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Chapter 7

Fibrosis, the replacement of functional tissues by an excessive accumulation of collagen, 
is a major health and socio-economic burden. The most frequent pathologies are chronic 
kidney disease, affecting 9.1% of the world’s population in 2017, liver cirrhosis in 1% of 
the world’s population, and idiopathic pulmonary fibrosis (IPF) affecting 3-9 cases per 
100.000 habitants per year [1-4]. Fibrotic diseases are also observed in many other tis-
sues and organs, such as heart, pancreas, intestine, eye, nerve system, retroperitoneum, 
mediastinum, joints, skin and tendons [5-8].

By 2020, 54 clinical trials for the treatment of several fibrotic diseases were ongoing. So 
far, only two pharmacological treatments have been approved for the treatment of IPF, 
namely pirfenidone and nintedanib [9]. Pirfenidone’s promising effects on an open-label 
phase II study, included arrested decline of lung function in the majority of patients and 
improved oxygenation in a few patients after treatment for 12 months were first reported 
in 1999 [10]. Nintedanib discovered in 1998 as a cancer treatment, has its potential bene-
ficial effects for IPF described since 2010 in in vitro studies [11-14]. In 2014, a two replicate 
52 week, randomized, double-blind, phase 3 trial showed a significantly reduced rate 
of decline in lung function [15]. Long term efficacy of pirfenidone and nintedanib in 
stabilization of lung function and slowing of disease progression have been reported in 
up to 4-year follow-up studies [16-20]. So far, the current licensed antifibrotic treatments 
do not cure the disease, their use is limited due to side-effects and they are approved 
solely for IPF treatment [21][22].

Given the high incidence of fibrotic disorders, the need for new pharmacological ther-
apies continues to be of highest relevance. Considering the amount of time needed to 
launch a compound from pre-clinical studies into medical praxis, it is imperative to have 
adequate models to screen and test antifibrotic compounds. In the first part of this thesis, 
we focused on the improvement, validation and predictability of pre-clinical in vitro and 
ex vivo models which mimic fibrotic disorders and in the second part, we show the in 
vitro antifibrotic potential of an FDA approved compound used for different indications 
and introduce a pilot study in Dupuytren disease.

In-vitro and ex-vivo screening and testing models
In Chapter 2, we introduced a revised, improved and suitable screening method for test-
ing potential antifibrotic drugs, known as the Scar-in-a-Jar system. It is based on existing 
literature describing the use of different macromolecular crowders (MMCs) to enhance 
the enzymatic conversion rate of pro-collagen I into collagen [23-26]. However, most of 
the literature describing the Scar-in-a-Jar system do not use adult fibroblasts, or do not 
use fibrotic conditions, nor is the phenotypic stability of fibroblasts in the presence of 
MMCs investigated, or the effectiveness of the different MMCs compared with each other.

The key cell in the fibrotic response is the myofibroblast. Under the influence of fi-
brotic stimuli, such as the presence of the cytokine TGF-β1, fibroblasts differentiate into 
myofibroblasts, the latter being characterized by the formation of α-smooth muscle actin 
(α-SMA) stress fibers and the production of excessive amounts of collagen type I. In order 
to test antifibrotic compounds, activated fibroblasts should be used. Most of the studies 
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where MMCs were tested used adult or embryonic fibroblasts (lung, dermal and corneal) 
without profibrotic conditions [24][25][27-32]. Only three studies used profibrotic con-
ditions by adding TGF-β1, however, two used embryonic fibroblasts (lung). Embryonic 
fibroblasts behave different than adult fibroblasts since scarless wound healing takes 
place in the embryo [33-36]. The one other study used immortalized vocal cord fold 
fibroblasts which are very specialized, and they are not primary cells [37].

In contrast to the above-mentioned studies, we created a fibrotic environment by 
adding TGF-β1 to the culture medium. Furthermore, we used adult human dermal pri-
mary fibroblasts. By doing so, we investigated the performance of 6 different macromo-
lecular crowders [(Ficoll PM 70 (Fc70), Ficoll PM 400 (Fc400), a mixture of Ficoll 70 and 
400 (Fc70/400), polyvinylpyrrolidone 40 (PVP40), polyvinylpyrrolidone 360 (PVP360), 
neutral dextran 670 (ND670), dextran sulfate 500 (DxS500), and carrageenan (CR)] [25]
[27][29]. The aim of our work was to choose the macromolecular crowder that provides a 
high collagen type I deposition without phenotypically changing the cells.

Initially, we used two different concentrations of serum because concentration-depen-
dent differences in collagen I deposition have been reported [38-42]. More importantly, 
routine fibrosis cell culture models use TGF-β1 to induce myofibroblasts activation [43]. 
High serum concentrations can interact with growth factors, influencing their expected 
function, which obviously should be avoided when investigating the antifibrotic effect 
of a compound [44]. We found that a higher concentration (10%) of serum results in de-
creased levels of collagen I deposition compared to a lower concentration (0.5%) of serum 
with two of the crowders used. This was observed as well as in the non-crowded control 
medium. Simultaneously, myofibroblast activation was decreased in general when using 
the high concentration, as revealed by the lower intensity of α-SMA staining. As a result, 
we continued with the low concentration of serum (0.5%), because of increased collagen 
deposition and myofibroblast formation.

At 0.5% serum concentration all crowders (except ND670) showed an increased depo-
sition of collagen type I compared to the non-crowded control. However, we observed 
main differences between the crowders in the pattern of collagen type I deposition and 
intracellular stress fiber formation. Negatively charged crowders, namely DxS500 and 
CR, resulted in a granular deposition of collagen and thinner stress fibers, while the 
neutral crowders showed a fibrillar deposition and a more prominent cytoskeleton, which 
resembles what is observed in fibrotic disorders. Because of that, we advise not to use 
negatively charged macromolecules.

Another aspect we took into consideration for choosing the most suitable macromolec-
ular crowder for the Scar-in-a-jar method was the gene expression of adult dermal fibro-
blasts regarding collagen homeostasis under non-fibrotic and fibrotic conditions. Gene 
expression under crowding conditions has previously been studied in mesenchymal 
stem cells [45][46][47], but investigations with fibroblasts are scarce. Corneal fibroblasts 
in non-fibrotic conditions with Ficoll mixture did not show significant changes in gene 
expression [48]. While another study [29], using CR and DxS500 in non-fibrotic condi-
tions, reports no significant changes with CR, but an upregulation of COL1A1, COL5A1 
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and ACTA2 with DxS500 -which is the opposite of what we observed in our model-. Our 
results show that relative levels of mRNA expression were influenced by all crowders in 
a non-fibrotic environment. To find out whether MMCs affect phenotypical properties, 
pro-fibrotic conditions were investigated as well. Under TGF-β1 stimulation, we observed 
less pronounced changes in gene expression in the presence of some of the MMCs. Ficoll 
mix, DxS500 and CR showed a significant decrease of two of the most relevant genes 
involved in fibroblasts activation and extracellular matrix homeostasis, namely ACTA2 
and PLOD2, whereas Ficoll mix also influenced MMP1 gene expression.

This led to the identification of PVP360 and PVP40 as the most appropriate crowders to 
use the Scar-in-a-Jar model. They showed, when compared to the non-crowded control, 
an increase in collagen deposition, approximately the same amount of myofibroblast acti-
vated cells, no influence on ACTA2 and MMP1 expression and hardly influencing PLOD2 
expression. We faced technical difficulties, though, when using PVP360. Its high viscosity 
presents a challenge when filter-sterilizing the crowded medium. As a result, the final 
crowder concentration was not reliable, a trait not ideal for a standardized method.

We therefore used PVP40 for the screening of 4 different compounds (galunisertib, 
omipalisib, nintedanib and imatinib). The antifibrotic effects of these compounds have 
been reported either in pre-clinical studies, in clinical studies, or in both. Galunisertib 
is a selective inhibitor of the TGFβ receptor type 1, thus targeting the TGFβ signaling 
pathway, whereas omipalisib inhibits the phosphatidylinositol 3-kinases and mechanis-
tic target of rapamycin pathway. The antifibrotic properties of galunisertib have been 
described in ex vivo and in vivo models of liver fibrosis [49][50] whereas the antifibrotic 
effect of omipalisib has been shown in vitro and ex vivo models of lung fibrosis [51][52]. 
Both galunisertib and omipalisib show a decrease of collagen type I deposition and my-
ofibroblast activation in a dose-dependent manner in our screening system. Nintedanib 
inhibits intracellular tyrosine kinases of vascular endothelial growth factor, fibroblast 
growth receptor and platelet-derived growth receptor pathways. Beside its efficacy on 
IPF management, it has also shown antifibrotic properties in in vitro models of kidney, 
conjunctival and liver fibrosis [53][54][55]. In our system we observed a decrease of col-
lagen type I deposition without a decrease in myofibroblast activation, a feature that 
has also been reported from IPF lung fibroblasts [56]. Imatinib inhibits c-abl kinase and 
blocks the PDGF receptor and has shown promising results in different fibrosis models. 
It has been used in clinical trials for IPF, nephrogenic systemic fibrosis and systemic 
sclerosis since 2005. From four of these clinical trials on the treatment of imatinib for 
systemic sclerosis [57-60], only one showed improvement of skin fibrosis (thickness) after 
treatment. We did not observe an effect of imatinib on the dermal fibroblasts regarding 
collagen deposition in our model. However, a partial decrease of collagen I protein in 
dermal fibroblasts has been reported after treatment with imatinib at a concentration 
of 10 µM [61]. In our model we used a lower concentration of imatinib (1 µM) which can 
explain the lack of efficacy.

The Scar-in-a-jar system, a 2D monolayer cell culture, decreases the screening time 
in which potential compounds can be identified. It is crucial for reducing the drug de-
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velopment time process and improve its outcome, that the compounds can be tested in 
pre-clinical models that can meaningfully be translated from the bench to the clinic. To 
achieve this, alongside testing compounds in 2D monolayer cell culture, the addition of 
3D ex vivo model precision-cut tissue slices (PCTS) is expected to provide a more compre-
hensive and physiological view of fibrotic processes. PCSTs have emerged as a valuable 
tool to test antifibrotic compounds efficacy in different organs [49][51][62], including the 
kidney [63][64].

Renal fibrosis is the final stage of all chronic kidney diseases, independently of their 
etiology (hypertension, diabetes and/or chronic glomerulonephritis). The treatment up 
to date focuses on the management of these pathologies, which slows the progression 
of renal fibrosis, but it does not halt it [65]. The pathogenesis of renal fibrosis is highly 
complex. Excessive extracellular matrix proteins are produced by resident myofibroblasts, 
pericytes, fibrocytes, and a minor contribution by de-differentiated proximal tubule cells 
[66][67][68]. The TGF-β1 signaling pathway is one of the main drivers of fibrosis in the 
kidney. The pathway is induced by injured proximal tubule cells and by an irregular 
metabolism of fatty acids. PDGF signaling also plays an important role in the develop-
ment of kidney fibrosis: mesenchymal cells express PDGFRβ, which is upregulated in 
kidney fibrosis. These cells include glomerular mesangial cells, cortical fibroblasts and 
pericytes of the medulla [69].

Unfortunately, the present knowledge of renal fibrosis that has so far been obtained 
from in vitro and animal models has not resulted in successful therapies in the clinic [70]
[71]. Precision-cut kidney slices (PCKS) retain the complex architecture and cellular het-
erogeneity of the kidney and can be obtained from animal models as well as healthy and 
diseased human tissues [72][73]. In Chapter 3 we tested the efficacy of three established 
antifibrotic compounds (pirfenidone, imatinib and galunisertib) in kidney fibrosis in 
in vitro and ex vivo models from healthy murine and human kidneys, as well as murine 
obstructed kidneys and human fibrotic kidney tissue, in order to assess their forecast 
ability regarding drug efficacy by comparison with in vivo studies and, if available, with 
clinical trials.

To evaluate the antifibrotic effects of the compounds we first investigated the effect 
of the fibrogenic environment on the models. We cultured kidney fibroblasts in the 
presence of TGF-β1 to induce myofibroblasts activation and investigated collagen type 
I deposition with the Scar-in-a-Jar model described in Chapter 2. We observed collagen 
type I deposition and α-SMA expression after 48 hours of culture which increased after 
96 hours of culture. Opposed to in vitro studies which require the addition of pro-fibrotic 
cytokines to increase the fibrotic response, PCKS develop fibrosis during culture. As 
described in literature, increase of mRNA expression of fibrotic markers such as colla-
gen type I (COL1A1/Col1a1), the collagen chaperone heat shock protein 47 (SERPINH1/
Serpinh1) and the collagen cross-linking enzyme (PLOD2/Plod2) was observed after 48 
hours of culture of healthy murine and human kidney slices, as well as an increase in 
collagen type I deposition [63][73]. The markers for the molecular pathways TGFβ and 
PDGF were also influenced by culture, showing increase of mRNA levels for TGFB1/

7
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Tgfb1, its receptor II and its target gene plasminogen activator inhibitor 1 (SERPINE1/
Serpine1) in both murine and human slices, while increase of receptor I was observed 
only in murine slices. Pdgb was increased only in murine slices and its receptor PDGFRB/
Pdgfrb in both. The inflammation markers tumor necrosis factor alpha (TNF/Tnf) and 
interleukin 6 (IL-6/Il-6) were also upregulated in both species.

The culture-induced fibrogenic environment did not influence fibrotic kidney slices 
of both species: the slices exhibited higher mRNA expression levels of ECM markers 
from the start of the culture compared to healthy slices. Thus, a further upregulation 
was not induced, which is in agreement with observations in cirrhotic liver slices [49]. 
Moreover, the fibrotic phenotype was maintained during culture and collagen type I 
accumulation was observed.

Overall, murine slices showed a stronger response in gene expression to culture-in-
duced fibrosis than human slices. Also, healthy slices display cultured-induced changes 
in mRNA and protein expression, while fibrotic slices displayed culture-induced changes 
in protein expression but further increase of mRNA expression levels.

The myofibroblast gene marker ACTA2 and α-SMA protein expression was observed 
in vitro under fibrogenic conditions. In contrast, ACTA2 was dramatically reduced by 
culture of PCKS, which was inconsistent with cortico-interstitial α-SMA expression, 
which remained unaltered during culture time. A similar expression profile has been 
reported in human healthy and cirrhotic liver slices [49]. In murine fibrotic lung and 
kidney models, α-SMA expression is a variable marker of collagen-producing cells [74]. 
Moreover, α-SMA is also expressed in vascular smooth muscle cells and pericytes in 
the kidney [75][76]. Consequently, the relevance of α-SMA as a fibrosis marker in kidney 
slices should be considered cautiously.

We subsequently started the evaluation of the efficacy of the three antifibrotic com-
pounds and made a comparison, first, between murine slices and in vivo studies. After 
treatment with pirfenidone we observed a decrease in mRNA levels of Col1a1 and col-
lagen type I protein expression in healthy and fibrotic murine kidney slices, as well as 
a decrease in mRNA of fibronectin (Fn1) in healthy slices and (Il-6) in both healthy and 
fibrotic slices. Pirfenidone mildly reduced mRNA expression of Tgfb1, Serpine1, Acta2, 
Serpinh1 and Tnf. Although the action mechanism of pirfenidone is not completely under-
stood, inhibition of the TGFβ pathway has been reported, as well as anti-inflammatory 
properties by modulating TNFα. The effects observed ex vivo are in line with data from 
various murine models, where pirfenidone shows a decrease of ECM markers on mRNA 
and protein level, as well as inhibition of cytokines such as TGFβ and TNFα [77-86].

Treatment with imatinib showed a strong antifibrotic and anti-inflammatory effect 
in healthy and diseased murine kidney slices. A decrease of mRNA expression of ECM 
markers (Col1a1, Acta2, Serpinh1 and Fn1), inflammation markers (Tnfα, Il-6 and Il-1b) and 
molecular pathway markers (Tgfb1, Tgfrbi, Pdgfb, and Pdgfrb) was observed. Imatinib 
inhibits c-Abl kinase and blocks the PDGF receptor and has shown antifibrotic effects 
in vivo by modulating the TGFβ and PDGF pathways and inflammatory response. Only 
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two in vivo studies in animal models for kidney disease show a reduction in collagen 
type I gene and protein expression [87][88].
Galunisertib treatment is the most effective of the three drugs on healthy and diseased 
murine slices. The ECM markers’ gene expression levels were downregulated, including 
Plod2 which was unaffected by the other two compounds. It also decreased the markers 
of the TGFβ and PDGF pathways and decreased the Il-6 gene expression. To date, there 
are no studies in vivo to compare the prediction value of murine kidney slices, but our 
findings likely predict a positive efficacy in animal models.

Second, we evaluated the efficacy of the compounds on human kidney slices and 
human kidney fibroblasts and compared this with published data. Pirfenidone reduced 
gene expression of collagen I and collagen I protein deposition only in healthy kidney 
slices. It did not show an effect on molecular pathway markers or inflammation markers 
in either healthy or fibrotic slices. Remarkably, kidney fibroblasts did not show a decrease 
of collagen I gene expression or a decrease of collagen type I protein deposition at any 
time point, whereas a similar behavior is seen as with kidney slices regarding molecular 
pathway and inflammation markers. Interestingly, in lung fibroblasts a decrease of pro-
liferation and TGF-β1 induced expression of ECM markers (COL1A1, ACTA2, SERPINH1) 
is inhibited by pirfenidone [89][90]. There are conflicting reports regarding pirfenidone in 
clinical trials of focal segmental glomerulosclerosis and diabetic kidney disease. Where 
improvement of glomerular filtration rate was not observed before at least 3 to 6 months 
of treatment and cease improvement after 12 months, without attenuating albuminuria 
or proteinuria.[91-94]. Unfortunately, these trials have important limitations regarding 
sample size, unified end points and follow up time, making a comparison of the in vivo 
results with our findings challenging.

Imatinib showed attenuation of culture-induced collagen I gene expression and col-
lagen type I deposition in healthy human kidney slices. Moreover, it significantly de-
creases PDGFRB mRNA expression, mildly inhibited TGFB1 expression and showed 
anti-inflammatory effects. All of these effects were absent in fibrotic slices. At a higher 
concentration (25 µM) imatinib decreased the pro-collagen I synthesis in healthy and 
diseased kidney slices. Imatinib at a dosage of 10 µM did not show antifibrotic effect in 
kidney fibroblasts, there were no effects on ECM markers or molecular pathway markers, 
whereas there was upregulation of IL-6 gene expression at 48 hours of treatment. IL-6 
regulates pro-inflammatory responses, however it also mediates a protective response 
to acute renal injury via an alternative signaling pathway denominated trans-signaling 
[95][96]. Clinical trials are scarce, improved renal function and proteinuria in kidney 
disease after imatinib treatment have only been shown in two case reports of patients 
with membranoproliferative glomerulonephritis associated to an immune vasculitis and 
to chronic myeloid leukemia [97][98].

Galunisertib showed antifibrotic effects by attenuating collagen I gene expression and 
pro-collagen I synthesis and modulating TGFβ and PDGF signaling by decreasing the 
gene expression of SERPINE1 and PDGFB in both healthy and diseased kidney slices. 
It also showed moderate reduction on gene expression of SERPINH1, FN1 and PLOD2. 
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As described in Chapter 2, this effect has been reported previously in liver slices [49]. 
Galunisertib showed the strongest response of the three compounds in kidney fibro-
blasts, downregulating of ECM markers, TGFβ signaling markers, along with a decrease 
in collagen type I deposition and a trend of decrease observed in α-SMA staining. Up 
to the completion of this thesis, there are no clinical trials with galunisertib for fibrotic 
diseases, but the results observed in kidney fibroblasts and human slices are promising. 
It is important to note that there is a stronger response in kidney fibroblasts compared 
to human slices. A possible explanation for this is the use TGF-β1 in our in vitro model 
to produce myofibroblasts differentiation and emulate a fibrotic environment. The com-
pound selectively inhibits the TGFβRI, which can be an explanation of the stronger anti-
fibrotic response in kidney fibroblasts. The results in human slices demonstrate that this 
is the only compound that produced a significant decrease of collagen I gene expression 
and a moderate decrease of other fibrotic markers in fibrotic kidney slices, supporting 
the overall action of the compound.

In summary, we show the high prediction value of murine PCKS as a tool to test 
antifibrotic compounds, since the efficacy of the compounds correspond with in vivo 
observations in animal studies. We also observe a lack of translation from animal slices to 
human cells and slices, which reflects what is observed in the drug development process. 
Based on our results in animal slices, it is expected that human slices predict the outcome 
of clinical trials more accurately. However, a direct correlation between our results and 
clinical trials is difficult to assess since similar fibrotic end-points are not established.

In vitro antifibrotic effect of Verteporfin in Dupuytren disease and pilot 
study of an ex vivo model of Dupuytren disease
The investigation of existing drugs for new therapeutic purposes is called drug repo-
sitioning (or drug repurposing). As there are clinically only two approved antifibrotic 
drugs available pirfenidone and nintedanib; unfortunately, both with a rather limited 
health effect), and because fibrosis is a major death cause in the Western world, there is 
still a large unmet medical need regarding the treatment of fibrosis. Drug repurposing 
decreases drug development times and risks compared to de novo drug discovery [99]. 
Nintedanib is an example of repositioning existing drugs for fibrosis.

Verteporfin (VP, Visudyne®) is a light-activated drug used in photodynamic therapy, 
approved by the FDA for the treatment of Age-Related Macular Degeneration. VP is ad-
ministered intravenously and activated by a nonthermal red light, producing short-lived 
singlet oxygen and reactive oxygen radicals that produce local damage in the choroidal 
neovascular endothelium resulting in vessel occlusion [100][101]. In the second part of 
this thesis, we show the antifibrotic efficacy of VP on nodule-derived fibroblasts from 
Dupuytren Disease (DD) tissue, having the potential in becoming a repurposed medicine.

Ane increase of extracellular matrix deposition by myofibroblasts results in the loss of 
normal architecture of a tissue, resulting in a higher stiffness. YAP/TAZ are the down-
stream effectors of the Hippo pathway and are critically important in the mechano-
sensing properties of myofibroblasts [102][103]. The Hippo pathway is involved in organ 
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growth, development and cell fate. Targeting the YAP/TAZ/TEAD network has been 
in the picture in cancer treatment for over a decade [104][105]. In 2012, a pioneer study 
was published, showing the inhibition of YAP-TEAD interaction by three members of 
the porphyrin family, by screening approximately 3300 drugs approved by the FDA or 
that have entered phase II in clinical trials. As basis, the 3300 compounds as present in 
the Johns Hopkins drug library were used. VP proved to be most effective to inhibit the 
YAP-TEAD complex and selectively target YAP in a cancer cell line, without requirement 
of light activation [106]. Since the Hippo pathway is also involved in fibrotic events, it was 
later tested whether its inhibition would also attenuate fibrosis [105][107]. VP has shown 
promising effects in the treatment of fibrotic disease in the liver, kidney and lung in vitro 
and in vivo. Verteporfin’s mechanism of action continues to be elucidated, besides inhi-
bition of TEAD-dependent genes such as CCN2, verteporfin can exert its effect through 
other proteins, such as STAT3, 14-3-3σ, and β-catenin [108-111]. VP interaction with YAP/
TGFβ/Smad2/3 axis has been proposed as a mechanism of action against fibrotic disor-
ders in various in vitro and in vivo models (Chapter 6[112-115]).

DD is a fibroproliferative disorder of unknown etiology; it affects the fascia of the palm 
of the hand. DD is characterized by the presence of myofibroblast-rich nodules which 
progress into tendon-like structures that produce digital contraction. So far, treatments of 
early stages of the disease, such as physiotherapy, radiotherapy and intralesional injected 
steroids or collagenase derived from Clostridium histolyticum have not shown clear efficacy 
[116-120], therefore, the treatment consists on surgical excision of the fibrotic tissue at a 
late stage, but this often results in recurrence of the disease [121][122][123].

In Chapter 4, we investigated the antifibrotic potential of verteporfin in DD nodule-iso-
lated fibroblasts, cultured under an initial pro-fibrotic “hit” using TGF-β1 stimulation for 
48 hours. This is followed by 48 hours with or without VP treatment in cells stimulated 
for 48 hours or for 96 hours with TGF-β1. In the absence of VP, on cells stimulated for 
96 hours, we observed an increased activation status as shown by an increase in mRNA 
levels of ECM related genes (COL1A1, COL3A1, COL4A1, FN1EDA), and fibrosis-related 
genes such as inhibitor for plasmin-mediated MMP activation (SERPINE1), the enzyme 
involved in collagen cross-linking (PLOD2), the YAP downstream target gene (CCN2), and 
α-SMA (ACTA2). The higher gene expression of COL1A1, FN1EDA and ACTA2 correlated 
with increase protein levels of collagen type I, fn-EDA and α-SMA.

Treatment with VP for 48 hours show antifibrotic properties by pushing back the acti-
vation status of the cells exposed for 48 hours to TGF-β1, as well as ceasing the ongoing 
activation of the fibroblasts exposed to 96 hours of TGF-β1. In both cases we observed 
a decrease in the expression of the genes investigated. The hallmark of fibrosis is an 
excessive accumulation of collagen. VP decreases gene expression of COL1A1 and pro-
tein levels of collagen type I. Moreover, VP decreases the gene expression of SERPINE1, 
consequently facilitating collagen breakdown by plasmin-mediated MMP activation. 
It also reduces the gene expression of PLOD2, which encodes an enzyme involved in 
the formation of cross-linked collagen, in turn making the deposited collagen more 
susceptible to collagenolytic activity. VP also decreases the gene expression of FN1EDA 

7
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and consequently fn-EDA deposition; in addition, VP influences fn-EDA morphology. 
In unstimulated cells a reticular pattern is observed, while TGF-β1 stimulation results 
in a net-like formation pattern. After VP treatment the net-like pattern is shifted to the 
reticular deposition.

Myofibroblasts formation was also investigated after VP treatment. We did not ob-
served changes in the gene expression of ACTA2 at 48 hours or 96 hours of stimulated 
cells or in the number of α-SMA positive cells as a result of VP treatment, while there was 
a significant decrease in protein expression as revealed by Western blotting. A decrease 
of ACTA2 gene expression has been identified with the use of higher concentrations of 
VP in other models [124][125][126], while our study shows that even with lower concen-
trations the myofibroblasts phenotype is altered, achieving the decrease of collagen type 
I accumulation.

YAP1 accumulation in the nucleus of fibroblasts can be induced by mechanical stress 
(matrix stiffness) and/or TGF-β1 action, ultimately regulating myofibroblast differenti-
ation [103][127]. In Chapter 6, we investigated YAP response during TGF-β1 stimulation 
and its interaction with Smad signaling in human dermal fibroblasts. We observed an 
increase in YAP nuclear accumulation after TGF-β1 exposure, as well as YAP/Smad2 
and YAP/Smad3 complexes which regulate markers of myofibroblast gene expression. 
Consequently, we observed upregulation of mRNA levels of COL1A1, ACTA2, FN1EDA 
and CCN2. VP treatment resulted in blockage of YAP/Smad2 and YAP/Smad3 com-
plexes accumulation in the nucleus, as well as nuclear accumulation of Smad2 and -3. 
Furthermore, a decrease in expression of fibrosis-related genes is seen. The ability of 
VP to inhibit TGF-β1 induced accumulation of YAP/Smad2 and -3 complexes in the 
nucleus has been reported by other studies in murine models of renal fibrogenesis and 
renal tubulointerstitial fibrosis, as well as human conjunctival fibroblasts and rat kidney 
interstitial fibroblasts [112-115].

After these observations we wanted to investigate if the same results could be observed 
in the nodular-derived DD fibroblasts. In Chapter 4, we show that VP decreases total 
protein levels of YAP, Smad2 and Smad3, suggesting that the VP mechanism of action 
in DD is also through the TGFβ/YAP/Smads interaction. Additional influence of VP in 
the WNT pathway has been reported in hepatic stellate cells and in TGF-β2 stimulated 
conjunctival fibroblasts, which also might contribute to the antifibribrotic properties of 
VP [114][128]. The association of the WNT pathway with DD has been reported in GWAS 
studies, as well as in studies showing an up- or down-regulation of proteins involved 
in this pathway [129][130][131], which should be further elucidated in the treatment of 
DD with VP.

We have demonstrated the antifibrotic effects of VP in in vitro culture of DD fibroblasts 
and as we showed in the first part of this thesis, the use of ex vivo models for antifibrotic 
compound testing broadens the knowledge of drug efficacy. In Chapter 5, we describe a 
pilot study on ex vivo cultured precision-cut Dupuytren slices (PCDS) exposed to TGF-β1 
in comparison to in vitro DD fibroblasts cultures, using quick and efficient techniques 
to study collagen type I characteristics. We evaluated pro-collagen type I synthesis by 
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ELISA in both models and new collagen type I deposition by second harmonic generation 
(SHG) in slices.
We prepared tissue slices from nodular tissue and cultured them for 48 hours [132]. With 
HE staining we observed heterogeneous distribution of noduli between the slices, more 
importantly some of the prepared slices even contained non-nodular tissue. Furthermore, 
after 48 hours of culture of the heterogenous PCDS, in the absence of TGF-β1, showed 
a pronounced variability of pro-collagen Iα1 in the medium. In these same slices there 
was an increase of newly-disorganized collagen type I in PCDS, as measured by SHG, 
compared to control. Therefore, it seems that during culture up to 48 hours there is an 
increase in newly synthesized (pro-)collagen I. However, more experiments are necessary, 
because of the heterogenous distribution of the noduli in the slices, to specifically study 
the noduli in these slices during short-term culture. The heterogeneity of the PCDS may 
also be the origin of the decrease of released pro-collagen Iα1 from slices incubated with 
TGF-β1 for 48 hours. The results of newly-disorganized collagen type I in slices in the 
presence TGF-β1, are in line with the heterogenous distribution of noduli in the slices. 
These pilot results warrant further studies into the use of short-term PCDS cultures in 
their utilization in Dupuytren research.

In Chapter 5 the pro-collagen Iα1 release was also measured in cultured DD nodu-
lar-derived fibroblasts from early and late passages under TGF-β1 stimulation. Pro-col-
lagen Iα1 levels in the medium increased after 48 hours and 96 hours of stimulation in 
both passages. Indicating that TGF-β1 is inducing the synthesis of collagen I in early 
and late passages. However, the COL1A1 gene expression response to 48 hours TGF-β1 
stimulation was variable between patients in cells form early passage cells, while a more 
homogeneous activation state was observed in late passage cells after 48 and 96 hours 
of stimulation.

Establishing a direct comparison between the results from fibroblasts and PCDS is 
challenging, considering that several weeks of subculture of the cells may not reflect the 
characteristics of the cells in the freshly prepared PCDS. One might even argue that the 
short-term PCDS better reflect the future antifibrotic treatment of Dupuytren in patients, 
as a treatment will also have effect on the non-nodular Dupuytren tissue.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES
In this thesis we showed the use of in vitro and ex vivo models to improve drug develop-
ment research of fibrosis. Initially, we introduced the use of a specific macromolecular 
crowder in a 2D monolayer cell culture of human adult dermal fibroblasts activated 
with TGF-β1. Our screen model results in a more efficient deposition of collagen type I 
in shorter culture times with the least influence on the phenotypical properties of the 
cells. The use of the Scar-in-a-Jar system with dermal fibroblasts under our proposed 
settings, confirmed the pro-fibrotic efficacy of the screened compounds. Moreover, re-
vealed therapeutic effects shown for the first in dermal fibroblasts from three out of the 
four compounds, that could be tested in the future for the treatment of skin fibrosis, such 
as scleroderma, hypertrophic and keloid scars.

7
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2D models remain a relevant tool for drug testing alone, but the combination of the-
Scar-in-a-Jar system with 3D models such as the ex vivo culture of precision-cut tissue 
slices (PCTS), provides a more universal assessment of antifibrotic efficacy of drugs. With 
the use of both models, we were able to make a comprehensive evaluation and compar-
ison of multiple aspects involved in drug development for the potential treatment of 
human kidney fibrosis. Slices of human origin lack the necessity for species translation 
and should be taken into consideration for future work. It was also shown that the ex 
vivo murine kidney model had a high predictive power when compared with results of 
in vivo animal models of fibrotic kidney diseases. Further validation of the PCTS forecast 
skills to results of in vivo models from other organs may lead to a decrease in the number 
of animals needed for drug development research all together. Unfortunately, a direct 
comparison cannot yet be made from the results obtained from human tissue slices to 
the results of clinical trials yet. Oftentimes, clinical trials evaluate end-points that indi-
rectly attempt to measure the level of fibrosis of the affected organ by determining the 
organ’s function [65][135]. Only recently, specific fibrosis related biomarkers which can 
be measured in serum or urine of patients, have been developed [136][137]. Such markers 
should be included as end-points in clinical study designs which can be compared to 
measurements in ex vivo slice cultures, improving the potential of the ex vivo model to 
predict trial outcomes.

In our models we demonstrated, the antifibrotic efficacy of galunisertib in stimulated 
dermal and kidney fibroblasts, as well as in slices from animal and human kidneys. 
Our results favor further investigation of the antifibrotic effects of galunisertib in in vivo 
models of kidney fibrosis and complementary studies in skin fibrosis models, expecting 
these to lead to future clinical trials. The treatment with imatinib of activated dermal 
and renal fibroblasts showed lack of antifibrotic efficacy, while a mild antifibrotic effect 
and a clear inflammatory modulation of TNF and IL-6 and IL-1B was observed in early 
fibrogenesis in kidney slices. This suggest that imatinib’s antifibrotic effect may not 
target the myofibroblast directly, but rather other cell types, such as proximal tubule 
cells response to injury which by cross-talk induce fibroblast proliferation and differen-
tiation [68]. Furthermore, since in fibrosis pathogenesis various pathways are involved, 
targeting the TGFβ, PDGF and inflammatory pathways with the combination of these 
two compounds may increase the therapeutical effect for early fibrosis treatment.

Besides targeting important fibrosis pathways like TGFβ and PDGF with different com-
pounds in kidney and dermal fibroblast, the YAP pathway showed great potential as 
a target in nodule-derived Dupuytren disease (DD) fibroblasts. Verteporfin, selectively 
inhibits YAP, hampers the ongoing activation in nodule-derived DD fibroblasts, due to 
an interaction with YAP/TGFβ/Smads. Alternative mechanisms of action of Verteporfin 
have been described, specifically its effect on the WNT pathway [128]. Since different 
components of the WNT pathway have been associated with DD pathogenesis, further 
studies should be conducted to elucidate if the observed VP effect may be through mul-
tiple targets. Moreover, the evaluation of VP effect in whole tissue should be assessed 
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and, since there are no well-defined animal models for the disease, PCDS may fill this 
void. We initiated a pilot study that still requires further characterization of the slices. 
Moreover, optimization of culture methods, such as the nitrocellulose membrane system 
used in our study or novel bioreactors systems, which can extend the slices’ viability time 
will be beneficial to study long-term effects of compounds [138]. Our ultimately goal is 
to be able to treat DD nodules with intralesional VP injections, which can be performed 
in PCDS. Allowing the evaluation of efficacy and toxicity of this administration route.

7
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