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Summary
The main aim of my thesis is to unravel the cellular and molecular mechanisms involved 
in scarless fetal wound healing. Insight into these scarless healing mechanisms can 
lead to strategies to control and improve adult wound healing. 

Fetal skin has the intrinsic ability to heal without scarring. Differences between fetal 
and adult skin that influence wound healing are known with regard to extracellular 
matrix (ECM) molecules, fibroblasts characteristics, inflammatory response, and levels 
of growth factors. However, most data on differences between fetal and adult wound 
healing come from a wide range of animal models which makes it difficult to compare 
the results or to translate the results to the human situation. Therefore, the exact 
mechanisms that result in scarless healing are still unknown. 

Altogether, three different cellular and molecular processes were studied in my thesis. 
First, data about the role of transforming growth factor-β (TGF-β) in fetal wound 
healing were summarized and verified because this field of research is extensive 
and translation of results from animal models to the human situation is shown to 
be problematic in this area [1, 2]. Second, aspects of the relation between fibroblasts 
and their environment were studied because the environment plays an important 
role during fibroblast-to-myofibroblast differentiation and wound healing. Third, 
we studied the immune system and chemokines in fetal and adult skin to verify the 
immune status of the healthy fetal skin. Finally, the goal of this chapter is to discuss 
the findings on these three mechanisms and give indications for future research and 
clinical implications.

TGF-β
The role of TGF-β in fetal wound healing is dual. On on  e hand, this growth factor 
has an important role during fetal development [3, 4]. On the other hand, it also has 
a detrimental role during scarring as it improves myofibroblast differentiation and 
fibrosis [5, 6]. In chapter 1, current literature on fetal wound healing and the canonical 
TGF-β signaling pathway was discussed. In chapter 2, gene expression and protein 
levels of components of the canonical TGF-β pathway were quantified in healthy 
fetal and adult skin. In contrast to what was suggested in literature [7, 8], we showed 
that fetal skin is able to store and activate TGF-β as it contains latent TGF-β binding 
protein-1. Furthermore, we were the first to quantitatively measure protein levels of 
TGF-β isoforms, TGF-β Receptor-II and intracellular Smads in fetal skin. We showed 
that fetal skin has higher concentrations of all three TGF-β isoforms and higher levels 
of (phosphorylated) intracellular Smads, indicating activated intracellular TGF-β 
signaling. Further, differences in gene expression did not always reflect protein levels, 
e.g. gene expression of both TGF-β Receptor-II and TGF-β1 were lower in fetal skin 
while protein levels were equal or even higher in fetal skin. Our findings show that 
several post-transcriptional processes influence the production and activation of 
TGF-β components and demonstrate the complexity of the TGF-β signaling pathway.
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Despite high levels of TGF-β isoforms and activated intracellular Smads, fetal skin had 
significant lower expression of TGF-β target genes like connective tissue growth factor 
(CTGF), plasminogen activator inhibitor-1 (PAI-1), and TGF-β induced (TGF-βi). The 
activated TGF-β signaling combined with the low expression of fibrosis-associated 
genes in the fetal skin shows that the effects of TGF-β signaling differ between fetal and 
adult skin. Processes involved in these differences could be nuclear Smad shuttling, 
transcriptional processes or interaction with other signaling pathways. Overall, 
chapter 1 and 2 give an overview of TGF-β signaling in human fetal and adult skin 
which shows that all components of the TGF-β pathway are present in healthy fetal 
skin, but that active TGF-β signaling in the fetal skin does not result in high expression 
of fibrotic genes.

According to literature, fetal fibroblasts are able to differentiate in myofibroblasts [9-

11]. However, data on the exact response of fetal fibroblasts to TGF-β differ as we have 
described earlier in chapter 1. In chapter 3, we stimulated in vitro cultured fibroblasts 
with TGF-β1 to gain more insight into mechanisms in which canonical TGF-β signaling 
might affect fetal wound healing. We show that fetal fibroblasts not only differentiate 
into myofibroblasts but that they also have the capacity to produce high levels of 
fibrosis-associated proteins. These findings correlate with the in vivo situation as both 
healthy fetal skin and wounded skin have high levels of TGF-β, fibronectin [12], and 
collagen-III [13]. Our study shows that human fetal wound healing also has the potential 
to result in myofibroblast differentiation and scarring as has been shown earlier in an 
in vivo sheep model [14]. 

Together, chapter 1 till 3 of this thesis demonstrate the important role of TGF-β signaling 
in both skin development and skin repair. For example, activated canonical TGF-β 
signaling is involved in both skin development and fibrosis. At present, researchers 
in the wound healing field associate activated TGF-β signaling only with fibrosis. This 
mind-set should change as the fetal skin shows that activated TGF-β signaling is also 
necessary for proper skin development.

Fibroblast-environment interactions
Persistence of myofibroblasts during wound healing results in a vicious circle in 
which myofibroblasts generate a fibrotic environment, while the fibrotic environment 
further stimulates myofibroblast differentiation and myofibroblast persistence [15]. 
Therefore, a vicious circle between myofibroblasts and environment exists that needs 
to be broken. The relation between fetal fibroblasts and the environment was studied 
in chapter 4. In accordance with other studies we found that fetal fibroblasts have 
an intrinsic migratory phenotype while adult fibroblasts have an adhesive phenotype 
[16-19]. Furthermore, we showed that fetal fibroblasts have low levels of several integrin 
receptors and blocking of these receptors in adult fibroblasts reduces fibroblast 
adhesion. Blocking of α1-integrin not only reduced adult fibroblast adhesion but also 
improved adult fibroblast migration. Consequently, blocking of α1-integrin reverts 
the adhesive phenotype of adult fibroblasts towards a fetal-like migratory phenotype. 
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Therefore, therapies that block α1-integrin are promising to reduce myofibroblast 
adhesion and disrupt the vicious circle between myofibroblast and environment.

The promising effects of blocking α1-integrin are an addition to recent findings 
that blocking of the αVβ5-integrin receptor prevents fibrosis [20, 21]. However, the 
mechanisms of action appear to differ as αVβ5 is suggested to be involved in TGF-β 
activation and mechanotransduction. This hypothesis corresponds with our results as 
blocking αVβ5 had no effects on migration and reduced adhesion in both fetal and 
adult fibroblast. Therefore, blocking integrin receptors can reduce fibrosis via different 
ways: via inhibited TGF-β activation, via reduced mechanotransduction, or via reduced 
fibroblast adhesion and improved fibroblast migration. Altogether, interference with 
integrin receptors is a promising therapeutic strategy to prevent fibrosis as it affects 
myofibroblasts via different mechanisms. 

Interestingly, TGF-β is known to increase levels of integrin receptors such as α1β1 and 
αVβ5 in fibroblasts [22]. Nonetheless, in vitro cultured fetal fibroblasts had significant 
lower levels of these integrin receptors compared to adult fibroblasts (chapter 4) 
despite the higher levels of TGF-β1 in their cell culture supernatants (chapter 3 & 5). 
The lower integrin receptor levels in fetal fibroblasts included significant lower levels 
of myofibroblast-associated integrins such as αVβ5 and α5β1 [23, 24]. Therefore, high 
levels of TGF-β1 in fetal fibroblast cultures do not affect levels of integrin receptors 
but do result in enhanced myofibroblast characteristics such as high α-SMA levels and 
enhanced fibrotic protein fibronectin splice-variant EDA (FnEDA) production (chapter 
3). This finding indicates that fetal fibroblasts lack the necessary integrin receptors to 
cause contraction and activate TGF-β via myofibroblast-associated mechanisms.

It should be noted that all data in chapter 3 and 4 are from in vitro experiments and that 
the significance of these processes should be further elucidated in vivo. A first step would 
be to quantify levels of integrin receptors in the healthy skin to see if the differences 
in integrin receptor levels in the in vitro situation resemble the in vivo situation. 
Furthermore, an interesting topic to study would be the influence of hyaluronic acid 
(HA), as fetal skin contains high levels of HA [13, 25-27] and HA-receptors such as CD44 and 
RHAMM are directly linked to cellular migration and TGF-β signaling [26, 28, 29].

Fibroblasts are also sensitive for mechanotransduction [30], so the influence of mechanical 
stretch on in vitro myofibroblast differentiation was studied in chapter 5. The goal of 
this study was to finds leads for an optimal splinting protocol to reduce pathological 
scar contraction. Therefore, two stretch programs were used that matched the stretch 
therapies that are currently used in the clinic to prevent scar contraction [31]. We 
used fibroblasts derived from burn wound tissue, so-called eschar fibroblasts. These 
fibroblasts are key players in the onset of hypertrophic scarring and scar contraction 
in burn wounds [32, 33]. We assessed the scarring-associated profile of eschar fibroblasts 
and compared it to ‘healthy’ dermal fibroblasts and ‘scarless’ fetal fibroblasts. Besides 
we studied if the different stretch programs could alter the scarring-associated profile 
of eschar fibroblasts.
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Higher expression of all myofibroblast-associated genes was observed in eschar 
fibroblasts but differences between fibroblast groups were not significant and within 
group variations were high. Besides, cell culture supernatants of eschar fibroblasts did 
not have higher levels of TGF-β1 compared to adult fibroblast supernatants. In contrast, 
fetal fibroblast supernatants had higher levels of TGF-β1 which is in correlation with 
our findings in chapter 3.

Both stretch programs used in this study reduced levels of TGF-β1 and gene expression 
of α-SMA in all fibroblasts. However, the results of the stretch programs on other 
myofibroblast-associated genes were very variable and the within-group variations 
were high as well. As we show in chapter 5, these variable data correlate with literature 
since reported results of mechanotransduction on fibroblasts are also highly variable 
and contradictory. The variations in outcomes of mechanotransduction studies are 
most likely the consequences of culture methods. Sensitivity of fibroblasts to mechano-
transduction is affected by cell density, cytoskeletal tension, and integrin receptor 
profiles [34-38]. As we used primary fibroblasts, fibroblast proliferation and fibroblast-
myofibroblast ratio differ per cell isolate which will results in difference in cell density 
and cytoskeletal tension. Further, we show in chapter 4 that integrin receptor profiles 
differ between fetal and adult fibroblasts. Therefore, variations in our primary cell 
cultures have affected the influence of mechanical stretch on the cultures, resulting 
in variable effects of the two different mechanical stretch programs on myofibroblast 
characteristics. In conclusion, mechanotransduction influences cell behavior in multiple, 
complicated ways. Improved models that optimize data acquisition and enable micro-
environmental control are necessary to study the effects of mechanotransduction on 
myofibroblast differentiation.

Immune system
Another important factor involved in wound healing is the immune system. Enhanced 
immune responses after wounding are shown to worsen scarring and prolonged 
inflammation is associated with fibrosis. Several studies have shown that the fetal 
immune system is absent during wound healing [39] and scarless healing is the result of 
reduced inflammation [40, 41]. However, the capacity to heal without scarring is conserved 
till long after the fetal immune system is fully developed [42-44]. Therefore, we investigated 
immune cells and measured levels of chemokines in healthy human fetal and adult skin 
in chapter 6. Our study established that second-trimester fetal skin indeed contains low 
levels of immune cells. Yet, this immune cell deficiency is not the result of an immature 
immune system as matching fetal lymph nodes contain sufficient CD45⁺ immune cells. 
Nonetheless, we showed that fetal skin is also devoid of several chemoattractants. 
Therefore, the absence of lymphocytes in the fetal skin appears to be orchestrated by 
chemokines. Altogether, this study shows that low levels of immune cells and low levels 
of chemokines in the healthy fetal skin may result in reduced inflammation during fetal 
wound healing.
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Discussion and future perspectives
On first sight, scarless fetal wound healing appears to be the antipode of fibrotic wound 
healing. However, similarities exist as processes, such as activated TGF-β signaling and 
enhanced ECM production, are involved in both fetal skin development and fibrotic 
scarring. In this thesis, we show that in vitro cultured fetal fibroblasts do have several 
myofibroblast-associated features such as high levels of α-SMA and a high production 
of TGF-β1 and FnEDA (chapter 3 & 5). This is consistent with results of Cuttle et al. 
[45] who showed that collagen deposition during fetal skin development and adult skin 
repair does not significantly differ. Altogether, fetal skin development and adult skin 
repair require similar mechanisms but, given the different outcomes, control of these 
mechanisms differs between fetal development and adult wound healing.

The similarities between tskin repair and skin development have as a consequence that 
markers associated with scarring are also present during scarless healing. This duality of 
the markers results in misinterpretation and confusion as can be seen in the conflicting 
literature about fetal wound healing (chapter 1). The problem is further worsened by 
the plasticity of the fibroblast-phenotype and the diverse origin of the myofibroblast, 
resulting in an absence of fibroblast- and myofibroblast-specific markers [46]. Given 
the diverse origin of the fibroblast and the similarities between skin repair and skin 
development the change to find a specific myofibroblast marker that can distinguish 
between skin repair and skin development is small. For that reason, genetic profiling is a 
more promising approach as it can be used to gain insight into similarities and differences 
between development and fibrosis. A good example of genome-wide screening is the 
study by Larsson et al who examined idiopathic pulmonary fibrosis and showed that 
deranged β1-integrin signaling and TGF-β induced epithelial-to-mesenchymal transition 
are important mechanisms in this disease [47]. Hence, genetic profiling of developing 
skin and healing skin might shed light onto similarities and differences between skin 
development and skin repair. 

Besides the lack of relevant markers, the shortage of biological relevant wound 
healing models is another major problem in the area of fetal wound healing. Large 
differences exist between wound healing in animal skin and human skin as animal 
skin mainly heals by contraction and hypertrophic scarring does not occur. Therefore, 
all studies in my thesis were performed with material from human donors. Although 
this precluded studies into actual wound healing itself, it was possible to study healthy 
skin and simulate wound healing using in vitro models. Overall, this gained insight into 
processes that are involved in fetal skin development such as activated TGF-β signaling 
and enhanced fibroblast migration. However, like with the animal models, proper 
translation of results from in vitro models towards the in vivo situation or from healthy 
skin towards wounded skin is difficult. For example, fibrosis does not occur in fetal 
skin but in vitro culture of fetal fibroblasts resulted in fibrosis-associated conditions 
(chapter 3). This raises the question if the fibrotic-conditions are an artificial finding or 
if these fibrosis-associated conditions also occur during scarless fetal wound healing. 
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As it is impossible to answer such questions with the wound healing models that are 
currently available, development of biological-relevant and reliable in vitro models is 
necessary. 

Wound healing is a complex process that involves interactions between a broad range 
of cells, chemokines and ECM proteins. Therefore, wound healing models should 
enable these interactions as much as possible. Promising studies in this field are the 
generation of in vitro skin equivalents [48] and ex vivo culture models of human skin. An 
ex vivo model for human fetal wound healing was already described by Coolen et al [49]. 
Although reepithelialization could be studied in this model, the situation in the dermis 
did not reflect the biological situation as no myofibroblasts were present, even not in 
adult wounds. This absence of myofibroblasts is most probably caused by the absence 
of growth factors, inflammation and mechanical tension. Therefore, the application of 
tension and the addition of growth factors and immune cells to ex vivo cultured skin is 
a promising model to study in vitro wound healing. 

Finally, my thesis shows that theories about reduced TGF-β signaling and anti-fibrotic 
properties of fetal skin are incorrect or incomplete. Therefore, I will end this discussion 
by introducing a new theory about fetal wound healing (figure 1). Enhanced migration 
of fetal fibroblasts (chapter 4) and high production of TGF-β and ECM proteins (chapter 
3 & 5) result in fast wound closure in the fetal skin. Besides, the healthy fetal skin 
lacks immune cells and chemokines (chapter 6), which results in a late onset of the 
inflammatory reaction upon wounding. Therefore, wound healing in the fetal skin is fast 
and without inflammation, resulting in early wound closure and effective termination 
of the wound healing processes. In contrast, adult skin has wound healing which is slow 
and highly inflammatory, resulting in imperfect regeneration. Moreover, prolonged 
continuation or failed termination of the inflammatory-, proliferation-, and ECM 
remodeling- phases leads to derailed wound healing resulting in fibrosis (figure 1). 

In conclusion, the data in my thesis indicate that scarless wound healing is the result 
of rapid wound healing phases instead of differential wound healing processes. To be 
able to verify this theory, suitable in vitro wound healing models and interpretable 
biomarkers are needed. Discriminating between skin development and skin repair is 
necessary to gain insight into methods to control wound healing and improve scarring 
outcome. Such methods are very much needed to develop anti-fibrotic therapies for 
patients that suffer from hypertrophic scarring. 
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Figure 1: Alteration in wound healing phases. 
Schematic representation of the differences in wound healing phases between adult wound 
healing, fibrosis and fetal wound healing. The y-axis indicates the severity of every phase, the x-axis 
indicates time in a log scale, i.e. hemostasis takes hours, inflammation days, proliferation weeks 
and remodeling months. Fibrosis differs from ‘regular’ adult wound healing as the inflammatory 
response is prolonged and the proliferation and remodeling phases are more severe and fail to 
terminate upon wound closure. On the other hand, fetal wound healing differs from adult wound 
healing as it has a very mild inflammation while the proliferation and ECM remodeling phases are 
severe but start early in the wound healing resulting in fast wound closure. 
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