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There are only two things to worry about: 

Either you are sick or you are well. 

If you are well then there is nothing to worry about. 

But if you are sick then there are two things to worry about: 

Either you will get well or you will die. 

If you get well then there is nothing to worry about. 

But if you die there are two things to worry about: 

Either you will go to heaven or you go to hell. 

If you go to heaven then there is nothing to worry about. 

And if you go to hell you will be so damned busy shaking 

hands with friends so you won’t have time to worry. 

So why worry! 
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AABSTRACT 

 

 
Tissue engineering is an expanding field, which focuses on the development of 

functional substitutes for damaged tissues. A limitation in this field is difficul-

ties with obtaining autologous cells. Recent research has shown the presence of 

cells with multilineage-potential within the connective stroma of the skin. In 

line with this, a potential plasticity inherent in human dermal fibroblasts has 

been demonstrated. The overall aim of this study was to investigate if human 

dermal fibroblasts can be used as a cell source for vascular tissue engineering. 

Differentiation towards an endothelial cell-like phenotype was induced by 

culturing dermal fibroblasts in endothelial growth medium. By utilizing in vitro 

cell culture models, the capacity of different types of serum and serum constitu-

ents in inducing a phenotypic shift in fibroblasts was investigated. To clarify the 

mechanisms behind this phenotypic shift and to eliminate the risk of having 

growth of residual endothelial cells in the cultures, both normal dermal 

fibroblasts and single-cell clone fibroblasts were used. Our results demonstrated 

that presence of human serum caused fibroblasts and single-cell clone fibro-

blasts to express vWf, to incorporate fluorochrome-labeled low-density lipo-

protein, and to start forming capillary-like networks. As an initial step in using 

these cells in tissue engineering, their ability to endothelialize a surface in vitro 

was studied. Cells cultured in either fibroblast- or endothelial growth medium 
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were seeded on scaffolds. Differentiation was confirmed by western blotting and 

immunohistochemistry using antibodies directed towards vWf, ve-cadherin, 

eNOS, and bradykinin receptor B2. The results revealed that endothelial 

differentiated fibroblasts cultured on scaffolds showed histological resemblance 

to endothelial cells and expressed molecules indicative of an endothelial pheno-

type. In conclusion, the results presented in this study indicate a possibility to 

induce differentiation of human dermal fibroblasts towards an endothelial cell-

like phenotype. Consequently, these data suggests that human dermal fibroblast 

may be a novel cell source for vascular tissue engineering. 
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AABBREVIATIONS 

 

 
bFGF  Basic fibroblasts growth factor 

cAMP  Cyclic adenosine monophosphate 

CD31   Cluster of differentiation antigen 31; Pecam-1  

DAPI   4', 6-diamidino-2-phenylindole  

DiI-Ac-LDL 1, 1´-dioctadecyl-3, 3, 3´, 3´-tetramethyl-

indocarbocyanine perchlorate low-density lipoprotein  

ECM  Extracellular matrix 

EGM   Endothelial growth medium  

eNOS   Endothelial nitric oxide synthase  

EPC  Endothelial progenitor cell 

ESC  Embryonic stem cell 

FCS   Fetal calf serum  

FGM   Fibroblast growth medium  

hESC  Human embryonic stem cell 

IBMX  Isobutyl-metylxanthine 

MSC  Mesenchymal stem cell 

NO   Nitric oxide  

Ve-cadherin  Vascular endothelial cadherin  

VEGF  Vascular endothelial growth factor 
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vWf  Von Willebrand factor 

PDGF  Platelet-derived growth factor 

TGF-β  Transforming growth factor beta 

LDL  Low density lipoprotein 

  



V 
 

 

 

 

 

LLIST OF PAPERS 

 

 
This licentiate thesis is based on the following papers, which will be referred to 

in the text by their roman numerals: 

 

I. Karlsson LK, Junker JPE, Grenegård M, Kratz G. Human Dermal 

Fibroblasts and Single-Cell Clone Fibroblasts Have the Capacity to Alter 

Their Phenotype Towards an Endothelial-Like Cell Type. European Cells 

and Materials Journal; Under revision 2009. 

 

II. Karlsson LK, Junker JPE, Kratz G. Human Dermal Fibroblasts: a 

Potential Cell Source for Endothelialization of Vascular Grafts. Annals of 

Vascular Surgery; In press 2009. 

 



 
 

 

 

 

 

TTABLE OF CONTENTS

 
 

ABSTRACT I 

ABBREVIATIONS III 

LIST OF PAPERS V 

BACKGROUND - 1 - 

Tissue engineering - 1 - 

Cell types for vascular tissue engineering - 3 - 

Biomaterials - 11 - 

Stimulating signals - 12 - 

Therapeutic applications for vascular tissue engineering - 16 - 

AIMS OF THE STUDY - 22 - 

COMMENTS ON MATERIAL AND METHODS - 24 - 

Isolation and culture of cells - 24 - 

Induction of differentiation - 26 - 

Seeding techniques - 27 - 

Confirmation of differentiation - 29 - 

 

 



 
 

RESULTS AND DISCUSSION - 35 - 

Differentiation of human dermal fibroblasts towards an endothelial cell-like phenotype - 35 - 

The importance of human serum for the phenotypic shift in dermal fibroblasts - 37 - 

Dermal fibroblasts as a cell source for endothelialization of vascular grafts - 39 - 

CONCLUSIONS - 44 - 

FUTURE ASPECTS - 46 - 

ACKNOWLEDGEMENT - 49 - 

REFERENCES - 52 - 
 
 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 1 - 
 

 

 

 

 

BBACKGROUND 

 

 

Tissue engineering 
Loss or failure of tissues or organs is one of the most frequent, devastating, and 

costly problems in human health care. A common way of replacing lost tissue is 

by autotransplantation, a procedure described in the literature as early as 600 

BC 1, 2. However, current methods of transplantation are among the most costly 

therapies available and the lack of good immunosuppression, and the shortage 

of organ donors has opened the door for alternative options 1, 3. A relatively new 

branch of science combining the principles of engineering and life science is 

tissue engineering. In 1993, Langer and Vacanti published an article wherein 

tissue engineering was defined as “an interdisciplinary field that applies the 

principles of engineering and life science towards the development of biological 

substitutes that restore, maintain, or improve tissue function” 3. The idea of 

tissue engineering is to create living, physiological, three-dimensional tissues 

and an organ by the use of a combination of cells, biomaterials, and stimulating 

signals (biochemical and mechanical). These three basic components are often 

referred to as the triad in tissue engineering (Fig. 1). Investigators have 

attempted to engineer almost every type of tissue within the human body. 
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Mainly, there are two different strategies used in tissue engineering; 1) harvest of 

cells, seeding, and in vitro culture of  the cells in a scaffold resulting in the 

creation of an autologous tissue construct or 2) in vivo stimulation of cells to 

form new tissues, known as guided tissue regeneration 4, 5.  

 

 

Fig 1. The triad in tissue engineering. A combination of cells, biomaterials, and 
stimulating signals are often used to create engineered tissues.  

 

Vascular tissue engineering 

Cardiovascular disease, which includes disorders of the heart and the blood 

vessels (e.g. hypertension, heart failure, stroke, and coronary heart disease), is 

one of the leading cause of mortality and a major cause of disability 

(www.who.int). Today vascular and coronary diseases are often treated surgical-

ly using bypass procedures, whereby autologous vessels (e. g. saphenous vein or 

internal mammary artery) or synthetic grafts (usually Dacron® or Poly-

tetrafluroethylene) are used 6-8. However, diseased vessels, problem with occlu-
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sion of synthetic grafts, or previous use of the patient’s own vessels have en-

couraged researchers to look beyond these alternatives towards the field of 

tissue engineering 6. In broad outlines, the field of vascular tissue engineering 

can be divided into two main research areas. The first, aims at creating artificial 

blood vessels for the use as either vascular grafts in treating cardiovascular 

diseases, or as models to use when studying vascular biology. Creating artificial 

vessels is achieved either by endothelialization of vascular grafts or by tissue 

engineering of complete blood vessels. The second important research area 

focuses on one of the major issues in today’s tissue engineering, namely the lack 

of vascularization in engineered tissues 9. These various applications for vascular 

tissue engineering will be further discussed.  

 

Cell types for vascular tissue engineering 
During the past decades, much effort has been put in finding the optimal cell 

source for vascular tissue engineering. A variety of different cell types, such as 

various kinds of stem cells, have been investigated 10-13. However, one should 

keep in mind that the optimal cell type for one tissue engineering application 

might not be suitable for another. In general, cells used in the development of a 

tissue should be easy to harvest, be highly proliferative, and have the ability to 

differentiate into application-specific cell types with specialized functions in a 

controlled and reproducible way 4. Cells can be obtained either from the host 

itself (autologous), from individuals of the same species (allograft), or from 

another species (xenograft). Autologous cells are often to prefer since they are 

not rejected by the immune system and therefore do not require the use of 

immunosuppressive drugs. However, a problem with using autologous cells is 

often the lack of sufficient quantities of healthy cells 14. 
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Differentiated cells 

Most tissues and organs in the human body are composed of differentiated cells 

expressing a variety of cell specific molecules. It has been discussed whether 

cells used in tissue engineering should be isolated as fully differentiated cells of 

the tissue they are meant to create or be manipulated to produce desired 

functions when isolated from other tissues or from stem cell sources.  

  

The composition of a blood vessel is different depending on its position in the 

vascular tree. Larger vessels (arteries or veins) consist of three different cell 

types: endothelial cells, smooth muscle cells, and fibroblasts, while the smaller 

vessels (capillaries) are composed of a monolayer of endothelial cells supported 

by a basal membrane. Endothelial cells are a crucial component of the blood 

vessel wall, providing an interface between the blood stream and surrounding 

tissues. In an attempt to create hemocompatible surfaces, these cells are an 

important component in most vascular tissue engineering applications 15. 

Through the expression and secretion of various molecules, endothelial cells 

play an important role in several physiological events including vascular tone 

and permeability, fibrinolysis, thrombosis, and angiogenesis 16-19. However, the 

ideal endothelium for vascular tissue engineering should have a number of 

other desired features as well. Firstly; it should be adherent for a proper 

interfacing between the blood flow and underlying smooth muscle cells, 

secondly; it should be confluent to ensure a non-thrombogenic surface, and 

thirdly; quiescent to prevent activation of platelets and other clotting factors 19-

21. Various molecules associated with these endothelial-specific functions are 

frequently utilized to characterize endothelial cells 22, 23. Here follows a brief 

description of some of the most commonly used markers used to identify 

endothelial cells: 
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Von Willebrand factor  

Von Willebrand factor (vWf) is a large multimeric glycoprotein that was first 

described in 1964 by Webel and Palade 24. Expression of vWf is restricted to 

endothelial cells and megakaryocytes. It is both released into the circulation and 

stored in vesicles, so called Webel-Palade bodies 25, 26. The von Willebrand 

protein plays an important role in both primary and secondary hemostasis by 

recruiting platelets to sites of injury and associate with factor VIII to prevent 

bleeding. The physiological importance of vWf is demonstrated by the inherited 

bleeding disorder von Willebrand disease, appearing in people carrying muta-

tions within the vWf gene 27.  

 

Vascular endothelial cadherin  

Endothelial cells form a continuous monolayer of cells connected to each other 

by different types of adhesive structures and cell-to-cell junctions 23, 28. These 

structures consist of transmembrane adhesive molecules linked to a network of 

cytoskeletal proteins. These molecules are commonly divided into three groups: 

tight junctions, gap junctions, and adherens junctions. Vascular endothelial 

cadherin (ve-cadherin) is an example of an adhesion molecule, which is an-

chored in the cell membrane. Rearrangement of ve-cadherin on the cell surface 

is important for the control of vascular permeability to circulating cells.  

 

Platelet endothelial cell adhesion molecule-1 

Another molecule expressed at the border between confluent endothelial cells is 

platelet endothelial cell adhesion molecule-1 (CD31/Pecam-1). CD31 is expressed 

on platelets, monocytes, neutrophils, and endothelial cells and it serves in 

establishing cell-cell contact. This is important in for example regulating trans-

migration of leukocytes through the endothelium 23, 29. 
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Endothelial nitric oxide synthase  

Endothelial nitric oxide synthase (eNOS or NOS3) is an enzyme responsible for 

synthesis of the nitric oxide (NO) found in the cardiovascular system 30. Binding 

of for example bradykinin to its G-protein-coupled bradykinin B2 receptor, leads 

to an increase in the intracellular calcium concentration. Calcium binds to 

calmodulin and this complex activates eNOS, which then can convert the amino 

acid L’arginine to citrulline and NO 30. NO plays an important role in a variety of 

biological processes. However, most relevant for this thesis is the effects it has 

on vessel homeostasis by inhibiting vascular smooth muscle contraction, 

platelet aggregation and adhesion, and leukocyte adhesion to the endothelium 
30, 31.  

 

Fully mature endothelial cells are the ideal cell source in the regard that they 

have the desired phenotype. However, they have a slow expansion rate and 

limited proliferation capabilities, which makes it difficult to culture them in 

large quantities for therapeutic use 15. Additionally, obtaining human autologous 

endothelial can be difficult, why finding alternative cell sources is of great 

interest. 

 

Stem cells in vascular tissue engineering 

Stem cells have been proposed to have a great therapeutic potential. During the 

last decade, different kinds of stem cells have been investigated as possible cell 

sources in vascular tissue engineering 10-13. The classical definition of a stem cell 

requires that it is able to undergo self-renewal, meaning the ability to go 

through numerous cycles of cell division while maintaining an undifferentiated 

state, and have the capacity to differentiate into specialized cell types. Stem cells 

can be obtained from discarded embryos, fetal tissue, or from adult tissues. 

They are thought to be organized in a hierarchical way from the most primitive 
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(totipotent) to already differentiated tissue-committed (monopotent) cells 32. 

The totipotent stem cell is the result of fusion between the oocyte and the 

sperm. These cells have the ability to give rise to both the embryo and the 

placenta. Totipotency is thought to be lost in the 32-cell stage and the cells are 

thereafter referred to as being pluripotent. Embryonic stem cells (ESCs) are 

derived from the inner cell mass of an early stage embryo, known as a 

blastocyst. These cells are pluripotent and can give rise to all three germ layers: 

mesoderm, ectoderm, and endoderm 32. On the other hand, adult or fetal stem 

cells are multipotent cells thought to be restricted to either one of the germ 

layers. Upon cell division these cells are thought to give rise to monopotent 

stem cells. This is the common way to think about adult stem cells. However, 

during the last years the strictly hierarchic classification of adult stem cells and 

their ability to differentiate has been questioned 33-36. 

 

Embryonic stem cells 

In 1981, the first ESCs were isolated from mouse blastocyst, and in 1998 

Thomson and colleagues established the first human embryonic stem cell-lines 

(hESC) 37, 38. Among the various cell sources suggested for tissue engineering 

hESCs are considered to be one of the most promising candidates. The 

unlimited self-renewal capacity found in ESCs enables the generation of suf-

ficient amount of cells for cell-based tissue engineering applications. They have 

been shown to have the ability to differentiate into cells from all three embry-

onic germ layers in vitro and in vivo 11, 39. For instance, both murine and human 

ESCs have been shown to have the capacity to differentiate along the 

endothelial line 40, 41, 42, 43. However, there are still many obstacles that must be 

overcome before ESCs can be used in the clinic. For example, defined conditions 

for derivation and expansion need to be identified. Stem cells are often purified 

by cell sorting, using specific surface markers. Many ESC-populations lack 
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unique surface markers that might be used to isolate pure populations. 

Furthermore, if the goal is differentiation, well-defined differentiation processes 

needs to be developed 15, 44. However, one of the greatest limitations in using 

hESCs as a cell source in tissue engineering is the ethical concerns associated 

with the fact that obtaining hESCs requires the destruction of embryos. Because 

of these issues and the controversy associated with using cells derived from 

embryos, many researchers have instead started to investigate the possibility to 

use adult stem cells.  

 

Adult stem cells 

In the past, many tissues in the adult were assumed to be incapable of self-

renewal. However, the ability of many tissues to repair or renew indicates the 

presences of stem- or progenitor cells. A common view is that most adult stem 

cells are lineage-restricted (multipotent) and they are generally referred to by 

their tissue origin, for instance mesenchymal stem cells (MSCs), adipose-derived 

stem cells, or endothelial progenitor cells (EPCs) 34, 45-47.  

 

Human MSCs were first identified by Friedenstein et al. in 1966 46. These multi-

potent stem cells mainly residing in the bone marrow stroma, but have also 

been found in low frequency in peripheral blood 48. Stem cells are often isolated 

and identified by the use of specific markers expressed on their surface. 

Labelling these markers makes it possible to sort cells with for example a 

fluorescence activated cell sorter. MSCs do not possess a unique marker that can 

be used for isolation, therefore characterization of these cells is based on the 

presence and absence of various cell surface markers 10. The fact that MSCs have 

the capacity to, upon stimulation, differentiate into mesoderm-derived tissue, 

such as adipocytes, chondrocytes, osteocytes, amongst others, makes them 

attractive as a cell source for tissue engineering  10, 49-57, 58. Studies have also 
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shown that MSCs can be differentiated along the endothelial cell linage when 

given the right culture conditions, such as addition of vascular endothelial 

growth factor (VEGF) 59.  

 

EPCs represent a rather heterogeneous population of cells mainly located in the 

bone marrow. Despite a large amount of published data concerning EPCs, the 

exact definition still remains inconsistent. They share several markers with both 

endothelial cells and hematopoietic stem cells (e.g. AC133, VEGF receptor-2), 

why it has been suggested that EPCs maybe can be viewed as being in the 

middle of the differentiation spectrum, between hematopoietic stem cells and 

mature endothelial cells 10. EPCs have been demonstrated to have the potential 

to differentiate into mature endothelial cells 45, 60, 61. However, issues limiting the 

usefulness of cells like MSCs and EPCs in cell-based therapies are the difficulty 

associated with their harvest and culturing 34. They are all mainly isolated from 

aspirated bone marrow, which is a rather invasive procedure with a relatively 

low yield of cells 35. In 1997, Asahara and co-workers opened up new 

opportunities for the use of these cells when they reported the presence of EPCs 

in human peripheral blood 45.  

 

Adult stem cells are promising candidates as cell sources for vascular tissue 

engineering. However, there are several problems to solve. For instance, the lack 

of sufficient numbers of available cells, and the difficulties in maintaining and 

expanding long-term cultures in sufficient numbers for treatment of patients, 

needs to be overcome before these cells can be used in clinical applications. 
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Stem cell plasticity  

A common view of adult stem cells has been that their differential potential is 

strictly limited to the cell lineages found within the tissue of origin. However, a 

number of studies published the last years have challenged this view by demon-

strating the possibility for stem cells from one tissue to give rise to to several 

lineages that are distinct from their tissue of origin 33-36. This is a phenomenon 

referred to as stem cell plasticity 58, 62, 63. The findings on stem cell plasticity have 

been received by a degree of controversy and skepticism and the specific 

underlying molecular mechanisms behind the phenotypic shift of populations of 

cells have been and are still in focus of intense debates. One hypothesis relies on 

fusion of two different cell types to generate a new cell type 62, 64-66. Another 

theory is based on the switch of profiles of gene expression, leading to trans-

differentiation of the cell 58, 62, 63.  

 

Lately, it has been suggested that stem cell plasticity also can be found in 

peripheral autologous cells 35, 67. For example, a number of studies have reported 

that cells with abilities to change their phenotype have been found within the 

connective stroma of several tissues 68-72. This indicates that a plausible alterna-

tive source of cells for tissue engineering may be found in human skin. Dermal 

fibroblasts are found in large numbers in skin. These cells can be harvested with 

minimal invasion, with a high yield of cells, and they can be easily cultured in 

vitro by using well-known standard laboratory protocols. These are features that 

make them interesting as a cell source for vascular tissue engineering. 

Additionally, recent studies have shown plasticity inherent in human dermal 

fibroblasts, indicating a possibility to differentiate fibroblasts towards several 

mesenchymal lineages, such as bone, cartilage, and fat 68, 69, 73, 74.  
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Biomaterials 
Tissue engineering techniques often includes the use of some kind of bio-

material (scaffold) to achieve the desired three-dimensional structure of 

growing tissues 4, 75-77. A scaffold is a material upon which cells can attach, 

proliferate and differentiate. The scaffold guides the cell growth and offer the 

ability to form tissues in vitro and in vivo relatively rapid in a shape and with 

properties similar to the native tissue 77, 78. The ideal scaffold for tissue engineer-

ing should be biocompatible, compliant, biodegradable into non-toxic products, 

easy to process and handle in clinical applications 79. Additionally, the scaffold 

should have a structure (e.g. porosity, pore size, mechanical stability and 

degradation time) that promote attachment, migration, and proliferation of 

cells 4.  A plethora of biomaterials have been described in the literature 79-89. In 

general, they can be divided into three classes: naturally derived materials, 

acellular tissue matrices, or synthetic materials.  

 

Synthetic materials 

Synthetic materials are for example different kinds of synthetic polymers (e.g. 

polyglycolic acid, polylactic acid, and poly(lactic-co-glycolic acid)).These type of 

materials have been widely used as scaffolds for cell transplantation and tissue 

engineering 90, 91. Synthetic polymers are advantageous in that their chemistry 

and material properties can be well controlled, leading to a high degree of 

reproducibility. Another advantage is the possibility to store synthetic 

biomaterials off-the-shelf for a long period of time. The major disadvantages of 

current synthetic scaffolds lies in the fact that they tend to elicit a foreign 

material type of response in the host and their inability to grow, remodel, or 

repair in vivo 92. 
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Acellular tissue matrices  

Acellular tissue matrices are often prepared by removing cellular components 

from native tissues. All kind of tissues have been used such as arterial wall 91, 93, 

small intestine submucosa 94, acellular dermis 95, or ureter 7. The acellular 

matrices have the advantage of being recognized by the body and will therefore 

slowly degrade after implantation. The matrices are replaced and remodelled by 

extracellular proteins synthesized and secreted by the transplanted cells or in 

growing cells from the host 39. Countering these advantages is the fact that 

acellular tissues suffer batch-to-batch variations and scale-up difficulties 3. In 

addition, they can give rise to immunological reactions, which derives from 

their similarity to naturally occurring molecules 91.  

 

Natural materials  

Natural materials used in this context are usually composed of extracellular 

matrix-components (e.g. collagen 96, gelatin 81, 85, fibrin, glycosaminoglycans) or 

natural polymers (e.g. cellulose, starch). The natural materials offer the advan-

tage of being very similar to macromolecular substances naturally occurring in 

the body. They contain information, for example particular amino acid se-

quences, that facilitate for example cell attachment. Another positive aspect of 

natural materials is that they are degraded by naturally occurring enzymes after 

implantation 91. The negative aspects with using natural materials are similar to 

the disadvantages encountered when using acellular tissue matrices. 

 

Stimulating signals  
Engineering of living, physiological, and three-dimensional tissues can be done 

both in vitro and in vivo. Common for both these methods are the need of 

appropriate signals to direct the tissue formation. The in vivo environment pro-

vides the cells with a complex and carefully regulated set of biochemical and 
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mechanical signals that regulate the cell function. These signals can come from 

autocrine, paracrine, or endocrine pathways, or from contact with the extra-

cellular matrix (ECM) 97. The in vitro environment used to culture cells in is 

generally a simplified version of the in vivo situation, mostly aiming at en-

hancing the viability and growth of cells. In an attempt to create tissues in vitro 

that are more similar to native tissues, much effort has been made to better 

mimic the in vivo environment. This includes biochemical factors (e.g.  growth 

factors, cytokines, and hormones), mechanical components (e.g. fluid flow, 

shear stress, puls rate etc) as well as the ECM surrounding the cells. 

 

Mechanical signals  

One strategy to provide a growing tissue with the appropriate environment is 

the use of a bioreactor system. This is a technique that often improve the quality 

of engineered tissues 98. In general, a bioreactor system is supposed to maintain 

uniformity of seeding and supply growing tissues with an appropriate 

physiological environment 97, 98. Bioreactors designed to culture blood vessels 

should be able to provide the tissue with physiologically relevant tension, shear 

stress, and pulsatile flow of culture medium to improve the structure and 

mechanical properties of the vessel 99-101. 

 

Biochemical factors 
The term biochemical factors include growth factors, cytokines, and hormones. 

These are proteins with key roles in a variety of cellular processes. Growth 

factors act as signalling molecules between cells, giving rise to a complex combi-

nation of secondary signals, transcription factors and posttranscriptional 

modifications leading to proliferation, differentiation, or migration of cells 97, 102.  

A number of growth factors have important roles in vascular development, and 

angiogenesis, or both. Among these proangiogenic molecules are VEGF, basic 
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fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), and 

transforming growth factor β (TGF- β) 103-106.  

 

Vascular endothelial growth factor 

VEGF was first identified by Ferrara in the late 1980:s and since then the VEGF 

family and its receptors have been studied extensively due to their prominent 

role in the development, maintenance, and remodeling of the vasculature 104, 105, 

107. The VEGF family consists of VEGF-A (normally referred to as VEGF), VEGF-

B, VEGF-C, VEGF-D, VEGF-E, and placenta growth factor. The angiogenic 

effects of the VEGF family are thought to be mainly mediated through VEGF. 

The binding of VEGF to its receptor (VEGFR-2) on the surface of endothelial 

cells activates intracellular tyrosine kinases, triggering multiple downstream 

signals promoting survival in endothelial cells, leading to the induction of pro-

liferation, migration, and tube formation 105. 

 

Transforming growth factor-β 

TGF-β is a family of structurally homologous dimeric proteins. In humans, 

various cell types can synthesize TGF-β and essentially all cells have high-

affinity receptors on their surfaces 108, 109. TGF-β exists in three subtypes: TGF-β1, 

TGF-β2, and TGF-β3. TGF-β is a multifunctional protein that acts both through 

autocrine and paracrine mechanisms 108. It was first discovered for its role in 

stimulating cell proliferation, but has later been shown to also be a strong 

inhibitor of cell proliferation in several cell cultures 108, 109. Furthermore, TGF-β 

has been shown to regulate migration, survival, ECM-synthesis, and 

differentiation in several cell types, including endothelial cells 10, 108, 110-116. Again, 

both stimulatory and inhibitory results have been found. Studies have shown 

that TGF-β signalling is essential for vascular development and maturation, in 

vivo 116, 117. Although numerous studies have investigated the mechanisms 
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through which TGF-β control angiogenesis, its interaction at cell level are not 

entirely understood. 

 

Platelet-derived growth factor 

The PDGF-family consists of four different PDGFs (A-D) establishing functional 

homodimers (PDGF-AA, PDGF-BB, PDGF-CC, and PDGF-DD) or heterodimers 

(PDGF-AB) 118. PDGF was initially purified from the α-granules of platelets, but 

has later been shown to be secreted by a number of cell types found in the 

vasculature 119. PDGF tends to have the most potent effects on cells of mesen-

chymal origin, but it has also been shown to have angiogenic effects. However, 

the effects are thought to be weaker than that of FGF or VEGF 119. PDGF is not 

believed to be crucial for the initial formation of blood vessels, but studies have 

shown effects of PDGF on vascular cells in vivo and in vitro suggesting a role in 

angiogenesis 119. Moreover, PDGF is known to play a key role in recruiting peri-

cytes to form walls of newly formed blood vessels 107. 

 

Basic fibroblast growth factor  

In normal tissue, bFGF is present in basement membranes and in the 

subendothelial extracellular matrix of blood vessels. It is a potent angiogenic 

inducer, both by mediating the formation of new blood vessels and promoting 

differentiation of endothelial cells 103, 121. It has been hypothesized that, during 

both wound healing of normal tissue and tumor development, the action of 

heparan sulfate-degrading enzymes activates bFGF leading to angiogenesis 103, 120, 

121.  
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Therapeutic applications for vascular tissue engineering 
Blood vessels form a branched system of arteries, veins and capillaries. They 

have three distinct structural features, which are most prominent in arteries: 

intima, media, and adventitia (Fig. 2). The intima forms the layer closest to the 

blood flow and consists of a monolayer of endothelial cells. The media contains 

smooth muscle cells and fibres of elastic tissue, and the adventitia is a 

collagenous ECM containing fibroblasts, blood vessels, and nerves. Veins, on the 

other hand, are thin-walled vessels which lack the distinct molecular and tissue 

organization of arteries.  

 

 

Fig. 2. An artery have three distinct layers: the intima, which consists of a monolayer of 
endothelial cells; the medial layer containing smooth muscle cell; and the adventitial 
layer which is composed of loose fibrous connective tissue (modified from ref. 122). 
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Endothelialization of vascular grafts  

About thirty years ago vascular surgeons pioneered the field of vascular tissue 

engineering by attempting to create endothelialized synthetic bypass grafts 123, 

124. The underlying reason was the poor results obtained when using synthetic 

vascular prostheses. In 1984, Herring first reported that the combination of 

biologically active endothelial cells and prosthetic material enhanced the sur-

vival of the grafts 125. Since then this subject has been intensively investigated 8, 

21, 86, 88, 126-131. Endothelialization can be achieved either prior to implantation, or 

by accelerating the graft endothelialization in vivo 132. For the in vitro endo-

thelialization, both a “one-stage” procedure (adding endothelial cells to the graft 

at the time of implantation) and a “two-stage” procedure (harvested, followed 

by seeding and culturing of the cells on the graft prior to implantation) have 

been investigated. Due to difficulties with cell adhesion and retention, the latter 

approach has proven to be the more successful 127, 128, 130, 133. Various approaches 

to promote endothelialization of graft surfaces in vivo have been explored, with 

particular emphasis on the incorporation of cell ligands (peptides/proteins) on 

the graft surface to promote cell adhesion and direct differentiation. Cells like 

circulating endothelial cells or EPCs could potentially be recruited onto a 

modified graft 132.  

 

Tissue engineered blood vessels 

In this field one usually distinguish between large-diameter vascular grafts 

(internal diameter � 5 mm) and small-diameter vascular grafts (internal 

diameter � 5 mm) 3, 76. Large-diameter vessels have with some degree of success 

been replaced with synthetic prosthesis, such as Dacron® or expanded poly 

tetrafluoroethlene 3, 76. Unfortunately, these synthetic biomaterials have not 

been successful in replacing small-diameter vessels.  
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The requirement for tissue engineered blood vessels with a non-thrombogenic 

surface, sufficient mechanical strength, and compatibility with the host is a 

major challenge for vascular tissue engineering. In an attempt to solve this 

problem a number of strategies have been presented during the past decades. In 

1986, Weinberg and Bell produced the first three-dimensional vascular graft 

using a collagen-based construct model (Fig. 3A) 89. Their vessel consisted of 

animal collagen gel layers containing bovine endothelial cells, smooth muscle 

cells, and fibroblasts. The collagen-based approach offers the advantages of a 

relatively fast in vitro development and simple handling, but it is limited in the 

mechanical strength required for in vivo conditions 89, 90. In 1998, Auger and co-

workers described a method whereby a complete blood vessel was generated in 

vitro without the use of a scaffold support (Fig. 3B) 134. Viable sheets of cells and 

ECM were rolled over a mandrel to get a tubular configuration and were then 

cultured until fully matured 134-136. This is unique since human cells make the 

construct completely from secreted proteins. This method, unlike the collagen-

based, which to date has used animal proteins, eliminates immunological re-

sponses if autologous cells are used. A disadvantage with the cell self-assembly 

method is the long and complicated manufacturing process 90.  
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Fig. 3. Various techniques to create a tissue engineered blood vessel: the collagen-based 
construct model (A), rolled sheet scaffold vascular grafts (B), and cell-seeded polymeric 
scaffold (C) (modified from ref. 20). 

 

In 1999 a cell-seeded polymeric scaffold model was presented by Niklason et al. 

(Fig. 3C) 101. In this model a biodegradable poly(glycoloc acid) scaffold and 

cultured vascular cells were used. The basic idea with a degradable synthetic 

scaffold is that when the scaffold degrades the cell population proliferates and 

produces its own ECM, so over the days and weeks in culture, the construct 

progressively transforms from a synthetic to a biological tissue analogue 101, 137. 

The synthetic polymer approach has proven successful in animal models, but a 

limitation with this model is the long and very complicated in vitro development 

process, which also raises the manufacturing cost 90. Despite the fact that novel 

approaches for producing functional small-diameter vascular grafts have been 

developed, there is still no long-term successful application available.  
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Vascularization of tissue engineered constructs 

A main limitation for clinical use of tissue engineered constructs is the lack of a 

functional vascular network 9. Thin tissue-constructs (100-200 μm) can survive 

by diffusion, while revascularization takes place138. However, larger complex 

tissues require vascularization short after implantation to satisfy the needs of 

nutrients and oxygen in order to survive. Currently, several strategies for 

engineering vascularized tissues are under investigation. These include the use 

of angiogenic factors, scaffold design, in vivo and in vitro prevascularization 9, 139-

142. The architecture of the scaffold, for example pore size and interconnectivity 

of the pores, has been demonstrated to have impact upon vascularization rate 
140, 141, 143. It is also well established that growth factors promote capillary in-

growth. One approach for enhancing vascularization of tissue engineered con-

structs is the delivery of angiogenic factors, such as VEGF, PDGF, TGF-β, and 

bFGF 144.These factors can either be added as recombinant proteins, released 

from biomaterials, or be secreted by cells, genetically engineered to over-express 

specific factors 39. The strategies using scaffold design or angiogenic factor 

delivery both rely on ingrowth of blood vessels from surrounding host tissues 9. 

Although blood vessel ingrowth often is noted in implanted tissues, 

vascularization takes too long and is too incomplete to supply the implanted 

tissue with enough nutrients and oxygen. The knowledge that endothelial cells 

cultured under right conditions and environment, start to form capillary-like 

structures, has encouraged researchers to investigate the possibility to introduce 

vascular networks inside engineered tissues already in vitro 9, 138, 145. The advan-

tage of this method is that the pre-vascular network formed in vitro connects to 

the host vascular system only days after implantation 143. However, issues con-

cerning culture conditions and cell source still need to be solved. A third 

approach for increasing vascularization is by in vivo prevascularization. This 

method is performed in two steps. The first step involves implantation of a 

tissue engineered construct into a region with an artery that can be led in or 
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around the construct. The next step is harvest of the now vascularized construct 

followed by re-implantation at its right position. The advantage of this tech-

nique is that the construct will be perfused immediately after implantation. 

However, the main disadvantage is the requirement of two operation proce-

dures 9, 142.  
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AAIMS OF THE STUDY 

 

 
The overall aim of this licentiate thesis was to investigate if human dermal 

fibroblasts can be used as a cell source for vascular tissue engineering. The 

specific aims were: 

 

Paper I.  

� To investigate if human dermal fibroblasts can be differentiated into an 

endothelial cell-like phenotype. 

 
� To investigate which factor, or factors, that are important for a possible 

phenotypic shift in human dermal fibroblasts. 

 
� To clarify whether cell fusion or a change in gene expression is 

responsible for a possible phenotypic shift in fibroblasts towards an 

endothelial cell-like phenotype. 
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Paper II.  

� To elucidate if human dermal fibroblasts differentiated towards an endo-

thelial cell-like phenotype can be used to create an endothelialized 

surface in vitro.  

 
� To investigate the possibility to induce differentiation of human dermal 

fibroblasts towards an endothelial cell-like phenotype after seeded on a 

scaffold. 
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CCOMMENTS ON MATERIAL AND METHODS 

 

 
A more detailed description of the materials and methods used in these studies 

can be found in the materials and methods part of each paper.  

 

Isolation and culture of cells  
There are several techniques available for the establishment of primary cultures 

of cells for example: explantation, mechanical disaggregation, and enzyme 

digestion, or a combination of these methods. One of the earliest strategies for 

isolation of cells is explantation of tissue fragments. Since this method rely on 

cells migrating from tissue pieces it normally takes longer time to establish a 

primary culture compared with the other methods. The use of explant or 

mechanical disaggregation is not effective with all tissues. Some cell types are 

too sensitive to forces and damage that may occur. If this is the case enzymatic 

treatment is a better option. However, the enzymatic treatment can have some 

damaging effects on certain surface molecules.  
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Endothelial cells 

Endothelial cells can be isolated from different types of blood vessels (e.g. 

umbilical vein or artery, saphenous vein, pulmonary vein or artery, or micro-

vessels from for example adipose tissue) 146 and from various species. However, 

human endothelial cells are usually preferred in vascular tissue engineering. 

There are various ways to isolate endothelial cells. Mechanical scraping and 

physical detachment is a method suitable for isolation of cells from both micro- 

and macrovessels. The advantages with this method are high purity and a low 

damage to the cells, whereas a low yield is a disadvantage. Mincing combined 

with enzymatic digestion is a technique often used when isolating cells from 

microvessels. With this technique endothelial cells are sorted out either by a 

filter mesh or by a cell sorter. However, the risk of having contaminant cell 

types is rather high when using this method 146. In this licentiate thesis (paper I 

and II) endothelial cells were obtained from umbilical cord veins by enzymatic 

digestion, which is the preferred technique with larger vessels. Incubation with 

collagenase to remove endothelial cells from the basal lamina, results in a good 

yield of cells with a high purity.  

 

Dermal fibroblasts 

Dermal fibroblasts are often isolated either from explants, or by a combination 

of mechanical and enzymatic treatment of a skin biopsy. In this study (paper I 

and II) human dermal fibroblasts were obtained from tissue specimens from 

healthy patients undergoing routine plastic surgery. Primary cultures were 

isolated by a combination of mechanical disaggregation and enzymatic 

digestion (collagenase and dispase).  
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Single-cell clone fibroblasts 

Single-cell clone fibroblasts were used in experiments in paper I and II. Primary 

cultures of human dermal fibroblasts were enzymatically detached and single 

cells were transferred from this cell suspension using an inverted microscope 

equipped with a micromanipulator and micropipette. These cells were trans-

ferred to separate wells and cultured there until they had reached confluence.  

They were then further expanded until adequate numbers were achieved for 

experiments to start. 

 

Induction of differentiation 
Various methods to induce cell differentiation in vitro have been described in 

the literature. One approach is to expose cells to mechanical stimuli, such as 

shear forces or flow 99-101. However, one of the most commonly used techniques 

is by culturing cell in an induction media. Introducing cells to the right environ-

ment is thought to supply the proper conditions for differentiation. In this study 

normal dermal fibroblasts were cultured in a fibroblast growth medium (FGM) 

based on Dulbecco’s modified eagles medium, supplemented with 10 % fetal calf 

serum (FCS), penicillin, and streptomycin (paper I and II). However, to induce a 

phenotypical change in dermal fibroblasts towards an endothelial cell-like 

phenotype, cells were cultured in Dulbecco’s modified eagles medium supple-

mented with 30 % human serum, isobutyl-methylxanthine (IBMX), cholera 

toxin, penicillin, and streptomycin (paper I and II). This is an endothelial 

growth medium (EGM) in which mature endothelial cells maintain their 

differentiated state. By utilizing in vitro cell culture models, the capability of 

different types of serum (FCS and human serum) and medium constituents 

(cholera toxin and IBMX) in inducing a phenotypic change in fibroblasts was 

investigated (paper I).  
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As indicated above, the medium used to differentiate dermal fibroblasts towards 

an endothelial cell-like phenotype was supplemented with IBMX and cholera 

toxin. Both IBMX and cholera toxin are agents that influence the cyclic 

nucleotide intracellular signaling by blocking the degradation of cyclic adeno-

sine monophosphate (cAMP) and increasing Gs-protein-coupled signaling, re-

spectively. cAMP also activates the cAMP-response element-binding protein 

that participates in gene transcription and cell differentiation 147. To investigate 

whether IBMX or cholera toxin were responsible for the phenotypic shift in 

fibroblasts, cells were cultured in EGM without IBMX or cholera toxin, or both. 

Fibroblasts were also cultured in FGM supplemented with IBMX or cholera 

toxin, or both. 

 

Human serum is composed of water, proteins (e.g. albumins, globulins etc.), 

electrolytes, nutrients, enzymes, gases, waste products (e.g. urea, ammonia etc.), 

and hormones. In addition, it contains numerous growth factors. Both VEGF 

and TGF-β play important parts in differentiation of endothelial cells and angio-

genesis 45, 116, 117. To investigate whether VEGF, or TGF-β1, or both could induce a 

phenotypic shift in fibroblasts, cells were cultured in EGM supplemented with 

neutralizing antibodies directed towards these two growth factors. Blocking of 

VEGF with neutralizing antibodies has earlier been shown to substantially sup-

press tumor growth and angiogenesis 148. Fibroblasts were also cultured in FGM 

supplemented with VEGF and TGF-β1. 

 

Seeding techniques 
There are several methods used for seeding of cells on scaffolds. For example, 

spinner flasks are a commonly used system. This is a simple method to use, 

which results in a rather uniform distribution of cells. Another approach is to 

use rotating vessels, where a uniform cell suspension, cell culture medium, and 
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scaffolds are transferred into a vessel with an adjustable rotation speed 99. 

However, one of the most simple and most commonly used methods is static 

seeding. This method was used in paper II. Herein, a high concentration of cells 

in suspension was dropped onto pre-wetted scaffolds. When cells had adsorbed 

to the surface of the scaffold cell culture medium was slowly added. Scaffolds 

were seeded with: 1) endothelial cells; 2) fibroblasts or single-cell clone 

fibroblasts cultured in FGM (both before and after seeding); 3) fibroblasts 

differentiated towards an endothelial cell-like phenotype cultured in EGM (both 

before and after seeding); and 4) fibroblasts and single-cell clone fibroblasts 

cultured in FGM (before seeding). Differentiation of these cells was induced 24 

hours after seeding by changing the growth medium to EGM. Scaffolds seeded 

with cells were then cultured statically for 10 days in a humidified, 37� C, 5 % 

CO2 incubator.   

 

The scaffold used in this study  

In this study (paper II) cells were seeded and cultured on a biomaterial based on 

a highly cross-linked type-A porcine derived gelatin matrix (Fig. 4). Previous 

studies have demonstrated that gelatin promotes attachment and growth of 

various mammalian cell types, especially endothelial cells 146. Furthermore, this 

matrix has earlier been used for guided tissue regeneration and cell-based 

therapies both in vitro and in vivo 81, 85, 149-152. It has several attractive character-

istics for tissue engineering. For example, it promotes attachment and growth of 

a number of mammalian cell types, it is biocompatible, biodegradable (into 

non-toxic substances), easily manufactured, and relatively cheap 81, 153.  
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Fig. 4. Photographs of the gelatin scaffold used in this study. In dehydrated condition 
(A), and hydrated in phosphate buffered saline and cut into circular pieces (B).  

 

Confirmation of differentiation 
Several parameters are used to characterize endothelial cells in culture, for 

example cell morphology, cellular markers, and functional signal transduction 

pathways specific for endothelial cells 146.  One of the aims of this licentiate 

thesis was to investigate the capacity of human dermal fibroblasts to be 

differentiated into an endothelial cell-like phenotype (paper I). Differentiation 

of fibroblasts was confirmed by a combination of the criteria mentioned above: 

presence of the cellular markers, such as vWf (paper I and II), ve-cadherin 

(paper II), CD31 (paper I and II), and eNOS (paper II); incorporation of labelled 

acetylated low-density lipoproteins (demonstrating a functional signal trans-

duction pathway) (paper I); and the capacity of cells to organize in capillary-like 

structures (cell morphology) (paper I).  
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Visualization techniques   

Immunohistochemistry 

Immunohistochemistry is a technique based on the detection of proteins in 

fixed cell cultures or paraffin embedded tissues with the use of specific anti-

bodies. The antibodies can be both mono- and polyclonal, however monoclonal 

antibodies are generally considered exhibiting greater specificity. There are two 

strategies used for immunohistochemical detection of antigens in tissues, the 

direct method and the indirect method. The direct method of immuno-

histochemical staining uses one antibody, which binds directly to the antigen. 

On the other hand, the indirect method involves a primary antibody and a 

secondary antibody, which binds to the primary antibody. The fact that several 

secondary antibodies can react with the same primary antibody makes this 

method more sensitive. To visualize the position of the antibodies, these are 

pre-linked to an indicator substance. This may be a fluorescent substance, in 

which case the technique is known as immunofluorescence and the antibody are 

visualized in a fluorescence microscope. The antibody can also be conjugated 

with an enzyme that catalyses a reaction, resulting in a detectable color. A 

commonly used set-up is a biotinylated secondary antibody coupled with 

streptavidin-horseradish peroxidase.  

 

In this study indirect immunohistochemistry and immunofluorescence were 

used to detect the presence of molecules commonly used to identify endothelial 

cells. Immunofluorescence was used when staining fresh, fixed cells since this 

method allows a much better localization of proteins. However, when staining 

paraffin-embedded cells cultured on scaffolds (paper II) we instead used a 

horseradish peroxidase system combined with biotinylated secondary anti-

bodies. This system was selected due to its high sensitivity and low background 

staining.  
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Advances have been made in immunohistochemistry, particularly at the tech-

nical level, but there are still issues around interpretation and quantification, 

which need to be addressed. Even though immunohistochemistry is not really a 

quantitative technique, researchers have developed different scoring systems.  

These can involve counting of labeled cells to give a percentage, counting num-

ber of positive cells in 10 high-power fields, or the use of computer-assisted 

image analysis. Another commonly used scoring system is grading of the 

reactivity (weak, moderate or strong). A potential disadvantage with our studies 

is precisely the lack of scoring of our immunohistochemical stains. In paper I a 

subjective rating of the number of positively stained cells in the cells cultured 

for different amount of time or in different medium was used. We also looked at 

the presence or absence of specific staining and the localization of the staining 

(paper I and II). Furthermore, in all our studies we used endothelial cells as a 

positive control cell and fibroblasts cultured in FGM as a negative control cells 

and the results received when staining fibroblasts induced to differentiate 

towards an endothelial cell-like phenotype were compared with these (paper I 

and II).  

 

Haematoxylin-eosin staining 

Haematoxylin-eosin staining is the most commonly used routine staining. 

Haematoxylin, which is a basic dye stains acidic structures (e.g. nuclei, 

ribosomes) purplish blue.  In contrast, eosin is an acidic dye which stains basic 

structures red or pink. Since most cytoplasmic proteins are basic the cytoplasm 

of a cell usually stains pink.  Hematoxylin-eosin staining was used in paper II to 

evaluate the organization and migration of cells cultured on scaffolds. 
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4',6-diamidino-2-phenylindole staining 

4',6-diamidino-2-phenylindole (DAPI) is a fluorescent stain that binds strongly 

to DNA. It is used extensively in fluorescence microscopy to visualize cell nuclei. 

Since DAPI will pass through an intact cell membrane, it may be used to stain 

both live and fixed cells. All cells in this study were counterstained using DAPI 

both to visualize cell nuclei (paper I and II), and enable the detection of migra-

tion of cells into the pores of the scaffold (paper II). 

 

Formation of capillary-like networks 

Angiogenesis is the establishment of new blood vessels from an already existing 

vascular network. It is a fundamental component of a number of normal (e.g. 

wound healing, reproduction) and pathological processes (e.g tumour growth). 

Attempts to understand the molecular mechanisms that control vascular growth 

have led to the development of in vitro cell culture systems. The most successful 

models place endothelial cells in three-dimensional gels of native ECM-

molecules. This is a relatively simple system for investigating angiogenesis in a 

controlled manner. Limitations of the models are the lack of other cell types and 

the short duration time of the assays. Since it is mostly endothelial cells that 

have the capability of forming capillary networks, these are models that can be 

used to characterize endothelial cells. In this study, the formation of capillary-

like networks was utilized to confirm that the dermal fibroblasts had differen-

tiated towards an endothelial cell-like phenotype (paper I). For this purpose we 

used an in vitro angiogenesis assay kit, which is an ECM-system optimized for 

maximal tube-formation. The gel used in this kit consists of various ECM-

proteins (e.g. laminin, collagen type IV, heparin sulphate, and proteoglycans), 

several growth factors, and proteolytic enzymes.  
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Western blot analysis 

In paper II western blot analysis was performed in order to confirm the results 

received from immunohistochemistry. The western blot technique combines the 

resolving power of electrophoresis, the specificity of antibodies, and the sensi-

tivity of enzyme assays in order to detect a specific protein. Total protein from 

cells (endothelial cells, fibroblasts, and fibroblasts differentiated towards an 

endothelial cell-like phenotype) cultured for 10 days in cell culture flasks was 

loaded onto a sodium dodecyl sulfate gel. The separated proteins were then 

transferred onto a membrane and incubated with a primary antibody solution 

specific for the desired proteins (VWf and eNOS). After washing, membranes 

were incubated with enzyme-conjugated secondary antibodies. To visualize the 

proteins we used enhanced chemiluminescence, which is a method where 

western blot membranes are incubated with a substrate that will luminesce 

when exposed to the reporter on the secondary antibody. The light was detected 

by a charge coupled device camera. For most western blot analysis you will not 

only reveal proteins at one band in a membrane, but by comparing the size of 

the stained bands to that of a ladder will help you to find the right protein. To 

ensure that the same amount of protein has been loaded onto the gel you can 

either add a reference protein that should be equally expressed in all cell types, 

or you can determine the total protein content in your samples and then load 

the same amount of protein for all samples onto the gel. The latter method was 

used in this study. In this study we also added, as a positive control, a cell type 

known to express the desired protein.  

 

Uptake of fluorochrome-labelled low-density lipoprotein  

Uptake of low density lipoproteins (LDL) is a receptor-mediated process 154. 

Acetylated LDL labelled with 1, 1´-dioctadecyl-3, 3, 3´, 3´-tetramethyl-indocarbo-

cyanine perchlorate (Ac-DiI-LDL) labels both vascular endothelial cells and 

macrophages. No other cell type is labelled to the same extent 154. Cells labelled 
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with Ac-DiI-LDL can be visualized using a fluorescence microscope, since the 

lipoproteins are degraded by lysosomal enzymes and accumulated in lysosomes. 

An advantage with this method is that it can be used both to identify and to 

isolate endothelial cells from mixed cell populations without affecting the 

viability of the cells. Another advantage is that the labelling process is in one 

step, and once the cells are labelled the fluorescent dye is not removed by 

trypsin, which makes it possible to sort cells with a fluorescence activated cell 

sorter 154. Uptake of fluorochrome-labeled LDL was used in paper I to confirm 

that human dermal fibroblasts have the capacity to change into an endothelial 

cell-like phenotype.  
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RRESULTS AND DISCUSSION 

 

 
Detailed descriptions of the results obtained in this study can be found in the 

results part of each paper. 

 

Differentiation of human dermal fibroblasts towards an endothelial 
cell-like phenotype 
In the present study the possibility to induce differentiation of human dermal 

fibroblasts towards an endothelial cell-like phenotype was investigated. This 

was achieved by culturing fibroblasts in EGM in vitro, a medium that is normally 

used to maintain the differentiated state of mature endothelial cells. A change 

in phenotype was confirmed by studying the presence of various markers com-

monly used to identify mature endothelial cells 22, 27, 146, 154. All experiments in-

cluded primary cultures of human endothelial cells, dermal fibroblasts, and 

single-cell-clone fibroblasts. The latter cell type was obtained by clonal expan-

sion using a micromanipulator. Throughout the study endothelial cells dis-

played positive immunostaining when using antibodies directed towards vWf 

(paper I and II), Ve-cadherin (paper II), CD31 (paper I and II), and eNOS (paper 

II), whereas dermal fibroblasts and single cell clone fibroblasts did not. 
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Fibroblasts and single-cell clone fibroblasts cultured in EGM started to express 

vWf immunostaining already four days after starting the culture (paper I). 

However, a majority of fibroblasts and single-cell clone fibroblasts induced to 

differentiate for 10 days, displayed both cytoplasmic and extracellular immuno-

reactivity to vWf (paper I and II), and cytoplasmic localization of eNOS (paper 

II). Incubation with antiserum to ve-cadherin resulted in a less pronounced 

immunostaining (paper II), while cells incubated with antibodies directed 

towards CD31 did not show any immunoreactivity (paper I and II). In addition, 

the ability of these cells to start forming capillary-like networks and to 

incorporate fluorochrome-labelled LDL was studied (paper I). Indeed, our 

results showed that endothelial cell-like fibroblasts both incorporated fluoro-

chrome-labelled LDL, and started to form capillary-like structures in an endo-

thelial cell-like fashion. These results are of particular interest since they not 

only confirm an up-regulation of surface molecules, but also indicate the 

presence of functional signal transduction pathways. The endothelial differen-

tiated fibroblasts did not express the CD31 marker, suggesting that these cells 

are not fully differentiated. To what extent dermal fibroblasts can change their 

phenotype is most likely dependent on the signals provided by the surrounding 

environment. Herein, an EGM was used to induce a phenotypic change of 

dermal fibroblasts cultured in vitro under static conditions. A better knowledge 

of the factors causing this phenomenon and a more optimal environment, re-

sembling the in vivo situation, will hopefully lead to a more efficient differentia-

tion of these cells.  

 

Single-cell clone fibroblasts were used in this study (paper I and II) for various 

reasons. The main reason to use single-cell clone fibroblasts was to clarify 

whether cell fusion or a change in gene expression is responsible for the shift in 
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phenotype in fibroblasts towards an endothelial cell-like phenotype. Our results 

showed that it was possible to induce differentiation of single-cell clone fibro-

blasts in a similar manner as normal dermal fibroblasts. Based on these results 

we draw the conclusion that transdifferentiation may be the main mechanism 

associated with the altered phenotype seen in fibroblasts, and that the role of 

fusion between different cell types can be ruled out. However, the usage of 

single-cell clone fibroblasts also served another purpose. Presence of residual 

endothelial cells in the primary culture of fibroblasts could possibly render a 

false positive result in regard to differentiation capacity. This issue was ad-

dressed in various ways, firstly; endothelial cells are not favoured by FGM, 

secondly; endothelial cells seldom adhere to uncoated surfaces, thirdly; before 

any experiments were done the phenotypes of fibroblasts were confirmed by 

indirect immunohistochemistry, and finally; adding single-cell cloned fibro-

blasts to our experiments, which greatly reduced the risk of false positive results 

due to the possible presence of a few endothelial cells in the primary culture.  

 

The importance of human serum for the phenotypic shift in dermal 
fibroblasts 
To achieve a more efficient differentiation of dermal fibroblasts towards an 

endothelial cell-like phenotype it is of importance to elucidate which are the 

essential factors responsible for the differentiation. In this study we hypothe-

sized that the type of serum added to our growth medium were of importance 

for induction of the phenotypic shift (paper I). Indeed, the results received in 

paper I showed that addition of human serum, but not FCS, play a decisive role 

in the differentiation of dermal fibroblasts along the endothelial linage. Human 

dermal fibroblasts and single-cell clone fibroblasts cultured in EGM containing 

10 or 30 % human serum, displayed immunostaining after incubation with anti-

vWf antibodies. However, dermal fibroblasts cultured in growth medium con-
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taining FCS did not display any immunostaining to vWf. Consequently, factors 

presented in human serum but not in FCS are crucial for inducing a phenotypic 

shift in human dermal fibroblasts. 

 

The EGM used in this study was supplemented with cholera toxin and IBMX. 

Both these drugs influence on the cAMP-signaling system by blocking the de-

gradation of cAMP and by increasing the Gs-protein-coupled signaling. 

Furthermore, the cAMP signaling pathway has been shown to be involved in  

gene transcription and cell differentiation 147. We investigated the roles of these 

drugs to find out if they are of importance for the alteration in phenotype in 

human dermal fibroblasts (paper I). However, our results showed that neither 

the exclusion of cholera toxin or IBMX in EGM, nor the addition these drugs to 

FGM, have any effect on the differentiation of fibroblasts towards an endothelial 

cell-like phenotype. Based on these finding we draw the conclusion that cholera 

toxin, IBMX, or the cAMP-signaling system has no impact on the phenotypic 

change of fibroblasts into endothelial cell-like cells. 

 

Numerous growth factors are present in human serum, among them VEGF and 

TGF-β. Both VEGF and TGF-β play important roles in differentiation of 

endothelial cells and in angiogenesis. Based on this knowledge we hypothesized 

a possible role of these growth factors in the induction of differentiation of 

fibroblasts towards an endothelial cell-like phenotype (paper I). The results 

however, showed that the presence of neutralizing anti-VEGF or anti-TGF-β1 

antibodies in the EGM did not affect the phenotypic shift. Moreover, supple-

menting the FGM with VEGF or TGF-β1 did not induce differentiation of fibro-

blasts. Consequently, we conclude that neither VEGF nor TGF-β1 is crucial for 

inducing a phenotypic shift in fibroblasts towards an endothelial cell-like 

phenotype.  
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Dermal fibroblasts as a cell source for endothelialization of vascular 
grafts 
The intriguing results received in paper I encouraged us to continue to investi-

gate the capacity of fibroblast differentiation. As an initial step in using these 

cells in tissue engineering their ability to form an endothelial cell-like layer on a 

scaffold in vitro was studied (paper II). Long culture times are a problem with 

most vascular tissue engineering techniques. In paper II scaffolds were seeded 

with human dermal fibroblasts which subsequently were induced to 

differentiate towards an endothelial cell-like phenotype. We hypothesized that 

this approach might shorten the culture time required for endothelialization of 

vascular grafts using human dermal fibroblasts. Cell were seeded on scaffolds 

according to the following set-up: 1) endothelial cells (Fig. 5A); 2) fibroblasts and 

single-cell clone fibroblasts cultured in FGM (Fig. 5B); 3) fibroblasts differenti-

ated towards an endothelial cell-like phenotype cultured in EGM (Fig. 5C); and 

4) fibroblasts and single-cell clone fibroblasts seeded on scaffolds and thereafter 

induced to differentiate towards an endothelial cell-like phenotype (Fig. 5D). 
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Fig. 5. Schematic study set-up. Endothelial cells cultured in endothelial cell growth 
medium (EGM) for 10 days were seeded on gelatin scaffolds and cultured for another 10 
days (A). Human dermal fibroblasts and single-cell clone fibroblasts cultured in 
fibroblast growth medium (FGM) for 10 days were seeded on gelatin scaffolds and 
cultured for another 10 days (B). Human dermal fibroblasts were induced to differentiate 
towards an endothelial cell-like phenotype by culturing the cells in EGM for 10 days prior 
to seeding the cells on gelatin scaffolds. The cells were cultured in EGM on the scaffold 
for another 10 days (C). Human dermal fibroblasts and single-cell clone fibroblast were 
cultured in FGM and after being seeded on to gelatin scaffolds, differentiation towards an 
endothelial cell-like phenotype was induced by changing the growth medium to EGM (D).  

 

To evaluate the organization and migration of the cells growing on scaffolds, 

cross-sections were stained with DAPI- and hematoxylin-eosin staining. These 

staining techniques revealed that the gelatin scaffold supported both migration 

and proliferation of all four “cell types” used in this study. All cells had the 

capacity to migrate into the pores of the scaffold. However, the most prominent 

migration was found in human dermal fibroblasts and especially the fibroblasts 
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that were induced to differentiate towards an endothelial cell-like phenotype 

after being seeded on scaffolds (Fig. 5D).  

 

The results obtained in this study (paper II) showed that endothelial cells were 

organized in a confluent monolayer on the scaffold, displaying immunostaining 

to vWf, ve-cadherin, CD31, eNOS, and the B2 braykinin receptor. On the other 

hand, fibroblasts and single-cell clone fibroblasts cultured on scaffolds grew in 

continuous cell layers, up to three cell layers thick. These cells did not display 

any immunostaining when using antibodies to vWf, ve-cadherin, CD31, or 

eNOS. However, the cells displayed a weak staining after incubation with anti-

serum to the B2 bradykinin receptor. Human dermal fibroblasts induced to 

change phenotype towards an endothelial cell-like phenotype formed a conflu-

ent monolayer when cultured on gelatin scaffolds for 10 days. Moreover, these 

cells displayed immunostaining when using antiserum to vWf, ve-cadherin, 

eNOS, and the B2 receptor. Both the organization of the cells and the staining 

pattern were similar to that seen in endothelial cells. These results further 

strengthen the hypothesis that human dermal fibroblasts can be differentiated 

towards an endothelial cell-like phenotype.  

 

It is well-known that an anti-thrombogenic endothelial cell-layer is important 

for a functional vascular graft. Binding of bradykinin to its G-protein-coupled 

bradykinin B2 receptor, results in a Ca2+-dependent activation of the enzyme 

eNOS leading to production of NO. There is solid evidence that the production 

of NO is associated with anti-platelet activity and vasodilatation. The presence 

of the B2 receptor and eNOS in endothelial differentiated fibroblasts is thus cru-

cial for a production of NO, which is essential to maintain an anti-thrombotic 

and vascular regulatory state of these cells 30, 31. By using western blotting and 

indirect immunohistochemistry with antibodies directed towards the brady-



- 42 - 
 

kinin B2 receptor and eNOS, we investigated the possibilities of NO-activity in 

the endothelial cell-like cells. As previously mentioned, our results revealed that 

fibroblasts differentiated towards an endothelial cell-like phenotype (before 

seeding) showed immunoreactivity to both these markers. These results indi-

cate that fibroblasts differentiated towards endothelial cell-like cells can serve as 

a functional cell layer, and consequently be useful as a cell source in vascular 

tissue engineering. However, further studies investigating the non-thrombo-

genic properties of the cell layer are required before these cells can be used in an 

in vivo situation, and above all before they can be used in clinical applications. 

 

One problem with current vascular tissue engineering methods is the long 

culture time required. In an attempt to shorten the culture time, we investi-

gated the possibility to seed scaffolds with human dermal fibroblasts and later 

commencing differentiation towards an endothelial cell-like phenotype. Our 

results revealed that these cells displayed vWf, ve-cadherin, eNOS, and B2 after 

being cultured on a scaffold in EGM for 10 days. However, the growth pattern 

showed more similarities to normal dermal fibroblasts, with cells growing in 

multilayer, than the monolayer found in endothelial cells. As mentioned earlier, 

more knowledge of the precise molecular mechanisms leading to a phenotypic 

shift in dermal fibroblasts towards an endothelial cell-like cell type will hopingly 

lead to a more efficient differentiation. Worth to emphasize is that single-cell 

clone fibroblasts formed a monolayer similar to that seen in the endothelial 

cells, when cultured under the same conditions. Moreover, these cells displayed 

a high degree of immunostaining towards ve-cadherin.  

 

To our knowledge this is the first study using human dermal fibroblasts in a 

vascular tissue engineering application. In this study a rather uncomplicated 

culture method where cells were cultured on flat scaffolds under static 
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conditions was used. Though, with the promising results obtained in the 

present study the work will be continued and we will investigate the possibility 

to seed cells on cylindrical scaffolds. Moreover, the importance of mechanical 

forces on cells of the vascular system have long been recognized 155, 156. Exposing 

the cells to mechanical stimulation mimicking the forces of blood flow, 

combined with an optimized induction medium may enhance their capacity to 

differentiate. Hopefully this will also lead to shorter culture times. The re-

stricted availability of human autologous cells is a great limitation in vascular 

tissue engineering. Thus, the results presented in this study may have an 

important impact cell sourcing in vascular tissue engineering. Being able to 

obtain cells through a simple skin biopsy would dramatically facilitate the use of 

autologous vascular tissue engineering methods, not only endothelialization of 

grafts, but also engineering of complete blood vessels and vascularization of 

engineered constructs.  
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CCONCLUSIONS 

 

 
With support of the results in paper I and II, we draw the following conclusions: 

 

� Human dermal fibroblasts can alter their phenotype towards an endo-

thelial cell-like phenotype. 

 
� The presence of human serum is essential to induce a phenotypic shift of 

fibroblasts towards an endothelial cell-like phenotype in vitro. 

 
� Neither VEGF nor TGF-β1, at least not alone, is responsible for the induc-

tion of the differentiation of fibroblasts towards an endothelial cell-like 

phenotype. 

 
� A shift in gene expression (transdifferentiation) and not cell-cell fusion is 

the underlying mechanism of the phenotypic change. 
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� Human dermal fibroblasts can be used to endothelialize a surface in vitro. 

Most resemblance to mature endothelial cells was obtained when using 

fibroblasts differentiated towards an endothelial cell-like phenotype 

before seeded on scaffolds.  

 
� Human dermal fibroblasts differentiated towards an endothelial cell-like 

phenotype (both before and after seeding) expressed molecules essential 

for vessel dilatation and anti-thrombotic activity, when cultured on a 

gelatin scaffold in vitro.  
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FFUTURE ASPECTS 

 

 
The results at hand today indicate that human dermal fibroblasts are a potential 

cell source for vascular tissue engineering. Stem cell plasticity among auto-

logous cells is a discussed phenomenon often met by some scepticism. 

Therefore, data similar to results presented in this study require rigid proofs for 

others to believe in its accuracy. Herein, western blot analysis and immuno-

histochemistry was used to confirm the presence of various molecules at a 

protein level. To verify these data a next step would be to study the gene expres-

sion of these molecules. Techniques, such as real-time polymerase chain 

reaction, would bring valuable information to the study. Moreover, the use of a 

quantitative technique would make it easier to visualize differences in regard to 

differentiation capacity. 

 

With more knowledge of the induction factors that lead to endothelial differen-

tiation of fibroblasts, the potential of our findings may have an impact on 

several vascular tissue engineering techniques and the possibility of using these 

methods clinically. Our studies demonstrated that human serum is necessary 

for this shift to occur. Human serum contains numerous factors and trying to 
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find one specific factor among these is like looking for a needle in a haystack. 

Many of the factors found in human serum also exist stored in platelets 157. Thus, 

one method to reduce the amount of possible factors is to use different prepa-

rations of platelets. In an attempt to clarify the precise mechanisms that contri-

bute to the differentiation of fibroblasts we added fractions of either activated 

platelets, non-activated platelets, or from platelet membranes, instead of human 

serum to the growth medium. However, further studies will be required to find 

out the precise combination of bioactive molecules that induce the phenotypic 

change observed in the present investigations.  

 

With the results received in the present study we know that it is possible to 

induce human dermal fibroblast to express endothelial-specific molecules. 

However, to assess the clinical utility of these cells it is necessary to demon-

strate that these cells also have the ability to function as endothelial cells. As 

mentioned previously, both the formation of capillary-like networks and the 

uptake of fluorochrome-labelled LDL are examples of assays demonstrating a 

function normally found in mature endothelial cell. Since our results have 

shown the presence of eNOS in endothelial differentiated fibroblasts, a natural 

continuation would be to study the activity of this enzyme in these cells. As 

mentioned previously, eNOS is responsible for the production of NO, and NO 

plays an important role in a variety of biological processes. For example, it has 

effects on vessel homeostasis by inhibiting vascular smooth muscle contraction, 

platelet aggregation and adhesion, and leukocyte adhesion to the endothelium 
30, 31. These are functions of great importance for the creation of a functional and 

anti-thrombotic vascular graft. Techniques commonly used to study the effects 

of NO are for example organ chamber methodology or aggregometry. We 

performed a pilot study investigating the capacity of endothelial differentiated 

fibroblasts to produce NO, and thereby inhibit platelet aggregation. Endothelial 
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cells, fibroblasts and endothelial cell-like fibroblasts were cultured on gelatin 

scaffolds. Subsequently, scaffolds were placed in platelet rich plasma and cells 

were stimulated to produce NO. Data from this early study indicates that 

human dermal fibroblasts differentiated towards an endothelial cell-like 

phenotype are capable of producing enough NO to decrease the aggregation 

rate of activated platelets compared to controls, upon stimulation with 

bradykinin.  

 

The possibility of fibroblasts giving rise to all three cell types required for the 

generation of a complete blood vessel is an appealing thought. The promising 

results from this study combined with results from previous studies reporting a 

possibility to differentiate fibroblasts into smooth muscle cells, this might be 

achievable 74, 158, 159. This would greatly facilitate the in vitro production of 

autologous vascular grafts and lead to improved possibilities of replacing 

damaged blood vessels with autologous tissue.   
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