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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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