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Abstract

Ongoing esearch to fight cancer, one of the dominant diseases of Yree@tlry has
led to big progress espelty when it comes to understanding the turgawth andmetastasis.

This includes the discovery tfie moleculamechanisms of tumor vascularization, which is
critically requiredfor establishment of tumor metastasis.

Formation of new bloodessels is lte first step in tumor vascularization. Therefore,
understanding the molecular acellularbasis of tumor vascularization attracted a significant
effort studying in biomedical researchhe blood vessels for supphg tumor can be formed
by sprouting fronpre-existing vessels, a process called angiogenesis, or by vasculogenesis, that
Is de novadormation of blood vessels from not fully differentiated progenitor cell populations.
Vasculogenic endothelial progenitor cells (EPCs) can either be activateghdmurations in
the bone marrow reaching the pathological region via the circulation or they can be recruited
from local reservoirsNeovessel formation influences tumor progression, hence therapeutic
response model systemsasfgiogenesis/vasculogeneais necessary to study the underlying
mechanismsAlthough, initially the research in this area focused more on angiogenesis, it is
now well understood that both angiogenesis and postnatal vasculogenesis contribute to
neovessel formatiom adultunderbothmost pathologicaas well as physiologicaonditions.
Studies inthe 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 see as a source for new vessels by angiogenesis, especially the adventitia
of large and medium size blood vessklrbors various vascular waltsident stem and
progenitor cells (VWSPCs) populations that serve as a source for new vessels by postnatal
vazulogenesisHowever little is known about the potential role of \VWBPCs in tumor
vascularization.

To this end the present work startedtst to establish a modifiedortic ring assay
(ARA) using mouse aoria order tostudy the contribution ofascuér adventitiaresidentvW -

SPCs toneovascularizationin general and in presence of tumor cefRA is already
established aex vivomodel for neovascularization allows to study the morphogenetic events
of complex new vessel formation that includes aléta of mature blood vessels, a significant
advantageover the assayshat employ monolayer endothelial cell cultures. Moreover, in
contrast to assays employing endothelial caldsoculturesboth angiogenic and vasculogenic
events take placguringnew \essel formation in ARAlthoughthe exact contribution of these
two processeso new vessel formationannot be easily distinguished in conventional ARA.

Thus, in this study, a modified protocol for the ARA (mMdARA) was establislyedither
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removingor keeping the aortic adventitia in place. The mdARA alfdw distinguis 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 layemased.
Furthermore, the network between the capiHéeg sprouts was significantly reduced in
absence of aortic adventitioreover, he stabilization of new sprouts by assembling the NG2
pericytelike cells that enwrapped the endothelial sprouts fteeoutside was improved when

the adventitial layer remained in place.

Next, mimicking the tumotvessel adventitinteraction multicellular tumor spheroids
(MCTS) and aortic rings (ARsyith or without adventitiaof C57BL/6Tg (UBC-GFP) mice
were confonted within the collagen gahd culturedex vivo This3D modelenabledanalysis
of the mobilizationmigration and capillarnike sprouts formation by VAWSPCs within tumer
vessel walinterfacein comparisorto tumorfree side of the ARdnterestingly,while MCTS
preferred the uptakef single vascular adventitiderived cells, neural spheroids were directly
penetrated by capillafjke structures that were sprouted from the aortic adventitia. In
summary, the model established in this wallows tostudy new vessel formation blgoth
postnatalvascubgenesisaand angiogenesisnder same condition can be applied imarious
mouse modelscluding reporter mouse models, .€3xcrl CreER+/mTmG+/mice, in which
GFP-marked macrophages tfe vessel wall vere directly observedsthey mobilized from
their niche andnigratedinto collagen gelAnother benefit of the model is that it can be used
for testing different factors such as small molecudeswthfactors, cytokines, and drugsth

both pre and antiangiogenic/vasculogengffects



Zusammenfassung

Die Forschungsarbein der letzten Jahrzehrgar Bekampfungler Krebserkrankung,
einer der dominierenden Krankheiten des 21. Jahrhundesten zu groRen Fortschritten
insbesondere im Verstandnbeziglich der Tumormetastasierugefiihrt. Dies schlief3t die
Prozesse défrumorvaskularisierung ainen deinitialen Schrite der Metastasierunmit ein,
die nach wie vor nicht ausreichend geklart sind.

Die Blutgefabildung zur Versorgung des Tunewgbes kann durchdie
Anagiogenese, die aBinsprieRemeuer Gefal3e aus ddémreits vorhandemeBlutgefalle
definiert wird oder durch die Vaskulogenesedie als GefaRneubildung aus Stammnd
Vorlauferzellen beschren wird, sichergestellt werden. Nochnicht vollstandig
ausdifferenzierteendotheliale VorlauferzelletEPCs) werden dabeiach dem bisherigen
Kenntnistand aus dem Knochenmark rekrutiert und erreichen die Regioden
GefalRneubildungiber die Blutzirkulationund kénnen dort zude novoFormieung neuer
BlutgefalRe auch beim Erwachsenen beitragen. Untersuchungen der letzten zwei Dekaden haben
gezeigt, dass solche Vorlaufelen auch aus lokalen Reservoirewie z.B. aus der
GefalRwandadventitia der bereits existierenden Blutgefiddelisiert weden. Da die Bildung
neuer GefalRe einen direkten Einfluss auf die Tumorprogression hat, sind entsprechende
Modellsystene notwendig, um die zugrundeliegenden Mechanismglichst prazisezu
untersuchen. Obwohl sich die Forschuieg Tumorvaskularisierurgnachst auProzesse der
Angiogenes&onzentrierte, istsmittlerweileausreichend belegt, damschdie Vaskulogenese
zur Tumorvaskularisierung beitragt und sodié Tumorprogressiobeeinflusst

Anhand einer Vielzahl an Studien der letzten zd@hrzehte konnte demonstriert
werden, dass sich, neben der Intimaschdibtyollstandig differenzierte Endothelzell@Cs)
enthaltundkleineren GefaRwaneversorgnden Blutgefalde der sogenanntéasavasorumin
der Adventitia der groBen GefglRauch Populédnen gefalBwandresidenter Stamommd
Vorlauferzellen (VWSPCs) in dei&ulReren GefalRwandschicht, ndmlich Adwentitia fast
aller Gefalabschnittenachweisen lassen. Obwohl diese als Quelle neuer Gefal3e in der
postnatalen Vaskulogenese beschrieben sindagt wie vor wenig Uber die potenzielle Rolle
von VW-SPCs in der Tumorvaskularisation bekannt.

Daherwurde im Rahmen dieser Arbeiterstein modifiziertes Aortic Ringassay (ARA)
unter Verwendung der Mausaorta etablierum den Beitrag der VWSPCs zur
Neovaskularisierungm Allgemeinenund zur Tumorvaskularisierung i®peziellenex vivo
untersucherzu konnenARA ist ein bereis seit einigen Jahrzehntetabliertesex vivoModdl

zur Untersuchung der Gefaf3neubildung durch Angiogemésiels ARA kann dieBildung
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komplexer vaskularer Strukturém Prasenaller Wandghichten reifeBlutgefal3euntersucht
werden, waginen wesentlichen Vorteil gegentber der Verwendungratothetellkulturen

in MonolayerbedeutetHierbei ist jedoch anzumerken, das&\RA sowohl angiogene als auch
vaskulogendProzesseur GefalRbildung beitrageaber der genauBeitrag beider Prozesse
schweroder kaum voneinandenterscheidbar ist. Daher wurde im Rahmen diéskeit ein
modifiziertes ARAProtokoll etabliert(mdARA), in wdchem dieaortale Alventitiavor dem
Beginn des ARAentweder entfernt oder belassen wurde und somit die Rolle desR@#bei

der Gefal3sprossumgn den Zellenanderer Aortewandschichterdifferenziertstudiertwerden
konnte.Die dabei generierten Datenigen, dass sich die angiogene Aussprossung aus dem
reifen Aortenendothel nach Entfernung der adventitialen Schicht deutlich verzdgerte. Daruiber
hinaus war das Netzwerk zwischen den Kkapillarartigen Sprossen in Abwesenheit der
Aortenadventitia signifikant tuziert.Mehr noch, ds Belassen der adventitialen Wandstruktur
fuhrte zu einer verbesserten Stabilisierung n@eféRprossen. Als sichtbares Korrekaerfur
zeigtesich einestarkere und bessere Anlagerung &2 Perizyterahnliche Zellenzu den
endthelialen Kapillardhnlichen Aussprossungen von auf3en, wie Perizyaen der
Kapillarwandin situ.

Als néachstesvurden die Aortenringe (ARs) von C57BLETg) (UBC-GFP)}Mausen mit
multizellularen TumoiSphéaroiden (MCTS)n Kollagengel kekultiviert, um die Interaktion
zwischen Tumor und GeféafandAdventitia ex vivo nactzuahmen Dieses 3D Modell
ermoglichte die Analyse der Mobilisierunmd Migration der VW-SPCs von der aortalen
Adventitia sowohl zu der Tumorseite in d&amorGefallwandnterfacesals auch zu er
tumorfreien Seite der Aortenringe. Interessanterweise wurde die Kapillarsprosstinghon
GefalRwanednterfacean der Grenze mnMCTS gestoppt und die VVBPCs als Einzelzellen in
die MCTS aufgenommen. Demgegeniber wurde auf der tingien Seite der Adenringe
eine deutlich langere Kapillaraussprossung beobachtet. Im Gegensatz zud4QiSrtedie
Ko-Kultivierung der ARanit neuronalen Spheroiden darin, dass die aus der aortalen Adventitia
aussprossenden Kapilahnlichen Strukturen direkt in diearonale Spheroide pesirierten.
Zusammenfassenrukricksichtigdieses neuartige in vitro 3Dlodell sowohl Angiogenese als
auch Vaskulogenese und bietet vielfaltige Vorteile, wie zum Beispiel die Kompatibilitat
verschiedereMausmodella einschlief3lickder ReporteMausmodelle, wie z.B. die in dieser
Arbeit gezeigte Verwendurder Aorta vorCxcrl CreER+/mTmG+/ um dieGFPmarkiertan
Makrophagenaus der GefaBwandoei der GefalRaussprossung studieren zu kdnnen. Des
Weiterenist dieses Model auch fuFesung unterschiedlichefFaktoren undTherapeutika
einschlief3lich der antatngiogenen unévasculogenen Substanzen urdgrvivoBedingungen

geeignet
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1. Introduction

Tumors needlood supply in order to support their continuous growth. With the help of
vasculature thepbtain thenutrients, oxygen and also remove accumulated waste praducts
Tumors employ various strategies feascularizationincluding angiogenesis, that is the
formation of new blood vessels from pegisting vesséf, vasculogenesis the formation of
neovessels from progenitor céflswhich can elier be achieved by recruiting vascular
progenitors from bone marrdw!? that reaches pathological region via the circulation or by
recruiting progenitors from local pools, via-option around preexisting macre and micro
vessel§® and by vascular mimicry (VM)defined asthe ability of tumor cells to acquire
endotheliallike properties and create vascul&e networks?,

1.1. Angiogenesis

Angiogenesis is dynamic multistep physiological procesisroughwhich new blood
vesselareformedfrom preexisting vasculatre andessential during embryonic development,
postnatal life ithe female reproductive cycle, wound repaingiogenesis also contributes to

pathologic blooevessel formation such &ismorvascularizatiot 8.

The main regulator of angiogenesisoth physiological and pathologicas, vascular
endothelial growth factor (VEGF). The biological effects of VEGF are mediated and regulated
by two receptor tyrosine kinases (RTKs): Vascular endothelial growth factor redeptor
(VEGFR-1=FlIt-1) and 2 (VEGFR2=FIk-2). Theangiogenigrocess begins with the proteolytic
degradation of basement membrane glycoproteins laminin, and extracellular matrix (ECM)
surrounding the blood vessels. After the enzymatic degradation of the Edbthelial cells
are detached from the basement membrane, start to migrate and proliferpéetianmhte to
formation of new vessels that are constructed by only endothelial cells (ECs) in the early stage
of angiogenesis and can be stabilized by credbiag own basement membrane. Tumor cells
releasing preangiogenic signals such as VE®E-delta ligand like4 (DLL4), and angiopoietin
2 (Ang-2) %17 induce the formation of motile ECsalled endothelial tip csl with many
filopodia, which breakdown the surrounding ECM and leathe growth of new vascular

sprouts towards a VEGF gradient by thecsa | | ed fstal k cel Bso that

New vessel brancheged tayenerate a lumen to ensure blood flow. ECs use pinocytosis
to internalize multiple vesicles of the plasma membraneathfareogether andherebycreate
an intracellular lumen. Contacts between ECs, extracellular matriadjacent cells facilitate
8



the fusion of vacuolehat alsadependon signaling of integrin$. Newly formed blood vessels

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

of capillary vessels or smooth muscle cells that also cover the endothelidrtubesitside in

cases of formation of arteries and veins. Pericytes swarm the outer watidothelial
capillaries, stabilize the capillary structure, and play aronapt role in the formation of new
blood vesseldDuring angiogenesis, pericytes serve to pattern vascular networks and facilitate
ECs growth and differentiation, while regulating vessel tone, caliber, and permeability and
providing mechanical stabilityiestablished vessélg® They are recruited by tip cedecreted
plateletderived growth factor B (PDGB) to the capillary sprouting and interact with

endothelial cells, e.g. through Angiopoietifie-2 recepto-mediatedsignalling’.

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 thesurvival of ECs and restrain their proliferattb®’. Attached pericytes secret neural
cell adhesion molecule 1 (NCAM 1) and NG2 proteoglycan that in turn induce the recruitment

of further pericytes into the vesseall

Increased expression of VEG¥at the tumor location leads to higher expression and
production of angiopoietiti (Ang-2) by ECs thatdisrupts the pericytendothelial cell
interaction and thus induce a vascular destabilization. Hereby pericyteh deden the
basement membrane of pegisting but also of tumor blood vessels that causes the immature
behavior and chaotic organization of tumor veséélsHigh concentrations of VEGK in the
tumor microenvirament (TME) induce neangiogenesis and initiate an immature phenotype
of the vasculature that is characterized by irregularsfapational, and abormally permeable
blood vesseld?2 TME is not suppliedsufficiently due tothe chaotic blood vessel systeém
This leads tdncreasngly low oxygen tensior(hypoxig?* that in turn results in enhanced
expression ohypoxia inducible factors (HIFs). HIFs are constitutively degraded under normal
oxygen supply fiormoxig while under hypoxia they are stabilized. Hypoxia induces the
expression of VEGF in tumor cells whereas VEGFRs are induced by*#f#sn endotheli&
cells in TME. In an orchestrated manner these processes end up in induction and activation of

tumor angiogenesis.



1.2. Vasculogenesis

Vasculogenesis has long been thought to occur only in the initial phases of embryonic
de novo development of blood vessel&Extensive studies haveow establishedthat
vasculogenesis taketacenot only during embryologic development of the circulatory system
but also in the adult organism loe novoformation of new blood vessels by endothelial
progenitor cells (EPCs) thatg. can be delivered from the bone marffahat has been named
as postnatal vasculogenesis. Postnatal vasculogenesis also cantabthie pathological

process in postnatal liigsuallyin synchronywith angiogenesis.

After discovery of EPCsthe viewon tumor vascularizatiomas changed. Recent
studies have demonstrated that EP@smaobilizedfrom the bone marrowy tumorsecreted
cytokines such as VEGE'2 Under therapynduced acute hypoxic stress, tumexpressigh
levels ofHIF-1 (hypoxiainducible factor 1), which in turn upregulates SDRhe main driver
of the vasculogenesis pathway andGFA. Thes mobilize EPCs from the bone marrow or
recruitthemfrom the peripheral circulatiofePCsreach the tumor or pathologidasionvia
blood circulation andifferentiate into ECand contribute then to new vascularizatioSome
studies suggested thatasculogenesigather thanangiogenesis is in the center of the
neovascularization that occurs during glioma recurféndéis observationis important in
clinical terms, sine after irradiation, when gliomas recpgtients are usually administered
antiangiogenic therapighat may have limited utility. It is likely that inhibitinthe new vessel
formation through vasculogenesiwill be more beneficial for glioma patient®\ better
understandingf the balance between angiogenesis and vasculogenesis in different types of
cancer is criticafor modelingtumor growth and will allow to find more effective therapies to

target tumor growth.

Another source of new vessele.g. bypostnatal vasculogenesis supply of various
vascular walresident stem and progenitor cells (VSPCs)from the adventitial layer of
mature large to medium sized blood vessels as well as from the wall of the microvessels. The
VW-SPCs expressmimunophenatpic markers of stem and progenitor cells such as CD34, Flk
1, Scal, Nestin andKit and arelocated within the vessel wall of large arteries and veins but
also in the micro vessels covering the vessel wall from outside. ThedeasaIstarted to draw
attention in recent years because of the possibility of contributing to tumor vasculafization
the large and midsizedessels, VWSPCs are found in theubendotheliatore of the vascular
intima and most promimgly in the vascular adventitia. They have the capacity to differentiate

into endothelial, smooth muscle cells, fibroblast/myofibrobli&st and immune cell lineages

10



in response to different stimt??° While their location makes/W-SPCsattractive 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 mechanismsof tumor vascularization

Under certain conditions, othanechanismsof vascularization can significantly
contribute to maintaining tumoblood supply. One of these is vessel-@ation a non
angiogenic process by which tumansegratepre-existing blood vesselsf the surrounding
nonmalignant tissue to supptineir growth, survival and metasta¥isThe tumor cells migrate
along the abluminal surface of pegisting vesselgnfiltrating the space between pegisting
vessels. Consequently, this process allowsepisting vessels to be incorporated into the
tumor. This allowstumorsto co-opt host vessels to meet their metabolic requirements in the
initial invasion into the surrounding tissue without needing to stimwagiogenesid/essel
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 coption occurs in a wide rangd human tumors growing within numerous
tissues such as the bralmngs, liver, and lymph nodelts mechanisms are poorly understood.

It has been shown that glioma cells invade into the surrounding parenchyméhelexigting

blood vessels under argngiogenic therapy, thereby-opting these vessels for their metabolic
needs as long as nangiogenesis is block&d Vessel ceoption is an overlooked mechanism

of tumor vascularizatianAs such it should be ceilered an importantarget for new
therapeutic strategies as it is implicated in patient outcomes, resistance to cancer therapies, and

metastasis.

Another alternativenduntil recentlyunexpected mechanism of neovascularizason
the secalled vasculgenic mimicry ¥M). VM was defined as a completely neoteric blood
supply construction in malignant melanc¥haTumors build their own, tumor cdlhed
channels for nutrient transport independent of typical angegje. These tumor cells can
transdifferentiate into a stem céike state subsequently become an endothigalphenotype.
They may express endothelsglective markers and amwagulant factofé. The
transdifferentiated endotheliike cells release matrix proteins such as collagen IV and VI,
proteoglycans, heparan sulfate and lamihet support forration oftubular networks within
tumors. These tubular networks are anatomically diffefemh the regular blood vessels,
where the ECs localized on the basal lamina. The basal lamina of tubular networks is towards

the lumen®. In the end tumederived tubular channels fuse with the endothel&ived
11



vasculature from the nearby milieu and a hybrid structure can etigrgafter the first
discovey of VM in malignant melanoma it was also reported in many othemmsianoma
neoplastic malignancies such as br&asflioblastoma (GBMY, lung®, ovariar®4° and also
in prosta&*’. These alternative vascularization preses ensure tumor rescue from the therapies
and provide resistance bpgroviding vascular structuse impervious to anttangiogenic
therapeutic strategieBSinally, also the aforementioned \M8PCs have to be considered among
such additional or alternativewees that could conbute to tumor vascularization.

To better understand the potential rofeneovascularization in health and diseases such as
tissue regeneration, wound healing, ischemia and cancer it is nedess@gusshe vascular

wall structue 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 microvasilature 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 cslare in close contaetith each otherPericytes are encked 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 (SMiGs)1 . 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 lmfth arterioles and venules exhibit also a thin and
circularly organized adventitia that contains fibroblasts andeféyers. The classical three
layered vessel wall can be observed best in large and nsidéie peripheral blood vessels
including mainbranches 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 visuellizedHag.
1B and C).

Vas a

Figure 1. Vascular wall structure

Capillaries are the smallest vessels. They are comprised of endothelial cells (ECs) that
lumen and pericytes (PCs) that cover the endothelial cell [@)erMediumsized arteries arg
comprised of three layers: intima (1), media (M), and the adventitia B)) The inner elastig
membrane (IEL) separates the intima from the media. Large vessels are constructed wi
layers: intima (1), media (M), and adventitia (A) that also conta@isa vasorum. The outer elas
membrane (OEL) separates the tunica media from the tunica adved}itieidure adapted from
Erginet al, 201%.

Tunica intimais the innermost layer and composed of a monolayer of ECs that line the
vascular lumen, thus exposed to the continuous blood H®s.are assigned different functions
such as building a permeability barrier, regulataf hemostasis, leukocyte recruitment and
homing, and control of the vascular wall torRerthermore, the intima layer of the vessel wall
contains als@sub-endothelialayer thats composed basically by connective tissue and some
types of progenitor dis. Nextto this layeris the inner elastic membrane (IEthat separates

thetunica intimafrom thetunica media

Tunica medids the intermediate layer and constructed by SMCs as well as extracellular
matrix that contains differd types of collagen ahelasticfibers 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) separdteschenedidrom

thetunica adventitia

Tunica adventitias the outermost layer and composed of loose connective tissue containing

collagen, elastic fibers, and fibroblasts. Timeica adventitissupports blood vesselspoovide
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additional stabilityagainsthe blood pressure and embeddin isurrounding tissue. In larger
vessels such as the aorta, adventitiatainsso calledvasa vasorummicrovessels that supply
oxygen and nutrients to the outer layers of the vessel wall (Fig. 1C).

Vasa vasorunplay importantroles in maintainingvesselintegrity and may contribute to
the development ofascular disead&*®. Further, it enables theansmigration of bone marrow
(BM)-derived stem and progenitor cells and cells circulating in the peripheral intoothe
vascular adventitiaFor example, it has been shown that mononuclear cells (MNCs) are found

in pulmonary artery adventitia mypoxiainduced pulmonary vascular remodefihg

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

In recent years, accumulatiegidencedemonstrate that not ontlge bone marrow but
also theintimal layer of the vessel wall that contains ECs that lifee lumenharbors
mesenchymal progenitors within the subendothelial spacéhabthe adventitial layer of the
adult vessel wall serves as a niche for various stem and progenitor cellsvasagar wall
stemand progenitor cells (VWEPCs)differentiate into both vascular and nonvascular cells
464548 This niche within the adventitis calledii v a s ¢ ul o ¢.&meiVW-SPCs mighd
have been retained there since embryonic development of blood vessels into the adulthood and
may function as a reserve capacity contributing the new vesselafanmand/or vascular

remadelingin postnatal growth, diseases and aging proctsses

VW-SPCsinclude EPCs, mesenchymal stem cells (MS€£*°9%1 and hematopoietic
stemand progenitor cells (HSPCs) including circulataerived HSPCs as well as macrophage
progenitor cells (AMPCS%3(Tab. 1). These cellsan differentiate into various ternnal

lineagesdepending on environmental milieu and signalifg. 2).

Table 1 | VWSPCs and their markers

VW-SPCs Marker

EPCs VEGFR-2" CD34 Tie-2" CD31

MSCs Scal"CD44" CD90' CD73 CD34 VEGFR2
HSPCs CD133 CD45

AMPCs Scal' CD45
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Dendritic cells

Ei\‘\ Scal’CD44 @[ SMCl/pericytes

/e’ FDC

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

Currently four immunophenotypically different stem or progenitor cell types wereluesin the
vascular adventitia in mouse, rat, and human. Tbele candifferentiate into mature vascular cel
such as endothelial cells (ECs), pericytes and smooth muscle cells (SMCs) as welvascotar
cells such as macrophages and folliculandtitic cells and mesenchyrdérived cells such a
chondrocytes, adipocytes and osteocyfagure adapted from Worsdér et al, 2016°.

1.4.2. Dynamic of VW-SPCs in the postnatal period

Undernormalconditions, all components of the vascular wall are mostly quiescent, but
several physiological and pathological processes might activet@o migrate, proliferate and
differentiate intovariouscell types®>53%4 In response to stress, development of atherosclerotic
plagues, or injury, the activation of VAWPCs can result in thespecification leading to
exhibition of different funtional and structural behaviér$%°"°8 VW-SPCs might have a role
as a biological bank for theepair and healing processegcrete cytokineswhich support
affected tissuegdefunct cellsretrieval, integration, storage and rekead key regulators of
vessel wall functiot?. While this stem cell niche within the vascular wall of adult human
arteries wasdentified almost 15 years afyjghe contribution othesecellsto vascular health

and disease is stilh need of further research

The first clues indicating the potential existence of progenitors in thelaas@ll were
obtained through studies tie humarembryonicaorta which was cultivated in collagen in
order to investigate its angiogenic capacityese studieshowed that capillary sprout from the
aorta expressed markers of endothelial differentiafidms finding suggestedhat immature
endothelial precursor cells might be present in the vessel wall. For this reasori/CIDE34

vessel wall cells were isolated and cultivated. Differentiation of these cells into mature
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endothelial cell$n vitro confirmed this hypothesi$ 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 resgong&GF and Platelet

derived Growth FacteBB (PDGFBB) respectivef to improve neovascularizatith

In another study EPC population was identified in human umbilical vein endothelial cells
(HUVECs) andhuman aort endothelial cells (HAECSJerived from vessel walls and were
considered to have the capacity to differentiate into mature ECs. EPCs also can be identified
anddistinguished from mature endothelial cdilg theirclonogenicandextensiveproliferative
potentiaf®. Thesedata support the hypothedlsat vessel wall harbors celidher than those
participating in the structure of the vessel vealmature celland thatit also containgliverse
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 dengiand structuriaintegrity of vasa vasoruth 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 paracnramner and unfold prangiogenic signaling
during arterial ring assays on resident macrophage progenitors, EPCs, and MSCs modulating

their activation and local activify?53

Furthermore, it has been shown t48¢-SPCs can be mobilized efficiently in case of severe
arterial traum®& and replace damaged cells. Immunohistochemical staining indicated that
vascular adventitia contains multipotent cells expressing the stem cell markers suctias Sca
After an injury hese cells could replace dead or malfunctioning cells, provide physiological

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

Another evidence supparg the dynamism of/W-SPCs in postnatal vascular remodeling
wasobserved in intimal denudation, e.g. experimaptalduced endothelial damage. In case
of an injury an early proliferation and subsequent migration of adventitial cells to the neointima
was observedinitially, it was thought that adventitial fibrobdss were the only probable
candidate for this migration but later studiEsnonstrated thamtimal mesenchymal celland

pericytesfrom theadventitialvasa vasorursanalso mediat neointimal thickenint?

Although the dynamism MW-SPCs in postnatal periagiwell examinedhe contribution
of the VWLSPCs to tumor vascularization is magll understoodTo fill this gap and contribute

to uncovervarious aspectsf tumor vascularizationjt has been focused this work on this
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ratheroverlookedquestionof if and howVW-SPCs contribute totumorvasculogenesiOne

of the most suitable models$ach a studisthesec al | ed darteri al ring
rings of the adult arteries, e.g. mouse or rataaas reported in the majority of the published
studies in the field of angiogenesist in some cases also human internal thoracic arféig

ex vivoassayis highly suited foistudyng the angiogenic sproutingsidentifying the role of
VW-SPCs inthis process, andeneration oimacrophagefrom locattissueand their role in

tumorvascularization

1.5. Modified aortic ring assay

In 1990, Nicosia and Ottinetti designed the rat aortic ring assay (ARA) to assess
angiogenesis in aex vivomodel that bridge the gap betweeim vitro andin vivo. In 2002,
ARA wasadapted to mice tissue because transgenic mouse models are more easily available
allowing for the molecular dissection of angiogeneSRA iswidely used by many researchers
to study neovascularizah process€4°° This organ culture assdy nonexpensive, more
informative, and superior to monolayer endothelial cultdogsstudying new blood vessel
formatiorf®®°. Aorta contains mature endothelial cells in the intimal layer and smaller
supplying vesselssésa vasorumin its adventitia. In addition, aort@ontainsghe VW-SPCs in
the subendothelial zone as well asore prominentlyvithin the adventitial vasculogenzone
that can give rise to all cell types of mature vessels such as endothelial cells, smooth muscle

cells and pericytég:®43

To distinguish the contribution of pexisting mature endothelial cells from V8PCs to
new vessel formatiore.g. in the context of tumor vascularizatiore established modified
ARA (mdARA). Another reason for the modification of the classic ARA was the fact that
angiogenesif vivo occurs frequently from micro vessels, and reimg adventitia enable®
distinguish the contribution of the mature endothelial cells from those that might arise from the
wall of theadventitialvasa vasorumn ARA, angiogenesis and vasculogenesis can be observed
together, antby simplifying e.g. reroving adventitia, this complex model provides advantages
in examining the effects o¥arious factors in either angiogenesis or vasculogenesis.
Furthermore,growth-arrestspecific genés (Gas6}*’* and protein S (PROSI13"® which
function adigands of TAM(Tyro3, Axl, and Me) receptorghat were reported to be involved
in the regulation of angiogeneses.g. by modulating the macrophage functidm order to
examine theole of these factors in detail, e.g. in angiogenesisambstnatalasculogenesis,
their effects werstudied in ARA anandARA.
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1.5.1. Angiogenic factors and a novel TAM receptoiligand in angiogenesis

A further aspect of angiogenic regulationtie role of macrophages that can also be
generated from V\AGPCs during ARA. Macrophages in turn produce different cytokines and
growth factors that act in a paracrine manner and can influence new vessel fortnation.
addition to othefactors macrophagese regulated byTAM receptors and their ligands such
asGas6which, reportedlyact as a proangiogenic factor and PROS1 that actsagitbgenic
factor. The known TAM receptorsare transmembrane proteins. Their regulatory roles are
prominent in the vascula mature immune, reproductive, hematopoietic, and nervous
systeni*’>. Genetic or experimental alteration of the TAM recepignalingcan contribute to
several disease stat including coagulopathy, autoimmune disease, retinitis pigmentosa, and
cancef®. However, their role in angiogenesis is still poorly understosthgthe mdARA, the

role of TAM receptor and its liganda angia@enesis and vasculogenesan bedissected

Tulpl is recently reportedAM receptorligand that interacts with allthree receptors:
Tyro3, Axl and MerTK’. Tulpl is expressed mainly in the photoreceptor cells of the fétina
and provides retinoprotection by stimulatimgcrophagghagocytosis wittMerTK of retinal
pigment epithelium cell8. Tulpl acts as a bridge molecule and binds withitsrwinal region
to MerTK and Gterminal region as phagocytosis pigmding domain (PPBP Tulpl is
synthesizeavithout a classical signal peptide and secreted unconvenyiohahportantly,the

role of Tulpl in angiogenesandvasculogenesis still unknown

Gas6 Protein S VEGF-A Tulp1
v A 4 @ h 4
e L A
—
\ SHP-2 l
MEK AKT [\quEK \L
\ ERK1/2
ERK1/2 ¥
v !VIigration Proliferatio’n
Angiogenesis Angiobenesis Unknown

Figure 3. TAM receptors ligand and their effect on angiogenesis

Gasb6 stimulates angiogenesis by binding Axl and activating MEK, ERK1/2 cascadeeigand
of TAM receptors Protein S acts as atigiogenenic factor by activating the Mer and SH
cascade, thereby blocking VE&¥Estimulation of MEKERK % signaling. Tulpl can bind to a
three of TAM receptors; however impact of the contradictognads from these receptors ¢
angiogenesis remains unknown.
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1.6. In vitro 3D tumor models

Multicellular tumor spheroids (MCTS) were defined e t1970% andare spherical
aggregateghat areformed with hydrogel scafft’®, linker-engineered spheroitfsor on
agaros&. MCTSs show an intermediate complex betweenr2@tro cell cultures anéh vivo
solid tumors. MCTSs received increasatgentiondue to their potential for dguscreening and
for offering the possibility oftudyingthe mechanism ofariousfactorsin tumormaintenance
and progressidi®. They are currently considered akighly applicable 3D model for drug

evaluationin experimental oncolody®°

Vasculature

A MCTS

Proliferative zone

Quiescent zone

Necrotic core

- - - - >

Cells :: Cells 88 Cells :: l&

in hypoxic zone in quiescent zone zone in proliferative zone ECM

Figure 4. The similarity between MCTS and the solid tumor

MCTS (A) and solid tumoKB) both have hypoxic (redjjuiesceniyellow), proliferative (green
regions Additionally, solid tumor hasasculature and extracellular matriigure adapted from|
Millard et al, 20172

Large spheroidsl4005 00 & m di amved selid fumaasnsbare important
similarities. They have internal layered cell distribution andaall contact in 3D. Transport
of nutrients and oxygen inside them and removal of waste product and carbon dioxide becomes
a dhallengethatcauses the creation of specific gradients of the spheroid and solid tumor. These

give risethree types of callar zone§>8.

Highly proliferating zone: This zone islocated in theperipheryof spheoids andhas a
sufficient supplywith oxygen and nutrientsThe cells in this zonealisplay highrate of
proliferation. In tumors this zone extends to the periphery of blood vessetlse tumor

surrounding
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Quiescent zoneThis ismiddle zone of the sphaid. There is a progressive decrease in the
supply with oxygen, and nutrients with increasing distance from the spheroid periphery,

following this cell metabolism decreassghile toxic metabolites accumulate

Necrotic zone:This is the innemostpart ofthe spheroid and isharacterized biow level of
oxygen orhypoxiaand high level ofmetabolic waste. Due to starvatiand increased CO

level mostcells located in this zone become necrotic.

In spheroids thenieractionsand signaling of tumor cellsithh each othein close
proximity give rise tgyene expressiogsimilar totumorlikely due to similar micreenvironment
Different cell zoneand diffusive gradients of spheroid act as microenvironmental stress factors
for tumor cellsFor the cells locatkin the innermost zone of the spherthid causesesistance
against anticancer drugs or ther2ffy8° The inner zone of growing spheroids becomes
hypoxic. Hypoxic cells releasggh levels opro-angiogensis factors that induce angiogenesis
by activatng endothelial cells which are present in surroundisgué’?*?2 This behavior
recapitulateghe tumor situatiom situ. In particular, the 3D tumor spheroid dels have been
useful becausMCTS mimics the physical barriers found in real solid tumors, which obstruct

the free penetration of drugs through tii@ormass§®.

MCTS alone does not reflect the tumor tissue cameptsin sity, e.g.it is devoid of
vasculaures aswell as of some stromal celisd lacksfluid dynamics within the tumé&#
Recently, the investigation of the interaction between blood vessels and tumoidsphe8D
in vitro has drawn attentif®. To generateMCTS that better recapitulate solid tumors
interaction of mature endothelial cells and tumors was considered. However, it is necessary to
develop 3D modelsvhich enablefor the studyingthe contribution of VWSPCs 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 dod improvement of exighg antrtumor therapies.
Understanding therigins of cellscontributing taumor vascularizatioas well as the molecular

and cellular mechanisms that govangiogenesis/vasculogenesisssential for understanding
tumor biology ando realize the potetial of therapies directed towards cutting the blood supply

to tumors.To this end ex vivo3D models that can reflect the tumarssel interaction as it
occursin vivoarerequired. Such models will be immensely for understantgiagontribution

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) toexaminethe contribution of VWSPCs in comparison to

the intimalmatue ECs to new vessel formation

- to analyze the effect of angiogenic and -amgiogenic factors on mdARA in
comparison to the conventional ARA model

- to optimize the ARAtumor cell spheroid coulture system at a reproducible and
quantifiable level

- to estdlish anex vivo3D tumorvessel wallinterface model which allow studying the

contribution of VWSPCs to tumor vascularization.
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3. Results

3.1. Modification of ARA

To examine the contribution of VMPCs to new vessel formation, e.g. to tumor
vascularizationand to distinguish the contribution afiaturevascularendothelialcells to
neovascularization fronecontribution of VW-SPCs,the conventional ARA procedurewas
modified Specifically,a protocowasestablisledthat enabled the secure removal of the entire
adventitial layer before embedding tlertic 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 t
aforemenibnedprotocol ofAR-modificationby removing the aortic adventitiadeed allowed
the removal of the adventitia from the entire wall circumference while preserving the structure
of theremainingaorticwall composed by botimedia as well as intima laygiiSig. 5A-B). This
modified procedurethe cultivation of the aortic rings without adventitimas named as
modified ARA (MdARA). InmdARA activaedintimal endothelial cells form capillary sprouts
into the aortic lumen similar to tle@nventional ARA usingortic rings withintactadventitia
abbreviated here further as ARA per conveniibig. 5GD). Comparison of the sprouting
behavior and pattern of ARs embedded into collagen with and withounttwt adventitia
allowedfor differential studyof the cantribution of the adventitiaerived VW SPCsto new
vessel formationin particular under various treatment modaliti@snventionabrgan culture
of the ARA resulted in an extensive capillary sprouting and a dense network formation within
the collagen g€Fig. 5E). In contrasin mdARA withthe removal of the aortic adventitia, the
organ cultureof the embedded ARs still resulted inlidocapillary sprouting (Fig. B-F),
however,their sproutingwas considerably delaye(Fig. 6) and their sproutingpatten was
sparseas the capillarmetworkintensityand numbeswere reducedh comparison to ARAFig.
5F). Remarkably, the radial length of the capillary sprout seems to considerably be longer in
mdARA than inARA (Fig. 5-F).
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Figure 5. Differ entiation of sprouting pattern in ARA and mdARA

Mouse aortic ring assay (ARA) in conventional mode C and E) and in modified form by
removing the aortic adventiti8 (D andF). H&E stained paraffin sections of freshly isolated mol
ARs with intact adentitia (A) and ARs without adventitial layeB) as well as after being used
ARA in conventional mod€C) andin modified form MdARA) after 7 days of culturel). In
conventional ARA prouting originated from the intimes well aghe adventitia (arms) (C), while
in mMdARA sprouting was observazhly from theintima (D). Phasecontrast images of ARAK)
and mdARA(F) in rat tail collagen Type | galisplay sprouting pattern and intensity as well
network formatiorafter 7 days o€ultivation

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 ARAdisplayed sprouting cells within the collagen gel already at adydlture
this was observed fondARA afteramost3 days otulture. Similarly, ARA exhibited capillary
sprouts within the first 2 days of culture (Fig. ), whereas mdARA displayed such
morphogenetic evenfsst on cultureday 3(Fig. 6A-B"). Upon extended incubatior.g. after
eight daysthelength ofsingle individual capillary sprout from the mdAR¥asincreaseanore
in aradially directegpatternwithin the gel than those observed from the AfRA. 6E). On the
other hand, the sprouting density for bsginoutingcells(single cells migrang from the aortic
ring) andcapillary sproutgmigratingcellsfrom the aortic ring fornmg capillary-like structure
within the collagen gélwere significantlynore pronounceth ARA than in those mdARA

(Fig. 6FG).
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