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Introduction 

Diseases leading to fibrosis are an increasing clinical and economical 
burden. It is estimated that fibrosis contributes to almost 45% of the deaths in the 
developed world [1], as this pathology is a feature of numerous conditions across 
multiple organs. Fibrosis is an exaggerated wound-healing response to chronic 
tissue damage. Tissue injury can be caused by several stimuli, such as persistent 
viral infections, chemicals, autoimmune reactions, radiation and mechanical 
damage [1]. The physiological response in case of tissue damage is repair, when 
different processes are activated to restore the architecture and function of the 
organ. The repair process is driven by various mediators, such as cytokines and 
chemokines, growth factors and proteolytic enzymes [2,3]. Consequently, chronic 
damage can lead to an abnormal repair process, and normal parenchymal tissue 
is replaced by extracellular matrix (ECM). The excess deposition of ECM in an 
organ represents fibrosis. Although fibrosis is an evolutionarily conserved adaptive 
process, it is not clear what are the advantages for the organism’s survival [4], 
since with time, all these changes can lead to organ dysfunction, failure and death. 

As previously mentioned, the burden of fibrotic diseases is aggravating, as the 
prevalence of several conditions that are associated with organ fibrosis are increasing. 
For example, diabetes can lead to kidney fibrosis [5], whereas non-alcoholic fatty 
liver disease (NAFLD) contributes to both liver and kidney fibrosis [6,7]. NAFLD 
has become the most common liver disease worldwide due to changes in lifestyle and 
alimentation [7]. This pathology comprises of a spectrum of disorders, varying from 
simple steatosis (fatty liver) to a more severe process – non-alcoholic steatohepatitis 
(NASH), which is characterized by inflammation and hepatocyte damage that can 
progress to fibrosis, cirrhosis and hepatocellular carcinoma [8]. 

Fibrosis is recognized as an important cause of morbidity and mortality in 
many chronic inflammatory diseases, but no treatment that effectively targets this 
pathogenesis is available on the market. Nevertheless, fibrosis could be reversed 
if the causal factor is removed, as shown in animal experiments [9] and patients: 
viral-induced liver fibrosis and cirrhosis receded after inhibition of viral replication 
was achieved with antiviral agents [10]. However, in the case of patients with very 
advanced stages of fibrosis, even if the main pathology is treated, fibrosis might 
not be reversible, as cross-links of fibrillar collagen make the fibrotic scar resistant 
to enzymatic degradation [11]. Currently, there are numerous studies for the 
development of new compounds for fibrosis diseases and many molecules with 
different targets are tested in clinical trials [12]. In the field of liver fibrosis, NASH is 
currently of high interest, since it is expected to become the most common indication 
of liver transplantation [13]. This is a result of the recent success in treating and 
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curing hepatitis C [14], the current leading cause of transplantation in USA and 
Europe [15]. Encouraging results were obtained with current investigated NASH 
therapeutics, and several compounds are in Phase II and III clinical trials [16]. Two 
of the leading contenders for NASH treatment are elafibranor (NCT02704403) 
and obeticholic acid (NCT02548351), both in Phase III clinical trials. These drugs 
are targeting the reduction of hepatic fat accumulation. Elafibranor is an agonist 
of peroxisome proliferator-activator receptors (PPAR) a/d, two nuclear receptors 
that modulate lipid metabolism by enhancing fatty acid transport and oxidation; 
in addition, their activation has anti-inflammatory effects and increase the insulin 
sensitivity [17]. Obeticholic acid is a ligand for farnesoid X receptor (FXR), a 
nuclear receptor that negatively regulates the synthesis of bile acid, decreases hepatic 
lipogenesis and steatosis [18], and improves peripheral insulin sensitivity [19]. 

Numerous immunological and molecular mechanisms can contribute to 
development and progression of fibrosis [20]. The main contributors to fibrosis are the 
innate and adaptive immune responses, together with exaggerated ECM production 
by myofibroblasts. These aspects should be taken into consideration for the design 
of new treatments. Although currently there are clinical developments in fibrosis 
research, future treatments options might involve combination regimens that address 
the primary disease and also inflammation and/or fibrosis mediators and pathways. 

Fibrosis models 
To address the need for drug development of antifibrotic compounds, 

predictive preclinical models that can improve clinical translation are essential. 
Although in vivo animal experiments remain the most used preclinical models, 
relevant animal models are still lacking in the field of fibrosis research [21–24]. In 
spite of an increase in number, variety and sophistication of animal models of fibrosis 
[21,23,24], the overall comparability to the human disease is weak. In vitro models 
represent another type of preclinical research. Several in vitro models were developed 
to ensure faster analysis and high throughput screening, but their relevance is also 
limited [25,26]. The most common in vitro models used for the study of fibrosis are: 
cell culture of rodent and human cell lines, culture of primary human fibroblasts, 
precision-cut tissue slices, co-culture systems, microfluidic-based bioreactor cultures, 
3D bioprinted tissue and organoids [27–30]. The in vitro models have the advantage 
of using also human cells/tissues, eliminating the need for interspecies translation 
and higher relevance for the human disease.

PCTS
In the past years, several studies showed the relevance of precision-cut tissue 

slices (PCTS) in the study of organ fibrosis [31–34]. PCTS represent a 3D model 
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of an organ, where the original architecture and cellular composition is preserved, 
maintaining all cell-cell and cell-matrix interactions. PCTS are prepared from 
fresh organs obtained from sacrificed animals or human surgical waste tissue. The 
advantages of using this model include the use of several organs from one animal, 
the possibility of testing more drug concentrations in the same organ and using the 
same animal as its own control. Furthermore, the use of PCTS allows the study of an 
organ-specific reaction to a pharmaceutical compound, eliminating the effect of the 
infiltrating immune cells. PCTS are the best representation of an organ ex vivo, since 
the organ’s morphology and structure are not disrupted. The interest for PCTS in the 
study of fibrosis is due to the observation that PCTS preparation (two-cut surfaces) 
and culture triggers a spontaneous fibrotic response, characterized by production of 
ECM components and myofibroblast activation (as shown by the increased protein 
expression of a smooth muscle actin) [34]. Several studies showed that PCTS can be 
used to assess the antifibrotic effect of small molecules, targeting different receptors 
and pathways [31,33,35–39], such as tyrosine kinases. Additionally, human liver 
PCTS were successfully used to investigate the downstream effect of the anti-NASH 
compound, obeticholic acid [40]. However, PCTS are still a model and therefore it 
is not the exact replication of a disease and not all characteristics of that condition 
will be reproduced.

The comparison between in vivo results from animals or patients and ex 
vivo murine or human PCTS results can determine the value of PCTS in fibrosis 
research. The optimal drug to test would be an efficient antifibrotic drug with known 
mechanism of action. Unfortunately, the absence of an efficient proven antifibrotic 
drug limits the comparison. Nevertheless, several drugs with different targets are in 
preclinical and clinical studies [12]. These drugs can be assessed in rodent and human 
PCTS and compared to in vivo results, in order to evaluate the correlation between 
ex vivo and in vivo data. The use of human tissue would eliminate the murine – 
human translation, while making the results more relevant for the human disease 
and possibly preventing toxicity and side effects in clinical trials. PCTS could help 
to identify ineffective treatments in order to concentrate valuable resources on other 
potential drug candidates.

Although the use of PCTS slices has increased, the processes during culture 
are not completely elucidated. A better understanding of the biological processes 
that occur during culture will allow us to acknowledge for which diseases PCTS 
may have predictive capacity, which molecules and signaling pathways are the main 
drivers of the condition developed by PCTS, and how we can optimize culture 
conditions to prolong the viability of slices. Therefore, it is essential to perform a 
comprehensive study to assess which fibrosis mechanisms are involved PCTS due to 
preparation and culture. PCTS viability depends on the organ and species of origin, 
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1
and most studies use 48h culture, since the viability of mouse and human slices is 
maintained during this time frame. Considering the limited incubation time, most of 
the changes induced by culture can be observed on transcriptional level. The question 
regarding the on-going complex processes during PCTS culture could be answered 
using an advanced sequencing technology: next-generation sequencing (NGS). This 
technique was developed more than a decade ago and allows the profiling of the 
whole transcriptome by determining gene and transcript abundance. Currently, there 
are available several companies and technologies that can perform next-generation 
sequencing, but we used Illumina. The Illumina technology uses sequencing by 
synthesis chemistry and can use DNA or complementary DNA [41,42]. Translating 
the abundance of data resulted from NGS into biological context can be challenging. 
The interpretation of this data can be done with Ingenuity® Pathway Analysis (IPA), 
a powerful tool designed to predict downstream effects on biological processes and 
identify key regulators of these processes. Additionally, the NGS data can reveal new 
targets or potential biomarkers for particular conditions.

Biomarker/testing
Drug development of antifibrotic compounds is a challenging process, as there 

is no biomarker/test that allows a safe and accurate measurement of small changes in 
fibrosis during clinical trials. The ideal biomarker meets the following requirements: 
organ specific, sensitive to disease regression or progression, easy accessible with a 
minimal invasive procedure and cost effective [43]. Unfortunately, the ideal biomarker 
for fibrotic diseases is not discovered yet. Nevertheless, there are several methods 
used to assess the presence of fibrosis and the approximate amount of fibrosis. These 
methods include liver biopsy and morphological assessment of pathology specimens, 
and FibroTest for liver [44], magnetic resonance imaging and ECM components 
analysis for several organs, such as liver, intestine and kidney [44–46]. ECM is an 
insoluble scaffold and it is composed of fibrillar and non-fibrillar collagens, elastic 
fibers and glycoproteins [47]. The most abundant ECM protein, collagen, is the 
result of a complex process that includes biosynthesis, assembly and crosslinking 
[48]. Several signaling pathways can mediate this process and its regulation can occur 
post-transcriptional or post-translational [48]. To assess if fibrosis is advancing, it 
is important to evaluate the formation of new ECM. Collagen is synthesized as 
a precursor molecule that has two propeptide extensions at the N-terminal and 
C-terminal [49]. The propeptides are cleaved by proteinases, releasing the fibril-
forming, mature form of collagen [49]. Therefore, measuring the serum levels of one 
of the propeptides – procollagen type I N-terminal propeptide (PINP), was proposed 
as a marker of fibrogenesis [50]. However, there is also a limitation for using this 
marker, since PINP can be cleared by liver endothelial cells and can be increased 
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when these cells are damaged [50]. The complex process of collagen production is 
difficult to evaluate and the changes observed on gene expression or soluble protein-
levels might not reflect the changes in ECM architecture.

Considering that fibrosis biomarkers are necessary not only as an indicator 
for treatment response in drug development, but also for identifying which patients 
are at risk for disease progression and organ failure, it is imperative to identify and 
validate proper biomarkers. 
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Aim and Scope of the thesis

The research described in this thesis is aimed at exploring the mechanism 
of fibrosis progression and reversal in different organs using PCTS. Fibrosis has 
several stages, namely initiation, progression, end-stage and in the case of successful 
treatment, a resolution phase. PCTS mimic the initiation and progression of fibrosis 
due to their preparation and culture [37,51,52]. The possibility of using both healthy 
and diseased tissues to prepare PCTS allowed us to investigate the early and late 
stages of fibrosis. We also investigated different etiologies in inducing liver fibrosis 
murine models, including diet-induced NASH. The scope of the thesis was to 
expand the understanding of the biological process that characterize the culture 
period, together with development of an ex vivo NASH murine model and drug 
testing of antifibrotic and anti-NAFLD compounds. The optimization of PCTS 
will also address the ethical concerns regarding laboratory animals based on the 3Rs 
principles - “Reduction, Refinement and Replacement”.
 The chapters in this thesis are aimed at increasing our understanding of 
PCTS and assessing their potential for fibrosis research. The type of study and tissue 
used are presented in Figure 1. In Chapter 2 we use NGS and IPA to describe the 
transcriptional changes and biological processes that occur during culture of healthy 
murine and human PCTS from different organs (liver, kidney, jejunum, ileum and 
colon), with focus on inflammation and fibrosis. To elucidate species- and organ-
differences, we compared the two species with regard to their response to culture. 
Chapter 3 continues the investigation into transcriptional changes during culture 
for healthy and diseased human PCTS obtained from three organs: liver, kidney 
and ileum. Additionally, we investigated the levels of different cytokines released in 
culture media to compare the two models: healthy PCTS (model for early fibrosis) 
and diseased PCTS (model for late-stage fibrosis). We expect that the knowledge 
from Chapter 2 and 3 will allow us to improve culture conditions, extend PCTS 
viability and identify possible targets and biomarkers for the treatment of fibrosis. 
Next, in Chapter 4, we use NAFLD animal models to obtain steatotic liver PCTS 
and evaluate their potential as an ex vivo NASH model. We also tested whether 
inflammation and fibrosis can be further induced in this model by using specific 
modulators. The last part of this study included drug testing of a possible anti-
NAFLD compound, elafibranor and the comparison of its effects in slices and in 
vivo in mice. The following study, Chapter 5, investigates the potential antifibrotic 
effect resulted from the inhibition of the PI3K signaling pathway. This pathway can 
be activated by a plethora of mediators involved in fibrosis development; therefore, 
it is emerging as a promising therapeutic target.  For this purpose we evaluated the 
effects of a PI3K inhibitor, omipalisib in healthy and diseased murine and human 
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liver slices. In addition, we evaluated a potential biomarker for NASH: Glycoprotein 
Nonmetastatic Melanoma Protein B (GPNMB) in Chapter 6, as progress in the 
biomarker field is crucial for the advance of fibrosis research. For this we assessed the 
transcriptional profile of GPNMB in liver slices from murine NASH and fibrosis 
models and human healthy and cirrhotic livers. Finally, Chapter 7 provides a general 
summary of the obtained results and discusses the implication of these results, 
together with future perspectives of using PCTS.

Figure 1. Studies and tissue types used across the thesis. PCTS – precision-cut tissue slices, 
NAFLD – non-alcoholic fatty liver disease, NGS – next-generation sequencing.
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