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TIIVISTELMÄ
Tutkimuksen tausta ja tavoitteet Angiogeneesi eli uusien verisuonien muodostus on
keskeistä monissa sairauksissa kuten syövässä, silmäsairauksissa ja reumassa. Lisäksi se on
sikiönkehityksen avaintapahtumia. Tästä syystä kemikaalien aiheuttamat muutokset
verisuonten muodostukseen voivat olla joko on erittäin haitallisia ja positiivisia.
Angiogeneesimalli on siis erittäin tarpeellinen lääkeainekehityksessä ja yleisessä kemikaalin
haitallisuusarvioinneissa.
Tutkimuksen tavoitteena oli löytää kasvatusliuos, jolla aikaan saadaan (ihmisen) rasvan
kantasoluihin pohjautuvan angiogeneesimallin verisuonten muodostus sekä pystyttää solujen
karakterisointia varten virtaussytometrinen menetelmä.

Tutkimusmenetelmät Tutkimuksessa mallinnettiin verisuonten muodostusta viljelemällä
rasvan kantasoluja ja napanuoralaskimon endoteelisoluja yhteisviljelmässä 6-13 päivää.
Tutkimuksessa testattiin erilaisia kasvatusliuoksia, jotka sisälsivät eri kasvutekijöitä, ravinteita
ja seerumin pitoisuuksia. Soluviljelmät värjättiin useilla vasta-aineilla (von Willebrand tekijä,
kollageeni IV, CD144, kalponiini, sileälihasmyosiini ja -aktiini).Viljelmiä tutkittiin käänteis- ja
konfokaalimikroskoopilla sekä soluanalyysilaitteella (Cell IQ). Verisuonenmuodostusta
arvioitiin manuaalisesti sekä automatisoiduilla analyysimenetelmillä. Kontrollina toimi tähän
asti käytetty kaupallinen endoteelien kasvatusliuos (EGM-2). Virtaussytometrinen menetelmä
optimoitiin ja testattiin. Tätä varten solut käsiteltiin CD144, CD309, CD73, eNOS ja VWFA2:ään sitoutuvilla vasta-aineilla. Analysointiin käytettiin FACSCanto II (BD) virtaussytometriä ja FACSDiva -ohjelmaa.

Tutkimustulokset Tutkimuksissa havaittiin että kantasoluangiogeneesimalli tuotti tasaisen
kolmiulotteisen toistettavan verisuonituksen parhaiten seerumittomassa ympäristössä. Paras
verisuonimuodostus havaittiin kasvatusliuoksessa, joka sisälsi DMEM/F12, BSA, Lglutamiini, T3, natriumpyruvaatti, ITS, VEGF, FGF-β, hydrokortisoni ja askorbiinihappo (Cvitamiini). Näistä välttämättömiä olivat VEGF ja FGF-β ja lisäksi askorbiinihappon (200-350
µg/ml) ja hydrokortisonin (0,2-1 µg/ml) lisääminen paransi verisuonten muodostusta.
Virtaussytometriassa rasvan kantasolut havaittiin positiivisiksi CD73:n suhteen ja endoteelit
CD144, CD309, VWF-A2, CD73 ja eNOS positiivisiksi.

Johtopäätökset Tutkimuksissa kehitettiin uusi osakomponenteiltaan tarkasti tunnettu
stimulaatiokasvatusliuos korvaamaan kaupallinen EGM-2-kasvatusliuos. Tätä voidaan tulosten
pohjalta
muokata
paremmin
esimerkiksi
kolmansille
soluille
sopivaksi
stimulointiympäristöksi. Solujen karakterisointi todisti endoteelien tuottavan niille ominaisia
proteiineja sekä rasvan kantasolujen kantasolumarkkeria CD73.
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ABSTRACT
Background and aims Angiogenesis assays are much needed tool for testing new
drug candidates, toxic substances and chemical compounds. Angiogenesis, the
formation of new blood vessels, has a central part in many diseases and therefore they
are important also from medical perspective. Human cell assays would be more
accurate in describing effects in human body in addition to reducing ethical concerns.
The aim of this study was to develop a new optimal stimulation medium for the human
adipose stromal cell angiogenesis assay with known carefully optimized concentrations
of each medium component. Second aim was to set up a flow cytometry protocol and
characterize cells used in the assay.
Methods Human adipose stromal cells (hASCs) and human umbilical vein endothelial
cells were combined and cultured on a 48-well plate to mimic angiogenesis in vitro.
Different combinations of different culture media, serum concentrations, nutrients and
growth factors were tested in the co-culture for 6 days or 13 days. The cultures were
then examined by immunostaining with different antibodies (Von Willebrand factor,
collagen IV, CD144, calponin, smooth muscle myosin, smooth muscle actin) and
observed with reversed light microscope, confocal microscope and Cell-IQ. The results
were graded manually and analysed with automated methods. Commercial EGM-2
(Lonza) was used as control. Flow cytometry protocol was optimized and tested. Test
runs were conducted by staining the cells with CD144, CD309, CD73, eNOS and
VWF-A2 antibodies. The analysis was performed with FACSCanto II (BD) and
FACSDiva program.
Results The study showed that human adipose stromal cell angiogenesis assay
produced an optimal reproducible vascular-like network, which was also three
dimensional, in serum free environment with medium containing DMEM/F12
supplemented with BSA, L-glutamine, T3, sodium pyruvate, ITS, VEGF, FGF-β,
hydrocortisone and ascorbic acid (vitamin C). From these VEGF and FGF-β were
found essential and adding ascorbic acid (200-350 µg/ml) and hydrocortisone (0,2-1
µg/ml) improved the tubule formation. The stromal cells were found to be positive for
CD73 and the endothelial cells for VWF-A2, CD144, CD309, CD73 and eNOS.
Conclusions This new fully defined stimulation media is easy to modify according to
the results to better suit further applications, especially tissue models, where a third
target cell type is added. Flow cytometry results showed that the endothelial cells
express endothelial markers and hASCs express stem cell marker CD73.
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ABBREVIATIONS
A568
AA
Ab
APC
BSA
Cal
CO2
Col IV
CV
Cy7
DAPI
DMEM/F12
EBM
EC
ECM
EGF
EGM-2
eNOS
FACS
FBS
FGF
FICAM
FITC
FSC
GA-1000
GLP
hASC
HE
HS
HSPG
HUVEC
HY
IGF
ITS
L-glut
MMP
MSC
NaP
NEAA
NG2
Ocl
PBS
PDGF
PDGFR
PE
px
RT
SM

Alexa fluor 568nm
Ascorbic acid
Antibody
Allophycocyanin
Bovine serum albumin
Calponin
Carbon dioxide
Type IV Collagen
Coefficient of variation
Cyanin
4',6-diamidino-2-phenylindole
Dulbecco´s modified eagle medium: nutrient mixture F-12
Endothelial cell basal medium
Endothelial cell
Extracellular matrix
Epidermal growth factor
Endothelial growth medium 2, Lonza
Endothelial nitric oxide synthase
Fluorescence-activated cell sorter
Fetal bovine serum
Fibroblast growth factor
Finnish center for alternative methods
Fluorescein isothiocyanate
Forward scatter
Gentamicin and Amphotericin 1:1000
Good laboratory practice
Human adipose stromal cell
Heparin
Humans serum
Heparan sulfate proteoglycan
Human umbilical vein endothelial cell
Hydrocortisone
Insulin-like growth factor
Insulin-transferrin-selenium
L-glutamine
Matrix metalloproteases
Mesenchymal stem cell
Sodium pyruvate
Nonessential amino acids
Nerve/glial antigen 2
Occludin
Phosphate buffered saline
Platelet derived growth factor
Platelet derived growth factor receptor
Phycoerythrin
Passage number
Room temperature
Stimulation medium
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SMA
SMM
SOP
SSC
TGF
TRITC
UEA-1
VEGF
VEGFR
VWF
Zo-2

Smooth muscle actin
Smooth muscle myosin
Standard operating procedure
Side scatter
Transforming growth factor
Tetramethyl rhodamine isothiocyanate
Ulex europaeus I agglutinin
Vascular endothelial growth factor
Vascular endothelial growth factor receptor
von Willebrand factor
Zonula occludens protein 2
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1 INTRODUCTION
Angiogenesis is a vital process in growth and development (Carmeliet et al. 2011). In
adult individuals it is probably best known for its role in wound healing (Carmeliet et al.
2011, Potente et al. 2011). As angiogenesis is an extremely complex process (Ucuzian
et al. 2007), problems related to its regulation are not uncommon. Several diseases such
as cancer, obesity, asthma, diabetes, multiple sclerosis, endometriosis, ischemic heart
disease and many more are related to insufficient or overstimulated angiogenesis
(Carmeliet 2005). In order to find a treatment for these diseases, angiogenesis needs to
be studied to understand its regulation mechanisms, and further, how it could be
controlled (Carmeliet et al. 2011).
In addition to medical research and tissue engineering, tissue models are relevant in the
field of pharmacology and toxicology. New drug candidates need to be thoroughly
tested prior to clinical trials (Ucuzian et al. 2007) and also other chemical substances
(e.g. environmental chemicals and cosmetics) need to be tested before they are used.
By developing human cell based assays for the preclinical phase of drug discovery and
for general toxicity testing, species to species variation is eliminated and less animal
tests are needed (Carmeliet 2005). This will lead to more relevant and possibly cheaper
tests. At the moment, animal models are still used for angiogenesis studies (Norrby
2006) but human cell based in vitro assays are raising growing interest as knowledge
about the differences between human and animals increases (Mestas et al. 2004, Van
Dam et al. 2011, Zaragoza et al. 2011). Adipose tissue is an excellent cell source for
human cell based assays, as it is abundant and adipose tissue derived cells have great
differentiation potential and do not evoke ethical concerns (Strem et al. 2005, Lindroos
et al. 2009).
The human adipose stromal cell angiogenesis assay has already been optimized
concerning the cell numbers, optimal culture times and cell passage numbers (Sarkanen
et al. 2012). The gene expressions of the cells in the assay have also been studied
(Sarkanen et al. 2012). The earlier developed and validated fibroblast angiogenesis
assay has been guiding the development of new more complex stem cell angiogenesis
assay (Sarkanen et al. 2011). This study aims at finding an optimal stimulation medium
for the tubule formation in in vitro human adipose stromal cell (hASC) angiogenesis
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assay and also at characterization of the cells used in the assay. These are crucial steps
before the development of the assay can move on to the next phase. The stimulation
medium was optimized because the currently used commercial EGM-2 contains
unknown concentrations of supplements and it is producing variable results. Moreover,
EGM-2 is causing cell aggregate formation in the culture. The culture media that were
modified are ones in use for different tissue models. The cells that are isolated from
patient samples have not been characterized by flow cytometry before. Accurate cell
characterization is important for the quality control of the assay and will be achieved by
setting up a characterization protocol. The next step will be conduction of chemical tests
which will be followed by intra-laboratory validation.
Vascular system is vital for the function of all the organs in the body and thus
combining the developed tubule structure to other 3D tissue models would be a natural
next step. Therefore, the main goal of producing in vitro vasculature is to develop an
environment with active cells producing extra cellular matrix (ECM) components and
angiogenic factors thus enhancing the viability of target cells instead of necessarily
aiming at completely mature vessels. It has already been shown that for example
cardiomyocytes cultured with the vascular network have more natural like morphology
and stronger pulsatile function than the cardiomyocytes grown in monoculture
(Vuorenpää et al. In submission). This supports the hypothesis and previous results that
communication between endothelial cells and other cell types is extremely important for
cells (Hergenreider et al. 2012).
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2 REVIEW OF THE LITERATURE
2.1 Capillaries
Capillaries are the smallest blood vessels. Their diameter is about the same as that of
red blood cells (Ross et al. 2010a) about 4-10 µm (Ko et al. 2007). Capillaries are
composed of a single layer of endothelial cells (ECs) surrounded by a basement
membrane and they are loosely covered by pericytes (Szoke et al. 2011, Carmeliet
2003). Endothelial cells of capillaries line the lumen of the capillary (Sobczak et al.
2010).
In the body most of the substance exchange between blood and tissue occurs through
capillaries. As the tube is so narrow that the red blood cells can only pass through the
capillary one at the time and that one blood cell fills the entire lumen of the capillary,
the length of diffusion pathway for gases and nutrients between capillary and
extravascular tissue is minimized (Ross et al. 2010a). Besides providing a complex
system of passively transporting tubes, the endothelium of blood vessels actively
controls the entry of leukocytes and substances into tissue (Vestweber 2008). Thus,
connections between endothelial cells and their control are of vital importance in the
function of capillaries. In order to achieve all these functions endothelial cells in
capillaries can be attached to each other in different ways. Cells can be connected to
each other either 1) tightly with tight junctions so that only liquids and small molecules
can pass through or 2) junctions can have fenestrae, small holes which may be covered
with thin non-membranous diaphragm, through which molecules can pass or 3) they can
have larger fenestrae i.e. sinusoids in the capillary so that also cells can move from
inside the capillary to surrounding tissue (Figure 1) (Ross et al. 2010a). Continuous
capillaries connected with tight junctions can be found for example in muscle and lung
whereas fenestrated capillaries are typically found in endocrine glands and sites of
metabolic and fluid absorption (Ross et al. 2010a). Sinusoidal capillaries are found in
liver, spleen and bone marrow (Ross et al. 2010a).
However, capillaries can only deliver oxygen and nutrients to the cells that are located
at a distance of up to 200 μm, and thus vascularisation is required to reach the cells
further away during new tissue formation (Mammadov et al. 2011).When the complex
process of angiogenesis is deregulated, it has a major impact on our health and
contributes to the pathogenesis of many disorders. Some of the best known are cancer,
12

psoriasis, arthritis and blindness, but many other common disorders such as obesity,
asthma, atherosclerosis and infectious disease are also affected by the failure to regulate
angiogenesis normally (Carmeliet 2003).

Figure 1. Capillary networks are places where the substance exchange occurs between
blood and tissues. Capillaries are composed of endothelial cells, basement membrane
and pericytes. The way endothelial cells attach to each other’s effects on what can go
through the capillary wall. Only fluids can pass tight junctions, molecules can pass
fenestrae and cells can move through intercellular clefts called sinusoids. Modified from
(Uzwiak 2001, Pietras et al. 2005, Burrell 2011).

2.1.1 Endothelial cells
Endothelial cells are located at the interior surface of all blood vessels in the body
ranging from the largest conduit vessel to microcapillaries (Lehle et al. 2010).

ECs

show intense metabolic activity and are involved in many physiological functions, such
as the control of haemostasis, vasomotor tone, cell and nutrient trafficking, barrier
functions and angiogenesis (Lehle et al. 2010). ECs are among the most quiescent and
genetically stable cells of the body (Kalluri 2003). Their turnover time is usually
hundreds of days, in contrast to e.g. bone marrow stem cells, which maintain an average
turnover time of 5 days (Kalluri 2003). Despite numerous common features, ECs
display a high degree of heterogeneity both in structure and function depending on their
location in the vascular tree (Lehle et al. 2010). The underlying molecular mechanisms
of endothelial differentiation are still not well understood (Lehle et al. 2010).
Numerous markers have been found and selectively used to isolate and characterize ECs
from different tissues (Table 1). A panel of well-recognized ‘endothelial markers’
13

includes factors such as von Willebrand factor (VWF) antigen, CD31, CD144 vascular
endothelial growth factor receptor-2 ( VEGFR2), and endothelial nitric oxide
synthase(eNOS) (Szoke et al. 2011, Lehle et al. 2010). VEGFR2 is expressed in most or
all ECs, whereas VEGFR3 expression seems to be excluded from arterial cells (Lehle et
al. 2010). Different binding affinities of the ligands to these receptors might also be
critical in blood vessel formation (Lehle et al. 2010). Other molecules that ECs express
include glypican-1, syndecan-1 and -2, perlecan (Ashikari-Hada et al. 2005) and Ulex
europaeus I agglutinin (Lehle et al. 2010).
Table 1. Some of the markers ECs express.
HUVEC
Alternative naming
marker
Platelet/EC adhesion molecule-1
CD31
CD54
CD62E
CD105
CD141
CD 144
CD146

CD309
eNOS
glypican-1
perlecan
syndecan-1
and -2
VEGFR 3
von
Willebrand
antigen
UEA-1

Reference

(Szoke et al. 2011, Lehle et
al. 2010)
Adhesion (Lehle et al. 2010)

ICAM-1,
Inter-Cellular
Molecule 1
E-selectin
Endoglin
Thrombomodulin (Lehle et al. 2010)
Vascular endothelial cadherin, cad-5,

(Lehle et al. 2010)
(Li et al. 2003)
(Lehle et al. 2010)
(Szoke et al. 2011, Lehle et
al. 2010)
Melanoma cell adhesion molecule (Lehle et al. 2010)
(MCAM) or cell surface glycoprotein
MUC18
VEGFR2, vascular endothelial growth (Szoke et al. 2011, Lehle et
factor receptor-2, KDR, Flk-1
al. 2010)
Endothelial nitric oxide synthase
(Szoke et al. 2011, Lehle et
al. 2010)
(Ashikari-Hada et al. 2005)
Heparan sulfate proteoglycan 2 (Ashikari-Hada et al. 2005)
(HSPG2)
(Ashikari-Hada et al. 2005)
Vascular endothelial growth factor 3
Factor VIII

(Lehle et al. 2010)
(Szoke et al. 2011, Lehle et
al. 2010)

Ulex europaeus I agglutinin

(Lehle et al. 2010)

2.1.1.1 Endothelial cells from different origins
ECs of blood vessel walls are involved in the process of angiogenesis, the outgrowth of
new vessels from pre-existing blood vessels (Szoke et al. 2011). This is why they have
14

been researched for applications which therapeutically establish blood flow through in
vitro engineered tissues and tissues suffering from severe ischemia (Szoke et al. 2011).
The fact that endothelial cells have been shown to spontaneously form tubule networks
on top of a basement membrane preparation (Mattsson et al. 2009) further increases the
possibility to achieve these goals.
As there are many different sources from which endothelial cells can be obtained it is
very important to know their differences in order to choose suitable EC type for in vitro
assays. Mature ECs can be candidates for cell therapy applications (Szoke et al. 2011).
These cells are mostly derived from the umbilical vein or the aortic endothelium (Szoke
et al. 2011). Both these populations may be expanded in vitro, although they do not
normally proliferate over many passages (Szoke et al. 2011). The main problem
associated with the use of these cells, in terms of human cell therapy, is that they will
always be allogeneic to the patient, and therefore likely to be rejected by immunological
mechanisms (Szoke et al. 2011). For example microvascular ECs are most commonly
obtained from sources such as newborn foreskin, the retina and the myometrium, all
sources that in practice will be allogeneic to the patient (Szoke et al. 2011). It has been
shown that endothelial colony forming cells, a subtype of blood-derived endothelial
progenitor cells, form functional vessels in vivo when implanted in mice; however, the
newly formed vessels were limited in frequency and size(Merfeld-Clauss et al. 2010).
Earlier observations have also demonstrated that mature ECs are able to establish only
single-layer narrow-caliber vessels (Merfeld-Clauss et al. 2010).
Endothelial cells can also be isolated from adipose tissue. Adipose tissue-EC have
endothelial morphology and phenotype (Szoke et al. 2011). They have been shown to
form capillary-like tubes in Matrigel in vitro and functional blood vessels in vivo (Szoke
et al. 2011). Adipose tissue-ECs most resemble late endothelial progenitor cells based
on the phenotype CD34+CD133-VWF+CD144+VEGFR-2+eNOS+CD31+ (Szoke et al.
2011, Gimble et al. 2007). Most of the adipose tissue ECs do not express CD44, while
the majority of adipose tissue-mesenchymal stem cells (MSC) did express this marker
and thus these can be correctly isolated (Szoke et al. 2011).
ECs isolated from umbilical cord veins (HUVECs) have shown to be convenient, easy
to obtain and culture, and thus are the most widely studied endothelial cells (Sobczak et
al. 2010). They are obtained from the umbilical cord veins (Sobczak et al. 2010).
15

HUVECs are often a component in cell based angiogenesis assays due to their positive
features (Sarkanen et al. 2011, Merfeld-Clauss et al. 2010). Their morphology, when
cultured, is cobblestone-like (figure 2) (Szoke et al. 2011).

Figure 2. HUVEC cultured for 3 days at passage 3. Image obtained with 40 x
magnification, scale bar is 100 µm.
Health condition of the HUVEC donor has been shown to be important for the function
of the obtained cells. HUVEC isolated from healthy newborns with type 1 diabetic
mothers showed a 20–40% reduced resistance to shear stress, alterations in the plasma
membrane, decelerated glucose uptake and an increase in the dimensions of
mitochondria, Weibel Palade bodies and rough reticulum(Lehle et al. 2010). HUVEC
obtained from healthy newborns with a family history of diabetes mellitus type 2
showed deficient nitric oxide synthesis, altered expression of eNOS mRNA and an
innate deficient response to high glucose concentrations, cyclooxygenase-2 and eNOS
(Lehle et al. 2010). Both enzymes generate potent mediators of vascular protection
(Lehle et al. 2010). For these reasons donors need to be selected carefully.

2.1.2 Basal lamina
Basal lamina is a 40- 60 nm thick layer and part of the basement membrane (Ross et al.
2010b). It can only be observed from basement membrane with high magnifications of
16

an electron microscope (Ross et al. 2010b). Basal lamina functions as supporting
platform on which the endothelial cells and under lying connective tissue can attach to
(Ross et al. 2010a). Basal lamina is connected to the underlying connective tissue by
anchoring fibrils, fibrillin microfibrils and discrete projections of the lamina densa
(Ross et al. 2010b).

Figure 3. Basal lamina in blood vessel wall. A) Lumen of capillary is surrounded by b)
endothelial cells and c) basal lamina. Modified from (Rhodin 2011).
The layer is composed of network of fine, 3- 4 nm filaments composed of laminins, a
type IV collagen molecule (Col IV), and various associated proteoglycans and
glycoproteins(Ross et al. 2010a). These proteins are all synthesized and secreted by the
epithelial cells (Ross et al. 2010b). Deposition of mature Col IV is essential for
endothelial cell migration and forms a scaffold for new blood vessel formation (Ross et
al. 2010a, Telang et al. 2007).
The constituents of the basal lamina come together in a process of self-assembly to form
a sheet like structure (Ross et al. 2010b). This process is initiated by both Col IV and
laminins (Ross et al. 2010b). Studies using cell lines have shown that the first step in the
self-assembly of the basal lamina is calcium-dependent polymerization of laminin
molecules on the basal surface domain (Ross et al. 2010a). At the same time, the Col IV
suprastructure becomes associated with laminin polymers (Ross et al. 2010b). These
two structures are joined together primarily by entactin/nidogen bridges and are
additionally secured by other proteins (perlecan, agrin, fibronectin and so forth) (Ross et
al. 2010b).
Most of the volume of the basal lamina is attributable to its proteoglycan content (Ross
et al. 2010b). Proteoglycans consist of a protein core to which heparan sulfate (e.g.
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perlecan, agrin), chondroitin sulfate or dermatan sulfate side chains are attached (Ross
et al. 2010b)(Ross et al. 2010a). The most common heparan sulfate proteoglycan found
in all basal laminae is the large multidomain proteoglycan perlecan (Ross et al. 2010a,
Zhou et al. 2004). It provides additional crosslinks to the basal lamina by binding to
laminin, Col IV, and entactin/nidogen (Ross et al. 2010a). The fact that expression of
perlecan is always prominent in the endothelial cell basement membranes of all
vascularized organs indicates its crucial role in vasculogenesis and angiogenesis (Zhou
et al. 2004). Perlecan is not only a structural protein, but is also able to bind a number of
growth factors and modulate their activities (Zhou et al. 2004).

2.1.3 Tight junctions
Tight junctions are important part of the blood vessel lumen, especially so in the bloodbrain barriers (Ross et al. 2010a). Tight junctions need specific proteins in order to
achieve their function. Occludin (Ocl) and zonula occludens protein 2 (Zo-2) are few
examples from tight junction proteins (Aijaz et al. 2006). Endothelium lining the
capillary for example in thymus is continuous with Ocl junctions (Ross et al. 2010b).
These junctions make it highly impermeable to macromolecules and are considered a
major structural component of the barrier within the cortical parenchyma (Ross et al.
2010b).
Mature capillaries express many markers from which they can be recognized. Tight
junction marker platelet endothelial cell adhesion molecule, CD31, is one of those
specifically associated with cells forming the vessel lumen (Traktuev et al. 2008).
Platelet derived growth factor receptor beta (PDGFR-β), CD140, is displayed on the
surface of cells lining the exterior surface of the vessels (Vestweber 2008).
Vascular endothelial cadherin, CD 144, is a strictly endothelial specific adhesion
molecule located at junctions between endothelial cells (Vestweber 2008). In analogy of
the role of endothelial cadherin as major determinant for epithelial cell contact integrity,
CD144 is of vital importance for the maintenance and control of endothelial cell
contacts and controls the permeability of the blood vessel wall for cells and substances
(Vestweber 2008). Mechanisms that regulate CD144–mediated adhesion are important
for the control of vascular permeability and leukocyte extravasation (Vestweber 2008).
In addition to its adhesive functions, CD144 regulates various cellular processes such as
cell proliferation, apoptosis, modulates VEGFR functions and it is required for
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remodeling and morphogenesis in angiogenesis (Vestweber 2008). They also seem to
have functions in pericytes as proven by knockout studies (Vestweber 2008).

2.1.4 Pericytes
Capillaries do not have smooth muscle cells lining them like larger vessels do, but
instead, they have pericytes which are cells that also have ability to contract (Ross et al.
2010a). Pericytes associated with newly formed vessels express vascular endothelial
growth factor, providing one mechanism through which vessel stability could be
accomplished (Ucuzian et al. 2007, Merfeld-Clauss et al. 2010). Hence, the recruitment
of perivascular cells is a significant sign of vessel maturation (Frerich et al. 2008).
Pericytes have also been reported to stimulate angiogenesis (Szoke et al. 2011, Traktuev
et al. 2008). The interaction between the endothelial cells and pericytes is still unclear
(Cai et al. 2011)).
Smooth muscle cell markers such as anti- smooth muscle actin (SMA) and myosin
(SMM) along with calponin (Cal) are common pericyte markers (Gimble et al. 2007).
Calponin is a smooth muscle specific, actin- (Strasser et al. 1993), tropomyosin- and
calmodulin-binding protein thought to be involved in regulation of actomyosin as well
as the regulation or modulation of contraction (Ferjani et al. 2006).

2.2 Angiogenesis
New blood vessels are derived from two major sources: the extension from pre-existing
vessels and those derived from progenitor cells (Auerbach 2008). Angiogenesis is the
formation of new capillaries from pre-existing vessels, requiring growth factor driven
recruitment, migration, proliferation, and differentiation of ECs(Ucuzian et al. 2007,
Liekens et al. 2001). Complex cell–cell and cell-extracellular matrix (ECM) interactions
contribute to this process, leading finally to formation of stable vessels (Ucuzian et al.
2007).
Fundamental aspects of angiogenesis include: endothelial cell proliferation, basement
membrane breakdown, angiogenic remodeling, vessel stabilization by a layer of
pericytes and smooth muscle cells, and vascular permeability (Sarkanen et al. 2011).
These processes are mediated by a wide range of pro- and anti-angiogenic factors,
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including growth factors, chemokines, angiogenic enzymes, endothelial specific
receptors, and adhesion molecules (Liekens et al. 2001).
Angiogenesis is triggered by the detection of neovascularization signals by endothelial
cells (Mammadov et al. 2011, Auerbach 2008). In response to numerous angiogenic
factors such as fibroblast growth factors (e.g. FGF-β), vascular endothelial growth
factor (VEGF), angiopoietin-1, and others, endothelial cells are recruited and, via
specific cell receptor/matrix interactions, are induced to proliferate and migrate
(Ucuzian et al. 2007). These ‘activated’ endothelial cells start releasing proteases
(Goding 2009). These proteolytic enzymes, produced and secreted by endothelial cells,
such as matrix metalloproteinase (MMP) family members and the plasminogen
activator system, lead to a basement membrane degradation (Ucuzian et al. 2007).
Following proteolytic degradation of the ECM, “leader” endothelial cells start to
migrate through the degraded matrix (Liekens et al. 2001). The extracellular proteolysis
is also implicated in other processes, including capillary lumen formation, regulation of
cytokine activity, and release of membrane bound VEGF and tumor necrosis factor-α
(Hausman et al. 2004). These released growth factors further promote endothelial
proliferation (Liekens et al. 2001).
The final steps involve e.g. lumen formation, leading to a network of tubes and loops
(Ucuzian et al. 2007). Conventional belief is that smooth muscle cell (SMC) recruitment
occurs late in the process and aids in tube stabilization and maintenance (Ucuzian et al.
2007). Although there are several known inhibitors and stimulators of angiogenesis, the
exact choreography of this multi-step process remains unknown (Goding 2009).
Finally, when sufficient neovascularization has occurred, angiogenic factors are downregulated or the local concentration of inhibitors increases (Liekens et al. 2001). As a
result, the endothelial cells become quiescent, and the vessels remain, or regress, if no
longer needed (Liekens et al. 2001).

2.2.1 Physiological events involving angiogenesis
Angiogenesis is studied extensively due to its vast importance in medicine. The study of
angiogenesis has broad clinical implications in the fields of peripheral and coronary
vascular

disease,

oncology,

hematology,

wound

healing,

dermatology,

and

ophthalmology, among others (Ucuzian et al. 2007). An imbalance in this delicate
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process of angiogenesis contributes to numerous malignancies, e.g. cancer, retinal
disorders, psoriasis, inflammatory bowel disease and infertility (Sarkanen et al. 2011,
Liekens et al. 2001). Angiogenesis is being promoted e.g. in ischemia following
myocardial infarction and prevented in cancer and diabetic retinopathy (Liekens et al.
2001). Angiogenesis is also involved in routine physiological processes such as the
regeneration of the uterine lining, embryonic development and wound healing
(Sarkanen et al. 2011, Liekens et al. 2001, Goding 2009). Angiogenesis in corpus
luteum formation, and embryo implantation is mediated mainly by VEGF and in wound
healing also FGF-β is one of the main regulators (Liekens et al. 2001).
A growing tumor needs an extensive network of capillaries to provide nutrients and
oxygen (Liekens et al. 2001). In addition, the new intratumoral blood vessels provide a
way for tumor cells to enter the circulation and to metastasize to distant organs (Liekens
et al. 2001, van Wijngaarden et al. 2010). These physiological changes cause
disturbance to the tight regulatory balance that normally exists between pro- and antiangiogenic factors (Shen et al. 2011). These changes lead to the regulation of MMPs
and plasminogen activator system being lost (Liekens et al. 2001).
The angiogenic phenotype may result from the production of growth factors, such as
FGF-β and VEGF, by tumor cells and/or the down-regulation of negative modulators,
like trombospondin-1, in tissues with a quiescent vasculature (Liekens et al. 2001). In
both normal and pathological angiogenesis, hypoxia is the main force initiating the
angiogenic process (Liekens et al. 2001). In contrast, the tumor suppressor p53 has been
found to cause degradation of hypoxia-inducible factor-1α, inhibition of VEGF
production and stimulation of the inhibitor trombospondin-1 (Liekens et al. 2001).
In order to destroy tumors, angiogenesis targeted strategies have been studied
intensively (Liekens et al. 2001). Vascular targeting aims at inhibiting tumor growth by
destruction of the tumor vasculature (Liekens et al. 2001). The main problem has been
the lack of specific markers for activated, i.e. tumor endothelium (Liekens et al. 2001).
For example, tumors demonstrate variable expression of the three major VEGF
isoforms (Rak et al. 2003). Potential target molecules include the αvβ3 integrin, Eselectin, and VEGF and Tie receptors (Liekens et al. 2001). Newer strategies include
targeting of the tumor vessels by local delivery of peptides or antibodies with direct
biological activity or conjugated to toxins (van Wijngaarden et al. 2010).
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2.3 Factors affecting angiogenesis
Many factors are known to affect angiogenesis and studies are being published that
reveal new relevant factors and mechanisms of function continuously (Ucuzian et al.
2007). Gene knockout studies in mice have been important in demonstrating key roles
of growth factors during angiogenesis (Hausman et al. 2004). These factors include
VEGF (Ashikari-Hada et al. 2005), FGF (Zhou et al. 2004), heparin and heparin sulfates
(Rak et al. 2003) and ascorbic acid (Telang et al. 2007). Studies have also shown that
the induction of capillary morphogenesis in vitro is dependent on the specific structure
of the extracellular matrix components (Ucuzian et al. 2007). Structural proteins of the
ECM (laminin, collagen, etc.), growth factors (VEGF, FGF-β, etc.), and
glycosaminoglycans (heparan sulfate, etc.) make up a framework for detection of
neovascularization signals by endothelial cells (Mammadov et al. 2011).

2.3.1 Vascular endothelial growth factor and its receptors
VEGF denotes a family of glycoproteins, currently comprised of five members in
mammals (Ashikari-Hada et al. 2005, Hausman et al. 2004). VEGF-A, the first
molecule of the family to be identified, is a potent mitogen for endothelial cells and has
been shown to be an important growth factor in initiating angiogenesis (Ashikari-Hada
et al. 2005). Alternative splicing of the mRNA derived from a single gene gives rise to
at least six different isoforms comprising 121, 145, 165, 183, 189, and 206 amino acids
in humans (Ashikari-Hada et al. 2005, Liekens et al. 2001). VEGF165, VEGF121, and
VEGF189 are the most abundantly expressed isoforms, which can be distinguished
further on the basis of their affinity for heparin: VEGF121 does not bind heparin,
VEGF165 has moderate affinity for heparin, and VEGF189 binds heparin strongly
(Ashikari-Hada et al. 2005).
VEGF is expressed in different tissues and by many cell types (Liekens et al. 2001). It is
detectable also in areas where endothelial cells are quiescent, such as heart, lung, and
brain, pointing to the role of VEGF as a survival factor (Liekens et al. 2001).
Expression of VEGF is influenced by hypoxia, insulin, growth factors, including
platelet derived growth factor (PDGF), Epidermal growth factor (EGF), tumor necrosis
factor-α, transforming growth factor beta, and interleukin 1β, and several cytokines
(Hausman et al. 2004). When normoxia is reached it down-regulates VEGF production
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and even causes regression of some newly formed blood vessels (Liekens et al. 2001).
High VEGF levels were detected during the proliferative phase of wound healing
(Liekens et al. 2001). VEGF also is thought to play a role in several human cancers,
diabetic retinopathy, rheumatoid arthritis, and atherosclerosis (Liekens et al. 2001).
VEGF is necessary to initiate the formation of immature vessels by either
vasculogenesis or angiogenic sprouting in the adult and during development (Hausman
et al. 2004). VEGF receptors VEGFR-1 and VEGFR-2 influence endothelial cell
proliferation, migration and survival, tubulogenesis, vascular permeability, the MMPs,
and the plasminogen activator system(Liekens et al. 2001, Hausman et al. 2004).
Abnormal expression of VEGF or its receptors both cause serious consequences. Either
loss of a single VEGF allele or deficiency of VEGFR-1 or VEGFR-2 results in
embryonic lethality (Liekens et al. 2001, Hausman et al. 2004). Mice deficient in VEGF
and VEGFR-2 are also virtually devoid of vascular structures, but vascular structures
are evident in VEGFR-1 deficient mice but impaired assembly of vessels indicates a
role for VEGFR-1 in vascular remodelling as opposed to vasculogenesis. (Hausman et
al. 2004).
VEGF has also been found to enhance the permeability of HUVEC monolayers and to
increase tyrosine phosphorylation of CD144, β-catenin, and plakoglobin, (Vestweber
2008). In mice, intravenous injection of VEGF was reported to lead within 2 to 5
minutes to the dissociation of a pre-existing complex of the VEGF-receptor 2 with VEcadherin and β-catenin as well as tyrosine phosphorylation of VE-cadherin and βcatenin but they are reversed after 15 minutes (Vestweber 2008). Repeated VEGF
injections lead to vascular damages including edema formation (Vestweber 2008).

2.3.2 Fibroblast growth factor family
The fibroblast growth factor family consists of at least 19 members, (Liekens et al.
2001)which regulate the growth and differentiation of a number of cell types (Zhou et
al. 2004). All FGFs are 18- to 30-kDa proteins with high affinity for heparin (Zhou et al.
2004, Liekens et al. 2001). Basic fibroblast growth factor, FGF-β, was the first tumorderived angiogenic factor, and it has the ability to modulate growth of cultured
endothelial and mesenchymal cells (Rak et al. 2003). It is also involved in a number of
pathophysiological processes such as wound repair and tumor growth (Zhou et al.
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2004). The single-copy human FGF-β gene encodes multiple FGF-β isoforms (Liekens
et al. 2001).
FGF-β is expressed at low levels in almost all organs and tissues examined, with high
concentrations reached in the brain and pituitary (Liekens et al. 2001). It is found in
many cultured cell types, including fibroblasts, endothelial, smooth muscle, and glial
cells (Liekens et al. 2001). Furthermore, FGF-β is produced by many tumor cell lines in
vitro and is thought to play a role in the growth and neovascularization of solid tumors
(Hausman et al. 2004). Although FGF-β lacks a leader sequence for secretion, data
suggest that FGF-β is secreted from FGF-β-producing cells by an alternative secretion
pathway and accumulates in the ECM (Liekens et al. 2001).
Both low and high molecular weight FGF-β isoforms show angiogenic activity in vivo
and induce cell proliferation, chemotaxis, and urokinase-type-plasminogen-activator
production in cultured endothelial cells (Liekens et al. 2001). Also, FGF-β was found to
induce tube formation in collagen gels and to modulate integrin expression, gap junction
intercellular communication, and VEGF, VEGFR2, and urokinase-type-plasminogenactivator receptor up-regulation in vitro (Liekens et al. 2001).
FGF-β-deficient mice develop normally without any evident phenotype, i.e.
organogenesis, animal growth, life span, and the female reproductive cycle are
unaffected by the absence of FGF-β (Liekens et al. 2001, Hausman et al. 2004).
However, mice lacking FGF-β show neuronal defects and delayed wound healing
(Liekens et al. 2001).
At least four members of high-affinity tyrosine-kinase FGF receptors have been
described (Liekens et al. 2001). Low-affinity binding sites were identified as
proteoglycans, including syndecan and perlecan, containing heparan sulfate side chains
(HSPGs) (Liekens et al. 2001). It has been suggested that binding of FGF-β to HSPGs
results in protection of FGF-β from inactivation in the extracellular environment and in
storage of FGF-β in the ECM and basement membrane (Liekens et al. 2001). Stored
FGF-β can be released by heparitinase and soluble heparin or after ECM breakdown
(Liekens et al. 2001)
Receptor dimerization is an essential step in FGF signaling and requires HSPGs
(Schlessinger et al. 2000). Interactions between heparin, FGF, and FGFR provide a
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molecular basis for the dual role of heparin in augmenting 1:1 FGF:FGFR affinity and
promoting dimerization of two FGF-FGFR complexes (Rak et al. 2003). FGFR
activation will then trigger an intracellular signal cascade leading to multiple biological
responses, including endothelial cell proliferation and migration, differentiation,
protease production, and angiogenesis (Liekens et al. 2001).

2.3 Angiogenesis assays
Angiogenesis assay is an important tool for studying mechanisms of angiogenesis and
effect of potential therapeutics on neovascularisation as well as for finding
toxicological effects of compounds related to angiogenesis (Ucuzian et al. 2007,
Sarkanen et al. 2011, Donovan et al. 2001). Angiogenesis assay has been critical for
experiments leading to the identification of angiogenesis-inducing factors such as
VEGF and FGF-β, angiogenesis inhibiting substances, and organizing factors
(Auerbach 2008). Due to complex interactions during angiogenesis, in vivo
angiogenesis assays are considered to be the most informative compared to in vitro
counterparts but they are often expensive, time consuming and unethical (Sarkanen et
al. 2011, Donovan et al. 2001).
Given the physiologic and pathologic importance of angiogenesis, it is important to
develop assays that closely resemble the process in vivo in human (Goding 2009).
Human cell based in vitro assays have potential to be more predictive than animal
models when investigating the effects in man and in addition they are more ethical
(Sarkanen et al. 2011). Compared to in vivo assays, in vitro assays also tend to be more
rapid, less expensive and easier to interpret (Donovan et al. 2001).

2.3.1 In vivo angiogenesis assays
Numerous in vivo assays have been developed. The most commonly used in vivo
angiogenesis assays include chick chorioallantoic membrane (CAM) assay, Matrigel
plug assay and corneal micropocket assay (Sarkanen et al. 2011, Donovan et al. 2001,
Auerbach et al. 2003)In vivo tests are developed to mimic whole body and whole organ
effects and thus to observe the effects of all the factors involved in angiogenesis
(Auerbach 2008). Therefore, in principle the advantage of animal assays is that they
provide information on complex cellular and molecular interactions which in vitro
assays are still lacking (Sarkanen et al. 2011).
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The in vivo assays are used to find out if new blood vessel formation is induced or
inhibited by angiogenic factors and compounds, and to study tumor angiogenesis or
embryonic, and organogenic angiogenesis (Sarkanen et al. 2011, Auerbach et al. 2003).
While these assay the complex regulation of angiogenesis in vivo, the biggest
weakness is that these use non-human tissue, they are time consuming, expensive and
difficult to interpret (Goding 2009, Donovan et al. 2001). Furthermore, the results
might be dependent on inter-individual variability and animal-species used (Sarkanen et
al. 2011). The current in vivo assays are not pertinent to human diseases with regards to
both efficacy and relevance (Norrby 2011).
CAM assay is performed with 7- to 9-day-old chicken embryos by making a window in
the egg shell, and then placing tissue or organ grafts directly on the membrane
(Auerbach 2008). Easier version of CAM has also been developed were the total
embryo is cultured on petri dish (Auerbach 2008). CAM assay is valued for the ease
with which tissues and reagents can be administrated, it is readily available and eggs are
cheap and for the amenity of the assay to routine image analysis and other quantitative
measures (Auerbach 2008).
Cornea pocket assay is considered to be one of the best in vivo assays, gold standard
test, largely because the assay monitors the penetration of new vessels into an
essentially avascular cornea (Auerbach 2008). It is performed by making a pocket in the
cornea of eye of a living rabbit or mice to test the response of tumour fragment, tissue
or cells to test reagents acutely or systemically (Auerbach 2008). Among the advantages
of the cornea assay is the ability to monitor progress of neovascularization over an
extended time by using fluorochrome labelled high molecular weight dextran (Auerbach
2008). Quantification is achieved by measuring the area of vessel penetration, progress
of vessels toward the angiogenic stimulus, imaging of the vascularized cornea and by
pixel counts above background (Auerbach 2008). As one drawbacks of the assay is the
surgical procedure that is demanding and time consuming and especially with mice the
space available within the cornea is too limited (Auerbach 2008). Furthermore, there are
known differences between different mice strains, therefore comparison of the results
between different mice strains is difficult (Auerbach 2008). Although CAM and cornea
pocket assays are generally used angiogenesis assays they possess limited ability to
evaluate the functionality of formed vessels (Hausman et al. 2004). The physiological
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relevance of cornea pocket assay and CAM assay has been questioned (Hausman et al.
2004)
Matrigel, extracted from Engelbreth-Holm-Swarm tumors, is a complex mixture of
laminin and other basement membrane proteins, and a variety of growth factors
including FGF-β, nerve growth factor, IGF-1 and EGF (Auerbach 2008). In contrast to
the corneal assay, the Matrigel plug assay is simple to carry out (Auerbach 2008).
Although the assay cannot be monitored during the course of the experiment, the
Matrigel plug can be recovered intact, even after several weeks, and subjected to
histological analysis and reactivity to immunological and lectin reagents (Auerbach
2008). Although useful, this means of measuring angiogenesis is subject to undue
influence by hemorrhaging and, by precluding subsequent histological analysis,
becomes a less reliable means of quantifying the response (Auerbach 2008).

2.3.2 In vitro angiogenesis assays
In vitro angiogenesis assays are regarded as useful tools for screening compounds and
their effective concentrations, but due to complex interactions during angiogenesis, the
results are often wanted to be confirmed in in vivo studies (Ucuzian et al. 2007,
Sarkanen et al. 2011, Auerbach et al. 2003)(Sarkanen et al. 2011, Auerbach et al.
2003)(Sarkanen et al. 2011, Auerbach et al. 2003)(Auerbach 2008). The developed
standardized in vitro angiogenesis assay has been shown to be reliable and reproducible
for testing the modulators of angiogenesis, and the human cell based in vitro assay has
shown to mimic the effects in man(Sarkanen et al. 2011).
Originally described in vitro assays were isolated large vessel cells such as those from
the aortic and umbilical vein and dorsal aorta (Auerbach 2008). Subsequently, methods
for growth of microvascular endothelial from the adrenal gland were published
(Auerbach 2008). Co-culture systems combining endothelial cells with non-endothelial
cells were improvement into more natural-like situation in angiogenesis assays and
organ cultures are a still more biologically relevant means for achieving an assay
representative of in vivo conditions (Auerbach 2008). The current search for more
specific and more active vascular disrupting agents is hampered by a lack of in vitro
assays that can accurately distinguish between effects on angiogenesis and on
established vasculature, urging the need for assays which can specifically differentiate
between the two (van Wijngaarden et al. 2010).
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The critical features for an useful in vitro angiogenesis assay are (1) a known and
controlled release rate and spatial and temporal concentration distribution of angiogenic
and anti-angiogenic factors, (2) the formed vasculature can be quantitatively measured,
(3) the function of the formed vasculature can be quantified, which includes EC
migration rate, proliferation rate, canalization rate, blood flow rate, and vascular
permeability and (4) the assay mimics effects in human or animals in vivo in case
animal effects are studied (Ucuzian et al. 2007, Sarkanen et al. 2012). This final point is
especially challenging as many assays are carried out in two dimensions and may not
take into account the more complex three-dimensional arrangements involved in cell
and extracellular environment interactions (Ucuzian et al. 2007).

2.3.3 Current assays and methodology
Current in vitro angiogenesis assays include cell proliferation and cell migration assays,
tubule formation assays, and organ culture assays ((Ucuzian et al. 2007, Auerbach et al.
2003). Although in vitro assays (e.g., tubule formation assays in collagen or Matrigel,
cell motility assays, trans-membrane assays, or cell proliferation assays) do not cover
the whole angiogenesis process, they effectively mimic the key steps, i.e., migration and
differentiation of endothelial cells (Donovan et al. 2001). In order for in vitro assay to
be ideal, it should measure both stimulation and inhibition (Bishop et al. 1999). The
results would also have to be quantitatively measured to ensure unbiased analysis of the
tubule formation (Norrby 2006).
Currently methods for quantifying the assays are largely based on radiological and
fluorescence-assisted

imaging

techniques,

combined

with

computer-assisted

mathematical modelling (Auerbach 2008). The formation of lumen in tubules is
often cited as a marker of differentiation in these in vitro assays and it can be
demonstrated with electron microscopy (Donovan et al. 2001). Tight junction
markers, like CD31, are also considered as mature capillary markers (Traktuev et al.
2008). Endothelial

cell proliferation may be studied b y direct

counting,

t hymid ine incorporat ion or by various staining techniques and migration of
endothelial cells may be studied using Boyden chambers and other assays (Donovan
et al. 2001).
One of the most reliable tests for angiogenesis in vitro measures the ability of
endothelial cells to reorganize into three dimensional structures (e.g., tubule formation).
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While tubule formation in vitro hardly simulates the whole process of angiogenesis,
it has become a popular in vitro assay of at least two key steps in the angiogenic
pathway, the migration a nd differentiation o f endothelial cells (Donovan et al.
2001).
Assays involving a matrix derived from murine tumours, Matrigel (or a growth factor
reduced form of this), are now one of the most common in vitro tubule formation assays
(Donovan et al. 2001). Endothelial cells are also cultured on matrices consisting of
fibrin or collagen (Donovan et al. 2001). Three-dimensional in vitro assays permit cellto-cell interactions, but responses are often difficult to evaluate and quantitate (Sarkanen
et al. 2011). In another main type of tubule formation assay, human endothelial cells are
co-cultured with fibroblasts (Ucuzian et al. 2007, Sarkanen et al. 2011, Donovan et al.
2001). A validated angiogenesis assay consisting of endothelial cells and fibroblasts
uses FGF-β and VEGF as growth factors and has proven to be repeatable, reproducible,
having good precision, and low patch-to-patch variation in tubule formation tests
(Sarkanen et al. 2011).

2.3.3.1 Human umbilical vein endothelial cell and human adipose stromal
cell co-culture
In addition to fibroblast and HUVEC co-culture assay (Sarkanen et al. 2011), there are
many angiogenesis assays involving HUVECs and hASCs (Kang et al. 2009);(Borges et
al. 2003).The robust vasculogenic potential of ASCs has been confirmed in vivo by coimplantation of ECs and ASCs into mouse tissue even without exogenously added
growth factors (Merfeld-Clauss et al. 2010, Sarkanen et al. 2012). The mechanisms
governing the interactions between the ECs and ASCs (or other mural progenitor cells),
and the parameters necessary for efficient and consistent vessel development are not
well defined (Merfeld-Clauss et al. 2010).
It has been demonstrated that the vasculogenesis-promoting potential of ASCs depends
on interaction with ECs involving contact and likely bi-directional interaction, resulting
in modulated secretion of cytokines and ECM proteins(Merfeld-Clauss et al. 2010).
Bidirectional paracrine interaction between these cells was supported by identification
of angiogenic factors (VEGF, hepatocyte growth factor, FGF-β), inflammatory factors
(interleukin-6 and -8 and monocyte chemoattractant protein-1 and -2), and mobilization
factors (macrophage colony-stimulating factor and granulocyte/macrophage colony29

stimulating factor) in media conditioned by ASCs, as well as a robust mitogenic
response of ASCs to FGF-β , EGF, and PDGF-ββ, factors produced by ECs (Traktuev et
al. 2008).

2.4 Multipotent cells
Stem cells are excellent material for tissue engineering applications. Stem cells are selfrenewing, have long-term cell viability, and possess multilineage differentiation
potential (Gimble et al. 2007, Cai et al. 2011). Embryonic stem cells have multipotent
differentiation ability and their use has been restricted owing to ethical and potential
immunorejection problems (Cai et al. 2011). Therefore, although adult stem cells have a
lower capacity of differentiating than embryonic stem cells or induced pluripotent stem
cells, the use of stem cells from adult tissues circumvent ethical issues associated with
the application of embryonic stem cells and the production cost issues associated with
induced pluripotent stem cells(Merfeld-Clauss et al. 2010).
Current research for many applications is focused on the use of adult stem cells (Strem
et al. 2005). The properties of adult stem cells that make them well-suited for
regenerative medicine are (1) ease of harvest for autologous transplantation, (2) high
proliferation rates for ex vivo expansion and (3) multilineage differentiation capacity
(Strem et al. 2005). Stem Cell Committee of the International Society for Cellular
Therapy proposed a minimal set of four criteria for the identification of human
mesenchymal stem cells, namely: (i) they have to be plastic-adherent when maintained
under standard culture conditions; (ii) they must have the ability for osteogenic,
adipogenic, and chondrogenic differentiation; (iii) they must express CD73, CD90,
CD105; and (iv) they must lack the expression of hematopoietic linage markers (CD14,
CD11b, CD34, CD45, CD19, CD79) (Witkowska-Zimny et al. 2011).

2.4.1 Adipose-derived stromal cells
Adipose tissue, like bone marrow, contains a population of cells, human adiposederived stromal cells (hASC, figure 4) that has extensive self-renewal capacity and the
ability to differentiate along multiple lineages (Strem et al. 2005, Lindroos et al. 2009,
Kang et al. 2009). The cells possessing this activity can be obtained without ethical
concerns in large numbers at high frequency from a tissue source that can be extracted

30

in large quantities with minimal morbidity, unlike marrow (Strem et al. 2005, Lindroos
et al. 2009). 200 ml lipoaspirate will typically yield in excess of 1 *10 6 stem cells; a
differential of approximately 40-fold more than that present in 40 ml of marrow (Strem
et al. 2005). These cells can also be infected by adenoviral, oncoretroviral, and lentiviral
vectors with moderate to high efficiency (Strem et al. 2005). Thus, adipose tissue
appears to represent a potential clinically useful source of cells for autologous cellular
therapy, tissue engineering and gene transfer applications (Strem et al. 2005, MerfeldClauss et al. 2010). Adipose-derived stromal cell population is often referred to as
adipose stem cells although this is not completely accurate as only small fraction of this
population is expressing stem cell markers (Dominici et al. 2006, Baer et al. 2012).
hASCs can be readily expanded and they have capacity to undergo adipogenic,
osteogenic, chondrogenic, neurogenic and myogenic differentiation in vitro (Strem et al.
2005, Cai et al. 2011, Lindroos et al. 2011, de Villiers et al. 2009). They are known to
have the ability to participate in blood vessel formation and differentiate into mature
endothelial cells (Traktuev et al. 2008, Lindroos et al. 2011), smooth muscle cells (de
Villiers et al. 2009), hepatocytes and neuronal cells (Traktuev et al. 2008). Furthermore,
ASCs have been shown to be immunoprivileged and appear to be more genetically
stable in long-term culture compared to bone marrow MSCs. (Lindroos et al. 2011,
Lindroos et al. 2010) ASCs in adipose tissue are predominantly localized in the periendothelial layer of the blood vessels, and are phenotypically and functionally
equivalent to pericytes of microvessels (Szoke et al. 2011, Merfeld-Clauss et al. 2010).
Like bone marrow MSCs, human ASCs have been shown to secrete angiogenic growth
factors, including vascular endothelial growth factor (VEGF), hepatocyte growth factor
(Lindroos et al. 2010), granulocyte macrophage colony-stimulating factor, which
promote ECs survival and proliferation(Merfeld-Clauss et al. 2010), and also placental
growth factor, FGF-β, angiogenin, monocyte chemotactic protein-1 and stromal cellderived factor-1 (Strem et al. 2005). ASCs have not been shown to secrete EGF, PDGFββ, transforming growth factors, stromal cell–derived factor-1 or stem cell factor
(Traktuev et al. 2008). The ASCs maintain their telomere length with progressive
passage in culture; however, reports differ as to whether the telomerase activity of the
ASCs is maintained, decreased with progressive passage, or absent (Gimble et al. 2007).
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Figure 4. hASCs cultured for 6 days at passage 1. Image obtained with 40 x
magnification, scale bar is 100 μm.
The initial methods to isolate cells from adipose tissue were pioneered in the 1960s
(Gimble et al. 2007). Subsequently, this procedure has been modified for the isolation
of cells from human adipose tissue specimens (Gimble et al. 2007). Mature adipocytes
are easy to remove and separate from the stromal vascular fraction (Strem et al. 2005,
Traktuev et al. 2008) by collagenase digestion and centrifugation, and the resulting cell
population, ASCs, are maintained in a non-inductive medium (de Villiers et al. 2009).
Like with HUVECs, health condition of the adipose tissue donor affects the
functionality of the hASCs.

2.4.2 Human adipose stromal cell markers
The cell surface phenotype of hASCs is quite similar to MSCs (Strem et al. 2005). The
highly defined ASC population (CD34+/140a+/140b+/31−/45−/117−/144−) is a subset of
adipose-derived cells, which in quiescent adipose tissue, possesses a majority of
pericytic properties, while harboring the ability to enter into multiple other distinct
lineages(Traktuev et al. 2008). CD34 antigen in the absence of CD45 serves as a
convenient tool for identifying the majority of freshly isolated ASCs as expression of
CD34 is rapidly downregulated in culture (Traktuev et al. 2008).Only the α-SMA-GFPpositive cells that congregate around blood vessels have been reported to have
multilineage differentiation ability, while the α-SMA-GFP-negative cells can only
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differentiate in an adipogenic direction (Cai et al. 2011). The α-SMA-GFP-positive
cells maintained expression of α-SMA during multilineage differentiation and they can
promote the vascularization of endothelial cells in three-dimensional culture both in
vitro and in vivo (Cai et al. 2011).
Analysis of surface and intracellular markers of the freshly isolated ASCs showed that
>90% co-express mesenchymal (CD10, CD13, and CD90) (Lindroos et al. 2010),
pericytic (chondroitin sulfate proteoglycan (NG2), CD140a, and CD140b (PDGF
receptors –α and -β)), and smooth muscle (α-actin, caldesmon, and calponin)
markers.(Traktuev et al. 2008). ASCs have also been shown to lack expression of
CD146 and MHC class II isotype HLA-DR but presence of MHC class I molecules like
isotype HLA-ABC are proven (Lindroos et al. 2009, Gimble et al. 2007).
In reverse to MSCs expression, hASCs have been reported to express VLA-4
(CD49d/CD29) but not its cognate receptor VCAM-1(CD106) (Strem et al. 2005). Also
the glycoprotein CD34 is present on human ASCs early in passage but has not been
found on MSCs (Gimble et al. 2007). Markers expressed in hASCs and their function
can be found in Table 2.
Thorough characterization is necessity for the utilization of ASCs in cell therapy
applications (Lindroos et al. 2010). Recent studies have demonstrated that human
ASCs, after prolonged culture in vitro, are capable of forming tumors in
immunodeficient mice (Gimble et al. 2007). Consequently, long-term experiments
examining the safety of ASC transplantation in appropriate animal models will be
required (Gimble et al. 2007).
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Table 2. Markers found to be expressed in hASCs.
Molecule
Class
Function
surface enzymes
mesenchymal marker
CD10
(common acute
lymphocytic leukemia
antigen),
surface enzymes,
mesenchymal marker
CD13
aminopeptidase)
beta-1 integrin,
role in therapeutic
CD29
adhesion molecule,
angiogenesis
stromal
hyaluronate receptor, neoextracellular matrix,
CD44,
receptor molecule,
role in numerous
stromal
pathologic and physiologic
events
Alpha-5 integrin
cell adhesion to fibronectin
CD49e
CD54 (ICAM1)
CD90 (Thy-1)
CD105
(endoglin)

Immunoglobulin
supergene family
Extracellular matrix
protein
Adhesion molecule

CD117

Stem cell factor
receptor

CD166
(ALCAM)

Adhesion molecule

HLA-ABC

Histocompatibility
complex

NG2

Chondroitin sulfate
proteoglycan
Cytoskeleton

smooth muscle
actin
STRO-1

VLA-4
(CD49d/CD29)

Stromal
cell-associated
antigen
Adhesion molecule

responses to inflammatory
mediators and cytokines
Mesenchymal marker
Proliferation-associated
and hypoxia-inducible
protein
Cytokine receptor
expressed on the surface of
hematopoietic and other
stem cells
Expressed on activated T
cells, activated monocytes,
epithelial cells, fibroblasts,
neurons, melanoma cells
etc.
Human leukocyte
differentiation

Pericyte marker
Component of smooth
muscle cell microfilaments
Multi-lineage potential

mediates monocyte
transendothelial migration
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2.5 Flow cytometry
The Fluorescence Activated Cell Sorter (FACS), a method where studied particles or
cells are radiated with laser beam and the intensity of the emission of the cell is
measured (Sharpe et al. 2006), is an invaluable tool for clinicians and researchers alike
in phenotyping and sorting individual cells (Herzenberg et al. 2006). With the advances
in FACS methodology, notably intracellular staining for cytokines, transcription factors
and phosphoproteins, and with increases in the number of fluorescence detection
channels, researchers now have the opportunity to study individual cells in far greater
detail than previously possible(Herzenberg et al. 2006).
Flow cytometry is used when cells are needed to be separated from each other based on
cell size, structure or cell receptors (Sharpe et al. 2006). Sorting flow cytometers can
separate different cells with different marker expression into different tubes for future
use whereas basic flow cytometers only calculate the amount of different populations
with in the sample yet both are often referred to as FACS. FACS can measure many
different parameters from cells including fluorescence intensity in different wave
lengths and lights forward scatter and side scatter (FSC and SSC, respectively) (Sharpe
2006). FSC correlates with volume of the cell and SSC depends from the inner
complexity of the particle (i.e., shape of the nucleus, the amount and type of
cytoplasmic granules or the membrane roughness) (Sharpe et al. 2006). For the FACS
analysis cell surface epitopes and molecules inside the cell can be labeled with
fluorochrome attached antibody and this way information about the prevalence of the
studied molecule in cells is gained (Sharpe 2006).
Through a series of novel developments in flow cytometry hardware, software, and dyechemistry it is now possible to simultaneously measure up to 11 distinct fluorescence
labels and two scattered light parameters on each cell(Baumgarth et al. 2000). Such
advanced multicolor systems have a number of advantages over two- and three-color
flow cytometric measurements (Baumgarth et al. 2000). They provide a large amount of
novel information for each sample studied with less reagent, an exquisitely accurate
quantitation of even rare cell populations, and allow identification and characterization
of novel cell subsets (Baumgarth et al. 2000, Tung et al. 2004). In particular, this
technology is proving crucial to identifying functionally homogeneous subsets of cells
within the enormously complex immune system; such identification and enumeration is
important for understanding disease pathogenesis(Baumgarth et al. 2000).
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When designing experiments for the flow cytometer, careful consideration must be
given to the choice of fluorochromes and their combinations. Desirable fluorochromes
for cytometric technologies have several properties: they (i) are biologically inert; (ii)
have high cell-associated fluorescence intensities (‘bright’); (iii) exhibit little spectral
overlap amongst each other; and (iv) for immunophenotyping, are easily conjugated to
monoclonal antibodies (Baumgarth et al. 2000). Some common dyes are presented in
Figure 5, and table 3 shows few example combinations of dyes that can be used in
multicolor analysis.
Table 3. Example combinations of fluorochromes for multicolor analysis Table
modified from (Baumgarth et al. 2000).
Dyes Lasers
Combinations
2
FITC, PE, Cy5.5PE or Cy7PE, APC
4
(488+647)
FITC, PE, Cy5PE, Cy5.5APC or Cy7APC
FITC, PE, Cy5PE, APC
FITC, PE, TRPE, APC
1 (488)
FITC, PE, Cy5PE, Cy5.5PE or Cy7PE
2
FITC, PE, Cy5.5PE or Cy7PE, TR, APC
(488+595)
5
FITC, PE, Cy5PE, TR, Cy5.5APC or Cy7APC
FITC, PE, Cy5PE, TR, APC
2
FITC, PE, Cy7PE, APC, Cy5.5APC
(488+632)
FITC, PE, Cy5.5PE, APC, Cy7APC
FITC, PE, Cy5PE, Cy5.5APC, Cy7APC
FITC, PE, Cy5PE, APC, Cy5.5APC or Cy7APC
FITC, PE, Cy5PE or Cy7PE, APC, Cy7APC
1 (488)
FITC, PE, Cy5PE, Cy5.5PE, Cy7PE
2
FITC, PE, Cy5.5PE, Cy7PE, APC, Cy5.5APC or Cy7APC
(488+633)
6
FITC, PE, Cy5PE, Cy5.5PE or Cy7PE, Cy5.5APC, Cy7APC
FITC, PE, Cy5PE, Cy5.5PE or Cy7PE, APC, Cy5.5APC or
Cy7APC
2
FITC, PE, Cy5.5PE, Cy7PE, TR, APC
(488+595)
FITC, PE, Cy5PE, Cy7PE, TR, Cy5.5APC
FITC, PE, Cy5PE, Cy5.5PE, TR, Cy7APC
FITC, PE, Cy5PE, Cy5.5PE or Cy7PE, TR, APC
1 (488)
FITC, PE, Cy5PE, TRPE, Cy5.5PE, Cy7PE
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Figure 5. Examples of a few commonly used dyes, their emission and excitation
wavelengths, suitable detection laser and the filters chosen for optimal light collection
and minimal spillover. Figure modified from (Baumgarth et al. 2000).

2.5.1 Compensation and isotype controls
Multicolor flow cytometry comes with a new and sometimes difficult set of technical
problems that must be overcome by users to derive meaningful results (Baumgarth et al.
2000). Fluorescence compensation is often necessary to correct for spectral overlap
between two or more fluorochromes used in the same staining combination (Herzenberg
et al. 2006, Baumgarth et al. 2000). The algorithm of compensation is a straightforward
application of linear algebra, and should not be thought of as a subtraction process
(Baumgarth et al. 2000). Compensation between detectors can be performed either by
hardware, after signal detection but before logarithmic conversion and/or digitization, or
post-collection by software(Baumgarth et al. 2000).While compensation is one of the
most important processes required for proper data analysis in flow cytometry, it is also
perhaps the least well understood (Baumgarth et al. 2000). In order to properly design,
implement, and analyze multicolor experiments, users must be aware of the effects of
compensation, understand how to apply it correctly, and recognize when data are not
properly compensated (Baumgarth et al. 2000).
For each fluorochrome used in an experiment, one should include a ‘compensation
control’, i.e. a single color staining done on the sample with each of the stains used in
the experiment (Baumgarth et al. 2000). Usually these compensation settings can be
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saved in the FACS machine so each repetition does not necessarily need its own
compensation controls. For the non-tandem dyes (FITC, PE, TR, APC), however, a
reagent that stains brightly on a good number of cells is sufficient and can be used
instead of a reagent that might only stain a very small subpopulation of cells(Baumgarth
et al. 2000).
Control stains are important for all experiments using flow cytometry, but they become
particularly critical for complex multicolor stains. The higher the number of
fluorochromes and antibodies (Abs) used in each stain the greater the risk for artefacts
introduced by compensation errors and/or reagent interactions (Baumgarth et al. 2000).
Background and nonspecific fluorescence can be identified with isotype control Abs
that have no relevant specificity help to distinguish non-specific "background" staining
from specific antibody staining (Tung et al. 2004). These are considered staining
controls. There are three main factors that contribute to the levels of background
staining associated with a primary Ab: 1) binding to Fc receptors on target cells, 2) nonspecific protein interactions with cellular proteins, lipids, or carbohydrates, and 3) cell
autofluorescence (Tung et al. 2004). All of these factors can greatly vary depending on
the target cell type and the isotype of the primary Ab (Tung et al. 2004). Thus, isotype
controls need to be matched to the specific primary Abs (species and isotype, including
heavy and light chains) being used in order to accurately determine the level of specific
staining by the primary Ab (Tung et al. 2004). The most common monoclonal Ab
isotypes are IgG1, IgG2a, IgG2b, IgG3, IgM, and IgA (Tung et al. 2004).
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3 AIMS OF THE RESEARCH
The main goal of this study was to further develop the angiogenesis assay so that it is
ready for chemical testing. Moreover, it should be suitable to be used as platform for
tissue models. The areas studied were stimulation medium, tubule analysis method and
cell characterisation.
The specific aims of the study were:
1) To find the optimal stimulation media for the adipose stromal cell angiogenesis
assay. The tested media compositions were modifications of the culture media
currently in use in the laboratory for the assay or its applications (e.g. heart
tissue model). The specific questions, that were addressed here, were:
(a) Which of the culture media in use is the most optimal starting point for
the development of optimal stimulation medium?
(b) What is the optimal serum concentration?
(c) Which growth factors and/or supplements are essential or beneficial for
the induction of the tubule network formation?
2) Comparison of automated vs. manual analysis of tubule formation

3) Establishment and optimization of the flow cytometry protocol with selected
markers for the quality control of the cells used in the assay.
The new non-commercial stimulation medium will aim at replacing the currently used
commercial medium kit EGM-2 (Lonza, Basel, Switzerland) in induction of tubule
formation and producing better repeatability and less cell aggregates in the assay.
Induction of tubule formation should be equal to or more optimal than in EGM-2. The
possibility of xeno-free media will also be investigated.
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4 MATERIALS AND METHODS
4.1 Good laboratory practice
Laboratory work for the study and the documentation related to the study was
performed in the spirit of good laboratory practice (GLP, OECD Principles of Good
Laboratory Practice: Directive 87/18/EEC, Directive 88/320/EEC) and according to
standard operating procedures (SOPs) in force at FICAM. This assures the quality and
traceability of the laboratory work.

4.2 Cell culture in the human adipose stromal cell angiogenesis assay
4.2.1 Culturing of human adipose stromal cells
hASCs were isolated from donated human subcutaneous adipose tissue, which were
obtained from plastic surgeries conducted in Tampere University Hospital, with
informed consent of the Ethics Committee of the Pirkanmaa Hospital District. hASC
population, that was isolated, was the stromal vascular fraction of the adipose tissue.
This is sometimes also called as adipose stem population even though it would have
been sorted from the rest of the cells in stromal fraction. In this study the whole stromal
cell population was used and named hASC. hASCs used were derived and isolated
according to standard operating procedures of FICAM. Primary hASCs were
cryopreserved in liquid nitrogen at p0.
Primary hASCs stored in liquid nitrogen were thawed in 37°C water bath (OLS200,
Grant instruments, Cambridge, UK) and immediately transferred into 15 ml
polypropylene (PP) tube (Sarstedt, Nümbrecht, Germany) which contained 10 ml of
pre-heated hASC-medium (Table 4). The cells were then centrifuged at 131 x g for 5
min (Biofuge PrimoR, Heraeus, Hanau, Germany) at room temperature (RT). The
supernatant was removed and the cell pellet was resuspended into 1ml of hASCmedium and the suspension was then pipetted into 75-cm2 filtered cell culture flasks
(Nunc EasyFlask™, Nunc, Roskilde, Denmark) which contained 9 ml of hASC-medium
(p1). Bottle was swirled in order to get the cells to spread evenly. The next day, the
cells, now attached on the bottom of the culture bottle, were washed with warm
phosphate buffered saline (PBS, Table 4) two times and 10 ml of fresh medium was
applied on the cells. Cells were cultured in humidified CO2 incubator MCO-17AI
(Sanyo electric Co., Ltd., Osaka, Japan) at 37 °C in 5% carbon dioxide (CO 2)
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atmosphere. Cell proliferation was monitored with Olympus CK 40-F200 microscope
(Olympus Corporation, Tokyo, Japan) for their morphology and cell culture purity after
seeding them into the culturing bottle and before seeding them onto the 48-well plate.
Culture media was changed every two to three days. hASCs were cultured for six to
seven days in the culture bottle prior to use in the assay. hASCs used in experiments are
listed in Appendix 1.

4.2.2 Culturing of human umbilical vein cells
HUVECs were isolated from donated human umbilical cords, which were obtained
from scheduled cesarean sections conducted in Tampere University Hospital, with
informed consent of the Ethics Committee of the Pirkanmaa Hospital District. HUVEC
used in the study were isolated according to standard operating procedure of FICAM
from umbilical cord veins of placentas. Cells were cryopreserved in liquid nitrogen in
passage 2.
Culture media used are explained in detail in Table 4. HUVECs stored in liquid nitrogen
at passage 2 were thawed in 37°C water bath (OLS200, Grant instruments) and
immediately moving them into 15 ml PP-tube (Sarstedt) containing 10 ml of pre-heated
HUVEC-medium (Endothelial cell growth media, EGM-2, Lonza, Table 4). The cells
were then centrifuged down at 131 x g for 5 min (Biofuge PrimoR, Heraeus). The
supernatant was then removed and the cells were resuspended into 1 ml of HUVECmedia and they were seeded into 75-cm2 filtered cell culture flasks (Nunc EasyFlask™,
Nunc) which contained 9 ml of HUVEC-media. Bottle was swirled in order to get the
cells spread evenly. Cells were cultured in humidified CO2 incubator (Sanyo) at 37 °C
in 5% CO2. HUVECs were cultured three days in HUVEC-media before they were used
in the assay. The HUVECs were observed microscopically with Olympus CK 40-F200
(Olympus) for their morphology and cell culture purity after seeding them into the
culturing bottle and before seeding them onto the 48-well plate. HUVECs used in the
experiments are listed in Appendix 1.

41

Table 4. The complete list of the components used for the cell culture studies.
Solution
Components
Manufacturer
HUVEC-medium/
EGM-2

hASC-medium

PBS

EBM-2

Lonza, Basel, Switzerland

Single-Quots Supplements:
R3-IGF-1, VEGF, FGF-β,
2 % Fetal Bovine Serum
(FBS), Hydrocortisone
(HY), Heparin (HE),
Ascorbic acid (AA),
Gentamicin+
Amphotericin-B (GA1000), EGF
DMEM/F-12
10 % human serum (HS)
2 % L-glutamine
1,5 mM KH2PO4
7,8 mM Na2HPO4
0,14 M NaCl
2,6 mM KCl
milli Q H2O

Lonza

Sigma-Aldrich
Lonza
Gibco
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

4.2.3 Building of the angiogenesis assay
hASCs were detached from the culture bottle by rinsing them first with 1 ml of
TrypleTM express (Gibco, Invitrogen, Carlsbad, USA) which was immediately removed
and then incubating cells in 2,5 ml of TrypleTM express (Gibco) for 6–10 min in CO2
incubator. Detached cells were transferred to a 15 ml PP-tube (Sarstedt) in 5 ml of
HUVEC-medium and centrifuged at 131 x g for 5 min after which the supernatant was
removed and the pellet was resuspended into 0,5–1 ml of HUVEC-medium depending
on the size of the pellet. Aliquot of the cells was then stained with trypan blue (SigmaAldrich) 1:10 and then counted with Bürker chamber (Assistent, Glaswarenfabrik, Karl
Hecht KG, Rhön, Germany). According to the cell count, cells were diluted with correct
volume of HUVEC-media to obtain a final cell concentration of 88 000 cells/ml. The
cells were plated at a density of 22 000 cells/cm2 into the 48-wellNunclonTM∆Surface
plate (Nunc) wells. Plate was swirled in shape of an eight in order to get the cells spread
evenly in the well. hASCs were used at passage 2 or 3 in the assay.
hASCs were allowed to attach to the plates for 2-3 h, and then HUVECs were plated on
the top of the hASC monolayer with the same protocol as the hASCs, except the
HUVECs were plated at a density of 4 000 cells/cm2. The plate was swirled to spread
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the cells evenly. HUVECs were used in the assay at passage 4 as it has previously
shown to be the most optimal passage (Sarkanen et al. 2011). The assay was incubated
in a cell incubator (Sanyo) at 37 °C and 5% CO2 overnight.
For the confocal microscopy, Ibitreat 8-well plates (Ibidi, Germany) were used when
building up the assay. The number of hASCs plated on the confocal plates was 13200
cells/ cm2 and 2640 cells/ cm2 of HUVECs.

4.3 Stimulation medium optimization
The angiogenesis assay was cultured in each tested media to evaluate the effects of the
added growth factors and other supplements on the vascular-like tubule formation.
These tested media were named as stimulation media (SM) as our goal was to create
most optimal conditions for stimulating angiogenesis. The day after plating the hASCs
and HUVEC on the 48-well plate (day 0), they were exposed to the different stimulation
media by adding 1ml of the tested media in each well. On day 3, and on days 6, 8 and
10 if long term culture was conducted, the medium was changed (Figure 6). In short
term culture cells were exposed to stimulation media for 6 days and in long term for 13
days. The long term culture was conducted in order to test the applicability of the assay
in tissue constructs which may require longer culture times. Figure 6 shows the time
line of the experiments. Optimal concentrations of human recombinant VEGF165 (R&D
Systems) and recombinant human FGF-β (R&D Systems), 10ng/ml and 1g/ml,
respectively, were found already in earlier tests (Sarkanen et al. 2011).
Negative control treatment was medium that was used as the basal media in all tested
SM. It was supplemented only with general medium nutrients and not with inductive
supplements like growth factors or ascorbic acid (AA), heparin (HE) or hydrocortisone
(HY). The tests were repeated three times with at least 2 parallel wells for each of tested
medium to ensure the technical validity of the tests. The positive control treatment was
commercial EGM-2, previously known to induce tubule formation in the assay
(Sarkanen et al. 2012).
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4.3.1 Finding the optimal components of the stimulation medium
First part of medium optimization experiments were conducted to find the most optimal
set of supplements for the tubule formation. Main components were the same as used
for culture media (Table 4). The tested stimulation media are listed in Table 5. SM8, 14,
20, 25, 28 and EGM-2 were commonly used culture media for various cell types. They
were modified in various ways to form stimulation media. The amount of NEAA, ITS,
T3, L-glutamine, BSA and NaP were found to be optimal in earlier studies and these
concentrations were kept throughout the experiments.

Figure 6. Research design for media optimization of the stromal cell angiogenesis
assay.
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Table 5.A complete list of basal media and supplement combinations tested in the experiments. Grey color indicates culture media which were modified to
form stimulation media (white background).
Stimulation
medium
number

Basal
media

0,1 mM
NEAA

1,28 mM
L-glut/ 1
mM
Glutamax

Serum

0,1 %
ITS

0,1
nM
T3

1%
BSA

2,8 mM
NaP

VEGF
10ng/ml

FGF-β
1ng/ml

PDGF-β
10 ng/ml

IGF

EGF

AA*

HY*

HE*

x

x

x

x

x

x

x

x

x

x

1

DMEM/F12

x

x

FBS 20 %

2

DMEM/F12

x

x

FBS 20 %

x

x

3

DMEM/F12

x

x

FBS 20 %

x

x

4

DMEM/F12

x

x

FBS 10 %

5

DMEM/F12

x

x

FBS 10 %

x

x

6

DMEM/F12

x

x

FBS 10 %

x

x

7

DMEM/F12

x

x

FBS 10 %

x

x

8

DMEM/F12

x

x

FBS 2 %

9

DMEM/F12

x

x

FBS 2 %

x

x

10

DMEM/F12

x

x

FBS 2 %

x

x

x

x

11

DMEM/F12

x

x

FBS 2 %

x

x

x

x

12

DMEM/F12

x

x

FBS 2 %

x

x

x

x

x

13

DMEM/F12

x

x

FBS 2 %

x

x

x

x

x

14

DMEM/F12

x

x

FBS 5 %

15

DMEM/F12

x

x

FBS 5 %

x

x

16

DMEM/F12

x

x

FBS 5 %

x

x

x

x

17

DMEM/F12

x

x

FBS 5 %

x

x

x

x

18

DMEM/F12

x

x

FBS 5 %

x

x

x

x

x

19

DMEM/F12

x

x

FBS 5 %

x

x

x

x

x

20

DMEM/F12

x

-

x

x

x

x

21

DMEM/F12

x

-

x

x

x

x

x

x

22

DMEM/F12

x

-

x

x

x

x

x

x

x

x

x

23

DMEM/F12

x

-

x

x

x

x

x

x

x

x

x

24

DMEM/F12

x

FBS 2 %

x

x

x

x

x

x

25

KO-DMEM

x

FBS 20 %

x
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x

x

x

x
x

GA1000

Stimulation
medium
number

Basal
media

0,1 mM
NEAA

1,28 mM
L-glut/
1 mM
Glutamax

Serum

0,1 %
ITS

0,1
nM
T3

1%
BSA

2,8 mM
NaP

VEGF
10ng/ml

FGF-β
1ng/ml

PDGF-β
10 ng/ml

IGF

EGF

AA*

HY*

HE*

x

x

x

x

x

x

x

x

x

GA1000

26

KO-DMEM

x

x

FBS 20 %

x

x

27

KO-DMEM

x

x

FBS 20 %

x

x

28

KO-DMEM

x

x

FBS 10 %

29

KO-DMEM

x

x

FBS 10 %

x

x

30

KO-DMEM

x

x

x

x

31

KO-DMEM

x

x

FBS 1 0
%
FBS 10 %

x

x

32

EBM-2

x

x

x

x

x

x

x

x

33

EBM-2

x

x

x

x

x

x

x

x

34

EBM-2

x

x

x

x

x

EGM-2**

EBM-2

x

x

x

x

x

x

x

HS 2%
FBS 2%

x

x

* Hydrocortisone (HY, Lonza), Ascorbic acid (AA, Lonza) and HE (Lonza) used in these tests were supplements of EGM-2 kit (Lonza) and thus were of
unknown concentration
** The positive control treatment (commercial EGM-2 without modifications).
Abbreviations: Bovine serum albumin (BSA, PAA, Les Mureaux, France), L-glutamine (L-glut, Gibco, Invitrogen, Carlsbad, USA), 0,1 nM 3,3′,5-Triiodo-Lthyronine sodium salt (T3, Sigma-Aldrich), Sodium pyruvate (NaP, Gibco); Insulin, Transferrin, Selenium solution +premix (ITS, BD Biosciences, New
Jersey, USA); KO-DMEM (Gibco), Non-essential amino acids (NEAA, Gibco), Glutamax (Gibco), Platelet derived growth factor (PDGF, Sigma-Aldrich) and
Fetal bovine serum (FBS, Gibco)

46

4.3.2 Optimal concentrations of hydrocortisone, heparin and ascorbic acid
In the second part of the optimization, the EGM-2 kit supplements i.e. AA, HE and HY,
of the optimal medium (stimulation medium 22 with HE, HY and AA from the EGM-2
kit, Table 5, Results chapter 5.1.1) were replaced with known concentrations of the
supplements. Supplements AA, HE and HY were changed one at the time from the
unknown kit concentration to a variety of known concentrations to see the specific
effect of specific supplement on vascular-like tubule formation. The concentrations
tested for AA, HE and HY were based on data found in literature. These stimulation
media, which contained known concentrations of the supplements, were compared with
the most optimal stimulation medium supplemented with the EGM-2 kit supplements
(SM 22, see Results chapter 5.1.1) and to EGM-2.

Negative treatment was the

stimulation medium 20 (Table 5). In the optimization of hydrocortisone (SigmaAldrich) concentrations of 0; 20 ng/ml; 0,2 µg/ml; 1 µg/ml and 2 µg/ml were tested.
The concentration spectrum was found by reviewing the literature (Goding 2009, Jung
et al. 2001, Yamagishi et al. 2008, Niu et al. 2008). The highest concentration was
chosen so that it should have inhibitory effect on angiogenesis (Jung et al. 2001).
In the optimization of heparin (180USP units /mg, Sigma-Aldrich) concentrations of 0,
50 ng/ml (0,009 USP units/ ml), 500 ng/ml (0,09 USP units/ ml), 10 µg/ml (1,8 USP
units/ ml)and 50 µg/ml (9 USP units/ ml) were tested. The concentration spectrum was
found by reviewing the literature (Ashikari-Hada et al. 2005, Shen et al. 2011,
Schlessinger et al. 2000, Jung et al. 2001, Khorana et al. 2003, Xu et al. 2011, Wake et
al. 2009, Sobel et al. 2011).The highest concentrations were chosen so that it should
have inhibitory effect on angiogenesis (Jung et al. 2001, Khorana et al. 2003).
In the optimization of ascorbic acid (Sigma-Aldrich) concentrations of 0; 4,4µg/ml; 5
µg/ml; 8,8 µg/ml; 13,2 µg/ml; 17,6 µg/ml; 44,9 µg/ml; 50 µg/ml; 75 µg/ml; 100 µg/ml;
200 µg/ml; 350µg/ml; 500 µg/ml; 750 µg/ml; 1000 µg/ml; 1500 µg/ml and 2000 µg/ml
were tested. The concentrations tested were ones that were found to be optimal by
reviewing literature (Telang et al. 2007, Mikirova et al. 2008, Daghini et al. 2007,
Martinez et al. 2010, Haftek et al. 2008, Al-Ani et al. 2006, Ashino et al. 2003). Highest
concentration were selected in order to see the anti-angiogenic effect of ascorbic acid
(Mikirova et al. 2008).

47

4.3.3 Combining the optimal concentrations of hydrocortisone, heparin and
ascorbic acid
After finding the optimal concentrations for AA, HE and HY, they were combined
together to replace these EGM-2 kit supplements in SM22. They were compared again
to the stimulation medium 22 supplemented with HE, HY and AA from the EGM-2 kit
and to the EGM-2 -medium. Tested concentration combinations of AA, HE and HY can
be seen in Table 6.
Table 6. Concentration combinations used in HY, HE and AA optimization.
Stimulat Basal
ion
medium
medium
B1
B2
B3
B4
B5
B6
B7
8B

DMEM/F
12
DMEM/F
12
DMEM/F
12
DMEM/
F12
DMEM/
F12
DMEM/
F12
DMEM/
F12
DMEM/
F12

200
mM
L-glut

Serum

1%
ITS

0,1
nm
T3

BSA
1%

100
mM
NaP

VEGF
(10ng/ml)

FGF-β
(1ng/ml)

AA

HY

HE

x

-

x

x

x

x

x

x

x

-

x

x

x

x

x

x

-

x

x

x

x

x

x

0,2
ug/ml
0,2
ug/ml
1 ug/ml

50
ng/ml
-

x
x

-

x

x

x

x

x

x

x

-

x

x

x

x

x

x

x

-

x

x

x

x

x

x

x

-

x

x

x

x

x

x

x

-

x

x

x

x

x

x

350
ug/ml
350
ug/ml
350
ug/ml
350
ug/ml
200
µg/ml
200
µg/ml
200
µg/ml
200
µg/ml

1µg/ml
0,2µg/m
l
0,2µg/m
l
1µg/ml
1µg/ml

4.4 Immunocytochemical stainings
To analyze the development of tubule structures and different cell types found in the
assay immunocytochemical stainings were performed. All stainings were double
stainings with endothelial cell specific antibody anti von Willebrand factor (anti-VWF,
Sigma-Aldrich) always being one of the antibodies used. To visualize the nonspecific
background staining one well/ plate was stained with secondary antibodies alone.
The immunostainings were conducted as follows. Cells were fixed at day 6 of the
culture of the assay except for the long term culture, which was immunostained at day
14. For the staining, cells were washed three times with PBS, fixed by 20 min
incubation in ice cold 70% ethanol in room temperature (RT) after which they were
washed again three times with PBS. (Fixed cells were stored in PBS at +4 °C until
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50
ng/ml

50
ng/ml

50
ng/ml

stainings.) After fixation, cells were permeabilized with 0,5 % Triton-X100 (MP
Biochemicals, Ohio, USA) solution for 15 min, after which they were washed three
times with PBS. Blocking was done by incubating cells with 10% BSA (Roche
Diagnostics Corporation, Indianapolis, USA) for 30 min in RT to prevent the nonspecific binding of the antibodies. 10% BSA was poured out and primary antibody
dilution in 1% BSA in PBS was applied on the cells and incubated for 1h in RT or
overnight in +4°C.
After incubating the cells in primary antibody they were washed three times with PBS
and incubated for 40 min in RT with the secondary antibodies diluted in 1% BSA in
PBS; FITC and TRITC or Alexa fluor 568 (Table 7). Finally cells were washed three
times with PBS. After staining, the PBS was left into the wells and the plates were
sealed with parafilm and protected from light for storage at 4°C until microscopic
analysis. All the antibodies that were used for the stainings, their manufacturers, target
proteins and dilutions used can be found in Table 8.
Table 7. Secondary antibodies used in the immunostainings, their detection label, used
dilution ratios and manufacturer.
Antibody
Label
Dilution ratio
Manufacturer
Goat polyclonal
antibody antimouse IgG

FITC*

1:100

Sigma-Aldrich

Goat polyclonal
antibody antirabbit IgG
Goat polyclonal
antibody antirabbit IgG (H+L)

TRITC

1:50

Sigma-Aldrich

A568*

1:400

Invitrogen

* Used in confocal microscopy
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Table 8. Primary antibodies that were used, the animal they are produced in, dilution
ratio, their targets and manufacturer.
Primary
Produced Dilution Target protein
Manifacturer
antibody

in

ratio

Anti-VWF IgG

Rabbit

1:100

Von Willebrand factor in

Sigma-Aldrich

endothelial cells
Anti-Col IV IgG

Mouse

1:500

Collagen IV in basement

Sigma-Aldrich

membrane of blood
vessels
1:800,

Calponin in pericytes and

1:1000

smooth muscle cells

1:50,

Occludin is involved in

monoclonal,

1:100,

tight junctions

clone 1G7

1:300

Anti-Cal IgG

Anti-Ocl,

Anti-PDFGR-β

Mouse

Mouse

Mouse

1:800

Cell surface receptors for

Mouse

1:50,

Vascular endothelial
cadherin, which may
play role in organization
of lateral endothelial
junctions and
permeability properties
of vascular endothelia
Actin located in smooth
muscle cells

1:100,

CD144 IgG

1:300

Anti-SMA clone

Sigma-Aldrich

Sigma-Aldrich

PDGFs

IgG
Anti-Human

Sigma-Aldrich

Mouse

1:500,
1:800

IA4

BD
Pharmingen

DAKO,
Glostrup
Denmark

Anti-SMM IgG

Mouse

1:400

Myosin located in
smooth muscle cells

Sigma-Aldrich

4.5 Microscopic analyses
4.5.1 Fluorescence microscopy
After immunocytochemical staining, the tubules were analyzed and photographed with
Nikon Eclipse TS100 inverted fluorescence microscope (Nikon, Tokyo, Japan) and
Nikon digital sight DS-U2 –camera (Nikon). Images were further processed with NIS
Elements (Nikon, Tokyo, Japan) and Adobe Photoshop CS3-software (Adobe Systems
Incorporated, San Jose, CA, United States).
50

4.5.2 Confocal microscopy
Three-dimensional imaging of the vascular-like network was performed with confocal
microscopy. The microscopy and image acquisition were performed on LSM710 with
the Zeiss Axio Observer Z1 inverted microscope (Carl Zeiss). In order to see the whole
well the tile scan was performed and for 3D pictures z-stack imaging was used. Images
obtained from the microscope were further processed with the ZEN 2008 software (Carl
Zeiss MicroImaging) and Adobe Photoshop (Adobe Systems Incorporated, San Jose,
CA, United States).

4.5.3 Cell-IQ image analysis
In order to visualize the whole area of 48-wells, the plates were imaged with Cell-IQ
(Chipman tech., Tampere, Finland) using 10x objective. The 9x9 grids were obtained
from each well in order to capture the whole well. Grids were then stitched together
using Cell IQ analyzer (Chipman tech.) and saved as JPEG images. The digital images
captured were used to grade the tubule formation and determinate the area covered by
tubules.

4.6 Analysis of the vascular-like tubule network
4.6.1 Manual analysis
For the analysis of the most optimal stimulation media composition the extent of tubules
and their branching was quantified semi-quantitatively. The grading scale based on
visual inspection was from 0 to 10 (Figure 7), which was modified from Sarkanen et al.,
2011.
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Figure 7. Grading scale by which the vascular-like networks were graded from 0-10.
0=no tubule formation, 10 = very strong induction of tubule formation. Treatments
obtaining scores 1-3 were concidered as weak inducers of tubule formation. Scores 4-6
were obtained by moderate inducers. Scores 7-8 ment strong induction and scores 9-10
veru strong induction.

4.6.2 Automated image analysis
The area of VWF-positive vascular-like tubule network in different culture conditions
was determined by image analysis of the Cell-IQ pictures using ImageJ software
(National institutes of health, NIH, Maryland, USA). Data are depicted as number of
pixels per area. Images were first converted to 8-bit gray scale, then background was
subtracted and finally the binary threshold function was adjusted to obtain the best
contrast of tubules against the background. With these settings the total tubule area
was calculated as the total number of pixels in images with set threshold. Also the
average area of a continuous tubule structure was determined for each treatment which
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tells if the formed tubule network is continuous or if there are just a lot of shorter pieces
of tubules in the well.
The stimulation media that were chosen for the automated image analysis tests were
ones which produced clear well-defined tubules. This lowers the variance caused by
tubules which are not ideal and as they would not exist in the optimized assay they are
regarded from the analysis of the function of new analysis method.

4.7 Flow cytometric surface marker expression analysis
hASC cultured in hASC-media (n=4, passage 1) for 6-7 days and HUVECs cultured in
HUVEC-media (n=4, passage 3) for 3 days were analyzed for surface marker
expression using a BDTMHigh throughput Sampler BD FACSCanto II Flow cytometer
(BDBiosciences, Erembodegem, Belgium). Used cell populations are listed in Appendix
2. For the flow cytometric analysis cells were detached from the 75-cm2 filtered cell
culture flasks EasyFlask™ (Nunc) by first rinsing the bottle with 1 ml of TrypleTM
Express (Gibco) and then applying 2,5 ml of TrypleTM express in to the bottle and
incubating it for 5-9 minutes. Cells were then transferred to a clean 15 ml tube with 5
ml of appropriate culturing medium and centrifuged at 131 x g for 5 minutes to pellet
the cells. Supernatant was removed and resuspended into 0,5- 1 ml of culturing
medium. Aliquot of cells was stained with trypan blue in ratio 1:10 and counted with
Bürker chamber. Cell suspension was aliquoted into labeled 5 ml polystyrene round
bottom FACS tubes (BD, New Jersey, USA) so that each tube contained 250 000
cells/tube and compensation tubes contained either 250 000 cells/tube amount of cells
or 1 drop of anti-mouse Ig, κ compensation particles and 1 drop of negative control
(FBS) compensation particles i.e. BDTM CompBeads (BD) according to user
instructions which corresponds with about 1000000 cells. By adding binding and nonbinding particle (negative control) beads into the same tube compensation is easy to set
as there are distinct positive and negative (only background staining) stained
populations. Compensation beads are treated like surface marker stained cells only
amount of antibody is adjusted as seen in Table 9.
These were washed once with warm cell specific staining buffer, hASC staining buffer
(2 % FBS in PBS) or HUVEC staining buffer (2 % FBS in PBS) and centrifuged at 131
x g for 5 minutes. Supernatant wash then discarded by pouring it on cellulose paper.
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Next step depends on whether cells are stained for surface markers or intra-cellular
markers.

4.7.1. Intracellular marker staining
Fixation and permeabilization are only done for intracellular marker staining. For the
fixation 125 µl of 2% paraformaldehyde in PBS (fixation buffer) was added on the cells,
then vortexed and incubated in room temperature for 30 minutes. After incubation cells
were centrifuged at 131, 200 or 500 x g for 5 minutes. Fixation buffer is then poured
away and 125 µl of permeabilization buffer (0,1 % Triton-X in PBS) is added on the
cells. Cells were incubated in permeabilization buffer for 10 minutes in room
temperature. Cells were then centrifuged at 131, 200 or 500 x g for 5 minutes. Cells
were then washed once or twice with cell type specific staining buffer and centrifuged at
131, 200 or 500 x g for 5 minutes. Buffer was then discarded by pouring it on paper.

4.7.2 Surface marker analysis of primary hASCs and HUVECs
100 µl of cold cell type specific staining buffer (serum in PBS) was added on the cells
and antibodies labeled with detection agents (Table 10) were added. The amounts of
antibody used can be seen in Table 11. These amounts were based on the manufacturers
recommended amounts per test and specific amount of cells. Antibodies were incubated
on ice for 30 minutes in dark. Cold keeps the secondary antibodies, especially tandem
labeled detection molecules intact and prevents unspecific binding. All solutions used
from now on were ice cold and samples are protected from light as well as possible. The
labeled antibodies used were intracellular VWF-A2-allophycocyanin (APC) and eNOSphycoerythrin (PE), and surface markers CD144-fluorescein isothiocyanate (FITC),
CD73-Phycoerythrin-Cyanine (PE-CY7) and CD309-PE all from BD except VWF and its
isotype control from R&D systems. Isotype control antibodies are treated the same way
as actual antibodies.
Both stainings were then treated with the following protocol. After incubation cells
were washed once or twice with 500 µl of cell type specific staining buffer, they were
vortexed gently and centrifuged. Surface stained cells were centrifuged at 131 g in
every centrifugation step as intracellularly stained cells were centrifuged at 131, 200 or
500 x g for 5 minutes. Staining buffer was then discarded. Next the cells were washed
once or twice with PBS, centrifuged and suspended into 500 µl of ice cold PBS in
which they were analyzed in. Flow cytometric analysis was run with FACSCanto II
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(BDBiosciences). First parameters were set and compensation was done with
compensation samples. Flow cytometry was then performed with 10000 events per
sample. The results were analyzed with BD FACSDivaTMSoftware (BD). Contents of
sample tubes are shown in Table 11.
Table 9. Content of the compensation tubes.
Tube/ reagent
Amount of cell/
beads
1. Unstained cells
250000/2. VWF-A2250000 HUVECs/
allophycocyanin (APC)
1+1 drop
3. CD144- fluorescein
250000 HUVECs/
isothiocyanate(FITC)
1+1 drop
4. CD73- Phycoerythrin250000 hASCs/
Cyanine(PE-CY7)
1+1 drop
5. CD309250000 HUVECs/
phycoerythrin(PE)
1+1 drop

Amount of reagent added
on cells / on beads
2,5 µl /10 µl
5 µl /20 µl
5 µl /20 µl
5 µl/ 20 µl

Table 10. Detection reagents that were used in FACS, their targets and manufacturers.
Reagent
Clone
Target
Isotype
Manufacturer
control
Monoclonal
210905
Endothelial cells
Mouse
R&D Systems
Mouse IgG2B
IgG2Banti-human
APC
VWF-A2-APC
Monoclonal
55-7H1
Tight junctions
Mouse
BD
Mouse IgG1 κ
IgG1 κ PharmingenTM
anti-human
FITC
CD144-FITC
Monoclonal
AD2
Ecto-5'-nucleotidase (5'Mouse
BD
Mouse IgG1 κ
NT)
IgG1 κPharmingenTM
anti-human
PECD73-PECyTM7
TM
Cy 7
Monoclonal
33/eNOS Endothelial NOS (eNOS/
Mouse
BD
Mouse IgG1 κ
Nitric oxide synthase 3)
IgG1 κ PharmingenTM
anti-human
generates nitric oxide in
PE
eNOS-PE
blood vessels and is
involved with regulating
vascular function
Monoclonal
89106
VEGFR-2
Mouse
BD
Mouse IgG1 κ
IgG1 κ PharmingenTM
anti-human
PE
CD309-PE
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Table 11. Staining combinations and amount of antibody used per tube. Tubes marked
with asterisk are control tubes.
Tube Antibodies
1
2
5 µl CD309-PE (BD)
2,5 µl CD144-FITC (BD)
2,5 µl CD73-PE-CY7 (BD)
3*
5 µl PE isotype control (BD)
5 µl FITC isotype control (BD)
2,5 µl PE-Cy7 isotype control (BD)
4
2,5 µl VWF-A2-APC (R&D systems)
5 µl eNOS-PE (BD)
5*
2,5 µl APC isotype control (R&Dsystems)
5 µl PE isotype control (BD)

4.8 Statistical evaluation
Statistical analysis was performed with GraphPad Prizm 5.0 program. All of the
experiments in culture media optimization were repeated a minimum of three times with
at least two parallel samples and data is presented as means and standard deviations.
FACS analyses were repeated 4 times for both cell types. Confidence level was P <0,05
in each test. For the tested stimulation media means, standard deviations and coefficient
of variations were calculated.
The stimulation media were analyzed by t test which was non parametric. All the tested
stimulation media were only compared to the EGM-2 control. Difference was
considered significant if alpha was 0,05 or less. Difference is marked with *, ** or ***
corresponding to significant (0,01<P≤0,05), very significant (0,001<P≤0,01) and
extremely significant (P≤0,001).
In the experiments described in Materials and methods 4.2.2 and 4.2.3 the statistical
analysis was conducted as in stimulation media experiments except the results were
assumed to follow Gaussian distribution so the t test was parametric. These results were
compared only to SM22.
Correlations between automated and manual methods were assessed with two tailed
Spearman test as the data was assumed not to have Gaussian distribution. Difference
was considered significant if alpha was 0,05 or less.
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5 RESULTS
5.1 Differentiation of cells in different stimulation media
5.1.1 Tubule formation in different media
To compare the tubule formation between stimulation treatments, the tubule formation
was analyzed semi-quantitatively using a grading scale from 0-10 where 0 is without
tubule formation and 10 tight, dense tubule formation (Sarkanen et al. 2011). Six
different stimulation media induced more tubule formation than the control medium
EGM-2, and therefore had potential for replacement of EGM-2. Stimulation media 10,
17, 22, 23, 32 and 33 induced more tubule formation than that of the control EGM-2,
which got grading 7,3. From these only SM22 which contained DMEM/F12, Lglutamine, BSA, T3,ITS, NaP, VEGF, FGF-β, AA, HE and HY and SM33 which
contained EBM-2 HS2 %, VEGF, FGF-β, AA, HE, HY and GA-1000 induced tubule
formation stronger than EMG-2 score. These results for the short term (6 days) cultures
are shown in Figure 8 and statistical analysis results are shown in Table 12.
SM22 had CV of 6,68% and SM33 of 7,41%. In vitro assays with less than 15%
variance have been accepted by OECD as official test methods (OECD 2010). This
should be limit for variation also for this angiogenesis assay. Stimulation media 1, 3, 4,
6-11, 14-16, 18-21, 25-31 and EGM-2 had CV over 15 %.

Tubule formation in different media
10

Score/ unit

8
6
4
2

SM
SM1
SM2
SM3
SM4
SM5
SM6
SM7
S 8
SMM9
SM10
SM11
SM12
SM13
SM14
SM15
SM16
SM17
SM18
SM19
SM20
SM21
SM22
SM23
SM24
SM25
SM26
SM27
SM28
SM29
SM30
SM31
SM32
S 33
EGM3
M4
-2

0

Stimulation medium

Figure 8. Tubule formation in different media. Score means and their standard
deviations are depicted in bar graph. Filled bars are the positive control EGM-2 and
negative controls SM1, SM4, SM8, SM14, SM20, SM25 and SM28.
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Angiogenesis assay performed in SM20-24 media produced well-defined tubules and
evenly distributed tubule networks. Common components in these were DMEM/F12, Lglutamine, ITS, T3, BSA and NaP. Presence of cell aggregates in these samples was
rare. Angiogenesis assay performed in SM22-24 had good repeatability (CV 6-12 %).
The positive control, EGM-2, produced some amount of cell aggregates in almost each
test. Moreover, the tubule network was not evenly distributed throughout the wells.
However, the formed tubules were thick and the walls were well-defined. The
stimulation media which were modified from the EGM-2 media (SM32-34) formed well
defined tubule walls but also more cell aggregates were present than in the SM-20-24
treated wells. The tubule network that was formed in the SM33 was evenly distributed
throughout the well and did not contain a lot of aggregates.
SM8-19 induced tubule formation and stayed attached to the bottom of the well and
they had tubule walls which were more well-defined than SM1-7 or SM25-31 had. All
these either DMEM/F12 of KO-DMEM, NEAA, Glutamax and FBS. Angiogenesis
assays treated with stimulation media 1-3 and 25-27 caused the tubule network to
detach from the bottom of the well and therefore some of the samples were lost in the
immunostaining process. Cellular detachment was verified by light microscopy.
Tubules formed with these media had fuzzy and not well-defined walls. The only
difference between KO-DMEM (SM25-31) and DMEM/F12 (SM1-7) based stimulation
media was that the KO-DMEM treated cells were slightly more likely to detach from
the bottom of the well.
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Table 12. Results of the stimulation media tests. Score means, standard deviations,
standard errors, CVs and results from the one sample T test when compared to EGM-2
for all the tested stimulation media. Shaded stimulation media are the ones with
significantly higher score compared to EGM-2 and CV < 15% and EGM-2 itself.
Name

Number
of values

CV

SM1

5

55.90%

SM2
SM3
SM4

2
3
4

0.00%
17.32%
38.49%

SM5

4

0.00%

SM6
SM7

4
4

SM8

P value
(two tailed)
P<0.0001

Significant
(alpha=0.05)?
Yes

0,0071
0,0003

Yes
Yes

69.28%
43.28%

0,0118
0,2339

Yes
No

SM9
SM10

4
7
7

38.49%
17.89%
16.57%

0,0003
P<0.0001
0,2353

Yes
Yes
No

SM11

8

16.56%

0,0271

Yes

SM12
SM13

8
8

0,5604
0,9534

No
No

SM14
SM15
SM16

4
7
8

14.25%
12.23%
54.71%
26.59%
23.88%

0,0014
0,0017
0,5192

Yes
Yes
No

SM17
SM18
SM19

8
8
8

7.13%
17.68%
18.70%

0,2611
0,9677
0,5794

No
No
No

SM20
SM21

11
8

103.83%
34.91%

P<0.0001
0,0167

Yes
Yes

SM22

28

6.68%

P<0.0001

Yes

SM23

6

8.39%

SM24
SM25

6
7

11.92%
93.54%

P<0.0001
P<0.0001

No
Yes
Yes

SM26
SM27
SM28

5
5
8

49.79%
19.44%
56.97%

0,0005
0,0026
P<0.0001

Yes
Yes
Yes

SM29
SM30
SM31

7
7
7

28.63%
21.05%
16.33%

P<0.0001
0,0033
0,0003

Yes
Yes
Yes

SM32
SM33
SM34

13
9
14

13.71%
7.41%
13.57%

0,2547
0,003
P<0.0001

No
Yes
Yes

EGM-2

26

15.35%

0,9992

0,0626
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No

5.1.2 Effect of serum concentration on tubule formation
Lower the serum concentrations induced more tubule formation than higher serum
concentrations. Medium optimization study showed that the most optimal conditions for
tubule formation were in serum free medium SM22 (Figure 9). Serum free medium
SM20 also induced tubule formation even though it does not contain any specialty
supplements.

Figure 9. Angiogenesis assay at different serum concentrations on day 6 stained with
anti-VWF labeled with TRITC (red) and anti-Collagen IV labeled with FITC (green). In
the images are A, B, C) Tubule network formed with EGM-2, D, E, F) Tubule network
formed with serum free culture medium, SM22, G, H, I) Medium with 10% serum
concentration SM6 and J, K, L) Medium with 2 % HS, SM33. Scale bar is 100 μm in
each image. Images were obtained with reversed light microscope.
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Tubules formed in 2% and 5% serum (n=85) stayed attached. However, the tubule
formation was more modest than in serum free conditions. Medium with 10 % and 20 %
serum (n=72) caused tubules to detach prematurely. However, the samples that were left
intact showed only modest tubule formation induction in these media.
HS induced the EC proliferation more than FBS. HS produced a good tubule network
but it had tendency to induce endothelial proliferation so much that in some cases cell
aggregates were formed. Effects of different serum concentrations can be seen in Figure
9.

5.1.3 Long term culture
SM22-23 (serum free) were selected to long term cultures due to their strong tubule
induction in the short term cultures and for these the negative control was SM20. SM8
and 9 (2% serum) were chosen to see if the difference in tubule formation between these
medium compositions will increase with time. SM10 was selected to study the effect of
PDGF in long term culture. Long term cultures made in selected stimulation media
showed that all of them induced good tubule networks except the negative controls.
Tubule networks formed in EGM-2 and SM20-23 were tightly attached to the bottom of
the well after 13 days of culture. Formed tubule networks in these were branched and
dense. Cultures treated with SM8 and SM9 started to detach from the bottom of the well
before the end point, day 13, was reached.
Long term cultures showed that the induction with SM10 is clearly better than that of
EGM-2 (Figure 10A). SM10 contained DMEM/F12, NEAA, Glutamax, 2 % FBS,
VEGF, FGF-β, AA, HE and HY. SM10 with mean value of 8,5 was the only one with
significant difference to EGM-2 and it had CV of 6,79% (Figure 10B). SM22 and
SM23 also got higher mean score and CV below 15 % but they were not significantly
different from EGM-2.
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Figure 10. A) Tubule formation in selected stimulation media at day 13. B) Numbers of
values and their CVs are depicted in a bar chart. Filled bars are the negative controls
SM8 and 20 and the positive control treatment EGM-2. Significant difference in tubule
formation compared to EGM-2 is marked with *. B) Long term culture results from
selected stimulation media used in the experiment. Numbers of values, CVs and results
from t test for the stimulation media when compared to EGM-2 are listed in the table.
Positive control EGM-2 and most tubule formation inducing medium shaded.
Expression of SMM was found to be different between different stimulation media (n≥
2/ medium, Figure 11) whereas Col IV and VWF expression were similar in each media
(n=4 for each medium). EGM-2 induced extremely low amount of SMM positive cells
whereas SM9 and SM10 produced few positive cells. SM22 and SM23 on the other
hand produced significant amounts of SMM positive cells.

5.2 Maturation of tubules
Maturation of tubules was examined with several antibodies, which were CD144,
occluding, calponin, PDGFR-β, SMA and SMM (Figure 12). Images shown are average
representatives of SM22 stainings (n≥3).
Occludin was found to be expressed also in the undifferentiated hASCs and also in
many other cells in the assay. Staining along the tubules was slightly brighter. From the
dilutions in which anti-occluding was used, 1:300 produced optimal staining intensity.
PDGFR positive cells were found in stimulation media tests. PDGFR expression was
modest but it was located on the tubule walls.
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Figure 11. Effect of different medium compositions to SMM expression in long term
culture (13 days). Form the images can be seen that A) SM22 produced a lot of SMM
positive cells. D) SM10 produced few SMM positive cells. G) EGM-2 treated
angiogenesis assay had hardly any SMM positive cells. Endothelial stainings were fairly
similar in all the treatments (B, E, and H). Images C, F, I show the combined SMM and
VWF stainings. Anti-SMM was labeled with FITC (green) and anti-VWF was labeled
with TRITC (red). Scale bar is 100 µm. Images were obtained with Cell-IQ.

Anti-SMM staining resulted in specific staining of smooth muscle cells. Anti-SMA on
the other hand stained also the undifferentiated hASCs. Optimal dilution ratio for antiSMA was found to be 1:500. Anti-calponin, in its optimal dilution of 1:1000 also
stained undifferentiated hASCs to some amount but not to same extent as anti-SMA.
CD144 was found to be more specific to differentiated cells and more mature tubules.
Antibody stained walls of formed tubules and did not produce a lot of background. Colocalization with VWF was confirmed. Optimal dilution ratio for anti-CD144 was found
to be 1:50.

Confocal images show the difference in CD144 staining between EGM-2 and SM31
(Figure 13). Tight junctions between endothelial cells are less organized in SM31.
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Figure 12. Immunocytochemical staining results for the SM22 treated angiogenesis
assay. A) Calponin, D) SMA, G) SMM, J) PDGFR, M) Occludin and P) CD144
positive cells are found in the angiogenesis assay. These were all visualized with FITC
(green). Endothelial cells, visualized with anti-VWF labeled with TRITC (red) are seen
forming tubules in B, E, H, K, N and Q. Image C shows calponin positive cells aligning
the tubules. Image F shows SMA positive cells around the tubules. Image I shows SMM
positive cells connecting the tubules. Image L shows PDGFRs on the tubule and O
shows occluding positive cells along the tubules and also in the background cells. Scale
bar is 100 µm in each image. Images were obtained with reversed light microscope.
Image R shows CD144 positive tight junctions between endothelial cells.
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Figure 13. Immunocytochemical staining with CD144 on SM22 and SM31. EGM-2
stainned with A) anti-CD144 labelled with FITC (green), B) VWF labelled with A568
(red) and C) CD144 and VWF combined. SM31 stainned with D) anti-CD144 labelled
with FITC (green), E) VWF labelled with A568 (red) and F) CD144 and VWF
combined. Scale bars are 100 µm. Images were obtained with confocal microscope.

5.3 Dynamic 3D ensemble mimicking in vivo vascular network
In the confocal laser scanning microscopy shows the 3D morphology of the tubule
network (Figure 14A). The thickness of the tubule network in this EGM-2 sample was
196 µm. The close-up of the tubule network (Figure14B) shows multilayered tubules
crossing each other. SM22 was found to produced slightly thinner tubule networks
(n=18).
As the Figure 15 shows cells interact with each other and form structures in SM22
induced tubule network. Different cell types contact the tubules and circumvent them.
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Figure 14. Representative confocal laser scanning microscopy of a capillary-like tubule
network formed in EGM-2 at day 6 (n=24). For detection of the tubule formation, the
tubule networks were immunostained with VWF labeled with A568 (red) and with Col
IV labeled with FITC (green). A) Transparent 3D projection of the Z-stack build from
28 layers with threshold of 13, distance between layers 7 um, Y and X axes 200 µm
between ticks and 60 µm on Y axis. B) A close-up of the tubule network, multilayered
tubule formation seen in several areas, some of the crossing points of the tubules
pointed with arrows. Scale bar is 200 µm. Image from own research, also in (Sarkanen
et al. 2012).

Figure 15. Calponin positive cell growing under (white arrow) and on (blue arrow) the
tubule network. Image from angiogenesis assay treated with SM22. Image obtained
with confocal laser scanning microscopy. Scale bar is 100 µm.
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5.4 Optimal concentrations of ascorbic acid, heparin and
hydrocortisone
5.4.1 The effect of heparin concentration on angiogenesis assay
In order to find the most optimal heparin concentration, the EGM-2 kit HE in SM22was
replaced with selected concentrations of HE. AA and HY were still added from the
EGM-2 kit. Stimulation media without or with very low concentrations of HE produced
the most evenly distributed capillary-like networks and got highest scores in the semiquantitative analysis (Figure 16A). Concentrations up to 500 ng/ml produced the best
scores but they were not significantly different from SM22. Amount of cell aggregates
increased in the wells when the concentration of HE increased. Highest concentrations
of HE were not as angiogenesis inducing as the lower concentrations. In the highest
concentrations tubules that formed were short and not connected to each other. Only 50
µg/ml HE had CV below 15 % (Figure 16B). HE concentrations were tested in the
range of 0–50 µg/ml (0–9 USP units/ ml) and the results can be seen in Figure 17.
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Figure 16. A) Tubule formation at different HE concentrations in SM22. Graph depicts
means of scores for different HE concentrations when used in SM22 instead of HE from
EGM-2 kit. SM22 supplemented with kit HE was used as the control and also EGM-2
was positive control. Significant difference in tubule formation compared to EGM-2 is
marked with *. B) Results for different HE concentrations in SM22 instead of HE from
EGM-2 kit. Value numbers and CVs are listed in the table. Results from one sample t
test are also shown when results were compared to SM22 supplemented with kit HE.
Shaded rows are the controls EGM-2 and SM22.
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Figure 17. The effect of HE concentration on tubule formation. Images represent the
average results of at least 3 repetitions. Tubule formation without HE stained with A)
anti-Col IV and B) anti-VWF, at 50ng/ml HE stained with C) anti-Col IV, D) anti-VWF,
at 10 µg/ml HE stained with E) anti-Col IV F) anti-VWF and the control SM22 stained
with G) anti-Col IV H) anti-VWF. Anti-Col IV was visualized with FITC (green) and
anti-VWF with TRITC (Red). Scale bar is 100 µm. Images were obtained with Cell-IQ.

5.4.2 The effect of hydrocortisone concentration on angiogenesis assay
Effect of hydrocortisone concentration was tested within the range of 0-2 µg/ml and the
results are seen in Figure 18. Concentrations of 0 ng/ml and 20 ng/ml of HY induced
less tubule formation than 0,2 µg/ml, 1 µg/ml of HY (Figure 19A). In the semiquantitative analysis, 2 µg/ml of hydrocortisone got lower score than 0,2 µg/ml, 1 µg/ml
of HY. More endothelial cell aggregates were found in high concentrations of
hydrocortisone. Lack of hydrocortisone and low concentrations of hydrocortisone
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produced shorter tubules and formed tubules were far apart from each other. None of
the treatments were significantly different from SM22 but all had CV less than 15 %
(Figure 19B).

Figure 18. The effect of HY concentration on tubule formation. Images represent the
average results of at least 3 repetitions. Tubule formation without HY stained with A)
anti-Col IV and B) anti-VWF, at 0,2 µg/ml HY stained with C) anti-Col IV and D) antiVWF, at 2 µg/ml HY stained with E) anti-Col IV and F) anti-VWF and control SM22
stained with G) anti-Col IV and H) anti-VWF. Anti-Col IV was visualized with FITC
(green) and anti-VWF with TRITC (Red). Scale bar is 100 µm. Images were obtained
with Cell-IQ.
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Figure 19. A) Tubule formation at different HY concentrations in SM22. Graph depicts
means of scores for different HE concentrations when used in SM22 instead of HY
from EGM-2 kit. Filled bars are control SM22 supplemented with kit HY and EGM-2.
Very significant difference in tubule formation compared to EGM-2 is marked with **.
B) Number of values and CVs are listed in the table. Results from one sample t test are
also shown when results were compared to SM22 supplemented with kit HY. Shaded
rows are the controls.

5.4.3 The effect of ascorbic acid concentration on angiogenesis assay
Ascorbic acid was tested in the range of 0-2mg/ml and the results can be seen in Figure
20. At low concentrations of AA Col IV staining was absent or dull. Concentrations of
100 and 200 µg/ml gave the best scores in the semi-quantitative tubule formation
analysis Figure x. Despite of this the tubules that were formed with AA concentrations
of 75 and 100 µg/ml were clearly thinner than the ones in the control.

Highest

concentrations of AA got lower scores and the tubules that formed were very short and
did not connect with each other. None of the treatments were significantly better than
SM22 and 100 µg/ml was the only one with CV below 15 % (Figure 21).
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Figure 20. The effect of ascorbic acid concentration on tubule formation. Images
represent the average results of at least 3 repetitions. Tubule formation without AA
stained with A) anti-Col IV and B) anti-VWF, with 13 µg/ml AA stained with C) antiCol IV and D) anti-VWF, with 75 µg/ml AA stained with E) anti-Col IV and F) antiVWF, with 200 µg/ml stained with G) anti-Col IV and H) anti-VWF, with 750 µg/ml
AA stained with I) anti-Col IV and J) anti-VWF and with 1500 µg/ml AA stained with
K) anti-Col IV and L) anti-VWF. Anti-Col IV was visualized with FITC (green) and
anti-VWF with TRITC (Red). Scale bar is 100 µm. Images were obtained with Cell-IQ.
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Figure 21. A) Tubule formation at different AA concentrations in SM22. Graph depicts
means of scores for different AA concentrations when used in SM22 instead of AA
from EGM-2 kit. Filled bars are SM22 supplemented with kit AA and EGM-2 which
were positive controls. Difference in tubule formation compared to EGM-2 is marked
with * when significant, ** when very significant and *** when extremely significant.
B) Number of values and CVs are listed in the table. Results from one sample t test are
also shown when results were compared to SM22 supplemented with kit AA. Shaded
rows are the one with CV under 15 % and the controls.

5.4.4 Combining the optimal concentrations of AA, HE and HY
Stimulation media in which most optimal concentrations of AA, HE and HY were
combined showed that B6 produced constantly best results and got mean score of 7. B3
was also producing good tubule networks, mean score 6,7 (Figure 22A). B3 was the
only one which had CV less than 15% (8,7 %, respectively) but it also had fewest
repetitions. The Figure 22 shows the results.
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Figure 22. A) Tubule formation at selected concentration combinations. Means of
scores for the stimulation media and their standard deviations in combined AA, HE and
HY concentration tests. Filled bars are EGM-2 and SM22 which were positive controls
and SM20 which was the negative control. Difference in tubule formation compared to
EGM-2 is marked with *** when extremely significant. B) Statistical data from the
combined AA, HE and HY concentration experiments. Numbers of values, CVs and the
results from the t tests when samples were compared to EGM-2 are listed. Shaded rows
are the best concentration combinations and controls.

5.5 Comparison of the Cell-IQ based automated tubule analysis and
the manual analysis
New analysis methods were tested with selected stimulation medium (SM20-24, SM3234 and EGM-3) as these produced tubules with well-defined tubule walls which was
assumed to be criteria for the automated methods to work. Computer calculated total
tubule area was found to correlate with semi-quantitatively obtained scores (Figure 23).
The automated method, which determined the average area of continuous tubule
structure, did not correlate significantly with the results of manual analysis method
(Figure 24).
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Figure 23. Total tubule area vs. manual analysis. A) Graph shows total area of the
tubules with bars and means of the scores with symbols for selected stimulation media.
Total area is depicted on left y axes and scores on the right y axes. B) Statistical
analysis of correlation with Spearman’s two-tailed test between score system and the
total area of the tubule network when calculated with the values for the stimulation
media SM20-24, SM32-34 and EGM-2.
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Figure 24. Average continuous tubule area vs. manual analysis. A Graph shows the
mean size of continuous tubule structures with bars and means of the scores with
symbols for selected stimulation media. Total area is depicted on left y axes and scores
on the right y axes. B Statistical analysis of correlation with Spearman’s two-tailed test
between score system and the average continuous area of the tubule network when
calculated with the values for the stimulation media SM20-24, SM32-34 and EGM-2.
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5.6 Cell characterization
In the optimization of the flow cytometry protocol the isotype controls showed that two
washes after the staining were necessary to minimize the background staining. One
wash resulted in a lot of background staining as can be seen in Figures 25N, 26F and G.
Centrifugations for intracellular stainings have to be 500 x g for tight enough pellet
formation.

5.6.1 The marker expression of HUVECs
The flow cytometric analysis of HUVECs revealed that one cell sample consists of
several distinct populations when examined by granulation and size with SSC and FSC
patterns (Figure 25). The preliminary results of the FACS analysis of HUVECs showed
two populations that expressed CD73, VWF-A2, eNOS, CD309 (VEGFR-2) and
CD144 as monoculture (red and green gating). Results are the average representatives
of FACS analysis of HUVECs (n=4).

Figure 25. Representative flow cytometry results for HUVECs (n=4). Green and red
gatings are assumed to be intact HUVECs. Graphs A, E, I, L present the populations
found by SSC and FSC when 10000 events were run from the samples. Cells in red and
green gatings show positivity for CD144-FITC (B), CD309-PE (C), CD73PE-Cy7 (D),
VWF-A2-APC (J) and eNOS-PE (K). Corresponding isotype controls (F, G, H, M and
N) show some unspecific antibody binding. Flow cytometry was performed with
FACSCanto II and analyzed with FACSDiva.
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5.6.2 The marker expression of hASCs
The flow cytometric analysis of hASCs revealed two or more distinct populations when
examined by granulation and size with SSC and FSC patterns (Figure 26). The
preliminary results of FACS analysis of hASCs showed one population (red gating)
with strong expression of CD73. The expression of CD 309 and CD144 could not be
treated as positive due to the strong staining of isotype controls. Expression of
intracellular markers eNOS and VWF-A2 can be counted as background staining.
Results are average representatives of FACS results of hASC analysis (n=4).

Figure 26. Representative flow cytometry results for hASC (n=4). Graphs A, E, I, L
present the populations found by SSC and FSC when 10000 events were run from the
samples. Cells gated in red were found to be positive for CD73-PE-Cy7 (D). Expression
of CD144-FITC (B), CD309-PE (C), eNOS-PE (J) and VWF-A2-APC (K) was not
found in hASCs. Corresponding isotype controls (F, G, H, M and N) show some
unspecific antibody binding. Flow cytometry was performed with FACSCanto II and
analyzed with FACSDiva.
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6 DISCUSSION
6.1. Effects of stimulation media on tubule formation
Several different angiogenesis stimulating media candidates were tested to find the ones
that induce optimal i.e. similar to or enhanced tubule formation compared to the
commercial EGM-2 medium. Marker expression, proliferation, morphology and
differentiation analyzes were utilized for investigating the effects of the stimulation
media on tubule formation. SM8, 14, 20, 25, 28 and EGM-2 were growth media that are
commonly used in proliferation of different cell types. These growth media were
modified by adding several different supplements to create new stimulation media. The
inductive effect of the new stimulation media was compared to the currently used
induction medium EGM-2.
EGM-2 is a commercial medium kit optimized for endothelial cell culture with
unknown concentrations of supplements. Although it induces tubule formation, it has
some disadvantages. As the adipose stromal cell angiogenesis assay may have
marketing value itself, or when combined to different tissue models, we wanted to
develop our own angiogenesis medium. Even more importantly, knowledge of accurate
concentration of medium components is essential for the proper exploitation of the
angiogenesis assay. Without the exact knowledge of ingredients e.g. toxicology studies
conducted with the assay would not be reliable. Moreover, EGM-2 also induced highly
variable results and cell aggregates are often present in the culture.
The results showed that the angiogenesis assay treated with SM22 and SM33 produced
the most optimal tubule formation. SM22 and SM33 also produced repeatable results
with CV under 15% and they induced more tubule formation than the positive control
EGM-2. For in vitro assays, the CV is recommended to be below 15 % as this has been
acceptance criteria for other in vitro assays which OECD has accepted as guideline test
methods (OECD 2010). With this CV limit and validation the repeatability and
reliability is ensured even if the test is performed in different laboratories. For this
reason the other media which got CV over 15 % are not recommended to be chosen for
the stimulation media for this angiogenesis assay.
SM22, a new serum free stimulation medium developed in this study, consists of a
variety of medium supplements 0,1 % ITS, 0,1 nM T3, 1,28 mM L-glutamine, 2,8 mM
NaP, 1 % BSA, 10ng/ml VEGF, 1 ng/ml FGF-β, HE, HY and AA in DMEM/ F12. The
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concentrations of ITS, T3, L-glutamine and NaP were not changed as their
concentrations were already optimized in earlier experiments. With SM22 cell
aggregates were present extremely seldom which is a major advantage. Long term
culture showed that the tubules induced with SM22 stayed intact and attached to wells.
Moreover, the morphology of the tubules remained unchanged during the long term
culture, no regression of vessels was observed. These are important features provided by
this stimulation medium, as one specific use of this angiogenesis assay is to combine it
to tissue models with additional cell types, which may require long culture times.
Long term culture in SM22 also showed high number of smooth muscle cells which was
shown by anti-SMM staining of the assay. This shows that that the medium also
induced muscle cell differentiation. SMM positive cells were present rarely in the short
term cultures (6 days). SM33 on the other hand, is basically the same as EGM-2 only
the serum in the medium has been changed to HS with same concentration (2%).
SM33 contains EBM-2 basal medium which is supplemented with unknown
concentrations of VEGF, human FGF-β, ascorbic acid, hydrocortisone and heparin. The
unmodified EGM-2 contained the same ingredients as SM33 but 2% of FBS instead of
HS and also EGF, IGF-I, antibiotics (Gentamicin Sulfate and Amphotericin-B).
As the vascularization is vital in each existing tissue type the formed angiogenesis assay
has to be versatile enough to enable the combination of it to other cell types. With more
than one stimulation medium composition which all produce optimal tubule network, it
would be easier in the future to combine this tubule network with other cells with
different needs. Therefore, the stimulation media that may not produce repeatable
results (CV over 15%) to be used in the angiogenesis assay itself, they still may be
useful in different tissue models, which require different specific conditions, depending
on the target cells. For example, heart muscle cells may need serum to survive so the
tubules network must to be able to form and differentiate with serum as well. The
results obtained in this study bring important knowledge on the effects of different
components on the formation of the tubule network. From this selection of different
components, the most proper ones can be chosen for more complex tissue assays.
Endothelial cells have been shown to form aggregates especially in growth factor rich
environments (Donovan et al. 2001). This might be one reason why EGM-2 induced
more aggregate formation than SM22. EGM-2 contains IGF and EGF in addition to
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VEGF and FGF-β. Although there is no evidence how aggregates are formed and how
they affect the tubule formation, they are not wanted in the assay as they make the
analysis more difficult, especially automated analysis and the observation of tubule
formation is obstructed in the well.
KO-DMEM medium was producing fuzzy looking tubules (SM1-19 and SM25-31).
Even though KO-DMEM (SM25-31) was changed to DMEM/F12 (SM1-19) the tubules
were still not as well-defined as with other media but slightly more so. Small difference
in KO-DMEM based media (SM25-31) and DMEM/F12 based media with same
supplements (SM1-19) would be explained by too poor growth environment.
Apparently the less rich environment which SM1-19 and SM 25-31 produce is not
enough for formation of stable tubules. Moreover, as KO-DMEM did not induce more
efficiently tubule formation than DMEM the experiments with it were discontinued.
The fuzziness of the tubule walls might indicate that the cell-cell adhesion is not as tight
as they should be.
The result of the CD144 staining in EGM-2 vs. SM10 showed that the CD144 is as
fuzzy as von Willebrand factor which indicates that the tight junctions between
endothelial cells were not intact. The tubule formation ability has been show to decrease
significantly during passaging but as the passage numbers have already been fixed in
previous studies (Sarkanen et al. 2011) and the same phenomenon did not occur in other
media tests this could not explain the result with SM 1-19 and SM25-31. These
stimulation media which produced fuzzy tubules are not recommended to be used in the
in vitro angiogenesis assay. SM1-19 contained non-essential amino acids which are not
a component of SM20-24. Therefore it can be suspected that these amino acids are not
beneficial for tubule induction. Too much of the free non-essential amino acids could
have been the cause of the unusual tubule morphology as it was the only component
which was not used in the SM20. These might disrupt the tight junction formation. The
effects of excess non-essential amino acids have not been studied enough and would be
interesting subject in the light of these results.

6.1.2 Optimal culture media to be used for developing new stimulation
medium
From the culture media which were modified to create the new stimulation media the
serum free SM20 proved to be the most optimal from compocition.SM20 is a
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DMEM/F12 based culture medium which contains L-glutamine and NaP as sources of
nutrients and energy. SM20 also contains T3 which is not part of SM8, 14, 25 or 28 and
can thus be one of the factors needed for optimal tubule formation conditions. T3 is a
hormone secreted by the thyroid gland. It is a lipophilic molecule produced by the
thyroid gland that plays an important role in development, differentiation, and
metabolism in many tissues and cell types in mammals (Michienzi et al. 2007). It also
stimulates metabolic breakdown of glucose, fats, and proteins by stimulating the
increase in levels of various metabolic enzymes, including liver glucose 6-phosphatase,
hexokinase, and mitochondrial enzymes for oxidative phosphorylation (Michienzi et al.
2007). In cell culture, T3 increases rates of proteins synthesis,, regulates cell
differentiation and protein expression (Wrutniak-Cabello et al. 2001). T3 used in the
medium is synthetically made and thus can be used in xeno-free medium. The high
amount of SMM positive cells in long term culture could be result or the presence of T3
in the stimulation media as it has been found to affect skeletal muscle expression levels
in vivo (Clement et al. 2002).
Another component used in SM20 but not in SM8, 14, 25 or 28 is ITS Universal
Culture Supplement (BD). It contains insulin, human transferrin, and selenous acid, the
three most universally essential components of defined culture media. They stimulate
cell proliferation of a variety of cells under serum-reduced conditions. Insulin promotes
glucose and amino acid uptake, lipogenesis, intracellular transport, and the synthesis of
proteins and nucleic acids. Transferrin is an iron carrier and it may also help to reduce
toxic levels of oxygen radicals and peroxide. Selenite is a co-factor for glutathione
peroxidase and other proteins and is used as an anti-oxidant in media. These
components are suitable to have in xeno-free medium.
Also BSA is commonly used in serum reduced medium. Albumin functions primarily as
a carrier protein for steroids, drugs, calcium ions and hormones and plays a role in
stabilizing extracellular fluid volume and pH (NCBI 2012). In future, it could be
replaced with human serum albumin which would make the medium xeno-free. A
chemically-defined xeno-free medium is a more natural option for human cell cultures
even if the cells are not used in clinic. Animal-derived culture reagents also raise safety
issues like immune reactions and infections in clinical therapy if in future the constructs
are taken to clinic use. Moreover, xeno-free cell cultures are essential for implantable
constructs, possibly created in the future.
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In conclusion, the culture media SM20 which was used as a base for the composing of
SM21-24 was proved to be most optimal for tubule formation. SM20 is serum free and
contains DMEM/F12 supplemented with L-glutamine, NaP, T3, ITS and BSA. ITS is
commonly used for serum free media and participates in cell proliferation. T3 is a
thyroid hormone and functions in metabolism and has effect on muscle cells. BSA is
one serum protein which functions as a carrier.

6.1.2 Effect of serum concentration
From the serum concentration results we can see that the lower the serum concentration
the better the tubule formation. Serum free SM22 was found to be optimal for the tubule
formation. Serum free media is ideal for use in toxicology assay as serums are often a
complex mix of components of unknown composition.
Preference for serum free environment is a surprising result and especially for blood
vessel cells it seems quite unnatural as they are in contact with blood in vivo. One
reason for the preference of serum free environment by the angiogenesis assay is that
the tubules that form in vivo are not in direct contact with serum as they are protruding
to the tissues. This might exhilarate the angiogenesis as there is need for the new tubule
network. Another option is that the serum free environment induces endothelial
proliferation which is not contradictory to the previous hypothesis. On the other hand,
the result might be explained by the high amount of free VEGF as there is only BSA
from serum proteins to bind it.
Some morphological changes have been observed in serum-free cultures earlier (Yang
et al. 2012). Thus serum free environment could be one reason why tubules are thinner
and more branched in SM22 than in EGM-2.
The concentrations of certain compounds like antibiotics have to be adjusted when
working with serum free medium (Yang et al. 2012). This is because the serum proteins
bind antibiotics and without these proteins the level of antibiotics might be toxic to the
cells (Yang et al. 2012). When using the assay this has to been taken into consideration
in drug testing. BSA is found in SM22 and it is one of the serum proteins which binds
compounds and makes them less toxic for the cells. In in vitro assay antibiotic fre
enviroment is expected but test substances might be antibiotics in some experiments.
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According to the results human serum seems to induce more endothelial proliferation
than bovine serum. This is not in concordance with all earlier reports as there are reports
that for example hASCs need more human serum than they need FBS in order to obtain
satisfactory proliferation rates, cell morphology, and cell cycle (Lindroos et al. 2010).
Difference might just be caused by the different cells in the co-culture and different
culturing conditions. Too strong endothelial induction is seen in the assay as endothelial
cell aggregates. These might be formed when the cells are proliferating too fast and thus
are not able to differentiate fast enough. The change of FBS to HS showed that if serum
is needed for the culture, mainly if third cell type is introduced to the assay, HS serum is
suitable option. It even resulted in better and more reproducible tubule formation than
EGM-2. For xeno-free medium the use of human serum would be essential.
Too high serum concentration seems to induce detachment of cells from the 48-well
plate. With AA, HE and HY in the stimulation medium the cells they did not detach as
easily. Serum proteins like serum albumin and transferrin, cause also competitive
binding on cell adhesion which might be one major reason why in high serum
concentration the tubule network detached from the culture plastic (Curtis et al. 1984).

6.1.3 Supplements added to the medium base
10 ng/ml VEGF and 1 ng/ml FGF-β were found to be essential for the induction of
proper tubule formation. Importance of the presence of VEGF and FGF and their
concentration have already been optimized in previous studies in our laboratory and
discussed earlier in Sarkanen et al. 2011 and will not be discussed in detail here.
AA and HY were found to improve the tubule formation. Too high a concentration of
them caused tubule inhibition. AA, with concentrations 200-350 µg/ml, was essential
for the type IV collagen formation. Absence of it was seen as absence of Col IV
staining. Ascorbic acid (vitamin C) is an essential nutrient for the synthesis of collagen
type IV by human endothelial cells and for their effective migration and tube formation
on a basement membrane matrix (Telang et al. 2007) As collagen IV is essential part of
tubule walls it is understandable that without it natural like tubules will not be formed.
Ascorbic acid has also been reported to have anti-angiogenic behavior in very high
concentrations (Mikirova et al. 2008). This is also observed in our results as the 1mg/ml
and 2 mg/ml concentrations induced visibly less tubule formation. Because of the high
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variation in the results the AA and HY concentration tests still need to be repeated to
confirm the optimal concentration of these supplements.
Stimulation media which had 0,2-1 µg/ml of HY were found to produce more
continuous network of tubules and slightly thinner tubules than stimulation media in the
absence of HY. Hydrocortisone has been shown to effect angiogenesis, blood vessel
morphology and owns other growth promoting properties (Goding 2009). Although it is
not angiogenesis promoting factor itself it appears that hydrocortisone has a permissive
effect on angiogenesis (Goding 2009). In low concentrations the morphology of the
tubules was abnormal compared to the control treatments. The tubules were short, they
did not connect with each other and the tubule walls were well defined. If endothelial
cells do not have enough hydrocortisone as angiogenesis inducing factor the endothelial
cells just proliferate and do not differentiate. Too high concentrations seemed to induce
endothelial proliferation with too high speed, which caused them to not have enough
time to differentiate which was seen as aggregate formation. High concentration of
hydrocortisone is likely to be anti-angiogenic and cells proliferate but do not form
tubules.
Addition of did not improve tubule formation and therefore, HE was found not
necessary for the tubule formation. However, if in some cases the use of HE is
preferred, the optimal concentrations would be less than 500 ng/ml. Heparin production
has some ethical concerns and as its function related to angiogenesis seems to be
complex. By leaving it out of the stimulation medium these problems can be avoided.
Heparin is in some cases needed for the attachment of growth factors to their cell
surface receptors but these form of VEGF was not used in the medium SM22 (AshikariHada et al. 2005). The lack of need for external heparin can also be explained by the
secretion on perlecan by HUVECs. Heparin might also inhibit the function of FGF-β
and thus it should not be used in the medium (Shen et al. 2011).
PDGF was found to improve cell attachment and slightly improve the tubule formation
in long term cultures, 13 days, but it did not have significant impact on the short term
cultures. PDGF recruits pericytes to preformed capillaries or induces proliferation of
pericytes already recruited which helps maintaining capillary wall stability (Hausman et
al. 2004). PDGF could be added into stimulation medium if there are detachment issues
with the assay at some point.
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While conducting the concentration combination experiments the results obtained were
not in concordance with earlier results which was likely to be due to the HUVEC lines.
In HUVEC quality control studies performed in our laboratory it was shown that the
HUVEC ability to form tubules was decreased. This is why the absolute numerical
values are not trust worthy and cultures were examined visually and related to the
positive control treatments EGM-2 and SM22. Due to the huge CV values none of these
combinations can be used without further testing.

6.2 Maturation and 3D nature of tubules
The immunocytochemical stainings showed that tubules formed in SM22 have
functional endothelial cells (VWF), basement membrane (Col IV), Pericytes and
smooth muscle cells with contractile properties (calponin, PDGFR, SMM, SMA) and
tight junctions (CD144) which show that the tubules contain all structures in capillaries
and are mature.
Occludin staining did not provide accurate results. It was found that all most every cell
type present in the assay contained occluding in large amount and the number of
positive cells was evenly distributed. Occludin has been shown to be essential for
wound healing in which it accumulates on the leading edge membrane during cell
directional migration (Du et al. 2010).
The tubule network structure that was formed in the serum free SM22 as well as in
EGM-2 was shown to be three dimensional (3D) in confocal imaging. The structure
induced in SM22 was slightly thinner than the one in EGM-2 (200 µm thick), however,
still clearly three dimensional with overlapping tubule structures. Often cell cultures are
2D cultures but in human tissue the cells are organized in to three dimensional
functioning in entities. The fact that the three dimensionality in the angiogenesis assay
was achieved without biomaterials or scaffolds is especially important when the tubule
structures are combined to tissue models but it also mimics the situation in vivo better.
Now the tubule structure can function as a scaffold for other cells and tissue as 3D
surface provides better attachment possibilities for the cells. The 3D image (Figure
14A) showed that when tubules were “cut”, i.e. the layers were not taken through the
full height of the structure; vertically they have clear empty space between the
endothelial cell linings. This gives indication to the existence of lumen in the tubules
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which would be particularly important if the construct is at some point aimed for
clinical use. This still has to be confirmed with high resolution imaging method like
electron microscopy. If lumen is found in the tubules the thickness of the tubules is not
important.
The confocal images also showed the interaction between endothelial cells and other
cell types like the ones with the ability to contract. This interaction between different
cell types confirms again the in vivo - likeness of the tubules.

6.3 Automation of the analysis
Two automated analysis methods for the tubule formation were developed and tested.
The first one measured the total stained area in the whole well and the other one
calculated the area of each continuous structure separately and calculated a mean area of
one continuous structure. As both methods were based on the whole well area the
methods are more accurate than for example the method of Bishop et al. (1999), where
images were taken from only five random fields in larger wells (24-well plates) and then
analyzed by computer analysis program.
The manual analysis of tubule formation is laborious and prone to bias. For repeatable
and less time consuming analysis an automated method should be used. The new cellIQ based analysis which measured total tubule area was shown to correlate with the
manual score system if the tubules had clear well defined walls. Error is formed if cell
aggregates were present in the cultures as the method is based on the stained area and
not specifically on tubule area. In good culture these should be same.
Surprisingly the length of the area of average intact tubules was not correlating with the
score system. It was expected that a tubule network which consists high numbers of
longer intact tubules would be correlating with the manual method as branched
continuous network is one criterion for good score in the manual analysis method. The
problem might be in the program that was created or it is possible that the image quality
is not adequate enough which makes it seem that the tubules break even though they do
not. Also one very likely explanation is that the cell aggregates, which are barely
existent in the SM20-23 but existed in EGM-2, were counted as one continuous area
which will increase the area of those treatments which had high numbers of aggregates.
The cell aggregates were already tried to be excluded from the area measurement but it
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still need optimization. This continuous area method is more delicate and even though
background and fuzzy objects are already excluded there is still possibly some
unwanted area counted into the tubule area.
There are limitations to the automation of the analysis and they are still quite time
consuming as the machinery is not totally suitable for this kind of analysis. The data
obtained gives some guidance for the future use of the technique but is not yet ready for
use. Thus the technique needs to be further developed in order to fully utilize it but also
the Cell-IQ imaging machinery needs to develop further.

6.4 Cytometric characterization of hASCs and HUVECs
FACS analysis of the unstained cells revealed subpopulations in both hASCs and
HUVECs. Although some of the populations seen in the results might be dead cells or
cell aggregates, there are different cell populations as well. To exclude dead cells a
specific marker like propidium iodide should be used. As cells are primary cells that are
isolated manually from human tissue it is likely that the cells are not just one type. This
would need further studying to confirm the identity of the other cell populations.
Optimization of the centrifugations and washes reduced the background staining and
unspecific staining to an acceptable level. All antibodies proved to function well. Now
that the protocol is tested and optimized isolated primary cells can be routinely analyzed
for their specific marker expression.

6.4.1 Stem cell population in human adipose stromal cells
Flow cytometry results showed sub population of hASCs expressing stem cell marker
which indicates that these cells are the stem cell population. Stem Cell Committee of the
International Society for Cellular Therapy has set up a list of four criteria for the
identification of human mesenchymal stem cells: (i) they have to be plastic-adherent
when cultured under standard conditions; (ii) they must have differentiation capacity for
osteogenic, adipogenic, and chondrogenic differentiation; (iii) they must express CD73,
CD90, CD105; and (iv) they cannot express hematopoietic linage markers (CD14,
CD11b, CD34, CD45, CD19, CD79) (Dominici et al. 2006). In this study the CD73 was
the only marker from the marker panel that was tested and part of the population was
shown to be positive for CD73. Rest of the positive stem cell markers will be studied to
confirm the presence of stem cells in the hASC population. The adipogenic and
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chondrogenic differentiation capacity of the cells has already been proven in other
studies and the hASC monoculture is shown to be plastic-adherent. In some studies
hASCs have been shown to express CD34 immediately after isolation but the
expression is down-regulated during culture (Maumus et al. 2011). It seems that hASCs
do not express tight junction marker CD144, CD309, eNOS or VWF-A2 when cultured
as monoculture which was expected as these are associated more with endothelial cells
(Lehle et al. 2010, Szoke et al. 2011).

6.4.2 Endothelial markers in human umbilical vein endothelial cells
HUVEC monoculture seems to express eNOS, VWF-A2, CD144 and in some amount
CD309 which are all endothelial associated markers (Lehle et al. 2010, Szoke et al.
2011). Surprisingly HUVECs seem to express also stem cell marker CD73 (Dominici et
al. 2006). This antibody attaches to its antigen 5'-ribonucleotide phosphohydrolase. It
has been found being involved in endothelial cell permeability (Lennon et al. 1998)
which explains why HUVECs were found positive for the marker.
In most situations, in which endothelial dysfunction caused by increased oxidative
stress is encountered, the expression of the eNOS has been shown increased (Rizzoni et
al. 2009). For this reason eNOS is especially important in quality control, if eNOS
levels are found to be raising it is like there is a problem with cells.

6.5 Future of the angiogenesis assay
In the near future the characterization of the cells in the assay will be continued and the
angiogenesis assay will also be analyzed with flow cytometric means to see whether the
expression of vascular markers increases during vascular differentiation. This could be
achieved by infecting for example HUVECs with green fluorescence protein and then
sorting the infected cells with sorting FACS after which the cells could be stained
separately and marker expression could be measured. This could hopefully prove that
the vascular marker expression is increased in the co-culture and it would show more
accurately how the hASCs differentiate. More markers will be tested and the suitable
ones will be implemented as a routine quality control method for the cell banks. hASCs
will be tested with the stem cell marker panel to see which number of the cells in the
populations can be classified as mesenchymal stem cells.
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If the tubule structure is going to be applied to tissue engineering, a fully defined xenofree media will have to be composed. The xeno-free medium will provide the means for
the development and approval of safer clinical cell therapy treatments. Serum free
medium is especially good in clinical applications as the serum contains a lot of
different components which makes the medium difficult to fully define. The results
from this study aid in this process, but further testing is required. In the new optimal
stimulation medium the BSA is the only component which is not suitable for xeno-free
medium as heparin is not necessary.
In addition to angiogenic capacity tests, there is a need for an assay where regression of
pre-existing vasculature could be tested (van Wijngaarden et al. 2010). In order to know
if the developed hASC angiogenesis test is suitable for inhibition tests, the set-up of
experiment has to be modified and the stability of the tubules has to be confirmed.
In the future the assay will be tested with reference chemicals that have been studied
extensively on their effects on angiogenesis. Reference chemicals might include widely
used

anti-angiogenic

pharmaceuticals:

acetyl

salicylic

acid,

erlotinib,

2-

methoxyestradiol, levamisole, thalidomide, and anti-vascular endothelial growth factor
(Sarkanen et al. 2011). This chemical testing will be followed by intra -laboratory
validation of the assay according to the OECD guidelines. The validation process will
likely follow the process of the fibroblast HUVEC angiogenesis assay validation
(Sarkanen et al. 2011). If the validation is successful the hASC angiogenesis assay will
obtain an official status as an angiogenesis test method and offer refinement or even
replacement for the angiogenesis tests currently performed in vivo.
Now that the 3D nature of the tubule structures has been shown, the existence of the
lumen in the tubules will be confirmed by electron microscopy. This will allow even
closer view of the structures that are formed and to compare the old stimulation medium
EGM-2 and the new optimized stimulation medium. The presence of the lumen could
also prove that the thinner tubules that are formed in SM22 are acceptable and mimic
the structure of in vivo capillaries. The tubule structure will also be combined to other
assays to form more complex tissue models. These exciting new models will need a lot
of optimizations before they function properly but with optimized tubule induction they
are one step closer to becoming reality.
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7 CONCLUSIONS
In conclusion, the study produced the new stimulation medium and information about
the conditions that are needed for the optimal, i.e. stable, repeatable and
morphologically acceptable, tubule formation. This stimulation medium is fully
defined which makes it easier to further modify the medium when the tubule structures
are combined to other cells to make more complex tissue models.
The stimulation medium 20 was found to be most optimal starting point for the
composing of new stimulation medium. The stimulation media 21-24 were modified
from this. Stimulation medium 20 is serum free and contains DMEM/F12 supplemented
with L-glutamine, sodium pyruvate, T3, ITS and bovine serum albumin. ITS is
commonly used for serum free media and participates in cell proliferation. T3 is a
thyroid hormone and functions in metabolism and has effect on muscle cells. Bovine
serum albumin is one serum protein which functions as a carrier. The new stimulation
medium which was developed from stimulation medium 20 contained 0,1 % ITS, 0,1
nM T3, 1,28 mM L-glutamine, 2,8 mM sodium pyruvate, 1 % bovine serum albumin,
10ng/ml VEGF, 1 ng/ml FGF-β, heparin, hydrocortisone and ascorbic acid in DMEM/
F12 and this composition was called stimulation medium 22.
The serum free environment was found to be optimal for the tubule formation. Lack of
serum might cause the difference in morphology between stimulation medium 22 and
EGM-2 medium induced tubules. Stimulation medium 22 induces thinner and more
branched tubules. If serum is needed in the stimulation medium in further applications,
human serum is best option as it induces good tubule formation and is xeno-free. High
concentration of serum causes detachment of the cells from the plate probably because
of the competitive effect of serum proteins in attachment.
Further optimization of the stimulation medium 22 produced the following results.
VEGF and FGF-β are essential for optimal tubule formation. Ascorbic acid (200-350
µg/ml) is essential in collagen formation whereas hydrocortisone (0,2-1 µg/ml)
improves tubule formation. The concentration tests for ascorbic acid and hydrocortisone
need to be repeated because of the high variation in results. Platelet derived growth
factor (10 ng/ml) can be added if detachment issues appear but it is not necessary factor.
Also heparin was found not necessary for tubule formation.
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The presence of endothelial cells, basement membrane, pericytes, muscle cells with
contractile properties and tight junctions indicates that the tubules that are formed in the
most optimal stimulation medium, SM22, are mature and mimic in vivo capillaries.
Confocal microscopy proved the 3D nature of the angiogenesis assay which indicates
that the environment in the assay is in vivo like and the cells are interacting with one
another. This is extremely important in when combining the tubule structures to other
more complex tissue models. The existence of lumen still has to be confirmed with
electron microscopy.
Automated analysis method which calculated the total tubule area was developed and it
was in good concordance with the manual analysis method. There are still limitations to
the automation of the analysis and it is time consuming as the machinery is not totally
suitable for this kind of analysis. The data obtained gives guidance for the future use of
the technique but is not yet ready for use before the imaging functions properly.
Flow cytometric analysis showed a subpopulation of hASCs that expressed stem cell
marker CD73 indicating the presence of mesenchymal stem cell population. This still
has to be confirmed by conducting more expression analyses as CD73 does not prove
stem cell nature by itself but requires additional markers. The HUVECs where
expressing endothelial specific markers, CD309, VWF, CD144, eNOS and CD73, as
they were expected to. HUVEC analysis could be continued with these antibodies or
additional endothelial specific antibodies for example from the Table 1 but the
antibodies already tested in this study can be used in cell batch (donor) quality control.
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APPENDICES
Appendix 1. A list of hASC and HUVEC populations used in the assays
Experiment no. hASCs used

HUVECs used

1.

hASC2-p2

HUVEC12-p4

2.

K73-hASC014/1-p2*

HUVEC14-p4

3.

K77-hASC017/1-p2

HUVEC13-p4

hASC022-p1

HUVEC13-p4

4.

K83-hASC019/1-p1

HUVEC11-p4

5.

K85-hASC020-p2

HUVEC13-p4

6.

hASC014-p1

HUVEC12-p4

7.

hASC021/1-p2

HUVEC14-p4

8.

hASC021/1-p2

HUVEC12-p4

9.

K85-hASC020/1-p2

HUVEC13-p4

10.

hASC022-p2

HUVEC16-p4

hASC024-p2

HUVEC16-p4

11.

K73-hASC014/1-p2

HUVEC14-p4

12.

hASC025/1-p2

HUVEC12-p4

13.

hASC021/1-p2

HUVEC15-p4

14.

hASC022-p2

HUVEC16-p4

15.

hASC025/1-p2

HUVEC12-p4

16.

hASC024-p2

HUVEC14-p4

17.

hASC021/1-p2

HUVEC13-p4

18.

hASC014-p2

HUVEC14-p4

19.

K73-hASC014-p2

HUVEC20-p4

*Kxx=tissue number, hASC0xx=specific cell masterbank number, /x lot number, -px
passage number.
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Appendix 2. A list of cell populations used in FACS analysis.
hASCs

HUVECs

k77-hASC017 –p2

HUVEC14-p4

K73-hASC014-p2

HUVEC11-p4

hASC21-p2

HUVEC20-p4

hASC24-p2

HUVEC12-p4

*Kxx=tissue number, hASC0xx=specific cell masterbank number, /x lot number, -px
passage number.
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