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Chapter 1

Wound healing: normal tissue repair

The wound healing process after tissue injury comprises of three different stages which 
are highly dynamic and overlap in time [1-5]. In the initial (inflammatory) phase, hemo-
stasis and clot formation is initiated by degranulation of platelets. Platelet degranula-
tion results in vasodilation as well as an increased vessel permeability, allowing blood 
cells to be recruited to the site [2]. Neutrophils degrade the debris to clean the wound 
site, followed by macrophages which phagocyte micro-organisms and damaged tissue. 
Macrophages release cytokines and growth factors, such as transforming growth factor 
beta (TGFβ), platelet-derived growth factor (PDGF), interleukins (such as IL-1 and IL-13), 
epidermal growth factor (EGF) and angiogenesis factors such as vascular endothelial 
growth factor (VEGF) [5].

During the second (proliferative) phase, early granulation tissue is formed in the 
wound site. Early granulation tissue contains a plethora of different cell types, such 
as keratinocytes (only in skin), endothelial cells, inflammatory cells, and fibroblasts [1]
[2]. Fibroblasts transform into proto-myofibroblasts as a result of mechanical changes 
produced by fibroblasts migration and the presence of cytokines in the injured area that 
are normally not present in healthy tissue. Proto-myofibroblasts are motile fibroblasts 
that show stress fibers containing α- and γ-cytoplasmic actin filaments and synthesize 
extracellular matrix (ECM) components, like collagen type I and III and fibronectin-EDA 
[5][6]. The motility of proto-myofibroblasts is stimulated by PDGF [6]. As the granulation 
tissue matures, TGF-β1 differentiates proto-myofibroblast into myofibroblasts contain-
ing stress fibers of α-smooth muscle actin (α-SMA). Myofibroblasts start contracting the 
wound and also increase tissue stiffness by the continuous deposition of collagens [1-6].

In the third and last (remodeling) phase, the activated processes cease and the majority 
of the cells are cleared by apoptosis [1-6]. There is a delicate balance between the cells 
that undergo apoptosis and cells needed for tissue remodeling. Collagen type III, which 
is the main collagen type in granulation tissue, is replaced by collagen type I [1][2][3]. 
Remodeling of ECM components is also regulated by a delicate balance between matrix 
metalloproteinases (MMPs) and the tissue inhibitor of metalloproteinases (TIMPs) [1][2]
[3]. The MMPs involved in re-epithelization are not totally clear, but it has been shown 
that MMP1, 7 and 9 are important candidates in in vitro and in vivo models [7][8].

Fibrosis: pathological tissue repair

Fibrosis originates when chronic chemical, mechanical, and/or inflammatory insults 
affect a tissue, resulting in the loss of a normal repair process [9]. When this occurs, 
myofibroblasts remain activated, maintaining contraction of the affected area via in-
tegrins and focal adhesions to the ECM. Continuous synthesis of extracellular matrix 
proteins, such as collagen type I (the most abundant fibrillar collagen in the body) and 
fibronectin-EDA [10] is maintained. A decrease in extracellular matrix remodeling due 
to less MMPs production and an increased synthesis of their TIMP inhibitors, lead to a 
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sustained scarring and tissue stiffness. This results in the long-term to a loss of function 
and organ failure.

Fibrosis accounts for approximately 45% of all deaths in developed countries, and 
this is associated with large economic expenses to health care [10]. Research on fibrosis 
increased since the discovery of the myofibroblast more than 40 years ago [6]. Current-
ly, only a few antifibrotic treatments for idiopathic pulmonary fibrosis (IPF) have been 
implemented in clinical practice [11]. However, for fibrosis in other organs, e.g., fibrosis 
due to Dupuytren Disease, no therapeutic treatment is available.

Fibrogenesis is regulated by different complex molecular pathways, these pathways 
will be discussed in the following paragraphs.

One of the most important pathways in fibrosis is the TGFβ signaling pathway. The 
TGFβ family of ligands includes TGF-β1, TGF-β2, and TGF-β3. Especially TGF-β1 is the 
one that is involved in myofibroblasts activation and fibrosis [12]. TGF-β1 is secreted 
as a latent complex with latency-associated peptide (LAP) and stored in the ECM by 
TGFβ-binding protein [13]. Release of active TGF-β1 is initiated by the increase of stiff-
ness of ECM and the activation of integrins αvβ5 and αvβ6 [10][14]. Activated TGF-β1 
binds to TGFβ receptor II (TGFβRII), which subsequently phosphorylates TGFβ receptor 
I (TGFβRI/ALK5), activating the canonical and non-canonical TGFβ pathways. In the 
canonical pathway the transcription of fibrotic genes is upregulated by phosphorylation 
of Smad2 and -3, which form a complex with Smad4 that, in turn, is translocated to the 
nucleus. The non-canonical pathway of TGF-β1 regulates myofibroblast activation by in-
ducing various signaling cascades, including mitogen-activated protein kinase (MAPK), 
Rho-associated kinase (ROCK), and phosphoinositide 3-kinase-protein kinase B (PI3K-
AKT) [12][13][14].

The WNT pathway can also be divided into two pathways, the canonical and non-ca-
nonical. The former is β-catenin dependent while the latter is not. Both have been related 
to fibrotic disorders. It has been shown that the canonical pathway is active in lung, skin, 
liver, kidney, and heart fibrosis [13-15]. While the non-canonical pathway has not been 
studied as extensively as the canonical pathway, there are recent studies that show ac-
tivation of non-canonical WNT proteins in patients with idiopathic pulmonary fibrosis 
and CCl4-induced liver fibrosis of rats [13][16][15]. The WNT pathway is activated by WNT 
ligands that bind to the transmembrane receptor frizzled (FZL) and the lipoprotein re-
ceptor-related 5/6 (LRP5/6), which form a complex with Disheveled (DHS). This complex 
inhibits the degradation of β-catenin by the proteasome, inducing its accumulation in the 
cytosol and translocation to the nucleus. There it binds T cell/lymphoid amplifier (TCF/
LEF) transcription factors which upregulate target genes (Prostaglandin-Endoperoxidase 
Synthase 2 (COX2), AXIN, and Pyruvate Dehydrogenase Kinase 1 (PDK1)), including 
regulators of proliferation such as c-Myc and Cyclin D [14][16][15]. In the absence of WNT 
ligands, β-catenin is phosphorylated and degraded by the proteasome. It interacts with 
the destruction complex composed of a suppressor, adenomatous polyposis coli tumor 
(APC), AXIN and glycogen synthase kinase-3β (GSK-3β) [14]. The non-canonical pathway 
does not require LRP5/6 and involves other pathways such as planar cell polarity (PCP) 

1
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and WNT/calcium-dependent pathways, as well as other non-FZL receptors like the 
tyrosine kinase receptors ROR2, RYK, and PTK7 [16][15].

The platelet-derived growth factor (PDGF) pathway has been linked to fibrotic dis-
orders of the liver, lung, kidney, bone marrow, and heart in humans and mice [13][17]. 
There are four polypeptide chains, denoted PDGF-A, -B, -C, and -D, which bind to specific 
receptors, PDGFRα and PDFGRβ. PDGFRα is a marker for fibroblasts while PDGFRβ is 
found in other mesenchymal cells including pericytes. Activation of PDGFRα signals the 
MAPK, PI3K, Rho family GTPases, SRC non-receptor tyrosine kinases, and phospholipase 
Cγ pathways. PDGF activity synergizes with TGFβ-1 to increase the fibrotic response via 
its mitogenic and chemoattractant properties [13].

The hippo pathway, specifically its downstream effectors, being the transcription-
al co-activator Yes-associated protein (YAP) and transcriptional co-activator with a 
PDZ-binding motif (TAZ), have been linked to fibrotic disorders in lung, kidney, liver, 
heart, and skin. Accumulation in the nucleus of YAP/TAZ complex is shown in cells 
cultured on stiff matrices under TGFβ-1 stimulation and in fibrotic tissues. YAP/TAZ 
is related to proliferation and differentiation of different cell types in the mentioned 
organs, such as epithelial cells in the lung; endothelial cells, tubular epithelial cells, and 
podocytes in the kidney; hepatic stellate cells and hepatocytes in the liver. The hippo 
pathway is involved in organ growth and development, cell fate and cancer [14][18]. Hippo 
signaling consists of numerous components including serine/threonine protein kinases 
(MST1/2), MOB kinase activator 1 (MOB1), Salvador (SAV) and the serine/threonine pro-
tein kinase-(LATS1/2) [14]. MTS1/2 bind to SAV to form a complex which phosphorylates 
LATS1/2 kinase. Active LATS1/2 form a complex with MOB1 that phosphorylates YAP/
TAZ in a 14-3-3 dependent way, accumulating it in the cytosol where it is subsequently 
degraded by β-TrCP proteins [14].

Deposition and mechanical regulation of ECM in fibrosis

As mention above, the main cell type involved in fibrosis is the activated fibroblast, 
known as the myofibroblast. In pathological conditions, the main source of myofibro-
blasts are local fibroblasts, but they can derive from other cell types, such as epithelial 
cells, endothelial cells, mesenchymal stem cells, pericytes, pre-adipocytes, and adipo-
cytes, depending on the affected organ [6][19].

In fibrotic disorders, myofibroblasts produce large amounts of extracellular matrix 
proteins such as fibronectin, which is a multifunctional glycoprotein found in plasma 
and in the ECM. The isoforms fibronectin-EDA (Fn-EDA) and fibronectin-EDB (Fn-EDB) 
are generated by alternative splicing of a single pre-mRNA [20][21]. Fn-EDA protein ex-
pression after TGF-β1 stimulation is deposited before collagen in the fibrotic response and 
it correlates with myofibroblast activation (α-SMA expression), cell migration, and cell 
adhesion to the ECM in vitro and in vivo. Fn-EDA interacts with integrin receptors in the 
actin cytoskeleton of the cell to modulate specific responses with other ECM molecules 
to make it stable for cells to reside in [21][22].
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Collagen type I synthesis and deposition is the hallmark of fibrosis, which is up to 
10-fold increase in advanced fibrosis [23]. Metabolism of collagen type I is an intricate 
process governed by a highly complex system. Collagen type I molecules are formed 
by helical polypeptide α-chains that contain approximately 300 repeats of the amino 
acid sequence Gly-X-Y, where X and Y can be any amino acid, together with non-helical 
carboxyl and amino-terminal peptide chains. Two α1 and one α2 polypeptide chains 
(encoded by COL1A1 and COL1A2, respectively) will form a triple helical structure [23]
[24][25]. Following TGF-β1 stimulation, phosphorylation of Smad2/3 and translocation 
to the nucleus in a complex along with Smad4 binds to the promoters of COL1A1 and 
COL1A2 genes, inducing their transcription [24]. Smad2/3 phosphorylation is enhanced 
by the cross-communication between the TGF-β1 signaling pathway and the WNT path-
way by the WNT3a ligand in a β-catenin manner [14][16][15].

The polypeptide α-chains of collagen undergo post-translational modifications, such as 
hydroxylation of proline into hydroxyproline in the triple helical part, which are orches-
trated by prolyl hydroxylases (collagen prolyl-4-hydroxylase and prolyl-3-hydroxylase). 
Hydroxylation of lysine into hydroxylysine in the triple helical part is carried out by 
lysyl hydroxylase 1 and 3 (LH1 and LH3), and in the telopeptides by lysyl hydroxylase 2. 
Hydroxylysine in the triple helix can subsequently be glycosylated by LH3 and GLT25D1 
[25]. Proline modifications allows the α-chains to initiate the folding into a three-dimen-
sional helical structure, starting from the carboxyl-terminal to the amino-terminal of the 
α-chains, resulting in the formation of the procollagen molecule. Procollagen is trans-
ported outside of the cell, a process that is facilitated by the collagen chaperon HSP47, 
which promote the stability of the molecule [24][25].

Once procollagen is secreted into the extracellular space, the non-helical C- and N-ter-
minal propeptides are cleaved off by the metalloproteinases BMP-1 and ADAMTS 2,3,14, 
thereby generating tropocollagen [23][24][26]. Tropocollagen molecules align and initiate 
the formation of collagen fibrils, which are stabilized by irreversible cross-linking. The 
cross-linking takes place as a consequence of the action of lysyl oxidases, especially lysyl 
oxidase-like 2 (LOXL2), which convert the lysine or hydroxylysine in the telopeptides 
to allysine or hydroxyallysine, followed by interaction with lysine or hydroxylysine in 
triple helix [24][25].

Normal degradation of scar tissue composed of cross-linked collagen type I is initiated 
by collagenases MMP1, MMP2, MMP8, MMP13, MMP14, and cathepsin K, followed by 
gelatinases and proteases such as MMP2 and MMP9. This process is impaired in fibro-
sis; the specific roles of MMPs and TIMPs often depend on the organ where they are 
produced. This is a topic that requires further study [19][27].

The enzymes involved in post-translational modification of collagen, collagen cross-link-
ing, collagen chaperons, and plasminogen activator inhibitor 1 (which inhibits plasmin-me-
diated MMP activation) are highly expressed after TGF-β1 stimulation, creating a positive 
feedback loop to increase collagen deposition, tissue stiffness, and fibrosis [24].
Myofibroblasts sense and adapt to the stiffness of the extracellular matrix by mechano-
transduction between fibrillar collagen and transmembrane receptors named integrins. 

1
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Integrins are transmembrane proteins composed of one β1 subunit and one of the αI 
subunits α1, α2, and α11 [10][23]. Integrins bind to collagen I via the GFOGER sequence 
once they are activated by conformational changes. Active integrins recruit cytoskeletal 
and signaling components such as talin, kindlin, paxillin, vinculin, and focal adhesion 
kinase (FAK) [10][20]. Cytoskeletal components form focal adhesions between the ECM 
and actin filaments in the cell, driving cell adhesion and formation of the stress fibers 
that are involved in the mechanical features of the myofibroblast. FAK activity is key in 
the mechanotransduction machinery of the myofibroblast. It is activated by autophos-
phorylation through effector molecules of the non-canonical TGF-β1 pathway and me-
chanical stress [10]. FAK-PI3K-AKT activation specifically protects the myofibroblast from 
apoptosis, activating survival proteins, and blocking apoptotic signaling pathways [19].

Myofibroblast stress fibers generate contractile forces through the interaction of actin 
filaments with ATP-dependent non-muscle myosin II (NMII). The contractile machinery 
of the myofibroblast includes β-cytoplasmic actin, γ-cytoplasmic actin, and α-SMA. β-cy-
toplasmic actin serves as a template for the formation of stress fibers. Because fibrotic 
pathways and mechanical stress are sustained, α-SMA is incorporated into the stress 
fibers, increasing myofibroblast contractibility. α-SMA is encoded by the ACTA2 gene, 
which transcription is upregulated in response to different stimuli. Firstly, ACTA2 gene 
contains TGFβ control elements and SMAD binding elements in the proximal promot-
er, linking its transcription to direct TGF-β1 stimulation and its downstream effect by 
SMAD2/3 activation [10][28]. Mechanical stress is another source of ACTA2 upregulation; 
first, via SMAD2/3 activation linked to inactivation of the hippo pathway, where translo-
cation to the nucleus of YAP/TAZ promotes nuclear accumulation of Smad2/3. Secondly, 
following F-actin polymerization, myocardin-related transcription factors (MRTFs) and 
serum-response factor (SRF) are released and translocated to the nucleus where they 
bind to CArG boxes located in the ACTA2 promoter [10][19][28].

Mature stress fibers are composed of α-SMA interacting with ATP-dependent non-mus-
cle myosin II (NMII), specifically NMII isoform NMIIA forming stable actomyosin fila-
ments. NMIIA is formed by two heavy myosin chains (MHCs), two light chains and two 
regulatory light chains (RLC). Stress fiber contractibility is controlled by the activation 
(phosphorylation) of RLC by different enzymes, where ROCK1 and ROCK2 have been 
described to be involved in myofibroblast mechanosensing functions. ROCK isoform 
functions are regulated by the Rho family of small GTPases, RhoA, RhoB and RhoC [10].

Drug development in fibrosis

Given that the initiation of wound healing and fibrosis is driven by inflammatory cells 
which secrete various cytokines and growth factors, it was reasonable that drug develop-
ment for the treatment of fibrosis started targeting these molecules [29]. Tumor necrosis 
alpha (TNF-α), interleukin 1β (IL-1β), and interleukin 6 (IL-6) are increased in patients 
with idiopathic pulmonary fibrosis, scleroderma and in fibrotic mice models [30], which 
led to the initiation of clinical trials with TNF pathway inhibitors and immunomodula-
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tors, but yielded no favorable outcomes [31]. As research in fibrosis progressed, different 
mechanisms and molecular pathways inducing the progression of fibrogenesis by myo-
fibroblasts were elucidated [32]. As a result, it has become evident that the pathogenesis 
of fibrosis is driven by a variety of mechanisms which are common among different 
fibrotic pathologies and are often intertwined with each other [30][33]. Some of the newly 
discovered features of pathways involved in fibrogenesis have been observed in other 
diseases [34]. This opens up possibilities of repurposing existing treatments targeting 
those pathways as treatments for fibrosis as well [35].

The pharmacological fibrogenesis targets can be divided in to extracellular and intra-
cellular targets. Among extracellular targets are the receptors that bind cytokines, growth 
factors and immunomodulators. Treatments targeting these extracellular receptors act 
as inhibitors, which prevent the binding of the molecule to its receptor; as antagonists, 
which bind to the receptor hampering its function; as agonists, which bind to the receptor 
increasing its function; and as stimulants, which are synthetic proteins that bind to the 
receptors stimulating their function acting as native proteins [35]. Intracellular targets 
comprise nuclear receptors and effectors, which propagate the signals received by the 
different pathways; enzymes involved in ECM production, specifically enzymes involved 
in the synthesis of collagen type I [36]; and epigenetics, which include microRNAs, long 
non-coding RNAs (lncRNA) and DNA methylation [33][35][36].

Despite the increase in identifiable targets, less than 10% of drugs progress from phase I 
to approval [37]. The challenges encountered come from different phases within the drug 
development process. Firstly, there are difficulties in the translation of the pre-clinical 
phase to human clinical trials due to extrapolation problems, which is part of the focus 
of this thesis and will be discussed in detail in the following paragraphs. Secondly, a key 
issue is to establish accessible and specific biomarkers in research and clinical settings 
which are useful to evaluate treatment efficacy, or enable the inclusion of patients into a 
specific clinical trial (opening the possibility of personalized treatments) [30].

Currently, cell-based and tissue-based models continue to be primarily used for fi-
brosis drug development. The major advantages of these techniques include the high 
levels of internal validation, reproducibility, and standardization [34]. Traditionally, 2D 
monolayer cell cultures have been used to discover mechanisms in fibrosis by a large 
array of experimental techniques, and/or to test antifibrotic compounds in a specific cell 
type [32]. Unfortunately, there are many disadvantages to this model:

a) An oversimplification of the fibrosis processes, since it usually focusses on a single 
variable being tested, such as one cell type, one cytokine, one receptor, one part of a 
signaling pathway and so forth [38].

b) Different observations between 2D, 3D or in vivo models are observed [34]; for exam-
ple, there are functional differences in MMPs between 2D cell culture and in vivo. 
Also the gene expression profile of the cells (and thus its phenotypical properties) 
vary depending on the stiffness of the surface where they are cultured on [39].

1
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c) It does not possess tissue-specific mechanical stimuli whose effect is central in the 
pathophysiology of fibrosis [36][39].

2D cell cultures have been improved by the use of different culture surfaces such as 
natural or synthetic hydrogels, which mimics the physiological conditions under which 
cells act. Co-cultures with other cell types mimic cell/cell interactions [37][39], and a 2D 
cell culture system by the use of macromolecular crowding, will be addressed in the 
following paragraphs.

Macromolecular crowding (MMC) is a biophysical phenomenon that has gained in-
terest in cell research to improve the physiological aspects of culturing conditions. It 
is based on the fact that cells in vivo are surrounded by different macromolecules that 
influence extra-cellular biochemical processes, including protein folding and binding, 
protein structure, shape, enzymatic activity and protein to protein interaction [40][41]. 
These processes are poorly mimicked by a monolayer cell culture surrounded solely by 
an aqueous environment. The estimate concentration of macromolecules in vitro culture 
medium is 1-10 gr/L and is given mainly by fetal bovine serum that is usually added 
to medium. The macromolecules concentration is much lower of what is found in vivo, 
given that interstitial fluids contain 30-70 gr/L macromolecules and blood plasma 80 
gr/L [41][42][43].

MMC functions are attributed to the excluded volume effect (EVE) due to the mutual 
impenetrability of soluble molecules [44]. EVE, in brief, reduces the volume, decreases 
the diffusion of solutes and increases their effective concentration [45][46]. MMC has 
been used in different applications, such as discoveries of cellular biological functions 
(protein folding, enzymatic activity, protein-protein associations), regenerative medicine, 
and tissue engineering [40][43][45][47][48]. Especially in tissue engineering, the main 
focus is in the ability of regenerate new tissue using cells that have the ability to create 
their own extracellular matrix which is mainly formed by collagen type I. Within this 
objective, MMC has been used to increase the deposition of collagen type I in different 
types of fibroblasts, such as lung, dermal, and corneal fibroblasts, and embryonic lung 
fibroblasts [41][43][44][49] [50]. A wide variety of inert polymers have been added to the 
medium, among them Ficoll, dextran, polyethylene glycol, polystyrene sulphonate, poly-
vinylpyrrolidone and carrageenan [40][41][43][44]. These polymers accelerate the rate in 
which procollagen is processed into collagen by optimizing the cleavage of the N- and 
C-propeptides by propeptidases, which is the rate-limiting step of collagen deposition 
in vitro [40][51][52]. Increasing collagen deposition in vitro with MMC has also been used 
to create an early screening tool to test the efficiency of antifibrotic compounds, which 
shows great potential for drug development in the fibrosis field [53][54][55][Chapter 2] .

Recently, different 3D models have been used in fibrosis research and drug develop-
ment. Precision-cut tissue slices (PCTS) is an ex vivo model, which can be obtained in 
an easier way than cell isolation from healthy and diseased tissue. It provides native 
tissue architecture, making possible to understand cell/cell and cell/ECM interactions 
as it preserves the complete cell population of the tissue, thereby broadening the over-
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view of the fibrotic processes [37][39]. PCTS can be obtained from animal models as 
well as from healthy and diseased human tissues. The possibility of studying different 
aspects of fibrosis in animal tissue slices creates advantages in decreasing the number 
of animals needed for experimentation, complying with the 3R principles (replacement, 
reduction and refinement) since from one organ a large number of tissue slices can be 
obtained and different organs can be used [56]. Human PCTS are an important tool to 
validate findings from different pre-clinical models, such as in vitro or animal models, 
to decrease the gap between the bench and the clinic. One of the biggest advantages of 
PCTS is the opportunity to study samples from healthy or diseased tissue from patients; 
the slices can be cultured ex-vivo for a certain amount of time allowing to discover new 
information not only about pathogenesis and progression of the disease but also creates 
the opportunity to test antifibrotic compounds in a sample that represents the relevant 
clinical features [37][57][Chapter 3 and 5]. Even though the survival culture time of the 
slices is limited [58][57], causing difficulties to evaluate the effects of a compound over an 
extended period of time. Recently, optimization of culture conditions seems to prolong 
the PCTS culture time [59]. Furthermore, the research of applying molecular techniques 
applicable to human PCTS is progressing [60].

Animal models continue to be used in the development of new drugs, especially 
mouse studies can be performed faster and the available resources for genetic en-
gineering are extensive [56]. Animal models remain valuable since they provide a 
complete biological environment and knowledge on systems properties, physiological 
mechanisms, and whole organ effects [37][39][56]. Still, a significant amount of drugs 
tested in animals fail in clinical trials due to toxicity or inefficacy [61][62][63] caused by 
species variabilities, deficiency of the models to mimic pathogenesis and chronicity of 
fibrotic conditions, variation in types and severity of fibrosis achieved in the different 
models, among others [36-39][56].

Antifibrotic compounds tested

In this thesis, five compounds were used to validate our models and we present new 
outcomes from a novel compound for fibrosis treatment. In the following paragraphs 
a broad overview of the compounds’ mechanism of action is given, and their potential 
use in fibrosis treatment (for summary see Table 1).

GALUNISERTIB
Galunisertib (LY2157299) is a first-in-class oral inhibitor of the TGFβ receptor type 1 
kinase (ALK5) [64]. Small molecule compounds, like Galunisertib, that target TGFβ sig-
naling do so by inhibition of the kinase domain of TGFβRI. The compound has shown 
promising results in the treatment of myelodysplastic syndrome [64] and solid tumors in 
brain, liver and pancreas in animal models and patients [65][66]. Furthermore, a phase I 
glioblastoma study [67] and phase II studies of myelodysplastic syndrome yielded posi-
tive results [68]. In fibrosis, Galunisertib has shown its effect by reducing fibrosis markers 

1
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in precision-cut tissue slices from healthy and cirrhotic liver in humans and slices from 
rats liver [69]; in kidney tissue slices in unilateral ureteral obstruction (UUO) murine 
models, in human healthy and fibrotic kidney slices and in TGF-β1 induced fibrogenic 
processes in human dermal and renal fibroblasts [Chapter 2 and 3].

NINTEDANIB
Nintedanib is a small molecule that inhibits intracellular tyrosine kinases of major path-
ways such as, vascular endothelial growth factor receptor (VEGFR), fibroblasts growth 
factor receptor (FGFR) and platelet-derived growth factor receptor (PDGFR) [70], and is 
one of the two FDA approved treatments for idiopathic pulmonary fibrosis (IPF) show-
ing decrease of disease progression [71-75]. Moreover, analysis of data from six clinical 
trials show a median extension on life expectancy in IPF patients treated with nintedanib 
compared to placebo group of approximately 5 years [76]. IPF in vitro studies have shown 
decrease of human fibroblast proliferation [77] and decrease of pivotal fibrosis markers 
in bleomycin mouse models [70]. These results have led to studies evaluating its effects 
in fibrotic disorders, such as kidney fibrosis (shown in a kidney primary epithelial-fibro-
blasts co-culture model) [78], subconjunctival fibrosis (shown in human tenon’s capsule 
fibroblasts) [79], in skin fibrosis (shown in TGF-β1 induced fibrosis in human dermal 
fibroblasts) [Chapter 2], and in liver fibrosis (shown in tissue samples from CCl4 induced 
fibrosis model in mouse)[80]. All of the above show the potential of the compound for 
the treatment of the mentioned specific diseases. In a randomized, double-blind, place-
bo-controlled clinical trial it currently shows reduced decline of lung function in patients 
with interstitial lung disease associated to systemic sclerosis [81], and the same effect was 
observed in a double-blind, placebo-controlled, phase 3 trial in patients with progressive 
fibrosing interstitial lung diseases [82][83].

PIRFENIDONE
The second compound with FDA approval for the treatment of IPF is pirfenidone [84]
[85][86]. Pirfenidone’s mechanism of action in fibrotic disorders is not fully understood 
but it has been reported that it has antifibrotic and anti-inflammatory properties [87], for 
example modulating the production of growth factors as TGF-β1 and cytokines such as 
TNFα [87][88][89]. Its antifibrotic capacities have been shown in many other models, for 
example in TGF-β1 stimulated primary human dermal fibroblasts [88], primary human 
colon fibroblasts [90], human intestinal fibroblasts [91], primary orbital and tenon capsule 
fibroblasts [92], lung fibroblasts [93], both stimulated and non-stimulated Dupuytrein 
disease cord primary fibroblasts [94][95], in TGF-β1 stimulated primary human renal 
fibroblasts and in kidney tissue slices from UUO murine model and in human healthy 
and fibrotic kidney slices [Chapter 3]. In cardiac fibrosis, depending on the model used, 
it shows contradicting outcomes, among them: improvement of fibrotic markers in hy-
pertension and myocardial infarction rat models [96][97], while no improvement was 
observed when studying fibrosis generated by pressure overload induced right ventric-
ular failure in rats [98]. In db/db diabetic kidney disease mouse model, improvement of 
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fibrosis markers was observed in tissue samples [99]. A cartilage injury mouse model 
showed slowed progression of fibrosis of whole knee tissue [100].

In clinical trials, 2 years treatment of hepatitis C with pirfenidone led to a decrease 
of fibrosis [101]. A phase II clinical trial of pirfenidone treatment in gel application on 
localized scleroderma showed decrease of fibrosis after 6 months of treatment [86]. In a 
pilot open-trial, pirfenidone showed improvement in glomerular filtration rate decline in 
patients with focal segmental glomerusclerosis after 1 year of treatment [102]. Unfortu-
nately, pirfenidone failed to show improvement in respiratory function in a double-blind, 
randomized, placebo-controlled pilot study after 6 months of treatment in patients with 
systemic sclerosis-related interstitial lung disease [103].

IMATINIB
Tyrosine kinases are a family of proteinases involved in many physiological cellular activ-
ities [104], but they are also involved in the pathogenesis of malignant diseases and fibrotic 
processes, in particular PDGFRs [105][106]. Imatinib is an inhibitor of tyrosine kinases, 
which principal use has been cancer treatment, but recent discoveries have shown effects 
in vitro and in vivo models of fibrosis [107][108]. Its antifibrotic effect has been shown in lung 
fibroblasts from bleomycin-induced fibrosis in mouse models [109], in liver of CCl4-induced 
fibrosis mouse models [104], in kidney in a UUO rat model [110], in cardiac fibroblasts of 
an isoproterenol (ISO)-mouse model [111], dermal fibroblasts of bleomycin-induced sclero-
derma mouse model [112], in precision-cut liver slices prepared from fibrotic livers of the 
bile duct ligation rat model [113], kidney tissue slices of UUO mouse model and in human 
healthy and fibrotic kidney slices [Chapter 3]. As of now, Imatinib has not shown favorable 
results in clinical trials of patients with IPF [114], but has shown promising results in clinical 
trials of patients diagnosed with systemic sclerosis-interstitial lung disease [115], diffuse 
systemic cutaneous sclerosis [116] and nephrogenic systemic fibrosis [117][118].

OMIPALISIB
The PI3K/AKT/mTOR pathway is associated with cell metabolism, growth, proliferation, 
diffwerentiation, survival and endoplasmic reticulum-related stress [119][120]. This path-
way has been associated with fibrosis pathogenesis in lung bleomycin models and in 
IPF patients involving a variety of the pathway downstream effectors [120]. Omipalisib 
(GSK2126458) is a selective PI3K/mTOR inhibitor and was originally developed for cancer 
treatments [121]. Omipalisib has recently shown promising effects decreasing fibrotic 
markers and cell proliferation in TGF-β stimulated human lung fibroblasts [122], dermal 
fibroblasts [Chapter 2] and precision-cut lung slices and in primary lung fibroblasts 
from IPF tissue [121]. An initial randomized, placebo-controlled study (NCT01725139) of 
omipalisib in IPF patients shows inhibition of the PI3K/mTOR pathway in lungs [123].

VERTEPORFIN
Verteporfin (VP) is a benzoporphyrin derivative which is used in photodynamic therapy 
(PDT), mainly for the treatment of neovascular age-related macular degeneration [124], 

1
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but uses for other chorioretinal conditions have emerged [125]. In PDT, VP preferential-
ly accumulates in the abnormal endothelial cells of newly formed vessels and, when 
stimulated by laser at a peak wavelength of 689 nm, it interacts with oxygen, creating 
cytotoxic singlet oxygen and free radicals which produce cell damage and cell death 
[126]. Additionally, not yet completely identified new mechanisms of action related to the 
hippo pathway have been described [127][128][129]. It has been shown, that VP inhibits 
the ability of interaction between other proteins and YAP by inducing a conformational 
change resulting in reduction of the nuclear accumulation of the TGF-β1 induced complex 
YAP/Smad2/3 in human dermal fibroblasts [Chapter 6]. Decrease of fibrotic markers in 
TGF-β1 stimulated rat kidney fibroblasts [130], human lung fibroblasts [131], rat renal 
fibroblasts grown on stiff surfaces [132], rat and mouse hepatic stellate cells activated by 
culture on stiff surface [133][134], primary fibroblasts from tissue of Peyronie’s disease 
patients [103], liver of CCl4 mouse model [135], kidney in a unilateral ureteral obstruc-
tion mouse model [132] and in nodular Dupuytren disease fibroblasts [Chapter 4] and 
precision-cut tissue slices [Chapter 5] have been described.

Dupuytren disease

In chapter 4, 5 and 6, an antifibrotic compound is tested in fibroblasts and PCTS for the 
treatment of Dupuytren disease (DD).

DD is a fibroproliferative condition of the hand fascia that affects mainly adults of 
Northern European ascent [136]. Its etiology is unclear but it includes genetic predispo-
sition, smoking, alcohol intake, diabetes, hyperlipidemia and occupational hazards [137]
[138]. It is a progressive disease with three different stages, all of which can be present 
at the same time. The initial proliferative stage presents with nodular lesions which 
contain large amounts of ECM producing myofibroblasts. In the second involutional 
stage, the ECM and myofibroblasts align along the stress lines of the hand. Finally, in the 
last residual stage, the nodules disappear, leaving mostly acellular fibrotic tendon-like 
(cord) lesions, that adhere to the skin and fascia of the palmar side of the fingers, lead-
ing to contraction of the fingers and, in turn, hampering the normal function of the 
hand [136-139]. TGF-β1 signaling plays, as described previously, a crucial role in the 
development of fibrotic diseases. This has also been shown in DD fibroblasts and tissue 
where upregulation of TGF-β1 expression and by increasing myofibroblast activation 
after stimulation with this growth factor [139-142]. On a genomic level single-nucleotide 
polymorphism in WNT ligands have been identified, several of them being related to the 
WNT pathway [137][143]. Gene expression studies of WNT genes had shown contradicting 
results, but these variations might be explained by difference in samples (biopsies versus 
isolated cells), disease stage of the samples and controls used [144][145]. DD tissue and 
myofibroblasts show a higher gene expression of COL1A1, COL1A2, COL5A1, COL6A1, 
and COL6A3 along with increased levels of extracellular proteins including fibronectin, 
laminin and proteoglycans [138][146]. Currently, the main treatment for DD is surgical, 
which facilitates acquisition of samples for the study of novel antifibrotic compounds.
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Scope and aim of this thesis

While fibrosis research keeps evolving, the development of successful therapies is still 
minimal. The lack of treatments which can be used in the clinic, originates from the 
failure in reproducibility between effects observed in the pre-clinical and clinical de-
velopment phases. Furthermore, the discovery of new pathways related to fibrosis leads 
to opportunities for the development of new treatments.

The first aim of this thesis is to develop new and more efficient pre-clinical screening 
and testing models that will help closing the gap in drug development.

In Chapter 2 the conditions are introduced to optimally use macromolecular crowding 
as a tool to screen antifibrotic drugs and shows the setup that closest resembles fibrotic 
conditions utilizing human adult dermal fibroblasts. We compared different culture 
conditions and the effect of six different macromolecular crowders to achieve higher 
collagen deposition without affecting collagen morphology or myofibroblasts phenotype. 
This led to the selection of the optimal macromolecular crowder, that was validated with 
four different antifibrotic compounds.

In Chapter 3 the treatment efficacy of antifibrotics in different screening models of 
kidney fibrosis are studied, using the 2D model described in chapter II with renal fibro-
blasts and the 3D model of precision-cut kidney slices. Human renal fibroblasts as well 
as healthy and diseased kidney slices from mice and humans were treated with three 
antifibrotic compounds, comparing their efficacy in different models. Moreover, we de-
termined whether the models are a predictive tool for antifibrotic compound screening.

The second aim of this thesis is presented in chapters IV, V, and VI, elucidating the 
efficacy and the mode of action of a new antifibrotic compound (verteporfin) in the treat-
ment of the proliferative fibrotic disorder Dupuytren disease (DD) and the introduction 
of a pilot study for establishing an ex vivo model for DD.

In Chapter 4 the repurposed benzoporphyrin derivative verteporfin is studied as a 
treatment of Dupuytren disease, using isolated fibroblasts from nodular tissue obtained 
from patients. We investigated if verteporfin decreased the fibrosis markers on gene and 
protein level. Furthermore, the effect of verteporfin on the YAP/Smad signaling complex 
expression on protein level was elucidated. We evaluated if verteporfin is a promising 
candidate for treatment of the initial stage of Dupuytren disease.

In Chapter 5 we studied the effect of culture and TGF-β1 stimulation in the 3D model 
precision-cut tissue slices and evaluated collagen type I synthesis and deposition with 
ELISA and second harmonic generation. These techniques may represent new effective 
screening methods for antifibrotic compounds in this 3D model.

In Chapter 6 we determined the interaction between YAP and the TGF-β1/Smad 
signaling pathway in the regulation of myofibroblasts differentiation, as well as ex-
pression of fibrosis markers in human dermal fibroblasts. Furthermore, the potential 
antifibrotic properties of verteporfin due to the inhibition of YAP/Smad nuclear accu-
mulation was investigated.

1
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