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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 ñstalk cellsò 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 pericyteïendothelial 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 ñvasculogenic zoneò5. 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+/CD31ī 

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.  

Al though 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 ñarterial ring assayò 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 (Ḑ400ï500 ɛm 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. Differ entiation 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. 

 




















































































































































