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General introduction

After extreme skin trauma, for example full-thickness burn wounds or standard surgical 
procedures, wound healing can result in hypertrophic scar formation. This hypertrophic 
scar, unlike a normal scar, is raised above the skin level. One year after full-thickness 
burn injury up to 72% of the patients have hypertrophic scars and one year after 
standard surgery 35% of patients have hypertrophic scars [1-5]. Patients that have 
extensive hypertrophic scarring often suffer from itch, pain, joint contractures, changes 
in thermoregulation via the skin and psychological problems [6].
 So far most research has focused on the role of keratinocytes and dermal 
fibroblasts in the formation of hypertrophic scars. However, more residential skin cell 
types are present and probably involved in wound healing and scar formation. It has 
been described that hypertrophic scars contain more blood vessels than normal scars, 
but it is unknown whether endothelial cells, which form the blood vessels, contribute to 
hypertrophic scar formation or that they are innocent bystanders. Therefore, this thesis 
focuses on the role of endothelial cells in hypertrophic scar formation.

Figure 1: (a) Schematic cross section of human skin. (b) Schematic picture of epidermis.
a; By courtesy of Encyclopaedia Britannica, Inc., copyright 2013; used with permission. 

Skin physiology
Thorough knowledge of normal skin physiology is required to understand skin 
pathologies. Also for the development of advanced wound healing therapies for burn 
patients such knowledge is needed. The skin is our largest organ, as it accounts for 
around 16% of our total body weight. It is more than a simple layer covering our body: 
it contains many elements and has multiple functions e.g. it is an important barrier 
against pathogens, UV radiation and chemicals and it prevents water loss from our body. 

A B
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The skin is also important in thermoregulation and it has a sensory function. In the skin 
three major layers can be recognized; the epidermis, the dermis and the subcutaneous 
adipose tissue (Figure 1a). 
 The epidermis forms the outermost layer of the skin and is formed by 
approximately six to ten cell layers containing predominantly keratinocytes in various 
stages of differentiation and a few other cells types such as the pigment producing 
melanocytes, the sensory Merkel cells and immunocompetent Langerhans cells (Figure 
1b). Directly on top of the dermis is the stratum basale which contains the dividing 
keratinocytes and thereby provides for a constant renewal of the epidermis. Moving 
further up more differentiated keratinocytes are found in the stratum spinosum, stratum 
granulosum, stratum lucidum and stratum corneum. The stratum corneum contains 10-
30 layers of dead keratinocytes that have lost their nucleus and have become flattened 
and cornified. Eventually the cornified keratinocytes are shed from the skin.
 The dermis is the second layer of the skin. It consists mainly of extracellular 
matrix proteins, like collagen, elastin, glycosaminoglycans and proteoglycans. These 
proteins give the dermis strength and elasticity and are produced by fibroblasts that 
are spread through the dermis. Blood vessels deliver oxygen and nutrients to the skin 
and remove waste products and carbon dioxide. The bloodstream is also the main route 
for the delivery of immune cells, for example during inflammation. Furthermore, the 
blood vessels are important for thermoregulation via vasodilation (releasing heat) or 
vasoconstriction (retaining heat). Endothelial cells form the inner lining of lymph and 
blood vessels and have an important barrier function. The lymph vessels in the dermis 
are required for drainage of soluble antigens and trafficking of activated Langerhans and 
dermal dendritic cells to lymph nodes. In the dermis we also find hair follicles, sebaceous 
glands, sweat glands, nerves and immune cells, such as mast cells, macrophages, dermal 
dendritic cells and lymphocytes. 
 The subcutaneous adipose tissue, also known as hypodermis, is largely composed 
of adipocytes and extracellular matrix. The adipose tissue-derived mesenchymal stromal 
cells (ASC) lay dispersed throughout the subcutaneous adipose tissue and produce 
extracellular matrix proteins. Moreover, it contains hair follicle roots, nerves, lymph 
vessels and blood vessels.

Wound healing
After wounding of the skin a complex cascade of processes is activated. Normal cutaneous 
wound healing consists of multiple overlapping phases; the hemostasis, inflammation, 
proliferation and remodeling phase (Figure 2) [7]. Immediately after wounding a fibrin 
clot is formed which prevents blood loss and acts as a provisional matrix (hemostasis). 
This matrix permits the migration of neutrophils and monocytes into the wound bed 
thus initiating an inflammatory cascade (inflammation). During the proliferation phase 
many cell types proliferate in order to form the new epithelial layer by keratinocytes, and 
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granulation tissue is formed by an accumulation of fibroblasts (or ASC), immune cells, 
large amounts of newly formed blood vessels and collagen bundles. 
 The blood vessels in the granulation tissue arise from endothelial cells that sprout 
from existing vessels (sprouting angiogenesis) upon an angiogenic signal, such as a lack of 
oxygen or increased presence of angiogenic factors e.g. vascular endothelial growth factor 
(VEGF) or basic fibroblast growth factor (bFGF). A migrating endothelial ‘tip’ cell is 
formed, leading the way for trailing endothelial ‘stalk’ cells to elongate the sprout via 
proliferation (Figure 3) [8,9]. Sprouting requires migration, proliferation and also matrix 
degradation, which involves the urokinase plasminogen activator (uPA) and its receptor 
uPAR [10]. An important part of normal wound healing involves the replacement of the 
granulation tissue with ‘normal’ extracellular matrix and apoptosis of excessive numbers 
of fibroblasts and endothelial cells (remodeling) [11]. Apoptosis of endothelial cells and 
pruning of new vessels ensures maturation of the newly formed vascular network. 

Figure 2: The phases of cutaneous wound healing. 

Figure 3: Endothelial sprouting. 
This image was originally published by Silva et al. 2008. Integrins: the keys to unlocking angiogenesis. 
Arterioscler Thromb Vasc Biol 28(10): 1703-1713. http://atvb.ahajournals.org/content/28/10/1703.long [9]
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Hypertrophic scars
Cutaneous wounds extending into the dermis always result in the formation of a scar. 
After an injury reaching the upper half of the dermis (partial-thickness) a normotrophic 
scar is usually formed, which can be visible as a flat white line with some redness 
on the skin (Figure 4b). When an injury reaches the lower part of the dermis or the 
subcutaneous tissue (full-thickness), a hypertrophic scar can be formed (Figure 4c/d). As 
previously mentioned, hypertrophic scars are raised above the skin level, remain within 
the boundaries of the original wound and are often formed in patients after surgical 
incision (Figure 4c) or after severe burn injury (Figure 4d). 

Figure 4: Macroscopic pictures of normal skin and different types of scar. 
(a) Normal skin, (b) Normotrophic scars, (c) Hypertrophic scar after surgery, (d) Hypertrophic scar after 
full-thickness burn. Bar = 1 cm.

Hypertrophic scars are a form of tissue fibrosis, where the tissue structure and function 
are affected by the deposition of excessive extracellular matrix. Extracellular matrix 
deposition, mainly collagen 1, is required during wound healing to renew the dermis, but 
when this derails fibrosis can occur. The cells that produce collagen 1 and other matrix 
proteins are dermal fibroblasts and ASC.  During wound healing myofibroblasts appear 
in the wound, which are characterized by a contractile phenotype (α-SMA expression) 
and an increased production of matrix proteins. These myofibroblasts may arise from 
differentiating mesenchymal cells such as fibroblasts or ASC [12]. After normal wound 
healing the myofibroblasts disappear, only in cases of fibrosis the continued presence of 
myofibroblasts is observed. Also, delayed reepithelialization (keratinocytes), prolonged 
inflammation (immune cells) and excessive neovascularization or impaired maturation 
of vascular networks (endothelial cells) are related to an increased chance of hypertrophic 
scar formation [3,13-17]. 
 Several studies have investigated the role of keratinocytes, fibroblasts or ASC or 
the cross talk between these cells in wound healing and scar formation and have described 
mechanisms by which they are involved in scar formation [18-22]. An important protein 
related to fibrosis and scarring is transforming growth factor-β1 (TGF-β1) secreted by 
e.g. platelets, macrophages, keratinocytes and fibroblasts [23,24]. TGF-β stimulates 
fibrosis by upregulating type 1 collagen and tissue inhibitor of metalloproteinase-1 
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(TIMP-1) gene expression and downregulating matrix metalloproteinase-1 (MMP-
1) gene expression in fibroblasts leading to enhanced matrix deposition and impaired 
degradation of extracellular matrix components [25-27]. Also other proteins secreted by 
keratinocytes, fibroblasts and ASC indicate how these cell types participate in wound 
healing, for example keratinocytes stimulate fibroblasts to secrete angiogenic chemokines 
such as CXCL8, CCL2 and VEGF which in turn promote vessel formation. Moreover, in 
deep wounds both cells from the dermis and the subcutaneous adipose tissue contribute 
to healing. For that reason ASC have been compared to dermal fibroblasts, which revealed 
that ASC have a less inflammatory and more fibrotic phenotype [19,20]. No similar 
comparison has been made for endothelial cells derived from dermis and adipose tissue 
even though it is widely accepted that endothelial cells, fibroblasts, ASC and macrophages 
form a vital component of the granulation tissue which is related to the extent of scar 
formation. It is not known whether adipose derived endothelial cells (adipose-endothelial 
cells) induce more fibrosis than their dermal counterpart. In addition, the interaction 
between endothelial cells and fibroblasts, ASC or keratinocytes are much less described. It 
is unknown how endothelial cells influence fibroblasts, ASC or keratinocytes within the 
wound with respect to granulation tissue formation and scar formation.  

Tissue engineering 
In tissue engineering, life sciences and engineering are combined to create functional 
constructs to improve or replace biological tissues [28,29]. The constructs are created with 
cells, biological active molecules and engineered scaffolds (2-dimensional or 3-dimensional 
matrices). Cells can be isolated from the patient, from other humans or even from other 
species. Ideally, the structure, biocompatibility and mechanical properties of the scaffold 
need to be similar to the tissue it replaces and support cell function matching the specific 
tissue. In this way, constructs developed via tissue engineering could overcome donor 
shortage, and immune rejection could be prevented if the construct is developed with cells 
from the patient itself.
 Skin tissue engineering is the most advanced area of tissue engineering [30]. 
Already in 1980 patients were treated with autologous keratinocyte sheets which were 
cultured in vitro [31,32]. Examples of  tissue-engineered constructs that are created for 
the treatment of large burns and ulcers are epidermal substitutes [33], dermal substitutes 
containing fibroblasts [34] and bi-layered skin substitutes [35-37]. 
 A major issue in the development of living tissue-engineered constructs is the 
lack of a sufficient supply of oxygen and nutrients, after transplantation of the constructs, 
before they become vascularized in the patient. To overcome this problem, it is often 
suggested to incorporate vascular endothelial cells or a vascular network during the 
construction of a tissue-engineered graft [38]. So far only keratinocytes and fibroblasts 
have been incorporated into tissue-engineered constructs. To achieve a tissue-engineered 
construct with endothelial cells it is important to have a good source of endothelial 
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cells and to thoroughly understand the behavior of these endothelial cells alone and 
in interaction with other skin residential cells, and in particular to know whether they 
contribute to scar formation or not.

Aim and outline

For the purpose of tissue engineering it is important to have a thorough understanding 
of cells and tissues. It is often suggested that the adipose tissue might provide for a rich 
and readily available source of cells for tissue engineering. For example, the adipose 
tissue might be a good source of endothelial cells to be able to incorporate blood vessels 
in engineered tissues. Since previous research showed that ASC, in contrast to dermal 
fibroblasts, can give rise to a hypertrophic scar phenotype when incorporated in a skin 
equivalent, it is clear that comparable cell types from two different types of tissue are not 
always similar in their behavior. In this thesis we therefore conducted research aiming to 
answer the following questions: 

1)  Do endothelial cells play a role in the development of hypertrophic scars?
2)  Can the subcutaneous adipose tissue provide for an alternative source of endothelial 

cells for tissue engineering?

In the following chapters the cellular behavior of endothelial cells for use in tissue 
engineering (chapter 2-4), their response to an engineered skin substitute designed for the 
treatment of chronic wounds (chapter 5) and their potential role in the pathophysiology 
of burn wounds and hypertrophic scars (chapter 6-7) was studied.
In the second chapter the methods used for studying differences in cell mobility during 
skin wound healing in vitro are described. Cell mobility of keratinocytes, melanocytes, 
fibroblasts and endothelial cells were studied using cell monolayers (scratch assay 
and chemotactic assay), fibrin hydrogels (3D endothelial sprouting assay) and tissue-
engineered skin models. 
In the third chapter the in vitro 3D sprouting fibrin assay was explored from a different 
perspective by mathematical modeling of angiogenesis using continuous cell-based 
models. Using mathematical models it will be possible to further test hypothesis that are 
formed after assessment of in vitro and in vivo experimental results. 
In the fourth chapter it was studied whether the adipose tissue could provide for an 
alternative source of endothelial cells for tissue engineering. Endothelial cells derived 
from adipose tissue were compared to endothelial cells from the dermis by studying 
surface marker expression and by measuring the ability to proliferate, migrate and to 
form sprouts in a fibrin hydrogel.
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In the fifth chapter the mode of action of a skin substitute that stimulates chronic 
wound healing was studied. It is thought that a skin substitute is able to revitalize the 
chronic wound bed in part by stimulating angiogenic sprouting. To understand how the 
different layers of the skin substitute affect angiogenic sprouting four constructs were 
used; an acellular donor dermis, a dermal substitute, an epidermal substitute and a skin 
substitute. The influence of the four constructs on endothelial cells was studied and it 
was determined whether VEGF and uPAR were involved in induction of sprouting.

In the sixth chapter the delayed granulation tissue formation during full-thickness burn 
wound healing was investigated. The in vivo situation was mimicked through exposure 
of cells to eschar-derived burn wound extract (BWE). The influence of BWE on delayed 
granulation tissue formation was studied with monolayer cell cultures of dermal- and 
adipose-endothelial cells, dermal fibroblasts and ASC. 
In the seventh chapter the role of endothelial cells in skin fibrosis was studied. It was 
previously established that ASC together with keratinocytes in a skin model give rise 
to a hypertrophic scar/fibrotic phenotype. The clinical evidence pointing at a role for 
endothelial cells in skin fibrosis led us to investigate the interaction between endothelial 
cells and ASC in more detail using tissue equivalents. The mechanism behind fibrosis 
was explored in further detail by investigating the TGF-β pathway.
In the eighth chapter the results are summarized and placed in perspective of 
developments in tissue engineering and pathological wound healing. Finally, a conclusion 
and future directions are given.
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Abstract

Wound healing events which occur in humans are difficult to study in animals due to 
differences in skin physiology. Furthermore there are increasing restrictions in Europe 
for using animals for testing the therapeutic properties of new compounds. Therefore, 
in line with the 3Rs (reduction, refinement and replacement of test animals), a number 
of human in vitro models of different levels of complexity have been developed to 
investigate cell mobility during wound healing. Keratinocyte, melanocyte, fibroblast 
and endothelial cell mobility are described, since these are the residential cells which are 
responsible for restoring the main structural features of the skin. A monolayer scratch 
assay is used to study random fibroblast and endothelial cell migration in response 
to EGF and bFGF respectively and a chemotactic assay is used to study directional 
fibroblast migration towards CCL5. In order to study endothelial sprouting in response 
to bFGF or VEGF, which involves continuous degradation and resynthesis of a 3D 
matrix, a fibrin gel is used. Human physiologically relevant tissue-engineered skin 
models are used to investigate expansion of the stratified, differentiated epidermis 
(keratinocytes and melanocytes) over a fibroblast populated dermis and also to study 
migration and distribution of fibroblasts into the dermis. Together these skin models 
provide a platform for testing the mode of action of novel compounds for enhanced and 
scar free wound healing.



Methods to study differences in cell mobility during skin wound healing in vitro

25

2

Introduction

The skin is the largest organ of our body and its primary function is to provide a 
protective barrier against i) transcutaneous water loss, possibly leading to dehydration 
and ii) harmful environmental UV, chemicals (allergens, irritants) and pathogens. Upon 
wounding, it is most important that the skin barrier function is restored as quickly as 
possible. This is achieved by a complex wound healing process which involves four 
overlapping phases (haemostasis, inflammation, proliferation and tissue remodeling) 
finally resulting in the formation of a scar [1-4]. Each phase involves the migration 
of different cell types into the wound area. Haemostasis occurs directly after injury 
resulting in vasoconstriction and activation of platelets. The platelets release many 
soluble wound healing factors that activate the coagulation pathway leading to the 
deposition of insoluble fibrin known as the fibrin clot or scab. This fibrin clot functions 
as a temporary cover over the wound but also serves as a network enabling cells to 
migrate into the wound bed. The fibrin clot forms a reservoir for cytokines and growth 
factors (e.g. TNF-α, CCL5, bFGF, VEGF, EGF). These are released from platelets as 
well as secreted by cells within the damaged tissue and infiltrating immune cells, in 
order to further promote wound healing [5-7]. The inflammatory phase involves the 
infiltration of monocytes, macrophages (M1) and other immune cell types necessary 
to combat infection and remove damaged tissue. During the proliferation phase, 
extensive proliferation and migration of keratinocytes, melanocytes, fibroblasts and 
endothelial cells takes place in response to e.g. CCL5, bFGF, VEGF and EGF [6,8,9]. 
Enhanced keratinocyte and melanocyte proliferation ensures the supply of enough 
epidermal cells to migrate directly underneath the fibrin clot in order to regenerate 
an intact differentiated and pigmented epidermis thus restoring the outermost skin 
barrier. Melanocyte proliferation and migration is closely regulated by keratinocytes 
[10]. Fibroblast proliferation and migration into the newly forming granulation tissue 
has been described to lag behind keratinocyte migration and is therefore most probably 
dependent on soluble mediators secreted by the epidermal keratinocytes [11,12]. 
Epidermal expressed integrins are upregulated during wound healing and are crucial 
for keratinocyte migration as they facilitate the step-by-step migration of keratinocytes 
over the basement membrane [13]. Endothelial cells sprout from existing vessels into 
the fibrin and fibrinogen rich granulation tissue which forms underneath the clot, thus 
ensuring adequate vascularization to the healing wound. Throughout wound healing 
tissue synthesis and remodeling occurs [14]. Fibroblasts synthesize extracellular matrix 
and some will also differentiate into myofibroblasts, which causes wound contraction 
[15]. This initial wound contraction is important as it decreases the area of the open 
wound. When the skin is superficially injured, wound healing mostly results in a thin, 
hardly visible (normotrophic) scar. However, wound healing of deep and / or large 
skin wounds often results in abnormal scars due to excessive wound contraction and 
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extracellular matrix formation, for example hypertrophic scars forming after 3rd degree 
burn wounds [16]. Oral wound healing is notably faster than skin wound healing and 
occurs with negligible scar formation [17,18]. Therefore, understanding the cellular 
events regulating wound healing is of vital importance if we are to develop novel 
therapeutic strategies aimed towards enhanced and scar free skin wound healing.
 Wound healing events which occur in humans are difficult to study in animal 
models due to differences in skin physiology. For these reasons, animals do not form 
abnormal scars representative of human scars such as keloids and hypertrophic scars 
[4]. Therefore we have developed a series of human in vitro models of different levels 
of complexity to investigate human skin integrity, wound closure and scar formation 
[4,6,19-27]. In this study we focus on cell mobility during wound closure. In particular, 
we focus on keratinocyte, melanocyte, fibroblast and endothelial cell mobility, since 
these are the residential cells which are responsible for restoring the main structural 
features of the skin. 

Materials and Methods

Cell culture
 Dermal fibroblasts: fibroblasts were isolated from human adult skin and cultured 
as previously described [6]. Human adult skin was derived from healthy individuals 
undergoing abdominal dermolipectomy. All tissue was used in compliance with the 
Dutch code for proper secondary use of human tissue in agreement with the declaration 
of Helsinki. Dermal fibroblasts were cultured in Dulbecco’s modified Eagle medium 
(DMEM) (Lonza, Verviers, Belgium), 1% UltroSerG (UG) (Biosepra SA, Cergy Saint-
Christophe, France) and 1% penicillin/streptomycin (P/S) (Invitrogen, Paisley, UK). 
Passage 2 to 4 cells were used in experiments consisting of a >99% pure population of 
CD31-/CD90+/vimentin+ fibroblasts as confirmed by flow cytometry. 
 Endothelial cells (EC): stromal cells (fibroblasts and endothelial cells) isolated 
from dermis were seeded onto 1% gelatin (Sigma-Aldrich, St. Louis, USA) precoated 
flasks in fibroblast medium in order to promote endothelial cell growth. Cells were grown 
for approximately 3-5 days until the flasks were 70-80% confluent and then trypsinized. 
Separation of endothelial cells from the dermal stromal cell population was performed 
by a MidiMACS separator using microbeads against CD31 (Miltenyi Biotec, Leiden, 
The Netherlands) following the manufacturers protocol. Endothelial cells were further 
cultured on gelatin coated flasks in HMVEC medium, consisting of M199 (Lonza, 
Verviers, Belgium), 10% New Born Calf Serum (Invitrogen, Paisley, UK), 10% Human 
Serum (Sanquin, the Netherlands), 1% P/S, 2mM L-Glutamin (Invitrogen, Paisley, 
UK), 5 U/ml Heparin (Pharmacy VUmc, the Netherlands) and 0.04 mg/ml endothelial 
cell growth factor (prepared from bovine brain). This procedure was repeated until a 
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>99% pure population of CD31+/CD90- endothelial cells was obtained, as confirmed 
by flow cytometry. Cells were used for experiments between passage 5 and 9.

Fibroblast and endothelial cell migration scratch assay 
The migratory potential of fibroblasts was assessed with a wound healing scratch assay 
[6,28]. Fibroblasts were cultured until confluency in 48-well culture plates (Corning, 
New York, US) as described above. Hereafter, fibroblasts were cultured for 4 days in 
DMEM, 1% P/S and 0.1% BSA in order to obtain growth arrest. A scratch was made 
in the confluent monolayer with a plastic disposable pipette tip (1000 µl). Cultures 
were washed twice with PBS to remove all detached cells. Hereafter fibroblasts were 
cultured in the presence or absence of 10 ng/ml rhEGF (Sigma-Aldrich, St-Louis, USA) 
in DMEM, 1% P/S and 0.1% BSA for 4 days. The wound area was photographed at 
t=0 and t=4 days with a phase contrast microscope coupled to a digital camera (Coolpix 
5400, Nikon Corporation, Japan). The pictures were analyzed using an image processing 
algorithm wherein the wound area is determined [29]. This algorithm distinguishes cell-
free areas from cell-populated areas based on differences in local texture homogeneity. 
The migrated area was determined by subtracting the wound area at time point t=4d 
from t=0d.
 Endothelial cells were seeded onto gelatin-coated 12-well culture plates at 
a density of 12x103 cells/cm2 in HMVEC medium and cultured until confluency. 
Hereafter, cells were cultured for 8 hours in M199 medium, 10% Human Serum, 
10% New Born Calf Serum, 1% P/S, 2mM L-glutamin (HMEC medium). A scratch 
was made in the confluent monolayer with a plastic disposable pipette tip (1000 µl), 
after which the cell cultures were washed three times with M199 medium to remove 
all detached cells. Hereafter cells were cultured in the presence or absence of 10 ng/
ml bFGF (Preprotech, London, UK) in HMEC medium for 16 hours. Migration was 
analysed as described above for fibroblasts. 

Fibroblast chemotaxis assay
Fibroblast chemotactic migration was assessed with the Boyden well chamber technique 
using 24-transwell plates (8 µm pore size; Costar Corning Incorporated, Corning, New 
York, US) [6,30]. 0.5x105 fibroblasts (pre-incubated in DMEM, 1% P/S and 0.1% BSA 
for 4 days) were seeded in 200 µl DMEM, 1% P/S and 0.1% BSA into the upper 
transwell compartment and allowed to attach overnight. Hereafter, the culture medium 
in the lower compartment only was supplemented with CCL5 (250 ng/ml) or in both 
the upper and lower compartment (both 250 ng/ml). After 24 hours the assay was 
stopped and the non-migrated cells were removed from the upper transwell surface 
with a cotton swab so that only migrated cells attached to the lower surface could be 
counted. The transwells were washed in PBS, fixed using 4% formaldehyde (Klinipath, 
Duiven, The Netherlands), washed in PBS and stained with 10 µM propidium iodide 
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(Invitrogen, Paisley, UK). The number of fibroblasts that had migrated from the upper 
to the lower surface of the transwell in 24 hours were counted. The result is expressed 
relative to control cultures without CCL5. 

Endothelial cell in vitro tube formation assay
In vitro EC angiogenesis was determined essentially as described previously (Koolwijk et 
al., 1996). Briefly, 3-dimensional fibrin matrices were prepared by addition of 0.5 U/ml 
thrombin (MSD, The Netherlands) to a 3 mg/mL fibrinogen solution (Enzyme Research 
Laboratories, Leiden, The Netherlands) in M199 medium. The fibrinogen-thrombin 
mixture (100 µl) was pipetted into a 96-well plate. After 2 hours of polymerization, the 
thrombin was inactivated by incubating the matrices with HMEC medium. Hereafter, 
EC (2x104 cells) were seeded confluently onto the surface of each matrix. After 16 hours 
of attachment the EC were stimulated with HMEC medium supplemented with 2 ng/
ml TNF-α in presence or absence of VEGF (25 ng/mL) (Invitrogen, Carlsbad, USA) 
or bFGF (10 ng/mL). After 48-72 hours the gels were formaldehyde-fixed, paraffin-
embedded. The sprouts formed by EC into the fibrin matrices were photographed and 
analyzed using a Nikon Eclipse 80i microscope and NIS-elements AR software 3.2. The 
amount of sprouting is expressed as surface area of the sprouts as a percentage of the 
total surface of the picture. 

Skin equivalent
Skin equivalents were constructed as described previously [20,25]. In brief, acellular 
human dermis (AS210) (A-Skin, Amsterdam, The Netherlands) was used as the 
connective tissue matrix. Two 3 mm diameter biopsies were used to construct a single 
skin equivalent of size 1.5 x 2.5 cm. Epithelial sheets were separated from connective 
tissue after overnight incubation on dispase II (Roche, Mannheim, Germany) at 4˚C 
followed by 10 min 37°C. Intact epithelial sheets were placed with the most differentiated 
side upwards onto the acellular dermis and cultured air exposed. In parallel and from 
the same biopsy, primary fibroblasts were cultured in a transwell (0.4 μm pore size, cat 
nr 3450, Costar, Corning Incorporated, New York, USA). After 7-10 days of culturing 
the primary fibroblasts (flow cytometry: >99% pure CD31- / CD90+ / vimentin +) and 
epithelial sheet apart, the dermis containing the epithelial sheet was placed onto the 
fibroblasts in order to allow fibroblast migration into the reticular side of the dermis. 
Culture medium was renewed twice a week and the skin equivalents were harvested three 
weeks after initiating culture from the original biopsy. In order to investigate fibroblast 
migration in the absence of keratinocytes, parallel experiments were performed in the 
absence of the epithelial sheet on the dermis.
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(Immuno-) histological staining
Paraffin embedded sections (5 μm for skin or skin equivalents or 15 μm for the fibrin gels) 
were used for morphological (heamatoxylin and eosin staining) and immunohistochemical 
analysis as described previously [31,32]. For immunohistochemical analysis of Ki-
67 (clone Mib1) and vimentin (clone v9) (both Dako,Glostrup, Denmark) paraffin 
sections were used. For all other stainings freeze sections (5 µm) were used. Primary 
antibodies against BTEB (clone NKI/beteb), integrin subunits integrin alpha 2 (clone 
HAS-3), integrin alpha 3 (clone F35177-1), integrin alpha 6 (clone MP4F10), integrin 
beta 1 (clone 4B7R) and integrin beta 4 (clone ASC-8) (all from Abcam, Cambridge, 
England). The sections were photographed using a Nikon Eclipse 80i microscope with 
NIS elements AR 3.2 software.

Statistical analysis
All data are presented as mean ± standard error mean. The differences between stimulated 
and unstimulated cells were tested for statistical significance using a paired student T-test 
or a one-way ANOVA. Differences were considered significant when *P < 0.05, **P < 0.01, 
***P < 0.001. Statistics were calculated in GraphPad Prism (San Diego, CA, USA).

Results

Differential fibroblast and endothelial cell migration in a scratch wound healing 
assay 
Both fibroblasts and endothelial cells reside within the dermis. Whereas fibroblasts 
are observed as single, non-clustering cells dispersed throughout the dermal matrix, 
endothelial cells maintain close contact with each other to form an uninterrupted 
vasculature (Figure 1a). Using a simple wound healing scratch assay these basic cell 
characteristics are easily visualized. Dermal fibroblasts moved as single cells away from 
the edge of the scratch (Figure 2a). Growth factor EGF stimulated this migration a 
further 1.9 fold over a 96 hour period. In contrast, endothelial cells maintained their 
contact with each other and migrated into the scratch area as an unbroken front (Figure 
2b). Growth factor bFGF stimulated this migration a further 1.6 fold during the 16 
hour period. 



Chapter 2

30

Epidermis

Dermis

Bloodvessel

Fibroblasts

Melanocytes 
in epidermis

Monsuur et al. Biomechanics 2015 Figure 1 

A 

B 

Epidermis

Dermis

Bloodvessel

Fibroblasts

Melanocytes 
in epidermis

Monsuur et al. Biomechanics 2015 Figure 1 

A 

B 

Figure 1: Morphology of human skin.
Healthy adult skin biopsy. (a) Heamatoxylin and eosin staining showing the epidermis (keratinocytes) and 
the dermis (fibroblasts and blood vessels). (b) BTEB (red) immunostaining showing the melanocytes in the 
epidermis. Scale bar = 50 µm.
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Figure 2: Migration scratch assay using human dermal fibroblasts and endothelial cells.
Cells migrate to cover the cell free area. (a) Representative pictures and relative migration values of human dermal 
fibroblasts cultured in the presence or absence of 10 ng/ml rhEGF. Bars represent means ± SEM of 7 independent 
experiments in triplicate. Statistically significant differences were calculated with a paired student t-test; *P<0.05. 
(b) Representative pictures and relative migration values for human dermal endothelial cells cultured in 
the presence or absence of bFGF. Bars represent means ± SEM of 5 independent experiments in triplicate 
wells with 3 photographs from each well. Statistically significant differences were calculated with a paired 
student t-test; *P<0.05.
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Fibroblasts migrate towards chemotactic gradients
In the above scratch wound healing assay, random cell migration (chemokinesis) is 
studied since no chemotactic gradient is present. In order to study directional migration, 
a transwell assay was used in which a chemotactic gradient is created between the upper 
chamber containing the cells to be studied and the lower chamber containing the 
chemoattractant. Fibroblasts showed a 5.3 fold increase in directional migration towards 
CCL5 (Figure 3). When an equal concentration of CCL5 was placed in the upper – and 
lower chamber no increase in fibroblast migration occurred comparable to the medium 
control, indicating that indeed chemotaxis rather than chemokinesis was involved.

Control CCL5 

Monsuur et al. Biomechanics 2015 Figure 3 

Control CCL5 

Monsuur et al. Biomechanics 2015 Figure 3 

Figure 3: Chemotaxis cell migration assay using human dermal fibroblasts.
Dermal fibroblasts were placed into the upper transwell chamber. Representative pictures showing 
fibroblasts which have migrated to the lower side of the transwell and relative chemotaxis values after 
culture with CCL5 are shown. 0 = absence of CCL5; 250 = 250 ng/ml CCL5 in lower chamber only; 
250-250 = 250 ng/ml CCL5 in both the upper and lower chambers. Bars represent means ± SEM of 3 
independent experiments in duplicate. Statistically significant differences were calculated with a one-way 
ANOVA Bonferroni’s multiple comparisons test; *P<0.05, **P<0.001.
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Figure 4: Sprouting assay using human dermal endothelial cells.
Endothelial cells on a fibrin gel with culture mediumsupplemented with or without 25 ng/ml VEGF or 10 
ng/ml bFGF for 48-72 hours. (a) Representative pictures of sprout formation by human dermal endothelial 
cells into 3D fibrin matrices (upper side of intact gel). (b) Representative pictures of cross-sections of sprout 
formation by human dermal endothelial cells into 3D fibrin matrices (HE tissue sections). (c) Relative 
migration values of supplemented human dermal endothelial cells compared to control unsupplemented 
cultures. Bars represent means ± SEM of 5 independent experiments in triplicate wells. Statistically 
significant differences were calculated with a one-way ANOVA Bonferroni’s multiple comparisons test; 
*P<0.05. Scale bars represent 50 µm. 

Endothelial cells form sprouts in a 3D fibrin matrix
In order to mimic the complexity of new vessel formation in a vasculature network, 
endothelial cell migration was studied in a 3D in vitro sprouting assay. A quiescent 
confluent monolayer of endothelial cells was present in control conditions. Upon 
stimulation with either VEGF or bFGF sprout formation occurred into the fibrin 
matrix (Figure 4a, b). The amount of sprout formation showed a significant increase 
of 4.8 fold for VEGF and 3.9 fold for bFGF after 48 h of stimulation with the growth 
factor (Figure 4c). 
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Epidermal migration over a fibroblast populated donor dermis
The epidermis, consisting of a differentiated multilayer of keratinocytes with the pigment 
producing melanocytes in the basal layer forms the outermost barrier of our skin (Figure 
1b). In order to study epidermal migration over the dermis, which is representative of 
wound closure, an intact 3 mm diameter epidermal sheet containing keratinocytes and 
melanocytes was placed on a fibroblast populated dermis [20]. During a 3 week culture 
period at the air liquid interface, keratinocytes proliferated and differentiated as they 
migrated out from the original biopsy sheet onto the dermis to form a new stratified 
epidermis (basal layer, spinous layer, granular layer and stratum corneum) (Figure 5a, 
B). Proliferating cells were located throughout the undifferentiated basal epidermal layer 
(Ki-67 immunohistochemical staining) (Figure 5c). Notably, since a dark skin type 
IV was used in these experiments, it can be seen that pigmentation of the expanding 
epidermis lags behind keratinocyte migration (Figure 5a). This could be caused by a 
lack of melanin deposition or slow melanocyte outgrowth compared to keratinocytes 
out of the original biopsy sheet. Immunohistochemical staining with the melanocyte 
specific antibody BTEB showed that indeed melanocytes, which are located in the 
basal epidermal layer, were only present in the midsection of the newly formed basal 
epidermal layer and not in the outer migrating front region, indicating that melanocytes 
migrate over the dermis at a slower rate than keratinocytes (Figure 5d).
 Integrins are important for keratinocyte migration and for attachment of the 
epidermis to the basement membrane, and are upregulated during wound closure 
[13,33]. Therefore integrin α2, α3, α6, β1 and β4 expression and localization of the 
expanding epidermis was investigated and compared to non-wounded skin biopsies. 
Integrin expression was visible in the basal and lower spinous layers of the epidermis, 
but was clearly upregulated in the expanding epidermis of the skin equivalent culture 
compared to the skin biopsy (Figure 6).
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Figure 5: Epidermal outgrowth onto human dermis.
(a) Macroscopic view of a skin equivalent after 3 weeks of culturing. Solid white arrow = original sheet 
margin; dashed white arrow = migrating melanocyte front; dotted white arrow = migrating keratinocyte 
front. (b) Heamatoxylin / eosin staining of migrating epidermal front; (c) proliferating (Ki67 positive) cells 
in the basal epidermal layer; (d) melanocytes (BTEB positive) in the basal epidermal layer.  Left: b, c and 
d are representative pictures from 5 µm tissue sections; Black arrow = original biopsy sheet margin; dashed 
black arrow = migrating melanocyte front; dotted black arrow = migrating keratinocyte front. Right: details 
are shown in inserts (black box). Scale bars represent 100 µm.
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Figure 6: Expression of integrin subunits α2, α3, α6, β1 and β4 in native skin and skin equivalents.
Representative pictures of the integrin subunit specific immunostainings are shown of native skin and skin 
equivalents.
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Figure 7: Fibroblast migration and distribution in human dermis.
Fibroblast migration and distribution into the dermis in the presence (a) or absence (b) of an epidermis. 
Representative pictures show macroscopic view and tissue morphology (5 µm tissue sections). Heamatoxylin 
and eosin (HE) staining shows tissue architecture, vimentin immunostaining identifies fibroblasts migrating 
into the dermis during a 3 week culture period.  Low magnification (right) shows total thickness of dermis 
with fibroblasts migrating throughout the dermis in the presence of epidermis but remaining localized low 
in the dermis in the absence of an epidermis. Scale bars represent 100 µm.

Epidermis stimulates fibroblast migration into dermis 
In addition to investigating keratinocyte and melanocyte migration over a fibroblast 
populated dermis it is also possible to investigate fibroblast migration into the dermis 
using a comparable experimental setup. Skin equivalents were cultured in the presence 
or absence of the expanding epidermal sheet (Figure 7). In the presence of the epidermis, 
fibroblasts migrated from the transwell surface on which they were seeded, up into the 
dermis during the 3 week culture period. Single vimentin positive cells were observed 
throughout the dermis (Figure 7a) whereas when skin equivalents were cultured in the 
absence of epidermis they remained located very low in the dermis (Figure 7b). This 
indicates that chemotactic factors secreted by keratinocytes are responsible for fibroblast 
migration into the dermis. Notably, as described above (Figure 2a), and in contrast to 
keratinocyte migration, fibroblasts are observed as single cells avoiding close contact 
with each other in line with their native distribution throughout the dermis (Figure 1a).
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Discussion

This manuscript describes a number of experiments of increasing complexity, which can 
be used to investigate human wound healing in vitro. When designing an experiment it 
is most important that the complexity of the methodology is in balance with the original 
research question, and that it is taken into account whether low or high throughput 
experiments are required. Here, we have focused on cell mobility methodology, and in 
particular the migration of skin residential cells which restore skin integrity after trauma.
 The scratch wound healing assay is a relatively simple assay, which was first 
described in 1984, enables a large number of substances to be tested and analyzed [28]. 
Previously we have used this assay to screen a panel of chemokines in order to identify 
those regulating fibroblast migration in skin wound healing and also to test novel human 
saliva derived histatin peptides for their wound healing properties [6,19,23]. Here we 
show that this assay can also be used to investigate how cells migrate over a surface, 
e.g. as single cells (fibroblasts) or as an intact sheet (endothelial cells). This observation 
is particularly interesting and may possibly be explained if proliferation is dominant 
over migration, which in the case of endothelial cells would result in cell migration 
as an intact front, being held together by integrins. However, in our experiments, the 
impact of proliferation was minimized by using nutrient poor medium. Therefore, the 
migration of fibroblasts as single, non-clustering cells is probably a representation of 
how the cells migrate in the skin, since they are found in the dermis as single, non-
clustering cells dispersed throughout the dermis. This is different to endothelial cells 
which should not lose their strong cell-cell adhesions during migration to prevent 
blood vessels leakage [34]. The main limitation of the scratch assay is that it does not 
distinguish chemotaxis from chemokinesis as no chemical gradient of the test substance 
is present. By using a transwell system instead of a scratch assay, a chemotactic gradient 
can be created to investigate cell migration in more detail [30]. In this manuscript we 
show fibroblast chemotaxis towards CCL5. Previously we have shown that keratinocytes 
migrate towards CC14, CCL20, CCL27, CXCL1 and CXCL10 by chemotaxis but via 
chemokinesis with regards to CXCL8 [22]. Since non-migrated cells are removed from 
the upper transwell after 24 hours (see Materials and Methods), it is most likely that 
only a sub-population of cells are able to migrate towards a particular chemical in the 
given study period. Whether this is due to a time factor (kinetics) or presence / absence 
of the receptor on sub-populations is currently unknown. The major limitation of the 
chemotaxis transwell assay is that no 3D matrix is incorporated into the model.
 By increasing the degree of complexity of the in vitro model by introducing a 
3D matrix, cell migration which involves continuous degradation and re-synthesis of the 
extracellular dermal matrix can be investigated. A 3D fibrin gel was used to investigate 
factors that promote endothelial cell sprouting, which is representative of new vessels 
forming within the wound bed. Small tube-like cavities in the confluent endothelial 
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layer cultured on the gel is representative of angiogenic activity (cell migration and 
matrix degradation). Previously we have described that the amount of degradation 
products can be measured in culture supernatants and reflects angiogenic activity. This 
assay can be used to test novel compounds and to investigate mechanisms behind new 
vessel formation [35-37]. 
 Skin equivalents represent the most physiologically representative human in 
vitro wound healing model. In this study they are used to study epidermal (keratinocyte 
and melanocyte) migration over the intact dermis and fibroblast migration and 
distribution in an acellular dermis. Notably, melanocyte migration lagged behind 
keratinocyte migration. The boundary membrane surface used in this study was the 
basement membrane of human donor dermis which contains natural rete ridges as they 
occur in the skin. Since similar results were observed when using flat collagen hydrogels 
(data not shown) we can conclude that the difference in migration is due to a property 
of the cells within the epidermis rather than the type of dermal matrix used. In support 
of our findings that the epidermis is required to stimulate fibroblast migration into 
the dermis, we and others have shown that keratinocytes secrete chemotactic factors 
(eg CCL5)[9,25,38]. In the past we have introduced full thickness freeze and burn 
wounds into skin equivalents in order to study mechanisms involved in scar free freeze 
wound healing compared to delayed wound healing and severe contracture forming 
(hypertrophic scar) in 3rd degree burns [12,22,27].
 This manuscript describes examples of how cell mobility can be investigated 
in in vitro wound healing assays with different degrees of complexity, most experiments 
can be carried out in any traditional cell culture laboratory. In order to obtain a more 
mechanistic understanding of migration, a higher temporal and spatial resolution may be 
introduced using e.g. time lapse imaging of scratch assays [29] or by using more advanced 
methods like traction force microscopy that give a better understanding of the cell forces 
at multicellular levels [39]. For more complex 3D tissues, fluorescently labelled cells can 
be tracked by means of optical fluorescence microscopy (e.g. the integration of optical 
coherence with multiphoton microscopy)[40].
 The focus of this study is the migration of skin residential cells during wound 
healing. Immune cell mobility is also important during wound healing and requires a 
higher level of complexity of the in vitro models. Previously we have described a skin 
equivalent model with integrated Langerhans cells in the epidermis. Upon allergen 
exposure these Langerhans cells start to mature and to migrate from the epidermis to 
the dermis thus mimicking the first part of sensitization and the innate immunology 
[41,42]. Exposure of the skin equivalent to an irritant, results in Langerhans cell 
migration into the dermis where they undergo a phenotypic change into a macrophage 
like cell similar to the in vivo situation [41]. Further studies with this model will enable 
us to determine the function of the macrophage like cells in tissue repair. Even though 
this skin equivalent model with integrated Langerhans cells is the most advanced skin 
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equivalent to date, it has limitations since both lymph and blood vasculature are absent, 
which are essential for trafficking of immune cells during tissue repair and in skin disease 
[43]. The future lies in the development of organ-on-a-chip models [44,45], and in 
particular immune competent skin-on-a-chip models with integrated microfluidic 
compartments to mimic vasculature and to provide two-way migration of immune cells 
into and out of the tissue being studied.
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Abstract 

In this work, we develop a mathematical formalism based on a 3D in vitro model that 
is used to simulate the early stages of angiogenesis. The model treats cells as individual 
entities that are migrating as a result of chemotaxis and durotaxis. The phenotypes 
used here are endothelial cells that can be distinguished into stalk and tip (leading) 
cells. The model takes into account the dynamic interaction and interchange between 
both phenotypes. Next to the cells, the model takes into account several proteins 
such as vascular endothelial growth factor, delta-like ligand 4, urokinase plasminogen 
activator and matrix metalloproteinase, which are computed through the solution of 
a system of reaction–diffusion equations. The method used in the present study is 
classified into the hybrid approaches. The present study, implemented in three spatial 
dimensions, demonstrates the feasibility of the approach that is qualitatively confirmed 
by experimental results.
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Introduction

Angiogenesis is the process through which a new blood vessel is formed from a pre-
existing blood vessel network. An adequate blood vessel network is required to supply 
blood to the entire human or animal body. In cases of (mechanical) damage, like a 
wound, the small blood vessel network in the wounded area has been disrupted and 
needs to be restored. In other cases of damage, one can think of the re-establishment of 
a vascular network around cardiac (coronal) arteries that may have closed as a result of 
atherosclerosis. In the  aforementioned processes, angiogenesis is indispensable for the 
survival of the organism. During the early stages of development of a tumor, growth 
occurs through cell division and proliferation. Subsequently, it halts as a result of lack 
of oxygen and even develops a necrotic core. Finally, it is able to continue growing 
if a vascular network around the tumor has been developed. Here, angiogenesis is 
responsible for turning a benign tumor into a malignant tumor, which will possibly 
metastasize (or spread out) to other parts of the body, often leading to morbid and 
mortal consequences for the patient. In order to understand the underlying mechanisms 
of angiogenesis, it is important to carry out experiments both in in vitro and in in vivo 
settings. Since qualitative (images) and quantitative (after analysis) results are obtained 
from these experiments, it is important to quantify and to test the hypotheses that are 
formed after theoretical assessment and analysis of the results. Therefore, mathematical 
modelling of phenomena like wound healing, wound contraction, tumor growth, ulcer 
development and angiogenesis has become very important and has developed into a 
mature state. The maturity of the modelling can be seen from the number of approaches 
that are used to simulate the aforementioned processes. Some of the approaches treat cells 
by the use of averaged quantities where the models end up as continuum-scale partial 
differential equations for cell densities. Examples of such continuum-scale approaches 
in the context of wound healing are Britton and Chaplain (1993), Javierre et al. (2009), 
Prokharau et al. (2014), Valero et al. (2014) and Gaffney et al. (2002), Maggelakis 
(2003), Maggelakis (2004) in the context of angiogenesis. The list of examples is far 
from complete. Next to the continuum-scale approaches, several formalisms have been 
developed on the smaller cell colony scale, where we start with mentioning the relevant 
work in Oers et al. (2014), Graner and Glazier (1992), Merks and Koolwijk (2009) on 
cellular Potts modelling in the context of angiogenesis. The cellular Potts models fall 
within the class of cellular automata models, which divide the computational domain 
into a discrete set of lattice points. Each lattice point is either occupied or not occupied 
by a cell (or by one of the subdomains) based on several biologically derived constrained 
optimality principles. Since cells or their boundaries move in a discrete fashion, and 
since intra-cellular adherence can be built in easily as a penalization, the use of cellular 
Potts models has become a very natural choice for the simulation of angiogenesis where 
endothelial cells move and stay attached to each other. On the same cell colony scale, 
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we mention the semi-continuous approach, where cells are treated as discrete entities, 
but where their migration is not restricted by any lattice points. Here, several modelling 
approaches have been developed in the context of wound closure, wound contraction, cell 
migration, and tumor growth and development. Examples of such models are the studies 
in Byrne and Drasdo (2009), Groh and Louis (2010), Mousavi et al. (2013), Neilson et 
al. (2011), Rey and Garcia-Aznar (2013), Vermolen and Gefen (2012), Vermolen and 
Gefen (2015),Vermolen et al. (2015). A recent review on particle methods applied to 
wound healing and tumor growth can be found in Vermolen (2015). Regarding cancer 
initiation, growth and invasion of cancer cells, and the use of cell-based modelling, we 
refer to the studies by Schlüter et al. (2014) and Vermolen et al. (2015). One can
distinguish between models in which the cell geometry does not change over the 
simulation and those models where cells actually geometrically deform. An example of 
3D models where cells deform and migrate, using a probabilistic voxel finite-element 
method, is given in Borau et al. (2014). This voxel finite-element is stochastic, as well 
as discrete, whereas some cell deformation models are based on phase-field methods or 
on moving surface partial differential equations like in, respectively, the work by Marth 
and Voigt (2014) and Elliott et al. (2012). Looking at the process of angiogenesis, one 
finds the classical continuum-scale models along with the cellular automata approaches; 
however, hybrid approaches combining cell-based approaches with finite-element 
simulations are very scarce in the literature. Regarding bone growth and angiogenesis, 
we refer to the work of our Belgian colleagues (Carlier et al. 2012) where endothelial tip 
cells are moving individually in a lattice-free manner and where other cells are treated 
in terms of cell densities. Chemotactic and haptotactic signals determine the migration 
of tip cells. Several chemotactic factors as growth factors are taken into account by 
approximating the solution of a system of diffusion-reaction equations. This interesting 
work also treats impaired angiogenesis in a framework with two spatial dimensions, 
where angiogenesis is considered in the context of bone formation. Another interesting 
study on modelling angiogenesis where mechanical cues were taken into account was 
done by Stéfanou et al. (2015). The present approach that we consider in this study 
deals with the modelling of an experimental in vitro setting, where a fibrin matrix is 
considered with a confluent monolayer of endothelial cells on top submerged in an 
extracellular fluid. Our approach is three dimensional where all endothelial cells are 
treated as soft spheres. Further, we distinguish between tip and stalk cells, and opposed 
to Carlier et al. (2012); stalk cells and tip cells are able to differentiate to either (sub-)
phenotypes at all times, see Tammela et al. (2011), Tung et al. (2012) and Blanco and 
Gerhardt (2014) for an experimental justification. The concentrations of the growth 
factors are treated analogously to the work in Carlier et al. (2012) in terms of diffusion–
reaction equations. However, we also include proteins that are secreted by the tip cells 
through mathematical point sources which make the stalk cells follow them based on the 
mechanism of chemo/haptotaxis. Next, to chemotaxis, a durotaxis term is added such 
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that the cells preferably stay near the transition of the extracellular fluid and fibrin matrix 
(hence approximately at the transition from fluid to matrix, that is, approximately at 
the basement membrane). To the best of our knowledge, we believe that these additions 
are innovative and complementary to the existing literature. The paper is organized as 
follows: in Sect. 2, the experimental set-up is presented, and subsequently in Sect. 3, 
the mathematical formalism and the numerical solution strategy are presented. This 
description is followed by the presentation of the simulation results in Sect. 4. Finally, 
in Sect. 5, the model is discussed and some conclusions are drawn. 

The experimental set-up

The dermatology department of the VUmc carries out several in vitro assays using 
primary Human Dermal Tissue Endothelial Cells (DTECs) on different substrates 
like fibrin. In this study, our particular focus is on the sprouting assay which uses a 
fibrin matrix and which is carried out in a standard 96- well plate depicted in Fig. 1, 
see Koolwijk et al. (1996) for the development of the assay. In this assay, angiogenic 
responses to the angiogenic growth factor vascular endothelial growth factor (VEGF) 
are measured for different concentrations.
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Fig. 1 Standard 96-well plate. Wells are cylindrical with a diameter of 7 mm and a total volume of around 300µL

Fig. 2 Dermal ECs in a control well. No sprouting can be seen

On the first day, a vF = 100 µL fibrin matrix (3 mg
mL fib-

rinogen with 0.5 µg
mL thrombine IIa) is placed in a total of 39

wells on top of which a 100µL solution is poured containing
around N = 20.000 ECs. The total volume in the well then
is v = 200 µL. Experimental observations show that ECs
have a typical diameter of around 45 µm, and hence, a radius
of R = 22.5 µm. ECs are ellipsoidal being twice as long
as wide. The ECs sink and adhere to the fibrin matrix, thus
forming a confluent monolayer covering the surface of the
fibrin matrix as depicted in the microscopic images in Fig. 2.

On the second day, the cells are stimulated using different
conditions. Three wells serve as baseline controls, where no
growth factors are added. All other wells are treated with 2

Table 1 Control wells have nothing added to them

C T VT 1.1 VT 3.3 VT 10 VT 25

C T VT 1.1 VT 3.3 VT 10 VT 25

C T VT 1.1 VT 3.3 VT 10 VT 25

All wells with a “T” have a 2 ng
mL = 2 × 10−3 µg

mL (microgram per
millilitre) TNF-α solution added. Wells with a “V” have VEGF added
to them in the given concentrations in mg/mL. The numbers behind
“VT” stand for the amount VEGF in the unit of mg/mL added to these
wells

ng
mL TNF-α to maintain and activate the monolayer of EC. In
addition, most wells are treated with additional growth factor
VEGF in different concentrations. All different concentra-
tions are replicated in threefold to compare the results, and
the well numbers are used to label the microscopic images.
We summarise the different concentrations in Table 1.

Depending on the donor-specific endothelial cell motil-
ity, fibrin matrices are fixated 48–72 h after stimulation. The
sprouting into the fibrin matrix is observed using microscopic
images like those in Fig. 3. In this figure, we see cells stim-
ulated with VT25. The monolayer is roughly undamaged,
except for a couple of circular-like structures with dark edges.
These dark edges form the premises of the newly formed
sprouts and are most likely the effect of the fibrous layer
underneath the monolayer bending out of the focal reach of
the microscope. In Fig. 4, we zoom in on one of the sprouts,
where one of the sprouts has been indicated by an arrow.
Inside the sprout, the fibrin matrix is degraded and this shows
up slightly lighter on the microscopic image. We can see
that no ECs show up in the image inside the sprout. This
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Fig. 3 Dermal ECs in a control well after stimulation with 25 ng/mL
VEGF and 2 ng/mL TNF-α. The circular structures form the boundaries
of newly formed sprouts

Fig. 4 Dermal ECs in a well after stimulation with 25 ng/mL VEGF
and 2 ng/mL TNF-α. The circular structures form the boundaries of
newly formed sprouts. This figure represents a magnification of ten
times with respect to Fig. 3. One of the sprouts has been indicated by
an arrow

is due to the fact that the sprouts move into the matrix and
get out of focus in the microscopic image. The amount of
sprouting in an assay is quantified using image processing
software. The darker edges of the sprouts are coloured, and
the cumulative area of the coloured regions is calculated as
a percentage of the total area of the image. This percent-
age will be called P(t), and this variable will serve as a
measure of sprouting. Although it cannot be seen in these
microscopic pictures, we know that sprouts are, as a rule of
thumb, twice as deep as their diameter at the top of the fibrin
matrix. One can conclude this by varying the focal depth of
the microscope. Sprouts usually are in downwards direction,
but slightly bending sprouts are also observed.

2.1 Driving forces on cells in sprouting angiogenesis

The motility of cells on the fibrin matrix is subject to many
mechanical and biological factors. We identify several fac-
tors driving the movement of cells on the fibrin matrix. The
mathematical formulation of these principles is covered in
Section 3. For detailed cell biological descriptions of the
hereafter listed phenomena, we refer the reader to the exten-
sive work on cell movements by Bray (2001).

2.1.1 Chemotaxis

Gamba et al. (2003) and Serini et al. (2003) describe chemo-
taxis as the movement of cells in response to a chemical
stimulus. One speaks of positive (negative) chemotaxis if the
movement is in the (opposite) direction of the gradient and
the chemical is called a chemoattractant (chemorepellent).
Chemoattractants can be, following the Keller–Segel model
formulated by Horstmann (2003), secreted by the cells them-
selves, leading to the formation of isolated clusters of cells.
The chemotactic process takes place thanks to pseudopo-
dia on the cell membranes that are formed on the sides of
the cell in high concentrations of the chemoattractant and
“reach” towards higher concentrations, pulling the cell in the
desired direction. Inflammatory mediators such as TNF-α
may increase the motility of cells.

2.1.2 Cell–cell forces, contact mechanics

Cells can adhere to each other by physically attaching their
cell membranes using surface proteins like cadherins. ECs
adhere to each other using vascular endothelial cadherin (VE-
cadherin) bonds. VE-cadherin at the same time works as an
inhibitor of haptotactic movement caused by VEGF by bind-
ing to the same receptor used in the chemotaxis signalling
pathway. Merks describes this contact inhibition in his cel-
lular Potts Model in Merks and Koolwijk (2009). ECs have a
certain optimal elliptical shape induced by their cytoskeleton
and will try to elastically return to this shape upon deforma-
tion. The magnitude of these forces is proportional to the
elasticity of the cell and the severity of the deformation. This
deformation can be caused by cells colliding into one another.
We will denote this effect by contact mechanics in further
chapters.

2.1.3 Cell–matrix forces, durotaxis

Transmembrane integrin proteins on the cell membrane
adhere to fibrous scaffolds such as fibrin matrix or collagen
and exert contractile forces causing cell–matrix adhesion.
Since these forces are caused by physical attachment to the
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2.1.3 Cell–matrix forces, durotaxis

Transmembrane integrin proteins on the cell membrane
adhere to fibrous scaffolds such as fibrin matrix or collagen
and exert contractile forces causing cell–matrix adhesion.
Since these forces are caused by physical attachment to the
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Fig. 3 Dermal ECs in a control well after stimulation with 25 ng/mL
VEGF and 2 ng/mL TNF-α. The circular structures form the boundaries
of newly formed sprouts

Fig. 4 Dermal ECs in a well after stimulation with 25 ng/mL VEGF
and 2 ng/mL TNF-α. The circular structures form the boundaries of
newly formed sprouts. This figure represents a magnification of ten
times with respect to Fig. 3. One of the sprouts has been indicated by
an arrow

is due to the fact that the sprouts move into the matrix and
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The motility of cells on the fibrin matrix is subject to many
mechanical and biological factors. We identify several fac-
tors driving the movement of cells on the fibrin matrix. The
mathematical formulation of these principles is covered in
Section 3. For detailed cell biological descriptions of the
hereafter listed phenomena, we refer the reader to the exten-
sive work on cell movements by Bray (2001).
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Gamba et al. (2003) and Serini et al. (2003) describe chemo-
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movement is in the (opposite) direction of the gradient and
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formulated by Horstmann (2003), secreted by the cells them-
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“reach” towards higher concentrations, pulling the cell in the
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inhibitor of haptotactic movement caused by VEGF by bind-
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pathway. Merks describes this contact inhibition in his cel-
lular Potts Model in Merks and Koolwijk (2009). ECs have a
certain optimal elliptical shape induced by their cytoskeleton
and will try to elastically return to this shape upon deforma-
tion. The magnitude of these forces is proportional to the
elasticity of the cell and the severity of the deformation. This
deformation can be caused by cells colliding into one another.
We will denote this effect by contact mechanics in further
chapters.

2.1.3 Cell–matrix forces, durotaxis

Transmembrane integrin proteins on the cell membrane
adhere to fibrous scaffolds such as fibrin matrix or collagen
and exert contractile forces causing cell–matrix adhesion.
Since these forces are caused by physical attachment to the
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fibrin matrix, the net force will be in the direction of the
fibrin matrix gradient. However, high-density fibrin matrix
may be too stiff for the cells to move into. The same cell–
matrix adhesive forces cause strain in the elastic fibrin matrix,
which on its turn is sensed by other cells adhering to the
matrix, and they get pulled along the stress lines. This effect is
called mechanotaxis. Reinhart-King et al. (2008) conducted a
series of experiments considering the interplay between cell–
cell adhesion and mechanotactic forces for endothelial cells.
They conclude that matrix stiffness is an important factor for
the cell motility and the ability to mechanically communicate
through the substrate.

3 The mathematical model

First the model formulation is presented, and this is followed
by the presentation of the numerical method.

3.1 The mathematical formulation

In this section, we present the governing equations with
their boundary and initial conditions. We consider a three-
dimensional cylindrical domain Ω with boundary ∂Ω . Ini-
tially the domain is divided into three segments: ΩE , ΩB and
ΩF , denoting the regions occupied by the, respectively, from
top to bottom, extracellular fluid, basement membrane and
fibrin matrix, see Fig. 5 for a sketch. The basement mem-
brane can be considered as a somewhat stiffer top layer of
the fibrin matrix. Since the tip cells will chemically create
holes through the boundary membrane and fibrin matrix by
degrading fibrin, the extracellular fluid will occupy the chan-
nels formed by the tip cells. To this extent, the biological
problem could be considered as a moving boundary prob-
lem. This approach will not be used, and in the approach
that we propose, we introduce the volume fractions of fibrin
matrix, basement membrane and extracellular fluid, which
are, respectively, denoted by fF (t, x), fB(t, x) and fE (t, x),
where x = (x, y, z), being the coordinates of the location.
Hence initially, we set

f p(0, x) =

⎧
⎪⎨
⎪⎩

1, x ∈ Ωp

0, x /∈ Ωp,

for p ∈ {E, B, F}. (1)

Since the basement membrane and fibrin matrix are simi-
lar collagen-structured materials and since the extracellular
fluid is a fluid, we introduce the variable fS(t, x) := fB(t, x)

+ fF (t, x) being the solid fraction. In our mixture formula-
tion, we require that fS(t, x) + fE (t, x) = 1 at all times t
and at locations in Ω .

Fig. 5 A schematic of the chemical interaction between the tip and
stalk cells in which the tip cells secrete the the DLL4 to make the stalk
cells follow them. The tip cells start migrating as a result of the gradient
of the VEGF. Further, the arrangement of the fibrin matrix, basement
membrane and extracellular fluid is shown, as well as the degrada-
tion of the basement membrane and fibrin matrix by, respectively, the
chemicals MMP and uPA. In the model itself, gravity is not dealt with;
however, in the simulations, the cells are seeded on the top surface of
the basement membrane by first positioning them on top of the extra-
cellular fluid and let them “sink” (by gravity) onto the top surface of the
basement membrane to get a somewhat more randomised arrangement
of endothelial cells as initial configuration for the simulations. In the
sprouting assay set-up used at the VUmc, gravity together with contact
mechanics forms a reasonable explanation for the formation of the ini-
tial confluent mono-layer. This initial configuration is also determined
by the contact forces that the cells experience when seeded on the top
of the basement membrane

3.1.1 Cell dynamics

The endothelial cells are treated as discrete spheres with
radius R. This simplification has been chosen to facilitate
a non-complicated approach for the intercellular contact
forces. In case of ellipsoid cells, then, contact mechanics
would need the determination of the points and angles of
contact to compute the resulting direction of cellular dis-
placement. The treatment of the contact forces in the case
that cells are colliding against each other has been illustrated
in Fig. 6, where the cells are considered to have collided if
h > 0. In the case that two cells collide, the contact force
is directed in the direction of the line connecting the cen-
tres of the cells. In case of multiple cells that collide, then
the net contact force is obtained from a linear combination
from all contributions from the separate cells. More infor-
mation regarding this topic can be found in Vermolen and
Gefen (2013). We distinguish between tip (leading) and stalk
endothelial cells, see Fig. 5. The only phenotype we consider
here is endothelial cells. The spatial positions of the cells are
denoted by xi (t), where i and t , respectively, denote the cell
index and time. To distinguish between the tip cells and stalk
cells, we introduce the set of all the stalk cells,
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Fig. 6 A schematic of the
contact forces caused by partial
overlapping of two spherical
cells. Note that the picture
displays a two-dimensional
representation, whereas the
implementation is in three
spatial dimensions

S(t) := {i ∈ {1, . . . , n} : cell i is a stalk cell}, (2)

and its complement

T (t) = Sc(t) = {i ∈ {1, . . . , n} : cell i is a tip cell}. (3)

Note that the transitions of the cells between the two states
“stalk” and “tip” make the sets time dependent. It is assumed
that the gradient of the vascular endothelial growth factor
concentration, cV (t, x), drives the chemotactic movement of
the tip cells. Next to the chemotactic signal, we take durotaxis
into account where we realise that the stiffness of the material
is proportional to the fraction of the volume of solid, see
Griffith (1921) where experimental results confirming that
solid is stronger than liquids. We take durotaxis into account
by considering the gradient of fS(t, x). We also postulate that
the cells are not willing to move into a very dense solid. To
this extent, we want the cells to move towards the centre of
the solid–liquid interface, denoted by �(t), which we define
implicitly by the surface

�(t) =
{

x ∈ Ω : fS(t, x) = 1

2

}
. (4)

We interpret the cell’s willingness to reside at locations near
�(t) as their adherence to the fluid–solid interface. To this

extent, the tip cells move according to

dxi (t) = (αM(xi (t))zi + γ∇cV (t, xi (t))

+ λ( fS(t, xi (t)))∇ fS(t, xi (t))) dt

+√
2DdW(t), i ∈ T (t). (5)

Here, xi (t) denotes the cell’s centre position at time t . The
first term of the right-hand side in the above equation denotes
the component of migration as a result of contact forces
between neighbouring cells as well as forces that cells exert
on the substrate, which are sensed by the other cells if the
strain energy is large enough. Here M denotes the strain
energy density and zi denotes the direction of movement
determined by the strain energy density. The variable α mod-
els the mobility of cell, as well as its viability and the friction
forces applied onto the cell surface as it moves over the solid
material inside the channel.

This term has been detailed in Vermolen and Gefen (2012),
but for this study we implemented the following changes with
respect to Vermolen and Gefen (2012):

– The formulation has been extended to three-dimensional
geometry, as in Dudaie et al. (2015);

– The formulation involves regions with different struc-
tures, and in the extracellular fluid, there is no long-
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representation, whereas the
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into account where we realise that the stiffness of the material
is proportional to the fraction of the volume of solid, see
Griffith (1921) where experimental results confirming that
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by considering the gradient of fS(t, x). We also postulate that
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2DdW(t), i ∈ T (t). (5)

Here, xi (t) denotes the cell’s centre position at time t . The
first term of the right-hand side in the above equation denotes
the component of migration as a result of contact forces
between neighbouring cells as well as forces that cells exert
on the substrate, which are sensed by the other cells if the
strain energy is large enough. Here M denotes the strain
energy density and zi denotes the direction of movement
determined by the strain energy density. The variable α mod-
els the mobility of cell, as well as its viability and the friction
forces applied onto the cell surface as it moves over the solid
material inside the channel.

This term has been detailed in Vermolen and Gefen (2012),
but for this study we implemented the following changes with
respect to Vermolen and Gefen (2012):

– The formulation has been extended to three-dimensional
geometry, as in Dudaie et al. (2015);

– The formulation involves regions with different struc-
tures, and in the extracellular fluid, there is no long-
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distance communication that is associated with long-
distance mechanical signals;

– The cells are moving around in a non-homogeneous lat-
tice where the elasticity modulus changes over time and
location. This issue is currently dealt with by averaging
the elasticity modulus used to determine how the strain
energy density signal attenuates over the line between the
two cells;

– The friction has been adjusted to incorporate the various
solid surfaces, as well as to model the difficulty cells
experience in R3 to move through cavities, the friction
coefficient μ̃ in Vermolen and Gefen (2012) has been
modified to

μ(xi ) = μ̃

EF

∑
k∈{F,B,E}

fk(xi )Ek, (6)

where Ek stands for the elasticity modulus in each phase.

Therewith the strain energy density associated with long-
distance communication is written as

M̃(xi ) = M0
i +

∑
j �=i

Mi j , (7)

where

M0
i = F2

i (1 − fE )

32π2 ES(xi )R4 , (8)

in which Fi represents a mechanical force exerted by viable
cells, which we treat as a constant in the present study. Fur-
ther, R denotes the radius of the cells. The local elasticity
modulus, ES(xi ), is determined by a mixing rule, which reads
as

ES(x) = EB fB + EF fF

fB + fF
. (9)

Note that as fE → 1, that is fB, fF → 0, then M0
i → 0,

which models that if the cells are not able to adhere to a
solid, then they will not generate any force, and thus, no
strain energy density is generated. Further, Fi denotes the
cellular traction force exerted by cell i . The attenuation of
the signal over the domain surrounding cell j towards cell i
is modelled by

Mi j = F2
i (1 − fE )

32π2 ES(xi )R4 · exp

(
− E S(xi , x j )

EC
||x j − xi ||

)
,

(10)

where E S(xi , x j ) represents the averaged elasticity modulus
between the two communicating cells, computed by

E S(xi , x j ) = ES(xi ) + ES(x j )

2
. (11)

Further, EC represents the elasticity modulus of the cell.
Mechanical contact between cells is also adjusted to the
three-dimensional case using Hertz contact mechanics for
two spheres, which gives

M∗
i j =

√
2

5π
EC

(
hi j

R

) 5
2

,

where hi j = max(0,
2R − ||xi − x j ||

2
), (12)

where we refer to Fig. 6 for a schematic. Finally, the overall
strain energy density is computed through

M(xi ) = M̃(xi ) −
∑

j∈Ni (t)

M∗
i j , (13)

where the index set Ni (t) is defined by

Ni (t) := { j ∈ {1, . . . , n} : hi j > 0}. (14)

The determination of the translation unit vector zi is analo-
gous to Vermolen and Gefen (2012), except for the above-
mentioned adaptations.

The second term in Eq. (5) mimics the contribution as
a result of chemotaxis in the direction of VEGF. Here, the
concentration of VEGF is denoted by cV . The γ -function
incorporates the mobility of a cell, as well as the resistance
by the material it has to move through, and the force that the
cell is able to exert on the material. To get a dimensionally
consistent relation, see Bookholt (2015) for the details, we
assert

γ = γ (xi ) = βFi

ρ(xi )ES(xi )
fS(xi ), (15)

where

ρ(xi ) =
∑

k∈{F,B,E}
fk(xi )ρk . (16)

Here ρk are the densities of the separate phases fibrin
matrix, basement membrane and extracellular fluid. As for
the mechanical component, there is no chemotactic move-
ment fS = 0, that is if the cell is in an environment entirely
filled with extracellular fluid.

The third term in Eq. (5) takes into account the migration
as a result of durotaxis. The λ-function, λ : N×R+ → R, is
constructed such that it is zero (no durotactic movement) in
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the extracellular liquid (that is fS = 0), in hard solid (that is
fS = 1) and on the the interface �(t) (that is fS = 1

2 ), to this
extent and after some normalisation and taking into account
the hypotheses that migration is inversely proportional to
local stiffness, cell motility and cell viability. In Vermolen
and Gefen (2012), cell viability is directly coupled to the
forces that they exert, and since the dimension of λ should
be m2 s−1, we use

λ(i, t) = 43

3
λ̂ · βi Fi

ES(xi )(t)
· fS(t, xi (t))

×
(

fS(t, xi (t)) − 1

2

)
( fS(t, xi (t)) − 1), (17)

where βi denotes the motility coefficient of cell i and where
λ̂ denotes the adhesive scaling factor, which is treated as
a constant. The last term of the right-hand side of Eq. (5)
models random walk of the cells (diffusion), where D denotes
the diffusion coefficient of the endothelial cells. The vector
dW(t) has three entries that are all independent normally
distributed events with zero mean and a variance of dt , that is,
the entries of dW(t) are Wiener Processes dWk ∼ N (0, dt),
for k ∈ {1, 2, 3}. The tip cells secrete the protein delta-like
ligand 4 (DLL4), which is the chemotactic signal of the stalk
cells. Hence, for the stalk cells, with centre location xi , we
have

dxi (t) = (αM(xi (t))zi + γ∇cD(t, xi (t))

+ λ( fS(t, xi (t)))∇ fS(t, xi (t))) dt

+√
2DdW(t), i ∈ S(t). (18)

Here no distinction has been made whether cells are stalk or
tip cells, since they are both endothelial cells, except for the
chemotaxis term, which is driven by the gradient of the con-
centration of DLL4, denoted by cD , where DLL4 is secreted
by the tip cells. Hence by the secretion of DLL4, the tip cells
make the stalk cells follow them, see Fig. 5 for a sketch of
the mechanism. The stalk cells can become tip cells and, vice
versa, the tip cells may become stalk cells. The transitions
between these states are modelled as memoryless stochas-
tic processes, which are classified as follows: Let P(t > τ)

denote the probability that the transition does not take place
until time τ and let P(t > θ + τ | t > θ) denote the proba-
bility that the transition does not take place until time τ + θ ,
given that the observer is at time θ where the transition has
not yet taken place (that is the event did not take place before
time θ ), then the memoryless property is defined by

The random process is memoryless in times t > 0
if and only if

P(t > θ + τ | t > θ) = P(t > τ), for θ, τ ≥ 0.

(19)

The probability that the stalk cells become tip cells is mod-
elled by an exponential distribution, given by the following
probability density function for t > θ :

fπ (i ∈ T (t) | i ∈ S(θ)) = λS→T e−λS→T (t−θ), (20)

for reverse transition, we analogously have

fπ (i ∈ S(t) | i ∈ T (θ)) = λT →Se−λT →S(t−θ). (21)

With these probability density functions, we get the following
transition probabilities for t > θ

P(i ∈ P(t) | i ∈ Q(θ))

=
∫ t

θ

fπ (i ∈ P(s) | i ∈ Q(θ))ds = 1 − e−λQ→P (t−θ),

where (P(s), Q(s)) ∈ {S(s), T (s)}
×{S(s), T (s)}, and P(t) = P(s) �= Q(θ). (22)

In the above equation, λQ→P is a probability rate constant.
In the experimental case with large number of cells in many
experimental experimental samplings, one could measure the
amounts of tip cells and stalk cells, and from these figures,
one can estimate the probabilities that a cell is either in the
“tip state” (that is i ∈ T (t)) or in the “stalk state” (that is
i ∈ S(t)). To this extent, Bayes’ theorem applied to the long-
time observations gives

P(i ∈ T (t) | i ∈ S(0))

P(i ∈ S(t) | i ∈ T (0))
= P(i ∈ T (t))

P(i ∈ S(t))
≈ nT (t)

n − nT (t)
,

(23)

where n and nT (t), respectively, denote the total number
of endothelial cells and the number of tip cells at time t .
The above relation gives an estimate of how the probability
rates λS→T and λT →S are related. In the simulations that
we will show, the probability rates depend on the chemical
environment in which transitions between the two states are
favoured if the VEGF concentration is high and if the DDL4
concentration is low. Some phenomenological relations have
been used in this study. We finally note that the present mod-
elling does not incorporate cell death or cell proliferation. In
“Appendix”, the reader will find more details regarding the
input values used in this study.

3.1.2 The proteins involved

Next we treat the concentrations of the various proteins
VEGF (cV ), DLL4 (cD), matrix metalloproteinase (MMP)
(cM ) and urokinase plasminogen activator (uPA) (cU ). Note
that the VEGF makes the tip cells move and further the DLL4
is secreted by the tip cells, and this chemokine makes the
stalk cells follow the tip cells. In the equations, we disregard
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shrinkage or expansion of the total computational domain
that could possibly occur due to mixing processes. All con-
centrations are modelled by diffusion–reaction processes,
where we have for t > 0

∂cV

∂t
− ∇ · (DV ( fF , fB, fE )∇cV )

= −
�

j∈T (t)

rV cV δ(x − x j (t)), in Ω (24)

where rV is a decay rate constant due to consumption by
tip cells, DV is the diffusivity of VEGF depending on the
phase (fibrin matrix, basement membrane or extracellular
fluid), and δ(.) represents the Dirac delta distribution, which
is defined by

δ(x) = 0, x �= 0,

�

Ω�0
δ(x)dΩ = 1, where Ω is open.

(25)

For all the chemokines, there is flux normal (perpendicular)
to the boundary, hence for t > 0

Dk( fF , fB , fE )
∂ck

∂n
= 0, on ∂Ω, for k ∈ {V, D, M, U }.

(26)

The initial condition for the VEGF concentration is given by

cV (0, x) =

⎧⎪⎨
⎪⎩

c0
V , x ∈ ΩF ,

0, x /∈ ΩF .

(27)

DLL4 is regenerated from conversion of VEGF by the tip
cells, and it is consumed by the stalk cells, to this extent, we
have for t > 0

∂cD

∂t
− ∇ · (DD( fF , fB , fE )∇cD)

= −
�

j∈S(t)

rD cD δ(x − x j (t))

+
�

j∈T (t)

sD cV δ(x − x j (t)), in Ω. (28)

Here rD and sD are regeneration and consumption rates. Ini-
tially, there is assumed to be no DLL4 in the domain of
computation. The metalloprotease MMP is secreted by the
tip cells by conversion from VEGF, and this chemical breaks

down the basement membrane, for t > 0, and we have

∂cM

∂t
− ∇ · (DM ( fF , fB, fE )∇cM )

= −rM cM fB

+
�

j∈T (t)

sM cV δ(x − x j (t)), in Ω, (29)

where the first term in the right-hand side models the decay
of the MMP concentration as a result of the breakdown of
the basement membrane, which is a somewhat stiffer exten-
sion of the fibrin matrix. This breakdown enables the Dermal
ECs to migrate into the fibrin matrix (including the base-
ment membrane). Further, rM and sM , respectively, are rate
constants for decay and regeneration of MMPs. Initially, the
concentration of MMPs is zero at all locations of the com-
putational domain. Finally, the protein uPA breaks down the
fibrin matrix. This protein is also secreted by the tip cells,
and hence, we have for t > 0

∂cU

∂t
− ∇ · (DU ( fF , fB, fE )∇cM )

= −rU cU fF

+
�

j∈T (t)

sU cV δ(x − x j (t)), in Ω, (30)

also here the first term of the right-hand side models decay
of uPA due to the breakdown of fibrin matrix. Furthermore,
rU and sU , respectively, are decay and regeneration rate con-
stants regarding uPA. Initially, there is no uPA in Ω . The
diffusivities are modelled using a mixing rule:

Dp( fF , fB , fE ) = D0
p

�
fF DF

+ fB DB + fE DE
�

, (31)

where D0
p denotes the diffusivity of protein p ∈ {V, D, M, U }

and Dk for k ∈ {F, B, E} (fibrin matrix, basement mem-
brane, extracellular fluid) denotes the diffusion factor cor-
rected for the phase that is considered.

Since the proteins MMP and uPA, respectively, change
the basement membrane and fibrin matrix into extracellular
fluid, we have for t > 0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂ fB

∂t
= −rB cM fB,

∂ fF

∂t
= −rF cU fF ,

∂ fE

∂t
= rB cM fB + rF cU fF .

x ∈ Ω. (32)
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The above relations are consistent with the requirement that
the sum over all volume fractions should be equal to one.

It is noted that the above equations warrant that if there
would be a sufficient number of cells that the long-time
behaviour becomes fB, fF → 0, as well as fE → 1, along
with cV , cD, cM , cU → 0 in Ω as t → ∞, which indicates
stability of the system.

3.2 The numerical method

To solve the stochastic differential equations for the spatial
positions of the centres of the cells, the Euler–Maruyama
method is used (Steele 2001). Further, the diffusion–reaction
equations for the concentrations of the chemicals have
been solved using the finite-element method in three spatial
dimensions. To this extent, we give the weak (variational)
formulation, where Sobolev/Bochner spaces are omitted, of
the diffusion–reaction equation for VEGF as an example:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Find cV , subject to the initial condition such that

�

Ω

∂cV

∂t
ϕ + D( fF , fB , fE )∇cV · ∇ϕdΩ

= −
�

j∈T (t)

rv cV (t, x j ) ϕ(x j ), for all functions ϕ.

(33)

Approximating cV (t, x) ≈ �N
k=1 cV (t, xk)ϕk(x), where

ϕk(x) are a set of chosen basis functions (in the present
study piecewise linear), and taking φi (x) for ϕ(x), neces-
sitates determining whether the cell centre is located in the
tetrahedral element of consideration. In order to determine
this, we consider a tetrahedron, e with vertices x1, x2, x3 and
x4. We use the barycentric coordinates of the tetrahedral ele-
ment. Consider tetrahedral element e, and let ψi (x) be the
linear function that is characterised by

ψi (x j ) = δi j , (34)

where x j represents the vertices of e, and δi j denotes the Kro-
necker delta function. Note that ψi (x) = φi (x) ∈ [0, 1] if
and only if x ∈ e and that outside the tetrahedron e the func-
tion ψ can assume values beyond the interval [0, 1]. Further,
the cell centre with coordinates x j (t) is located within e if
and only if 0 ≤ ψ(x j (t)) ≤ 1.

An alternative treatment can be applied if the ordering of
the vertices of the tetrahedral element e has been carried out
such that the numbering over each face of the tetrahedron is
in the positive orientation. Let Δ be the determinant given by

Δ = det

⎛
⎜⎜⎝

1 x1 y1 z1

1 x2 y2 z2

1 x3 y3 z3

1 x4 y4 z4

⎞
⎟⎟⎠ , (35)

then this determinant represents six times the volume of the
tetrahedron since it is positive by the choice of the orientation.
Further, we introduce the following auxiliary determinants
that are constructed on the same principle, but now we replace
the coordinates of vertex xk with the coordinates of the cell
centre x j (t), to get Δk . For instance, Δ1 is given by

Δ1 = det

⎛
⎜⎜⎝

1 x j (t) y j (t) z j (t)
1 x2 y2 z2

1 x3 y3 z3

1 x4 y4 z4

⎞
⎟⎟⎠ , (36)

This should be done for all vertices of the tetrahedron e. If
all Δk · Δ > 0 for all k ∈ {1, . . . , 4}, then xk(t) lies within
the tetrahedron e.

The finite-element implementation has been done for
MATLAB, where the meshes have been constructed using
the iso2mesh (Fang and Boas 2009). The meshed domain
is shown in Fig. 7. The iso2mesh-package generates meshes
without actually seeking for an optimal bandwidth of the dis-
cretisation matrices, and to this extent, the Cuthill–McKee
algorithm has been used to optimise the bandwidth. The
finite-element method uses linear elements; hence, linear
tetrahedra and the mass matrix needed in the time deriva-
tive are lumped through Newton–Cotes integration to prevent
spurious oscillations that could even occur when implicit
methods are used. Time integration of the partial differen-
tial equations is based on a first-order IMEX scheme where
the diffusion operator is evaluated at the new time step, and
all the nonlinear terms at the previous time step, meaning
that the right-hand side and the gradient of the concentration
are all treated at the new time step and that the determina-
tion of the diffusion coefficients has been performed at the
previous time step. The main advantage is that the numer-
ical stability of the time integration is not determined by
the mesh size and despite this feature, one does not have to
solve a complete nonlinear problem at each time step, and
hence, no inner iterations are needed, and therewith, the time
integration is relatively cheap. The choice of basis simple
tetrahedral elements is justified because no advection terms
are to be discretised, and hence, no SUPG discretisation or
flux corrections are needed to suppress spurious oscillations.
Higher-order finite-element methods will not improve the
accuracy because of the used point sources in the partial dif-
ferential equations for the concentrations (since cp /∈ H2(Ω)

for a fixed t > 0, p ∈ {V, U, D, M}). If one aims at improv-
ing the efficiency and accuracy, then adaptive finite-element
mesh strategies could be helpful, where the iso-concentration
surface, implicitly defined by fS = 0.5, represents the mov-
ing interface between the fluid and solid phases.

Finally, it is noted that the numerical solution of the vol-
ume fractions is performed using Euler backward method
with the concentrations that were computed earlier. One
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Fig. 7 The three-dimensional
finite-element mesh used in the
current study. The mesh was
constructed using the
isomesh-mesh generator (Fang
and Boas 2009)

could also interchange the order: first compute the volume
fractions with the use of concentrations at the previous time
step and subsequently use a complete implicit Euler time
integration for the numerical time integration of the concen-
trations. This variant has not been studied in the present study
since our approach gave satisfactory results. Another alter-
native time-integration method is the fully coupled implicit
approach, which needs an inner iteration loop within each
time step. This lastmentioned approach is thought to be more
expensive, and therefore, it has not been applied either.

4 Simulation results

First we show the visualisation of the simulation in terms of
field plots and cell plots. Subsequently, we show results in
terms of quantitative measures as well as a comparison with
experimental outcomes. We further carry out a sensitivity
analysis on the simulations. The default input data have been
listed in “Appendix”.

4.1 Visualisation of the simulations

Initially, the cells are located on the basement membrane, and
the initial volume fractions of the three phases, fibrin matrix,
basement membrane and extracellular fluid are shown in

Fig. 8, where the three-dimensional nature of the problem
necessitates to represent the phases in a slice plot. We used
slices that are perpendicular to the coordinate axes. In Fig. 8,
left, the initial fibrin fraction is shown. It can be seen that
the initial fibrin is distributed on the bottom. In the middle
of Fig. 8, the initial fraction of basement membrane is plot-
ted on the same slices in the domain of computation. It can
be seen that the initial basement membrane is localised on a
horizontal layer adjacent to the extracellular fluid and fibrin.
The initial fraction of extracellular fluid is localised on posi-
tions above the membrane, as can be seen in Fig. 8 on the
right. On the bottom of Fig. 8, we show the histograms of the
volume fractions that are experienced by the cells. It can be
seen that initially these histograms give a polarised behav-
iour reflecting that cells are located either in the fibrin or in
the extracellular fluid to a lesser extent. The cells are mod-
elled to migrate through chemotaxis, durotaxis (adhesion),
contact mechanics and random walk. The contact mechanics
prevents cells from coinciding with one another. Further, as
an example, we show the positions of the cells after 3354 s
in Fig. 9, where the green and red cells are the stalk and tip
cells, respectively. On the left, the three-dimensional repre-
sentation is shown, whereas on the right some projections
are shown so that it is clearer to see how the cells fit in the
channels through the fibrin matrix. It can be seen in this fig-
ure that the tip cells are localised on positions closest to the
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Fig. 8 Almost initial condition plot for the substrate components using
the slice plot, where the slices are perpendicular to the coordinate axes.
On the left, centre and right, the profiles for fibrin, basement membrane
and extracellular fluid are shown, respectively. Light and dark colours,

respectively, represent low and high values of the volume fractions.
On the bottom, histograms are given of the volume fractions of fibrin,
basement membrane and extracellular fluid as experienced by the cells

bottom since they indeed take the lead in chemically cre-
ating holes in the basement membrane and fibrin. The tip
cells are also shown in the projections on the right, where
they are represented by the red crosses. In Fig. 10, on the
left side, the level surface of fS = 0.5 is shown, which is
the surface on which we let the cells adhere to. This fig-
ure shows how the channels have been formed by the cells
through the release of MMP and uPA that convert the base-
ment membrane and fibrin matrix into extracellular liquid.
Hence, this iso-surface of fS = 0.5 shows a time instant in
the time evolution of the region that is occupied by the solid
phases, and it can be used to visualise the evolution of angio-
genesis if different time frames are shown after one other.
Next to this figure, we show the positions of the cells that are
residing on the top surface of the basement membrane, that
is in the vicinity of the initial interface between the extra-
cellular liquid and the basement membrane in Fig. 11. Like
in the experimental setting, we show cells that are within a
layer of three cell diameters around the initial position of
the interface between the basement membrane and the extra-

cellular fluid. The top, middle and lower layer cells have
been plotted in red, blue and green, respectively, in Fig. 11.
On the projections, the tip cells are represented by the red
crosses. In Fig. 11, several gaps arise (see the white regions
surrounded by the black lines and where we indicated two of
them by arrows, see also Fig. 4 in the in vitro experiments).
These gaps coincide with sprouts formed by the tip cells.
We compute their areas and compare these areas that have
been computed for the same setting in the in vitro experi-
ments. The concentrations of all the chemicals are obtained
by the finite-element approximation of the solution to the
three-dimensional diffusion–reaction equations in which the
cells either consume or regenerate the chemicals at their spa-
tial positions through point sources or sinks. Sometimes, one
observes some cells that are located within the circumfer-
ences of sprouts in Fig. 11, such as in the white patch on the
top left. The probable reason for this observation is that these
cells just detach from their neighbours that are still on the top
surface and start migrating downwards into the sprout that
is being formed. Note that here this sprout is very premature
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Fig. 9 Left Cells plot. Tip cells are coloured red in the left three-
dimensional plot. The thick black lines form the boundary of the
computational domain and aid the reader in orienting the plot. The

“camera” is in an angle slightly lower than the x, y plane. On the right,
several projections are shown in which the tip cells are indicated by the
red crosses

Fig. 10 Surface plot of
FS = 0.5. The thick black lines
form the boundary of the
computational domain and aid
the reader in orienting the plot.
The “camera” is in an angle
slightly lower than the x, y plane
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Fig. 11 Microscopic plot of the
top surface of the fibrin matrix
where the cells are seeded. The
circles represent projections of
the spherical cells onto the top
of the fibrin matrix. The colours
represent cells at different
heights: Red cells on top level,
blue cells on middle level and
green cells on lowest level. We
see a total of ns = 8 sprouts of
different sizes in order of
decreasing area at locations
approximately (x, y) =
(1250, 1200), (1100, 2200),

(550, 550), (2200, 1900),

(1700, 500), (1800, 1000),

(1000, 2500) and (1300, 1100).
We also see tip cells (denoted by
red x-marking) that have not
formed a sprout. The iso-lines
are calculated in the surface at
z = 1039.4 directly beneath the
initial placement of the cells.
The total number of tip cells is
nt = 9. Two sprouts have been
indicated by arrows

and that here the FS = 1/2 level curve has not formed yet on
the top layer of the solid, which means that the summed solid
fractions are still above 0.5 there. Since the sprout is occu-
pied with extracellular fluid, the migration of the cell does not
proceed instantaneously, and hence, they remain visible on
the top (though they are not located on the interface between
the solid and fluid phases) for a while. The concentrations of
the VEGF, DLL4, uPA and MMP after 3766 s are shown in
Fig. 12 in terms of slice plots on the planes perpendicular to
the coordinate axes, where it can be seen that the gradients
are largest in the vicinity of fS = 1/2 where the tip cells
chemically create holes in the solid phases. On the bottom of
the figure, histograms of the concentration that all the cells
experience have been shown. It can be seen that at the top
of the fibrin matrix, the VEGF concentration has decreased
a bit as a result of consumption by the tip cells, whereas fur-
ther away to the bottom, the concentration has not changed
considerably. The concentration of DLL4 increases slightly
in the vicinity of the top surface of the fibrin matrix since
this ligand is secreted by the tip cells that are predominantly
at the interface between the extracellular fluid and the solid
substances. This ligand makes the stalk cells follow the tip
cells. A similar behaviour is observed for the uPA and MMP
concentrations, which, respectively, are responsible for the
degradation of the fibrin matrix and basement membrane.
Next to the concentration plots, we plot histograms of the val-
ues of all the concentrations that are experienced by the cells,
which determine to what extent the stalk cells will follow the

tip cells. Many cells have not moved yet and at their positions,
the concentration of all proteins is between zero and very low
values. The other cells that did move (tip cells and stalk cells
with positions initially adjacent to the tip cells) are entering
the region where VEGF has higher values. Therewith there is
a considerable portion of cells that experience high values of
VEGF. Furthermore, in the course of time VEGF stimulates
secretion of the other proteins by tip cells that make the stalk
cells follow them and that facilitate the degradation of the
fibrin matrix and basement membrane.

4.2 Quantitative measures from the simulations

In order to quantify angiogenesis, several measures have been
introduced. The first measure is the total area of the sprouts
on the initial top layer of the basement membrane divided by
the total basement membrane area. This measure is denoted
by A(t). The second measure is called the sprouted perime-
ter, which is obtained by computing the total perimenter of
the sprouts on the top of the basement membrane multiplied
by the cell diameter and subsequently divide this result by
the total area of the basement membrane. We denote this
measure by P(t). The third measure is the total volume frac-
tion of the sprouts computed by the integral over fE over
the initial fibrin matrix domain. The lastmentioned measure
is denoted by V (t). Since the model contains a stochastic
nature, through migration and differentiation, it is important
to determine the amount of uncertainty for the set of parame-
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Fig. 12 The proteins over time in slice plots following the time-
dependent reaction–diffusion-sourcing equations. From left to right:
VEGF, DLL4, uPA and MMP. Diffusion of the initial VEGF distribu-
tion can be observed. Furthermore, sourcing of the other three proteins
at the locations of tip cells and diffusion into the surroundings can be

observed. MMP and uPA react at a faster rate than DLL4 due to the abun-
dant presence of the substrate components. At the bottom, histograms
of the concentrations VEGF, DLL4, uPA and MMP (same order) are
shown in terms of values experienced by the cells. This figure is taken
after approximately 1 h of simulated time (time = 3371 s)

ters used. The results have been plotted in Fig. 13, where the
mean curves for the respective quantities have been plotted
over time as well as the 95 % interval of confidence (exceed-
ing probability of p = 0.05) for all these quantities using 12
runs with identical choices for all parameters. It is clear that
all the measures go up as the vascularisation process contin-
ues. Further, there is an incubation time, which is a result of
the following sub-processes:

– Endothelial cells become tip cells by a random selection
in the model and only after a short, nonzero length period,
the first tip cells appear;

– The VEGF concentration has to reach the tip cells in order
to be able to degrade the basement membrane and fibrin
matrix;

– The (tip) cells can only migrate quickly to the bottom
provided the basement membrane and fibrin matrix have
decayed.

Besides the incubation time, a small jump (at t ≈ 14000) in
the plot for the percentage of the sprouted area is observed.
After having examined the video for this simulation, it turned

out that two sprouts merged and that the routine to com-
pute the total area of the sprouts counted the merged sprouts
twice. This small jump is not visible in the computation of
the volume fraction of the vessels. Simulations have been
done with different adhesion values λ̂ in the durotaxis term,
and the dependence did not seem to be significant since the
behaviour was not monotonic and the variations were not
larger than the the variations in different runs with identical
input parameters. The input values for λ̂ ranged between 6
and 100. Therefore, these results are not shown here. Pos-
sibly using lower values could show more dependency but
this is not certain since the adhesion is not the main trigger
for the vascularisation process. Lowering the λ̂-value only
allows cells to move towards the fS = 0.5 in a slower man-
ner and the time-integration method would allow for less
overshoot. Furthermore, the initial VEGF concentration has
been varied and higher initial VEGF concentrations predict a
higher volume of vascularisation, see the bottom of Fig. 14.
Note that we only plot the mean of all the 12 runs that were
carried out. Furthermore, the other measures were computed
over time for the various initial VEGF concentrations, and
the monotonic behaviour was also observed except for the
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Fig. 13 The estimators for the mean area A(t) and perimeter P(t) of
all sprouts at hF as a percentage of the total area and the percentage
of the total area and the percentage degraded substrate V (t) and 95 %
confidence intervals based on 12 runs with identical parameters

highest VEGF concentrations. This deviation is attributed to
the fact that higher initial concentrations give a larger con-
centration gradient. Since the total movement of the cells
is determined by contact forces, protein signals, durotaxis
(for the adherence) and random walk, the chemotactic and
haptotactic components to the overall movement of the cells
increases as the initial concentration increases. Thereby the
path that the cells follow towards the bottom will be more
according to a straight line, and hence, the cross sectional
will be lower than in the case that the movement of the cell
is distorted more from all the other signals such as contact
forces and random walk. In Fig. 15, we show the influence

Fig. 14 The area A(t) and perimeter P(t) of all sprouts at hF as a
percentage of the total area and the percentage degraded substrate V (t)
for varying initial concentrations VEGF

of the variation of the probability that stalk cells become tip
cells. It can be seen that the amount of vascularisation in all
the measures increases monotonically with the probability
of stalk cells to become tip cells. Finally, we show the influ-
ence of the regeneration of uPA and MMP’s in the evolution
of the vascularisation over time in Fig. 16. Since both con-
centrations act in a similar way, we took the regeneration
constants equal. It can also be seen that the vascularisation
rate monotonically increases with the regeneration constants.
The decrease in speed at the latest times is due to flattening
out of the VEGF signal due to diffusion, which is the main
trigger for the further growth of the sprouts. This is also
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of the vascularisation over time in Fig. 16. Since both con-
centrations act in a similar way, we took the regeneration
constants equal. It can also be seen that the vascularisation
rate monotonically increases with the regeneration constants.
The decrease in speed at the latest times is due to flattening
out of the VEGF signal due to diffusion, which is the main
trigger for the further growth of the sprouts. This is also
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Fig. 15 The area A(t) and perimeter P(t) of all sprouts at hF as a
percentage of the total area and the percentage degraded substrate V (t)
for varying maximal sprout to tip probability λPT

confirmed by the absence of a dependence of the sprouting
dynamics upon changing the λ̂-parameter.

4.3 Comparison with experiments

Finally, we compare the simulation results to the outcomes
obtained from the experiments in terms of the metric P(t),
which accounts for the perimeter over time. The results can
be seen in Fig. 17, where human dermal tissue (DTECs)
endothelial cells are considered. In both the in vitro and sim-
ulation experiments, the concentration of VEGF was varied
and the sprout perimeter P(t) was computed after the third
day in the in vitro experiments and after 14,400 s (4 h) in the

Fig. 16 The area A(t) and perimeter P(t) of all sprouts at hF as a
percentage of the total area and the percentage degraded substrate V (t)
for varying MMP and uPA sourcing rates

simulations. This discrepancy in times was caused because
the right parameter values were not yet available. Firstly,
it is noted that the trends of increasing vascular perime-
ter are observed in both simulations for increasing values
of VEGF concentration. However, in the simulations it can
be seen that for the largest value of initial VEGF concen-
tration, the amount of sprouting seems to drop. This drop
is attributed to the migration mechanism of the endothelial
cells: for larger values of the initial concentration in the fibrin
matrix region, the magnitude of the VEGF concentration is
larger. Thereby the chemotaxis movement becomes larger.
Since for all the cases the other mechanisms that contribute
to migration (cell–cell contact, random walk and durotaxis)
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Fig. 17 The metric P(t) as measured by the VUmc dermatology
department after the third day (left), where the black bars are DTECs,
and (right) the metric P(t) at t = 14,400 computed by the present
model. The horizontal axes of both figures have been scaled to unity
(originally the maximum of the VEGF concentrations was 25 mg/mL
and 0.04 ng/µm3 = 40 mg/mL for the experiments and simulations,
respectively) because of the scaling down of the chemotactic response

are approximately the same, the relative portion of chemo-
taxis is larger if the initial VEGF concentration in the fibrin
matrix is larger. Therefore, the paths and holes that the cells
will make through the solid will be more straight with fewer
migrational components perpendicular to normal of the ini-
tial interface between solid and fluid. Hence, for larger initial
concentrations, the chemotaxis component dominates and
the cells will migrate straight towards the bottom, by which
the small vessels will have a smaller diameter and a smaller
perimeter. If the concentration of VEGF would be much
larger in the experimental case, then one possibly observes
the same behaviour for the relation between P and the ini-
tial stimulation with the VEGF concentration, since results

of in vitro experiments often reveal a bell-shaped curve in
the response of cells to increasing concentrations of a stim-
ulus. Probably it is a matter of adjusting the parameters to
more appropriate values to have a drop in the sprouting per-
centage at a higher concentration. This behaviour cannot
be attributed to a chemical saturation effect. Furthermore,
adjusting the parameter values will also lead to a decrease of
the discrepancy between the times at which we determined
the sprouting percentages in Fig. 17. A more efficient imple-
mentation of the present model will be needed if one wants
to match the in vitro experiments to the simulations through
inverse modelling. This inverse modelling will make a better
fit between simulations and the in vitro experiments possi-
ble. Since the aim of the current paper is to introduce the
mathematical model which is original in its kind, being a
cell-based model for angiogenesis, this inverse modelling is
omitted here.

5 Discussion and conclusions

In this section, we discuss the model and give various rec-
ommendations for further study, and the final conclusions are
drawn.

5.1 Discussion

We based most parameters and scaling factors in the deriva-
tion of the cell movement model on physical or biological
principles. The only parameter that forms the exception is
the dimensionless scaling factor λ̂. This parameter mediates
the contiguity of the monolayer of cells; however, in our sen-
sitivity analysis we have seen that this parameter does not
play an important role in angiogenesis. The addition of nat-
ural protein decay over time would be an interesting property
to add to the system of PDEs. We have performed a sensitiv-
ity analysis on five parameters, and we did twelve model runs
for the estimator of the mean of all sprouting metrics. Extra
computational power or parallelisation could reduce the cost
of the simulations so that these numbers can be improved.
Such a parallelisation has recently been carried by Woods
et al. (2014). Another interesting approach is to apply a full
continuum model in terms of a system of partial differential
equations like by Maggelakis (2003), Maggelakis (2004) or
by Gaffney et al. (2002). The latter approach allows to con-
sider angiogenesis on a larger scale such as on a tissue scale.
It would be of great interest to apply some of the homogeni-
sation techniques that, for instance, are currently applied in
porous media applications to link the microscopic, cellular,
scale to the macro, tissue scale. One could also use an optimi-
sation in the cheaper continuum modelling approach as a start
for the cell-based model. The optimisation could be refined in
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a cell-based formalism, which in total gives a hybrid (multi-
scale) regression technique.

Obtaining appropriate values for the physical parameters
is often very hard and in many cases impossible in compli-
cated models. An example is the diffusive speed DV . For
most of the parameters, we used values that were reported
in the literature, and if no values in literature were reported,
then we used educated guesses so that the model predictions
are reasonable. The difference of the VEGF concentration
between the in vitro study and the initial concentrations used
in the simulations was compensated for by scaling down the
chemotactic response accordingly. A modification of these
values will not change the model outcomes significantly.
As mentioned earlier, one could use sound inverse mod-
elling techniques to get access to modified parameter values
which could reduce the gap between experimental and sim-
ulation outcomes. At this stage, we are satisfied with having
developed a new sound hybrid cell-based model for angio-
genesis.

In the current model, the edges of the domain do not
exert any forces on the cells, making it possible for cells
to move out of the computational domain. Cells that have
moved out of the domain are not within an element of the
FEM mesh and therefore cannot sense or source any pro-
teins or react to the substrate properties. This fact on itself
forms no problem for the rest of the computational model,
but does require much useless computational effort, predom-
inantly in trying to find the (non-existing) element a cell
is located in. An improvement would be to remove these
cells from the computations. Another approach could be to
give the boundaries contact mechanical properties or to lay a
monolayer of ghost cells on the boundaries that provide the
contact mechanical forces to keep the cells in the problem
domain.

In the formulation of the rates λS→T and λS→T of tip cell
selection, we normalise the VEGF and DLL4 concentrations
with the initial concentration VEGF c0

v . In hindsight, this is
no reasonable assumption since tip cell selection does not
depend on the absolute VEGF concentration, but rather on
a saturation with respect to the initial condition. It would
be an improvement to remove this normalising factor and
reconsider these rates. It would be very interesting to see
whether we can verify more of our simulation results with
laboratory measurements. This incorporates measurement of
other metrics from the in vitro experimental results than only
P(t) and maybe 3D visualisation of the sprouting assay using
multi-focal plane microscopy or other techniques.

In the future, we want to combine the current angiogenesis
model with modelling of cancer development, such as in Ver-
molen (2015), where the necrotic core of the tumour releases
growth factors (Tumour Necrosis Growth factor) that trigger
the angiogenesis response of the endothelial cells.

5.2 Conclusions

Our model is qualitatively successful in describing the in vitro
angiogenesis sprouting assay as performed by the VUmc
dermatology department. We modelled the degrading of
the substrate by proteases secreted by ECs as a continuous
process dependent on the properties of the substrate itself.
Cell motility is modelled using a cell-based formalism based
on mechano-biological principles that are well established in
cell biology. A probabilistic model based on local chemical
conditions is proposed to model the differentiation of ECs
into tip cells and stalk cells.

The proposed metrics of the amount of sprouting seem to
align with the in vitro results on a qualitative level. Quanti-
tative comparison is hard due to many uncertainties, both in
the proposed computational model and in the measurement
techniques used for the in vitro experiment. The morphology
of the sprouts is similar to the experimental setting.

The metrics over time produced by the model respond to
variation in parameters as we would expect from biological
reasoning. Only the variation of the VEGF concentration is
performed in the laboratory setting, and the results are com-
parable. The area of sprouted perimeter ranges from 1 to 5 %
in the in vitro experiments and ranges from 0.5 to 6 % in the
simulations for varying concentrations VEGF, which are of
the same order of magnitude.

VEGF concentrations, protease secretion rates and the
probabilistic model for tip cell selection are important fac-
tors in sprout formation process. We postulate that it is the tip
cell’s ability to degrade the substrate in its surroundings that
drives the success of producing a viable sprout as well as give
rise to the sprouts proliferation speed and its final depth. This
factor is at least as important as the chemotactic response to
a higher concentration VEGF or the adhesive properties. The
success rate of sprout formation for a tip cell is between 50
and 60 %, independent of the number of tip cells present. We
postulate that also in vitro the number of tip cells is larger
than the number of sprouts.

The model was constructed to simulate angiogenesis.
Vasculogenesis is another process witnessed in studies con-
taining ECs as described by Nany et al. (2004) and Merks
et al. (2004). Since our formalism describes EC behaviour in
a general sense, we also witness vasculogenesis-like struc-
ture formation for varying values of the substrate elasticity.
Since modelling vasculogenesis was not the scope of this
study, we leave further investigation of this phenomenon for
future research.
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Appendix: Input data

ECs can change from stalk cells into tip cells (and reversibly)
based on the local protein balance. Higher concentrations of
VEGF will increase the chance of a stalk cell to become a tip
cell. However, a nearby tip cell that sources DLL4 inhibits a
stalk cells from becoming tip cells.

We model the changing time of a stalk cell to become a
tip cell using an exponential distribution with a rate λ̃ST . We
also model the changing time of a tip cell to change back into
a stalk cell using an exponential distribution with rate λ̃T S .
The probability density function (PDF) of the exponential
distribution is given by

f (t, λ) =
{

λe−λt for t ≥ 0,

0 for t < 0.

The changing times are then distributed according to expo-
nential distributions. The rates λ̃ST and λ̃T S are dependent
on cell-specific factors and local chemical conditions. Since
the concentration VEGF cV only decreases over time, we
know that we have cmax

V = c0
V and we normalise using cV

cmax
V

.

The concentration DLL4 cD can take arbitrary positive val-
ues but in practice almost never exceeds the concentrations
VEGF so again we “normalise” by setting cD

cmax
V

. For ideal

circumstances, i.e. cV = cmax
V and cD = 0, we define the

maximal rate of changing from stalk to tip per second to be
pST . The rate λ̃ST increases for increasing cV and decreases
for increasing cD . We model

λ̃ST (cV , cD) = pST e
−ps

(
1− cV

cmax
V

)

e
−pi

cD
cmax
V . (37)

The strength of the DLL4 induced inhibition is governed
by the parameter pi (i for inhibition) and higher values of pi

constitute stronger inhibition. The strength of the stimulation
by VEGF is governed by the parameter ps (s for stimulation),
and lower values of ps constitute stronger stimulation even
for low values of cV . Tip cells can change back into stalk cells
at a rate governed by the decreasing of a VEGF gradient. We
model

λ̃T S(cV ) = pT Se
−ps

cV
cmax
V , (38)

and set pT S = 1 × 10−6. The rates in Eqs. 37 and 38 are
per second. During a time step of length �t , we see that we
have the following probability of a cell type change, where
we approximate the exponential with its first-order Taylor
expansion around t = 0.

∫ �t

0
λ̃e−λ̃t dt =

[
1 − e−λ̃t

]�t

0
= 1 − eλ̃�t

≈ 1 − (1 − λ̃�t) = λ̃�t.

This approximation is suitable for small enough time
steps �t , and we have to specifically ensure that λ̃T S�t ≤
pT S�t ≤ 1. Bayes theorem now dictates that P(S|T )

P(T |S)
= P(S)

P(T )

and we end up with an equilibrium ratio between tip cells and
stalk cells given the local chemical conditions.

The values for pm, ps and pi should be found based on
experimental data. Microscopic images show us that for large
concentrations of VEGF (25 ng

mL ), we see around one sprout
for every fifty ECs after two days. We assume that every
sprout is led by one tip cell. Furthermore, we assume that
all tip cells are selected at 12 h after stimulation with VEGF
and that no additional tip cells are formed due to inhibition
by the existing ones afterwards. This means that a cell has a
probability of 0.02 per 12 h of becoming a tip cell not chang-
ing back again. This is equivalent to 0.02

12×3600 = 4.6 × 10−7

per second. The VEGF concentration is not maximal over
the entire domain, so we choose pm = 4 × 10−6. We know
that the inhibiting effect of DLL4 is stronger than the stimu-
lating effect by VEGF, so we model pi = 10 and ps = 4 and
conclude that these values are suitable for our modelling pur-
poses. Better estimations for these values might be obtained
by fitting the model results to the experimental observations,
but this is cumbersome due to the long execution time of the
model. An investigation of the magnitude of these parame-
ters reasoning from a more biochemical point of view is a
useful recommendation.

Parameters and Domain

Our model uses a number of parameters, most of a physical
or chemical nature. We try to find accurate values for these
parameters in the literature as much as possible although
some values are hard to estimate. We list all our parameters
with description, symbol, programming code name, value,
dimension and where possible a source in Tables 2, 3, 4 and 5.
The elastic modulus of endothelial cells Ec is approximately
10 kPa according to Kuznetsova et al. (2007). They found
this value in a study using atomic force microscopy probing.

According to the work of Ganz et al. (2006), traction
forces Fi are also higher than the 1 nN used by Vermolen
and Gefen (2012). Reinhart-King et al. (2003) conducted
in vitro studies measuring the forces exerted by ECs on
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Table 2 Domain parameters

Parameter Symbol Code name Value Dimension Source

Domain scaling factor ξ g.dom.scaling [1–10] – –

Diameter well dtop g.dom.dTop 7000 µm Experiment

Volume well v g.dom.vol 200 µL Experiment

Volume fibrin matrix vF g.dom.volFibrin 100 µL Experiment

Table 3 Chemical simulation parameters

Parameter Symbol Code name Value Dimension Source

Substrate threshold f0 g.chemP.minThres Boolean – –

Diffusion coef. VEGF D0
V g.chemP.dV 1.00 µm2 s−1 Plank et al. (2002)

Diffusion coef. DLL4 D0
D g.chemP.dD 0.51 µm2 s−1 Est. on Plank et al. (2002)

Diffusion coef. uPA D0
U g.chemP.dU 1.23 µm2 s−1 Est. on Plank et al. (2002)

Diffusion coef. MMP D0
M g.chemP.dM 0.53 µm2 s−1 Est. on Plank et al. (2002)

Diffusion factor Fibrin matrix DF g.chemP.dF 1.00 – –

Diffusion factor BM DB g.chemP.dB 2.00 – –

Diffusion factor ECF DE g.chemP.dE 0.10 – –

Reactive rate VEGF rV g.chemP.rV 0.024 µm3 s−1 Plank et al. (2002)

Reactive rate DLL4 rD g.chemP.rD 0.024 µm3 s−1 Est. on Plank et al. (2002)

Reactive rate. uPA rU g.chemP.rU 0.024 s−1 Est. on Plank et al. (2002)

Reactive rate MMP rM g.chemP.rM 0.024 s−1 Est. on Plank et al. (2002)

Reactive rate Fibrin matrix rF g.chemP.rU 1.210 µm3ng−1 s−1 Lutolf et al. (2003)

Reactive rate BM rB g.chemP.rM 1.210 µm3ng−1 s−1 Est. on Lutolf et al. (2003)

Sourcing rate DLL4 sD g.chemP.sD 10.00 µm3s−1 –

Sourcing rate uPA sU g.chemP.sU 10.00 µm3s−1 –

Sourcing rate MMP sM g.chemP.sM 10.00 µm3s−1 –

Initial density VEGF c0
V g.chemP.iV 0.01 ngµm−3 –

Table 4 Cell parameters

Parameter Symbol Code name Value Dimension Source

The number of cells in the well N g.cell.nCells 20.000 – Experiment

Radius of an EC R g.cell.rCell 22.5 µm –

Elastic modulus of an EC Ec g.cell.Ec 10 nNµm−2 Kuznetsova et al. (2007)

Maximal exerted force of an EC Fi g.cell.Fi 1000 nN Reinhart-King et al. (2003), Ganz et al. (2006)

Motility of the cell surface βi g.cell.beta 0.02 s−1 Vermolen and Gefen (2012)

Friction coefficient μ̂ g.cell.muHat 0.2 – Vermolen and Gefen (2012)

Adhesive scaling factor λ̂ g.cell.lambda 15 – –

Density of an EC Pc g.cell.densityC 1.030 × 10−3 ngµm−3 Urbanchek et al. (2001)

St. dev. of stoch. movement σW g.cell.sigmaW [0 - 0.1] µm –

Gravitational constant g g.cell.gravitation 9.810 × 10+6 µms−2 –

Max. prob. stalk becoming tip pST g.cell.pMaximumS2T 4.000 × 10−6 s−1 –

Governs tip cell stimulation ps g.cell.pStimulation 4 – –

Governs tip cell inhibition pi g.cell.pInhibition 10 – –

Max. prob. tip becoming stalk pT S g.cell.pMaximumT2S 1.000 × 10−6 s−1 –
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Table 5 Substrate parameters

Parameter Symbol Code name Value Dimension Source

Elastic modulus fibrin matrix EF g.sub.Ef 10 kPa = nN µm−2 Rowe et al. (2007)

Elastic modulus BM EB g.sub.Eb 20 kPa = nN µm−2 Zhu et al. (2011)

Elastic modulus ECF EE g.sub.Ee 1 kPa = nN µm−2 –

Viscosity fibrin matrix μF g.sub.viscosityF 0.007 × 10+6 ng µm−1s−1 Ehrlich et al. (1952)

Viscosity BM μB g.sub.viscosityB 0.007 × 10+6 ng µm−1s−1 Est. based on Ehrlich et al. (1952)

Viscosity ECF μE g.sub.viscosityE 0.001 × 10+6 ng µm−1s−1 Streeter et al. (1998)

Density fibrin matrix ρF g.sub.densityF 1.060 × 10−3 ng µm−3 –

Density BM ρB g.sub.densityB 1.060 × 10−3 ng µm−3 –

Density ECF ρE g.sub.densityE 0.9933 × 10−3 µm Streeter et al. (1998)

polyacrylamide substrates. On page 1578, we see see the
relation between cell area and exerted force of ECs. Since
we model our cell radius as R = 22.5 µm, we have an area
of 22.52π = 1590 µm2 = 1.59×10−5 cm2. The graph gives
a force of 0.1dyne = 10−6 N = 1000 nN, and we choose to
use this value in our model.

Elasticity of fibrin matrix EF is approximately 10 kPa
according to Rowe et al. (2007). Zhu et al. (2011) propose
values for the elastic modulus of collagen–chitosan scaffolds
in the order of 10 kPa. Since BM consist of collagen and
more stiff components, we use an estimate EB = 20 kPa.
Plank et al. (2002) set the diffusion coefficient for VEGF

DV = 3.6 × 10−3 mm2

h = 1µm2

s (in matrigel). We have
found no references on the diffusion coefficients of the con-
centrations DLL4, uPA and MMP so we estimate them using
their molecular weights. We assume that substances diffuse
more slowly for larger molecular weights. All four substances
are sold commercially, and molecular weights m are specified
very accurately. We see that mV ≈ 38.2 kDa, m D ≈ 75 kDa,
mU ≈ 31 kDa and m M ≈ 72 kDa. We estimate

DD = mV

m D
DV = 0.51, DU = mV

mU
DV = 1.23,

DM = mV

m M
DV = 0.53,

all measured in µm2

s . Contradictorily, Bauer et al. (2009) set

the diffusion coefficient for VEGF to 1698 µm2

s and Miura
and Tanaka (2009) measured in an in vitro experiments that
the VEGF diffusion constant in matrigel (similar to fibrin

matrix) is equal to 278 µm2

s . The coefficient used by Plank
et al. (2002) seems to make the most physical sense and pro-
duces reasonable results in our computational model. Further
research into the difference between these values might be
useful.

Plank et al. (2002) furthermore set the VEGF uptake rate

rV within cells to 8.66 × 10−5 mm2

h = 0.024µm2

s . Note that
Plank et al. work in a 2D setting and that in the 3D setting, the

dimension would be mm3

s . We set the uptake rates rD , rU and
rM equal to this value since we could not find any references
concerning these quantities. The degrading rate rF of the
fibrin matrix fraction by uPA is, according to Lutolf et al.
(2003), of magnitude 1.21 s−1, and we use this value in our
model. We estimate that the degrading rate rB of the BM by
MMP is of the same magnitude.

Viscosity of water is 0.6531 × 10−3 Ns
m2 at 40 degrees

centigrade and 0.7978 × 10−3 Ns
m2 at 30 degrees centigrade

according to Streeter et al. (1998). Our experiment is con-
ducted in an incubator at 37 degrees, and we therefore
take μE = 0.6965 × 10−3 Ns

m2 . Viscosity fibrin matrix is

approximately 7.000 × 10−3 Ns
m2 according to Ehrlich et al.

(1952). According to Urbanchek et al. (2001), the density of
myocytic cells is 1.060×10−3 kg

cm3 . Water at 37 degrees centi-

grade has a density of 0.9933×10−3 g
cm3 . We model one well

in a 96-well plate. We take the same dimensions of diameter
7 mm (i.e. dtop = 7000µm) and a height determined by fill-
ing the well with vF = 100µL fibrin matrix and 100µL fluid
to a total of v = 200 µL with N = 20.000 suspended EC’s.
This mimics the laboratory setting one-to-one. To decrease
computational time and load on memory, we introduce a lin-
ear scaling factor ξ , and we have scaled domain parameters
ṽ = v

ξ3 , ṽF = vF
ξ3 , d̃top = dtop

ξ2 and Ñ = N
ξ2 to keep an equal

aspect ratio of the domain and a monolayer of cells that is
constant in density (cells per µm2).
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Abstract

Tissue-engineered constructs need to become quickly vascularized in order to ensure 
graft take. One way of achieving this is to incorporate endothelial cells (EC) into the 
construct. The adipose tissue stromal vascular fraction (adipose-SVF) might provide 
an alternative source for endothelial cells as adipose tissue can easily be obtained by 
liposuction. Since adipose-EC are now gaining more interest in tissue engineering, 
we aimed to extensively characterize endothelial cells from adipose tissue (adipose-
EC) and compare them with endothelial cells from dermis (dermal-EC). The amount 
of endothelial cells before purification varied between 4-16% of the total stromal 
population. After MACS selection for CD31 positive cells, a >99% pure population 
of endothelial cells was obtained within two weeks of culture. Adipose- and dermal-EC 
expressed the typical endothelial markers PECAM-1, ICAM-1, Endoglin, VE-cadherin 
and VEGFR2 to a similar extent, with 80 – 99% of the cell population staining positive. 
With the exception of CXCR4, which was expressed on 29% of endothelial cells, all 
other chemokine receptors (CXCR1, 2, 3, and CCR2) were expressed on less than 5% 
of the endothelial cell populations. Adipose-EC proliferated similar to dermal-EC, but 
responded less to the mitogens bFGF and VEGF. A similar migration rate was found 
for both adipose-EC and dermal-EC in response to bFGF. Sprouting of adipose-EC and 
dermal-EC was induced by bFGF and VEGF in a 3D fibrin matrix. After stimulation 
of adipose-EC and dermal-EC with TNF-α an increased secretion was seen for PDGF-
BB, but not uPA, PAI-1 or Angiopoietin-2. Furthermore, secretion of cytokines and 
chemokines (IL-6, CCL2, CCL5, CCL20, CXCL1, CXCL8 and CXCL10) was also 
upregulated by both adipose- and dermal-EC. The similar characteristics of adipose-EC 
compared to their dermal-derived counterpart make them particularly interesting for 
skin tissue engineering. In conclusion, we show here that adipose tissue provides for an 
excellent source of endothelial cells for tissue engineering purposes, since they are readily 
available, and easily isolated and amplified. 
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Introduction

Regenerative medicine strategies are being explored for the treatment of several pathologies, 
such as cardiovascular defects [1], bone defects [2,3], skeletal muscular defects [4] and 
difficult to heal skin wounds [5,6]. When attempts are being made to develop living tissue-
engineered constructs which can be applied to a patient, a major issue in this field is 
that the constructs initially lack a sufficient supply of oxygen and nutrients before they 
become vascularized. One means of overcoming this problem is to incorporate vascular 
cells or a vascular network during the construction of a tissue-engineered graft [7]. For 
several applications in tissue engineering vascularization of the tissue is considered as a 
requirement for further construct development [8-12]. 
 Skin tissue engineering is the most advanced area of tissue engineering. A number 
of constructs are already being used to treat large burns and ulcers, for example decellularized 
human dermis (Glyaderm® [13]), artificially made acellular dermal template (Integra® 
[14,15]) dermal substitutes containing fibroblasts (Dermagraft® [16]) and full-thickness 
skin substitutes (allogeneic Apligraf® [17]; autologous Tiscover® [5,18]). Although the 
results are very promising there is room for improvement with regards to vascularization. 
In all cases, graft take is reliant on fast ingrowth of new vessels (angiogenesis) once the 
construct is placed on the wound bed. In the case of dermal templates, vascularization 
of the construct is required before a split-thickness autograft can be applied on top of 
the dermal template [13-15]. Improving the rate of vascularization would enhance graft 
take and result in faster wound closure. This can be achieved by creating a prevascularized 
construct that restores the skin in a single step procedure [14,15,19]. Quick formation of 
anastomoses between vessels in the construct and recipient vessels in the wound bed avoids 
the slow process of angiogenesis [20,21]. The endothelial cells to be used in a construct 
should have a good capacity to proliferate, migrate and to form new blood vessels. Several 
strategies to create prevascularized constructs have been developed using either mouse 
endothelial cells [22], human dermal endothelial cells [21,23], human umbilical vein 
endothelial cells [24], human blood outgrowth endothelial cells [25] or recently with 
human adipose-EC [9]. In skin tissue engineering the most obvious choice is to use 
dermal-EC from the patient. Unfortunately, obtaining large quantities of endothelial cells 
from dermis is not possible in many cases, as patients with large burn wounds do not have 
enough viable skin left. A good alternative source for endothelial cells might be provided 
by the endothelial cells in the adipose-SVF, since it can be obtained from the patient by 
liposuction. Consequently, adipose-EC and the adipose-SVF have attracted interest for 
their potential suitability for tissue engineering [9,12,26-28]. However, no studies have 
extensively characterized the adipose-EC yet.
 In this study, adipose-EC were purified, characterized and compared to donor 
matched dermal-EC. Cell characteristics such as surface marker expression, proliferation 
and migration capacity were assessed. Their angiogenic capacity was studied using a 3D 
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fibrin matrix and the secretion of several cytokines, chemokines and angiogenic factors was 
determined. Our data indicates that the adipose tissue would indeed provide an excellent 
alternative source of endothelial cells for tissue engineering. 

Materials and Methods

Human tissue 
Human adult skin with underlying adipose tissue was obtained from healthy in dividuals 
undergoing abdominal dermolipectomy (plastic surgeon, author FBN). The discarded 
skin was collected anonymously if patients had not objected to use of their rest material 
(opt-out system). Tissue collection procedures were performed in compliance with the 
‘Code for Proper Use of Human Tissues’ as formulated by the Dutch Federation of 
Medical Scientific Organizations (www.fmwv.nl) and following procedures approved 
by the institutional review board of the VU University medical center. According to the 
Dutch law, neither approval of an ethics committee nor written consent of the patients 
is required when using surgical waste material. 

Cell isolation and culture of adipose- and dermal-EC
Adipose tissue was separated from the skin, carefully removing all adipose tissue from 
the dermis. Adipose-tissue derived stromal cells (ASC) and dermal derived stromal cells 
(DSC) were isolated by collagenase type II/dis pase II treatment from healthy human 
adult adipose tissue/skin as previously described by Kroeze et al. [29]. The stromal 
cells (a.o. fibroblasts and endothelial cells) from both tissues were cultured on flasks 
precoated with 1% gelatin (Sigma-Aldrich, St. Louis, USA) in DMEM (Lonza, Verviers, 
Belgium), 5% Fetal Clone III serum (FCIII) (Fisher Scientific, Loughborough, UK) and 
1% penicillin/streptomycin (P/S) (Invitrogen, Gibco, Paisley, United Kingdom). The 
cells were grown at 37ºC, 5% CO2 for approximately 3-5 days until 70-80% confluency 
was reached. Purification of endothelial cells from the adipose- and dermal stromal cell 
populations was performed by a MidiMACS separator using microbeads against CD31 
(Miltenyi Biotec, Leiden, The Netherlands) following manufacturers protocol with three 
additional 3ml wash steps with PBS after washing with medium. The MACS separation 
was repeated 1-3 times until a >99% pure population of CD31+/CD90- adipose- and 
dermal-EC were obtained, as confirmed by flow cytometry. The purified endothelial 
cells were cultured at 37ºC, 5% CO2 on gelatin-coated culture flasks in human 
microvascular endothelial cell medium (HMVEC medium) containing: M199 medium 
(Lonza, Verviers, Belgium), 1% P/S, 2mM L-glutamin (Invitrogen, Gibco, Paisley, 
United Kingdom), 10% heat-inactivated New Born Calf Serum (NBCS) (Invitrogen, 
Gibco, Paisley, United Kingdom), 10% heat-inactivated Human Serum (HS) (Sanquin, 
Amsterdam, The Netherlands), 5 U/mL heparin (Pharmacy VUmc, Amsterdam, The 
Netherlands) and 3,75 µg/mL endothelial cell growth factor (ECGF; crude extract from 
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bovine brain) (Physiology department VUmc, Amsterdam, The Netherlands) [30]. The 
adipose- and dermal-cell populations were treated equally during the entire isolation 
and purification procedure. The endothelial cells were stored in the vapour phase of 
liquid nitrogen until required. Donor-matched endothelial cells between passage 3 and 
8 were used for experiments. 

Exposure of endothelial cells to TNF-α
Adipose- and dermal-EC were seeded in an equal density of 12x103 cells/cm2 on gelatin-
coated culture plates in HMVEC medium. The HMVEC medium was replaced when 
the cells reached 80% confluency by M199 medium, 10% HS, 10% NBCS, 1% 
P/S, 2mM L-glutamin (HMEC medium) for 16 h before the start of the experiment. 
Monolayers of EC were exposed to 0, 2 or 10 ng/mL TNF-α (ReliaTech GmbH, 
Wolfenbuttel, Germany) in HMEC medium for 4 h, after which the monolayers were 
washed twice with HBSS/0.5mM EDTA before replacing the medium for new HMEC 
medium. After 24 h, supernatants were collected for ELISA and the cells were collected 
for cell number quantification. Cell number was determined based on DNA content 
of cell pellets using CyQuant cell proliferation assay kit according to manufacturer’s 
specifications (C7026, Invitrogen, Carlsbad, USA). 

Proliferation assay
Basal proliferation of the adipose- and dermal-EC was followed from passage 4 to 9 on 
HMVEC medium. The endothelial cells were seeded on gelatin-coated culture plates 
in a density of 6x103 cells/cm2 and simultaneously passaged when approximately 80% 
confluency was reached. The cells were passaged every 3-6 days depending on the rate of 
proliferation and for a total period of 18-19 days. Counting of the cells was performed 
in duplicate using the Accu chip and digital cell counter (Digital bio, Seoul, Korea). 
 Proliferation of adipose- and dermal-EC in response to angiogenic growth 
factors was also determined using 3H-thymidine incorporation, adapted from Weijers 
et al. [31]. Proliferation was studied in medium containing less serum and supplements 
in order to determine their response to pro-angiogenic factors basic fibroblast growth 
factor (bFGF) or vascular endothelial growth factor (VEGF). The endothelial cells were 
seeded on gelatin-coated culture plates in a density of 6x103cells/cm2 in M199 medium 
with 10% NBCS and 1% P/S. Cells were left to adhere to the gelatin-coated culture 
plates for 16 h, followed by 72 h stimulation with either VEGF (0, 0.3, 1, 3, 7.5, 10 ng/
mL; ReliaTech GmbH, Wolfenbuttel, Germany) or bFGF (0, 0.3, 1, 3, 7.5, 10 ng/mL; 
ReliaTech GmbH, Wolfenbuttel, Germany) in M199 medium with 10% NBCS and 
1% P/S. During the last 16 h of growth, 1 µCi 3H-thymidine (Perkin Elmer, Belgium) 
was added to quantify the amount of DNA replication as measure for proliferation. The 
beta-emission was measured with Ultima Gold scintillation fluid on a 1900 TR Liquid 
Scintillation Analyzer (Packard Bioscience, Massachusetts, USA).
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Cell migration assay
Adipose- and dermal-EC were seeded in an equal density of 12x103cells/cm2 on gelatin-
coated culture plates in HMVEC medium. The HMVEC medium was replaced when the 
cells reached confluency by HMEC medium for 8 h before the start of the experiment. 
A scratch was drawn in a confluent monolayer of adipose- and dermal-EC with a plastic 
disposable pipette tip, after which the cell cultures were washed with M199 medium to 
remove detached cells. Then the cells were exposed to HMEC medium supplemented 
with different concentrations of bFGF (0, 0.1, 0.3, 1, 3, 10 ng/mL). Pictures of the 
damaged area were taken at t=0 h and t=16 h using phase contrast microscopy. The 
pictures were analyzed using an image processing algorithm by which the damaged area 
was measured [32]. The closed area was determined by subtracting the damaged area at 
time point t=16 h from t=0 h.

In vitro sprouting assay
In vitro tube formation was studied using 3D fibrin matrices and adipose- or dermal-
EC, adapted from Koolwijk et al. [33]. Briefly, fibrin matrices were prepared by addition 
of thrombin (0.5 U/mL) (MSD, The Netherlands) to a 3 mg/mL fibrinogen (Enzyme 
Research Laboratories, Leiden, The Netherlands) solution in M199 medium and 100 µl 
was added to the wells of a 96-well plate. After polymerization, thrombin was inactivated 
by incubating the matrices with HMEC medium. Adipose- or dermal-EC were seeded 
at a confluent density of 6x104cells/cm2. After 16 h, the adipose- and dermal-EC were 
stimulated with HMEC medium or HMEC medium supplemented with 2 ng/mL 
TNF-α and VEGF (0, 0.1, 0.3, 1, 3, 10, 25 ng/mL) or bFGF (0, 0.1, 0.3, 1, 3, 10 
ng/mL). The sprouts formed by adipose- and dermal-EC into the fibrin matrices were 
photographed and analyzed using a Nikon Eclipse 80i microscope and NIS-elements 
AR software 3.2. The amount of sprouting is expressed as surface area of the sprouts as 
a percentage of the total surface of the picture. 

Histological analysis
Fibrin gels were formalin-fixed and embedded in paraffin according to standard 
protocols. Paraffin embedded sections of 15 µm were stained with haematoxylin and 
eosin for morphological analysis. The sections were photographed using a Nikon Eclipse 
80i microscope.

Flow cytometric analysis of CD marker and angiogenic receptor expression
Receptor expression of typical endothelial markers was measured by flow cytometry at 
passage 3-5 for three matched donors. Cells were incubated with antibodies for 30 min 
at 4ºC, washed with PBS supplemented with 0.1% bovine serum albumin and 0.1% 
sodium azide and then resuspended in the same buffer for flow cytometric analysis. 
The fluorescence was measured on a BD FACS Calibur and the results analyzed by Cell 
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Quest software (Becton Immunocytometry Systems, Mountain View, CA, USA). PE-
labelled antibodies and corresponding isotypes (mouse anti human) were used from BD 
Pharming unless otherwise stated: CD31 (WM59, IgG1), CD34 (581, IgG1), CD54 
(HA58, IgG1), CD105 (SN6, IgG1, Invitrogen), CD106 (51-10C9, IgG1), CD144 
(55-7H1, IgG1), CD309 (89106, IgG1), CD181 (5A12, IgG2b), CD182 (6C6, IgG1), 
CD183 (1C6, IgG1), CD184 (12G5, IgG2a, R&D systems), CD192 (48607, IgG2b, 
R&D systems), IgG1 (MOPC-21), IgG2a (G155-178), IgG2b (27-35), FcR Blocker 
(Miltenyi Biotec).

Secretion of angiogenic factors, cytokines and chemokines
For the quantification of cytokines, chemokines and angiogenic factors secreted by the 
endothelial cells, Enzyme-Linked Immuno Sorbent Assays (ELISA) were performed 
using commercially available ELISA antibodies. All reagents were used in accordance 
to the manufacturer’s specifications. uPA, PDGF-BB, PAI-1, Angiopoietin-2, Il-6, 
CXCL1, CXCL10, CCL2, CCL5, CCL20, CCL27 (all R&D Systems, Abingdon, UK) 
and CXCL8 (Sanquin, Amsterdam, The Netherlands). ELISA results are expressed as 
amount of angiogenic factor/cytokine/chemokine in ng/mL.

Statistical analysis
Normality testing (D’Agostino & Pearson omnibus normality test) was performed 
prior to further testing. A one-way ANOVA was performed to establish significance 
of stimulation over the complete concentration curves as indicated in the figures by 
horizontal lines. To determine differences between the origins of the endothelial cells, 
a two-way ANOVA was executed, followed by a Sidak’s multiple comparison test. 
T-tests were performed to analyse the flow cytometry and basal proliferation data. All 
data was obtained from three to five independent experiments with different donors in 
triplicate wells. In each experiment, the adipose- and dermal-EC were donor-matched. 
Differences were considered significant when *P<0.05, **P<0.01, ***P<0.001. Results 
are shown as mean ± SEM. GraphPad Prism 5 software (GraphPad Software Inc., San 
Diego, USA) was used to construct all graphs and tables and perform statistical analysis.

Results

Adipose-EC have a similar phenotype to dermal-EC
If adipose-EC are to be used as an alternative to dermal-EC in skin tissue engineering, 
it is important to characterize and compare both endothelial cell types donor-matched. 
Therefore we first determined whether both cell types have a similar expression of EC 
surface markers and angiogenic receptors. From 10 gram dermis, 10-20x106 stromal cells 
were obtained and from 10 gram adipose-tissue 5-10x106 stromal cells. The number of 
EC before purification varied per donor between 4-16% of the total stromal population. 
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Figure 1: Phenotype of endothelial cells before and after purification.
(a) Phenotype of adipose- (A-EC) and dermal- (D-EC) EC before and after MACS purification. The scale 
bar represents 50 µm. (b) Histogram of A-EC or D-EC before (left) and after (right) purification. Dotted 
line = isotype; Black line = CD31 positive EC. The insert shows mean percentage ± SD CD31 positive cells 
before and after purification of 4 donors. 

Groups of adipose-EC were often covered by ASC, while groups of dermal-EC were 
surrounded by DSC (Figure 1a). 
After MACS selection for CD31 positive cells, a >99% pure population of EC was 
obtained within two weeks of culture (passage 3) (Figure 1B). The EC were used for flow 
cytometric analysis of surface biomarker expression between passage 3 and 5. Adipose- 
and dermal-EC expressed the typical endothelial markers PECAM-1, VE-cadherin and 
VEGFR2 to a similar extent with 80 – 99% of the cell population staining positive, 
whereas less than 12% of EC expressed CD34. VCAM1 was not expressed on the EC 
(Table 1). Since many chemokines are released at inflammation sites and are able to 
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either inhibit or induce the angiogenic processes [34], we also determined the expression 
of a number of chemokine receptors (CXCR1, 2, 3, 4 and CCR2) (Table 1). With 
the exception of CXCR4, which was expressed on 29% of EC, all other chemokine 
receptors were expressed on less than 5% of the EC population. These results show 
no significant differences between adipose-EC and dermal-EC when cultured under 
identical conditions with regard to cell surface biomarker expression. 

Table 1: Surface marker expression in cultured endothelial cells derived from human adipose tissue 
or dermis

Surface marker Percentage of positive cells % Mean fluorescent intensity

Name CD number Adipose-EC Dermal-EC Adipose-EC Dermal-EC

PECAM-1 CD31 99,2 ± 0,6 99,2 ± 0,6 212,0    ± 87,5 207,3    ± 114,8

  CD34 11,5 ± 12 10,1 ± 5,5 0,8        ± 1,3 0,6        ± 0,7

ICAM-1 CD54 99,3 ± 0,2 98,7 ± 0,4 125,5    ± 16,5 83,7      ± 23,5

Endoglin CD105 99,4 ± 0,3 99,3 ± 0,4 657,2    ± 145,8 519,3    ± 205,1

VCAM-1 CD106 1,8 ± 1,6 1,3 ± 1,8 0,1        ± 0,2 0           ± 0

VE-cadherin CD144 99,0 ± 0,3 99,1 ± 0,9 71,8      ± 7,7 52,2      ± 14,1

VEGFR2 CD309 84,5 ± 18,3 80,8 ± 12,9 8,7        ± 5,0 6,5        ± 5,6

CXCR1 CD181 2,9 ± 3,2 4,4      ± 2,0 1,6        ± 0 1,5        ± 0,3

CXCR2 CD182 5,0 ± 4,4 4,6      ± 3,4 0,8        ± 1,0 0,6        ± 0,7

CXCR3 CD183 4,3 ± 0,9 4,8      ± 3,1   0,2        ± 0,2 3,3        ± 5,4

CXCR4 CD184 29,0 ± 37,1 29,2    ± 42,6 3,5        ± 4,2 4,1        ± 5,7

CCR2 CD192 1,2 ± 0,1 0,9      ± 0,4 0,4        ± 0,2 0,4        ± 0,1

 
Surface marker expression in cultured endothelial cells (between passage 3-5) derived 
from human adipose tissue or dermis from 3 donors (cell populations were donor 
matched).The mean number of positive cells for each surface marker is expressed as a 
mean percentage of total cell number ± SEM. The mean fluorescent intensity is expressed 
as the geometric mean intensity ± SEM. Differences between adipose-EC and dermal-
EC were determined using a T-test.

Adipose-EC proliferate similar to dermal-EC but respond less to the mitogens 
bFGF and VEGF 
During wound healing and in tissue engineering it is essential that endothelial cells are 
able to proliferate adequately in order to create a good vascular network. First, basal 
proliferation in optimal culture medium was measured for both populations (Figure 2a). 
The adipose- and dermal-EC proliferated equally well, although variation was observed 
between donors (Figure 2a). During this 18-19 day culture period EC numbers increased 
by approximately a 100 fold.
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Next, the influence of pro-angiogenic factors bFGF and VEGF on EC proliferation 
as measured by 3H incorporation was measured during a 72 h period of culturing in 
nutrient poor conditions (Figure 2b-d). A trend towards a better survival of adipose-EC 
than dermal-EC in unsupplemented culture medium is reflected by the 3H incorporation 
by proliferating cells (Figure 2b). When pro-angiogenic factors bFGF and VEGF were 
supplemented to the culture medium both the adipose- and dermal-EC showed a 
significant dose dependent increase in 3H incorporation. The relative 3H incorporation 
in response to VEGF was significantly lower for adipose-EC compared to dermal-EC 
for the higher growth factor concentrations, but not in response to bFGF (Figure 2c-d). 
Of note, whereas the relative 3H incorporation was lower in adipose-EC than in dermal-
EC, the absolute values of 3H incorporation in response to bFGF and VEGF were 
similar. This discrepancy between absolute and relative values is due to the better initial 
survival of adipose-EC compared to dermal-EC (Figure 2b).
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Figure 2: Proliferation of endothelial cells in response to bFGF or VEGF.
(a) Proliferation during normal culture conditions: lines of individual donors are shown, grey squares 
represent A-EC and black circles D-EC. (b) 3H incorporation during 16h of proliferation of A-EC and 
D-EC in nutrient poor medium. (c-d) Relative proliferation of A-EC and D-EC in response to bFGF or 
VEGF in nutrient poor medium. The dose-response curve to VEGF of dermal-EC shows more proliferation 
compared to adipose-EC (Cell type: *; two-way ANOVA followed by a Sidak’s multiple comparison test). 
Significance of the dose response effect was determined using a repeated measures one-way ANOVA. 
*P<0.05, **P < 0.01, ***P<0.001. Data is shown for 4 donors as mean ± SEM. Grey bars represent A-EC 
and black bars D-EC. cpm = counts per minute. 
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Adipose-EC migrate to a similar extent as dermal-EC in a scratch assay 
Since endothelial cells migrate into the wound bed during wound healing, it was 
determined whether differences exist in the ability of adipose-EC and dermal-EC to 
migrate. Migration of the endothelial cells was determined by using a scratch assay. 
Unstimulated adipose- and dermal-EC migrated equally fast resulting in 43.8 ± 15.8% 
(adipose) and 44.2 ± 6.6% (dermal) closure of the open area in 16 h (Figure 3a). Both 
cell types showed a similar increase in migration in response to bFGF (P<0.05) (Figure 
3b). Adipose-EC closed 70.9 ± 9.9% of the open area in 16 h and dermal-EC closed 
67.8 ± 4.5% when stimulated with 10 ng/ml bFGF.

Figure 3: Endothelial cell migration in response to bFGF in a wound healing scratch assay.
(a) Basal migration of A-EC and D-EC after 16h. (b) Relative migration in response to bFGF after 16h. 
Significance of stimulation was determined using a one-way ANOVA test. *P<0.05, **P < 0.01. Data is 
shown for 3-5 donors as mean ± SEM. Grey bars represent A-EC and black bars D-EC.

bFGF and VEGF combined with TNF-α induce sprouting of adipose-EC and 
dermal-EC in a fibrin matrix 
New capillaries form during wound healing via angiogenesis to restore tissue 
vascularization. Angiogenesis takes place by the formation of sprouts from pre-existing 
vessels. Sprouting of EC was studied using 3D fibrin matrices cultured in HMEC 
medium containing TNF-α in the presence or absence of bFGF or VEGF (Figure 4) 
[33]. 
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Figure 4: In vitro sprouting of adipose- and dermal-EC in a fibrin matrix.
(a) Surface view of A-EC or D-EC sprouting in a fibrin matrix after stimulation with HMEC medium 
supplemented with 2 ng/ml TNF-α alone or in combination with 10 ng/ml bFGF or 25 ng/ml VEGF. (b) 
H&E staining of fibrin matrices with A-EC or D-EC upon stimulation with HMEC medium supplemented 
with 2 ng/ml TNF-α alone (Control) or in combination with 10 ng/ml bFGF or 25 ng/ml VEGF. 
Quantification of sprouting in response to bFGF (c) or VEGF (d). Significance of the dose response effect 
was determined using a repeated measures one-way ANOVA. **P < 0.01, ***P<0.001. Data is shown for 5 
donors as mean ± SEM. Grey bars represent A-EC and black bars D-EC. The scale bars represent 50 µm. 

Microscopically the sprout formation was increased by both bFGF and VEGF and 
to a similar extent for both types of EC (Figure 4a). Both adipose-EC and dermal-
EC responded strongly to stimuli, with luminized sprouts forming to a depth of 
approximately 50 µm within 48 h after stimulation in the dense fibrin matrix (Figure 
4b). A significant dose dependent increase in sprout formation was observed for both 
adipose- and dermal-EC in response to bFGF and VEGF (figure 4c-d). 
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No differences in angiogenic factor, cytokine or chemokine secretion between 
adipose- and dermal-EC 
Since endothelial cells contribute to the inflammatory phase of wound healing by 
secreting many angiogenic factors, cytokines and chemokines, protein secretion in 
response to the pro-inflammatory cytokine TNF-α was measured (Figure 5) 
Of the four angiogenic factors studied, only PDGF-BB was significantly upregulated 
by adipose-EC after stimulation with TNF-α, and then only small amounts are secreted 
(Figure 5a). uPA, PAI-1 and Angiopoietin-2 were constitutively secreted by both EC. 
The secretion of the chemokines CCL5, CCL20, CXCL1 and CXCL8 was significantly 
upregulated by both adipose- and dermal-EC (Figure 5b). In addition, IL-6, CXCL10 
and CCL2 secretion was upregulated by adipose-EC (significant) and dermal-EC 
(trend). CCL27 was only secreted in small amounts and not upregulated by TNF-α. No 
differences were observed between the two EC types for any angiogenic factor, cytokine 
or chemokine studied (Figure 5a-b).

Figure 5: Secretion of angiogenic factors, cytokines and chemokines by endothelial cells. 
(a) Secretion of angiogenic factors 24 h after a 4 h exposure to 0, 2 and 10 ng/ml TNF-α. (b) Secretion of 
cytokines and chemokines 24 h after a 4 h exposure to 0, 2 and 10 ng/ml TNF-α. Significance of the dose 
response curve was calculated using a one-way ANOVA followed by a Dunn’s multiple comparison test. 
Data is shown for 4 donors as mean ± SEM. Grey bars represent A-EC and black bars D-EC. 
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Discussion

Prevascularization strategies of tissue constructs have led to successful improvements 
in engraftment of the constructs [9,23,25-28]. Several research groups are now using 
adipose-EC in constructs consisting of multiple cell types, even though the properties of 
adipose-EC alone have not been investigated yet [9,12,26-28]. In this study an extensive 
characterization of adipose-EC has been performed in comparison to the widely used 
dermal-EC. We demonstrate here that the adipose tissue may indeed provide an excellent 
source of endothelial cells for tissue engineering purposes, because the adipose-EC are 
readily available and easily isolated and amplified. The similar characteristics of adipose-
EC compared to their dermal-derived counterpart make them particularly interesting 
for skin tissue engineering. Of note, in our study donor matched adipose- and dermal-
EC were used in all experiments. Despite some donor variation, the adipose-EC and 
dermal-EC perform equally well in all experiments. 
 It is possible to purify and obtain large quantities of EC from the adipose tissue. 
Similar to other studies, we found 4-16% EC within the ASC population [27,35]. 
The purified adipose- and dermal-EC expressed typical endothelial surface markers to 
the same extent, such as PECAM-1, VE-Cadherin and VEGFR2 [36]. Chemokine 
receptor expression on endothelial cells is important for interaction with immune cells 
during inflammation and for angiogenesis during wound healing. Published results on 
the expression of CXCR1, 2, 3, 4 and CCR2 are inconsistent as both low and high 
expressing cells have been reported by different research groups [37-41]. In general, 
endothelial cells show a clear expression of CXCR4, although there are some differences 
between endothelial cell types. We found CXCR4 expression on 29% of our EC, 
with a low mean fluorescent index. Conflicts between reports are most likely due to 
differences between type of EC, culture conditions and whether cell surface expression 
or intracellular expression was assessed [37,38,41]. In our study, in which the only 
variable was the cell type (adipose-EC vs. dermal-EC) no differences were observed with 
regards to expression of any surface marker studied.
 We were able to show that both adipose-EC and dermal-EC can be easily 
expanded in culture, with similar isolation procedures and culture conditions. We 
showed an increased proliferation in response to angiogenic factors such as bFGF and 
VEGF. Relative proliferation in response to bFGF and VEGF revealed more proliferation 
of dermal-EC than adipose-EC; however the absolute amount of 3H incorporation 
in response to bFGF and VEGF was similar between adipose- and dermal-EC. This 
discrepancy between relative and absolute values was caused by better initial survival of 
adipose-EC in the nutrient poor medium (without bFGF or VEGF).
 Both types of EC stimulated with bFGF were able to migrate quickly: ~70% 
closure was observed in 16 h. The speed of migration is comparable to that in studies 
using other types of EC [42-44]. Using HUVEC, Vitorino et al. found 65% closure after 
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15 h when stimulating with bFGF [44]. Sprouting of EC was studied using 3D fibrin 
matrices and was found to be strongly induced in both EC populations by addition of 
bFGF or VEGF in combination with TNF-α. While dermal-EC show more sprouting 
in response to bFGF and TNF-α when compared to adipose-EC, this result was not 
detected when the cells were exposed to VEGF and TNF-α. The strong induction of 
sprouting by the growth factors bFGF and VEGF is in line with our previous findings 
using dermal foreskin EC that describe a cooperative effect of TNF-α with bFGF and 
VEGF on EC sprouting in a fibrin matrix [33]. 
 Endothelial cells play several roles during inflammation, including modulation 
of their barrier function to allow extravasation of immune cells, upregulating adhesion 
molecules and secreting several cytokines and chemokines. Their secretory profile differs 
depending on the kind of signal the cells are exposed to [45]. In this study we exposed 
monolayers of endothelial cells to the pro-inflammatory cytokine TNF-α. TNF-α is able to 
activate EC, leading to alterations in their secretory profile and surface marker expression 
[46-49]. The secretion of uPA, PAI-1, PDGF-BB and Angiopoietin-2 by the adipose- 
and dermal-EC is required during vessel sprouting, vessel growth and stabilization [50]. 
The adipose- and dermal-EC showed a very similar secretory profile under basal culture 
conditions and after activation by TNF-α. With the exception of PDGF-BB, secretion of 
angiogenic factors was not significantly increased. As in other studies with EC, exposure 
of monolayers of adipose- and dermal-EC to TNF-α resulted in increased secretion of 
CXCL1, CXCL8, CCL5 and CCL20 [47,49]. The proteins IL-6, CXCL10, CCL2 and 
PDGF-BB were significantly upregulated by adipose-EC, the secretion by dermal-EC 
showed a trend towards increased secretion. These results indicate that both types of EC 
can play a similar role during inflammation and angiogenesis. We have shown previously 
that a 24 h stimulation by VEGF resulted in an increased secretion of the skin-specific 
protein CCL27 [51]. In this study, we found that TNF-α did not stimulate CCL27 
secretion. No significant differences were detected between adipose-EC and dermal-EC. 
The similarity in secretion of these well-known proteins gives no indication for different 
behaviour of adipose- and dermal-EC in wound healing.
 In tissue engineering, autologous material from the patient is preferred for 
graft construction in order to prevent rejection. This is particularly the case when 
prevascularization of the graft is desired, since endothelial cells are highly immunogenic 
[45]. In the future, endothelial cells can be obtained in large amounts from the patient’s 
own adipose tissue by performing liposuction at the same time as taking biopsy 
material. This would make the development of a completely autologous construct 
feasible. Although we have concentrated on skin as the target organ, adipose-EC could 
equally well be used in further development of other engineered tissues and organs 
e.g. for cardiovascular, bone, muscle and fat tissue-engineered grafts. The ease of cell 
isolation and culture makes adipose tissue an ideal source of endothelial cells for easy 
implementation into Advanced Therapy Medicinal Products (ATMPs).
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Abstract

Therapy resistant ulcers are wounds that remain open for a long time period and 
often arise from chronic venous disease, prolonged pressure or diabetes. For healing of 
chronic wounds, revitalization of the inert wound bed, which is achieved by angiogenic 
sprouting of new blood vessels, is of great importance. An alternative treatment option to 
conventional therapies is the use of skin substitutes: dermal (DS), epidermal (ES) or bi-
layered skin substitutes (SS). The aim of this study was to determine the mode of action 
of SS, ES and DS with regards to endothelial cell proliferation, migration and angiogenic 
sprouting into a fibrin hydrogel. The SS consists of a fully differentiated epidermis 
expanding over the acellular donor dermis (AD) which has become repopulated with 
fibroblasts. DS is the same construct as SS but without the epidermis and ES is the same 
construct as SS but without the fibroblasts. As a control, AD was used throughout. It 
was found that the bi-layered SS was the most potent substitute in inducing migration 
and sprouting of endothelial cells. The cross talk between dermis and epidermis resulted 
in the strongest induction of sprouting via VEGF and uPAR. ES stimulated sprouting 
more than DS again via VEGF and uPAR. The slight induction of sprouting mediated 
by DS was not mediated by VEGF. This in vitro study supports our clinical observations 
that a bi-layered SS is a strong stimulator of angiogenesis and therefore has the potential 
to revitalize an inert wound bed. 
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Introduction

Therapy resistant ulcers are wounds that remain open for a long time period, showing no 
signs of improvement within three months of optimal care [1]. Ulcers often arise from 
chronic venous disease, prolonged pressure or diabetes, are difficult to treat and show a 
high rate of recurrence [2-4]. They greatly influence the quality of life of patients who 
suffer from prolonged pain, social isolation and depression [5]. Since therapy resistant 
ulcers affect approximately 1-2% of the population, they form a large financial burden 
to society [6]. Also, it is thought that the prevalence will only rise further due to the 
increasing age of the population and increased prevalence of underlying diseases like 
diabetes and vascular disease [3].
 Several treatment options are available, such as compression therapy, infection 
control, wound bed debridement, dressings, surgery and adjuvant agents [7]. Despite 
many treatment options the recurrence rate of chronic ulcers is up to 70% [7]. An 
alternative treatment option is the use of skin substitutes; either acellular, dermal 
(DS), epidermal (ES) or bi-layered skin substitutes (SS) (reviewed by [8,9]). Notably, 
SS consisting of a reconstructed epidermis on a fibroblast-populated dermis are 
showing promising results in clinical studies and one (Apligraf® from Organogenesis, 
Massachusetts, USA) is now FDA approved and commercially available. The use of 
dermal or epidermal substitutes are less frequently reported for treating ulcers. 
 Previously, we have described an autologous SS for treating therapy resistant 
ulcers [1,10]. The skin substitute is made from 3 mm punch biopsies obtained from 
the patient to be treated and consists of a reconstructed epidermis on a fibroblast 
populated (acellular) donor dermis [10]. In a retrospective study 66 ulcers ((arterio)
venous, decubitus, or post-operative) were treated with a single application of the skin 
substitute. After 24 weeks complete closure was observed in 55% of the ulcers and 
an additional 29% of the ulcers showed 50-99% closure. The ulcers that completely 
closed showed a recurrence rate of only 16% one year after closure [1]. The mode of 
action of this SS is thought to be in its ability to revitalize the inert non healing wound 
bed by stimulating granulation tissue formation. Indeed granulation tissue in the ulcer 
wound bed is regarded as an indicator of ulcer healing, while poor granulation tissue 
formation is a feature of non-healing chronic wounds [11]. Granulation tissue consists 
of a provisional extracellular matrix, wound healing factors and blood vessels formed 
by fibroblasts and endothelial cells entering the wound bed. It has been shown that SS 
secrete a more potent cocktail of wound healing factors than DS (fibroblasts only) or 
ES (keratinocytes only) due to synergistic paracrine feedback mechanisms occurring 
between the fibroblasts and keratinocytes in the skin substitute [12]. In this study, we 
further compared the mode of action of SS, ES and DS with regards to stimulating 
angiogenesis. The influence of the different skin substitutes on endothelial cell 
proliferation, migration and angiogenic sprouting was investigated. Vascular endothelial 
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growth factor (VEGF) is a potent chemoattractant for angiogenesis and the urokinase 
plasminogen activator receptor (uPAR) plays a role in localized matrix degradation to 
facilitate vessel invasion into the extracellular matrix [13]. Therefore, the role of VEGF 
and uPAR in the effect of the substitutes on sprouting was determined.

Materials and Methods

Human tissue and ethical considerations
Human skin was obtained from healthy individuals undergoing routine surgical 
procedures. The discarded skin was collected anonymously if patients had not objected 
to use of their rest material (opt-out system). Tissue collection procedures were 
performed in compliance with the ‘Code for Proper Secondary Use of Human Tissue’ 
as formulated by the Dutch Federation of Medical Scientific Societies (www.federa.
org) and following procedures approved by the institutional review board of the VU 
University medical center.

Culture of skin substitute (SS), epidermal substitute (ES) and dermal substitute (DS)
SS, ES and DS were constructed from human foreskin as described previously (Patent 
International Publication No. WO 2005/068614 A2) [10,12]. In brief, intact epidermal 
sheets were separated using dispase from the dermis of 4 x 3 mm diameter punch biopsies 
and placed on 2 pieces of acellular donor dermis (2.5 x 1.5 cm2). Epidermal sheets on 
acellular donor dermis were cultured air-exposed in SS medium (DMEM (BioWhittaker, 

Verviers, Belgium)/Ham’s F-12 (Invitrogen, GIBCO, Paisley, UK)(3:1), 1% penicillin/
streptomycin (P/S) (Invitrogen, GIBCO, Paisley, UK), 1 µM hydrocortisone, 1 µM 
(-)-Isoproterenol hydrochloride, 0.1 µM insulin, 4 ng/ml keratinocyte growth factor 
(KGF) and 1  ng/ml epidermal growth factor (EGF) and supplemented with 1% 

UltroSerG (UG)(BioSepra SA, Cergy-Saint-Christophe, France). Primary fibroblasts 
isolated from the dermis of the same 3 mm diameter biopsies were cultured in 0.4 mm 
pore size transwells (Cat nr: 3450; Costar Corning Incorporated, Corning, NY) until 
at least 70% confluent (approximately 1 week) in DMEM containing 1% UG and 
1% P/S. Next, the acellular donor dermis containing the epidermal sheet was placed 
onto the fibroblasts in order to allow fibroblast migration into the donor dermis and 
epidermis migration over the dermis and this construct is further referred to as SS. The 
SS was cultured at the air-liquid interface in SS medium supplemented with 0.2% UG, 
10 µM l-carnitine, 10 mM l-serine, 0.4 mM L-Ascorbic acid, 1 µM dl-α-tocopherol 
acetate, and a lipid supplement containing 25 µM palmitic acid, 15 µM linoleic acid, 
7 µM arachidonic acid and 24 µM bovine serum albumin for another 14 to 21 days. The 
cultures received new culture medium twice a week. Unless otherwise stated, all culture 
additives were obtained from Sigma-Aldrich (St. Louis, MO, USA). Culture procedures 
for ES were as described for SS, only fibroblasts were omitted and culture procedures for 
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DS were as described for SS, only the epidermal sheet was omitted. As control acellular 
donor dermis without fibroblasts and epidermal sheets (AD) was cultured in parallel. 
SS, ES, DS and AD were cultured under identical conditions. Within one experiment a 
single foreskin donor and acellular dermis donor were used to construct SS, ES, DS and 
AD. Constructs were harvested after an culture period of 3 to 4 weeks for the sprouting 
assay (biopsy) and histological analysis. Culture supernatants (1.5 mL/culture/24hrs) 
were collected and is referred to as secretome of SS, ES, DS or AD.

Cell isolation and culture of endothelial cells
Dermal derived endothelial cells were isolated from human healthy skin as described 
previously [14]. Endothelial cells were cultured in pre-coated plates with 1% gelatin 
(Sigma-Aldrich, St. Louis, MO) in M199 (Lonza, Verviers, Belgium), 10% newborn 
calf serum (NBCS) (Invitrogen, Paisley, UK), 10% Human Serum (Sanquin, 
Netherlands), 1% P/S, 2 mM L-glutamine (Invitrogen, Paisley, UK), 5 U/ml Heparin 
(Leo Pharmaceutics Products, The Netherlands) and 0.0375 mg/ml endothelial cell 
growth factor (ECGF) (prepared from bovine brain, department of Physiology, VUmc, 
Amsterdam, The Netherlands) [15]. For all experiments the endothelial cells were used 
between passage 4 and 10.

Proliferation assay
Proliferation of endothelial cells in response to the secretome of SS, ES, DS or AD was 
determined using 3H-thymidine incorporation, method adapted from [14]. In short, 
endothelial cells were seeded on 1% gelatin-coated culture plates in a density of 6x103 

cells/cm2 in M199 medium with 10% NBCS and 1% P/S. After 16 h, the endothelial 
cells were exposed for 72 h to the secretome of SS, ES, DS or AD (0%, 5% and 10% 
v/v) or 10 ng/ml VEGF or 10 ng/ml bFGF. During the last 16 h of growth, 1 µCi 
3H-thymidine (Perkin Elmer, Belgium) was added to quantify the amount of DNA 
replication as a measure for proliferation. The beta-emission was measured with Ultima 
Gold scintillation fluid on a 1900 TR Liquid Scintillation Analyzer (Packard Bioscience, 
Massachusetts, USA).

Cell migration assay
Migration of endothelial cells in response to the secretome of SS, ES, DS or AD was 
determined using a scratch assay as described previously [14]. Shortly, a confluent layer 
of endothelial cells was cultured in M199, 10% NBCS, 10% Human Serum 1% P/S 
and 2 mM L-glutamine (HMEC medium) for 8 h before the start of the experiment. 
A scratch was drawn in the confluent monolayer with a plastic disposable pipette tip 
(1000µl), after which the endothelial cells cultures were washed to remove any loose 
cells. Then the cells were exposed to HMEC medium supplemented with secretome of 
SS, ES, DS or AD (0%, 1%, 10%) or 10 ng/ml bFGF. Photographs of the wound area 
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were taken at t=0 h and t=16 h using phase contrast microscopy. The photographs were 
analyzed using an image processing algorithm by which the damaged area was measured 
[16]. The closed area was determined by subtracting the damaged area at time point 
t=16 h from t=0 h.

In vitro angiogenesis sprouting assay
In vitro tube formation in response to biopsies of SS, ES, DS and AD was studied using 
3D fibrin matrices, using a method adapted from Koolwijk et al. [17]. Briefly, fibrin 
matrices were prepared by addition of thrombin (0.5 U/mL) (MSD, The Netherlands) 
to a 3 mg/mL fibrinogen (Enzyme Research Laboratories, Leiden, The Netherlands) 
solution in M199 medium. Hydrogels were pipetted into a 24-well plate (400µl). After 
polymerization, thrombin was inactivated by incubating the matrices with HMEC 
medium. Endothelial cells were seeded at a confluent density of 5.3x104cells/cm2 onto 
the fibrin hydrogels. The endothelial cells in the 24-well-plate were stimulated with 
HMEC or HMEC supplemented with 5-10 µg/ml uPAR inhibitor (R&D Systems, 
Abingdon, UK), Avastin® (bevacizumab) (Roche, Welwyn Garden City, United 
Kingdom) or corresponding isotype control. After 4 hr, 0.4 µm transwells (Cat nr: 
3470; Costar Corning Incorporated, Corning, NY) containing 6 mm biopsies of SS, 
ES, DS and AD were placed above the endothelial cells on the fibrin hydrogels. The 
sprouts formed by endothelial cells into the fibrin matrices were photographed and 
analyzed using a Nikon Eclipse 80i microscope and NIS-elements AR software 3.2. The 
amount of sprouting is expressed as surface area of the sprouts as a percentage of the 
total surface of the picture. 

Histological analysis
Constructs were formalin-fixed and embedded in paraffin according to standard 
protocols. Paraffin embedded sections of 5 µm were stained with haematoxylin and 
eosin for morphological analysis. The sections were photographed using a Nikon Eclipse 
80i microscope.

Statistical analysis
Statistical analyses were performed using T-tests or one-way ANOVA tests. All data 
was obtained from four or five independent experiments duplicates (sprouting) and 
triplicates (proliferation, migration) were performed in parallel wells. A different donor 
was used for each experiment. Differences were considered significant when *P<0.05, 
**P<0.01, ***P<0.001. Results are shown as mean ± SEM.
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Results

Histological features of skin substitutes
The different skin substitutes used in this study are shown in Figure 1. The SS consists 
of a fully differentiated epidermis expanding over the donor dermis which has become 
repopulated with fibroblasts. Each batch (transwell) of SS is derived from 2 pieces of 
AD and 4 x 3 mm diameter skin punch biopsies. DS is the same construct as SS but 
without the epidermis and ES is the same construct as SS but without the fibroblasts. 
The acellular donor dermis (AD) is the matrix used to construct SS, DS and ES and is 
used as a control throughout in the experiments described below. These constructs have 
been extensively described previously [12]. 

Figure 1 Macroscopic and microscopic pictures 
 of AD, DS, ES, SS 

Figure 1: Overview of the skin substitutes. 
Upper panels show macroscopic view and lower panels show haematoxylin and eosin staining of tissue 
sections of AD, DS, ES and SS. Arrows indicate fibroblasts in the dermis. Bars represent 100 µm.

Influence of skin substitute secretomes on endothelial cell proliferation and 
migration
In order to determine the potential of the different skin substitutes to stimulate 
angiogenesis, first the secretome obtained from DS, ES and SS was compared with 
control AD for its ability to stimulate endothelial cell proliferation and migration. 
The secretome consisted of the SS culture medium and soluble proteins secreted by 
the living skin substitutes and therefore AD secretome (SS medium not conditioned 
by living cells) was used as a negative control in the experiments. For proliferation, 
the amount of 3H incorporated into endothelial cells over a 72 hr culture period was 
determined (Figure 2a). Endothelial cells exposed to bFGF or VEGF was used as 
positive controls in the proliferation experiments and gave a 59.7 and 46.6 fold increase 
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in endothelial cell proliferation respectively. Whereas strong trends were observed, 
significance was not reached due to variation between donors within the independent 
experiments. The acellular AD conditioned culture medium already slightly induced 
proliferation compared to unstimulated endothelial cells (8.8 fold) and therefore results 
for DS, ES and SS are expressed relative to AD. The secretome of DS did not stimulate 
proliferation, whereas 10% ES secretome (2.0 fold) and 10% SS secretome (2.3 fold) 
slightly stimulated endothelial cells to proliferate compared to AD. 
 Next, the ability of the DS, ES and SS secretomes to stimulate endothelial cell 
migration was determined using the scratch wound closure assay (Figure 2b). The positive 
control bFGF stimulated a 1.6 fold increase in endothelial cell migration compared to 
the unsupplemented cultures (P<0.01). The AD conditioned culture medium did not 
result in any increase in endothelial cell migration. When endothelial cell cultures were 
supplemented with 10 % secretome derived from DS, ES and SS a small but significant 
increase in endothelial cell migration was observed for ES and SS relative to AD (DS: 1.3 
fold, P=0.08; ES: 1.4 fold, P<0.05; SS: 1.5 fold P<0.01).  
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Figure 2: Proliferation and migration of endothelial cells in response to DS, ES, SS secretomes.
(a) Proliferation: endothelial cell culture medium was supplemented with bFGF (10ng/ml) and VEGF 
(10ng/ml) or AD, DS, ES, SS secretome (5 and 10%) and 3H uptake determined 72 hours later. (b) 
Scratch assay: migration of endothelial cells into the scratch area in response to bFGF (10ng/ml) or AD, 
DS, ES and SS secretome (1 and 10%). Area covered (mm2) by migrated endothelial cells is shown. C = 
unsupplemented endothelial cell cultures; significance was determined using a repeated measures one-way 
ANOVA followed by a Dunnett’s multiple comparisons test. *P<0.05, **P < 0.01. Data is shown for 4-5 
donors as mean ± SEM. cpm = counts per minute. 

Sprouting of endothelial cells induced by biopsies from epidermal- and skin 
substitutes is largely mediated by VEGF
Endothelial cell sprouting involves cell proliferation, migration and degradation of 
the 3D matrix and plays a vital role in early angiogenesis. The sprouting assay used in 
this study involved a 3D fibrin hydrogel with a confluent layer of endothelial cells on 
top, cultured in HMEC medium (Figure 3). In order to create a more physiologically 
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relevant situation, mimicking skin substitute application to the wound bed, enabling 
crosstalk to occur between living cells (rather than a secretome), we next biopsied (6 
mm diameter) the living skin substitutes and placed the biopsies in a transwell hanging 
above the endothelial cells on the fibrin hydrogels (Figure 3a). Within 24-48 h the 
first sprout formation was evident. SS biopsies most strongly induced sprout formation 
compared to AD 3.6 fold, P<0.001). ES biopsies were less potent than SS biopsies (2.4 
fold, P<0.05) and DS biopsies were least potent (2.0 fold, P=0.08) (Figure 3b). 
 

A               B

C

Figure 3: In vitro sprouting of endothelial cells into a fibrin hydrogel in response to skin substitute 
biopsies.
(a) Schematic overview of a 6 mm biopsy (AD, DS, ES or SS) in a transwell above a 3D fibrin hydrogel 
with a confluent layer of EC on top. (b) Quantification of sprouting in response to AD, DS, ES, SS biopsies 
after 24-48 h exposure. (c) Quantification of sprouting in response to AD, DS, ES, SS biopsies after 48-
72 h (24 h longer than figure 3b so blocking can be observed better). The exposure is combined with a 
VEGF or uPAR blocking agent. Significance of stimulation was determined using a Friedman test followed 
by a Dunn’s multiple comparisons test or a repeated measures one-way ANOVA followed by a Dunnett’s 
multiple comparisons test. *P<0.05. Data is shown for 4 donors as mean ± SEM. 

Keratinocytes secrete large amounts of VEGF and the uPA receptor is important in the 
ability of endothelial cells to degrade and invade the fibrin matrix [13,18]. To investigate 
the induced sprout formation further, blocking experiments were performed the VEGF 
inhibitor Avastin and uPAR inhibitor to determine the role of VEGF and uPAR in the 
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induced sprout formation (Figure 3c). Induction of sprout formation by SS biopsies was 
almost completely inhibited by the VEGF inhibitor (P<0.01) and to a lesser extent the 
uPAR inhibitor (P<0.05). The induction of sprout formation by ES biopsies was also 
inhibited by the VEGF and uPAR inhibitors. The very slight induction of sprouting by 
DS biopsies was not blocked by the VEGF inhibitor Avastin and blocking uPAR only 
resulted in partial inhibition of sprout formation in 2 out of 4 donors. Taken together 
these results indicate that the SS has a more potent angiogenic potential than ES or DS 
and that VEGF and uPAR are key players regulating vessel sprouting.

Discussion 

For chronic wounds it is of great importance that granulation tissue formation and 
angiogenesis are stimulated to restore the disturbed wound healing process. In this study 
the mode of action of DS, ES and SS in the treatment of chronic ulcers was investigated. 
We show here that the bi-layered SS is more potent than DS or ES in inducing migration 
and sprouting of endothelial cells. This is in line with Wojtowicz et al. who showed that 
the secretome of ES and SS is more potent than DS in the maintenance of a vascular 
network of macrovascular endothelial cells (HUVEC) on top of Matrigel [19].
 An important stimulator of endothelial proliferation, migration and sprouting 
is VEGF which is highly secreted by keratinocytes [18,20,21]. We found that ES and 
SS were more potent in stimulating sprouting than the DS and that this sprouting was 
indeed inhibited by the VEGF inhibitor Avastin. Previously we showed that ES and SS 
secrete more VEGF than DS [12]. Also another study showed that SS, and to a lesser 
extent ES, secreted more VEGF than DS [19]. VEGF can directly stimulate sprouting, 
but can also induce sprouting via induction of uPA secretion by endothelial cells, which 
is an important protein for matrix degradation and also for the invasion of endothelial 
cells into the matrix [13]. The slight induction of sprouting by DS was not mediated 
by VEGF, but was in part stimulated through uPAR, showing that DS only affect 
endothelial cell sprouting via this mechanism. Indeed fibroblasts have been reported to 
secrete uPA [22]. SS and ES mediated sprouting was also partly reduced when uPAR 
was blocked, which is in line with the finding that endothelial sprouting in a fibrin 
matrix, in the absence of other cell types, relies on uPAR [17]. A complete inhibition 
was not always obtained by the uPAR inhibitor, either due to incomplete blocking of 
the receptor or another mechanism is activated by soluble factors secreted by the cells 
in the substitutes. Our results indicate that the epidermal compartment, by secreting 
VEGF, is mainly responsible for the induction of endothelial cell sprouting, but that 
synergistic interactions between the cells in the epidermis and dermis results in the most 
potent skin construct. To induce sprouting continuous stimulation of sprouting by skin 
construct biopsies was required, since stimulating with the secretomes did not induce 
sprout formation (data not shown). It is therefore possible that the results obtained 
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in the proliferation and migration assays may also be greatly enhanced if living skin 
constructs were used to stimulate the endothelial cells rather than the secretomes.  
 Our data suggests that SS might stimulate granulation tissue formation by 
stimulating endothelial sprouting. This is in line with clinical observations that show 
that SS revitalize the inert chronic wound bed and induce granulation tissue formation 
[1]. Regarding burn wounds, excess granulation tissue formation and ECM deposition 
is thought to result in hypertrophic scar formation [23,24]. For the purpose of burn 
wounds it might therefore be prudent to use a less potent skin construct, e.g. the ES 
or DS rather than the SS. Indeed in the clinic, generally only keratinocyte containing 
products and non-cultured skin autografts have been described to close burn wounds 
rather than bi-layered SS. Cultured keratinocytes have been reported to suppress 
excessive granulation tissue formation in the burn wound bed [25]. Of note, we have 
previously applied the SS to three acute surgical wounds and hypergranulation occurred 
in all 3 cases indicating that the SS is indeed a very potent stimulator of angiogenesis 
[10]. 
 Our results indicate that, during the treatment of chronic wounds with an ES 
or SS, the endothelial cells will be triggered to form sprouts via VEGF and activation 
of uPAR. This in vitro study supports our clinical observations that a bi-layered SS, 
containing autologous healthy fibroblasts and keratinocytes, is a strong stimulator of 
angiogenesis and therefore has the potential to revitalize an inert wound bed. 
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Abstract

The majority of full-thickness burn wounds heal with hypertrophic scar formation. 
Burn eschar most probably influences early burn wound healing, since granulation 
tissue only forms after escharotomy. In order to investigate the effect of burn eschar 
on delayed granulation tissue formation, burn wound extract (BWE) was isolated from 
the interface between non-viable eschar and viable tissue. The influence of BWE on the 
activity of endothelial cells derived from dermis and adipose tissue, dermal fibroblasts 
and adipose tissue-derived mesenchymal stromal cells (ASC) was determined. It was 
found that BWE stimulated endothelial cell inflammatory cytokine (CXCL8, IL-6 
and CCL2) secretion and migration. However, BWE had no effect on endothelial cell 
proliferation or angiogenic sprouting. Indeed, BWE inhibited basic Fibroblast Growth 
Factor (bFGF) induced endothelial cell proliferation and sprouting. In contrast, BWE 
stimulated fibroblast and ASC proliferation and migration. No difference was observed 
between cells isolated from dermis or adipose tissue. The inhibitory effect of BWE on 
bFGF-induced endothelial proliferation and sprouting would explain why excessive 
granulation tissue formation is prevented in full-thickness burn wounds as long as 
the eschar is still present. Identifying the eschar factors responsible for this might give 
indications for therapeutic targets aimed at reducing hypertrophic scar formation which 
is initiated by excessive granulation tissue formation once eschar is removed.
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Introduction

One of the most frequent causes of full-thickness burn wounds is exposure to hot water 
or (flash) fire. A full-thickness burn wound results in loss of viable epidermis and dermis. 
Currently, small full-thickness burns (<15% Total Body Surface Area; TBSA) are treated 
conservatively for 10–14 days, followed by debridement of eschar and application 
of a split skin autograft to deeper, non healing regions. To prevent a Severe Systemic 
Inflammation Syndrom (SIRS), burns larger than 15% TBSA require earlier excision 
followed by debridement and application of a split skin autograft [1,2]. The majority of 
full-thickness burn wounds result in the formation of hypertrophic scars, independent of 
the treatment strategy [3]. In order to develop improved treatment strategies to prevent 
hypertrophic scar formation, a better understanding of the early stages of wound healing 
and the influence of eschar on the early healing process is required. 
 Wound healing of full-thickness burns differs from normal wound healing 
in several aspects, notably alterations in haemostasis, inflammation and granulation 
tissue formation [4]. Burn injury coagulates the superficial blood vessels hindering 
fibrin clot formation, and when the wound is debrided excessive bleeding is triggered, 
leading to haemostasis, followed by the formation of granulation tissue within a few 
days [4]. Clinical observations show that the presence of eschar on the wound bed 
prohibits granulation tissue formation. Granulation tissue is characterized by a high 
density of fibroblasts, granulocytes, macrophages and microcapillaries. In full-thickness 
burn wounds the cells required for wound healing have to migrate from the wound 
edges, from the subcutaneous adipose tissue or other origins. In addition to dermal 
fibroblasts and dermal-endothelial cells (dermal-EC) migrating from the wound edges 
also adipose tissue-derived mesenchymal stromal cells (ASC) and adipose-endothelial 
cells (adipose-EC) are likely to be involved and may contribute to less favorable wound 
healing and hypertrophic scar formation. For example, the persistent myofibroblasts 
in hypertrophic scars may originate from the adipose tissue, since a high percentage 
of ASC express the myofibroblast marker α-smooth muscle actin [5-7]. Also a possible 
contribution of endothelial cells to hypertrophic scar formation has been suggested as 
hypertrophic scars contain more microcapillaries than normal scars [8,9]. The alterations 
in haemostasis, granulation tissue formation and the contribution to wound healing by 
cells from alternative origins, such as adipose tissue can contribute to the increased risk 
of hypertrophic scar formation as seen in many full-thickness burn wounds [4].
 Since granulation tissue only forms after the burn wound eschar has been 
removed, burn eschar is most likely to strongly influence early healing of the burn wound. 
To investigate this further, burn wound extract (BWE) can be isolated from the interface 
between non-viable eschar and viable tissue and used to represent the burn wound 
environment, allowing us to study the cellular and molecular components involved 
in burn wound healing [10,11]. Previously we have shown that this BWE is highly 
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bioactive containing abundant levels of many cytokines, chemokines and growth factors 
such as CCL2, CCL5, CCL18, CCL20, CCL27, IL-1α, IL-6, CXCL1, CXCL8, basic 
fibroblast growth Factor (bFGF), hepatocyte growth factor and transforming growth 
factor-β. BWE could further stimulate ASC and fibroblasts to secrete more mediators 
related to inflammation, angiogenesis and granulation tissue formation resulting in an 
amplified inflammatory response [11]. 
 In this study, to further investigate the effect of eschar-derived BWE on delayed 
granulation tissue formation we focused on endothelial cells derived from the dermis 
and adipose tissue. The influence of BWE on endothelial cell inflammation, migration, 
proliferation and angiogenic sprouting was determined. Our results indicate that BWE 
from full-thickness burn wounds stimulates the secretion of inflammatory proteins 
and endothelial cell migration, but inhibits endothelial cell proliferation and vessel 
sprouting. In contrast to the findings with dermal- and adipose-EC, stimulation of both 
proliferation and migration was seen with fibroblasts and ASC in the presence of BWE.

Materials and Methods

Human Tissue
Human adult skin with underlying adipose tissue was obtained from healthy individuals 
undergoing abdominal dermolipectomy. The discarded skin was collected anonymously 
if patients had not objected to use of their rest material (opt-out system). Eschar was 
obtained from patients with full-thickness burn wounds undergoing escharotomy. 
Anonymous tissue collection procedures were performed in compliance with the “Code 
for Proper Secondary Use of Human Tissue” as formulated by the Dutch Federation of 
Medical Scientific Societies (www.federa.org) and following procedures approved by the 
institutional review board of the VU University medical center.

Burn Wound Extract
Eschar was removed 6–21 days post burn from 9 patients with full-thickness burn wounds. 
Characteristics of the burn wounds and properties of the BWE are shown in Table 1. The 
upper layers of the eschar were removed and discarded until just above the viable layer. 
Then the eschar at the interface between non-viable and viable tissue was collected, cut 
into 0.4 cm2 pieces and placed in either 1 mL PBS or 1 mL PBS containing protease 
inhibitor cocktail (1:100; PIC; Sigma-Aldrich, St. Louis, MO, USA). After two hours 
gentle shaking at 4 °C the remaining tissue was removed and the solution was centrifuged 
to pellet any remaining tissue. The supernatant was then filtered using a sterile 0.4 µm pore 
size filter (Merck Millipore, Amsterdam, the Netherlands) to ensure that all cell and tissue 
debris was removed as well as any bacteria. This acellular supernatant extracted from the 
tissue interface between non-viable and viable tissue was collected and stored at −80 °C, and 
further referred to as BWE. The total protein concentration in the BWE was determined 
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using the Bradford Bio-Rad Protein Assay (BioRad Laboratories, Hercules, CA, USA) as 
described by the supplier. The BWE contained varying protein concentrations, 2200 ± 
1000 µg/mL. For each independent experiment a different cell donor and a BWE isolated 
from a different donor was used. In the experiments BWE was diluted in the culture 
medium to 40 and 100 µg/mL to standardize the protein content within each experiment.

Cell Culture
Adipose tissue was carefully dissected from the skin. The remaining skin was then treated 
with dispase to remove the epidermis from the dermis. The adipose stromal vascular cell 
fraction and dermal stromal vascular cell fraction were then isolated using collagenase type 
II/dispase II adipose tissue or dermis as previously described [14].
 Dermal fibroblasts (fibroblasts) and ASC were cultured in DMEM (Lonza, 
Verviers, Belgium), 1% UltroSerG (UG) (BioSepra SA, Cergy-Saint-Christophe, France) 
and 1% penicillin/streptomycin (P/S) (Invitrogen, Carlsbad, CA, USA).
 Endothelial cells were purified from the dermal stromal vascular cell fraction 
(dermal-EC) and from the adipose stromal vascular cell fraction (adipose-EC) using a 
MidiMACS separator with microbeads against CD31 as previously described [13]. A 
>99% pure population (CD31+/CD90−) was obtained at passage 3. The endothelial 
cells were further cultured on 1% gelatin (Sigma-Aldrich) coated flasks in endothelial cell 
medium (EC medium): M199 medium (Lonza), 1% P/S, 2 mM l-glutamin (Invitrogen), 
10% heat-inactivated New Born Calf Serum (Invitrogen), 10% heat-inactivated Human 
Serum (Invitrogen), 5 U/mL heparin (Pharmacy VUmc, Amsterdam, The Netherlands) 
and 3.7 µg/mL endothelial cell growth factor (ECGF; crude extract from bovine brain) 
(Physiology department VUmc, Amsterdam, the Netherlands).
 The cells were stored in the vapor phase of liquid nitrogen until required. 
For experiments dermal-EC and adipose-EC between passage 5 and 7 were used and 
fibroblasts and ASC between passage 1 and 3. In all experiments donor-matched cells 
were used.

Exposure of Endothelial Cells to BWE
Dermal-EC and adipose-EC were seeded in an equal density of 1 × 104 cells/cm2 on 
gelatin-coated culture plates in EC medium. After 16 h the wells were washed twice 
with HBSS/0.5 mM EDTA before replacing the medium with M199 medium, 10% 
HS, 10% NBCS, 1% P/S, 2 mM l-glutamin. Monolayers of endothelial cells were 
exposed to 0, 40 or 100 µg/mL BWE in PIC in HMEC medium for 24 h. Culture 
supernatants were collected for ELISA.

Cell Migration Assay
Migration of dermal- and adipose-EC was studied as previously described [13]. In 
short: Dermal- and adipose-EC were seeded in an equal density of 2 × 104 cells/cm2 
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on gelatin-coated culture plates in EC medium. The EC medium was replaced when 
the cells reached confluency by M199 medium with 10% HS, 10% NBCS, 2 mM 
l-glutamin and 1% P/S for 24 h before the start of the experiment. A scratch was drawn 
in a confluent monolayer of dermal- and adipose-EC with a plastic disposable pipette 
tip. After washing, the cells were exposed to M199 medium with 10% HS, 10% NBCS, 
2 mM l-glutamin and 1% P/S supplemented with different concentrations of BWE (0, 
40 or 100 µg/mL) or 10 ng/mL bFGF. Phase contrast pictures were taken directly after 
drawing the scratch and after 16 h of exposure.
 Fibroblasts and ASC were seeded in a density of 3.5 × 104 cells/cm2 on culture 
plates in DMEM medium with 1% UltroSerG and 1% P/S [14]. The medium was 
replaced when the cells reached confluency by DMEM medium with 0.1% Bovine 
serum albumin and 1% P/S for four days. Then the scratch was drawn through the 
confluent monolayer with a plastic disposable pipette tip. After washing, the cells were 
exposed to DMEM medium with 0.1% BSA and 1% P/S supplemented with different 
concentrations of BWE (0, 40 or 100 µg/mL) or 5 ng/mL EGF. Phase contrast pictures 
were taken directly after drawing the scratch and 72 h of exposure. Data were analyzed 
using an image processing algorithm [23]. The closed area was determined by subtracting 
the open area at time point t = 16 h or t = 72 h from t = 0 h.

Proliferation Assay
Proliferation of dermal- and adipose-EC in response to BWE was determined using 
3H-thymidine incorporation, adapted from Monsuur et al. [13]. Endothelial cell 
proliferation was studied in triplicate in low nutrient medium in order to determine 
their response to BWE. The endothelial cells were seeded on gelatin-coated culture 
plates in a density of 8 × 103 cells/cm2 in M199 medium with 5% HS, 10% NBCS, 2 
mM l-glutamin and 1% P/S. Cells were left to adhere to the culture plates for 16 h, 
followed by 72 h stimulation with either BWE (0, 40, 100 µg/mL in PBS) or bFGF 
(0, 3 or 10 ng/mL; ReliaTech GmbH, Wolfenbuttel, Germany) or combinations 
between growth factor and BWE (0, 40, 100 µg/mL). During the last 16 h of growth, 
1 µCi 3H-thymidine (Perkin Elmer, Belgium) was added to quantify the amount of 
DNA replication as a measure for proliferation. The β-emission was measured with 
Ultima Gold scintillation fluid on a Tri-Carb 2800TR Liquid Scintillation Analyzer 
(PerkinElmer, Zaventem, Belgium).
 Proliferation of fibroblasts and ASC in response to BWE was determined in 
triplicate by manual cell counting. Fibroblasts were seeded on uncoated culture plates 
in a density of 5 × 103 cells/cm2 in DMEM medium with 0.1% Bovine serum albumin 
and 1% P/S. Cells were left to adhere to the culture plates for 16 h, followed by 56 h 
stimulation with either BWE (0, 40, 100 µg/mL in PBS) or EGF (0, 10 ng/mL; Sigma-
Aldrich). Phase contrast pictures were taken directly after exposure to BWE and after 56 
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h of exposure. Manual cell counting was performed to determine relative proliferation 
compared to control.

In Vitro Sprouting Assay
In vitro tube formation was studied using 3D fibrin matrices and dermal- or adipose-
EC, as previously described [13]. Briefly, fibrin matrices were prepared by addition of 
thrombin (0.5 U/mL) (MSD, Haarlem, the Netherlands) to a 3 mg/mL fibrinogen 
(Enzyme Research Laboratories, Leiden, the Netherlands) solution in M199 medium and 
100 µL was added to the wells of a 96-well plate. After polymerization, thrombin was 
inactivated by incubating the matrices with M199 medium with 10% HS, 10% NBCS, 
2 mM l-glutamin and 1% P/S. Dermal- or adipose-EC were seeded to reach a confluent 
density of 6 × 104 cells/cm2. After 16 h, the adipose- and dermal-EC were stimulated 
with M199 medium with 10% HS, 10% NBCS, 2 mM l-glutamin and 1% P/S and 
2 ng/mL TNF-α (ReliaTech GmbH) supplemented with BWE (0, 40, 100 µg/mL in 
PBS) or bFGF (0, 3 or 10 ng/mL) or BWE and bFGF combined. The sprouts formed by 
dermal- or adipose-EC into the fibrin matrices were photographed and analyzed using a 
Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) and NIS-elements AR software 3.2 
(Nikon). The amount of sprouting was measured as percentage surface area of the sprouts 
of the total surface of the picture.

Histological Staining
Paraffin embedded sections of eschar of 5 µm were stained for morphological analysis 
(hematoxylin and eosin; HE). The sections were photographed using a Nikon Eclipse 
80i microscope (Nikon).

Secretion of Cytokines and Chemokines
ELISAs were performed using commercially available ELISA antibodies. All reagents 
were used in accordance to the manufacturer’s specifications. IL-6 and CCL2 (both R&D 
Systems, Abingdon, UK) and CXCL8 (Sanquin, Amsterdam, the Netherlands). ELISA 
results are expressed in ng/mL.

Statistical Analysis
Statistical analyses were performed using t-tests or one-way ANOVA followed by a Dunn’s 
multiple comparison test. All data was obtained from three to six independent experiments 
using different cell donors and duplicate wells. The cells in each experiment were donor-
matched. Each cell donor was combined with a different BWE donor. Differences were 
considered significant when * p < 0.05, ** p < 0.01, *** p < 0.001. Results are shown as 
mean ± SEM.
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Results

Eschar
Eschar was removed from the patient by (tangential) excision (Figure 1). Eschar at the interface 
between non-viable and viable tissue was used to obtain an acellular BWE for the experiments 
described in this study. Characteristics of the eschar and BWE are shown in Table 1. The 
histology of this eschar showed absence of an epidermis and a tissue containing many small, 
rounded cells in the lower eschar layers (Figure 1c). It has previously been reported that eschar 
contains viable cells resembling ASC [12].

Figure 1: Macroscopic pictures and morphology of human eschar tissue. 
(a) Eschar tissue on patient; (b) Eschar after tangential excision; (c) Eschar at interface of non-viable and 
viable tissue from which acellular Burn Wound Extract (BWE) is derived (see Materials and Methods); 
hematoxylin and eosin staining showing the absence of epidermis; small, rounded cells are present in the 
lower levels of the dermis (areas with blue nuclei; see arrows). Scale bar = 1 cm (a,b) or 200 µm (c).

Table 1: Characteristics of burn wounds, properties of the burn wound extract (BWE) and experiments 
where each BWE donor was used.
# Gender Age Cause of Burn TBSA Time after Injury 

(Days)
Protein Concentration BWE 
(μg/mL)

BWE used 
in Figure

1 female 49 hot water 9% 21 2850 F2

2 female 62 hot object 2% 13 2420 F2

3 female 30 flame 60% 6 1120 F2

4 female 73 flame 2% 17 3260 F4

5 male 49 chemicals 48% 6 720 F3,4,5

6 male 64 hot object 7% 12 1780 F3,4,5

7 male 45 chemicals 0.5% 14 830 F3,4,5

8 female 46 hot object 0.5% 10 1620 F3,4,5

9 male 52 hot water 2.5% 10 2970 F3,4,5
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Figure 2:. Secretion of inflammation factors by dermal- and adipose-endothelial cells. 
Secretion of CXCL8, IL-6 and CCL2 after a 24 h exposure to 0, 40 or 100 µg/mL BWE. Basal amounts 
of protein in culture medium containing 100 µg/mL BWE without cells: CXCL8: <2 ng/mL; IL-6: <1 ng/
mL; CCL2: <0.5 ng/mL. Significance of the dose response curve was calculated using a one-way ANOVA 
followed by a Dunn’s multiple comparison test and significance of basic Fibroblast Growth Factor (bFGF) 
induction was tested with a t-test; * p < 0.05. Data is shown for 3 independent experiments as mean ± 
SEM. Each experiment represents a different cell donor and a different BWE donor (see Table 1). Black, 
solid bars represent dermal-endothelial cells (dermal-EC) and grey, striped bars adipose-endothelial cells 
(adipose-EC).

Burn Wound Extract Inhibits Endothelial Cell Proliferation and Sprouting
Previously we have shown that eschar BWE contains a large reservoir of bioactive 
cytokines and chemokines [11]. In order to determine the effect of BWE on cells 
underneath the eschar, both dermal-EC and adipose-EC were exposed to BWE. The 
influence of BWE on (i) inflammatory cytokine secretion was determined by ELISA; 
(ii) cell migration was determined using the wound healing scratch assay and (iii) 
proliferation by 3H incorporation.
 BWE exposure increased CXCL8, IL-6 and CCL2 secretion by dermal- and 
adipose-EC in a dose dependent manner in line with our previous findings for fibroblasts 
and ASC (Figure 2). CXCL8 secretion was induced by 8.2 and 8.9 fold, IL-6 by 37.3 
and 28.1 fold and CCL2 by 4.4 and 4.7 fold (dermal- and adipose-EC respectively; 100 
µg/mL). Migration of adipose-EC was also stimulated during a time period of 16 h in 
the scratch wound-healing assay. For dermal-EC a relative increase of 1.19 fold (100 
µg/mL) was observed compared to the bFGF positive control, which showed 1.29 fold 
increase (not significant) (Figure 3a). For adipose-EC a relative increase of 1.33 fold 
(100 µg/mL) was observed compared to the bFGF positive control, which showed 1.50 
fold increase (p ˂ 0.01) (Figure 3a). The morphology of the cells was not affected by the 
addition of BWE (supplementary Figure 1a). In contrast to cell migration, BWE did not 
influence the basal level of proliferation of endothelial cells (Figure 3b,c). Endothelial 
cell proliferation was stimulated by the addition of bFGF, for dermal-EC a relative 
increase of 4.63 fold was achieved by 10 ng/mL bFGF and for adipose-EC a relative 
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Figure 3: Migration scratch assay and proliferation assay using dermal- and adipose-endothelial cells. 
(a) Relative migration values of dermal- and adipose-EC cultured in the presence of 0, 40 or 100 µg/
mL BWE or 10 ng/mL bFGF. Relative migration is calculated from the scratch area closed compared to 
unexposed endothelial cells; (b) Proliferation (3H incorporation) values, relative to unexposed endothelial 
cells, of dermal-EC cultured in the presence of 0, 3 or 10 ng/mL bFGF in combination with BWE; (c) 
Proliferation values, relative to unexposed endothelial cells, of adipose-EC cultured in the presence of 0, 
3 or 10 ng/mL bFGF combined with BWE. Significance of the dose response curve was calculated using 
a one-way ANOVA followed by a Dunn’s multiple comparison test and significance of bFGF induction 
was tested with a t-test; * p < 0.05, ** p < 0.01. Data is shown for 4 independent experiments as mean ± 
SEM. Each experiment represents a different cell donor and a different BWE donor (see Table 1). Solid bars 
represent dermal-EC and striped bars adipose-EC.
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increase of 3.35 fold (Figure 3b,c). Notably, when BWE was added in combination with 
bFGF, the bFGF stimulated increase in proliferation was inhibited in a dose-dependent 
manner (Figure 3b,c). The inhibitory effect was more pronounced for dermal-EC than 
for adipose-EC. The relative proliferation for dermal-EC was reduced by 49% and for 
adipose-EC by 37% when 10 ng/mL bFGF was combined with 100 µg/mL BWE.
 Since angiogenesis involves a combination of cell proliferation, migration and 
matrix degradation we then determined the influence of BWE in a vessel sprouting 
assay. Sprout formation, as a measure for angiogenic response, was investigated using a 
3D fibrin matrix. Endothelial cells seeded on top of this matrix will form sprouts into 
the matrix when an angiogenic stimulus is added to the medium [13]. Dermal- and 
adipose-EC did not form sprouts when exposed to BWE alone. When dermal- and 
adipose-EC were exposed to the angiogenic stimulus bFGF (10 ng/mL) induction of 
sprouting was clearly observed (Figure 4). Notably, this bFGF mediated increase in 
sprouting was inhibited by BWE in a dose-dependent manner. Dermal-EC showed 
72% inhibition and adipose-EC showed 82% inhibition when 10 ng/mL bFGF was 
combined with 100 µg/mL BWE (Figure 4).
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Figure 4: Sprouting assay using dermal- and adipose-endothelial cells. 
(a) Representative pictures of sprout formation of dermal- and adipose-EC into 3D fibrin matrices when 
exposed to 10 ng/mL bFGF or 10 ng/mL bFGF with 100 µg/mL BWE. Arrows indicate the sprouts; (b) 
Relative sprouting values of dermal- and adipose-EC in the presence of 0 or 10 ng/mL bFGF combined 
with 0, 40 or 100 µg/mL BWE compared to 10 ng/mL bFGF stimulated cultures. Significance of the dose 
response curve was calculated using a one-way ANOVA followed by a Dunn’s multiple comparison test; ** 
p < 0.01, *** p < 0.001. Data is shown for 6 independent experiments as mean ± SEM. Each experiment 
represents a different cell donor and a different BWE donor (see Table 1). Black, solid bars represent dermal-
EC and grey, striped bars adipose-EC. Scale bars represent 50 µm.
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Figure 5: Migration scratch assay and proliferation assay using dermal fibroblasts and adipose tissue-
derived mesenchymal stromal cells. 
(a) Relative migration values of fibroblasts and Adipose tissue-derived mesenchymal Stromal Cells (ASC) 
cultured in the presence of BWE or epidermal growth factor (EGF); (b) Relative proliferation values of 
fibroblasts and ASC cultured in the presence of BWE or EGF. The 5 and 10 ng/mL concentrations of EGF 
are optimal concentrations to serve as a positive control for the proliferation and migration experiments 
respectively. Significance of the dose response curve was calculated using a one-way ANOVA followed by 
a Dunn’s multiple comparison test and significance of EGF induction was tested with a t-test; * p < 0.05, 
** p < 0.01. Data is shown for 4 independent experiments as mean ± SEM. Each experiment represents 
a different cell donor and a different BWE donor (see Table 1). Black, solid bars represent fibroblasts and 
grey, striped bars ASC.

Burn Wound Extract Stimulates Both Migration and Proliferation of Fibroblasts and 
ASC
Next the influence of BWE on fibroblast and ASC proliferation and migration was 
investigated. In contrast to endothelial cells, fibroblasts and ASC both showed a 
significant increase in migration in the scratch assay in the same order of magnitude 
as the epidermal growth factor (EGF) positive control (Figure 5a). For fibroblasts the 
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highest relative increase of 2.31 fold was observed using 100 µg/mL BWE whereas 
EGF only showed 1.73 fold increase. For ASC the highest relative increase of 2.31 fold 
was observed using 40 µg/mL BWE whereas EGF only showed 1.94 fold increase. The 
morphology of the cells was not affected by the addition of BWE (supplementary Figure 
1b). BWE stimulated proliferation of fibroblasts and ASC, to the same extent as EGF 
(5 ng/mL) (Figure 5b). For fibroblasts the highest relative increase of 1.50 fold using 
100 µg/mL BWE was observed whereas EGF showed 1.42 fold increase. For ASC the 
highest relative increase of 1.88 fold using 40 µg/mL BWE was observed whereas EGF 
showed 1.68 fold increase.

Discussion

The BWE derived from full-thickness burn wounds contains a very potent cocktail 
of bioactive cytokines, chemokines and growth factors representative of burn wound 
eschar [11]. In this study our focus was on the effect of BWE on endothelial cells from 
dermis and adipose tissue. BWE stimulated endothelial cells to secrete inflammatory 
proteins and enhanced endothelial cell migration. However, BWE had no effect on 
endothelial cell proliferation and angiogenic sprouting, and actually inhibited bFGF-
mediated proliferation and sprouting. In contrast BWE stimulated both migration and 
proliferation of fibroblasts and ASC.
 Our observation that BWE stimulated endothelial cells to secrete IL-6, CXCL8 
and CCL2 was in agreement with our previous findings in which we showed that BWE 
stimulated inflammatory protein secretion by fibroblasts and ASC (but not keratinocytes) 
[11]. In the BWE there are many proteins present that can elicit an inflammatory 
response in endothelial cells, such as CCL2, IL-6, IL-1α, CXCL1 and CXCL8 [11]. 
No differences were found between dermal-EC and adipose-EC, however ASC were 
found to secrete more CCL2, IL-6 and CXCL8 in response to BWE than fibroblasts. 
The increased migration of endothelial cells, fibroblasts and ASC in the wound healing 
scratch assay may be attributed to the highly bioactive composition of the BWE that 
contains many chemotactic proteins such as bFGF and CCL5 [14,15]. Notably, we 
found that BWE inhibited endothelial cell proliferation and vessel sprouting. Vessel 
sprouting requires a combination of proliferation, migration and matrix breakdown 
[16,17]. Other studies investigating the effect of burn blister fluid on endothelial cells 
showed conflicting results, as endothelial cell proliferation, chemotaxis and angiogenesis 
were either stimulated or not affected [18-20]. However, blister fluid cannot be compared 
to our BWE, since blister fluid is obtained very early after injury (within 6–72 h) from 
(deep) partial-thickness burn wounds (compared to BWE which is isolated from full-
thickness burn wounds between day 6 and 21). However, our results for fibroblasts and 
ASC were in line with results from blister fluid, which had a clear stimulatory effect on 
fibroblast proliferation and contraction [21,22].
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In full-thickness burn wounds the eschar is often left on the burn wound for 10–14 
days before a decision is made to remove the eschar by (tangential) excision. During 
this time period not only an alteration in wound healing is seen with regards to 
hemostasis, but also in granulation tissue formation. The removal of eschar causes 
excessive bleeding followed by hemostasis and (excessive) granulation tissue forms a few 
days after escharotomy [4]. An explanation for the inhibitory effect of BWE on bFGF-
induced proliferation and sprouting may be the presence of inhibitory factors in the 
BWE, e.g., plasminogen activator inhibitor-1 or angiopoietin-2. The non-viable burned 
tissue might also release collagen-4 derived angiogenesis inhibitors into the BWE, for 
example arresten, canstatin or tumstatin [17]. Our findings give an explanation as to 
why excessive granulation tissue formation is prevented in full-thickness wounds as long 
as the eschar is still present. Further research is required to identify the factors present 
at the interface of non-viable eschar and viable tissue as this can give indications for 
therapeutic targets aimed at reducing hypertrophic scar formation which is initiated by 
excessive granulation tissue formation.
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Supplementary Figure 1: Morphology of dermal- and adipose-endothelial cells, fibroblasts and ASC 
after exposure to BWE. 
(a) Photographs of migration scratch assay with dermal- and adipose-EC cultured in the presence of 0 
(Neg), 10 ng/mL bFGF or 100 µg/mL BWE at t=16 h. (b) Photographs of migration scratch assay with 
fibroblasts and ASC cultured in the presence of 0 (Neg), 10 ng/mL bFGF or 100 µg/mL BWE at t=72 h. 
Red line indicates the border of the original scratch at t=0 h. Scale bar = 200 µm.
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Abstract

Abnormal cutaneous wound healing can lead to formation of fibrotic hypertrophic 
scars. Although several clinical risk factors have been described, the cross-talk between 
different cell types resulting in hypertrophic scar formation is still poorly understood. 
The aim of this in vitro study was to investigate whether endothelial cells (EC) may play 
a role in skin fibrosis, e.g. hypertrophic scar formation after full-thickness skin trauma. 
Using a collagen/elastin matrix, we developed an in vitro fibrosis model to study the 
interaction between EC and dermal fibroblasts or adipose tissue-derived mesenchymal 
stromal cells (ASC). Tissue equivalents containing dermal fibroblasts and EC displayed 
a normal phenotype. In contrast, tissue equivalents containing ASC and EC displayed 
a fibrotic phenotype indicated by contraction of the matrix, higher gene expression of 
ACTA2, COL1A, COL3A and less secretion of follistatin. The contraction was in part 
mediated via the TGF-β pathway, as both inhibition of the ALK4/5/7 receptors and the 
addition of recombinant follistatin resulted in decreased matrix contraction (75±11% 
and 24±8% respectively). In conclusion, our study shows that EC may play a critical role 
in fibrotic events, as seen in hypertrophic scars, by stimulating ASC-mediated matrix 
contraction via regulation of fibrosis-related proteins.
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Introduction

Abnormal wound healing of the skin can lead to the formation of fibrotic hypertrophic 
scars which show e.g. redness, itch, pain and joint contracture. Hypertrophic scars 
remain within the boundaries of the original wound and are usually formed after 
extreme skin trauma e.g. full-thickness burns, but can also occur after standard surgical 
procedures. For example, one year after full-thickness burn injury up to 72% of burn 
patients have hypertrophic scars and one year after standard surgery 35% of patients 
have hypertrophic scars [1-5]. Since wounds that form hypertrophic scars are generally 
full-thickness wounds it is thought that cells from the adipose tissue may contribute to 
their development [6,7]. Although several risk factors have been described such as size, 
depth and delayed wound closure, the cross-talk between different cell types resulting in 
hypertrophic scar formation are still poorly understood [8].
 Normal cutaneous wound healing consists of multiple overlapping phases [9]. 
Immediately after wounding, a fibrin clot is formed which acts as a provisional matrix. 
This permits an influx of neutrophils and monocytes into the wound bed thus initiating 
an inflammatory cascade. During the proliferation phase, re-epithelialization takes 
place and granulation tissue is formed. Granulation tissue is formed by an accumulation 
of fibroblasts, capillaries (endothelial cells), immune cells, and collagen bundles. An 
important part of normal wound healing involves the replacement of the granulation 
tissue with extracellular matrix and apoptosis of excessive numbers of fibroblasts and 
endothelial cells (EC) [10]. Apoptosis of EC ensures that overabundant small blood 
vessels regress and enables maturation of newly formed networks. Due to the complexity 
of wound healing, many steps along the way are prone to aberrations and have been 
described to lead to the formation of hypertrophic scars. For example, delayed re-
epithelialization, prolonged inflammation, excessive neovascularization, imbalance of 
matrix metalloproteinases and their inhibitors, and prolonged presence of myofibroblasts 
causing excessive extracellular matrix deposition are all related to an increased chance 
of hypertrophic scar formation [11-13]. Also, differences in the organization of the 
collagen bundles in granulation tissue, where mesenchymal stromal cells (MSC) and EC 
play an important role, can discriminate between normotrophic scars and hypertrophic 
scars [14]. Previously we described a hypertrophic scar model in which adipose tissue-
derived mesenchymal stromal cells (ASC), when incorporated into a skin equivalent, 
caused contraction and a hypertrophic phenotype [15,16]. Several studies indicate that 
changes in vascularization or endothelial dysfunction may play a role in hypertrophic 
scar formation or regression respectively [3,17-19]. Also in other organs, e.g. in liver and 
lung, EC have been implicated in formation of fibrotic tissue [20,21]. Taken together 
this suggests that both ASC and EC may be involved in the onset of hypertrophic scar 
formation.
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Transforming growth factor-β1 (TGF-β1) secreted by e.g. platelets, macrophages, 
keratinocytes and fibroblasts is associated with fibrosis and scarring [22,23]. Increased 
TGF-β stimulates fibrosis by binding to the ALK5 receptor (TGFβR1) and TGFβR2 and 
subsequently upregulating type 1 collagen and tissue inhibitor of metalloproteinase-1 
(TIMP-1) gene expression and downregulating matrix metalloproteinase-1 gene 
expression in fibroblasts leading to enhanced matrix deposition and impaired 
degradation of extracellular matrix components [24-26]. Furthermore, other TGF-β 
family members have been described as fundamental regulators of inflammation and 
fibrosis in several organs, such as activin A and B, growth differentiation factor (GDF) 
8 and bone morphogenetic proteins (BMP) 2 and 6 [27-31]. Activin A, which binds 
to ALK4 (ACTRIB) and ACTRII or IIB, is thought to exert its effect in fibrosis by 
upregulation of fibrotic factors TGF-β1, connective tissue growth factor (CTGF), 
TIMP-1, plasminogen activator inhibitor-1, endothelin and type 1 collagen [27]. 
Interestingly, activin A expression was detected in inflammatory cells during the early 
phases of burn wound healing, while it was predominantly seen in fibroblasts during 
later phases of burn wound healing [32]. Anti-fibrotic follistatin is primarily known 
to bind and neutralize activin A with high affinity, but is also able to bind with lower 
affinity to activin B, GDFs and BMPs [33-37]. These results suggest that activin A, 
next to TGF-β, plays a key role in fibrosis starting already in the inflammatory and 
granulation tissue phase of cutaneous wound healing. 
 Although many studies implicate a role for either ASC or EC in hypertrophic 
scar formation, the interaction between both cell types and the cross-talk mechanism 
by which they might stimulate dermal matrix contraction and fibrosis has not been 
studied. The aim of this study was to investigate the crosstalk between MSC (fibroblast 
or ASC) and EC in fibrosis in vitro by seeding the cells into a 3D collagen/elastin dermal 
matrix (MatriDerm®). MSC and EC derived from the dermis were compared with those 
derived from the adipose tissue in order to determine the influence of wound depth on 
in vitro fibrosis.

Materials and methods

Human tissue
Human adult skin with underlying adipose tissue was obtained anonymously from 
healthy in dividuals undergoing abdominal dermolipectomy. Tissue collection procedures 
were performed in compliance with the ‘Code for Proper Secondary Use of Human 
Tissue’ as formulated by the Dutch Federation of Medical Scientific Societies (www.
federa.org) and following procedures approved by the institutional review board of the 
VU University medical center.



Potential role of endothelial cells in skin fibrosis 

129

7

Cell culture
Adipose tissue was carefully dissected from the skin. The remaining skin was then treated 
with dispase to remove the epidermis from the dermis. The adipose stromal vascular cell 
fraction and dermal stromal vascular cell fraction were then isolated using collagenase 
type II/dis pase II from adipose tissue or dermis as previously described [38]. 
 Mesenchymal stromal cells: ASC and fibroblasts, passage 3, were obtained with 
99.9% purity (CD90+, CD31-) and cultured in DMEM (Lonza, Verviers, Belgium), 
1% UltroSerG (UG) (BioSepra SA, Cergy-Saint-Christophe, France) and 1% penicillin/
streptomycin (P/S) (Invitrogen, Gibco, Paisley, UK) [38].
 Endothelial cells: EC were purified from the adipose stromal vascular cell 
fraction (A-EC) and from the dermal stromal vascular cell fraction (D-EC) using a 
MidiMACS separator with microbeads against CD31 [39]. A >99% pure population 
(CD31+/CD90-) was obtained at passage 3. EC were cultured on 1% gelatin (Sigma-
Aldrich, St. Louis, USA) coated flasks in EC medium: M199 medium (Lonza), 1% 
P/S, 2mM L-glutamin (Invitrogen), 10% heat-inactivated New Born Calf Serum 
(Invitrogen), 10% heat-inactivated Human Serum (Invitrogen), 5 U/mL heparin 
(Pharmacy VUmc, Amsterdam, The Netherlands) and 3.75 µg/mL endothelial cell 
growth factor ( crude extract from bovine brain) (Physiology department VUmc, 
Amsterdam, The Netherlands). 
 The cells were stored in liquid nitrogen until required. For experiments ASC 
and fibroblasts between passage 2 and 3 were used and EC between passage 5 and 7. In 
all experiments donor-matched cells were used.

Culture of tissue equivalents
 Tissue equivalents: Transwells (0.4µm, Corning, NY, USA) containing collagen/
elastin matrix (MatriDerm®; Dr. Suwelack Skin & Health Care, Billerbeck, Germany) 
were used to create tissue equivalents as previously described [15]. This dermal matrix 
was chosen since it is currently used underneath split-skin autografts for treating full-
thickness burns [40]. ASC, fibroblasts, adipose-EC or dermal-EC (4.105) were seeded 
into the collagen/elastin matrix (22x22 mm) either alone or in combinations of ASC 
or fibroblasts with EC (4.105 + 4.105). The tissue equivalents were cultured submerged 
for three weeks in EC medium with addition of 50 µg/mL ascorbic acid and 5 ng/mL 
epidermal growth factor (Sigma). Culture medium was replaced twice a week. Twenty 
four hours before harvesting, culture medium was replaced by EC medium without 
heparin, ECGF and epidermal growth factor for ELISA. The tissue equivalents were 
harvested for immunohistochemical analysis and mRNA expression.
 Addition of TGF-β1 pathway inhibitors to culture medium: Tissue equivalents 
were generated as described above with culture medium being supplemented with 
ALK4/5/7 inhibitor (2 or 10 µM SB431542; Sigma), or recombinant follistatin (0.5 
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ng/mL follistatin; R&D Systems, Abingdon, UK). Corresponding controls were 
supplemented with 0.04% DMSO or 0.5% PBS containing 1%BSA. 

Measurement of matrix contraction
Photographs of the tissue equivalents were taken at the start and end of the experiments 
with a Nikon Coolpix 5400 digital camera (Japan). The surface areas of the equivalents 
were measured by NIS-Elements AR 2.10 software. 

Immunohistochemical analysis
Immunohistochemical analysis was performed on paraffin embedded sections (5 µm) for 
CD31 (endothelial cells, clone JC70A; 1:40, DAKO, Glostrup, Denmark), Vimentin 
(mesenchymal cells, clone V9; 1:200, DAKO) and α-SMA (myofibroblasts, clone 1A4; 
1:200, DAKO).

Secretion of granulation tissue formation factors, cytokines and chemokines
ELISAs were performed using commercially available ELISA antibodies. All reagents 
were used in accordance to the manufacturer’s specifications. TGF-β1, activin A, 
follistatin (all R&D Systems). ELISA data are expressed in ng/mL.

mRNA expression
Upon harvesting the tissue equivalents, a small piece (40-100 mm2) was snap frozen 
and stored at -80°C. The tissue equivalents were homogenized using gentleMACS™ M 
Tubes in combination with the gentleMACS Dissociators according to manufacturer’s 
instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). Further homogenization 
was performed using the QiaShredder kit and RNA isolation was performed using 
the RNeasy Mini kit with on-column DNAse digestion (Qiagen, Hilden, Germany) 
according to the manufacturer’s instructions. Reverse transcription of RNA and the 
real-time PCR reactions were performed essentially as previously described [41] using 
SYBRGreen iQTM SYBR® Green Supermix (Bio-Rad Laboratories, Hercules, USA) 
and qPCR primer pairs for ACTA2 (α-smooth muscle actin; HP205437, OriGene 
Technologies, Rockville, USA), COL1A1 (Collagen 1; HP200074, OriGene), COL3A1 
(Collagen 3; HP200076, OriGene), TGFB1 (TGF-β1; HP200609, OriGene) or 
housekeeping gene HPRT1 (HP200179, OriGene). Gene expression (2-∆Ct) was 
normalized for the expression of housekeeping gene HPRT1. 
 
Statistical analysis
Statistical analyses were performed using T-tests or one-way ANOVA for measurements 
of contraction or ELISA results. For the PCR data a one-way ANOVA was used 
followed by a Kruskal Wallis test. All data was obtained from three to seven independent 
experiments using different donors and duplicate wells. The EC and MSC in each 
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experiment were donor-matched. Differences were considered significant when *P<0.05, 
**P<0.01, ***P<0.001. Results are shown as mean ± SEM.

Results

Co-culture of EC with ASC results in pronounced matrix contraction
Since contraction is a striking feature of fibrosis and hypertrophic scars, it was first 
determined whether different combinations of EC and MSC derived from dermis and 
adipose tissue could influence the surface areas of a 3D collagen/elastin matrix. These 
tissue equivalents containing either dermal fibroblasts or ASC in mono-culture resulted 
in only moderate contraction (15±6% and 26±13% contraction respectively) (Figure 
1a and 1b). Tissue equivalents containing only dermal-EC (D-EC) or adipose-EC (A-
EC) did not contract. However, tissue equivalents containing ASC in co-culture with 
either dermal-EC or adipose-EC showed very strong contraction (55±9% and 66±4% 
respectively). This enhanced contraction was not observed when dermal fibroblasts were 
co-cultured with either dermal-EC or adipose-EC. Non-contracted tissue equivalents 
remained flattened whereas the contracted tissue equivalents were curved at the 
edges (Figure 1) and were thicker (Figure 2). Immunohistochemical analysis of the 
endothelial marker CD31 showed that EC were generally located in the upper half of 
the tissue equivalent (Figure 2). EC were clustered and often resembled micro-vessel-like 
structures. In contrast, MSC (vimentin staining) were localized throughout the entire 
matrix with no obvious clustering. No α-smooth muscle actin (α-SMA) positive cells 
were seen in the tissue equivalents containing only fibroblasts or ASC indicating the 
absence of myofibroblasts. Tissue equivalents consisting of fibroblasts co-cultured with 
dermal-EC or adipose-EC showed only sporadic α-SMA staining. Surprisingly, the most 
contracted tissue equivalents, those  containing ASC with adipose-EC or ASC with 
dermal-EC, showed only low numbers of α-SMA positive cells.
 Taken together these results show that EC derived from either the dermis or 
adipose tissue induced contraction of tissue equivalents containing ASC, but had no 
effect on tissue equivalents containing fibroblasts. 
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Figure 1: EC derived from either the dermal or adipose tissue induce contraction of tissue equivalents 
containing ASC, but have no effect on tissue equivalents containing fibroblasts. 
(a) Macroscopic pictures of tissue equivalents (bars = 1 cm). (b) Surface area of tissue equivalent with 
Fibroblasts (Fib), ASC, D-EC, A-EC or combinations between Fib, ASC and EC. Statistical analysis was 
performed using repeated measures one-way ANOVA, analysis with tissue equivalents containing only EC 
was not included. **P < 0.01, ***P<0.001. Data is shown for 3 donors (EC alone) or 4 donors (all other 
conditions) as mean ± SEM. A-EC, adipose-endothelial cells; ASC, adipose-tissue derived mesenchymal 
stromal cells; D-EC, dermal-endothelial cells; Fib, fibroblasts.
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Figure 2: Microscopic assessment of tissue equivalents. 
Immunohistochemical staining of CD31, Vimentin and α-SMA (bars = 100 µm).
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Higher mRNA expression of fibrosis-related genes during co-culture of adipose-
EC with ASC 
Since relatively little α-SMA expressing cells were observed in tissue equivalents, even 
in the contractile ones  where EC were co-cultured with ASC, it was next determined 
whether the gene expression of ACTA2 (encoding α-SMA), COL1A1 (encoding 
collagen 1) and COL3A1 (encoding collagen 3) was altered since these genes have been 
described to play key roles in excessive matrix formation and hypertrophic scar formation 
[18,42,43] (Figure 3). ACTA2 was expressed more by fibroblasts and ASC compared 
to dermal- and adipose-EC. Moreover, ACTA2 expression was significantly upregulated 
by tissue equivalents containing co-cultured adipose-EC and ASC compared to co-
cultures containing dermal-EC and fibroblasts. A similar trend was seen for COL1A and 
COL3A. Overall, the tissue equivalent containing co-cultured adipose-EC and ASC 
showed higher COL1A, COL3A and ACTA2 than the other tissue equivalents.

Figure 3: Expression of fibrosis-related genes in tissue equivalents. 
Relative mRNA expression of ACTA2, COL1A and COL3A by tissue equivalents compared to fibroblasts 
(Fib). Statistical analysis was performed using a one-way ANOVA followed by a Kruskal Wallis test. 
*P<0.05. Data is shown for 2 donors (D-EC) or 4 donors (Fib/EC, ASC/EC, A-EC) or 5 donors (Fib, 
ASC) as mean ± SEM. A-EC, adipose-endothelial cells; ASC, adipose-tissue derived mesenchymal stromal 
cells; D-EC, dermal-endothelial cells; Fib, fibroblasts.

EC stimulate ASC to contract the matrix via the ALK4, ALK5 and ALK7 receptors 
and reduction of follistatin secretion
To study the underlying molecular pathways involved in the observed contraction of 
the tissue equivalents containing ASC and EC we next measured secretion of follistatin, 
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activin A and mRNA expression of TGF-β1 (Figure 4). Anti-fibrotic follistatin binds and 
neutralizes pro-fibrotic activin A and with less affinity also other TGF-β family members. 
The tissue equivalents containing ASC with or without EC (independent of EC origin) 
secreted less follistatin than the tissue equivalents containing fibroblasts with or without 
EC (Figure 4a), indicating a more pro-fibrotic environment in the tissue equivalents 
containing ASC. The effect is most pronounced when ASC are co-cultured with EC 
(independent of EC origin). Activin A secretion was detected in equivalents containing 
D-EC, A-EC or ASC-EC (Figure 4a). In all tissue equivalents, TGF-β1 secretion was 
below the detection limit of our ELISA (30 pg/ml; data not shown) therefore we measured 
the mRNA expression, which was similar in all conditions (Figure 4b). 

Figure 4: Secretion and expression of pro- and anti-fibrotic factors. 
(a) Secretion of anti-fibrotic follistatin and pro-fibrotic activin A by tissue equivalents. Fibroblasts (Fib), 
ASC , D-EC and A-EC each contain 4x105 cells. Co-cultures of Fib/ASC and D-EC/A-EC contain 8x105 
(4x105 + 4x105) cells. (b) mRNA expression of TGFB1 by tissue equivalents. mRNA data is shown relative 
to Fib. Statistical analysis was performed using T-tests or repeated measures one-way ANOVA. *P<0.05, **P 
< 0.01. Secretion data is shown for 3 donors (EC alone) or 4 donors (all other conditions) as mean ± SEM. 
mRNA data is shown for 2 donors (D-EC) or 4 donors (Fib/EC, ASC/EC, A-EC) or 5 donors (Fib, ASC) 
as mean ± SEM.  A-EC, adipose-endothelial cells; ASC, adipose-tissue derived mesenchymal stromal cells; 
D-EC, dermal-endothelial cells; Fib, fibroblasts.
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In order to further investigate the role of follistatin in our in vitro fibrosis model a broad 
inhibition of the TGF-β pathway was obtained by blocking the ALK4, ALK5 and ALK7 
receptors with the compound SB431542 [44]. In tissue equivalents containing co-cultured 
ASC and EC, inhibition of the ALK4/5/7 receptors resulted in dose dependent inhibition 
of matrix contraction leading to almost complete inhibition (75±11%) (Figure 5). Since 
follistatin was more expressed in non-contracting tissue equivalents containing fibroblasts 
(+/- EC) than in contracting tissue equivalents containing ASC-EC we next determined 
whether the addition of follistatin to ASC-EC tissue equivalents could prevent matrix 
contraction (Figure 5). Indeed, contraction was significantly decreased by 24±8% when 
follistatin was added to the culture medium. 
 Taken together, these results indicate that EC, independent of their dermal or 
adipose origin, stimulate ASC to contract the matrix via the ALK4, ALK5 and ALK7 
receptors of the TGF-β pathway and reduction of follistatin secretion. 

Figure 5: EC stimulate ASC to contract the matrix via follistatin and the ALK4, ALK5 and ALK7 
receptors. 
Surface area when cultured in the absence or presence of 2 µM (+) or 10 µM (++) ALK-inhibitor SB431542 
or 0.5 ng/mL (+) rh-follistatin, relative to surface area at time 0. Statistical analysis was performed using 
T-tests or repeated measures one-way ANOVA. *P<0.05, **P < 0.01. Data is shown for 4 donors as mean 
± SEM.  A-EC, adipose-endothelial cells; ASC, adipose-tissue derived mesenchymal stromal cells; D-EC, 
dermal-endothelial cells; Fib, fibroblasts.

Discussion

The aim of this in vitro study was to investigate whether EC may play a role in skin 
fibrosis, e.g. hypertrophic scar formation after deep skin trauma, where healing arises 
from the exposed adipose tissue. Using a collagen/elastin matrix routinely used under 
split-thickness autografts in burn patients [40], we developed an in vitro fibrosis model 
to study the specific interaction between EC and dermal fibroblasts or ASC, without 
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interference of other cell types present in the skin. EC, regardless of their origin (dermal 
or adipose tissue), stimulated ASC to contract the matrix. The contraction was in part 
mediated via the TGF-β pathway, as both inhibition of the ALK4/5/7 receptors by 
SB431542 and the addition of recombinant follistatin resulted in decreased contraction 
of the matrix. Altogether our results strengthen the hypothesis that EC contribute to 
hypertrophic scar formation. 

Contraction 

Activation  
target genes 

No contraction  

No activation  
target genes 

No activation  
target genes 

Inhibition of contraction  

ALK 4/5/7 inhibitor 
SB431542 

rh-follistatin 

Follistatin  
Activin/GDF/BMP 
 
TGF-β family members 
 
Type II + ALK receptor 

EC EC EC 

ASC ASC Fibroblast 

a b c

Figure 6: Mechanism of EC enhanced ASC-mediated matrix contraction. 
(a) Follistatin secreted by fibroblasts sequesters specific members of the TGF-β family, such as activin A, preventing activin 
A from activating the ALK4 receptor and the downstream fibrogenic target genes, thereby preventing dermal contraction. 
(b) ASC secrete less follistatin than fibroblasts. Therefore follistatins pro-fibrotic targets are insufficiently sequestered and 
residual activin/GDF/BMP can activate the ALK4 receptor and the downstream target genes, leading to dermal matrix 
contraction and fibrosis. (c) By blocking the pathways of the ALK 4/5/7 receptors with SB431542, the proteins of the 
TGF-β family are preveºnted from binding to these receptors, leading to a large inhibition of matrix contraction. Addition 
of recombinant follistatin prevents the binding of activin A to the ALK4 receptor, leading to decreased matrix contraction, 
but to a lesser extent than SB431542. A-EC, adipose-endothelial cells; ASC, adipose-tissue derived mesenchymal stromal 
cells; D-EC, dermal-endothelial cells; Fib, fibroblasts; TGF-β, transforming growth factor-β.

In figure 6 our proposed scheme of the mechanism by which EC enhance ASC-mediated 
matrix contraction is shown with follistatin with anti-fibrotic properties and  activin 
A with pro-fibrotic properties [27]. Here we show that fibroblasts, isolated from the 
dermis, secrete more follistatin than ASC isolated from the adipose tissue. Follistatin 
sequesters members of the TGF-β family, such as activin A, thus preventing activin A 
from activating the ALK4 receptor and its downstream fibrogenic target genes. This 
would explain, in part, why little contraction and fibrosis occurs in superficial wounds 
(normotrophic scar) which only extend into the dermis. In contrast, we show that ASC, 
by secreting less follistatin than fibroblasts, are unable to sufficiently sequester members 
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of the TGF-β family, such as activin A thus permitting the activation of the ALK4 
receptor and its downstream target genes on ASC, leading to contraction and fibrosis. 
By blocking the pathways of ALK 4/5/7 receptors on ASC the  proteins of the TGF-β 
family are prevented from binding to these receptors, leading to almost total inhibition 
of matrix contraction. Addition of recombinant follistatin, could only prevent the 
binding of activin A to the ALK4 receptor on ASC, thus leaving the receptors still 
available for other TGF-β family members, with the result that only partial inhibition 
of contraction was observed. 
 The contraction of the tissue equivalents which we observed when ASC were 
co-cultured with EC in the matrix, while no contraction was observed when ASC were 
cultured alone was already evident within the first week of the three week culture period. 
In line with these findings, we previously showed that a reconstructed epidermis grown 
on the same ASC-populated matrix also resulted in significant contraction whereas the 
matrix containing only ASC only marginally contracted within the five week culture 
period [15,16]. This contraction, in the presence of the reconstructed epidermis 
coincided with upregulation of α-SMA directly under the epidermis indicating that 
the ASC had become myofibroblasts. In our current study we showed that although 
not many α-SMA positive cells were present in the tissue sections, we did find an 
upregulation of ACTA2 (α-SMA) at mRNA level. This suggests that either a longer 
time in co-culture with EC or additional factors from e.g. keratinocytes are required for 
ASC to fully differentiate into myofibroblasts. It has also been shown that MSC are able 
to contract tissue in an α-SMA independent manner, via microfilaments [45,46].
 TGF-β, activin A and follistatin have been implicated in contraction and 
fibrosis [31,47,48]. By blocking the ALK4/5/7 receptors we observed an almost total 
inhibition of matrix contraction of tissue equivalents containing both ASC and EC 
indicating an important role for the TGF-β family. TGF-β1 mRNA was expressed 
similar by all conditions while TGF-β1 secretion was not detected in the culture 
supernatants most probably due to direct uptake by neighbouring cells. In line with 
our results, which show a role for EC in enhancing ASC-mediated matrix contraction 
via the TGF-β pathway, it has been suggested that apoptotic EC can stimulate skin 
fibrosis via TGF-β regulated CTGF secretion [12,49]. We also investigated the role 
of follistatin and activin A in our model. Activin A, though in small amounts, was 
secreted by EC independent of their dermal or adipose origin. EC being the source of 
activin A secretion could explain why we only observed contraction in the co-cultures 
of ASC with EC as opposed to ASC alone. Others found activin A secretion by ASC 
when grown in co-culture with EC, leading to ASC differentiation into smooth muscle 
cells [50]. Moreover, the anti-fibrotic follistatin was secreted more by tissue equivalents 
containing fibroblasts and EC than tissue equivalents containing ASC and EC. Our 
finding that recombinant follistatin reduced contraction of tissue equivalents containing 
ASC and EC is in line with others who observed a positive effect of follistatin on 



Potential role of endothelial cells in skin fibrosis 

139

7

cutaneous wound healing in mice, where the addition of follistatin inhibited dermal 
scar formation [51]. Although follistatin binds activin A with the strongest affinity 
it is possible that follistatin also exerts its anti-fibrotic effect via sequestering of 
other proteins, such as activin B, GDF 8, 9 and 11 or BMP 4, 6, 7 and 15  [33-37]. 
However, the role in skin fibrosis of these proteins has not been investigated in detail.
 In conclusion, our study shows that EC may play a critical role in fibrotic 
events, as seen in hypertrophic scars, by stimulating ASC-mediated matrix contraction 
via reduction of follistatin. Further research into the regulatory function of follistatin in 
fibrosis could lead to new targets to improve or prevent skin fibrosis such as hypertrophic 
scars arising from deep wounds where adipose tissue is exposed.
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Summarizing discussion

The aim of this thesis was to determine whether endothelial cells play a role in 
hypertrophic scar formation and if not, whether the subcutaneous adipose tissue can 
provide for an alternative source of endothelial cells for tissue engineering.

In vitro and computational models for studying skin cell behavior

Throughout this thesis several in vitro models were applied to answer the two main 
research questions and in particular in chapter 2 the models are described that were 
used for studying the mobility of keratinocytes, melanocytes, fibroblasts and endothelial 
cells. Models of different levels of complexity were used to investigate differences in cell 
mobility. 
 With scratch assays random migration of fibroblasts and endothelial cells was 
studied and it was found that fibroblasts migrate as single cells, while endothelial cells 
migrate together as a sheet. This in vitro difference in behavior correlates to the in vivo 
situation where fibroblasts are dispersed as single cells throughout the extracellular 
matrix (ECM) and therefore migrate without cell-cell contact whereas endothelial cells 
form a continuous cell layer within the blood vessel and sprout to form new blood 
vessels maintaining tight cell-cell contact. 
 During wound healing the formation of new blood vessels from existing vessels 
is required, which is called angiogenesis. The sprouting assay simulates the initial stage 
of angiogenesis, where new blood vessels sprout out from existing vessels, see figure 
1. In this assay endothelial cells are seeded on top of a fibrin matrix and some of the 
cells sprout into the matrix in response to basic fibroblast growth factor (bFGF) or 
vascular endothelial growth factor (VEGF). Endothelial sprouting requires proliferation, 
migration and proteolytic breakdown of the matrix and is therefore a more complex 
model than assays with monolayers of cells. 
 A tissue-engineered human skin model developed for hard-to-heal chronic 
wounds was used for studying migration of keratinocytes and melanocytes over a fibroblast-
populated dermis and also to study migration and distribution of fibroblasts into the 
dermis. We described that the migration rate of melanocytes is slower than keratinocytes. 
Also, fibroblasts migrate more upwards into the dermis in the presence of an epidermis 
than when there is no epidermis present, this might indicate that keratinocytes secrete 
factors that attract the fibroblasts into the dermis. 
 The models described in chapter 2 range from assays with monolayers of cells 
to organotypic cultures. Together these skin models provide a platform to investigate the 
role of endothelial cells in hypertrophic scar formation and to determine whether adipose-
endothelial cells may be suitable for tissue engineering. Depending on the research question 
a simple, high throughput assay or a more complex organotypic assay was chosen.
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Figure 1: A schematic overview of the sprouting assay used in chapter 2, 3, 4, 5 and 6, where endothelial 
cells were exposed to either the growth factors bFGF or VEGF, burn wound extract (BWE) or to different 
tissue-engineered constructs. The table shows the effect of the factors used in this thesis on sprouting.

In chapter 3 a mathematical model is described that was developed based on the 
sprouting assay. In this mathematical model cells are treated as individual entities where 
the dynamic interaction between the different endothelial tip and stalk cell phenotypes 
is taken into account. Proteins that are involved in angiogenesis were computed through 
the solution via reaction-diffusion equations. Our study demonstrates the feasibility of 
a mathematical approach by qualitatively confirming the computational results with 
cell culture results. In the future such a model may be used to predict the effect of 
a new compound on sprouting in a standardized and controlled manner without all 
the variables introduced by cell culture. However, to be able to develop and validate 
a mathematical model it is necessary that the most important cellular intrinsic factors 
that determine whether sprouting will occur or not have already been identified, such 
as the chemotactic response to VEGF. This means that, at this stage in development, 
a computational model still heavily relies on input of in vitro and in vivo findings to 
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create the algorithms. Our model therefore still needs extra computational power to 
further develop and validate the model before it can be used to predict the effect of a 
new compound on sprouting.

The bi-layered skin substitute (SS) which is described in chapter 2 was previously used 
in a clinical study for the treatment of chronic wounds [1]. The formation of granulation 
tissue and revitalization of the wound bed was observed after application of this SS. Since 
vascularization is important in granulation tissue formation, further understanding of 
the influence of the SS on endothelial cells was obtained in chapter 5. The mode of 
action of the bi-layered SS, an epidermal substitute (ES) and a dermal substitute (DS) 
with regards to endothelial cell proliferation, migration and angiogenic sprouting was 
investigated. Furthermore, the role of VEGF and uPAR in the effect of the substitutes 
on sprouting was determined. We found that ES and SS were more potent in stimulating 
sprouting and that this was mediated by VEGF. DS gave a slight induction of sprouting, 
which was independent of VEGF. SS and ES mediated sprouting was also partly reduced 
when uPAR was blocked, which was expected since endothelial sprout formation in a 
fibrin matrix, in the absence of other cell types, is regulated via uPAR [2]. A complete 
inhibition was not always obtained by the uPAR inhibitor, either due to incomplete 
blocking of the receptor or another mechanism is activated by soluble factors secreted 
by the cells in the substitutes. 
 Our results indicate that the epidermal compartment, by secreting VEGF, is 
mainly responsible for the induction of endothelial cell sprouting, but that synergistic 
interactions between the cells in the bi-layered SS results in the most potent skin 
construct. This suggests that SS might induce granulation tissue formation by stimulating 
endothelial cells and thereby can revitalize an inert wound bed, which is supported by 
our clinical observations [1]. 
 When considering treatment of burn wounds or other acute wounds it might 
be better to use a less potent wound-healing construct, since excess granulation tissue 
formation and ECM deposition may lead to hypertrophic scar formation [3, 4]. 
However, a less potent construct is also less potent in stimulating angiogenesis while 
this is important for graft take. Further research should indicate whether the addition 
of endothelial cells to the construct may enhance the speed of vascularization of the 
construct once applied to the wound without stimulating excess granulation tissue 
formation.

Do endothelial cells play a role in the development of hypertrophic scars?

Hypertrophic scars predominantly arise from deeper wounds reaching into the 
adipose tissue, while wounds reaching only into the dermis usually do not result 
in hypertrophy. Whereas it is now generally accepted that adipose tissue-derived 
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mesenchymal stromal cells (ASC) contribute to hypertrophic scar formation and that 
ASC and dermal fibroblasts represent two distinct cell populations [5-7], nothing is yet 
known about adipose- and dermal-endothelial cells. In chapter 4, an extensive surface 
marker characterization is performed and the proliferation and migration potentials of 
endothelial cells derived from adipose tissue and dermis was compared. Both endothelial 
cell types expressed typical endothelial markers, e.g. CD31 and VE-cadherin, indicating 
>99% pure endothelial cell populations and no differences in marker expression 
between the two types were found. Adipose-endothelial cells proliferated similar to 
dermal-endothelial cells in the absence of growth factors, but their proliferation was 
less induced by the mitogens bFGF and VEGF. A comparable migration rate was found 
for both adipose- and dermal-endothelial cells in response to bFGF. Also, sprouting of 
adipose- and dermal-endothelial cells was induced by bFGF and VEGF (in the presence 
of TNFα) to a similar extent. Secretion of cytokines, chemokines and angiogenic factors 
after stimulation by TNF-α was comparable for adipose- and dermal-endothelial cells. 
Our results showed that, in contrast to ASC and fibroblasts, the two-endothelial cell 
populations had essentially the same characteristics and properties and therefore this 
would imply that endothelial cells from the adipose tissue do not contribute directly 
to hypertrophic scar formation. However, during wound healing endothelial cells can 
interact with many different cell types within the wound bed and therefore may indirectly 
contribute to hypertrophic scar formation. Also they may be differentially influenced by 
the many soluble wound-healing factors within the burn wound bed. This was further 
investigated in chapters 6 and 7.
 In chapter 6, the burn wound bed was mimicked by exposing dermal- and 
adipose-endothelial cells, fibroblasts and ASC to burn wound extract (BWE) obtained 
from full-thickness burn wound sites. Wound healing of full-thickness burn wounds 
differs from normal wound healing in several aspects, notably in burn injury the 
superficial blood vessels coagulate hindering bleeding and fibrin clot formation [8], and 
the presence of eschar on the wound bed prohibits granulation tissue formation [clinical 
observation]. Once the eschar is removed excessive granulation tissue formation initiates 
hypertrophic scar formation. Several studies have utilized wound exudates/extracts to 
investigate the influence of the wound bed on cell behavior [9]. In chapter 6 it was found 
that BWE stimulated endothelial cell migration and inflammatory cytokine secretion, 
while not affecting proliferation and sprouting. Moreover, BWE inhibited growth factor 
(bFGF) induced endothelial cell proliferation and sprouting (Figure 1). On the other 
hand, BWE stimulated both proliferation and migration of fibroblast and ASC. If 
endothelial proliferation and sprouting is indeed inhibited as long as the eschar is still 
present, this would explain why excessive granulation tissue formation only starts after 
removal of the eschar from full-thickness burn wounds. Further research will identify the 
factors responsible for this at the interface of non-viable eschar and viable tissue. Possible 
inhibitory factors could be plasminogen activator inhibitor-1, angiopoietin-2 or collagen 
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type-4 derived angiogenic inhibitors. Removing the eschar from the deep burn wound 
remains necessary though it may contribute to hypertrophic scar formation, but if the 
inhibitory factors can be identified they may be used as therapeutic targets to reduce 
hypertrophic scar formation. Again no differences were found between endothelial cells 
derived from adipose tissue and dermis in these experiments, once again suggesting that 
endothelial cells from adipose tissue do not contribute directly to hypertrophic scar 
formation.
 In chapter 7, cell-cell interactions were investigated. A tissue-engineered 
model was used to study whether dermal- or adipose-endothelial cells play a role in 
hypertrophic scar formation when interacting with dermal fibroblasts or ASC. Tissue 
equivalents containing dermal fibroblasts and dermal- or adipose-endothelial cells 
displayed a normal phenotype. In contrast, tissue equivalents containing ASC and 
dermal- or adipose-endothelial cells displayed a fibrotic phenotype as indicated by 
contraction of the matrix, higher gene expression of ACTA2, COL1A, COL3A and less 
secretion of follistatin. The endothelial cells from dermal or adipose origin did not show 
different behavior in their interaction with fibroblasts or ASC. The strong inhibition of 
contraction when the ALK4/5/7 receptors were blocked (75±21%) suggests that members 
of the TGF-β superfamily play an important role. Follistatin is mostly known to be anti-
fibrotic by sequestering the pro-fibrotic protein activin A [10]. Activin A may be one the 
proteins of the TGF-β family that is involved as the addition of recombinant follistatin 
resulted in partial reduction of contraction (24±17%). However, since only low levels of 
activin A were detected by ELISA, it is possible that follistatin also exerts its anti-fibrotic 
effect via sequestration of other TGF-β related proteins, such as activin B, GDF 8, 9 and 
11 or BMP 4, 6, 7 and 15 [10-14]. 
 In conclusion, in chapters 4 and 6 no indication was found that adipose-
endothelial cells contribute to hypertrophic scar formation since no differences between 
adipose- and dermal- endothelial cells where revealed, not even when cultured in the 
presence of BWE. Nevertheless, the results in chapter 7 show that both adipose- and 
dermal- endothelial cells may still play a role in hypertrophic scar formation by stimulating 
ASC in tissue equivalents resulting in a more fibrotic tissue equivalent. However, firm 
conclusions cannot be drawn yet as our studies do have clear limitations. In chapter 
4 and 6 interactions between different cell types were not considered and the factors 
resulting in the eschar-mediated inhibition of proliferation and sprouting in chapter 6 
were not studied. In chapter 7, whereas cell-cell interactions between endothelial cells 
and fibroblasts or ASC were studied, the molecular mechanism behind the induction of 
the fibrotic phenotype needs to be analyzed in more detail and interactions with other 
cell types such as keratinocytes and immune cells have not yet been incorporated into 
the model. Moreover, comparisons with clinical findings are required to confirm the in 
vitro results.
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Can the subcutaneous adipose tissue provide for an alternative source of 
endothelial cells for tissue engineering?

Skin substitutes used in treatment of large full-thickness burn wounds or therapy 
resistant chronic wounds need to become quickly vascularized in order to ensure graft 
take. Several strategies to prevascularize constructs have led to successful improvements 
in engraftment of the construct [15-20]. In skin tissue engineering the most obvious 
choice is to use dermal endothelial cells from the patient. Unfortunately, obtaining large 
quantities of endothelial cells from dermis is not always feasible. Several research groups 
are now using the adipose tissue as an alternative source of endothelial cells for use 
in constructs in combination with keratinocytes and dermal fibroblasts or ASC, even 
though the properties of adipose-endothelial cells alone have not been investigated yet 
[15, 18-20]. 
 The results described above show that dermal- and adipose-endothelial cells 
are essentially the same with regards to phenotypic characteristics (surface marker 
expression), proliferation, migration and sprouting in monoculture experiments 
suggesting that adipose-endothelial cells might be suitable for tissue engineering. Since 
very little difference was observed between the two endothelial cell populations they 
are particularly interesting for constructing vascularized tissue engineered constructs in 
general, e.g. bone, and not only skin constructs. We show that the adipose tissue provides 
for an excellent source of endothelial cells for tissue engineering purposes, since they are 
readily available, and easily isolated and expanded. But considering the results from 
chapter 7 the interactions between different cells types needs to be taken into account. 
Here it was shown that cell-cell interactions between ASC and endothelial cells (either 
dermal or adipose) resulted in matrix contraction and upregulation of fibrosis-related 
factors. Notably, this in vitro fibrosis was only observed when ASC were used in the co-
culture and not when dermal fibroblasts were used. This indicates that endothelial cells 
from dermis or adipose tissue are suitable for use in skin tissue engineering as long as 
they are combined with fibroblasts and not ASC. This should also be kept in mind when 
an endothelialized construct is applied to a deep wound reaching into the adipose tissue. 
Further research should consider whether this interaction would result in hypertrophy 
instead of only improving graft take.

Future directions

All research in this study was performed using in vitro models. For each question a 
model was selected that was simple, but complex enough to find answers, leaving out 
unnecessary elements that would make it difficult to interpret the results. Even with 
relatively simple models new insights have been formed regarding the use of different 
cell types in tissue engineering and the role of endothelial cells in hypertrophic 
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scar formation. Still, the investigation into whether endothelial cells play a role in 
hypertrophic scar formation would benefit from confirmation by in vivo scar models or 
native scar tissue. Unfortunately, the animal in vivo models are not suitable as animals 
show very different immune responses to humans and do not form hypertrophic scars 
with the same pathology as observed in humans [21-23]. Also, comparing our model 
to hypertrophic scars dissected from patients would not be ideal as this would mean 
a comparison with an established hypertrophic scar instead of to the dynamic wound 
healing process which results in hypertrophic scar formation.
 To investigate whether our in vitro findings correlate with the initiation of 
hypertrophic scar formation in patients more comparisons with skin biopsies obtained 
from clinical studies at early time intervals have to be made. Previously, differences 
in vascularization between normal and hypertrophic scars were investigated by taking 
biopsies from healing cutaneous wounds at several time points between 0 and 52 weeks 
after cardiothoracic surgery [24]. In these clinical studies immune cell types were also 
characterized to a certain extent [24, 25]. However, for major burn trauma a separate 
study would be required as the underlying mechanisms of hypertrophic scar formation 
after burn injury cannot be directly compared with hypertrophic scars forming from 
regular surgical procedures. Furthermore, the number of analysis of cell types, proteins 
and gene expression in tissue obtained from clinical studies is limited to due to small 
tissue sections. 
 The major limitation of our study is that at this stage in development, our 
models did not include residential of peripheral blood immune cells such as macrophages 
and T cells. Since the inflammatory response at the onset of wound healing may well 
determine the final quality of the scar [25], follow-up research should include immune 
cells. In order to do this, a next generation of more complex in vitro models is required 
which includes immune cells flowing within a vascular network in the skin construct 
[22, 26]. Therefore, a skin-on-a-chip platform is currently being developed in order 
to create a more physiological relevant model to study hypertrophic scar formation. 
Regarding the role of endothelial cells, a better understanding of hypertrophic scar 
formation can also be obtained through studies on other fibrotic organs. In liver and 
lung the role of the TGF-β superfamily in fibrosis has been extensively investigated and 
here it has been shown as well that endothelial cells contribute to fibrosis [27-29]. 

In this thesis it was determined that the adipose tissue is a suitable source of endothelial 
cells for use in tissue engineering. The results also indicated that endothelial cells from 
dermis or adipose tissue are suitable for use in tissue engineering as long as they are 
combined with fibroblasts and not ASC, since when combined with ASC a fibrotic 
phenotype is dominant. What the underlying molecular mechanism is and how this 
relates to hypertrophic scar formation, as seen in patients, needs further investigation.
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Nederlandse samenvatting

De huid is ons grootste orgaan en vormt een belangrijke barrière tegen ziekteverwekkers, 
uv-straling en chemische stoffen. Ook houdt de huid vochtverlies van ons lichaam tegen. 
Grondige kennis van de opbouw en functie van de huid is vereist om ziektebeelden van de 
huid te begrijpen. Die kennis is ook van belang voor de ontwikkeling van geavanceerde 
therapieën om brandwonden te genezen.
 De huid is opgebouwd uit drie lagen; de epidermis, de dermis en het onderhuids 
vetweefsel. De epidermis vormt de buitenste laag van de huid en wordt gevormd door 
ongeveer zes tot tien cellagen keratinocyten, waarvan de diepste laag de delende cellen 
bevat, het midden de differentiërende cellen (specialiseren in functie) en de buitenste laag 
de cellen die geen celkern meer hebben en uiteindelijk van de huid zullen afslijten. De 
dermis is de laag direct onder de epidermis. Deze bestaat voornamelijk uit extracellulaire 
matrixeiwitten, zoals collageen en elastine. Deze eiwitten worden gemaakt door de 
fibroblasten. De dermis bevat bloedvaten, opgebouwd uit voornamelijk endotheelcellen, 
die zuurstof en voedingsstoffen aanleveren en afvalstoffen verwijderen. Daarnaast 
is de bloedsomloop ook de belangrijkste route voor de aanvoer van immuuncellen, 
bijvoorbeeld tijdens een ontsteking. Verder zijn er lymfevaten, haarzakjes, talgklieren, 
zweetklieren en zenuwen te vinden in de dermis. Het onderhuidse vetweefsel bestaat 
grotendeels uit vetcellen en extracellulaire matrixeiwitten. Deze matrix wordt gemaakt 
door de stromale cellen uit het vetweefsel. Ook zijn er bloedvaten, lymfevaten, haarzakjes 
en zenuwen aanwezig. 

Wanneer de huid verwond is tot in de dermis zal er altijd een litteken ontstaan. Dit 
litteken kan bijna onzichtbaar zijn, maar het kan ook een verdikt (hypertrofisch) litteken 
zijn. Dat deze littekens verdikt zijn, komt door overtollig aanleg van matrixeiwitten, 
ook wel fibrose genoemd. Hypertrofische littekens ontstaan vaak na derdegraads 
brandwonden, maar ook regelmatig na een chirurgische incisie. De patiënten met 
hypertrofische littekens hebben vaak last van jeuk, pijn, contracturen en veranderingen 
in de thermoregulatie van de huid. Hypertrofische littekens kunnen ook leiden tot 
psychische problemen. 
 Tot op heden lag de focus van onderzoeken op de rol van keratinocyten en 
fibroblasten in het ontstaan van hypertrofische littekens. Er zijn echter nog andere 
soorten cellen in de huid en in het onderhuids vetweefsel die mogelijk een rol spelen 
in wondgenezing en littekenvorming. Zo is het beschreven dat hypertrofische littekens 
meer bloedvaatjes bevatten dan normale littekens. Het is nog onduidelijk of de 
endotheelcellen, die de bloedvaatjes vormen, daadwerkelijk bijdragen aan het ontstaan 
van hypertrofische littekens of niet. Daarom hebben we in dit onderzoek gekeken naar 
de rol van endotheelcellen in het ontstaan van hypertrofische littekens. 
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Ook voor het ontwikkelen van geavanceerde therapieën op basis van tissue engineering 
(kweken van weefsel) is het belangrijk om de functies van cellen en weefsels goed te 
begrijpen. Omdat er niet altijd voldoende huid beschikbaar is om cellen uit te isoleren 
voor tissue engineering is het vetweefsel mogelijk een goede, alternatieve bron van cellen. 
Zo zouden vetweefselendotheelcellen gebruikt kunnen worden in tissue engineering om 
ervoor te zorgen dat er sneller bloedvaten het weefsel ingroeien die het nieuwe weefsel 
van voedingstoffen kunnen voorzien. In eerder onderzoek is echter bevonden dat 
stromale cellen uit het vetweefsel, in tegenstelling tot dermale fibroblasten, bijdragen 
aan een hypertrofisch fenotype in een huidmodel. Dit betekent dat twee vergelijkbare 
celtypes afkomstig van twee verschillende weefsels dus niet altijd allebei geschikt zijn 
voor gebruik in tissue engineering.

Voor dit proefschrift hebben we de volgende vragen onderzocht:
1) Spelen endotheelcellen een rol in de ontwikkeling van een hypertrofisch litteken?
2) Kan het vetweefsel gebruikt worden als alternatieve bron van endotheelcellen voor 
tissue
engineering?

In vitro- en computermodellen voor het bestuderen van celgedrag in de 
huid

Verschillende in vitro-modellen zijn toegepast om de onderzoeksvragen te beantwoorden. 
In hoofdstuk 2 wordt een aantal van deze modellen beschreven dat gebruikt is om 
mobiliteit van cellen te bestuderen. Zo is er een zogenoemd scratch assay gebruikt 
waarbij een gedeelte van een enkele, volle laag cellen wordt weggekrast waardoor een 
open ruimte ontstaat waar cellen naartoe kunnen migreren. Met dit assay is de migratie 
van fibroblasten en endotheelcellen bestudeerd. Daarbij werd bevonden dat fibroblasten 
als losse cellen migreren, terwijl endotheelcellen als groep migreren. Dit past ook bij de in 
vivo-situatie waar fibroblasten als losse cellen in het weefsel zitten, terwijl endotheelcellen 
cel-celcontact nodig hebben om zo bloedvaten te vormen. Tijdens wondgenezing 
worden er nieuwe bloedvaatjes uit de reeds bestaande vaten gevormd. Dit proces 
noemen we angiogenese. De eerste fase van angiogenese wordt sprouting (uitspruiten) 
genoemd. In het sprouting assay wordt een laag endotheelcellen uitgezaaid op een 3D 
fibrinematrix, waarna enkele van deze cellen sprouts vormen in de matrix wanneer ze 
zijn blootgesteld aan vaatvormende factoren zoals bFGF en VEGF. Voor het vormen van 
nieuwe bloedvaten zijn naast migratie ook celdeling en matrixafbraak nodig, waardoor 
dit assay complexer is dan een scratch assay. Om te bestuderen hoe keratinocyten en 
melanocyten over een matrix migreren en hoe fibroblasten een matrix in migreren is 
een huidsubstituut, dat was ontwikkeld voor het behandelen van chronische wonden, 
gebruikt als model. Hiermee werd bevonden dat melanocyten langzamer migreren dan 
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keratinocyten en dat bij aanwezigheid van keratinocyten de fibroblasten verder omhoog 
de dermis in migreren (richting epidermis) dan wanneer deze afwezig zijn. De modellen 
die in hoofdstuk 2 zijn beschreven variëren van modellen met één enkele celtype tot 
meer ingewikkelde 3D weefselmodellen met meerdere celtypes. Met behulp van dit soort 
modellen bestuderen wij de rol van endotheelcellen in het ontstaan van hypertrofische 
littekens en kunnen we bepalen of de endotheelcellen uit het vetweefsel geschikt zijn 
voor tissue engineering. 
 In hoofdstuk 3 is een wiskundig model beschreven dat ontwikkeld is om het 
sprouting assay na te bootsen. In dit wiskundig model worden de cellen als individuele 
componenten behandeld en wordt er rekening gehouden met de twee endotheel 
fenotypes; leidende en volgende cellen. Onze studie heeft laten zien dat met een 
wiskundig model een biologisch proces nagebootst kan worden, waarbij de resultaten, 
verkregen met dit model, vergeleken zijn met de resultaten van het celkweekmodel. In 
de toekomst zou een wiskundig model kunnen helpen bij het voorspellen hoe een nieuw 
middel angiogenese beïnvloedt op een zeer gestandaardiseerde, gecontroleerde manier. 
 Het huidsubstituut dat in hoofdstuk 2 als model is beschreven, is eerder 
gebruikt in een klinische studie voor de behandeling van chronische wonden. Aangezien 
angiogenese belangrijk is voor het sluiten van chronische wonden hebben we in hoofdstuk 
5 gekeken of dit huidsubstituut angiogenese stimuleert. Hiervoor zijn drie versies van 
dit substituut gemaakt, één met alleen fibroblasten, één met alleen keratinocyten en 
één met beide celtypes. Het effect van deze substituten op endotheelceldeling, migratie 
en sprouting is bekeken, waarbij werd bevonden dat het substituut met beide celtypes 
het best deze processen stimuleerde en dat dit voornamelijk via VEGF gebeurde. Een 
substituut met zowel keratinocyten (epidermis) als fibroblasten (dermis) stimuleert 
angiogenese het sterkst, wat in de kliniek zal bijdragen aan het genezingsproces van 
chronische wonden. Voor de genezing van brandwonden of andere acute wonden is 
het beter om een minder sterk stimulerend substituut te gebruiken, omdat een volledig 
huidsubstituut mogelijk ook het ontstaan van hypertrofische littekens stimuleert. Echter, 
een minder stimulerend substituut zal tijdens de behandeling van brandwonden en 
acute wonden ook minder ingroei van nieuwe bloedvaatjes in het substituut stimuleren, 
terwijl dit juist zo nodig is voor goede doorbloeding. Verder onderzoek moet uitwijzen 
of het toevoegen van endotheelcellen aan het substituut ervoor kan zorgen dat wel snel 
vaatjes ingroeien, maar er geen hypertrofische littekens ontstaan.

Spelen endotheelcellen een rol in de ontwikkeling van een hypertrofisch 
litteken?

Hypertrofische (fibrotische) littekens ontstaan voornamelijk na diepe wonden waarbij 
het vetweefsel bloot ligt, terwijl ondiepe wonden meestal niet leiden tot hypertrofische 
littekens. Het is nu algemeen geaccepteerd dat de stromale cellen uit het vetweefsel 
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een bijdrage kunnen leveren aan het ontstaan van hypertrofische littekens en dat deze 
cellen anders functioneren dan dermale fibroblasten. Het is echter nog onbekend of de 
endotheelcellen uit het vetweefsel of dermis ook van elkaar verschillen.
 De resultaten in hoofdstuk 4 laten zien dat er geen verschil is tussen beiden 
celtypes in oppervlaktereceptoren en dat er minimale verschillen zijn in celdeling, 
sproutvorming en uitscheiding van inflammatoire en angiogenese eiwitten. De resultaten 
wijzen uit dat de vetweefsel- en dermale-endotheelcellen dezelfde karakteristieken 
hebben. Dit in tegenstelling tot vetweefsel stromale en dermale fibroblasten. Op basis 
van deze bevindingen is het niet aannemelijk dat vetweefsel-endotheelcellen direct 
bijdragen aan het ontstaan van hypertrofische littekens. Het is wel mogelijk dat ze 
hier indirect aan bijdragen wanneer ze beïnvloed worden door factoren die aanwezig 
zijn in een wondbed of via interacties met andere celtypes in de wond. Dit hebben we 
onderzocht in hoofdstuk 6 en 7.
 In hoofdstuk 6 is het wondbed nagebootst door dermale- en vetweefsel-
endotheelcellen, dermale fibroblasten en vetweefsel stromale cellen bloot te stellen aan 
brandwondextract (BWE) verkregen van derdegraadsbrandwonden. De genezing van 
brandwonden verschilt op allerlei punten van genezing van snijwonden. Zo voorkomt 
de aanwezigheid van de dode huid (eschar) op de brandwond het ontstaan van 
granulatieweefsel. Dit granulatieweefsel is essentieel voor wondgenezing. Echter, zodra 
de dode huid verwijderd is, wordt er een buitensporige hoeveelheid granulatieweefsel 
gevormd wat er voor kan zorgen dat er een hypertrofisch litteken ontstaat. In hoofdstuk 6 
werd bevonden dat BWE endotheelcelmigratie en uitscheiding van inflammatoire eiwitten 
stimuleert, terwijl celdeling en sprouting niet beïnvloed worden. Wanneer celdeling of 
sprouting werd gestimuleerd door bFGF werd dit positieve effect geremd zodra er ook 
BWE aanwezig was. Aan de andere kant werden zowel celdeling als migratie van dermale 
fibroblasten en vetweefsel stromale cellen gestimuleerd door BWE. Als in de praktijk de 
aanwezigheid van dode huid inderdaad endotheelceldeling en sprouting remt, zou dit 
verklaren waarom de aanmaak van buitensporig veel granulatieweefsel pas begint nadat de 
dode huid verwijderd is. In de toekomst kan uitgezocht worden welke remmende factoren 
aanwezig zijn in BWE en of deze als therapie ingezet kunnen worden na het verwijderen 
van de dode huid om buitensporig granulatieweefsel en littekenvorming te voorkomen. 
Ook dit hoofdstuk laat geen verschillen tussen vetweefsel- en dermale endotheelcellen 
zien, wat nogmaals suggereert dat de vetweefsel-endotheelcellen niet direct bijdragen aan 
het ontstaan van hypertrofische littekens.
 In hoofdstuk 7 is een huidmodel gebruikt waarmee cel-celinteracties bestudeerd 
huid fenotype zien. Daarentegen laten huidmodellen met vetweefsel stromale cellen 
samen met dermale- of vetweefsel- endotheelcellen een fibrotisch fenotype zien. Dit 
fibrotische fenotype kenmerkte zich door het samentrekken van de matrix, hogere 
genexpressie van pro-fibrotische genen (ACTA2, COL1, COL3) en minder uitscheiding 
van het anti-fibrotische eiwit follistatin. Ook hier werd geen verschil ontdekt tussen de 
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dermale- en vetweefsel-endotheelcellen. Het onderliggende moleculaire mechanisme is 
bestudeerd door de ALK4/5/7-receptoren van de pro-fibrotische TGF-β-superfamilie te 
blokkeren of door het anti-fibrotische eiwit follistatin toe te voegen. Het samentrekken 
van de matrix kon voor een groot gedeelte voorkomen worden door de ALK4/5/7-
receptoren te blokkeren en in mindere mate ook door het toevoegen van follistatin. 
Hoofdstuk 7 laat zien dat endotheelcellen, afkomstig van dermis of vetweefsel, samen 
met vetweefsel stromale cellen voor fibrotisch eigenschappen in het huidmodel zorgen.

Kan het vetweefsel gebruikt worden als alternatieve bron van 
endotheelcellen voor tissue engineering?

Om ervoor te zorgen dat het lichaam huidsubstituten accepteert, bijvoorbeeld voor 
behandeling van derdegraadsbrandwonden of chronische wonden, is het belangrijk 
dat er snel ingroei van bloedvaten komt. Om ingroei van bloedvaten te versnellen, 
kan ervoor gekozen worden om endotheelcellen toe te voegen aan het substituut. In 
tissue engineering wordt steeds vaker gekozen om endotheelcellen uit het vetweefsel 
te gebruiken, ook al zijn de eigenschappen van deze endotheelcellen nog niet goed 
onderzocht.
 De resultaten in dit proefschrift laten zien dat dermale- en vetweefsel-
endotheelcellen hetzelfde zijn wat betreft oppervlaktemarkers, celdeling, migratie 
en sprouting. Dit suggereert dat vetweefsel-endotheelcellen, net als dermale-
endotheelcellen, geschikt zijn voor tissue engineering. Het vetweefsel blijkt een zeer 
geschikte bron van endotheelcellen te zijn, aangezien er voldoende weefsel is en de 
cellen makkelijk te isoleren zijn. Wel moet er rekening gehouden worden met welke 
cellen de endotheelcellen een interactie aangaan. Zo laten andere resultaten in dit 
proefschrift zien dat endotheelcellen in interactie met vetweefsel stromale cellen ervoor 
zorgen dat het huidmodel een fibrotisch fenotype krijgt, terwijl dit niet gebeurt wanneer 
endotheelcellen gecombineerd worden met dermale fibroblasten. Bij het maken van 
huidsubstituten is het dan ook van belang om geen endotheelcellen met vetweefsel 
stromale cellen te combineren, maar met dermale fibroblasten. Hier moet ook rekening 
mee gehouden worden wanneer een huidsubstituut met endotheelcellen op een diepe 
wond wordt aangebracht, aangezien hier het vetweefsel blootligt. 

Kort samengevat is in dit proefschrift aangetoond dat vetweefsel-endotheelcellen 
geschikt zijn om te gebruiken in huidsubstituten zolang ze met dermale fibroblasten 
gecombineerd worden en niet met vetweefsel stromale cellen. Ook bij het ontwikkelen 
van andere soorten weefsels is het van belang hiermee rekening te houden. Het moet 
nog wel verder onderzocht worden welk onderliggend moleculaire mechanisme in 
ons model - met endotheelcellen en vetweefsel stromale cellen - voor een fibrotisch 
fenotype zorgt en hoe dit gerelateerd is aan het ontstaan van hypertrofische littekens bij 
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patiënten. In de toekomst kan er een huid-op-een-chipmodel gebruikt worden waarin 
immuuncellen door kanaaltjes bekleed met endotheelcellen kunnen stromen. Op deze 
manier kunnen er meer verschillende cel-celinteracties bestudeerd worden en zal ons 
huidmodel meer lijken op de werkelijke situatie.
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