water was completely removed so first it was 

drained and remained water was sucked with filter paper. The separating gel was overlaid with 

the stacking gel, after removing the water. A comb was inserted, and it was left to solidification 

for 15–30 min at RT. 

7.11.5. Loading the SDS-PAGE gel and electrophoresis 

The running buffer was poured into the electroporator. The gel was placed inside the 

electroporator and connect to a power supply. The comb was removed carefully. The marker 

was loaded (5 μl) into the first well than followed by samples (25 μl) into each well. Equal 

amounts of protein were loaded into the wells of the SDS-PAGE gel. 30 μg of total protein from 

samples was loaded. Loaded gel was run for 1.5 h at 80 V. Gel running finished when the 

marker band on the bottom of the gel. 

 

7.11.6. Electrotransfer of proteins 

The 2x sponge and 4x filter paper were immerged in transfer buffer. Glass plates were 

separated, and the gel was retrieved. In this work, the nitrocellulose membrane with 0.45 µm 

pore size was used. Transfer sandwich was created as follows: Sponge, 2 filter papers, gel, 
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membrane, 2 filter papers. The sandwich was relocated to the transfer apparatus, in which 

should be placed ice mold to maintain 4°C. The transfer buffer was added to the apparatus until 

the sandwich is completely covered with the buffer. Electrodes were placed on top of the 

sandwich so that the membrane should be between the gel and a positive electrode and 

transferred for 75 min. 

7.11.7. Blocking and antibody incubation 

After the electrotransfer of protein to the membrane, membrane was blocked with 5% 

nonfat-dried milk/TBST for 1 h. The primary antibody was diluted in the blocking buffer and 

membrane was incubated with this for ON at 4°C on a shaker. The membrane was washed with 

TBST three times for 5 min each. The secondary antibody was diluted in the blocking buffer 

and membrane was incubated with this for 1 h at RT. The membrane was washed with TBST 

for 5 min three times. ECL was prepared. The membrane was incubated with ECL for 1-2 min. 

The excess reagent was removed, and the membrane was covered in transparent plastic wrap. 

Image was acquired using darkroom development techniques for chemiluminescence with 

Fusion Solo X. Spot quantification of bands were quantified with FUSION© software. 

 

7.12. RNA isolation and quality control 

The aqueous phase samples from the part 7.12.2 was mixed with 200 µl chloroform and 

incubated 3 min in RT. Following this, the samples were transferred into a 2 ml tube and 

centrifuged at 12.000 x g at 4°C, for 15 min. The aqueous top layer was transferred into a new 

2 ml tube, and 500 µl isopropanol in DEPC water was added on it. This was incubated for 10 

min in RT, and for 10 min centrifuged at 12.000 x g at 4°C. The supernatant was removed, the 

pellet was washed with 75% (v/v) ethanol, and centrifuged by 7500 x g for 5 min at 4°C. The 

supernatant was discarded, and RNA pellet was dried for 10 min at RT. The RNA was 

resuspended in RNase-free water and incubated for 10 min at 60°C to fully dissolve. Purity was 

tested at a NanoDrop spectro-photometer by measuring the absorption at 230, 260, and 280 nm 

(260/230 ratio = 1.8 - 2.2; 260/280 ratio = 1.8 - 2.2).  

Table 17 | RNA purity testing via NanoDrop spectro-photometer 

Sample Concentration (µg/µl) 260/280 230 

ARA 0.7  1.92 0.55 

FIA  0.3  1.75 0.47 

Retina 0.3   1.64 0.37 

Liver 0.5 1.65 0.26 

Samples were stored at -80°C until further use. 
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7.13. cDNA synthesis 

cDNA was transcribed from RNA samples using the High capacity cDNA reverse 

transcription kit according to the manufacturer’s instructions. 1 μg of RNA was mixed with 10x 

concentrated gDNA wipeout buffer, 1 µl DNase and RNase-free water to obtain a sample of 13 

μl. The mix was incubated for 10 min at 37°C, and a stop solution was added to the mix 

incubated for 10 min at 75°C.  

Next, 9 µl RNA from DNase wipeout reaction was mixed with 6 µl first standard buffer, 

3 µl DTT (100 mM), 3 µl random primer (0.1 µg/µl), RNaseOut (40 U/µl), 1.5 µl dNTP-mix 

(each 10 mM), 0.75 µl SuperScript II (200 U/µl) and 6 µl RNase-free water. The mix was 

incubated for 10 min at 25°C, for 50 min at 42°C, for 5 min at 95°C. 

 

7.14.  Polymerase chain reaction (PCR) 

0.5 - 2 μl of cDNA (25-100 ng) were mixed with 10 μl of 2x red master mix, and 200 

nM (final conc.) of forward and reverse primers, respectively. The sample was brought to a 

final volume of 20 μl with dH2O and run in a thermal cycler following the protocol described 

in Table 18. 

 

Table 18 | Running program for standard PCR 

 

 

 

 

  

Step Temperature Duration  Replication 

Denaturation 95°C 30 s  

Annealing 59°C 30 s      x 35 

Elongation 72°C 30 s  
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8. Annex 
 

8.1. Supplementary Figures                           

 

 

 

 

 

 

Ar 

VEGF-A + LDC1267 0.5 µM VEGF-A  

A 

Figure S1. Effect of TAM receptors inhibition on migration and structural change 

of macrophages 

DAB staining on paraffin section of ARA, at day 7 shows the mobilized and filopodia (blue 

arrows) -built F4/80+ cells of the adventitia to the collagen gel in ARA (A and C). TAM receptors 

inhibition stopped the mobilization and filopodia-building of macrophage (B and D). 

B 

C D 
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