
 

 

 University of Groningen

Integrating an ex vivo model into fibrosis research
Gore, Emilia

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Gore, E. (2019). Integrating an ex vivo model into fibrosis research. [Thesis fully internal (DIV), University of
Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/77353916-9177-4479-8991-b814dd82bfea


Integrating an ex vivo model 
into fibrosis research

Emilia Gore
2019



The research presented in this thesis was financially supported by ZonMW (The Netherlands 
Organization for Health Research and Development), grant number 114025003.

The work presented in this thesis was conducted at the Greningen Research Institute of 
Pharmacy, department of Pharmaceutical Technology and Biopharmacy, University of 
Groningen, The Netherlands, at the Institute of Translational Immunoly, Johannes Gutenberg 
University Mainz,Germany amd at Boehringer Ingelheim Pharma GmbH & Co. KG, 
Germany. For this project we colaborated with the Univeristy Medical Center Groningen, 
The Netherlands. 

Printing of this thesis was supported by the University of Groningen, Faculty of 
Science and Engineering and the University of Groningen Library

Cover and layout design: Emilia Gore
Printed by: Ipskamp Printing, Enschede

ISBN (printed version): 978-94-034-1828-5
ISBN (digital version): 978-94-034-1827-8

©Emilia Gore, 2019
No parts of this thesis may be reproduced or transmitted in any form or by any means, 
electronic or mechanical, including photocopying, recording or any information storage and 
retrieval system, without the prior permission of the author. 



Integrating an ex vivo model 
into fibrosis research

 
 

PhD thesis 

to obtain the degree of PhD at the
University of Groningen 
on the authority of the

Rector Magnificus prof. E. Sterken
and in accordance with

the decision by the College of Deans.

This thesis will be defended in public on 

Friday 12 July 2019  at 14.30 hours 

 
by 

Emilia Gore

born on 24 August 1987 
in Pucioasa, Romania



Supervisor
Prof. P. Olinga

Co-supervisor
Dr. M. Boersema

Assessment Committee
Prof. R.A. Bank
Prof. M.C. Harmsen
Prof. W. Jiménez



Paranimphs
Emilia Bigaeva
Susana Figueroa-Lozano





To my mother



CONTENTS

1 Introduction                 10

2 Next generation sequencing reveals in-depth features of            22
 murine and human precision-cut tissue slices

3 Ex vivo human fibrosis model: characterization of healthy            64
 and diseased precision-cut tissue slices by next generation 
 sequencing

4 Investigating fibrosis and inflammation in an ex vivo          102
 NAFLD murine model

5 PI3K inhibition reduces murine and human liver           138
 fibrogenesis in precision-cut liver slices

6  Thorough evaluation of the liver expression of GPNMB          168 
 (Glycoprotein Nonmetastatic Melanoma Protein B) in 
 murine and human liver diseases using precision-cut liver slices

7 General discussion and perspectives             192

8 Summary               210

9  Appendices               218
  Abbreviations
  Author affiliation
  Acknoledgements 
 



1 Introduction                 10

2 Next generation sequencing reveals in-depth features of            22
 murine and human precision-cut tissue slices

3 Ex vivo human fibrosis model: characterization of healthy            64
 and diseased precision-cut tissue slices by next generation 
 sequencing

4 Investigating fibrosis and inflammation in an ex vivo          102
 NAFLD murine model

5 PI3K inhibition reduces murine and human liver           138
 fibrogenesis in precision-cut liver slices

6  Thorough evaluation of the liver expression of GPNMB          168 
 (Glycoprotein Nonmetastatic Melanoma Protein B) in 
 murine and human liver diseases using precision-cut liver slices

7 General discussion and perspectives             192

8 Summary               210

9  Appendices               218
  Abbreviations
  Author affiliation
  Acknoledgements 
 



 Introduction and aim of this thesis

1



 Introduction and aim of this thesis

1



Chapter 1

12

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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1
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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1
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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Abstract
 
Background: Precision-cut tissue slices (PCTS) are a promising model that 
can aid pharmaceutical research and development. The possibility of using 
human tissue bridges the animal to human translational gap. The aim of this 
study was to characterize the transcriptional changes in murine and human 
PCTS during culture, focusing on fibrogenic and inflammatory responses.
Methods: PCTS from mouse and human kidney, liver and intestine (jejunum, ileum 
and colon) were cultured for 48h. Samples were collected after slicing (0h) and after 
48h incubation for next-generation sequencing by RNA-Seq. The differentially 
expressed genes (DEGs) were selected based on a minimum two times fold change 
between 48h vs. 0h and p-value < 0.01, and further used for functional pathway 
analyses.
Results: Tissue type and incubation time point were the two main drivers of 
variance involved in murine and human PCTS culture. Incubation induced extensive 
transcriptional changes in both species PCTS, as shown by the thousands of DEGs. 
Among the 10 most upregulated genes, transcripts related to inflammation (IL11) 
and extracellular matrix organization (MMP3 and MMP10) were common in mouse 
and human PCTS. The top 10 downregulated genes included those encoding for 
metabolic enzymes and transporters. Culture activated numerous inflammation 
pathways (e.g. IL-6, IL-8 and HMGB1 signalling) and pathways related to tissue 
remodelling (e.g. osteoarthritis pathway) across all mouse and human PCTS. 
However, PCTS displayed species- and organ-specific differences in regulation of 
canonical pathways during culture.
Conclusions: PCTS preparation and culture induces an inflammation- and fibrosis-
driven state, characterized by numerous transcriptional changes. Many pathways are 
shared between different species or organs PCTS; however, each organ PCTS has an 
individualized response to culture. 

Keywords:  precision-cut tissue slices, next generation sequencing, RNA-Seq, 
Ingenuity Pathway Analysis, inflammation, fibrosis
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1. Introduction

The idea of tissue slices has been around for almost a century [1,2]. However, 
it was not until 1980, when Krumdieck [3] developed a tissue slicer that enabled 
cutting of thin slices with precise thickness, the tissue slice technique received renewed 
attention. Precision-cut tissue slices (PCTS) capture the complex organotypic three-
dimensional cellular structure, as each slice retains all cell types present in their 
original tissue-matrix configuration [4].

PCTS model is a promising tool for pharmaceutical research and development: 
it bridges the translational gap between in vitro and in vivo studies. The objective 
of the pharmaceutical industry is to create safe and effective drugs to treat human 
diseases. However, many drugs fail development, suggesting that certain preclinical 
models need to be better validated for their human translatability and predictiveness 
for human disease. In vitro models have an advantage of simple, flexible, and high 
throughput technique; however, they often lack cellular heterogeneity and biological 
context of complex tissues. In vivo models are still considered the gold standard 
in preclinical research, however they associate with lack of relevance to the human 
disease, low throughput, high costs, and animal distress [5]. The ex vivo PCTS 
culture technique has the power to overcome some of these limitations. PCTS can be 
quickly prepared at relatively high throughput in a simple and reproducible manner, 
while retaining the tissue viability [6]. This technique proves to be versatile, as both 
rodent and human tissue, healthy and diseased, can be used to prepare precision-cut 
slices. In contrast to in vivo studies, PCTS offer the possibility for simultaneous 
use of different organs from the same animal, as well as for evaluation of multiple 
experimental conditions at once, since multiple slices can be prepared from one 
organ. Therefore, the PCTS model contributes to the substantial reduction of animal 
use in biomedical research, and might be considered an alternative to many in vivo 
studies, once validated.

PCTS are used for a wide range of applications due to the fact that slices 
can be prepared from virtually any solid organ (liver, kidney, heart and several tumor 
types [7–10]) and non-solid organ (intestine and lung [11,12]). The applications of 
PCTS evolved from studies of liver functions [3] to the use in xenobiotic metabolism, 
transport and toxicity research [4,13,14]. Slices can be used to study the ischemia/
reperfusion damage [15,16] and uptake of nanoparticles as carriers for gene therapy 
agents [17]. Recently, the application of PCTS was further extended to study the 
mechanism of fibrosis [7], a pathology characterized by the excess deposition of 
extracellular matrix. It has been shown that PCTS from different organs develop 
inflammatory and fibrogenic responses during culture, making PCTS a suitable 
model for fibrosis and efficacy of antifibrotic compounds [7,18–20]. 
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Despite the extensive applications of PCTS, its recognition is limited by 
the lack of validation and molecular characterization. As a step towards validation, 
we attempted to describe the transcriptional changes in PCTS during culture. With 
the recent advances in genome sequencing technologies, next-generation sequencing 
(NGS), including RNA-Seq, offers a fast and accessible approach for unraveling 
the genome-wide transcriptional profiles [21]. In this study, we performed total 
RNA sequencing of murine and human PCTS prepared from different organs in 
order to elucidate species- and organ-differences in culture-induced transcriptional 
changes. To further characterize spontaneous fibrogenic and inflammatory responses 
in PCTS, we purposefully investigated changes in expression of genes related to 
these processes. The obtained findings largely contribute to our understanding of 
molecular mechanisms involved in PCTS culture.

2. Methods

2.1 Ethical statement
The animal experiments were approved by the Animal Ethics Committee of 

the University of Groningen (DEC 6416AA-001).
The use of human material was approved by the Medical Ethical Committee 

of the University Medical Centre Groningen (UMCG), according to Dutch 
legislation and the Code of Conduct for dealing responsibly with human tissue in the 
context of health research (www.federa.org), refraining the need of written consent 
for ‘further use’ of coded-anonymous human tissue.

2.2 Animal and human material
Adult, 8-10 weeks old, male C57BL/6 mice (De Centrale Dienst Proefdieren, 

UMCG, Groningen, The Netherlands) were housed under standard conditions 
with free access to chow and water. Five different animals were used for each organ. 
Murine organs were harvested after a terminal procedure performed under isoflurane/
O2 anaesthesia and stored in ice-cold tissue preservation solution (University of 
Wisconsin (UW) for liver and kidney or supplemented Krebs-Henseleit buffer 
(KHB) for jejunum, ileum and colon). Human tissue was obtained as excess surgical 
material of patients with different pathologies (Table 1). The number of human 
donors was as following: five for liver, kidney and jejunum, four for ileum and three 
for colon. Ice-cold UW and KHB were used for human material preservation until 
further use.
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Table 1. Sources of human material

 
2.3 Preparation of precision-cut tissue slices (PCTS)

PCTS from mouse and human liver and intestine (jejunum, ileum and colon) 
were prepared as previously described [6]. Preparation of mouse and human kidney 
slices were described by Stribos et al. [8,18]. Slices were obtained with Krumdieck 
slicer in 4°C KHB supplemented with 25 mM D-glucose (Merck, Darmstadt, 
Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES (MP Biomedicals, Aurora, 
OH, USA), saturated with carbogen (95% O2/5% CO2), pH 7.42. Slices were 
incubated in Williams’ medium E (with L glutamine, Fisher Scientific, Landsmeer, 
The Netherlands) with different supplements. Table 2 summarizes the details of 
the preparation and incubation of murine and human PCTS. All tissue slices were 
incubated for 48h at 37°C in an 80% O2/5% CO2 atmosphere while horizontally 
shaken at 90 rpm. Medium was refreshed after 24h. 

Table 2. Preparation and incubation of human and murine PCTS 

Tissue Agarose Preservation 
solution

Culture 
medium 
supplements

Final 
concentration

Plating

Liver - UW WME+
Glutamax
D-glucose
gentamycin

25 mM
50 mg/mL

Mouse and human
12 well plates
1.3 ml per well

Kidney - UW WME+
Glutamax
D-glucose
ciprofloxacin

25 mM
10 mg/mL

Mouse and human
12 well plates
1.3 ml per well

Gut 
(jejunum, 
ileum, 
colon)

3% 
agarose 
in 0.9% 
NaCl

KHB WME+
Glutamax
D-glucose
gentamycin
fungizone

25 mM
50 mg/mL
2.5 mg/mL

Mouse: 24 well plates, 
0.5 ml per well
Human: 12 well plates, 
1.3 ml per well

Healthy tissue Source

Liver partial hepatectomy; organ donation

Kidney tumor nephrectomy

Jejunum pancreaticoduodenectomy

Ileum right hemicolectomy

Colon right hemicolectomy
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UW, University of Wisconsin preservation solution; KHB, Krebs-Henseleit buffer; WME, 
Williams’ medium E.Suppliers: WME was purchased from Fisher Scientific (Landsmeer, 
The Netherlands), D-glucose from Merck (Darmstadt, Germany), gentamycin and fungizone 
from Invitrogen (Paisley, Scotland), ciprofloxacin from Sigma-Aldrich (Saint Louis, USA).

2.4 Sample collection
PCTS were collected immediately after slicing (0h) or after 48h incubation. 

For the viability assay, we transferred three slices from each animal/donor to 1 mL 
sonication solution (containing 70% ethanol and 2 mM EDTA). For NGS analysis 
we collected four slices from each animal/donor. Samples were snap-frozen and 
stored at -80°C until further use.

2.5 Viability
Viability of the tissue slices was measured with adenosine triphosphate 

(ATP) bioluminescence kit (Roche Diagnostics, Mannheim, Germany), as previously 
described [6]. The ATP (pmol) was normalized to the total protein content (μg) 
estimated by the Lowry assay (Bio-Rad DC Protein Assay, Bio Rad, Veenendaal, 
The Netherlands).

2.6 RNA isolation and next generation sequencing (NGS)
The total RNA was extracted semi-automatically with MagMax AM1830 

kit (Fisher Scientific GmbH, Schwerte, Germany). Next, 100 ng RNA was reversely 
transcribed with TruSeq Stranded Total RNA LT Sample Prep Kit with Ribo-ZeroÔ 
H/M/R (Order #RS-122-2502, Illumina Inc, San Diego, CA, USA). The kit depletes 
the samples of cytoplasmic ribosomal RNA and provides coverage for protein coding 
as well as non-coding and non-polyadenylated RNA transcripts. Using the Illumina 
TruSeq methods, libraries were generated according to the recommended procedures. 
Sequencing was carried out with Illumina HiSeq 3000 system (cluster kit TruSeq SR 
Cluster Kit v3 - cBot – HS GD-401-3001, sequencing kit TruSeq SBS Kit HS- v3 
50-cycle FC-401-3002), according to Illumina protocols as 85 bp, single-end reads 
and 7 bases index read at depth of 50-60 million reads per sample. 

2.7 NGS bioinformatics analysis
The processing pipeline was previously described [22]. RNA-Seq reads from 

all samples were aligned to the human and mouse reference genomes respectively 
(Ensembl 70; http://www.ensembl.org), using STAR. The gene expression profiles 
were quantified using Cufflinks to obtain Reads Per Kilobase of transcript per 
Million mapped reads (RPKM) as well as read counts. The matrix of read counts 
and the design files were imported to R, normalization factors calculated using 
trimmed mean of M-values and subsequently normalized before further downstream 
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analysis. Pairwise differential gene expression between 48h vs. 0h PCTS was assessed 
using Limma with a paired design for multiple samples originated from the same 
donor. Fold changes (FC) were log2 normalized and p-values were adjusted for false 
discovery rate (FDR) by applying Benjamini-Hochberg correction. We used padj < 
0.01 and FC > 2 as a cutoff for defining differentially expressed genes (DEGs). The 
graphs depicting top 10 DEGs in PCTS were made using the JavaScript library D3js 
(www.d3js.org). 
2.7.1 Principal component analysis and hierarchical clustering 

Principal component analysis (PCA) was performed using R. We used 
the first three principal components (PCs) to produce two-dimensional plots with 
Python scientific library Matplotlib. The heatmap of log2(FC) gene expression of 
murine and human PCTS was generated with the online tool Morpheus (https://
software.broadinstitute.org/morpheus/).
2.7.2 Pathway analysis

For pathway enrichment analysis, the QIAGEN Ingenuity® Pathway 
Analysis software (IPA®, QIAGEN Redwood City, California, USA) was used. The 
IPA results were characterized by two independent statistical scores: the p-value (< 
0.01), which represents the overlap of observed and predicted regulated gene sets, 
and the z-score, which shows the activation state of biological functions (activated 
or inhibited) based on literature-derived direction of effect [23]. Although a positive 
z-score predicts pathways activation and a negative score indicates inhibition, 
a z-score ≥ 2 or ≤ -2 is considered significant [23]. The z-score cannot always be 
calculated for canonical pathways due to insufficient literature-derived information. 

3. Results

This study was undertaken to characterize the transcriptional profiles of 
murine and human PCTS as well as their change over time in culture. Fig. 1 depicts 
the workflow of the study, showing that PCTS were collected at 0h and 48h for 
viability assessment and next-generation sequencing. We selected the 48h time 
point because this time frame is used in most PCTS studies, while tissue viability is 
maintained. All PCTS remained viable during the 48h of culture (Supplementary 
Figure S1a and b). We observed high variability for the RNA quality across the 
organs, with intestine PCTS having generally the lowest RNA quality based on RNA 
integrity numbers. Nevertheless, since the total RNA protocol allows for sequencing 
samples with partially degraded RNA, we could include all samples into the analysis. 
After sequencing, we obtained for each sample between 25 and 75 million single end 
reads with a rate of 40-60% unique-mapping to exonic regions of non-ribosomal 
protein coding genes (data not shown). Consequently, the sequencing data was 
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sufficient to investigate differential expression between all groups of interest. As a 
preliminary experiment, we investigated the sequencing variability of mouse liver 
PCTS obtained from one animal. We observed a very low intra-individual variability 
in mouse PCTS; therefore, we only included one single mouse organ slice per animal 
per condition into the analysis. In case of human PCTS, we included 3-4 slices per 
donor per condition (technical replicates), since the variability was generally higher 
in human samples compared to mouse. However, these replicates showed a very high 
reproducibility and low intra-individual variability, similar to the animal PCTS.

Figure 1. Study workflow. Precision-cut tissue slices (PCTS) were prepared from murine 
or human tissues (liver, kidney, jejunum, ileum and colon) using Krumdieck tissue slicer and 
incubated for 48h. Samples were collected at 0h (prior incubation) and at 48h for viability 
measurement and sequencing analysis.
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3.1 Principal component analysis and hierarchical clustering 
As a first step of this study, we analysed mouse and human PCTS data 

by principal component analysis (PCA) to investigate which experimental factors 
(organ, time in culture) have the strongest effect on the variance of the data. Two-
dimensional plots based on first three components (PC1, PC2 and PC3) are shown 
in Figure 2a-d. First two dimensions (PC1 vs. PC2) clearly separated mouse PCTS 
samples by the tissue type (Figure 2a). Mouse liver PCTS formed a distinct cluster 
along PC1 (bottom left). A second cluster is composed of the kidney samples (top 
left). All samples from intestinal PCTS (i.e. jejunum, ileum and colon) clustered 
together at the right part of the plot. In PC1 vs. PC3 (Figure 2b) we observed 
clustering of the mouse samples based on culture time: 0h PCTS (bottom of the 
plot) were separated from 48h PCTS (top of the plot). Similar to mouse PCTS, PC1 
of human PCTS showed a consistent separation by tissue type with the liver samples 
clustering on the left with negative PC1 values, GI tract samples on the right with 
positive PC1 values and the kidney samples in between (Figure 2c and d). PC3 
showed an additional separation between human liver and kidney PCTS, whereas 
PC2 separated them by time in culture. Overall, PCA showed consistently, that both 
mouse and human PCTS can be distinguished by the tissue type and incubation 
time point, indicating that these two factors are the main drivers of variance involved 
in PCTS culture. Hierarchical clustering of differentially expressed genes with time 
in culture (log2(FC); see Figure 2e) showed that murine intestinal PCTS clustered 
first together and then with human intestinal PCTS. Despite the fact that there are 
species specific clusters of differentially expressed genes in liver and kidney (which 
might also originate from batch effects from comparing results from two sequencing 
experiments), there are kidney and liver specific clusters of differentially expressed 
genes in mouse and human PCTS, which have been investigated in more detail as 
described in the next section.
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Figure 2. Principal component analyses (PCA) and hierarchical clustering analysis in 
mouse and human PCTS. (a-d) PCA scatter plots of dimensions PC1 vs. PC2 and PC1 
vs. PC3 in mouse PCTS (a and b) and human PCTS (c and d); n=5. Samples are colored by 
tissue type and shaped by incubation time point. Each symbol in the plots represents total 
mRNA sequencing from a single technical replicate. (e) Transcriptomic profiles of mouse 
and human PCTS during culture. The heatmap of log2(FC) values illustrates expression of 
8360 genes (with p < 0.01) regulated during 48h culture in mouse and human PCTS (1:1 
homology). Average-linkage hierarchical clustering was performed using Pearson correlation.

a 

c 
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d 
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3.2 Culture-induced changes in transcriptional profiles of mouse and 
human PCTS
3.2.1 Total number of differentially expressed genes

To determine the global changes in the transcriptional profiles of PCTS 
during culture, we identified genes differentially expressed prior (0h) and after 
culture (48h) in mouse and human PCTS from the five studied organs. We selected 
differentially expressed genes (DEGs) based on log2(FC) ≥ 1 and p-value < 0.01. 
Figure 3a and b illustrates the total numbers of identified DEGs (upregulated 
and downregulated) in mouse and human PCTS from various organs, while the 
significance versus log2(FC) for all genes in each comparison can be observed in 
volcano plots (Supplementary Figure S1c and d). Lists of all DEGs in mouse and 
human PCTS are provided in Supplementary File 1. 

Generally, the observed transcriptional changes were strong because the 
number of DEGs was in the order of thousands. Interestingly, human jejunum PCTS 
had the lowest number of DEGs (563) compared to other human organs. The ratio 
between upregulated and downregulated DEGs was approximately 1:1 for all PCTS, 
except for mouse colon and human kidney, where the number of downregulated 
DEGs reached ≥ 60%. These results confirm that PCTS culture induced substantial 
changes in gene expression in both mouse and human tissues.

For more details of the transcriptional changes in each organ, we cross-
referenced the DEGs in mouse and human PCTS (with 1:1 homology) to identify 
which genes commonly expressed in both species are changed in the same or 
opposite direction. Figure 3c illustrates the pairwise comparisons of mouse and 
human PCTS from each of the five organs. Although mouse and human PCTS 
shared genes changed in the same direction during culture, the majority of DEGs 
(> 55%) were regulated antagonistically or solely in one species. On the other hand, 
10 to 40% of downregulated or upregulated DEGs were shared in expression and 
direction of change between mouse and human PCTS. Due to the fact that the total 
numbers of DEGs in human PCTS were mostly lower than in mouse PCTS, the 
ratio of common vs. different DEGs was higher in human PCTS. As an example, the 
common genes (125 DEGs) between mouse and human jejunum PCTS represented 
42% of total human DEGs and only 6% of mouse DEGs. We showed that mouse 
and human PCTS shared sets of similarly regulated genes during culture; however, 
most of the genes were not regulated in the same direction (Supplementary File 2).
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Figure 3. Differentially expressed genes in mouse and human PCTS during culture. 
DEGs were defined as genes with log2(Fold Change) ≥ 1 and p-value < 0.01. (a) Total 
number of DEGs, upregulated and downregulated, in mouse PCTS. (b) Total number of 
DEGs, upregulated and downregulated, in human PCTS. Full lists of identified DEGs are 
provided in Supplementary File 1. (c) Venn diagrams showing the number of unique genes 
regulated in mouse and human PCTS and the number of overlapping genes. Red colour 
indicates upregulated set of DEGs, green colour indicates the downregulated.

3.2.2 Top 10 regulated genes in mouse and human PCTS during culture
To further investigate transcriptional changes in PCTS, we aimed to 

determine the most differentially regulated genes in every mouse and human organ. 
Figure 4 illustrates the top 10 genes (upregulated and downregulated) with the most 
pronounced change in expression after 48h (p < 0.01 and log2(FC) ≥ 1). The top 10 
genes were ranked based on the absolute log2(FC) values. Additional information 
regarding ensembl gene ID, target class and function of proteins encoded by top 10 
genes are provided in Supplementary Table S1 (mouse) and Supplementary Table 
S2 (human). Complete DEGs lists can be found in Supplementary File 1. Further 
observations are based solely on the lists of top 10 regulated genes. 
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Mouse PCTS
The most upregulated genes in mouse PCTS during culture were mainly 

related to inflammation (Il11, Il6, Cxcl1, Cxcl2, Cxcl5, Cxcl5, Ccl2, Ccl7, Ccl20 and 
Gpnmb) and extracellular matrix (ECM) organization (Mmp3, Mmp10, Mmp13, 
Timp1). Inflammatory gene Il11 was commonly upregulated in mouse kidney, ileum 
and colon; Il6 was common for kidney and ileum. Mmp3 was highly upregulated in 
all mouse intestinal PCTS; jejunum and colon additionally highly expressed Mmp10. 
Mouse kidney showed highly upregulated Havcr1, encoding Kim-1, a marker of 
injury. Moreover, genes encoding enzymes were often present in top 10 upregulated 
DEGs (Sult1e1, Has2, Tat, Sis) in various organs. 

The most downregulated genes can be grouped in two main categories: 
metabolic enzymes (Cyp2d12, Cyp7a1, Sult2a8, Elovl3, etc) and transporters (Slc5a4a, 
Slc5a11, Slc5a12, Slc13a2OS, Slc13a2, Slc22A28, Slc22a30, Slc28a1, Slc34a1, Slc34a3, 
Slco1a4). Mouse liver PCTS showed the highest number of genes encoding enzymes.  
Most genes encoding transporters were found in top 10 downregulated genes in 
mouse jejunum, whereas no such genes were present in mouse colon. However, genes 
encoding transporters were also present in top 10 upregulated genes, as shown by 
Slc7a11 in mouse liver and kidney PCTS. 

Human PCTS
Similar to mouse PCTS, the top 10 upregulated genes in human PCTS 

belonged mostly to inflammation (IL11, IL6, CXCL5, CXCL8, CSF3), ECM 
organization (MMP1, MMP3, MMP10, TFPI2) and catalysts (DUOXA2, 
ATP6V0D2, HS3ST2, CEMIP). Human ileum and colon showed upregulation for 
most of these genes, while jejunum and liver had less inflammation-related genes and 
human kidney had no ECM-related genes. MMP1, MMP3 and MMP10 were found 
in all human PCTS, except kidney. IL11 was common in human kidney, ileum and 
colon; CXCL5 was shared by all intestinal PCTS, while ileum and colon additionally 
highly expressed CXCL8. Human jejunum PCTS showed highly upregulated 
enzyme-coding gene DUOX2 and associated gene DUOXA2; HS3ST2 was found in 
top 10 upregulated genes in human liver and kidney. Moreover, top 10 upregulated 
genes in human kidney included several non-protein coding transcripts.

Similar to mouse PCTS, top 10 downregulated genes in human PCTS 
included genes encoding enzymes (CYP8B1, CYP2W1, ATP1A2, HMGCS2, PLD4, 
HSD3B1, G6PC, FMO1, CA1 and ADH1C) and transporters (SLCO2A1, SLC4A1, 
SLC22A6, SLC22A7, SLC30A10, SLC34A1, BEST2, SCNN1G). Gene GP2 was 
commonly downregulated in human kidney, ileum and colon. Of note, 10 novel 
transcripts were identified among the top downregulated genes in human liver, 
kidney, jejunum and ileum.
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Commonly regulated genes in mouse and human PCTS
Genes that were common across most of the mouse and human organs 

included IL11, MMP3 and MMP10. Moreover, CXCL5 was highly expressed 
by human intestinal PCTS and mouse liver; SERPINHB2, encoding PAI-2, was 
upregulated in mouse liver, human kidney and human colon PCTS. Same organs, but 
from different species (mouse and human), shared expression of several transcripts: 
for example, mouse and human kidney PCTS had in common upregulation of IL11 
and downregulation of SLC34A1; mouse and human jejunum shared high expression 
of ANXA10 and MMP10; mouse and human ileum – IL11 and MMP3; mouse and 
human colon – IL11, MMP3 and MMP10. 

Figure 4. Top 10 significantly upregulated and downregulated DEGs in mouse and 
human PCTS. Genes were selected based on the log2(Fold Change) values. (a) Mouse 
PCTS; (b) human PCTS. Full lists of DEGs are provided in Supplementary File 1, and the 
detailed description of top 10 genes is provided in Supplementary Table S1 (mouse) and 
Supplementary Table S2 (human).



Chapter 2

38

3.3 Enriched biological pathways in mouse and human PCTS in culture
Next, we determined the biological processes associated with the culture-

induced changes reflected by the DEGs. For this purpose, we performed functional 
enrichment analysis using IPA to identify canonical pathways altered in mouse 
and human PCTS during culture. Pathways with a p-value ≥ 0.01 were excluded 
from further analysis. The ranking of canonical pathways was based on z-score: a 
z-score ≥ 2 (predictor of activation) or ≤ -2 (predictor of inhibition) was considered 
as meaningful [23]. Pathways with unidentified z-scores were omitted from the 
analysis. Figure 5 shows the top 5 canonical pathways activated or inhibited in mouse 
PCTS and Figure 6a in human PCTS. 

Figure 5. Top 5 canonical pathways that were significantly changed during culture in 
mouse PCTS as identified by Ingenuity Pathway Analysis (IPA). Only pathways with 
p-value < 0.01 and a z-score ≥ 2 (predictor of activation) or ≤ -2 (predictor of inhibition) were 
included. Pathways in blue color are most common across the organs. Pathways marked with 
(*) are shared between mouse and human respective organ. Full lists of significantly changed 
pathways in mouse PCTS from each organ are provided in Supplementary Figures S2-4.

Canonical Pathway z-score  -log(p-value) Size Downregulated (%) Upregulated (%) Overlap (%)
iNOS Signaling 3,64 2,95 45 20 69 89

PI3K/AKT Signaling 3,57 2,23 131 28 59 87

LPS/IL-1 Mediated Inhibition of RXR Function 3,39 19,70 222 55 27 82

HMGB1 Signaling 3,32 2,18 139 30 55 85

Agrin Interactions at Neuromuscular Junction 3,14 3,17 75 37 56 93

Ephrin Receptor Signaling (*) 4,26 8,64 179 23 66 89

IL-6 Signaling 4,18 7,67 134 20 66 87

HMGB1 Signaling 4,11 7,88 139 24 60 85

Actin Nucleation by ARP-WASP Complex (*) 3,90 6,30 62 15 74 89

Acute Phase Response Signaling (*) 3,87 5,56 176 29 57 86

Osteoarthritis Pathway (*) 3,91 10,00 212 25 57 82

Cholecystokinin/Gastrin-mediated Signaling 3,78 2,18 107 27 61 88

IL-8 Signaling (*) 3,68 3,30 203 31 58 89

STAT3 Pathway 3,31 4,18 103 32 64 97

IL-6 Signaling (*) 3,18 2,04 134 26 60 87

IL-6 Signaling 4,22 3,12 134 28 58 87

Acute Phase Response Signaling 4,00 3,54 176 37 48 86

Toll-like Receptor Signaling 3,90 2,30 76 30 57 88

STAT3 Pathway 3,67 4,70 103 36 61 97

NF-κB Signaling 3,27 3,98 187 33 51 84

HMGB1 Signaling (*) 2,65 4,31 139 31 52 85

IL-8 Signaling (*) 2,53 5,06 203 34 54 89

ILK Signaling 2,47 8,01 197 35 48 84

NRF2-mediated Oxidative Stress Response 2,36 3,49 199 34 50 86

Ceramide Signaling 2,36 2,23 99 38 54 93

Oxidative Phosphorylation -7,35 8,98 109 77 6 83

LXR/RXR Activation (*) -5,61 15,30 121 53 31 83

Nicotine Degradation II (*) -5,58 7,21 65 68 6 74

Nicotine Degradation III -5,01 5,62 56 66 7 73

Superpathway of Cholesterol Biosynthesis -4,90 11,50 28 89 7 96

Oxidative Phosphorylation -7,00 7,61 109 81 2 83

PPAR Signaling -5,10 3,92 101 20 63 83

PPARα/RXRα Activation -4,81 5,30 186 33 50 83

LXR/RXR Activation (*) -4,64 5,13 121 34 50 83

TCA Cycle II (Eukaryotic) -3,87 4,85 24 92 4 96

PPAR Signaling (*) -4,16 2,56 101 25 58 83

LXR/RXR Activation -4,04 2,78 121 32 50 83

Inhibition of Matrix Metalloproteases -2,98 7,04 39 15 72 87

PTEN Signaling -2,96 2,53 125 39 50 91

Fatty Acid β-oxidation I -2,84 4,26 32 72 25 97

PPAR Signaling (*) -4,24 3,36 101 29 53 83

LXR/RXR Activation (*) -4,12 3,44 121 42 40 83

PPARα/RXRα Activation -3,20 3,47 186 39 44 83

Calcium-induced T Lymphocyte Apoptosis -3,13 3,64 66 50 26 76

iCOS-iCOSL Signaling in T Helper Cells -2,79 3,62 123 43 36 80

Calcium Signaling -3,89 6,50 206 48 27 77

Synaptic Long Term Depression -3,89 4,39 180 48 34 83

Neuropathic Pain Signaling In Dorsal Horn Neurons -3,84 2,89 115 53 30 85

GPCR-Mediated Nutrient Sensing in Enteroendocrine Cells -2,84 2,67 112 51 33 87

CREB Signaling in Neurons -2,75 3,65 218 47 36 85
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Figure 6. Top 5 canonical pathways that were significantly changed during culture in 
human PCTS as identified by Ingenuity Pathway Analysis (IPA). Only pathways with p- 
value < 0.01 and a z-score ≥ 2 (predictor of activation) or ≤ -2 (predictor of inhibition) were 
included (a). Pathways in blue color are most common across the organs. Pathways marked 
with (*) are shared between mouse and human respective organ. Complete lists of significantly 
changed pathways in human PCTS from each organ are provided in Supplementary Figures 
S5-8. (b) Based on the complete lists, we determined the total numbers of altered canonical 
pathways in mouse and human PCTS, as well as the number of shared pathways in each 
organ.

Canonical Pathway z-score  -log(p-value) Size Downregulated (%) Upregulated (%) Overlap (%)
Integrin Signaling 4,26 6,23 219 23 51 75
IL-8 Signaling 3,78 6,26 203 26 52 78
Signaling by Rho Family GTPases 3,68 4,26 252 28 50 79
Rac Signaling 3,66 2,16 123 23 50 75
Actin Nucleation by ARP-WASP Complex 3,44 4,43 62 18 58 76
PI3K/AKT Signaling 4,49 2,14 131 23 53 76
Actin Nucleation by ARP-WASP Complex (*) 4,08 4,34 62 18 58 76
Ephrin Receptor Signaling (*) 3,18 2,60 179 32 47 80
Acute Phase Response Signaling (*) 3,00 3,56 176 32 50 82
Remodeling of Epithelial Adherens Junctions 2,83 2,32 69 17 57 74
Acute Phase Response Signaling 3,32 2,70 176 38 45 82
Osteoarthritis Pathway (*) 3,00 5,87 212 29 51 80
IL-6 Signaling (*) 3,00 2,51 134 28 48 76
Superpathway of Cholesterol Biosynthesis 2,71 11,10 28 18 64 89
IL-8 Signaling (*) 2,71 2,23 203 33 43 78
Osteoarthritis Pathway 3,67 6,51 212 28 52 80
Role of IL-17F in Allergic Inflammatory Airway Diseases 3,61 5,04 46 15 54 70
TREM1 Signaling 3,44 5,29 75 24 60 84
IL-8 Signaling 3,31 4,49 203 25 52 78
Dermatan Sulfate Biosynthesis 3,05 3,17 59 31 49 80
IL-8 Signaling (*) 4,73 3,51 203 25 53 78
HMGB1 Signaling (*) 4,52 7,95 139 21 55 76
PI3K/AKT Signaling 4,38 3,21 131 18 57 76
Acute Phase Response Signaling 4,22 5,14 176 22 61 82
TREM1 Signaling 4,15 3,09 75 20 63 84
LXR/RXR Activation (*) -5,17 25,90 121 62 32 94
Nicotine Degradation II (*) -3,96 5,15 65 57 18 75
Estrogen Biosynthesis -3,90 6,43 41 61 22 85
Fatty Acid β-oxidation I -3,77 7,80 32 69 22 94
Melatonin Degradation I -3,71 4,09 65 58 20 78
Neuropathic Pain Signaling In Dorsal Horn Neurons -3,77 2,25 115 50 31 83
LXR/RXR Activation (*) -3,21 4,80 121 55 40 94
Fatty Acid β-oxidation I -3,21 3,40 32 81 13 94
Serotonin Degradation -3,16 4,84 77 61 16 77
Ethanol Degradation II -2,98 5,69 37 68 14 81
PPAR Signaling (*) -2,65 2,13 101 20 54 74

LXR/RXR Activation (*) -3,44 4,07 121 33 61 94
PPAR Signaling (*) -3,44 3,41 101 18 56 74
Nicotine Degradation II -2,89 2,29 65 58 15 75
Estrogen Biosynthesis -2,33 2,35 41 63 20 85
Superpathway of Melatonin Degradation -2,31 2,03 70 63 16 80
Oxidative Phosphorylation -6,86 13,40 109 72 4 75
PPAR Signaling -5,24 7,16 101 16 58 74
PPARα/RXRα Activation -3,55 4,47 186 28 44 73
LXR/RXR Activation -3,53 3,51 121 35 59 94
PTEN Signaling -3,16 3,24 125 22 50 73
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Full lists of significantly altered canonical pathways for PCTS from each 
mouse and human organ are provided in Supplementary Figure S2-8. Further 
observations are based on these complete pathway lists. We found that six canonical 
pathways activated during culture were present in most mouse organs and, interestingly, 
they were similar to the pathways prevalent in human PCTS. These included IL-6 
signalling, IL-8 signalling, HMGB1 signalling, osteoarthritis pathway, acute phase 
response signalling and LPS/IL-1 mediated inhibition of RXR function. Among the 
prevalent canonical pathways that showed inhibition during culture across mouse 
organs, as well as human, were LXR/RXR activation, PPAR signalling and fatty 
acid b-oxidation I. Furthermore, three additional pathways – ceramide signalling, 
STAT3 pathway and NF-kB signalling – were activated solely in mouse organs, 
while PPARa/RXRa activation pathway was inhibited. In turn, human PCTS 
additionally showed common activation of PI3K/AKT signalling and inhibition of 
valine degradation I.  Figure 6b illustrates how many canonical pathways were shared 
between mouse and human PCTS in each organ slice. Overall, all organs PCTS 
shared a number of pathways in both species, except for the inhibited pathways in 
colon. The enriched pathways associated with DEGs give a detailed insight into the 
biological processes that are driven by culture-induced transcriptional changes in 
PCTS.

3.4 Regulation of selected canonical pathways in mouse and human 
PCTS during culture

Since PCTS are used as a model for fibrosis and inflammation [8,24], we 
focused on specific canonical pathways that are related to these pathophysiological 
processes, including fibrosis (and ECM organization), inflammation, apoptosis, 
hypoxia, etc. With this in mind, we used the aforementioned IPA to evaluate the 
changes in these pathways of interest (Figure 7). For each pathway we recorded the 
following information: significance (reflected by a p-value < 0.01) and the direction 
of change (reflected by the z-score, when available). Additionally, the genes associated 
with each selected Ingenuity canonical pathway are provided in Supplementary File 
3.

3.4.1 Fibrosis-associated signalling pathways
All mouse organs showed significant changes due to 48h of culture. Liver 

and ileum had the least number of significantly changed canonical pathways (five out 
of 18), while kidney had the most pathways (17 out of 18). Based on a z-score, culture 
triggered the activation of some fibrosis-associated signalling pathways; with the 
exception of PI3K/AKT pathway, which was inhibited in jejunum PCTS. Compared 
to other murine organs, kidney PCTS had the highest number of the activated 
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Figure 7. Regulation of preselected pathways in mouse and human PCTS during 48h 
culture. Purple color indicates a significant pathway change based on a p-value < 0.01; 
whereas predicted pathway activation (A) or inhibition (I) is indicated by a z-score, if available.
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pathways (10 out of 18); additionally, all these pathways had a significant p-value. 
Oppositely, IPA could not predict the direction of change for any selected pathway in 
colon PCTS, although seven pathways were significantly changed. TGF-b signalling, 
one of the main drivers of fibrosis [25], showed a significant change during culture of 
kidney, jejunum and colon PCTS; furthermore, this canonical pathway was activated 
in kidney and ileum. 

Similar to mouse PCTS, all human organs showed significant changes in 
the fibrosis-related changes due to culture. The number of significantly changed 
canonical pathways (based on p-value) was different for each organ, with jejunum 
PCTS having the least (one out of 18) and liver and colon the most pathways (nine 
and ten out of 18, respectively). The direction of change in the selected pathways 
was activation, with one exception – inhibition of FGF signalling in kidney PCTS. 
Most activated pathways were observed in colon PCTS (12 out 18), followed by 
liver PCTS with seven pathways. The other three organs only showed activation for 
p38 MAPK signalling (jejunum and ileum) and PI3K/AKT signalling (kidney and 
ileum). 

3.4.2 ECM organization
We selected two pathways for ECM organization: inhibition of matrix 

metalloproteases and integrin signalling. Mouse PCTS showed that both canonical 
pathways were significantly changed during culture in all organs, except inhibition 
of matrix metalloproteases in liver and kidney PCTS. Regarding the direction of the 
change, integrin signalling was activated only in kidney slices, whereas inhibition 
of matrix metalloproteases was changed in both directions: activated in jejunum 
PCTS (i.e. more inhibition of MMPs) and inhibited in kidney and colon PCTS (i.e. 
activation of MMPs). 

As for human slices, significant changes were noted for inhibition of matrix 
metalloproteases (except kidney) and integrin signalling (except jejunum). Only 
integrin signalling showed a direction of change – activation in liver and colon PCTS. 

3.4.3 Inflammation-related canonical pathways
Next, we analysed 22 canonical pathways associated with inflammation. 

After culture, every murine organ PCTS showed a significant change for at least 
one third of these pathways. The most significant differences were observed for 
kidney PCTS (17 out of 22 pathways). Five pathways were significantly changed in 
all organs PCTS: dendritic cell maturation, IL-6, IL-8, IL-10 signalling and LPS/
IL-1 mediated inhibition of RXR function. Further, we observed that from the 22 
inflammation-associated pathways, 13 displayed a direction of change. Inhibition 
was observed only for one pathway – chemokine signalling in jejunum PCTS. Kidney 
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and liver slices had the most activated pathways (eight and six, respectively), while 
the other organs had a similar number of activated pathways (three and five). 

Likewise, inflammation-associated pathways were altered during the culture 
of human PCTS.  The total number of significantly changed pathways was smaller in 
human PCTS than in mouse. Most differences were observed for colon and ileum, 
where 14 and 11 pathways out of 22 were changed, respectively. The other three organs 
showed differences for only few pathways, with jejunum having the lowest number 
of significantly changed pathways (four). The evaluation of the z-score showed only 
activation as the direction of change. The organ with the most activated pathways was 
colon (nine out of 22). Some pathways, such as dendritic cell maturation, HMGB1, 
IL-6, IL-8 signalling and LPS-stimulated MAPK signalling showed activation for 
three or four human organs PCTS.      

3.4.4 Other pathways
Furthermore, our analysis also included pathways related to cell cycle and 

apoptosis, hypoxia and oxidative stress, metabolism and degenerative disorders. 
Amongst murine organs, colon PCTS had the lowest number of significantly 
changed pathways, whereas kidney PCTS had the highest. In contrast, human 
liver and jejunum PCTS had the lowest number of significantly changed pathways 
and colon PCTS had the most. The pathways that showed significant change in all 
murine and human PCLS were: HIF1a signalling, osteoarthritis pathway, role of 
osteoblasts, osteoclasts and chondrocytes in rheumatoid arthritis. Pathway activation 
was observed for NF-kB signalling, NRF2-mediated oxidative stress response and 
osteoarthritis pathway in both species. Moreover, PPAR signalling and PPARa/
RXRa activation showed inhibition as the direction of change also in both species. 

3.4.5 Differences and similarities in regulation of selected pathways in 
mouse and human PCTS 

The preselected pathways showed species and organ-specific changes during 
PCTS culture. In murine PCTS, ileum and colon PCTS had the lowest number 
of significantly changed pathways during culture, while kidney had the highest. 
However, we obtained different results for human PCTS: jejunum PCTS had the 
lowest number of significantly changed pathways during culture, whereas colon 
PCTS had the highest. As for direction of change, most of the preselected pathways 
were activated in both species. For an organ-specific comparison between murine and 
human PCTS, we used a four set Venn diagram [26] with the following sets for mouse 
– significant p-value (group A, pathways with p-value < 0.01) and z-score (group B, 
activated or inhibited, |z-score|> 2), and human – significant p-value (group C) and 
z-score (group D) (Figure 8).  The table shows the common pathways between the 
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species (ABCD), together with species-specific pathways (AB for mouse and CD for 
human). The pathways included in all other groups in Venn diagram are provided in 
Supplementary File 4. The intersection of the four data sets showed that after PCTS 
culture, there were two common fibrosis pathways: PI3K/AKT signalling (liver 
and kidney) and p38 MAPK signalling (ileum). These intersections included also 
inflammation-related pathways: HMGB1 signalling (liver, colon), IL-6 signalling 
(ileum), IL-8 signalling (liver, ileum, colon) and LPS-stimulated MAPK signalling 
(liver). Other common pathways were: osteoarthritis pathway (kidney, jejunum, 
ileum and colon), NRF-2 mediated oxidative stress response (kidney and colon) and 
PPAR signalling (jejunum and ileum). 

Figure 8. Four set Venn diagram illustrating significantly changed selected pathways in 
mouse and human PCTS. Canonical pathways in group ABCD are significantly changed 
(based on p-value and z-score) during culture pathways in both mouse and human PCTS, 
whereas pathways in groups AB and CD are signaling pathways significantly changed only 
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in mouse PCTS (AB) or only in human PCTS (CD). Full list of pathways included in rest of 
the groups is provided in Supplementary File 4.   

Regarding species-specific pathways, among murine organs, kidney PCTS 
displayed most of the differences, which included especially fibrosis and inflammation-
related pathways. However, amongst human organs, colon PCTS showed the largest 
number of species-specific pathways (17). Beside the top most significantly changed 
pathways, IPA allows the analysis of certain pathways of interest. We showed the 
changes in preselected canonical pathways during PCTS culture that had organ- and 
species-differences in their regulation. 

4. Discussion

 Drug development is a long and expensive process. The attrition rates of 
clinical trials are high, although extensive advances were made in biomedical research, 
such as the sequencing of human genome, in silico drug target identification [27] 
and in vitro assessment of pharmacological properties (absorption, distribution, 
metabolism and excretion) for new chemical compounds. One of the reasons for 
this is inadequate preclinical development, which includes in vivo, in vitro and ex 
vivo models that try to bridge the gap between the bench and the clinic. To increase 
the success rate of preclinical studies, often hampered by the use of animal models 
lacking translational power, human predictive models that are relevant to the research 
question are preferred. An emerging model is represented by precision-cut tissue 
slices (PCTS) – a complex ex vivo system that preserves organ architecture and cell-
cell interactions, and allows the use of human tissue. In this study we described the 
changes in the transcriptional profiles during culture of PCTS obtained from five 
different organs (liver, kidney, jejunum, ileum and colon) and two species (mouse and 
human). Our goal was to identify shared and differential regulators that mediate the 
changes in PCTS during culture, as a first step towards the validation of the model.
 PCTS preparation and culture generates a condition as a result of cold 
ischemia during organ collection, mechanical stress due to slicing and induction 
of biological processes as a result of 48h culture period. The biological processes 
induced in PCTS were characterized by extensive transcriptional changes reflected 
by the high number of up/downregulated differentially expressed genes (DEGs). The 
regulation profiles of mouse and human PCTS were driven mostly by organ type and 
time in culture, as shown by PCA (Fig. 2a-d). An interesting difference between the 
two species was observed in the clustering of intestinal samples after culture. Mouse 
jejunum and ileum PCTS clustered together, followed by clustering with colon 
PCTS. This was expected as jejunum and ileum are part of the small intestine and 
share more features than with colon. However, the human intestine PCTS showed 
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distinct clustering, with ileum being more similar to colon than jejunum. This may be 
explained by the cellular composition of human intestinal PCTS: their preparation 
includes the removal of the submucosa, muscularis and serosa due to the thickness 
and stiffness of these components. Additionally, human jejunum PCTS have the 
smallest number of changed transcripts (hundreds vs. thousands in the other organs), 
indicating that slices of gut mucosa were less affected by culture than the other 
organs. Next, we observed that liver and kidney PCTS clustered based on species 
and not organ of origin (Fig. 2e), indicating that although these two organs have very 
different cellular composition, the culture-induced processes were species specific. 
 We investigated the top regulated genes to identify the common modulators 
that drive the changes during culture in each organ. Although most transcripts 
were organ-specific, IL11, MMP3 and MMP10 were commonly present among top 
upregulated DEGs in mouse and human PCTS. These common markers show that 
culture produces a similar biological response in human and mouse PCTS. IL-11 is 
an anti-inflammatory cytokine that has a direct effect on macrophages by reducing 
the production of IL-1b, IL-12, nitric oxide and NF-kB [28]. Additionally, IL-
11 is also involved in the repair response by promoting fibroblast activation across 
different organs and species [29]. MMPs represent a group of enzymes with various 
functions in biological processes, such as inflammation, injury, tissue repair and 
remodelling [30]; therefore, it was likely to have them in the top regulated transcripts. 
MMP3 (stromelysin-1) and MMP10 (stromelysin-2) are secreted by fibroblasts and 
epithelial cells and have different function in immunity and wound healing [31], 
such as activation of IL-1b, MMP9 and certain collagenases [32–34].
 To deepen our understanding of the culture-induced condition, we used 
IPA to decipher the NGS-derived data. IPA revealed activation of inflammatory 
pathways in all organs from both species, indicating that culture induces a non-
specific inflammatory response. The most common inflammatory pathways across 
organs and species were: IL-6, IL-8 signalling, high mobility group box 1 (HMGB1) 
signalling, LPS/IL-1 mediated inhibition of RXR function and acute phase response 
signalling. Damaged or dying cells, resulted from non-infectious inflammation 
caused by mechanical stress or apoptosis/necrosis, release several damage-
associated molecular patterns (DAMPs). Representative examples for DAMPs are 
mitochondrial DNA, which can lead to Toll-Like Receptor (TLR) 9 stimulation 
and NF-kB activation [35], as well as HMGB1, an agonist of TLR2 and TLR4 [36]. 
The effect of DAMPs on macrophages, fibroblasts and endothelial cells will result in 
an immune response characterized by the release of pro-inflammatory cytokines and 
chemokines: TNF-a, IL-1a/b, IL-6, IL-8 and MCP1, growth factors and ECM-
degrading enzymes (MMPs) [36–39]. In our study we observed increased mRNA 
levels for these pro-inflammatory molecules in PCTS during culture; however, it 
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has to be further elucidated whether these changes translate into changes on protein 
level. 
 The increased expression of growth factors and MMPs shows that the non-
specific defence mechanism is coupled with tissue repair processes. Two pathways 
characterized by inflammation and tissue remodelling were enriched in all organ 
PCTS (osteoarthritis pathway and role of osteoblasts, osteoclasts and chondrocytes 
in rheumatoid arthritis) [40,41]. Considering that the studied PCTS do not have 
chondrocytes, osteoclasts or osteoblasts, we presume that the fibroblasts and organ 
resident immune cells are responsible for the transcripts encoding immune mediators 
and metalloproteases (MMPs and ADAMTs) that activate these pathways. 
 On the other hand, culture resulted in the inhibition of many canonical 
pathways, especially those involved in biosynthesis, endogenous metabolism and 
transport. This indicates the reduction of the enzymatic and metabolic activity in 
PCTS after 48h. In contrast, previous microarray study on human liver PCTS 
showed that 24h incubation has led only to small changes in the expression of genes 
involved in metabolism and drug transport [42]. Given these points, we consider that 
most changes occur in the second half of 48h culture and this has to be taken into 
consideration for studies related to absorption, metabolism and excretion in different 
organs. In particular, two pathways were commonly inhibited in mouse and human 
organs: PPAR signalling and LXR/RXR activation. These are the pathways of nuclear 
transcription factor receptors: peroxisome proliferator-activated receptor (PPAR), 
liver X receptor (LXR) and retinoid X receptor (RXR) and have a role in cellular 
metabolism. The inhibition of PPAR signalling in PCTS might be caused by the high 
concentration of glucose in the culture media (25mM), as similar concentrations of 
glucose were reported to inhibit PPAR [43–45] and to lead to several transcriptional 
changes in different organs [46,47]. However, further functional experiments are 
needed to confirm this hypothesis. The inhibition of PPAR signalling leads to a 
reduction in b-oxidation of fatty acids, which can cause an accumulation of fatty acid 
anions in the mitochondria [48]. As a result, the excess lipids inhibit the respiratory 
complexes of the electron transport chain in the mitochondria. This may lead to 
mitochondrial dysfunction, decreased ATP, production of reactive oxygen species, 
inflammation and necrosis [49,50]. The inhibition of PPAR signalling was supported 
by the inhibition of the oxidative phosphorylation pathway and activation of NRF-2 
mediated oxidative stress response. The oxidative phosphorylation pathway represents 
the mitochondrial production of ATP from the electron transport system, and its 
inhibition is reflected by a decrease in ATP.  In turn, NRF-2 mediated oxidative 
stress response regulates the damage induced by oxidative stress [51]. The second 
common inhibited pathway was LXR/RXR activation, which is also involved in 
lipid metabolism and cholesterol to bile acid catabolism [52]. This pathway can be 



Chapter 2

48

inhibited as a result of TLR4 activation [53], receptor responsive to HMGB1, as 
previously mentioned. These changes show the decline of lipid metabolism during 
PCTS culture. 
 IPA can identify the changes in hundreds of signalling pathways, together 
with the prediction for the direction of the downstream effects of different biological 
processes. To better visualize the intricacies in culture of different organs PCTS 
from two species, we focused on a number of pathways related to inflammation 
and fibrosis (Fig. 7), as previous studies reported a fibrogenic process during PCTS 
culture [7,18,20]. For each pathway we showed two statistical parameters: the p-value 
and the z-score. Both parameters are important to identify the significance of the 
pathways that are driving the biological processes and the regulators of interest. We 
observed significant changes in the pathways that drive inflammation and fibrosis 
[54], corroborating the use of PCTS as a tool for studying antifibrotic drugs. As an 
illustration, fibroblasts, which upon activation promote intense tissue remodelling, 
can be induced in our system by several pathways and mediators, such as TGFb-
STAT3 pathway [55], TLRs activation [56], chemokines [57] (e.g. gene encoding 
CCL2 is upregulated during culture in both species and all organs except jejunum), 
and inhibition of PPAR signalling [58]. Additionally, the number of fibroblasts 
can increase as a result of epithelial or endothelial cells-mesenchymal transition or 
activation of resident cells, such as hepatic stellate cells in liver. Collectively, focusing 
the analysis on certain pathways helps answering a specific research question, 
especially when more groups are compared (several organs and species).
 An important advantage of the PCTS system is the possibility to use 
human tissue, eliminating the need for mouse-man translation. However, preclinical 
studies performed on laboratory animals remain a critical requirement for drug 
development. Therefore, it is crucial to identify both common and species-specific 
regulated canonical pathways in mouse and human PCTS when investigating a 
certain pathway or pathology. Considering that inflammation and fibrosis represent 
our main interests, we used a 4-set Venn diagram (Fig. 8) on selected pathways to 
identify the shared and unique pathways between the two species for each organ 
PCTS. The species-specific pathways give an indication of the interspecies differences 
during culture and can hint for which targets the mouse is not the suitable research 
animal. However, we have to take into consideration that although culture is a process 
characterized by an acute inflammatory response, infiltrating blood derived immune 
cells are not present, resulting in a different state than the in vivo situation.
 One of the disadvantages of PCTS is the limited incubation time due to the 
loss of tissue viability. The understanding of biological processes that occur in PCTS 
during culture gives us the possibility to suggest strategies for culture optimization. 
For instance, the inflammatory process in PCTS can be reduced with specific 
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compounds that decrease the expression of inflammatory cytokines (e.g. prednisolone 
[59]) or inhibit other factors involved in inflammation (e.g. parthenolide inhibits 
NF-kB [60]). Of note, the profibrotic response observed in slices might diminish 
upon the reduction of inflammatory response, as it is shown by Iswandana et al. 
in murine intestinal PCTS treated with rosmarinic acid [61]. Next, reduced lipid 
metabolism in PCTS during culture might be improved if the function of PPARa/d 
is restored using the agonist elafibranor [62] that increases the b-oxidation of fatty 
acids. This could be of particular interest for liver PCTS as they can be used for 
preclinical studies of non-alcoholic liver disease, a condition characterized by excess 
lipid accumulation. Next, mitochondrial function could be better preserved if the 
culture media is supplemented with compounds that have a positive effect on the 
mitochondria, such as a-lipoic acid [63], L-carnitine [64] or  coenzyme Q10 [65]. 
Lastly, we recommend adding fatty acids and insulin in physiological concentrations 
to the culture media. Fatty acids (e.g. essential linoleic and linolenic acids) could 
stimulate the inhibited pathways involved in lipid metabolism, whereas insulin has 
several roles in both carbohydrate and lipid metabolisms [66]. The suggested methods 
of culture optimization might lead to prolonged viability, which is a necessary aspect 
for the validation of the method. 
 In conclusion, PCTS preparation and culture represents a dynamic process 
that is characterized by extensive transcriptional changes. Although many pathways 
are shared between different types of PCTS, each species and organ PCTS has an 
individualized response to culture, as the cellular composition and biological processes 
are distinct. Although cultured PCTS may not fully reflect an in vivo situation, they 
might generate information that contributes to the understanding of how certain 
laboratory animals fit into drug development of therapeutics for human diseases. 
The translation from animals to man can be improved by using human-based test 
methods, such as human PCTS. We believe that future model improvements will 
allow longer culture of PCTS, leading to better studies for assessing the predictive 
role of PCTS in drug testing and eventually to the validation of this system for 
preclinical studies.

Acknowledgements
The authors thank the abdominal transplantation surgeons of the Department 

of Hepato-Pancreato-Biliary Surgery and Liver Transplantation, University Medical 
Center Groningen for providing human tissue. We also would like to thank Dr. 
Tobias Hildebrandt and Werner Rust from the BI Genomics Lab for carrying out 
the RNA extraction and Next Generation Sequencing of the PCTS. This work was 
kindly supported by ZonMW (The Netherlands Organization for Health Research 
and Development), grant number 114025003.



Chapter 2

50

Supplementary Information

Supplementary Figure S1. Tissue viability of mouse and human PCTS and Volcano 
plots illustrating their transcriptional profiles. (a) viability of mouse PCTS and (b) human 
PCTS. Data are shown as absolute values and expressed as Mean±SEM. n=3-5. Volcano plots 
illustrating gene expression profiles of (c) mouse and (d) human PCTS during culture. The 
horizontal axis is log2 Fold Change, while -log10 (adjusted p-value) is plotted on the vertical 
axis.  Black points indicate non-significantly regulated genes.
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Supplementary Figure S2. Canonical pathways that were significantly changed during 
culture in mouse liver PCTS as identified by Ingenuity Pathway Analysis (IPA) on 
DEGs. Only pathways with p-value < 0.01 and a z-score ≥ 2 (predictor of activation) or ≤ -2 
(predictor of inhibition) were included. Pathways in blue color are most common across the 
mouse organs. Pathways marked with (*) are shared between mouse and human respective 
organ.
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Supplementary Figure S3. Canonical pathways that were significantly changed during 
culture in mouse kidney PCTS as identified by Ingenuity Pathway Analysis (IPA) on 
DEGs. Only pathways with p-value < 0.01 and a z-score ≥ 2 (predictor of activation) or ≤ -2 
(predictor of inhibition) were included. Pathways in blue color are most common across the 
mouse organs. Pathways marked with (*) are shared between mouse and human respective 
organ.
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Supplementary Figure S4. Canonical pathways that were significantly changed during 
culture in mouse intestinal PCTS as identified by Ingenuity Pathway Analysis (IPA) on 
DEGs. (a) jejunum; (b) ileum; (c) colon. Only pathways with p-value < 0.01 and a z-score 
≥ 2 (predictor of activation) or ≤ -2 (predictor of inhibition) were included. Pathways in 
blue color are most common across the mouse organs. Pathways marked with (*) are shared 
between mouse and human respective organ
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Supplementary Figure S5. Canonical pathways that were significantly changed during 
culture in human liver PCTS as identified by Ingenuity Pathway Analysis (IPA) on 
DEGs. Only pathways with p-value < 0.01 and a z-score ≥ 2 (predictor of activation) or ≤ -2 
(predictor of inhibition) were included. Pathways in blue color are most common across the 
human organs. Pathways marked with (*) are shared between mouse and human respective 
organ.
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Supplementary Figure S6. Canonical pathways that were significantly changed during 
culture in human kidney PCTS as identified by Ingenuity Pathway Analysis (IPA) on 
DEGs. Only pathways with p-value < 0.01 and a z-score ≥ 2 (predictor of activation) or ≤ -2 
(predictor of inhibition) were included. Pathways in blue color are most common across the 
human organs. Pathways marked with (*) are shared between mouse and human respective 
organ.
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Supplementary Figure S7. Canonical pathways that were significantly changed during 
culture in human jejunum (a) and ileum (b) PCTS as identified by Ingenuity Pathway 
Analysis (IPA) on DEGs. Only pathways with p-value < 0.01 and a z-score ≥ 2 (predictor 
of activation) or ≤ -2 (predictor of inhibition) were included. Pathways in blue color are most 
common across the human organs. Pathways marked with (*) are shared between mouse and 
human respective organ.
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Supplementary Figure S8. Canonical pathways that were significantly changed during 
culture in human colon PCTS as identified by Ingenuity Pathway Analysis (IPA) on 
DEGs. Only pathways with p-value < 0.01 and a z-score ≥ 2 (predictor of activation) or ≤ -2 
(predictor of inhibition) were included. Pathways in blue color are most common across the 
human organs. Pathways marked with (*) are shared between mouse and human respective 
organ.
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Supplementary Tables

Supplementary Table S1. Description of top 10 up- and downregulated DEGs in 
mouse PCTS 
Supplementary Table S2. Description of top 10 up- and downregulated DEGs in 
human PCTS

Supplementary Files

Supplementary File 1 (excel). Complete list of culture-induced DEGs in mouse 
and human PCTS (p < 0.01). DEGs are ranked based on log2(FC) values
Supplementary File 2 (excel). Lists of DEGs that were regulated in similar/different 
direction in murine and human PCTS during culture
Supplementary File 3 (excel). Genes associated with each selected Ingenuity 
canonical pathway. 
Supplementary File 4 (excel). Complete list of pathways illustrated in 4 set Venn 
diagram

The Supplementary Tables and Files can be downloaded using the following link: 
https://drive.google.com/open?id=1DfE8wwFXJt-rZSFRJkcJbwqGJghlu5-P

or the following QR-code:
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Abstract

 Our knowledge of complex pathological mechanism underlying organ 
fibrosis is for the large part derived from animal studies. However, relevance of animal 
models to human disease is limited; therefore, an ex vivo model – precision-cut 
tissue slices (PCTS) derived from human tissues – might become an indispensable 
tool in fibrosis research and drug development. This study provides comprehensive 
characterization of the dynamic culture- and pathology-driven transcriptional 
changes in human PCTS from healthy and fibrotic liver, kidney and ileum, by 
RNA sequencing. Herein, we demonstrated that culture impacts healthy control 
and diseased PCTS in a universal way across multiple organs by actively inducing 
genes associated with inflammatory response and fibrosis-related extracellular matrix 
(ECM) remodelling. Human healthy and diseased PCTS shared culture-induced 
mRNA upregulation of IL-11 and ECM degrading enzymes MMP1, MMP3 and 
MMP10. Similarly, culture activated numerous pathways across all PCTS, especially 
those involved in inflammation (e.g., IL-8 signalling) and tissue remodelling (e.g., 
osteoarthritis pathway and integrin signalling). Moreover, culture creates a common 
inflammation- and fibrosis-driven state with limited transcriptional differences 
between healthy control and diseased PCTS, while preserving the underlying 
pathology. Our study reinforces the use of human PCTS as an ex vivo fibrosis model 
and lays the foundation for future studies towards its validation as a preclinical tool 
for drug development.

Keywords 
precision-cut tissue slices; fibrosis; human; RNA sequencing; pathway analysis
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1. Introduction

Fibrosis is an essential element in the pathophysiological mechanism of 
diverse chronic diseases, such as Crohn’s disease, hepatitis and chronic kidney disease 
[1]. The fibrotic process is associated with a progressive accumulation of extracellular 
matrix (ECM) proteins that leads to organ dysfunction and, eventually, organ failure 
[2]. The underlying mechanisms of this complex pathology are not fully elucidated, 
and current pharmacological therapies are limited. 

Different experimental in vivo models are available to study organ fibrosis. 
Routinely, fibrogenesis in animal models of human diseases is induced by a chronic 
injury. For example, liver fibrosis can be triggered by CCl4 administration [3–5], 
renal fibrosis occurs after unilateral ureteral obstruction [6,7], and intestinal fibrosis 
develops after TNBS intrarectal instillation [8,9]. However, the relevance of these 
models to human disease is limited due to the differences in pathogenesis between 
species and consequently in their response to antifibrotic treatments. 

Recently, precision-cut tissue slices (PCTS) have shown their use in the 
study of fibrosis [10–12]. PCTS model manifests an intact organ architecture, with 
all cells types retained in their original environment [13]. Furthermore, the use of 
human tissue significantly improves the clinical relevance of PCTS by eliminating 
the need of cross-species translation. Human PCTS have been used to study the 
early onset of fibrosis in liver [14,15], kidney [16], intestine [17] and lung [18,19]. 
In addition, human tissue from fibrotic organs can be used to prepare PCTS that 
allow the investigation of this pathology in situ. We previously reported the initial 
characterization and successful application of tissue slices from human cirrhotic liver 
[20] and fibrotic kidney [chapter 5 and 6]. 

In the past decade, next-generation sequencing (NGS) revolutionized the 
fields of genetics and biology, providing highly sensitive measurement of whole 
transcriptomes. RNA-Seq, as one of NGS applications, enables high-throughput 
transcriptomic analysis of gene expression profiles at the tissue level [21] and can 
be applied to various species and sources of RNA/DNA. The main advantages of 
RNA-Seq include high detection sensitivity, accuracy, increased automation and 
relatively low cost [22]. Clinical laboratories have started to use NGS routinely as a 
diagnostic tool that helps to discover potential disease biomarkers [23]. Following 
the successful implementation of NGS as a powerful diagnostic and predictive tool 
in cancer research [24], this technology has also the potential to advance the organ 
fibrosis field. 

The aim of the present study was to examine the transcriptomic profiles 
of human PCTS from healthy control and diseased tissues (liver, kidney, ileum) 
using RNA-Seq by NGS. Comprehensive sequencing data analysis uncovered key 
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molecular mechanisms and signalling pathways that were significantly affected in 
PCTS by culture and/or pre-existing pathology. Our study describes in detail the 
dynamic transcriptional changes in human PCTS during culture, with particular 
emphasis on inflammation- and fibrosis-associated processes, contributing to the 
future validation of PCTS as an ex vivo injury/fibrosis model.

2. Methods

2.1 Ethical statement
The use of human material was approved by the Medical Ethical Committee 

of the University Medical Centre Groningen (UMCG), according to Dutch 
legislation and the Code of Conduct for dealing responsibly with human tissue in the 
context of health research (www.federa.org), refraining the need of written consent 
for ‘further use’ of coded-anonymous human tissue.

2.2 Human material
Human tissue was obtained from surgical excess material of patients with 

different pathologies. Clinically healthy tissue was obtained from donors undergoing: 
partial hepatectomy or organ donation (liver), tumor nephrectomy (kidney) or right 
hemicolectomy procedure (ileum). Diseased tissue originated from patients: with 
end-stage liver disease who underwent transplantation (liver), with end-stage renal 
disease who underwent nephrectomy or transplantectomy (kidney) or with Crohn’s 
disease (ileum). We obtained human tissues from three to five individual donors. 
Liver and kidney were stored in ice-cold University of Wisconsin (UW) tissue 
preservation solution, whereas ileum was stored in ice-cold supplemented Krebs-
Henseleit buffer (KHB) until further use.

2.3 Preparation of precision-cut tissue slices (PCTS)
PCTS from human liver and ileum were prepared according to the protocol 

published by de Graaf et al. [25] and kidney PCTS were prepared as described by 
Stribos et al. [16]. All PCTS were obtained using a Krumdieck tissue slicer filled 
with an ice-cold KHB supplemented with 25 mM D-glucose (Merck, Darmstadt, 
Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES (MP Biomedicals, Aurora, 
OH, USA), saturated with carbogen (95% O2/5% CO2) and pH 7.42. 

2.3.1 Liver PCTS 
Slices with a wet weight of 4-5 mg and estimated thickness of 200-250 μm 

were transferred to UW directly after slicing to prevent rapid loss of viability and 
then incubated individually in 1.3 mL of Williams’ medium E with GlutaMAX (Life 
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Technologies, Bleiswijk, the Netherlands) supplemented with 25 mM D-glucose 
and 50 μg/mL gentamicin (Life Technologies).

2.3.2 Kidney PCTS
Similar to liver, kidney PCTS had a wet weight of 4-5 mg and thickness 

of 200-250 μm and were immediately transferred to ice-cold UW. Next, slices were 
incubated individually in 1.3 mL of Williams’ medium E with GlutaMAX containing 
10 μg/mL ciprofloxacin and 25 mM D-glucose (Sigma-Aldrich, Saint Louis, USA).

2.3.3 Ileum PCTS
The luminal surface of human ileum was flushed with ice-cold oxygenated 

KHB. The muscularis was gently removed from the intestinal mucosa. Then the 
stripped mucosa was cut into 1 x 2 cm pieces, and embedded into 3% (w/v) agarose 
(Sigma-Aldrich) in 0.9% NaCl at 37°C using core-embedding unit. Ileum slices 
with a wet weight of 1-2 mg and thickness of 300-400 μm were collected in ice-cold 
KHB directly after slicing and cultured individually in 1.3 mL of Williams’ medium 
E with GlutaMAX supplemented with 25 mM D-glucose, 50 μg/mL gentamicin 
and 2.5 μg/mL fungizone (amphotericin B; Life Technologies).

All human PCTS were cultured for 48h at 37°C in an 80% O2/5% CO2 
atmosphere while shaken at 90 rpm. Medium was refreshed after 24h. 

2.4 Sample collection
PCTS were collected immediately after slicing (0h) and after 48h incubation. 

For each donor and time point, we used three slices for the viability assay and four 
slices for NGS analysis to investigate intra-donor vs. inter-donor variability of 
gene expression. Samples were snap-frozen and stored at -80°C until further use. 
Additionally, culture medium from the wells with slices used for NGS was collected 
at 24h and 48h, then stored at -80°C until further analysis.

2.5 Viability
Viability of the tissue slices was measured with adenosine triphosphate 

(ATP) bioluminescence kit (Roche Diagnostics, Mannheim, Germany), as previously 
described [25]. The ATP (pmol) was normalized to the total protein content (μg) 
estimated by the Lowry assay (Bio-Rad DC Protein Assay, Bio Rad, Veenendaal, 
The Netherlands).

2.6 RNA isolation and next generation sequencing (NGS)
Total ribo-depleted RNA from individual slices was extracted with MagMax 

AM1830 kit (Fisher Scientific GmbH, Schwerte, Germany) in a semi-automatic 
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manner. Reverse transcription was performed with 100 ng RNA using TruSeq 
Stranded Total RNA LT Sample Prep Kit with Ribo-Zero™ H/M/R (Order #RS-
122-2502, Illumina Inc, San Diego, CA, USA). The kit covers the transcription 
of protein coding as well as non-coding and non-polyadenylated RNAs, while 
depleting cytoplasmic ribosomal RNA. The sequencing libraries were constructed 
using the Illumina TruSeq methods (cluster kit TruSeq SR Cluster Kit v3 - cBot – 
HS GD-401-3001, sequencing kit TruSeq SBS Kit HS- v3 50-cycle FC-401-3002) 
and sequenced as 85 bp, single reads and 7 bases index read at depth of 50-60 million 
reads per sample on an Illumina HiSeq3000 system.

2.7 Analysis of transcriptomic gene expression
The processing pipeline was previously described [26]. RNA-Seq reads 

from all samples were aligned to the human reference genomes with corresponding 
Ensembl 70 reference genomes (http://www.ensembl.org) using STAR. The gene 
expression levels were quantified using Cufflinks software [27] to obtain the Reads 
Per Kilobase of transcript per Million mapped reads (RPKM), as well as read counts. 
The matrix of read counts and the design files were imported to R, normalization 
factors calculated using trimmed mean of M-values and subsequently normalized 
before further downstream analysis. A principal component analysis (PCA) was 
performed on limma voom-transformed log(counts per million) in R. The PCA plots 
were made using Python scientific library Matplotlib. 

Differentially expressed genes (DEGs) were identified for all experimental 
groups. Paired differential gene expression (e.g. diseased liver PCTS 48h vs. 0h) 
was assessed by Limma to obtain log2(Fold Changes (FC)) and p-values (i.e. false 
discovery rate (FDR) adjusted by Benjamini-Hochberg correction). Genes with a 
p-value < 0.01 and log2(FC) ≥ 1 were considered as differentially expressed. Graphs 
illustrating top regulated DEGs were created using D3.js JavaScript library (http://
d3js.org/).

Functional pathway analysis of differentially expressed gene sets was 
performed with QIAGEN Ingenuity® Pathway Analysis software (IPA®, QIAGEN 
Redwood City, California, USA) for the following sets of genes: 1) culture-induced 
DEGs in diseased tissue slices; 2) DEGs between diseased and healthy control 
PCTS that were concurrently present at 0h and 48h; and 3) common DEGs in 
cultured healthy and diseased PCTS. These sets of DEGs with corresponding gene 
identifiers (Ensembl gene ID), log2(FC) values and adjusted p-values were uploaded 
into the IPA to reveal the enriched canonical signaling pathways according to the 
Ingenuity Pathways Knowledge Base (IPKB). To assess whether a biological pathway 
significantly underlies the data, we used two independent scores: a p-value (i.e. Fisher’s 
exact test p-value) that measures significance of overlap between observed and 
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predicted sets of regulated genes, and a z-score that measures the match of observed 
and predicted up-/downregulation patterns [28]. The sign of z-score determines 
whether the pathway is predicted to be activated or inhibited. In cases of insufficient 
literature-based evidence, the z-score is undetermined. Canonical pathways with 
p-value < 0.01 and |z-score| ≥ 2 were considered significantly regulated [28]. 

2.8 Cytokine release 
Culture supernatants, collected after 24h and 48h, were used for quantification 

of chemokine and cytokine levels by Meso Scale Discovery (MSD) multiplex assay. 
The meso-scale platform (Meso Scale Discovery, Gaithersburg, Md., USA) employs 
electroluminescence technology allowing for simultaneous measurement up to ten 
analytes with high sensitivity. Samples were measured with MSD SECTOR S600 
Reader using MSD DISCOVERY Workbench Software according to manufacturer’s 
instructions. The list of selected analytes with corresponding catalogue numbers is 
provided in Supplementary Table S1. Measurement of 24h and 48h medium samples 
was carried out separately; absolute concentrations (pg/mL) were normalized to the 
negative control (i.e. freshly prepared medium that was handled similarly to the rest 
of the samples). For each cytokine, we used the sum of 24h and 48h measurements 
to determine the total cytokine concentration. Only those cytokines that had a total 
concentration higher than 20 pg/mL in at least one experimental group and were 
regulated on gene level during culture were included for further analysis. Data are 
presented as heatmap of normalized absolute concentrations of secreted cytokines, 
with applied average-linkage clustering (performed using Pearson correlation). 
The heatmap was generated using the online tool Morpheus (https://software.
broadinstitute.org/morpheus/). The correlation between cytokine release (as measured 
by MSD) and gene expression was made by comparing total cytokine concentrations 
to the average gene expression (RPKM values) of PCTS at 0h and 48h (geometric 
mean from each timepoint). We applied simple linear regression model (TIBCO 
Spotfire Analyse 7.11.0) and resulting r2 coefficient was used to assess the strength 
of the correlation.
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3. Results

In this study, we investigated transcriptional changes in human PCTS by 
sequencing ribo-depleted total RNA. Figure 1a shows the general workflow. PCTS 
obtained from clinically healthy control tissues will be further addressed as “healthy 
PCTS”, while PCTS obtained from patient diseased tissues will be termed “diseased 
PCTS”. PCTS were prepared from human healthy and diseased tissues, namely liver, 
kidney and ileum, and cultured for 48h. PCTS were collected at 0h and 48h, which 
were then used for viability measurement and deep sequencing. Additionally, culture 
medium after 24h and 48h was used for secreted cytokines detection. All tissue slices 
remained viable after 48h culture (Supplementary Figure S1a). Although jejunum 
and ileum PCTS had lower RNA quality compared to RNAs from liver and kidney 
PCTS, the overall RNA sample quality was good, with mean RNA integrity numbers 
> 7. There was no systematic difference with respect to RNA quality between samples 
from diseased vs. healthy PCTS. Interestingly, we observed a slight increase in RIN 
numbers in 48h samples compared to 0h samples (data not shown). Total number of 
sequenced reads varied between 25 and 75 million reads per sample, with an average 
of 61 million reads. Alignment statistics indicated that the data were of high quality 
and provided sufficient sequencing depth to pursue differential expression testing 
between the experimental groups. For instance, the mean rate of unique-mapping 
exonic reads was 62% per sample.

3.1 Principal component analysis and hierarchical clustering in 
human PCTS

Figure 1b illustrates the results from the PCA derived from all genes with 
scatter plots of the first three components PC1, PC2 and PC3 that explained together 
almost 50% of the observed variance in the data. Generally, there was a consistent 
clustering of the samples by tissue type (liver, kidney and ileum) in PC1 and by 
culture time in PC2 (0h and 48h). Interestingly, these strong tissue- and culture 
time-dependent effects superimposed differences between diseased and healthy 
PCTS, since there was no clear separation of the samples by pathology in the first 
three components. In line with PCA results, hierarchical clustering showed stronger 
separation of human PCTS by tissue type than by pathology or culture time (Figure 
1c-d).
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Figure 1. Study workflow, principal component analyses (PCA) and hierarchical clustering 
in human healthy and diseased PCTS. (a) Precision-cut tissue slices (PCTS) were prepared 
from human healthy or diseased liver, kidney and ileum using Krumdieck tissue slicer and 
incubated for 48h. Samples were collected at 0h (prior incubation) and at 48h for viability 
measurement, sequencing analysis and cytokine release in the culture medium. (b) Scatter 
plots of the dimensions PC1 vs. PC2 and PC1 vs. PC3. Samples are coloured by tissue type, 
shaped by pathology (healthy or diseased) and colour filled by incubation time (0h or 48h). 
(c-d) The heatmap of log2(FC) values illustrates expression of 18667 genes (with p < 0.01) in 
human healthy and diseased PCTS during culture (c) and in pairwise comparisons diseased 
vs. healthy PCTS at 0h vs. 48h (d). Independent clustering analysis shows stronger separation 
of samples by tissue type (liver, kidney and ileum) than by pathology or culture time.
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3.2 Transcriptomic characterization of human diseased PCTS
Figure 2 outlines the main directions of performed analyses to aid the general 

understanding of the study concept.

Figure 2. Visual summary of the study, capturing the concept and main lines of performed 
analysis. Human healthy PCTS (A) undergo substantial transcriptional changes during 48h 
culture and acquire profile A’, with thousands of genes differentially expressed between A 
and A’. These culture-induced DEGs (DEGs A-A’) and involved canonical pathways are 
described in detail in Chapter 2. Similarly, diseased PCTS (B) are also profoundly affected 
by culture, as they display thousands of DEGs (DEGs B-B’), and develop 48h transcriptional 
profile B’. We compared the impact of culture on healthy and diseased PCTS by uncovering 
differences and similarities between Chapter 2 data on DEGs A-A’ (top transcripts and 
canonical pathways) and described in this study DEGs B-B’ [this discussion]. We also 
determined common and unique transcripts between culture-induced DEGs in healthy slices 
(A-A’) and in diseased slices (B-B’). Based on common DEGs A-A’ vs. B-B’, we identified 
biological pathways commonly changed in healthy and diseased PCTS.

3.2.1 Genes differentially expressed in diseased PCTS during culture
We performed a comprehensive transcriptomic analysis of human healthy 

PCTS by NGS [Chapter 2]. Here we provide a characterization of human PCTS 
prepared from diseased tissues by describing the transcripts and pathways that were 
affected by culture (Figure 3). Generally, we identified a large number of differentially 
expressed genes (DEGs) during 48h culture in all PCTS. In particular, we found 
4808 DEGs in diseased liver PCTS, 3037 DEGs in kidney and 1138 DEGs in 
ileum PCTS (Figure 3a; volcano plots in Supplementary Figure S1b). Regarding 
the directionality of change, we found that nearly half of all DEGs were upregulated 
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in kidney and ileum PCTS, whereas 64% of transcripts in liver were downregulated 
during culture. The complete lists of DEGs (p-value < 0.01 and log2(FC) ≥ 1) in 
diseased PCTS are provided in Supplementary File 1.

Figure 3. Characterization of human diseased PCTS. (a) Total number of differentially 
expressed genes (DEGs), upregulated and downregulated, in human diseased PCTS. DEGs 
were defined as genes with log2(Fold Change) ≥ 1 and p-value < 0.01. Full lists of identified 
DEGs are provided in Supplementary File 1. (b) Top 10 regulated DEGs based on the 
log2(Fold Change) values. Gene descriptions are provided in Supplementary Table S3. (c) Top 
5 canonical pathways identified by IPA. Only pathways with p-value < 0.01 and a z-score ≥ 2 
(predictor of activation) or ≤ -2 (predictor of inhibition) were included. Pathway size (i.e. total 
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number of genes in a pathway), percentage of significantly downregulated and upregulated 
genes and percentage of overlap with the dataset are indicated for each pathway. Full lists of 
significantly changed pathways in PCTS from each organ are provided in Supplementary 
Figure S2. (

3.2.2 Top regulated genes and enriched pathways in diseased PCTS 
during culture

To gain better insight into culture-induced changes in diseased PCTS, we 
identified strongly regulated genes during 48h of culture, and selected top 10 genes 
(up- and downregulated) that showed highest significant changes in their expression 
(Figure 3b). Transcripts were ranked based on the absolute log2(FC) values, and their 
descriptions are provided in Supplementary Table S2. The top 10 most upregulated 
genes in diseased PCTS during culture often included genes related to inflammation 
(IL11, SERPINB2, IL13RA2, CHI3L1), proteases involved in ECM organization 
(MMP1, MMP3, MMP10) and transporters (SLC7A11, CLCA4). MMP1, the gene 
that encodes interstitial collagenase, was the only common gene between the top 10 
DEGs in all three organs and it was the highest or second highest upregulated gene 
during 48h culture. On the other hand, genes encoding enzymes (PCK1, HAO2, 
ACSM2A, ACSM2B, NAT8, FMO, GLYAT), transporters (SLC13A1, SLC5A12, 
SLC34A1) and molecules involved in the immune response (CXCR1, FCGR2B, 
ACKR1) represented the top of the downregulated genes.

Next, to assess which biological pathways are involved in the culture of 
diseased PCTS, we performed IPA on all DEGs from diseased liver, kidney and 
ileum PCTS. We identified significantly changed canonical pathways (with a p-value 
< 0.01) that also showed a direction of change based on a z-score ≥ 2 (predictor of 
activation) or ≤ -2 (predictor of inhibition). The top 5 most activated and inhibited 
canonical pathways in diseased human PCTS during culture are displayed in Figure 
3c. Complete lists of significantly changed pathways (provided in Supplementary 
Figure S2) revealed that osteoarthritis pathway was activated in all diseased 
PCTS. Despite its name, osteoarthritis pathway involves numerous fibrosis- and 
inflammation-related genes (see the discussion). Three pathways – actin nucleation 
by ARP-WASP complex, integrin signalling and ephrin receptor signalling – were 
commonly activated in liver and kidney PCTS, whereas acute phase response 
signalling was present in both kidney and ileum PCTS. Moreover, diseased kidney 
and ileum PCTS shared culture-induced activation of another four pathways that 
were related to cholesterol biosynthesis. Among commonly inhibited pathways, 
LXR/RXR activation was found in all cultured organ PCTS. Furthermore, after 48h 
in culture several metabolism-related pathways were inhibited (for example, nicotine, 
melatonin, serotonin and tryptophan degradation) in liver and kidney PCTS. 
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3.2.3 Regulation of fibrosis- and inflammation-associated pathways in 
diseased PCTS during culture

Culturing of the slices results in the development of spontaneous fibrogenic 
and inflammatory responses; however, little is known about the impact of culture 
on slices prepared from diseased tissues. Considering that the Ingenuity Pathways 
Knowledge Base (IPKB) contains information on more than 330 biochemical 
pathways, we selected several canonical pathways a priori, with a focus on fibrosis 
and inflammation, and investigated their regulation in diseased PCTS. Figure 4 
illustrates the culture-induced changes in the selected pathways in diseased PCTS 
(information on key signalling molecules involved in each pathway is provided in 
Supplementary File 2). 

Figure 4. Regulation of preselected pathways in human diseased PCTS during 48h 
culture. Purple color indicates a significant pathway change based on a p-value < 0.01; 
whereas predicted pathway activation (A) or inhibition (I) is indicated by a z-score, if available. 
Signaling molecules involved in each preselected pathway are shown in Supplementary File 2.
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Fibrosis-associated signalling pathways showed significant changes in all 
PCTS, especially in liver PCTS, where 12 out of 17 canonical pathways were altered 
at 48h. Kidney and ileum showed less changes: only three pathways were regulated 
significantly different at 48h compared to 0h. The direction of change (indicated by 
the z-score) showed activation of PI3K/AKT signalling in liver and kidney, whereas 
this pathway was inhibited in ileum PCTS. Additionally, liver PCTS displayed 
activation of BMP signalling and STAT3 pathway, and p38 MAPK signalling was 
activated in kidney PCTS. Furthermore, two selected canonical pathways related 
to ECM organization, namely inhibition of matrix metalloproteases and integrin 
signalling, showed significant culture-induced changes in PCTS from all diseased 
organs. Activation was predicted only for integrin signalling in liver and kidney. 

Similarly, inflammation-associated pathways also showed significant 
changes in all diseased PCTS after 48h culture: out of 21 selected pathways, culture 
altered 13 pathways in liver PCTS, 11 in kidney PCTS and eight in ileum PCTS. 
In addition, seven of these changed pathways were affected by culture in all three 
organs and included HMGB1 signalling, IL-6, IL-8, IL-10, IL-17 signalling, IL-
17A signalling in fibroblasts and LPS/IL-1 mediated inhibition of RXR function. 
The only predicted direction of change was the activation of HMGB1 signalling and 
LPS/IL-1 mediated inhibition of RXR function in liver PCTS, interferon signalling 
in kidney PCTS, and IL-6 signalling in ileum PCTS. 

Overall, culture induced significant changes in fibrosis- and inflammation-
related canonical pathways in all diseased PCTS. Most of the culture effects were 
found in liver, while kidney and ileum PCTS were affected to a lesser extent. 

3.3 Comparative analysis of human diseased vs. healthy PCTS
DEGs and enriched canonical pathways induced by culture in healthy 
and diseased PCTS

Considering that healthy [Chapter 2] and diseased PCTS developed 
substantial transcriptional alterations during 48h culture, we determined genes and 
canonical pathways that are culture affected in both healthy and diseased tissues. First, 
we identified common and unique culture-induced DEGs (up- and downregulated) 
in healthy and diseased PCTS (Figure 5a). To this end, we compared all DEGs 
found in diseased PCTS (Figure 3a) to all DEGs reported in healthy PCTS 
(Supplementary Figure S3). Unique DEGs were affected by culture and pathology 
(i.e. expressed only in healthy or diseased PCTS), whereas DEGs in intersections 
were transcripts affected by culture. The complete lists of all DEGs included in Venn 
diagrams are shown in Supplementary File 3. As a next step of the analysis, we 
performed IPA on overlapping gene sets. The most significant canonical pathways 
enriched from these gene sets are summarized in Figure 5b. 
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Figure 5. Comparative analysis of culture-induced changes in expression profiles between 
healthy and diseased PCTS. (a) Venn diagrams illustrating the number of unique and 
overlapping genes (DEGs) upregulated (in red) and downregulated (in green) in human 
healthy and diseased PCTS during 48h culture. Total numbers of culture-induced DEGs in 
PCTS from diseased liver, kidney and ileum are illustrated in Figure 3a, while total numbers 
of DEGs found in healthy PCTS are depicted in Supplementary Figure S3. Complete lists 
of DEGs are provided in Supplementary File 3. (b) Top canonical pathways enriched from 
common culture-induced DEGs present in both healthy and diseased PCTS. Only pathways 
with p-value < 0.01 and a z-score ≥ 2 (predictor of activation) or ≤ -2 (predictor of inhibition) 
were included.
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Culture-induced pathways across healthy and diseased PCTS included 
activated pathways, such as osteoarthritis pathway, IL-8 signalling and integrin 
signalling, and inhibited pathways, such as LXR/RXR activation, PPAR signalling 
and RhoGDI signalling. Of note, canonical pathways enriched from downregulated 
DEGs were more organ-specific, and were related to metabolism, inflammation and 
cell cycle regulation.

3.3.1 Genes differentially expressed in diseased and healthy PCTS 
before and after culture

As a part of the comparative analysis, we investigated the transcripts and 
pathways differentially regulated in diseased vs. healthy PCTS that were directly 
affected by pathology and/or culture. Comparison of the baseline transcription 
profiles (at 0h) in human PCTS (Figure 6a; volcano plots in Supplementary Figure 
S1c) showed that healthy and diseased tissues had major differences prior to culturing, 
as illustrated by a large number of DEGs in liver and kidney PCTS (1500 and 2016 
DEGs, respectively). In contrast, only 8 genes were differentially expressed at 0h in 
diseased ileum PCTS compared to healthy slices. By 48h of culture, the number of 
DEGs between diseased and healthy tissues dramatically decreased in all organs, 
reaching 91% reduction in DEGs in liver, 98% in kidney and 100% in ileum (Figure 
6a; volcano plots in Supplementary Figure S1d). Closer examination of these changes 
showed that in (diseased vs. healthy) liver PCTS, 59% (83 of 141) of DEGs at 48h 
were also differentially expressed at 0h with a consistent direction of regulation (i.e. 
up- or downregulation). The remaining proportion of regulated transcripts (41%) in 
diseased vs. healthy liver PCTS was exclusively observed after 48h culture. In kidney, 
only 27% (10 of 37) of genes differentially expressed in diseased vs. healthy PCTS at 
48h were also among DEGs at 0h, while 73% of transcripts were specifically induced 
by culture. Furthermore, we identified DEGs that showed the strongest differential 
regulation between healthy and diseased PCTS prepared from the three organs 
before culture (Figure 6b) and after 48h culture (Figure 6c). The results showed that 
there were no common top up- and downregulated DEGs between 0h and 48h 
in any organ PCTS. Among the most regulated transcripts, we often encountered 
genes encoding enzymes, transporters and inflammatory molecules. Additionally, 
top 10 up- and down-regulated DEGs included novel uncharacterized transcripts. 
The corresponding lists of all DEGs are provided in Supplementary File 4, and the 
detailed description of the top 10 DEGs are enclosed in Supplementary Table S3. 
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Figure 6. Comparative analysis of human diseased and healthy PCTS in their baseline 
expression profiles (0h) and profiles after 48h culture. (a) Total number of genes, upregulated 
and downregulated, that were differentially expressed between diseased and healthy PCTS 
at 0h or 48h. DEGs were defined as genes with log2(FC) ≥ 1 and p-value < 0.01. Numbers 
in brackets indicate the percentage of DEGs at 48h that were also DEGs at 0h. Top 10 
regulated genes that are differentially expressed between diseased and healthy PCTS at 
baseline (b) and after 48h culture (c). Significantly upregulated DEGs are displayed in red 
color and downregulated - in green. Genes were selected based on the log2(Fold Change) 
values. Full lists of identified DEGs are provided in Supplementary File 4.
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3.3.2 DEGs and enriched canonical pathways in human PCTS induced 
by pathology

We continued the analysis by elucidating the DEGs and enriched canonical 
pathways that were induced in human PCTS by pathology. First, we performed 
pathway analysis on all genes differentially expressed in diseased vs. healthy PCTS 
prior to culture (as listed in Supplementary File 4). The results showed that numerous 
pathology-driven signalling pathways were regulated in liver and kidney PCTS, but 
not ileum (due to low number of DEGs) (Supplementary File 5). As an example, 
before culturing, diseased and healthy liver PCTS showed dramatic difference in 
regulation of canonical pathway hepatic fibrosis/hepatic stellate cell activation with 
p-value < 10-9. Next, Venn diagrams illustrated the number of differentially expressed 
genes in diseased vs. healthy PCTS exclusively before and after culture, as well as 
numbers DEGs that were present at both time points (Figure 7a). 

Figure 7. Comparative analysis of baseline expression profiles (0h) and profiles after 48h 
culture in human diseased vs. healthy PCTS. (a) Venn diagrams illustrating the number 
of unique and overlapping genes upregulated (in red) and downregulated (in green) at 0h 
vs. 48h in human diseased vs. healthy PCTS. Lists of corresponding DEGs can be found 
in Supplementary File 4. (c) Top canonical pathways identified by IPA based on common 
DEGs shown in Venn diagrams. Only liver PCTS had enough common DEGs at baseline 
vs. 48h to perform IPA.
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Tables with the common and unique genes for each organ can be found in 
Supplementary File 6. Each list was ranked by a differential gene expression score 
(DGE score), which represents the product of |log2(FC)| and –log10(p adjusted 
value). DEGs unique to diseased vs. healthy PCTS at baseline (0h) represent the set 
of transcripts that were induced specifically by pathology. DEGs unique to diseased 
vs. healthy cultured PCTS (48h) are the genes that were altered by both pathology 
and culture. Additionally, the intersection of the two groups represents the common 
DEGs that were affected by pathology, but not by culture. 

Next, we performed IPA on DEGs from the Venn diagram intersections to 
assess the canonical pathways induced by the pathology. In agreement with the small 
number of common DEGs, there were only five canonical pathways significantly 
enriched in liver PCTS (Figure 7b). None of these pathways showed a predicted 
direction of change. Additionally, we determined signalling pathways that were 
differentially expressed by diseased and healthy liver and kidney PCTS after 48h of 
culture (Supplementary File 5). The major differences between healthy and diseased 
PCTS after culture were in pathways related to metabolism.

3.3.3 Differences in regulation of fibrosis- and inflammation-associated 
pathways in diseased vs. healthy PCTS before and after culture

To advance our understanding of fibrosis and inflammation-associated 
processes in human PCTS, we investigated differences in the regulation of 40 
selected canonical pathways between healthy and diseased PCTS prior and after 
culture (Figure 8). 

In accordance with the reduction in total numbers of DEGs after 48h, there 
were more significantly changed canonical pathways in diseased vs. healthy slices at 
baseline than after culture. In particular, diseased liver PCTS at 0h showed significant 
regulation for 16 out of 40 selected pathways (based on both p-value and z-score) 
compared to healthy liver PCTS. In case of kidney PCTS, 17 out of 40 pathways 
were significantly altered by pathology, and no pathways were observed in ileum 
PCTS. After 48h culture, only 2 pathways were significantly different in diseased 
liver PCTS compared to healthy slices, whereas no difference in pathway regulation 
was observed in diseased vs. healthy kidney and ileum PCTS.



Ex vivo human fibrosis model: characterization by NGS

85

3

Figure 8. Differential regulation of preselected pathways between healthy and diseased 
human PCTS at baseline (0h) and after 48h culture. Purple color indicates a significant 
pathway change based on a p-value < 0.01; whereas predicted pathway activation (A) or 
inhibition (I) is indicated by a z-score, if available. Signaling molecules involved in each 
preselected pathway are shown in Supplementary File 2.

3.3.4 Cytokine release profiles of human healthy and diseased PCTS
As part of cellular mechanism of fibrosis, damaged epithelial cells and 

(resident) immune cells secrete various cytokines that drive the inflammatory and 
fibrogenic responses [29]. Along with the transcriptional changes, we assessed 
PCTS cytokine release profiles during 48h to examine whether diseased and healthy 
PCTS display differences in production of inflammatory mediators. To this end, 
we analysed the culture medium for the presence of 42 cytokines and cytokine 
modulators (all measurements are included in Supplementary File 7). We selected 
29 cytokines for further analysis based on two criteria: 1) minimum concentration 
of 20 pg/mL detected in the medium in at least one experimental condition, and 
2) significant regulation on gene expression level. The independent hierarchical 
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clustering separated diseased liver and kidney PCTS from the corresponding healthy 
slices, suggesting considerable pathology-driven differences in cytokine release 
(Figure 9a). In turn, diseased and healthy ileum PCTS had very close resemblance in 
their cytokine release profiles, which distinguished them from the other two organs. 
PCTS displayed few characteristic features in cytokine release. For instance, healthy 
liver PCTS showed higher production of IL-7 and SAA1, compared to diseased 
liver and other organ PCTS. In turn, diseased liver PCTS produced more IL-16 
and HGF than healthy slices. Healthy and diseased kidney PCTS released more 
MCP-1 and OPN compared to other slices. Furthermore, diseased kidney showed 
the highest release of most tested analytes among all human PCTS. Lastly, healthy 
and diseased ileum highly secreted IL-12A, IL-17A, MMP2, MMP3, IFNG and 
GM-SCF. 

 

Figure 9. Cytokine release by human healthy and diseased PCTS after 48h in culture. 
(a) Heatmap of the absolute concentrations (pg/mL) illustrates cytokine release profile of 
human healthy and diseased PCTS. PCTS from liver, kidney and ileum were incubated 
for 48h, culture medium was collected after 24h and 48h and tested for the presence of 
selected cytokines using Meso Scale Discovery (MSD) multiplex assay. For each cytokine, 
concentrations measured at 24h and 48h were normalized to the negative control (i.e. 
freshly prepared medium) and summed to determine total cytokine concentration at the 

b
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end of culture period. (b) Correlation analysis of the relationship between cytokine protein 
expression (as measured by MSD) and gene expression (as measured by NGS/RNA-Seq). 
Each dot represents one cytokine; green color codes healthy PCTS, while blue color codes 
diseased PCTS. Highly expressed cytokines (i.e. > 100 RPKM on gene level and > 1000 pg/
mL on protein level) are annotated.

Next, to address the question whether gene expression of selected cytokines 
reflected their protein levels, we performed correlation analysis (Figure 9b). In 
general, in all organ PCTS, high gene expression of inflammatory mediators was 
positively associated (approximately 45-70%) with high level of their protein release. 
Interestingly, all human healthy and diseased PCTS showed both high expression 
and secretion of TIMP1, a cytokine with enzymatic activity that inhibits ECM 
degradation by MMPs. Additionally, all kidney PCTS and diseased liver slices 
showed high gene and protein expression of MCP-1 (encoded by CCL2) and 
OPN (encoded by SPP1) during culture, when taking into account both MSD and 
RNA-Seq results. Both MCP-1 (monocyte chemoattractant protein 1) and OPN 
(osteopontin) are actively involved in the inflammatory response and fibrogenesis 
by promoting the recruitment of immune cells to the site of tissue injury. Organ-
differences in cytokine regulation are also highlighted by the correlation study, as 
liver PCTS highly expressed and secreted SAA1, while MMP2 and MMP3 were 
characteristic for ileum PCTS. SAA1, serum amyloid A1, is a major acute-phase 
response protein that is predominantly secreted by hepatocytes. Similar to MCP-
1 and OPN, SAA1 induces chemotaxis in inflammatory cells and their cytokine/
chemokine production [30]. This proinflammatory mediator has also been shown 
to upregulate ECM degrading enzymes (MMPs) [30]. Taken together, these results 
showed that pre-existing pathology accentuates cytokine production in human PCTS, 
with positive association between protein and mRNA levels, especially for cytokines 
with relatively high levels of gene expression and gene protein product release.
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4. Discussion

Among different in vitro/ex vivo preparations of human organs, precision-
cut tissue slices (PCTS) represent a system with particularly high similarity to the 
originating organ. Among the wide range of applications, the PCTS model is gaining 
its value in studying the mechanisms of organ fibrosis and antifibrotic compounds. 
However, the molecular processes that occur in PCTS during culture remain largely 
uncharacterized, preventing the adoption of PCTS model in preclinical research to 
its full potential. In this study, we sequenced total RNA of PCTS prepared from 
human healthy and diseased liver, kidney and ileum with the aim to elucidate 
culture-driven transcriptional changes, especially those related to inflammation and 
fibrosis. We characterized diseased PCTS in culture by describing main differentially 
expressed transcripts and culture-affected biological pathways. Furthermore, we 
demonstrated that culture impacts healthy and diseased tissue slices in a universal 
way, converging them to a common, inflammation- and fibrosis-driven, condition 
with limited transcriptional differences between healthy and diseased PCTS, while 
the underlying pathology endures. 

Culture impacts human PCTS from healthy and diseased tissues in a 
universal way, triggering mechanisms of wound healing and fibrosis

Preparation of the tissue slices causes significant injury as a result of a 
combination of cold ischemia prior to slicing and mechanical trauma during slicing, 
both of which are inevitable. It is well recognized that in response to the injury, 
various organs share common mechanisms associated with wound healing and 
fibrosis [1,31]. Culturing of the slices prompts the progression of fibrosis by creating 
an environment of sustained injury. Indeed, human PCTS of different organ of 
origin and pre-existing pathology showed similarities in the way that culture affected 
their transcriptional profiles, supporting that culture triggers common mechanisms 
of wound healing and fibrosis.

Our recent study showed that human PCTS prepared from healthy tissues 
undergo substantial transcriptional changes during culture, with thousands of 
differentially expressed genes [Chapter 2]. Here we show that culture also induced 
pronounced transcriptional changes in PCTS from diseased tissues, counted in 
thousands of genes as well, pushing the diseased slices beyond their initial pathology. 
The comparison of these changes in healthy and diseased PCTS (Figure 2: DEGs 
A-A’ vs. DEGs B-B’) delineated universal impact of culture on human tissues. We 
demonstrated that all human PCTS, regardless the originating organ or pre-existing 
pathology, displayed, on one hand, culture-induced inflammatory response and 
matrix remodelling, and on the other hand, dysregulated enzymatic and transporter 
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activity, as illustrated by identified common transcripts and biological pathways.
For instance, transcripts encoding inflammatory cytokine IL-11 and ECM 

degrading enzymes MMP1, MMP3 and MMP10 were found among the DEGs 
with the highest fold change in all diseased PCTS (Figure 3b) – the same transcripts 
that were strongly upregulated across healthy human PCTS, as reported in Chapter 
2. The homogeneity in the effects of culture is further illustrated by the fact that 
diseased liver, kidney and ileum PCTS shared 5 out of 10 top upregulated genes 
during culture with the respective healthy slices, while majority of other 5 genes was 
also shared but outside the top 10 list (instead, these were shared within top 100). As 
an example, SERPINB2, encoding plasminogen activator inhibitor type 2 (PAI-2), 
was identified as a gene with the highest fold change among all DEGs in healthy 
and diseased kidney PCTS (i.e. ranked first in the top 10 upregulated genes), and 
it was also significantly upregulated during culture in other organ PCTS, only with 
a smaller fold change. PAI-2 is a stress protein expressed in activated monocytes 
and macrophages and is highly inducible in fibroblasts and endothelial cells 
[32,33]. PAI-2 transcription is stimulated by a variety of inflammatory mediators, 
suggesting its biological role in the regulation of inflammation and wound healing 
[33]. Additionally, most of the common DEGs with the highest differential gene 
expression score (DGE score), affected by culture in both healthy and diseased 
PCTS, were also related to ECM organisation (Figure 5a, Supplementary File 4), 
supporting the idea that culture induces fibrosis-associated tissue remodelling in 
healthy and diseased slices alike. As an example, healthy and diseased liver PCTS 
showed significant upregulation after culture of NID2, LAMA4 and ITGA2 that 
encode the ECM structural constituents nidogen, laminin and integrin, respectively. 
Additionally, healthy and diseased liver PCTS highly expressed latexin (encoded by 
LXN), which serves as a marker of portal myofibroblasts [34], and epoxide hydrolase 
4 (encoded by EPHX4), which reduces bioactivity of fatty acids [35]. The latter is in 
accordance with observed inhibition of LXR/RXR activation and fatty acid beta-
oxidation pathways. Similarly, culture induced upregulation of ZPLD1, ITGB3 and 
ITGB6 in healthy and diseased kidney slices. While ITGB3 and ITGB6 encode 
integrins that bind to ECM proteins, ZPLD encodes ECM glycoprotein zona 
pellucida-like domain-containing 1, although little is known about its function [36]. 
Furthermore, as found previously, both healthy and diseased ileum PCTS highly 
express ECM-related genes MMP1 and MMP3. Culturing of the slices also resulted 
in altered enzymatic and transporter activity, as top downregulated genes in healthy 
and diseased PCTS encoded various enzymes and transporters, although these had 
more diversity between the organs (Figure 3b; and Figure 4b in Chapter 2).

The commonalities in culture-induced transcripts translated into commonly 
regulated biological pathways in healthy and diseased PCTS. Cross-comparison of 
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identified culture-induced biological pathways in diseased PCTS (Figure 3c) with 
the data on human healthy PCTS reported in Chapter 2 revealed that diseased 
liver, kidney and ileum PCTS shared 90%, 35% and 60% of activated by culture 
pathways with corresponding healthy organ slices, respectively. In turn, 60%, 60% 
and 20% of inhibited pathways were the same between healthy and diseased liver, 
kidney and ileum PCTS, respectively. The homogeneity of culture effects on tissue 
slices was further supported by the fact that all human PCTS, regardless of the 
originating organ or pre-existing pathology, showed consistent significant activation 
of osteoarthritis pathway and inhibition of LXR/RXR activation during culture. The 
implications of the latter were discussed in detail in Chapter 2; therefore, here we will 
address the former. As a fibrosis-associated disease, osteoarthritis is characterized by 
extensive structural changes in ECM under inflammatory conditions that ultimately 
leads to joint stiffness and disability [37,38]. According to IPA, osteoarthritis 
pathway involves over 200 transcripts, encoding ECM structural components (e.g. 
collagens, integrins, fibronectin and decorin), ECM remodelling enzymes (MMPs 
and TIMPs), inflammatory molecules (e.g. IL-1B, CXCL8, TNF, TLR2 and TLR4, 
to name a few), as well as downstream molecules of TGF, PDGF, VEGF, FGF, 
WNT and SHH signalling cascades, among others. The fact that osteoarthritis 
pathway is significantly activated in all human PCTS at 48h and in mouse PCTS (as 
found in Chapter 2) suggests that culture sustains pro-inflammatory and pro-fibrotic 
environment. 

Among shared canonical pathways, actin nucleation by ARP-WASP 
complex and ephrin receptor signalling were activated by culture in liver and kidney 
PCTS, both healthy and diseased. Actin nucleation by ARP-WASP complex is 
known to promote cell migration [39,40], a phenomenon that plays an important 
role in tissue fibrosis, as migration of fibroblasts toward fibrotic lesions is essential 
for pathological matrix deposition [41]. In turn, the Eph receptors and their ligands 
ephrins play an important role in injury (in particular, wound healing and ischemia-
reperfusion injury) and inflammation [42]. It has been shown that Eph receptor 
EPHB2 is overexpressed in hepatocellular carcinoma, end-stage of liver fibrosis/
cirrhosis and in other fibrotic diseases [43,44]. At last, we demonstrated that common 
culture-induced DEGs between healthy and diseased PCTS additionally enriched 
IL-8 signalling and integrin-signalling (Figure 5b), supporting our observation 
that culture induces inflammation- and fibrosis-associated biological processes in 
tissue slices. Interestingly, part of the analysis that was dedicated to the regulation 
of selected pathways in diseased PCTS showed that even though culture induced 
transcriptional changes in inflammatory and fibrosis pathways in all organ PCTS, 
diseased liver PCTS displayed the most pronounced changes (Figure 4). These 
observations reinforce the use of human PCTS as an ex vivo fibrosis model.
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Organ- and pathology-specificity in the effect of culture
Despite the described uniformity in the effects of culture on tissue slices, 

our comprehensive sequencing data allowed to detect organ-specific differences in 
transcriptional changes between liver, kidney and ileum PCTS. We chose to exemplify 
such differences with intestinal PCTS, although similar critical examination can 
be done for liver and kidney PCTS. On the gene expression level, we identified 
several transcripts – DUOX2, DUOXA2, CEMIP and CHI3L1 – that were strongly 
upregulated during culture only in human intestinal PCTS, regardless of the pre-
existing pathology. Dual oxidase 2, encoded by DUOX2, is intestinal epithelium-
specific NADPH oxidase that plays a critical role in the innate defence response 
against the microbiota by generating reactive oxygen species [45,46]. It has been 
shown that both DUOX2 and its maturation factor DUOXA2 are upregulated in 
association with chronic inflammatory disorders of the gastrointestinal tract, such as 
Crohn’s disease (CD), ulcerative colitis (UC) and UC-associated colorectal cancer 
[47,48]. In turn, expression of endosomal cell migration-inducing and hyaluronan-
binding protein (CEMIP) is highly elevated in colorectal cancer, although its role 
remains unclear [49]. Gene CHI3L1 encodes chitinase-3-like protein 1 (also known 
as BRP-39), a marker for late stages of macrophage differentiation [50]. Dysregulation 
of BRP-39 is often associated with human diseases characterized by acute or chronic 
inflammation and fibrosis [51]. 

Similarly, organ-specific differences can be traced on the pathway level. 
For instance, both healthy and diseased ileum PCTS displayed (almost exclusively) 
significant activation of colorectal cancer metastasis signalling and IL-6 signalling. 
Closer examination of the activated biological pathways also suggests pathology-
specific differences in the effects of culture on human PCTS. We found that PCTS 
from healthy tissues seem to develop stronger inflammatory response during culture 
than diseased PCTS, as they shared more activated inflammation-related pathways. 
That could be due to the fact that diseased tissues, unlike healthy tissues, have already 
passed the initial inflammatory phase and are at the stage of fibrosis progression. 
Another example of pathology-specific differences is the culture-induced activation 
of p53 signalling in diseased liver PCTS and not in healthy slices. It is well established 
that tumor suppressor p53 is highly sensitive to DNA damage and cellular stress and 
regulates cell fate by directing damaged cells down the cell cycle arrest or apoptosis 
[52]. Therefore, p53 signalling plays a central role in tumorigenesis and prognosis of 
hepatocellular carcinoma [53]. Considering that PCTS were prepared from cirrhotic 
livers that had considerable pre-existing DNA and cellular damage, culture induced 
activation of p53 pathway in these slices. In turn, diseased kidney and ileum PCTS 
actively involved pathways related to cholesterol biosynthesis, as opposed to healthy 
PCTS. We should note that cholesterol biosynthesis mainly takes place in the liver, 
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but there were no significant changes in its regulation during culture in healthy or 
diseased liver PCTS.

Culturing process creates a common pathological state for healthy 
and diseased PCTS, while preserving diseased PCTS phenotype

Directly after slicing, healthy and diseased PCTS displayed pronounced 
differences in their transcriptomes that were driven solely by pre-existing pathology 
(Figure 2: DEGs A-B). Similar to this observation, we previously demonstrated clear 
diseased phenotype of PCTS prepared from fibrotic kidneys: compared to healthy 
slices, fibrotic kidney PCTS showed significantly higher baseline levels of COL1A1, 
FN1, IL1B, IL6, CXCL8 and TNF, as well as increased accumulation of interstitial 
collagen type I and alpha-SMA [Chapter 5, Nintedanib].

The obtained sequencing data allowed to identify the top pathology-driven 
transcripts differentially regulated between healthy and diseased PCTS. Here we took 
kidney PCTS as an example, however an in-depth examination of transcriptional 
differences prior to culture in kidney and other organ PCTS is not a focus of this 
discussion. Among 2016 genes differentially expressed between healthy and diseased 
kidney PCTS (Figure 6a), we found that 47 transcripts, encoding immunoglobulins 
(IGs), were highly upregulated in diseased kidney PCTS (with the highest fold 
increase of 45) (Figure 6b and Supplementary File 2). IGs are critical part of the 
immune response, and increased mRNA levels of IGs might indicate active/chronic 
inflammatory processes in diseased kidney PCTS. Highly upregulated CXCL13 
(with 28-fold increase) further argues for the uncontrolled aberrant inflammation 
in diseased renal tissue [54]. Gene UTS2, with 19-fold increase in diseased kidney 
PCTS compared to healthy PCTS, encodes urotensin II that has been shown to 
promote fibrosis, and its upregulated levels were observed in patients in the later 
stages of chronic kidney disease (CKD), particularly in individuals requiring dialysis 
[55]. 

While liver and kidney PCTS showed pathology-driven differential 
expression of thousands of genes, healthy and diseased ileum PCTS failed to show 
differences in baseline transcriptomes. This could be associated with the way human 
intestinal slices are prepared. Prior slicing, the mucosa is stripped from all other layers, 
including submucosa, muscularis externa and serosa, due to the technical difficulties 
they impose. In case of diseased ileum PCTS, the removal of deeper intestinal layers 
was detrimental to manifest their diseased phenotype. Intestinal fibrosis often follows 
the distribution of inflammation and is not necessarily restricted to mucosa: in UC, 
the deposition of ECM occurs in mucosal and submucosal layers, whereas in CD, 
fibrosis can involve all intestinal wall layers [56,57]. Therefore, preparation of human 
intestinal PCTS should be further optimized.
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Remarkably, as both healthy and diseased PCTS underwent extensive 
transcriptional changes during culture, after 48h they showed minimal differences 
in acquired transcriptomes (counted in only tens/hundreds of DEGs) (Figure 
2: DEGs A’-B’). These observations indicate that during ex vivo culture, healthy 
and diseased human PCTS converge to a common condition, which is largely 
prompted by inflammatory and fibrogenic processes. Furthermore, the signature 
of pre-existing pathology remains in cultured slices and it may affect biological 
events other than gene regulation. For instance, underlying pathology may influence 
cell-cell interactions, production of ECM proteins, growth factors and cytokines. 
As we demonstrated, diseased PCTS had increased production of cytokines and 
cytokine modulators compared to healthy PCTS, emphasizing the value of diseased 
human tissue in fibrosis studies using PCTS model. Importantly, the production of 
cytokines reflected the changes in their gene expression in PCTS during culture. 
Although protein synthesis and release are influenced by many cellular and molecular 
regulatory processes, the observed positive correlation between protein release and 
gene expression data argues for the fact that transcriptional changes detected by 
NGS are to some extent predictive for translational changes. Given these points, 
PCTS obtained from patient diseased tissues might provide relevant insights into 
fibrosis, therapeutic target validation and drug development. 

In conclusion,
• We provided detailed characterization of the dynamic transcriptional changes 

in human PCTS during culture.
• We demonstrated that culture impacts healthy and diseased tissue slices in 

a universal way by actively inducing inflammatory response and fibrosis-
associated ECM remodelling.

• Culturing of the slices creates a common, inflammation- and fibrosis-driven 
condition with limited transcriptional differences between healthy and diseased 
PCTS; however, the underlying pathology endures.

• Our study reinforces the use of human PCTS as an ex vivo fibrosis model, that 
is suitable for functional investigation of anti-fibrotic and anti-inflammatory 
therapies. 

• Human PCTS production of cytokines positively correlated with their gene 
expression for cytokines that are highly expressed in a given tissue; as a direction 
for future studies, it is important to continue investigating whether observed 
transcriptional changes in PCTS translate to the protein level, by systematic 
analysis of the proteome.

• By applying whole transcriptome sequencing, we hope to lay the foundation 
for future studies towards the validation of human PCTS as a preclinical tool 
for drug development.
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Supplementary Information

Supplementary Figure S1. Tissue viability human healthy and diseased PCTS and 
volcano plots illustrating their transcriptional profiles. (a) Viability of human healthy and 
diseased PCTS from liver, kidney and ileum at 48h was measured by ATP (pmol) normalized 
to the total protein content (μg). Data are shown as absolute values and expressed as mean 
(± SEM), n=4-5. (b-d) Volcano plot illustrating gene expression in cultured diseased PCTS 
prepared from liver, kidney and ileum (b); in diseased and healthy PCTS at baseline (c); or in 
diseased and healthy PCTS after 48h culture (d). The horizontal axis is the log2(FC), while 
negative log10 of the adjusted p-value is plotted on the vertical axis. Each gene is represented 
by one point on the graph. Yellow points indicate differentially expressed genes (DEGs) 
with log2(FC) ≥ 1 and –log10(adjusted p-value) > 2. Black points indicate non-significantly 
regulated genes.
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Supplementary Figure S2. Canonical pathways that were significantly changed during 
culture in human diseased PCTS as identified by Ingenuity Pathway Analysis (IPA) on 
DEGs. (a) liver; (b) kidney; (c) ileum. Only pathways with p-value < 0.01 and a z-score ≥ 
2 (predictor of activation) or ≤ -2 (predictor of inhibition) were included. Pathways in blue 
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color are most common across the diseased PCTS from the three organs. Pathways marked 
with (*) are shared between human healthy [paper 1] and diseased PCTS from the respective 
organ.

Supplementary Figure S3. Total number of differentially expressed genes (DEGs) in 
human healthy PCTS during 48h culture. DEGs were defined as genes with log2(Fold 
Change) ≥ 1 and p-value < 0.01. Detailed characterization of human healthy PCTS is 
reported in Chapter 2. Complete lists of identified DEGs are provided in Supplementary 
File 1.
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Supplementary Tables
Supplementary Table S1. List of cytokines measured in culture medium by Meso Scale 
Discovery multiplex assay
Supplementary Table S2. Description of top 10 up- and downregulated DEGs in human 
diseased PCTS during culture 
Supplementary Table S3. Description of top 10 up- and downregulated DEGs in human 
diseased vs. healthy PCTS at baseline and after culture

Supplementary Files
Supplementary File 1 (excel). Complete lists of DEGs in human diseased PCTS
Supplementary File 2 (excel). Signaling molecules involved in preselected pathways 
Supplementary File 3 (excel). Lists of common and unique DEGs in healthy and diseased 
PCTS during culture, as illustrated in Venn diagrams
Supplementary File 4 (excel). Complete lists of DEGs in human diseased vs. healthy PCTS 
at baseline and after 48h culture
Supplementary File 5 (excel). Canonical pathways differentially regulated in diseased vs. 
healthy PCTS at baseline and after 48h culture 
Supplementary File 6 (excel). Lists of common and unique DEGs in diseased vs. healthy 
PCTS at baseline and after culture, as illustrated in Venn diagrams
Supplementary File 5 (excel). Protein expression of all measured cytokines in culture 
medium by Meso Scale Discovery multiplex assay

The Supplementary Tables and Files can be downloaded using the following link: 
https://drive.google.com/open?id=1qFWbHyyQ1V4ESz9yqW9brStMAQ4cw5KG

or the following QR-code:
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Abstract
Background: Nonalcoholic fatty liver disease (NAFLD) is the most common liver 
disease worldwide, characterized by excess hepatic fat accumulation (steatosis). 
Nonalcoholic steatohepatitis (NASH) that develops in 15-20% of NAFLD patients 
can progress to liver fibrosis and finally cirrhosis, with excessive production of 
extracellular matrix. While preclinical testing of novel drugs for NASH and fibrosis 
are urgently needed, current in vivo models incompletely reflect human pathology, 
show interindividual variability and require large numbers of experimental animals. 
Our aim was to develop an ex vivo model of inflammation and fibrosis in steatotic 
murine liver slices.
Methods: NAFLD was induced in Bl/6 mice using 3 models: the high-fat diet 
(HFD), the amylin liver NASH model and the choline-deficient L-amino acid-
defined (CDAA) diet. Precision-cut liver slices (PCLS) were prepared from steatotic 
(sPCLS) and control (cPCLS) excised livers. PCLS were cultured for 48h with 
LPS, TGFb1 or a peroxisome proliferator activating receptor (PPAR)-a/d agonist 
(elafibranor). Additionally, Bl/6 mice were placed on CDAA and after 6 weeks 
received elafibranor or vehicle for another 6 weeks, while continuing the CDAA 
diet. The effects on fibrosis, inflammation and fatty acid metabolism were assessed by 
transcriptome analysis. 
Results: All models led to steatosis, while fibrosis was observed only in amylin and 
CDAA diet models. PCLS remained viable during the 48h of culturing. Upon culture, 
sPCLS showed an increased gene expression of fibrosis and inflammation related 
markers compared to cPCLS. Markers related to fat metabolism were decreased 
similarly in sPCLS and cPCLS. Treatment with LPS increased inflammatory marker 
expression and TGFb1 treatment induced fibrosis markers more pronouncedly in 
sPCLS vs. cPCLS, except for the HFD. Elafibranor increased the expression of genes 
modulated by PPARa activation and had no effect on fibrosis and inflammation 
markers in all PCLS groups, whereas our in vivo study showed amelioration of both 
fibrosis and inflammation. 
Conclusions: Incubation of sPCLS pronouncedly induced inflammation, fibrosis 
and lipid metabolism related transcripts. We observed different responses in sPCLS 
from mice on the different diets. sPCLS remain responsive to pro-inflammatory 
and pro-fibrotic stimuli, and represent a useful tool to reproducibly study NAFLD 
progression, and could therefore help to reduce the number of experimental animals 
needed in preclinical studies. Finally, sPCLS can be used to evaluate potential 
treatments for NASH and fibrosis in rodents, and could also serve as a model to 
bridge results in rodents to the human situation.

Keywords: NAFLD, PCLS, animal models, inflammation, fibrosis, elafibranor
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the main cause of chronic 
liver disease in Europe and USA [1], with increasing prevalence. The pathogenesis 
of NAFLD is not completely understood; however, the genetic predisposition, 
obesity, type 2 diabetes mellitus, hyperlipidaemia and the metabolic syndrome are 
closely associated [1], [2]. NAFLD includes benign steatosis (fat accumulation) 
and nonalcoholic steatohepatitis (NASH), which is characterized by ballooning 
degeneration and lobular inflammation that can lead to fibrosis, cirrhosis and 
hepatocellular carcinoma [3].

Currently there are no approved pharmacological therapies to treat 
NASH. Lifestyle interventions (e.g. weight loss and exercise) are recommended by 
the American Association for the Study of Liver Disease [4], but due to lack of 
compliance, these cannot be implemented in the majority of patients. Most drugs 
in clinical trials that target NASH address upstream mechanisms related to hepatic 
steatosis and metabolic stress [5]. 

To advance the scientific understanding of NAFLD and NASH, and to 
test novel drug candidates, adequate animal models are essential. The perfect animal 
model represents the plethora of pathophysiological changes observed in patients. 
Conventional mouse models are based on ad libitum feeding of diets enriched in 
different combinations of fat, fructose, cholesterol, nutrient deficiencies (e.g., choline 
and/or methionine), toxic interventions or genetic manipulation [6]. Overnutrition 
in rodents shows satisfactory results and similarities to the human pathology of mere 
obesity and type 2 diabetes [7], [8], although the phenotype is typically mild NASH 
with no or minimal fibrosis. Thus, there is a clear need for preclinical models that 
reproduce both the disease phenotype and its etiology, to support the mechanistic 
and pharmacological studies of NASH in man [9]. 
 The high fat diet (HFD) and the amylin liver NASH model (AMLN) are 
popular among the overnutrition-based model. The HFD model is characterized by 
an increased amount of fat (≈60%) and causes obesity, steatosis, insulin resistance 
and hyperlipidaemia after 10-12 weeks [10]. The AMLN is similar to the HFD 
model, but incorporates food pellets that combine fat (≈40%) with fructose (≈20%), 
a monosaccharide promoting NAFLD severity [11]. Another option for inducing 
NAFLD is a nutrient deficient diet. The best such model is the choline-deficient 
L-amino acid-defined (CDAA) diet [9] that causes NASH due to the absence of 
choline, an essential nutrient, which is needed for triglyceride packaging and export 
as very low density lipoprotein, and bile salt excretion from hepatocytes [12],  [13]. 
Mice fed with this diet develop steatosis, inflammation and fibrosis [14]. However, 
the grade of inflammation and fibrosis can be variable, depending on the mouse 
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strain and other food components [15]. 
 To improve reproducibility of NASH-related inflammation and fibrosis, to 
permit a standardized test model for potential drugs, such as anti-inflammatory or 
antifibrotic agents, and to save on experimental animals, we studied the validity of ex 
vivo murine model of precision-cut liver slices (PCLS). PCLS preserve the complex 
structure of the liver and its cellular interactions, showing a spontaneous profibrotic 
and pro-inflammatory response during culture [16,17]. Inflammation and fibrosis 
can be further enhanced by incubating PCLS with TGFb1 and LPS, respectively 
[18], [19]. Of note, TGFb1 and LPS are also involved in NAFLD pathology and 
progression [20,21]. Last, PCLS is a valuable preclinical tool that allows drug 
testing for efficacy and toxicity [16,22], while considerably reducing the number of 
experimental animals. For instance, Ijssennagger et al. successfully tested the effect of 
obeticholic acid (drug in phase III clinical trials for NASH) in PCLS, providing new 
insights into the mechanism of action [23].  
 In this study, we aimed to develop and standardize an ex vivo model based 
on steatotic PCLS obtained from livers of mice subjected to three diets that induce 
NAFLD of increasing severity, namely the HFD, the AMLN and the CDAA diet. 
We demonstrated that central features of NAFLD/NASH (e.g. inflammation and 
fibrosis) can be replicated ex vivo and is suitable to evaluate effects of drugs that 
target lipid metabolism. 

Methods

Chemicals 
LPS was purchased at SAS Invivogen (TLRL-3PELPS, Toulouse, France) 

and human recombinant TGFb1 was purchased from R&D Systems (240-B-002, 
Abingdon, UK). They were reconstituted according to the provider’s instructions. 
Elafibranor was purchased from (Sage Chemicals, Johannesburg, South Africa) and 
dissolved in DMSO. All stocks were stored at -20°C. 

Animals for ex vivo studies
Adult male 8 week-old C57BL/6J (Bl/6) mice, acquired from Janvier (France), 

were placed on a high fat diet (HFD, D12330, Ssniff Spezialdiäten GmbH, Germany) 
for 16 weeks. Starting from week 7, drinking water was replaced with a 12.5% fructose 
and sucrose solution. Adult male Bl/6 mice from Janvier were placed on a Choline 
Deficient L-Amino Acid (CDAA, E15666-94, Ssniff Spezialdiäten GmbH) diet 
for 12 weeks or Amylin liver NASH model diet (AMLN, D09100301, Research 
Diets, NJ, USA) for 26 weeks. Each NAFLD-inducing diet had its matching control 
diet. The mice were housed on a 12h light/dark cycle, with controlled temperature 
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and humidity. Chow and drinking water were ad libitum. The mice were sacrificed 
under isoflurane/O2 (Nicholas Piramal, London, UK) anesthesia. The studies were 
approved by the Animal Review Committee of the German government and were 
performed according to the German Animal Protection Law. 

Animals for in vivo studies
Male 8-week-old Bl/6 mice from Janvier were placed on CDAA. After 

6 weeks of diet, the animals were treated with 15 mg/kg elafibranor (p.o., bid) or 
vehicle for 6 weeks, while continuing the NAFLD-inducing diets.  The studies were 
approved by the Animal Review Committee of the German government and were 
performed according to the German Animal Protection Law.

Preparation of precision-cut liver slices
We excised the mouse livers and collected them in ice-cold University of 

Wisconsin (UW) preservation solution (DuPont Critical Care, Waukegab, IL, 
USA). The tissue was kept on ice until preparation of PCLS.

PCLS were prepared as previously described [24], with a Krumdieck 
tissue slicer (Alabama Research and Development, USA). PCLS had the following 
characteristics: diameter – 5 mm, thickness – 250-300 μm, weight – 4-5 mg. We 
incubated the PCLS individually in 12-well plates in 1.3 ml of Williams Medium E 
(with L glutamine, Invitrogen, Paisly, Scotland) supplemented with 25 mM glucose 
and 50 μg/ml gentamycin (Invitrogen). PCLS were exposed to 1 μg/ml LPS, 5 ng/ml 
TFGb or elafibranor 0.2 or 1 μM. Culture medium was changed after 24h. Culture 
lasted 48h.

PCLS obtained from the mice on HFD or control were incubated in an 
incubator (New Brunswick Galaxy 48R, Eppendorf, Wesseling-Berzdorf, Germany) 
having the following conditions: 37°C, 75% O2 and 5% CO2, horizontally shaken at 
90 rpm. PCLS from CDAA/AMLN/control diets were incubated in an incubator 
(Binder, Tuttlingen, Germany) with 37°C, 90% O2 and 5% CO2, horizontally shaken 
at 90 rpm. An outline of the sample preparation is presented in Fig 1.

PCLS viability
PCLS viability was assessed by adenosine triphosphate (ATP) content with a 

bioluminescence kit (Roche Diagnostics, Mannheim, Germany). The obtained ATP 
content (pmol) was corrected for the total protein content (μg), determined with the 
Lowry method (RC DC Protein Assay, Bio Rad, Veenendaal, The Netherlands).
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Figure 1. Schematic representation of the NAFLD induction in Bl/6 mice and precision-
cut liver preparation and culture.

Gene expression analysis
We used quantitative reverse transcription polymerase chain reaction (qRT-

PCR) as a method to evaluate the gene expression of markers related to fibrosis, 
inflammation and fat metabolism. Three PCLS were pooled, snap-frozen and RNA 
was extracted with FavorPrep™ Tissue Total RNA Mini Kit (Favorgen, Vienna, 
Austria). We determined RNA quantity and quality with BioTek Synergy HT (BioTek 
Instruments, Vermont, USA). 1 μg total RNA was reverse transcribed to cDNA 
using the Reverse Transcription System (Promega, Leiden, The Netherlands). qRT-
PCR was performed using ViiA 7 Real-Time PCR System (Applied Biosystems, 
California, USA) and SYBR Green (Roche) based detection. We assessed the gene 
expression of the selected markers (Supplementary Information Table 1) with the 
Double Delta Ct analysis (2-ΔΔCt), using Hydroxymethylbilane Synthase (Hmbs) as a 
reference gene. 
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Hydroxyproline analysis 
Hepatic hydroxyproline (Hyp) was determined from 260-350 mg tissue, 

which was hydrolyzed in a 6N solution of HCl overnight at 110°C. The samples 
were diluted in citric-acetate buffer and treated with Chloramine T (Sigma-Aldrich, 
Zwijndrecht, Netherlands) and 4-(dimethyl)aminobenzaldehyde (Sigma-Aldrich). 
The absorbance of the samples was measured at 550 nm. The results show the μg of 
hepatic Hyp per mg tissue.

Histopathological analysis 
Cryoblocks or formalin-fixed, paraffin embedded PCLS were sectioned at 4 

μm and stained with hematoxylin and eosin (H&E) to assess hepatic steatosis, and 
sirius red (SR) for collagen deposition. The images were acquired with NanoZoomer 
S360 (Hamamatsu, Hamamatsu, Japan) and the quantification of the SR staining 
was performed using the Aperio ImageScope software (Leica Biosystems, IL, USA).

Serum triglyceride
Serum triglyceride content was assessed in a COBAS Integra 400 plus 

(Roche Diagnostics, Mannheim, Germany using the provided protocol. 

Data and statistical analysis 
We used 3 to 10 different livers per diet, using slices in triplicates from 

each liver. The results are presented as mean ± standard error of the mean (SEM). 
Significance was established using Student’s t-test or ANOVA and Dunnett’s 
multiple comparison test, significance p<0.05. 

Results

HFD, AMLN and CDAA induce NAFLD-associated changes 
We initially evaluated the presence of liver steatosis and fibrosis in the mice 

on NAFLD-inducing diets and their control diets. To this end, we assessed the 
differences in body to liver weight ratio, hydroxyproline (Hyp) content, histology 
and transcriptional levels of fibrosis, inflammation and fat metabolism markers (Fig. 
2). First, the liver to body weight ratio (Fig. 2A) showed a marked difference between 
AMLN, CDAA diet and their controls, indicating liver enlargement mainly due to 
steatosis. The livers of mice on the HFD had similar ratio values vs. their controls due 
to a similar increase (≈50%) in body and liver weights – an observation previously 
reported in literature for Bl/6 mice fed HFD [25]. Second, the Hyp content (Fig. 
2B) revealed the presence of fibrosis in AMLN and CDAA livers, where the 
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Figure 2 – The effects of HFD, AMLN and CDAA on liver steatosis and fibrosis in Bl/6 
mice. (A) Liver to body weight ratio; (B) Hyp content; (C) H&E staining of representative 
mouse liver section (20x) - staining of cryosections (HFD) or paraffin sections (AMLN, 
CDAA); (D) mRNA expression levels of (D1) fibrosis, (D2) inflammation and (D3) fat 
metabolism related markers. *p < 0.05, **p<0.01, ***p<0.001 significantly different from livers 
of the corresponding control diet. Data are expressed as means (± SEM), n=3-10.
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concentration of hyp/mg liver increased by 100% and 500%, respectively. The mice 
on the HFD showed no difference compared to its control. Third, the morphological 
analysis showed that the HFD, AMLN, and CDAA diet led to different degrees of 
liver steatosis, with mice on the HFD having less steatosis than those on the AMLN 
and CDAA diet (Fig. 2C). Fourth, we investigated the differences in gene expression 
of several markers related to fibrosis, inflammation and fat metabolism in PCLS 
prior culture (Fig. 2D). Fibrosis markers (Col1a1, Acta2, Serpinh1) were increased 
in the AMLN and CDAA groups, while HFD fed mice showed no difference 
compared to control. Fn1 showed an increase only for the CDAA diet. We next 
evaluated inflammation by measuring genes encoding for cytokines: IL-1b, IL-6 
and TNFa. Increased gene expression was observed for the AMLN (Il1b, Il6, Tnfa) 
and CDAA (Il1b, Tnfa) groups, while the HFD fed mice showed a downregulation 
of Tnfa. To assess fat metabolism, we tested two anabolism markers involved in 
fatty acid synthesis (Fasn, Acaca) and three markers related to fatty acid catabolism 
(Acox, Cpt1a, Ppara). Fat metabolism markers were downregulated by the CDAA 
diet (Acox, Fasn, Acaca, Ppara) and HFD (Acaca, Cpt1a), whereas no differences were 
observed for the AMLN diet compared to control. These PCR results were obtained 
by comparing each NAFLD diet to its respective control diet; however, there were 
certain differences at baseline between the three control diets (SI Fig. 1), which are 
not the focus of this study and were not taken into consideration for the next analyses.  
These results show that major changes related to fat accumulation and fibrosis can be 
observed with the AMLN and CDAA diets, whereas the HFD induced less steatosis 
and no fibrosis after 16 weeks.      

Culture of steatotic PCLS induces fibrosis and inflammation and 
reduces fat metabolism 

Tissue slicing and culture induces a pro-inflammatory and profibrotic 
response, most probably due to the mechanical stress and cold ischemia [16,26,27]. 
Therefore, we assessed the effect of culture on PCLS from all diets. PCLS maintained 
viability during the 48h of culture (SI, Fig. 2). Next, we analyzed transcriptional 
changes of fibrosis, inflammation and fat metabolism related markers in all slices. To 
facilitate comparison, we divided the slices into two groups: steatotic PCLS – sPCLS 
(from the livers of mice on HFD, AMLN and CDAA diets) and control PCLS – 
cPCLS from the corresponding control diets. 
 PCLS culture increased gene expression of fibrosis markers (Col1a1, 
Serpinh1 and Fn1) in all groups (Fig. 3A). Moreover, the expression levels reached 
in sPCLS were higher than cPCLS. We also observed that the gene expression 
level of these three fibrosis markers in sPCLS was highest in the following order 
CDAA>AMLN>HFD. The expression of the myofibroblast activation marker Acta2 
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Figure 3 – The effects of 48h incubation on PCLS on (A) fibrosis, (B) inflammation 
and (C) fat metabolism related markers. Fold induction is relative to cPCLS before 
incubation, using the corresponding control diet for each NAFLD-inducing diet; *p 
< 0.05, **p<0.01, ***p<0.001 significantly different from PCLS of the corresponding 
diet prior incubation (0h); n=3-10.
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was increased only in sPCLS from AMLN and CDAA diets. The results show that 
incubation triggers a profibrotic response in PCLS; moreover, steatosis might be one 
of the factors involved in this this increase. 

Next, the inflammation status was evaluated through the gene expression 
of Il1b, Il6 and Tnfa (Fig. 3B). Culture-induced changes for Il1b were represented 
by a small gene expression increase in HFD sPCLS and AMLN cPCLS. The gene 
expression of Il6 was strongly upregulated during incubation and we observed 
differences between sPCLS (100-200 times fold induction compared to cPCLS 
prior incubation) and cPCLS (10-40 times fold induction). Similarly, Tnfa gene 
expression was increased in all groups, with sPCLS reaching a higher expression 
level than their corresponding cPCLS. Altogether, this shows that the presence of 
steatosis at different degree in PCLS has a synergistic effect on the induction of 
inflammation during culture.

Further, we evaluated fat anabolism by measuring the expression of Fasn and 
Acaca (Fig. 3C). Culture decreased the expression of Fasn in all cPCLS and sPCLS 
(HFD, ALMN). Similarly, Acaca was downregulated in cPCLS (HFA, CDAA) and 
sPCLS (HFD, ALMN). No changes were seen in CDAA sPCLS, but the expression 
levels of Fasn and Acaca were already decreased prior to the incubation. Regarding fat 
catabolism (Fig. 3C), culture led to a decrease in the gene expression of Acox, Cpt1a 
and Ppara for all groups, with the exception of Cpt1a in CDAA sPCLS. Thus, culture 
of steatotic and control PCLS for 48h reduces the gene expression of fat metabolism 
related markers. 

Fibrosis and inflammation can be further enhanced in PCLS with 
activating mediators

LPS is a bacterial endotoxin that generates an immune response characterized 
by the induction of proinflammatory cytokines [28]. TGFb1 is multifunctional 
cytokine and is one of the main promoters of fibrosis [29]. Both molecules are 
extensively used in in vitro research, due to their well-characterized and reproducible 
responses. We treated cPCLS and sPCLS with LPS or TGFb1 for 48h to assess if 
inflammation and fibrosis could be further enhanced. All PCLS remained viable 
during culture (SI, Fig. 2), but LPS decreased the ATP content in HFD sPCLS (50%) 
and TGFb1 reduced the ATP content by 20% in cPCLS (AMLN and CDAA) and 
sPCLS (CDAA). No significant differences were observed between the fibrotic areas 
of AMLN, CDAA s/cPCLS treated with TGFb1 and untreated PCLS (SI Fig. 3).

Next, we analyzed LPS and TGFb1 induced gene expression changes. 
LPS had almost no effect on the expression of fibrosis markers (Fig. 4A), with the 
exception of a small increase in Serpinh1 expression in AMLN sPCLS. As expected, 
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Figure 4 – The effects of LPS on PCLS regarding (A) fibrosis, (B) inflammation and (C) fat 
metabolism related markers. mRNA expression levels after 48h treatment; fold induction is 
relative to cPCLS before incubation, using the corresponding control diet for each NAFLD-
inducing diet;  *p < 0.05, **p<0.01, ***p<0.001 significantly different from PCLS of the 
corresponding diet; n=3-10.
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Figure 5 – The effects of TGFb1 on PCLS regarding (A) fibrosis, (B) inflammation and 
(C) fat metabolism related markers. mRNA expression levels after 48h treatment; fold 
induction is relative to cPCLS before incubation, using the corresponding control diet for 
each NAFLD-inducing diet;  *p < 0.05, **p<0.01, ***p<0.001 significantly different from 
PCLS of the corresponding diet; n=3-10.
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the main effect of LPS was observed in the expression of inflammation markers 
(Fig. 4B). In all groups (except Il1b in CDAA cPCLS), LPS increased the gene 
expression of inflammatory markers. Moreover, in all three diets, the treatment 
with LPS led to a higher gene expression level of Il1b, Il6 and Tnfa in sPCLS than 
cPCLS. With regard to fat metabolism markers (Fig. 4C), LPS reduced exclusively 
the expression of catabolism markers: Acox (in AMLN and CDAA sPCLS), Cpt1a 
(AMLN sPCLS) and Ppara (AMLN cPCLS). These results show that LPS induces 
an additional inflammatory effect and can also affect fat catabolism. 

In all groups, TGFb1 increased the gene expression of Col1a1 (except HFD 
sPCLS), Acta2, Serpinh1 (except HFD sPCLS), and Fn1 (Fig. 5A). After TGFb1 
treatment, the gene expression level of sPCLS from AMLN and CDAA diets was 
higher than in cPCLS (for Col1a1, Acta2, Serpinh1). However, HFD displayed the 
opposite result for all tested fibrosis markers, with cPCLS showing a higher response 
than sPCLS. Beside fibrosis, TGFb1 also influenced inflammation (Fig. 5B) and 
fat metabolism markers in certain groups (Fig. 5C). TGFb1 increased the gene 
expression of Il1b in sPCLS from HFD and AMLN and cPCLS from AMLN 
and CDAA, while Il6 was increased in cPCLS from HFD and AMLN. TGFb1 
decreased the gene expression of fat anabolism markers – Acaca (in AMLN, CDAA 
sPCLS) and catabolism – Acox (in AMLN, CDAA sPCLS), Cpt1a (HFD, AMLN 
sPCLS) and Ppara (AMLN, CDAA all groups). Hence, on gene expression level, 
cPCLS and sPCLS respond to TGFb1 by: increasing fibrosis, slightly increasing 
inflammation and decreasing fat metabolism, especially in the presence of steatosis. 

PPAR a/d agonist increases lipid metabolism in the ex vivo CDAA 
model

Elafibranor, a PPAR a/d agonist, is a potential treatment for NASH, 
which is now investigated in a phase 3 clinical trial (https://clinicaltrials.gov/ct2/
show/NCT02704403). Our ex vivo NASH model has the potential of becoming a 
drug-testing system that can help evaluate the efficacy of drugs to reduce steatosis, 
inflammation and fibrosis. A critical validation step for this ex vivo model is to 
provide evidence of target engagement and pharmacological effects of the drugs that 
have been proven effective in in vivo studies. Therefore, we investigated the effect of 
elafibranor in PCLS from CDAA-induced NAFLD. We selected the CDAA model 
due to the higher amount of hepatic fibrosis compared to the other models and the 
possibility of direct comparison to in vivo results [30]. We tested two concentrations 
of elafibranor, 0.2 μM and 1 μM, based on the EC50 of the drug [31]. Elafibranor was 
well tolerated in PCLS, and a decrease in ATP content (25%) was observed only in 
cPCLS when treated with the 1 μM concentration (SI Fig. 1C). After 48h treatment, 
the compound did not change the gene expression of fibrosis and inflammation 
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markers in treated PCLS compared to untreated PCLS (Fig. 6A, B).
 Treatment of PCLS with elafibranor had no effect on the gene expression 
of fat anabolism markers, Acaca and Fasn (Fig. 6C). Regarding fat catabolism, the 
gene expression of Acox was increased by elafibranor 1 μM in sPCLS; additionally, 
we observed a trend of increased gene expression for Acox and Ppara in cPCLS. 
Considering that the increased expression of Acox is a direct effect of PPAR a 
stimulation [32], we further tested several other markers that are regulated by PPAR 
a/d in mice [32–36]. These include genes involved in: fatty acid oxidation and 
ketogenesis (Cyp4a, Acadm, Hmgcs2), fatty acid transport (Cd36, Fabp1), production 
of fatty acids and very low density lipoproteins (Me1, Scd1), apolipoproteins (Apoa2, 
Apoa5), triglyceride clearance (Angptl4), glucose metabolism (Pdk4) and peroxisome 
proliferation (Pex11a). The differences regarding these genes between CDAA diet 
and its control, prior incubation, are presented in SI Fig 4. After 12 weeks of diet, the 
gene expression of Fabp1, Scd1, Me1 and Apoa5 were significantly decreased compared 
to control diet. Moreover, a trend for decreased gene expression is observed for Cyp4a 
(p=0.09), Apoa2 (p=0.051) and Pex11a (p=0.056). The effects of elafibranor on these 
genes in PCLS are presented in Fig. 6C. Elafibranor 0.2 and 1 μM increased the 
gene expression of Cyp4a in both cPCLS and sPCLS. The sPCLS responded more 
pronouncedly than the cPCLS; moreover, sPCLS treated with elafibranor 1 μM 
showed a gene expression level that was 2-fold higher than cPCLS at 0h. Elafibranor 
increased in PCLS the gene expression of enzymes involved in microsomal (Cyp4a) 
and peroxisomal (Acox) fatty acid oxidation, but not mitochondrial (Acadm, Hmgcs2) 
(SI Fig. 5). Fatty acid transport was influenced in cPCLS and sPCLS by elafibranor, 
as shown by the increased expression of Fabp1. Similarly to Cyp4a, the gene expression 
level of Fabp1 in sPCLS was higher than in cPCLS. The gene expression of Scd1, 
Pdk4 and Pex11a was also increased by elafibranor in both groups, but the expression 
levels in sPCLS were lower than in cPCLS. Nonetheless, the fold induction due to 
the treatment was higher in sPCLS compared to cPCLS. Additionally, elafibranor 
1 μM increased the expression of Angptl4 only in cPCLS. No differences were 
observed for the following genes: Cd36, Me1, Apoa2, Apoa5 (SI Fig. 5). The effects of 
elafibranor were observed on transcriptional level of fat metabolism markers, while 
no significant change was observed on the fibrosis area (SI Fig. 6). These results show 
that elafibranor can activate PPAR a/d signaling in murine PCLS, triggering the 
modulation of lipid and carbohydrate metabolism, whereas fibrosis and inflammation 
were not affected in PCLS during 48h culture. 
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Figure 6 – The effect of elafibranor in CDAA sPCLS and cPCLS. mRNA expression levels 
of (A) fibrosis, (B) inflammation, (C) fat metabolism related markers after 48h treatment; fold 
induction is relative to cPCLS before incubation;  *p < 0.05, **p<0.01, ***p<0.001 significantly 
different from untreated PCLS of the corresponding diet; n=4-5.
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Elafibranor improves the metabolic profile and ameliorates fibrosis in vivo in 
CDAA diet 

We next asked if the results obtained with elafibranor ex vivo were predictive 
for in vivo. To compare the results between the ex vivo and in vivo system for the 
markers regulated by PPAR a/d, Bl/6 mice were placed on the CDAA diet for 6 
weeks, followed by 6 weeks of diet and elafibranor treatment (15 mg/kg, p.o., bid). 

Figure 7 – The effect of elafibranor on mice on CDAA and control diets. (A) Serum 
triglycerides; (B) Liver to body weight ratios; (C) Hepatic hyp content expressed as μg hyp/
mg liver tissue; mRNA expression levels of (D) fibrosis and inflammation, (E) fat metabolism 
related markers; fold induction is relative to mice on CDAA treated with vehicle;  *p < 0.05, 
**p<0.01, ***p<0.001 significantly different from CDAA vehicle; n=11.
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Elafibranor improved the metabolic profile with a reduction of liver 
triglycerides by 70%, but increased liver weight compared to untreated mice (Fig. 7A, 
B). Regarding fibrosis, elafibranor reduced total liver collagen (HYP) by 30% (Fig. 
7C). In the same line, elafibranor reduced fibrosis (Col1a1, Acta2) and inflammation 
(Tnfa) related transcripts (Fig. 7D). Treatment with elafibranor beneficially modulated 
fat metabolism markers (Fig. 7E). After 6 weeks of treatment, elafibranor increased 
the mRNA expression of Acox, the first enzyme involved in peroxisomal fatty acid 
b-oxidation. The drug also increased the gene expression of enzymes involved in 
microsomal (Cyp4a) and mitochondrial (Acadm, Hmgcs2) fatty acid oxidation. 
Elafibranor increased fat metabolism in the liver by promoting: fatty acid transport 
(Cd36, Fabp1), lipoprotein production (Me1, Scd1), trygliceride clearance (Angptl4) 
and glucose metabolism inhibition (Pdk4). The gene expression of apolipoproteins 
was differentially regulated by elafibranor, with Apoa2 being increased and Apoa5 
being decreased by the treatment. Lastly, elafibranor increased the expression of 
Pex11a, indicating peroxisome proliferation. 

Discussion

Our goal was to develop an ex vivo NASH model that closely mimics the 
changes associated with this condition and is relevant for testing therapeutic options. 
The model is based on steatotic murine livers as a source for PCLS, maintaining the 
original organ architecture and cellular composition. 

The first part of the study focused on the viability of steatotic liver slices and 
the effects of culture. All slices remained viable, but for the overnutrition models 
(HFD and AMLN sPCLS) we observed lower absolute values in ATP content 
compared to cPCLS, showing that steatosis etiology can influence PCLS viability. 
This difference might arise from the types of lipids accumulated in hepatocytes 
during NAFLD development in these livers. High carbohydrate and fructose 
feeding, present in these two diets, increases free fatty acids levels, especially due 
to de novo lipogenesis [37]. The free fatty acids have a lipotoxic effect that leads to 
mitochondrial dysfunction [38], reduced ATP content and apoptosis via the death 
receptor Fas and TRAIL receptor 5 [39,40]. Lack of choline was also associated with 
mitochondrial dysfunction [41], but the choline present in the culture media (14 
μM) might have had a beneficial effect on CDAA slices, allowing them to recover 
and to have a similar ATP level to the respective cPCLS. The beneficial effect of 
choline in culture media (28 μM) was previously shown when similar amounts of 
triacylglycerol were secreted by hepatocytes derived from mice on choline deficient 
and supplemented diets [42]. 
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PCLS can be advantageous for NASH research, as culture spontaneously 
triggers key inflammation and fibrotic genes [16,18]. This could be beneficial 
especially for currently used in vivo steatotic murine models that show only mild 
inflammation and fibrosis. We expected an inflammatory and fibrotic response 
during incubation, together with higher gene expression levels in the sPCLS than 
cPCLS, since steatosis can trigger both inflammation [43] and fibrosis [44]. The 
results showed a pro-inflammatory response during culture in all PCLS; however, 
the lower response of HFD was probably due to the lower amount of steatosis. 
From the three analyzed markers, Il6 was the most sensitive, having higher fold 
induction and attained expression levels in sPCLS. Increased levels of hepatic and 
circulating IL-6 were reported in animal models of NAFLD and patients [45–47]. 
Long-term IL-6 stimulation aggravates NAFLD by inhibiting hepatic insulin 
receptor signaling, hence causing insulin resistance [48]. Inflammation plays a role 
in NAFLD pathophysiology and prognosis; therefore, the pro-inflammatory effect 
induced by culture could help identify the roles of different cytokines and chemokines 
in NAFLD and their potential as therapeutic targets. 

Spontaneous fibrosis was also observed in all PCLS; sPCLS from AMLN 
and CDAA surpassed cPCLS in regards to gene expression levels, whereas the 
gene expression levels of HFD sPCLS were only slightly higher than cPCLS. An 
explanation for the similar spontaneous fibrotic response between HFD sPCLS 
and cPCSL during culture can be the lower amount of fat accumulated (Fig. 2C) 
and absence of fibrosis in HFD compared to livers of AMLN and CDAA diets 
(Fig. 2B). Although the AMLN and CDAA diets induce steatosis through different 
mechanisms, the increase in fibrosis markers during culture is similar between the 
two diets. 

To our knowledge, this is the first study to assess lipid metabolism during 
culture of murine sPCLS. In sPCLS from HFD and AMLN all markers of lipid 
metabolism were reduced, whereas in CDAA sPCLS only Acox and Ppara were 
decreased in culture. This might be due to the decrease of fat metabolism gene 
expression observed between CDAA and control after 12 weeks of diet (prior 
incubation) (Fig. 2D3). The reduction of fat metabolism markers expression can be 
caused by the absence of fructose, fatty acids and insulin in the culture media. Further 
investigations should be conducted to optimize the culture media in order to ensure 
the functionality of the lipid metabolism. 

The versatility of the PCLS model is reflected by the possibility of enhancing 
biological processes in order to answer specific research questions. Therefore, in 
the second part of our study, we focused on further induction of inflammation 
and fibrosis to mimic ex vivo the pathology observed in NASH. This would allow 
mechanistic studies and drug testing in a variety of settings. For this reason, we 
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tested if steatotic PCLS can still respond to the effects of powerful modulators of 
inflammation (LPS) and fibrosis (TGFb1), which are also associated with NASH 
in patients [49–51]. The results showed that LPS can accentuate inflammation 
and the transcriptional levels reached were higher in steatotic slices than control. 
Interestingly, LPS activated PCLS from the overnutrition models more intensively 
than CDAA PCLS. This could be caused by the presence of fructose in the two 
overnutrition models, a nutrient that leads to the increased hepatic LPS levels and 
activation of toll-like receptor 4 signaling [52], [53]. Although pre-exposure to LPS 
can lead to LPS tolerance [54], this can be different in NAFLD due to impaired LPS 
clearance and enhanced Kupffer cells activation [55]. Additionally, the composition 
of lipids in NAFLD may modulate the activity of Kupffer cells [55], explaining why 
diets with similar composition have comparable effects when exposed to higher LPS 
concentrations. Marked inflammation could have a negative effect on fat catabolism, 
as the increased inflammation caused by LPS decreased the studied fat catabolism 
markers, especially in sPCLS.

Regarding fibrosis, TGFb1 showed a clear profibrotic effect. AMLN 
and CDAA sPCLS reached higher expression levels for fibrosis markers than 
cPCLS, confirming that we can accentuate fibrosis ex vivo, especially in the 
presence of steatosis and fibrosis. This is in accordance with patient results, where 
an overexpression of the TGFB1 gene was found in NASH patients with fibrosis 
compared to NASH patients without fibrosis [56]. Additionally, TGFb1 reduced 
fat metabolism, especially for AMLN and CDAA sPCLS, showing that an ongoing 
fibrotic process may contribute to lipid metabolism reduction. The detrimental effect 
of TGFb1 in NAFLD was reported in murine hepatocytes, where TGFb1 had a 
synergistic effect on palmitate, increasing lipogenesis and decreasing catabolism 
markers [57]. Altogether, we showed that sPCLS are still responsive to further 
induction of fibrosis or inflammation, processes that also impact fat metabolism. This 
shows that the model is not limited to the effects triggered by culture and we can 
accentuate pathological conditions with activators or inhibitors, generating various 
stages of disease.
 Development and efficacy assessment of drugs is an expensive and 
time-consuming process. More relevant in vitro methods are needed to prevent 
unnecessary in vivo animal studies. Therefore, the goal of the last part of this study 
was to determine if the steatotic ex vivo PCLS model could be used for testing anti-
NAFLD compounds. An advantage of this model is that several compounds and 
concentrations can be studied in slices from the same animal. We chose to evaluate 
the effect of elafibranor because it is a promising candidate for treating NASH, with 
good results in clinical trials [58]. We selected the CDAA PCLS to study the effect 
of elafibranor on healthy (cPCLS) and NASH (sPCLS). In addition, we aimed to 
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investigate if this drug had a direct effect on fibrosis and inflammation in PCLS, since 
elafibranor can reduce inflammation and fibrosis in mice in vivo [59]. Elafibranor 
activates lipid catabolism as a result of PPAR a/d activation. Transcriptional markers 
of fatty acid oxidation were increased by elafibranor in healthy control and CDAA 
PCLS and in vivo experiments; however, mitochondrial oxidation markers were 
induced only in vivo. This may indicate that mitochondrial oxidation needs more 
than 48h treatment to be induced by elafibranor in PCLS, whereas the activation 
of PPARa triggers initially microsomal and peroxisomal oxidation. Elafibranor had 
similar effects in PCLS and in vivo for fatty acid transport, where it increased the Fabp1 
expression. FABP1, has an antioxidant and detoxifying role [60], [61] in hepatocytes 
due to its function in intracellular storage and transport of fatty acids. Moreover, a 
reduced level of FABP1 was reported in NASH patients and might predict NASH 
susceptibility in NAFLD patients [62]. By increasing Fabp1 expression, elafibranor 
shows a protective role against oxidative stress and NAFLD progression. Another 
positive effect of elafibranor on lipid metabolism regulation was the increase of Scd1 
gene expression, which was achieved in PCLS and in vivo. This gene was reported to 
be downregulated in animal models of NAFLD [63] and the hepatic protein activity 
was negatively correlated with liver fat in obese patients [64]. Moreover, elafibranor 
influences glucose metabolism by inducing Pdk4, ex vivo as well as in vivo. Increased 
Pdk4 expression shows that glucose metabolism is inhibited and fatty acids are used 
instead to provide energy for the cell [65]. A characteristic effect of PPARa agonists 
in the liver of rodents is hepatocyte peroxisome proliferation, which causes liver 
enlargement through hyperplasia and hypertrophy [66]. Interestingly, the activation 
of PPARa in man does not lead to cell proliferation and therefore, the agonists of this 
receptor do not have a hepatocarcinogenic potential [67]. Peroxisome proliferation 
in rodents was reported in vivo and in vitro [66]. This process was observed in 
our study from the increased expression of Pex11a (ex vivo and in vivo) and liver 
weight increase in vivo. These results might indicate that the efficacy of elafibranor 
in increasing fat oxidation in mice is achieved through peroxisome proliferation. 
Ex vivo, elafibranor showed clear effects on promoting fatty acids catabolism, but 
it does not ameliorate fibrosis and inflammation. In vivo, six weeks of elafibranor 
treatment had positive effects on fibrosis, inflammation and fat metabolism. We 
believe that in in vivo experiments elafibranor improved lipid metabolism due to its 
mechanism of action, whereas amelioration of fibrosis and inflammation are indirect 
effects due to the reduction of fat and oxidative stress. Since fibrosis is triggered by 
inflammation, a reduction of inflammation would have a beneficial effect on fibrosis. 
The effects on inflammation and fibrosis are not observed in sPCLS probably due 
to the short culture time, but the similar effects on genes modulated by PPARa/d 
are a confirmation that PCLS can correctly predict the efficacy of a drug on certain 
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targets (receptors/pathways). Mouse results cannot be directly translated to patients, 
especially since the two species show different sensitivity to peroxisome proliferation, 
which might indicate faster steatosis resolution in mice than humans. Nevertheless, 
the phase two clinical trial of elafibranor showed that after one year, NASH patients 
had substantial histological improvement and resolution of steatohepatitis, without 
fibrosis worsening [58]. Given these points, we consider that PCLS might have high 
predictability for anti-NAFLD compounds. 
 An important aspect of animal experiments is the relevance for the human 
disease. NAFLD has a complex and heterogeneous pathogenesis, characterized by 
numerous interrelated processes that occur in different organs (liver, intestine, adipose 
tissue) [68]. Although the methods used to induce NAFLD in animals are derived 
from human studies (overnutrition, diets rich in fat and carbohydrates, choline 
deprivation), the animal models of NAFLD recapitulate only certain characteristics of 
the condition. The overnutrition models show similar metabolic features to patients; 
however, the outcome is not severe and it takes more time to develop [10]. On the 
other hand, the choline deficient diet needs less time to show steatohepatitis features 
and fibrosis similar to patients [69]. Nevertheless, the metabolic context resulted from 
this diet is disparate, since the treated animals do not display hepatic insulin resistance 
[70]. The animal model choice for preparing sPCLS depends mostly on the scientific 
question that needs to be answered. The chosen animal model for obtaining PCLS 
should take into consideration the drug’s mechanism of action. The overnutrition 
models (HFD, AMLN) can elucidate questions regarding steatosis, while CDAA is 
more indicated for later NAFLD stages, where increased inflammation and fibrosis 
can be investigated. Additionally, modulators of inflammation and fibrosis can create 
more severe phenotypes and assess drug efficacy. 
 Based on our data, we suggest that sPCLS is a promising tool to study 
NASH pathogenesis and test pharmaceutical compounds. Beside murine PCLS, this 
model could be used for (fatty) human livers from surgical procedures, in order to 
exclude murine-human translation. Nevertheless, there are drawbacks of the PCLS 
model, such as absence of communication with other organs involved in NAFLD, 
such as adipose tissue, or circulating immune cells and adipokines. However, it is 
still possible to study the effect of the adipose tissue on liver in vitro, by co-culturing 
sPCLS with adipocytes. Another option is the addition of adipokines to the sPCLS 
incubation media. An alternative to sPCLS would be inducing fat accumulation in 
vitro in healthy murine/human PCLS by adding fatty acids, sugars and insulin to the 
culture media [71]. Although we observed that fat metabolism related markers are 
decreased during PCLS incubation, this might change in the presence of fatty acids, 
as observed in hepatocytes in vitro [72]. Therefore, we consider that murine steatotic 
PCLS are fundamental for paving the way for studies in human liver slices (culture 
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conditions optimization).
 In conclusion, PCLS appear to be a valuable model that preserves liver 
cellular structure and reduces significantly the number of animals used for research. 
Steatotic PCLS can be obtained from various animal models with different degrees 
of steatosis and fibrosis. As an ex vivo model, sPCLS shows fibrosis, inflammation 
and fat metabolism changes during culture. Fibrosis and inflammation can be further 
induced with specific molecules and drugs can be evaluated for their anti-NAFLD 
effect. The selection of the animal model should be done according to the research 
question. Future studies should be conducted to optimize culture conditions, 
especially for the lipid metabolism, and to obtain the proof of clinical translation of 
new NAFLD therapies, as a critical step for sPCLS validation.
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Supplementary Information

S1 – The mRNA expression levels of fibrosis, inflammation and fat metabolism markers 
in mouse PCLS obtained from mice on the control diets of HFD, AMLN and CDAA. 
The PCLS were collected at 0h time point (no incubation). Data are expressed as means 
(± SEM), n=3-8. *p < 0.05, **p<0.01, ***p<0.001 significantly different between the two 
compared groups.
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S2 – Viability of murine PCLS from mice on HFD, AMLN and CDAA and their 
corresponding control diets – (A) 24h and 48h incubation; (B) 48h incubation with LPS 
and TGFb1; (C) 48h incubation with elafibranor; *p < 0.05, **p<0.01, ***p<0.001 significantly 
different from 0h PCLS or 48h control PCLS of the corresponding diet; n=3-10.
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S3 - The effect of TGFb1 on the fibrotic area of AMLN and CDAA sPCLS and cPCLS. 
Quatification of SR staining of mouse liver sections. The sections were made from PCLS 
treated with TGFbw1 for 48h or control, n=4-5. 

S4 - The effect of CDAA diet on fat metabolism in murine livers. mRNA expression 
levels of fat metabolism related markers in livers from mice in CDAA or control diet (no 
incubation); *p < 0.05, **p<0.01, ***p<0.001 significantly different from control; n= 4-5.
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S5 - The effect of elafibranor in CDAA sPCLS and cPCLS. mRNA expression 
levels of fat metabolism related markers after 48h treatment; fold induction is relative 
to cPCLS before incubation; n= 4-5.
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S6 - The effect of elafibranor on the fibrotic area of CDAA sPCLS and cPCLS. 
Quatification of SR staining of mouse liver sections. The sections were made from 
PCLS treated with elafibranor for 48h or control; n=3.
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Table 1 – Overview of Sybr Green primers

Name Forward Reverse
Hmbs atgagggtgattcgagtggg ttgtctcccgtggtggacata
Col1a1 tgactggaagagcggcgagt atccatcggtcatgctctct
Serpinh1 aggtcaccaaggatgtggag cagcttctccttctcgtcgt
Acta2 actactgccgagcgtgagat ccaatgaaagatggctggaa
Fn1 cggagagagtgcccctacta cgatattggtgaatcgcaga
Il1b gccaagacaggtcgctcaggg cccccacacgttgacagctagg
Il6 tgatgctggtgacaaccacggc taagcctccgacttgtgaagtggta
Tnf ctgtagcccacgtcgtagc ttgagatccatgccgttg
Fasn ctgcggaaacttcaggaaatg ggttcggaatgctatccagg
Acaca gcgtcgggtagatccagtt ctcagtggggcttagctctg
Acox atgcctttgttgtccctatc ccatcttcaggtagccattatc
Cpt1a tccaccctgaggcatctatt atgacctcctggcattctcc
Ppara cacgcatgtgaaggctgtaa gctccgatcacacttgtcg
Cyp4a gctagctccttggattgggta agggtttcagaatgtcatagtgg
Acadm agtaccctgtggagaagctgat tcaatgtgctcacgagctatg
Hmgcs2 ctgtggcaatgctgatcg tccatgtgagttcccctca
Cd36 ttgaaaagtctcggacattgag tcagatccgaacacagcgta
Fabp1 ccatgactggggaaaaagtc gcctttgaaagttgtcaccat
Me1 cagaggccctgagtatgacg ccgattggcaaaatcttcaa
Scd1 ttccctcctgcaagctctac cagagcgctggtcatgtagt
Apoa2 cagcacagaatcgcactgtt tccgtctgcctgtctcttaac
Apoa5 gccaaaacagttggagcaa gaagctgcctttcaggttctc
Angptl4 gggaccttaactgtgccaag gaatggctacaggtaccaaacc
Pdk4 cgcttagtgaacactccttcg cttctgggctcttctcatgg
Pex11a ttcatccgagtcgccaac catgcatgcgtgctgagt
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Abstract
 
Background: Liver fibrosis results from continuous inflammation and injury. Despite 
its high prevalence worldwide, no approved antifibrotic therapies exist. Omipalisib is 
a selective inhibitor of the PI3K/mTOR pathway that controls nutrient metabolism, 
growth and proliferation. It has shown antifibrotic properties in vitro. While clinical 
trials for idiopathic pulmonary have been initiated, an in-depth preclinical evaluation 
is lacking. We evaluated the effects of omipalisib on fibrogenesis using the ex vivo 
model of murine and human precision-cut tissue slices (PCTS). 
Methods: Murine and human liver and jejunum PCTS were incubated with 
omipalisib up to 10 μM for 48h. PI3K pathway activation was assessed through 
protein kinase B (Akt) phosphorylation and antifibrotic efficacy was determined via 
a spectrum of fibrosis markers at the transcriptional and translational level. 
Results: During incubation of PCTS the PI3K pathway was activated and incubation 
with omipalisib prevented Akt phosphorylation (IC50=20 and 1.5 nM for mouse and 
human, respectively). Viability of mouse and human liver PCTS was compromised 
only at the high concentration of 10 and 1-5 μM, respectively. However, viability of 
jejunum PCTS decreased with 0.1 (mouse) and 0.01 μM (human). Spontaneously 
increased fibrosis related genes and proteins were significantly and similarly 
suppressed in mouse and in human liver PCTS. 
Conclusions: Omipalisib has antifibrotic properties in ex vivo mouse and human 
liver PCTS, but higher concentrations showed toxicity in jejunum PCTS. While the 
PI3K/mTOR pathway appears to be a promising target for the treatment of liver 
fibrosis, PCTS revealed likely side effects in the intestine at higher doses.

Keywords:  precision-cut tissue slices, liver fibrosis, omipalisib, PI3K, Mdr2ko, 
CDAA, jejunum
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Introduction

Liver fibrosis is a chronic disease caused by continuous injury, with a high 
prevalence worldwide. Liver injury can be caused by different factors, such as viruses, 
alcohol, hepatotoxic compounds, and metabolic disorders [1,2]. Chronic injury causes 
liver damage and leads to the replacement of functional tissue with extracellular 
matrix (scarring/fibrosis) [3]. Liver fibrosis has a quiet and gradual pathology, which 
can evolve to cirrhosis during years to decades. When the primary causal factor is 
removed, even advanced fibrosis can reverse, whereas cirrhosis is generally regarded 
as irreversible [4,5]. 

Various pathways, mediators and cells modulate the progression of liver 
fibrosis [6]. A key player in this fibrogenesis process is the activated hepatic stellate 
cell (HSC) and related myofibroblasts (MF). As a result of chronic liver damage, 
HSC lose their physiological role of vitamin A storage, and differentiate into 
extracellular matrix secreting MF [7]. Furthermore, activated HSC/MF show 
increased proliferation, migration, contractility and apoptosis resistance [8]. These 
cellular processes are modulated by different growth factors (platelet-derived growth 
factor (PDGF), transforming growth factor beta (TGFb), epidermal growth factor 
(EGF), vascular endothelial growth factor (VEGF), basic fibroblast growth factor 
(bFGF), which can all activate the Phosphatidylinositol 3-kinase (PI3K) – protein 
kinase B (Akt) signaling cascade. 

The PI3K family consists of three classes, with Class I PI3K being 
the best studied, since it is the only one that can produce phosphatidylinositol 
(3,4,5)-trisphosphate [9], an essential messenger involved in the activation of the 
downstream signaling. Class I PI3Ks are heterodimeric enzymes that have a catalytic 
(p110a, b, g or d) and a regulatory subunit [9]. The pathway is activated as a response 
to numerous stimuli and regulates several cellular functions, such as cell survival, 
proliferation and energy metabolism. As a result, the PI3K pathway is emerging as a 
promising therapeutic target and is currently studied as a target for several conditions, 
such as autoimmune rheumatic diseases [10], idiopathic pulmonary fibrosis (IPF) 
[11], liver fibrosis [12] and malignancies [13].

Several Class I PI3K inhibitors were developed and are currently investigated 
in preclinical or clinical studies. These compounds include pan-isoform inhibitors, 
which can inhibit all four catalytic isoforms of Class I PI3K, and isoform-specific 
inhibitors [14]. Although these compounds show promising results and can be fairly 
well tolerated in patients, there are toxic side effects that have to be taken into account. 
The most frequent side effects encountered in oncologic patients are hyperglycemia, 
skin toxicity and gastrointestinal problems [15]. 

In the current investigation, we evaluated the toxicity and antifibrotic effect 
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of a Class I PI3K pan-inhibitor of the catalytic subunit, omipalisib (GSK2126458, 
GSK458), in murine and human ex vivo precision-cut tissue slices (PCTS), a model 
for early onset and end stage of fibrosis, with human PCTS serving as a bridge 
towards human studies.

Methods

Chemicals
Omipalisib (GSK2126458, GSK458) was purchased from Selleckchem 

(Munich, Germany). The 5 mM stock solution was prepared by dissolving omipalisib 
in DMSO and it was stored at -80°C. The stock solution was diluted in culture media 
with a final DMSO concentration ≤ 0.4%.

Ethics statements
This study was approved by the Medical Ethical Committee of the University 

Medical Centre Groningen, according to Dutch legislation and the Code of 
Conduct for dealing responsibly with human tissue in the context of health research 
(www.federa.org), refraining the need of written consent for ‘further use’ of coded-
anonymous human tissue.

The animal experiments were approved by the Animal Ethics Committee 
of the University of Groningen (DEC 6416AA-001) and by the Animal Care and 
Use Committee of the State of Rhineland Palatinate (approval No. 2317707/G12-1-
007) and Baden-Württemberg (approval No. 13-011-G), Germany.

Human tissue 
Human tissue was obtained from surgical excess material of patients with 

different pathologies. Clinically healthy liver tissue was acquired from donors 
undergoing partial hepatectomy or organ donation. Cirrhotic liver tissue originated 
from patients with end-stage liver disease who underwent liver transplantation. 
Clinically healthy jejunum tissue was obtained from patients who had a 
pancreaticoduodenectomy procedure. 

Mouse tissue – liver and jejunum
Adult male 8 week-old C57BL/6 (BL/6) were obtained from De Centrale 

Dienst Proefdieren, UMCG, Groningen, The Netherlands, and male and female 
9-week-old FVB mice were purchased from Janvier (France). Adult male and female, 
9 week-old, Mdr2(abcb4)-/- mice (FVB background) were bred at the Institute of 
Translational Immunology at Mainz, Germany and have been characterized previously 
[16,17]. FVB mice served as controls. Male BL/6 mice (8 weeks of age, purchased 
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from Janvier Labs) were placed on a choline deficient L-amino acid (CDAA) defined 
diet to produce nonalcoholic steatohepatitis or a choline supplemented L-amino acid 
(CSAA) defined control diet for 12 weeks.

All mice were housed on a 12 hours light/dark cycle, with controlled 
temperature and humidity. Chow and water consumption was ad libitum. All mice 
were sacrificed under isoflurane (Nicholas Piramal, London, UK) anesthesia by 
cervical dislocation or exsanguination. The livers were collected in cold University 
of Wisconsin (UW) preservation solution (DuPont Critical Care, Waukegab, IL, 
USA) and kept on ice until liver PCTS were prepared.

The jejunum was collected only from naïve BL/6 mice and preserved in ice-cold 
Krebs-Henseleit buffer supplemented with 25 mM D-glucose (Merck, Darmstadt, 
Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES (MP Biomedicals, Aurora, 
OH, USA), saturated with carbogen (95% O2/5% CO2) and pH 7.42 until jejunum 
PCTS were prepared. 

Preparation of precision-cut tissue slices
PCTS from liver and jejunum were prepared as previously described [18], 

using the Krumdieck tissue slicer (Alabama Research and Development, USA). 
Liver PCTS (diameter 5 mm, thickness 250-300 μm, weight 4-5 mg) and jejunum 
PCTS (thickness 300-400 μm, weight 3-4 mg) were incubated for 48h with different 
concentrations of omipalisib (Selleckchem, Munich, Germany) or solvent control 
(DMSO; solvent concentration ≤0.4%). Liver PCTS and human jejunum PCTS 
were incubated individually in 12-well plates containing 1.3 ml of Williams Medium 
E (with L glutamine, Invitrogen, Paisley, Scotland) supplemented with 25 mM 
glucose, 50 μg/ml gentamycin (Invitrogen) and exclusively for jejunum PCTS 2.5 μg/
mL amphotericin-B (Invitrogen). Mouse jejunum PCTS were incubated in 24-well 
plates containing 0.5 ml medium with the same composition as for human jejunum 
PCTS. Fig. 1 is a schematic representation of the tissues used for the experiments. 
The slices were cultured under the following conditions: 37°C, 75-90% O2 and 5% 
CO2, horizontally shaken at 90 rpm. The PCTS culture medium containing drug or 
solvent was changed after 24h incubation.

Viability of PCTS
To assess the viability of PCTS, we determined the amount of adenosine 

triphosphate (ATP) using a bioluminescence kit (Roche Diagnostics, Mannheim, 
Germany). The obtained ATP value (pmol) was normalized to the total protein 
content (μg), which was evaluated with the Lowry method (RC DC Protein Assay, 
Bio-Rad, Veenendaal, The Netherlands). The results are presented as relative values 
of the treated groups compared to control.
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Figure 1. Schematic representation of the tissues used for the experiments.

Gene expression analysis
We performed quantitative reverse transcription polymerase chain reaction 

(qRT-PCR) in order to assess the gene expression of several fibrosis-related 
markers. We extracted total RNA from pooled snap-frozen PCTS (liver-3 slices, 
jejunum-6 slices), using the FavorPrep™ Tissue Total RNA Mini Kit (Favorgen, 
Vienna, Austria). The quantity and quality of extracted RNA was assessed using the 
BioTek Synergy HT (BioTek Instruments, Vermont, USA). Next, 1 μg total RNA 
was reverse transcribed to cDNA using the Reverse Transcription System (Promega, 
Leiden, The Netherlands) using the following protocol: 22°C for 10 minutes (min), 
42°C for 15 min and 95°C for 5 min. 

qRT-PCR was performed in a ViiA 7 Real-Time PCR System (Applied 
Biosystems, California, USA) using SYBR Green (Roche) or TaqMan (Roche) 
based detection (with 1 cycle of 10 min 95°C and 40 cycles of 15 seconds(s) 95°C, 
30s 60°C and 30s 72°C for SYBR Green and 1 cycle of 10 min 95°C and 40 cycles 
of 15s 95°C, 60s 60°C for TaqMan). The gene expression of several fibrosis markers 
(Table 1) was determined using the Double Delta Ct analysis, with Actb, Gapdh, 
Hmbs (murine) or GAPDH (human) as reference gene. Healthy BL/6 liver PCTS 
were analyzed using Actb; for Mdr2-/-, FVB liver PTCS and BL/6 jejunum PCTS 
Gapdh was used, while liver PCTS obtained from mice on CDAA and CSAA diets 
were analyzed using Hbms. All human samples PCTS were analyzed using GAPDH. 
We detected and excluded significant outliers with the Grubbs’ test (significance 
level alpha=0.01). The results show the fold induction of each gene (2-ΔΔCt).
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Table 1 – SYBR Green primers used for murine PCTS

Gene Name Forward Reverse

Actb actin, beta atcgtgcgtgacatcaaaga atgccacaggattccatacc

Gapdh glyceraldehyde-3-phosphate 
dehydrogenase acagtccatgccatcactgc gatccacgacggacacattg

Hmbs hydroxymethylbilane synthase atgagggtgattcgagtggg ttgtctcccgtggtggacata

Col1a1 collagen, type I, alpha 1 tgactggaagagcggcgagt atccatcggtcatgctctct

Serpinh1 serine (or cysteine) peptidase 
inhibitor, clade H, member 1 aggtcaccaaggatgtggag cagcttctccttctcgtcgt

Acta2 actin, alpha 2, smooth muscle, 
aorta actactgccgagcgtgagat ccaatgaaagatggctggaa

Fn1 fibronectin 1 cggagagagtgcccctacta cgatattggtgaatcgcaga

Table 2 – Taqman gene expression assay for human PCTS

Gene Name Taqman assay

GAPDH glyceraldehyde-3-phosphate 
dehydrogenase Hs02758991_g1 

COL1A1 collagen, type I, alpha 1 Hs00164004_m1 

SERPINH1 serine (or cysteine) peptidase inhibitor, 
clade H, member 1 Hs01060397_g1 

ACTA2 actin, alpha 2, smooth muscle, aorta Hs00426835_g1 

FN1 fibronectin 1 Hs01549976_m1 

Western blotting 
Western blotting was used to assess phosphorylated Akt, a downstream 

protein kinase of the PI3K pathway. For this measurement, three slices were pooled, 
snap frozen in liquid nitrogen and stored at 80°C until analysis. The samples were 
lysed in Ripa buffer (Thermo Scientific, Waltham, USA) containing protease inhibitor 
cocktail (Sigma-Aldrich, Saint Louis, USA) and phosphatase inhibitor (Roche, 
Mannheim, Germany). 100 μg of proteins were separated with SDS-PAGE using 
10% polyacrylamide gels containing 2,2,2-trichloroethanol (Sigma-Aldrich) for 
total protein quantification and transferred to a polyvinylidene difluoride membrane 
using the Trans-Blot® Turbo™ Transfer System according to the protocols of the 
manufacturer (Bio-Rad). The membranes were blocked with 5% nonfat dry milk 
in TBST, incubated with primary antibody (phospho-Akt (Ser473), #9271, Cell 
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Signaling, Leiden, The Netherlands) overnight, washed, incubated with a secondary 
antibody (GARPO, Dako, Glostrup, Denmark) and washed again. Visualization of 
targeted proteins was done with the Clarity Western ECL Substrate (Bio-Rad) using 
the ChemiDoc Touch Imaging System (Bio-Rad). Signal intensity was processed 
using Image LabTM Software (Bio-Rad). Normalization of the chemiluminescent 
blot was done using total lane protein. The results are presented as relative values of 
the treated groups compared to control.

Hydroxyproline analysis 
We determined hepatic hydroxyproline (hyp) from 110-150 mg FVB liver, 

65-85 mg Mdr2-/- liver and 260-350 mg liver from mice on CDAA and CSAA 
diets. The tissue was hydrolyzed in a 6N solution of HCl overnight at 110°C (volume 
solution: 100 uL for FVB, 500 uL for Mdr2-/-, and 5 mL for CDAA and CSAA). 
We diluted the samples in citric-acetate buffer and treated them with Chloramine 
T (Sigma-Aldrich, Zwijndrecht, Netherlands) and 4-(dimethyl)aminobenzaldehyde 
(Sigma-Aldrich). We measured the absorbance of the samples was measured at 550 
nm. The results are presented as μg hepatic hyp/mg tissue. 

Human Pro-Collagen I a1
We measured the content of human Pro-Collagen I a1 in the incubation 

media of human liver PCTS using an ELISA kit (DY6220-05, R&D Systems, 
Abingdon, UK). The determination was performed on media pooled from three slices 
from the same group and it was done according to the manufacturer’s protocol. The 
results were calculated using a second order polynomial (quadratic) regression for the 
standard curve and they represent the relative values of the treated groups compared 
to control or the average concentration of Pro-Collagen I a1 (pg/ml).

Histopathological analysis 
Formalin-fixed, paraffin-embedded PCTS 4-μm sections were stained with 

hematoxylin and eosin (H&E) for morphology and Picro sirius red (SR) for fibrosis. 
The images were acquired with NanoZoomer S360 (Hamamatsu, Japan).

Data and statistical analysis 
We used 3 to 10 different organs for experiments, using triplicate slices 

for all measurements. The results are expressed as mean ± standard error of the 
mean (SEM). Significance was established using Student’s t-test or ANOVA and 
Dunnett’s multiple comparison test, with significance p<0.05. 
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Results

1. Omipalisib inhibits the activation of the PI3K pathway in liver 
PCTS 
 To determine the activity of the PI3K pathway in murine liver PCTS, we 
evaluated PI3K activation through the phosphorylation of its downstream signaling 
protein – Akt. We assessed pAkt by Western blot before and after 30’, 1h, 2h and 48h 
of incubation in liver PCTS. The PI3K pathway was activated during culture (Fig. 2). 
Phosphorylation increased in the first hour of incubation and decreased afterwards, 
but Akt phosphorylation at the end of the incubation time (48h) was higher than 
after the first hour. Omipalisib 1 μM inhibited the phosphorylation at every tested 
time point. Therefore, the PI3K pathway is activated during culture in liver PCTS 
and omipalisib can inhibit PI3K activation.

Figure 2. Time dependent Akt phosphorylation during incubation of BL/6 liver PCTS. 
(a) Representative immunoblot for five experiments where liver PCTS were treated with 
0.04% DMSO (control) or omipalisib 1 μM and phosphorylated Akt was assessed via WB. 
(b) Average protein expression of phosphorylated Akt in liver PCTS were incubated with 
solvent (0.04% DMSO) or omipalisib 1 μM (n=5). Data represents means ± SEM of all 
experimental groups after normalization to total protein;  **p<0.01 significantly different 
from 0h control; # p<0.05 significantly different from control at the same time point.

 The inhibitory constants of omipalisib for all isoforms were previously 
assessed in cell-free assays and are in the picomolar range [19]. To determine the 
concentration of omipalisib that will results in a 50% decrease of Akt phosphorylation 
in PCTS (IC50), we incubated BL/6 mouse and human liver PCTS with 0.1 nM to 
100 nM omipalisib for 1h. The IC50 of omipalisib was 20 nM for BL/6 liver PCTS, 
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while lower concentrations were necessary for human liver PCTS – 1.7 nM (healthy) 
and 2.9 nM (fibrotic) (Fig. 3).  The concentrations needed for ex vivo PCTS are 102-
103 higher compared to a cell-free assay [19].

Figure 3. Omipalisib inhibits Akt phosphorylation in (a) BL/6 mouse, (b) human healthy 
and (c) human cirrhotic liver PCTS. Liver PCTS were incubated with solvent (Solv) 
(0.004% DMSO) or increasing concentrations of omipalisib for 1h; the phosphorylation of 
Akt was assessed via WB; n=3.

2. Omipalisib reduces fibrosis markers in murine and human 
liver PCTS

2A. Healthy BL/6 liver PCTS
To evaluate the antifibrotic effect of omipalisib and its toxicity in liver, we 

tested three concentrations (0.1, 1 and 10 μM) in PCTS from healthy livers from 
BL/6 mice, based on the IC50 results (Fig. 3), the half-life of 2h and high selectivity 
(more than 10,000 fold compared to other kinases, except mTOR, a class IV PI3K 
protein kinase) [19]. First, we assessed the effect of omipalisib on ATP content. 
Incubation of liver PCTS with omipalisib up to 1 μM for 48h did not decrease ATP 
content (Fig. 4a). At 10 μM, however, ATP content was decreased by 20% compared 
to the control.

We then evaluated the antifibrotic effect of omipalisib on the gene expression 
level. Previous work showed that slicing and incubation of healthy rat [20] and 
human [21] liver PCTS induces fibrogenesis, making this system a model of early 
onset of fibrosis. Compared to the rat and human results, we observe that murine 
liver PCTS similarly upregulate their fibrosis-related gene expression, characterized 
by an increase in expression collagen type I a1 (Col1a1) and fibronectin 1 (Fn1) 
(S1). Omipalisib induced a dose dependent decrease of Col1a1, 47 kDa heat shock 
protein (Serpinh1) and Fn1 (Fig. 4b). 0.1 μM showed only a trend in decreasing the 
expression of Col1a1 and had no effect on the other two markers. At 1 μM Col1a1 
and Serpinh1 were significantly decreased, and at 10 μM all three markers were 
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significantly suppressed. The drug did not affect the expression of the myofibroblast 
activation marker Acta2. Thus, in mouse liver PCTS, omipalisib exerted a clear 
antifibrotic effect at 1 μM. 

2B. Fibrotic Mdr2-/- liver PCTS
The next step was to evaluate omipalisib in diseased, i.e., fibrotic livers. To 

this aim we studied the drug in two models of murine liver fibrosis. Here PCTS 
represent a model of end-stage fibrosis, due to further increase in gene expression of 
fibrosis markers during incubation. 

Mdr2-/- mice (FVB background) develop spontaneous biliary fibrosis 
after birth [16]. At age 9 weeks the Mdr2-/- and FVB mice show a clear difference 
regarding fibrosis markers, with Col1a1, Serpinh1 and Fn1 being highly upregulated 
(Fig. 4e), while Acta2 was increased 2.5-fold (not significant). The presence of 2.2 
fold increase in hepatic hyp content compared to FVB mice, together with SR 
staining and increased liver weight (S2), confirms the presence of fibrosis in Mdr2-
/- mice prior to incubation of PCTS. In Mdr2-/- and FVB control liver PCTS, two 
omipalisib concentrations, 1 and 5 μM, were tested, based on proven viability and 
antifibrotic results in PCTS of healthy BL/6 mice. These concentrations did not 
affect the ATP levels of the Mdr2-/- and FVB liver PCTS (Fig. 4c, d). The effect of 
omipalisib on fibrosis marker gene expression in FVB and Mdr2-/- liver PCTS is 
shown in Fig. 4e. Expression of Col1a1 increased during 48h incubation in both FVB 
and Mdr2-/- PCTS, while Col1a1 expression in FVB PCTS did not reach the gene 
expression level in Mdr2-/- directly after slicing (S3). As with BL/6 liver PCTS, 
Col1a1 expression was strongly reduced by omipalisib. For FVB liver PCTS, both 
concentrations of the drug reduced Col1a1 expression significantly 5 and 30 fold, 
respectively. Furthermore, 5 μM omipalisib reduced Col1a1 expression to a lower 
level than that of the control (FVB PCTS 0h). Moreover, in Mdr2-/- liver PCTS, 
both omipalisib concentrations decreased Col1a1 to lower levels than Mdr2-/- PCTS 
at 0h. Serpinh1 gene expression showed an increase during incubation only for FVB 
PCTS. A significant decrease was seen in FVB PCTS with 5 μM of the drug, while 
in Mdr2-/- PCTS both concentrations reduced Serpinh1 to a similar level. Acta2 did 
not show a significant change during incubation, while 5 μM omipalisib reduced its 
gene expression only in Mdr2-/- PCTS. Fn1 expression increased during incubation 
in both FVB and Mdr2-/- liver PCTS and omipalisib did not further decrease mRNA 
levels in any group; in contrast, a significant upregulation of 1.8 times was observed 
for Fn1 for Mdr2-/- PCTS treated with 5 μM omipalisib. The results showed good 
tolerability of the drug in mouse liver PCTS and similar antifibrotic effects when 
liver PCTS were exposed to 1 or 5 μM.
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significantly suppressed. The drug did not affect the expression of the myofibroblast 
activation marker Acta2. Thus, in mouse liver PCTS, omipalisib exerted a clear 
antifibrotic effect at 1 μM. 

2B. Fibrotic Mdr2-/- liver PCTS
The next step was to evaluate omipalisib in diseased, i.e., fibrotic livers. To 

this aim we studied the drug in two models of murine liver fibrosis. Here PCTS 
represent a model of end-stage fibrosis, due to further increase in gene expression of 
fibrosis markers during incubation. 

Mdr2-/- mice (FVB background) develop spontaneous biliary fibrosis 
after birth [16]. At age 9 weeks the Mdr2-/- and FVB mice show a clear difference 
regarding fibrosis markers, with Col1a1, Serpinh1 and Fn1 being highly upregulated 
(Fig. 4e), while Acta2 was increased 2.5-fold (not significant). The presence of 2.2 
fold increase in hepatic hyp content compared to FVB mice, together with SR 
staining and increased liver weight (S2), confirms the presence of fibrosis in Mdr2-
/- mice prior to incubation of PCTS. In Mdr2-/- and FVB control liver PCTS, two 
omipalisib concentrations, 1 and 5 μM, were tested, based on proven viability and 
antifibrotic results in PCTS of healthy BL/6 mice. These concentrations did not 
affect the ATP levels of the Mdr2-/- and FVB liver PCTS (Fig. 4c, d). The effect of 
omipalisib on fibrosis marker gene expression in FVB and Mdr2-/- liver PCTS is 
shown in Fig. 4e. Expression of Col1a1 increased during 48h incubation in both FVB 
and Mdr2-/- PCTS, while Col1a1 expression in FVB PCTS did not reach the gene 
expression level in Mdr2-/- directly after slicing (S3). As with BL/6 liver PCTS, 
Col1a1 expression was strongly reduced by omipalisib. For FVB liver PCTS, both 
concentrations of the drug reduced Col1a1 expression significantly 5 and 30 fold, 
respectively. Furthermore, 5 μM omipalisib reduced Col1a1 expression to a lower 
level than that of the control (FVB PCTS 0h). Moreover, in Mdr2-/- liver PCTS, 
both omipalisib concentrations decreased Col1a1 to lower levels than Mdr2-/- PCTS 
at 0h. Serpinh1 gene expression showed an increase during incubation only for FVB 
PCTS. A significant decrease was seen in FVB PCTS with 5 μM of the drug, while 
in Mdr2-/- PCTS both concentrations reduced Serpinh1 to a similar level. Acta2 did 
not show a significant change during incubation, while 5 μM omipalisib reduced its 
gene expression only in Mdr2-/- PCTS. Fn1 expression increased during incubation 
in both FVB and Mdr2-/- liver PCTS and omipalisib did not further decrease mRNA 
levels in any group; in contrast, a significant upregulation of 1.8 times was observed 
for Fn1 for Mdr2-/- PCTS treated with 5 μM omipalisib. The results showed good 
tolerability of the drug in mouse liver PCTS and similar antifibrotic effects when 
liver PCTS were exposed to 1 or 5 μM.
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Figure 4. The effect of omipalisib in murine liver PCTS. (a) Healthy BL/6 PCTS viability 
during incubation with omipalisib – relative ATP level/protein compared to control (0 μM 
omipalisib), (n=6); (b) Fibrosis-related gene expression in BL/6 PCTS treated with omipalisib 
or solvent for 48h; Data are presented as relative values to 48h control; (c) Relative ATP level/
protein of FVB (n=6) and (d) Mdr2-/- (n=10); (e) Fibrosis-related gene expression in FVB 
and Mdr2-/- PCTS treated with omipalisib or solvent; Data are presented as relative values 
to FVB 0h PCLS; (f ) Relative ATP level/protein of BL/6 on CSAA diet (n=4) and (g) 
CDAA diet (n=5); (h) Fibrosis-related gene expression in PCTS of BL/6 mice on CSAA 
and CDAA diet treated with omipalisib or solvent; Data are presented as relative values to 
CSAA 0h PCLS; Data represent mean ± SEM; *p<0.05, **p<0.01, ***p<0.001 significantly 
different from control.

2C. CDAA-induced NAFLD PCTS
CDAA-induced NAFLD, where fibrosis is triggered by excess fat 

accumulation and a mild metabolic deficiency (choline) in the liver, served as second 
model of murine liver fibrosis. We assessed the effect of PI3K inhibition in steatotic 
livers with (CDAA) or without (CSAA) liver fibrosis using 1 μM omipalisib, in view 
of the prior Mdr2-/- results. CSAA induced simple liver steatosis in BL/6 mice, 
whereas CDAA induced liver steatohepatitis and fibrosis (S4) coupled with increased 
gene expression of fibrosis markers (Fig. 4h). The CDAA diet significantly increased 
the gene expression of all tested fibrosis markers in comparison to the CSAA diet, 
especially Col1a1 (30-fold). During liver PCTS incubation, the tested concentration 
of 1 μM omipalisib did not affect the ATP content of CSAA or CDAA liver PCTS 
compared to their control (Fig. 4f,g). During the 48h incubation Col1a1, Serpinh1 
and Fn1 increased significantly in both CDAA and CSAA PCTS (S5), while Acta2 
showed an increase only in CDAA PCTS. Omipalisib at 1 μM reduced Col1a1 and 
Serpinh1 gene expression in CSAA liver PCTS, and Serpinh1 and Fn1 in CDAA 
liver PCTS, with a trend of reduction for Col1a1 (p=0.059). The results show that 
the drug has a good tolerability, but a diminished antifibrotic effect in liver fibrosis 
triggered by steatosis/steatohepatitis. 

2D. Healthy human liver PCTS
Next, we assessed if a similar effect of omipalisib would be found for human 

liver PCTS. The possibility of using human tissue for compound testing is a great 
advantage of the PCTS method, serving as a bridge between murine and human 
drug testing for efficacy and side effects, before a clinical study may be initiated. As 
a model for early onset of fibrosis, we used healthy human liver PCTS [21], [22]. 
Four omipalisib concentrations were tested: 0.1, 1, 5 and 10 μM. The two lower 
concentrations showed no reduction of viability (ATP content, Fig. 5a), but from 
5 μM on, the decrease in ATP content became significant (5 μM – 38% and 10 
μM – 49% compared to controls). On the gene expression level, healthy human liver 
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PCTS showed a higher variation for fibrosis marker expression than murine PCTS 
(Fig. 5c). Nonetheless, there was a trend of low omapilisib concentrations (0.1 and 
1 μM) to lower the gene expression of COL1a1 and SERPINH1. Significant results 
were obtained only with 5 μM (COL1a1, SERPINH1 transcript reduction by 97% 
and 70%, respectively) and 10 μM omipalisib (COL1a1 transcript reduction by 98%). 
We measured the protein concentration of Pro-Collagen I a1 in the incubation 
media to determine if the production of collagen is reduced by omipalisib. All tested 
concentrations of the drug reduced significantly the concentration of this protein in 
the media (Fig. 5e); moreover, the decrease was stronger with higher concentrations, 
going from 70% (0.1 μM) to 85% decrease (10 μM). The results show that the 
viability of human liver PCTS is more sensitive to PI3K inhibition than mouse liver 
PCTS, and that the antifibrotic effect on PCR markers is observed only at higher 
concentrations, while Pro-Collagen I a1 is reduced by all tested concentrations. 

2E. Cirrhotic human liver PCTS
To investigate if omipalisib could reduce fibrosis in end-stage liver disease, 

fibrotic human liver PCTS, as a model for end-stage of fibrosis [23], were incubated 
with the same concentrations of omipalisib as healthy liver. The difference between 
healthy and cirrhotic human liver PCTS regarding gene expression of the investigated 
markers (COL1a1, ACTA2, SERPINH1, FN1) is presented in S6, together with PCTS 
SR staining and the concentration of Pro-Collagen I a1 secreted during culture. In 
fibrotic PCTS, omipalisib was more toxic compared to mouse and healthy human 
tissue, as evidenced by the lower ATP content (Fig. 5b) that decreased similarly (by 
45%) with 1 and 5 μM compared to control, and down by 57% at 10 μM). Notably, on 
the transcript level, omipalisib strongly reduced COL1a1 and SERPINH1, starting 
with the lowest tested concentration. At 0.1 μM, the reduction of COL1a1 was 80%, 
to reach 99% at 10 μM. Only a trend of suppression was found for ACTA2 and 
FN1, which became significant at 5 μM (ACTA2) and 10 μM (FN1). Regarding the 
protein levels of Pro-Collagen I a1 produced and secreted during culture, omipalisib 
treatment decreased it for all tested concentration (Fig 5f ). At 0.1 μM, the decrease 
was 75%, whereas the other concentration led to a decrease higher than 90%. The 
results show that diseased human liver tissue is more susceptible to untoward side 
effects than healthy liver when exposed to omipalisib, but that the antifibrotic effect 
was stronger on PCR, being observed already at 0.1 μM omipalisib, and similar for 
the protein concentration of Pro-Collagen I a1.
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Figure 5. The effect of omipalisib in human liver PCTS. Human liver PCTS viability 
during incubation with omipalisib or solvent – ATP level/protein in (a) healthy and (b) 
cirrhotic. Fibrosis-related gene expression in human liver PCTS treated with omipalisib 
or solvent: (c) healthy and (d) cirrhotic. Pro-Collagen I a1 released by (e) healthy and (f ) 
cirrhotic liver PCTS in culture media during 48h treatment with omipalisib or solvent. Data 
presented as means ± SEM; n=4-5;*p<0.05, **p<0.01, ***p<0.001 significantly different from 
0 μM omipalisib.
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3. Omipalisib shows strong toxicity in murine and human 
jejunum PCTS

Since omipalisib can be administered orally to patients, we assess the 
effects of this drug on the intestine, since intestinal side effects were reported [24]. 
We tested omipalisib on murine and human jejunum PCTS. First, similar to our 
experiments in liver, when we tested 0.1, 1 and 10 μM omipalisib in murine and 
human jejunum PCTS, there was a dose dependent reduction of ATP content (Fig. 
6a, b), with a higher sensitivity of jejunum vs. liver PCTS. We therefore tested a lower 
concentration: 0.01 μM. This concentration had no toxic effect on mouse jejunum 
PCTS, but still compromised ATP content of human jejunum PCTS (43% decrease 
compared to control). We further tested the effect of the non-toxic concentration 
of omipalisib on the gene expression of fibrosis markers in mouse jejunum PCTS 
(Fig. 6c). Col1a1 was the only marker that was decreased after 48h incubation. With 
regard to the human tissue, we evaluated the morphological changes induced by 
0.01 μM omipalisib (Fig. 6d). We observed more necrosis and cellular damage in the 
sections from PCTS treated with omipalisib. Moreover, the crypts were damaged, 
the villi were flattened and massive necrosis was noticeable. All together, these results 
show organ (liver vs. jejunum) and species (mouse-human) differences. They also 
demonstrate that the human PCTS could predict complications that have been 
found in human studies.

Figure 6. The effect of omipalisib on jejunum PCTS - ATP level/protein: (a) BL/6 healthy 
jejunum PCTS (n=3-9), (b) human healthy jejunum PCTS (n=3-5). (c) Fibrosis-related gene 
expression in PCTS BL/6 healthy jejunum PCTS treated with omipalisib or solvent (n=5). 
Data presented as means ± SEM; *p<0.05, ***p < 0.001 different from 0 μM omipalisib. (d) 
Representative H&E staining of human jejunum PCTS treated with omipalisib 0.01 μM or 
solvent (control).
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Discussion

Drug development is a decade-long process that can be facilitated by 
preclinical studies performed in a complex system that maintain organ structure and 
reflect cell-cell interactions. In this study, we demonstrated the antifibrotic but also 
toxic effects of omipalisib, a PI3K pan-inhibitor, in a complex murine and human ex 
vivo model (PCTS) mimicking early-onset and end-stage liver fibrosis and normal 
intestine. 

The PI3K pathway is essential for cell activation, proliferation, differentiation 
and survival due to its central role in cell metabolism [25]. For these reasons, an 
increased activity of this pathway is associated with hyperproliferation and various 
types of cancer [26]. PI3K pan-inhibitors were developed as cancer treatment, since 
several PI3K isoforms are expressed in abnormal cells [27]. Although omipalisib 
was initially tested for oncology, Mercer et al. studied its antifibrotic effect in human 
idiopathic pulmonary fibrosis (IPF) PCTS [11] in view of PI3K involvement in IPF. 
In that study, the inhibition of the PI3K pathway with 0.1 μM omipalisib resulted 
in the decreased formation of collagen in human IPF lung PCTS. We showed that 
similar concentrations are necessary in liver PCTS and that these values are 2-3 orders 
of magnitude higher than the concentrations needed in cell-free assays (picomolar 
range [19]). While even the nanomolar concentrations are tolerated in our system, 
we showed species and organ differences regarding drug toxicity. Species differences 
are shown by the higher viability of murine PCTS treated with omipalisib than 
human PCTS (the absolute values of ATP/μg protein for mouse are higher than 
human). Here, also no difference was found between the two mouse stains BL/6 and 
FVB. For instance, 10 μM omipalisib induced a 20% decrease in viability in healthy 
BL/6 liver PCTS, while the viability of healthy human liver PCTS was reduced 
by 50%. This can be explained by the fact that murine liver PCTS need a higher 
concentration of omipalisib to achieve PI3K inhibition, as shown by the IC50 values 
(Fig. 3). Another factor that can contribute to this difference is tissue quality - mouse 
liver is excised directly after sacrifice, whereas the human tissue is usually subject some 
warm ischemia due to required surgical protocol. Furthermore, we illustrated similar 
species differences in jejunum PCTS, where 0.01 μM omipalisib affected human, but 
not murine viability. Further, we showed organ differences regarding PI3K inhibition 
between liver and jejunum in both species. The range of concentrations tested in 
liver PCTS was toxic for jejunum PCTS, confirming the high sensitivity to PI3K 
inhibition of the intestine. These results are in line with in vivo data from oncologic 
patients who received PI3K inhibitors [28] and often presented with gastrointestinal 
problems, such as diarrhea and occasionally intestinal perforation [15] [29]. This 
is a mechanism-related side effect and can be explained by the prime role of the 
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small intestine in nutrient sensing and uptake, and by its high turnover of intestinal 
epithelial cells. Moreover, the inhibition of PI3K in intestinal Caco-2/15 affected 
E-cadherin - a cell adhesion molecule, involved in maintaining the integrity of the 
intestinal barrier [30]. Given these points, and considering that the class of PI3K 
inhibitors is administered orally, the formulation should be improved or another 
pharmaceutical form than oral should be developed. Last, we want to draw attention 
on disease-related differences that influence toxicity of PI3K inhibition. In human 
liver PCTS we observed a 40% decrease in viability starting from 5 μM omipalisib 
for healthy liver, whereas a higher decrease in viability (45%) is observed in cirrhotic 
liver already at 1 μM omipalisib. Still, a 30 to 50% decrease in viability is considered 
medium toxicity [31]. The only concentration that affects viability with more than 
50% was 10 μM omipalisib in human cirrhotic liver PCTS, showing higher toxic 
effects for late stage disease. Altogether, omipalisib shows more toxicity in human 
than murine tissue and jejunum is more sensitive to PI3K inhibition than liver. 

  The second goal of our study was to assess the antifibrotic effect of omipalisib 
in liver PCTS. We studied these effects in a model for early onset of fibrosis using 
both mouse and human healthy tissue. Omipalisib showed an antifibrotic effect on 
healthy BL/6 mouse liver PCTS already at 1 μM by reducing the expression of the 
key extracellular matrix genes Col1a1 and Fn1. However, myofibroblast activation 
(as assessed by the expression of Acta2) did not respond to omipalisib treatment. 
Further, healthy human liver PCTS responded to omipalisib treatment by reducing 
the protein expression of Pro-Collagen I a1, but showed a high variation for the 
analyzed markers on PCR. This can be explained by the above-discussed high patient 
inter-individual differences. Moreover, we have to take into consideration that even 
if all the tissues are considered clinically healthy, patients might have been exposed 
to alcohol, medication or other environmental factors that might cause the observed 
differences in fibrogenic activation. Similarly to mouse liver PCTS, myofibroblast 
activation was not affected by the drug. Thus, omipalisib has an antifibrotic effect in 
healthy murine and human liver PCTS that appears independent of the myofibroblast 
activation marker ACTA2.

An important part of this study was to show the antifibrotic efficacy of 
omipalisib in fibrotic PCTS from both murine and human tissue. The end-stage 
model of fibrosis (using human cirrhotic liver PCTS) allowed us to test omipalisib in 
chronically damaged PCTS that showed an enhanced baseline level of and higher in 
vitro susceptibility to fibrogenic activation. Mouse experiments included two models 
of liver fibrosis, with different etiologies: spontaneous biliary fibrosis in Mdr2-/- 
mice resembling human primary sclerosing cholangitis [32], mere fatty liver (CSAA) 
and steatohepatitis with fibrosis (CDAA) [33]. Ex vivo incubation triggered fibrosis 
in Mdr2-/- (increase in Col1a1 and Fn1) and CDAA PCTS, with an increase in all 
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tested fibrotic markers. We observed a stronger fibrosis induction during culture in 
CDAA than in Mdr2-/- PCTS and this could be explained by the fact that the CDAA 
diet induces steatosis and inflammation [34], which might have a synergistic effect 
on increasing fibrosis markers during incubation in our system. The antifibrotic effect 
of omipalisib was similar in these two models, though stronger in Mdr2-/- PCTS. 
Here, omipalisib decreased the gene expression of all tested fibrosis markers (with the 
exception of Fn1) below baseline prior to incubation (Mdr2-/- PCTS 0h). However, 
an unexpected result was the increased expression of Fn1 caused by 5 μM omipalisib 
in the Mdr2-/- PCTS. As fibronectin is involved in cell adhesion, differentiation 
and migration [35], [36], our results might indicate that a high concentration of 
omipalisib in Mdr2ko fibrotic liver could trigger one of these pathway, resulting in 
increased Fn1 expression. In contrast, gene expression of fibrosis markers in CDAA 
PCTS treated with omipalisib (even if decreased compared to the 48h control) was 
still higher than CDAA PCTS at 0h. The limited effect can be related to the fact 
that omipalisib is a lipophilic compound (partition coefficient - 3.3 [37]) and the 
drug’s intracellular concentration might change as a result of altered transporters 
and hepatic metabolism in NAFLD [38,39]; however, the metabolism of omipalisib 
is not reported in literature. The hepatic metabolism of omipalisib is currently not 
reported in literature. This shows that the pharmacokinetic properties are affected 
by pathology, in this case steatosis [39] that has become the underlying cause of the 
currently most prevalent, serious liver disease worldwide, NASH. Therefore, the effects 
of PI3K inhibition on inflammation, oxidative stress and fat metabolism need to be 
assessed for a better characterization. Moreover, we assessed the effect of omipalisib 
in diseased human liver. We observed less variability than in healthy human liver, and 
the antifibrotic effect of omipalisib was achieved already at 0.1 μM, as shown by PCR 
results and secreted Pro-Collagen I a1. This shows that the drug is more efficient in 
end-stage than early fibrosis, since the concentration needed to achieve a significant 
reduction of COL1a1 was 50 times lower. This efficacy is not related to differences 
between PI3K inhibition in healthy and diseased liver, since the IC50 of omipalisib 
had similar values for these tissues (Fig. 3). An explanation for the lower omipalisib 
concentration needed to reduce the expression of COL1a1 can be the elevated level 
of this key fibrogenic gene prior incubation in diseased compared to healthy liver 
(4-fold higher S6) and the fact that liver PCTS from cirrhotic liver produce more 
Pro-Collagen I a1 during culture in comparison to the ones from healthy donors 
(S6c). However, even though the antifibrotic effect is stronger, toxicity is higher in 
cirrhotic liver. Overall, omipalisib shows a clear antifibrotic effect in diseased murine 
and human livers.

 On the gene expression level, omipalisib showed consistent results throughout 
the models, with COL1a1 already being decreased by the lowest concentrations of the 
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drug (0.1 and 1 μM), showing the importance of this pathway in ECM production. 
The method of PCTS for preclinical drug testing is highly useful due to 

several advantages: 1) the preservation of the three-dimensional structure and 
cellular organization, 2) reproducibility, 3) the possibility to test the human system, 
and compare it to the murine system where whole animal studies can be done, 4) 
the possibility to test different drug concentrations in the same mouse/human tissue 
at the same time and under the same conditions, 5) the exploration of drug effects 
during early onset and end-stage fibrosis, 6) the detection of adverse events due 
to drug toxicity and pharmacokinetic studies in the target but also other organs. 
Moreover, when it comes to rodent testing, a single animal will permit numerous 
reproducible testings for each organ compared to larger groups of animals being 
required for in vivo experiments. However, the method also has disadvantages. These 
include: 1) limitation to short term incubation due to PCTS decrease of viability 
after 48h of incubation [18], 2) major effects being observed on the gene expression 
level, while changes on the level of protein expression of morphology are often 
limited, 3) a lack of blood derived immune cells. Nonetheless, even if not perfect, the 
advantages of the methodology surpass the disadvantages and we are confident that 
ongoing validation and comparison with in vivo data will further confirm that our 
model of PCTS represents a valuable tool for preclinical studies of fibrosis and organ 
toxicity. Importantly, our preclinical testing of the PI3K pan-inhibitor in murine 
(and human) PCTS would predict that omipalisib would not be a good candidate 
for the treatment of NASH induced fibrosis as compared to biliary fibrosis, for the 
above-mentioned reasons.  
 At present, liver fibrosis, as most other fibrotic diseases, is a progressive 
condition incurring a high morbidity and mortality, and currently no available specific 
antifibrotic treatment exists. ECM production has a central role in wound healing, 
but its excessive production in “wounds that do not heal” will lead to remodeling of 
the organ, here liver, architecture and final loss of organ function. To prevent the 
vicious cycle of ECM accumulation and increasing matrix stiffness that further drives 
inflammation and fibrosis [40], a drug that can attenuate the exaggerated ECM 
production and thus interrupt this vicious cycle is needed. The current study shows 
positive results achieved through PI3K pathway inhibition, specifically the decrease 
of fibrosis markers. However, the PI3K pathway is present in all cell types and it 
is involved in many cellular processes, making PI3K pathway inhibiting drugs a 
double-edged sword. The sensitivity of the gastro-intestinal tract to PI3K inhibition 
poses a central problem to high dose systemic PI3K pan-inhibitor therapy. For these 
reasons, cell targeting towards the organ of interest and the ECM producing cells by 
specific drug formulations to protect the gastro-intestinal tract are needed. 
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Supplementary Information

S1. Fibrosis-related gene expression in BL/6 liver PCTS after 48h incubation; n=6; Data 
presented as means ± SEM; **p<0.01, ***p<0.001 significantly different from 0h. 

S2. (a) Sirius Red staining of representative FVB and Mdr2-/- liver PCTS sections at 0h 
(no incubation) with 10x magnification. (b) Liver weight of FVB and Mrd2-/- mice. (c) 
HYP content from FVB and MDR2-/- livers. Data presented as means ± SEM; **p<0.01, 
***p<0.001 significantly different from FVB; n=6-10. 
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S3. Fibrosis-related gene expression in (a) FVB and (b) MDR2-/- liver PCTS after 48h 
incubation; n=6/9; data presented as means ± SEM; *p<0.05, **p<0.01, ***p<0.001 significantly 
different from 0h. 

S4. (a) Sirius Red staining of representative CSAA and CDAA liver PCTS sections at 0h 
(no incubation) with 10x magnification. (b) Liver weight of mice on CSAA and CDAA diets. 
(c) HYP content from livers of mice on CSAA and CDAA diets. Data presented as means ± 
SEM; **p<0.01, ***p<0.001 significantly different from CSAA; n=4-5. 
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S5. Fibrosis-related gene expression in liver PCTS from mice on (a) CSAA and (b) CDAA 
diets after 48h incubation; n=4/5; data presented as means ± SEM; ***p<0.001 significantly 
different from 0h. 

S6. (a) Sirius Red staining of representative healthy and cirrhotic human liver PCTS sections 
at 0h (no incubation) with 10x magnification. (b) Fibrosis-related gene expression in human 
healthy and cirrhotic liver PCTS 0h (no incubation). (c) Pro-Collagen I a1 released in the 
culture media after 48h incubation of healthy and cirrhotic liver PCTS. n=4-5; data presented 
as means ± SEM; *p<0.05, significantly different from healthy liver PCTS.
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Abstract

Background: Glycoprotein Nonmetastatic Melanoma Protein B (GPNMB) is a 
ubiquitous transmembrane protein that is involved in immune regulation and tissue 
remodeling. The membrane shedded protein is elevated in patients with non-alcoholic 
steatohepatitis (NASH). Our aim was to establish the transcriptional profile of the 
Gpnmb gene in precision-cut liver slices (PCLS) from different mouse and human 
models.
Methods: PCLS were obtained from healthy and diseased mouse and human livers. 
The diseased mouse models included biliary and parenchymal liver fibrosis (Mdr2-
/-, CCl4) and NASH models (Amylin liver NASH (AMLN), choline-deficient 
L-amino acid-defined (CDAA)). Results were complemented with healthy and 
cirrhotic human liver slices. PCLS were cultured for 48h and the gene expression 
of Gpnmb was assessed by qRT-PCR. Additionally, we evaluated the effect of a 
phosphatidyl-inositol-3-kinase (PI3K) inhibitor (omipalisib) and a PPARa/d 
agonist (elafibranor) on Gpnmb gene expression. mRNA sequencing assessed Gpnmb 
expression in different murine and human organs slices.
Results: Gpnmb was markedly upregulated, up to 1500-fold, in the fibrosis models 
and in two of the NASH models – CDAA and AMLN. Compared to healthy liver, 
human diseased liver expressed increased levels of Gpnmb. Incubation of murine and 
human PCLS led to a further increase of Gpnmb for all tested groups, regardless 
the status of the liver. Treatment with omipalisib increased Gpnmb gene expression 
in healthy murine PCLS, but decreased it in diseased murine PCLS (Mdr2-/- and 
CDAA), and in healthy and diseased human PCLS. Elafibranor had no effect on 
Gpnmb gene expression in PCLS obtained from CDAA and its control diet.
Conclusions: PCLS can be used to study the liver expression of Gpnmb. GPNMB 
might be a potential preclinical marker for advanced liver diseases that are 
characterized by the presence of fibrosis. Species differences are shown by different 
PI3K regulation. A better understanding about the role and regulation of GPNMB 
is needed to consider its use as a liver disease marker. 

Keywords: Glycoprotein Nonmetastatic Melanoma Protein B, precision-cut 
tissue slices, marker, fibrosis, NASH, omipalisib, PI3K, elafibranor, NGS
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Introduction
 

Non-alcoholic liver disease (NAFLD) is an umbrella term that describes 
a spectrum of histological changes in patients without alcohol consumption that 
varies from simple steatosis (fat >5% of liver weight) to inflammatory non-alcoholic 
steatohepatitis (NASH), which can progress to liver cirrhosis [1]. 

Glycoprotein nonmetastatic melanoma protein B (GPNMB, osteoactivin), 
also known as dendritic cell-heparin integrin ligand (DC-HIL, mouse ortholog), 
is a transmembrane protein with three domains: cytoplasmic, transmembrane and 
extracellular [2]. The extracellular domain can be cleaved through the ADAM10 
(A Disintegrin And Metallopeptidase domain 10) protease [3], and the resulting 
soluble form can be measured in serum [4]. The serum levels of soluble GPNMB 
were higher in non-alcoholic steatohepatitis (NASH) patients when compared to 
patients with simple steatosis [4], making GPNMB a possible NASH biomarker. 
Additionally, elevated levels of GPNMB were observed in rats with obesity [4] and 
diet-induced NASH [5]. 

GPNMB, however, is not a liver specific protein; it is expressed in several 
organs, such as bones, adipose tissue, thymus, pancreas, heart, kidney, lung, skin and 
muscle [6–8] and by various cells including osteoblasts, macrophages, dendritic 
cells, hepatic stellate cells (HSC) and adipoctes [4,6,9]. GPNMB is involved in 
physiological (osteoblastogenesis [10]) and pathological (cancer [11,12], amyotrophic 
lateral sclerosis [13] (ALS)) processes. GPNMB was discovered in melanoma cells 
[14] and elevated levels of this protein were related to cancer recurrence, tumor 
aggressiveness and metastasis [15,16]. Nevertheless, the exact physiological role of 
GPNMB is not completely elucidated. In macrophages, GPNMB was reported to 
be a negative regulator of inflammation due to inhibition of T-cell activation [9,17]. 
In fibroblasts, GPNMB upregulates the gene expression of matrix metalloproteinase 
(MMP)-3 and MMP-9 [18], playing a role in tissue remodeling. 
  Considering that NASH pathology is characterized by liver steatosis, 
inflammation and fibrosis, coupled with the fact that MMPs are involved in 
extracellular matrix remodeling, we decided to broadly characterize the Gpnmb 
transcription profile in an ex vivo model that shows spontaneous inflammation and 
fibrosis during culture – the precision-cut liver slices (PCLS) [19–22]. The PCLS 
model allows the study of liver-specific GPNMB without the interference from 
different organs and infiltrating immune cells. In this model the architecture and 
cellular composition of the organ is preserved [23]. Furthermore, human tissue can 
be used, excluding the need for animal to human translation. Moreover, PCLS help 
to reduce the number of laboratory animal used for research. 

Our aim was to characterize the transcriptional profile of Gpnmb in PCLS 
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obtained from two NASH and liver fibrosis murine models, as well as human healthy 
and cirrhotic livers. Recently, we performed whole transcriptome analysis in precision-
cut tissue slices of healthy Bl/6 mice and healthy and disease human tissues (Chapter 
2 and 3), and found that culture, tissue type and diseased phenotype affect the 
expression of Gpnmb. Details of these observations are integrated in the discussion. 
Furthermore, we investigated how Gpnmb is regulated when the phosphoinositide 
3-kinase (PI3K) pathway is inhibited; as knocking out the pathway’s negative 
regulator in mice leads to steatohepatitis [24]. Additionally, we assessed if GPNMB 
can be a preclinical marker of NASH by assessing the effect of a compound currently 
in Phase III clinical trial on the Gpnmb expression.  

Methods

Chemicals
We purchased omipalisib (GSK2126458, GSK458) from Selleckchem 

(Munich, Germany). We prepared the stock solution (5 mM) in DMSO and we 
stored it at -80°C. Elafibranor was purchased from (Sage Chemicals, Johannesburg, 
South Africa), dissolved in DMSO and the stock (10 mM) was stored at -20°C. The 
culture media had a final concentration ≤ 0.4% DMSO. 

Human tissue 
This study was approved by the Medical Ethical Committee of the University 

Medical Centre Groningen, according to Dutch legislation and the Code of 
Conduct for dealing responsibly with human tissue in the context of health research 
(www.federa.org), refraining the need of written consent for ‘further use’ of coded-
anonymous human tissue. Human tissue from excess surgical material of patients 
with different pathologies was used to prepare precision-cut tissue slices (PCTS). 

Animals 
The animal experiments were approved by the Animal Ethics Committee of 

the University of Groningen (DEC 6416AA-001) and by the Animal Care and Use 
Committee of the State of Baden-Württemberg (approval No. 13-011-G), Germany. 
For these experiments we used adult mice, age 8-44 weeks. Male 8-10 week-old 
C57BL/6 (Bl/6) mice (De Centrale Dienst Proefdieren, UMCG, Groningen, The 
Netherlands) were used to obtain PCTS for next-generation sequencing (NGS) 
study and PCLS for further analysis. Male and female FVB and Mdr2(abcb4)-/- 
mice, 9 week-old, were provided by the laboratory of D. Schuppan. Female 9 week-
old Balb/c, used for CCl4-induced fibrosis, were purchased from Janvier (Saint 
Berthevin Cedex, France). Female 9-11 week-old Balb/c mice were obtained from 



Chapter 6

174

Envigo (The Netherlands) and they were used as a control for the CCl4-induced 
fibrosis, although they did not receive any treatment. Male 8 week-old BL/6 mice 
from Boehringer Ingelheim were used for Choline Deficient L-Amino Acid 
(CDAA) and Amylin liver NASH model (AMLN) diets. The animals were housed 
under standard conditions, with chow and water ad libitum.

Liver fibrosis models
Spontaneous biliary fibrosis is observed in Mdr2-/- mice after birth and 

advanced fibrosis is present after 8 weeks [25]. We induced parenchymal liver fibrosis 
in Balb/c mice by oral administration of escalating doses of CCl4 (0.875 mL/kg – 
first dose, 1.75 mL/kg – week 1–3; 2.5 mL/kg – week 4), three times per week during 
four weeks [26].

NASH models
NASH was induced in male BL/6 mice using two diets: CDAA (E15666-

94, Ssniff Spezialdiäten GmbH) for 12 weeks and AMLN (D09100301, Research 
Diets, NJ, USA) for 26 weeks. As a control diet for CDAA, CSAA (E15666-94, 
Ssniff Spezialdiäten GmbH) was used. KLIBA NAFAG 3438 was used as a control 
diet for AMLN.

Preparation of precision-cut tissue slices
All mice were sacrificed under isoflurane (Nicholas Piramal, London, UK) 

anesthesia by cervical dislocation. The livers, kidneys and lungs were collected in 
University of Wisconsin (UW) preservation solution (DuPont Critical Care, 
Waukegab, USA), whereas the small and large intestine was preserved after 
excision in ice-cold Krebs-Henseleit buffer supplemented with 25 mM D-glucose 
(Merck, Darmstadt, Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES (MP 
Biomedicals, Aurora, OH, USA), saturated with carbogen (95% O2/5% CO2) and 
pH 7.42, until PCTS preparation.

PCTS were prepared with a Krumdieck tissue slicer (Alabama Research and 
Development, USA), as previously described [22,23,27]. PCTS were incubated for 
48h in Williams Medium E (with L-glutamine, Gibco (Gibco, Paisly, Scotland) with 
different supplements depending on the organ [21–23]. Additionally, only PCLS 
were incubated for 48h with 1 μM omipalisib or solvent as control. Incubation was 
done under the following conditions: 37°C, 80-95% O2 and 5% CO2, horizontally 
shaken at 90 rpm. Culture media was refreshed every 24h. 

Viability of PCTS
The viability of PCTS was determined based on the slice’s content in 
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adenosine triphosphate (ATP) using a bioluminescence kit (Roche Diagnostics, 
Mannheim, Germany). The ATP results (pmol) were normalized to the total protein 
content (μg) that was determined with the Lowry method (RC DC Protein Assay, 
Bio Rad, Veenendaal, The Netherlands). 

Next-Generation Sequencing 
For this method we used murine and human PCTS. Liver, kidney, jejunum, 

ileum and colon PCTS we obtained from BL/6 mice. Human PCTS were obtained 
from healthy jejunum and ileum, and healthy and diseased liver, kidney and ileum. 
All PCTS were cultured for 48h and snap frozen until processing. The total RNA was 
extracted semi-automatically with MagMax AM1830 kit (Fisher Scientific GmbH, 
Schwerte, Germany) from four pooled murine slices or one human slice. Next, 100 
ng RNA was reverse transcribed to cDNA with TruSeq Stranded Total RNA LT 
Sample Prep Kit with Ribo-Zero H/M/R (Illumina Inc, San Diego, CA, USA). The 
kit depletes the samples of cytoplasmic ribosomal RNA and provides coverage for 
coding and multiple forms of non-coding RNA.  The Illumina TruSeq methods were 
used to generate libraries. Sequencing was performed with Illumina HiSeq 3000 
system (cluster kit TruSeq SR Cluster Kit v3 - cBot – HS GD-401-3001, sequencing 
kit TruSeq SBS Kit HS- v3 50-cycle FC-401-3002), according to Illumina protocols 
as 85 bp, single reads and 7 bases index read. The processing pipeline was previously 
described [28]. RNA-Seq reads from all samples were aligned to the human and 
mouse reference genomes respectively (Ensembl 70; http://www.ensembl.org), using 
STAR. The gene expression profiles were quantified using Cufflinks to obtain Reads 
Per Kilobase of transcript per Million mapped reads (RPKM) as well as read counts. 
Gene expression profile plots where generated from RPKMs at group 25 percentile 
(lower error bar), median unique reads (blue box) and 75 percentile (upper error bar) 
using the perl library GD::Graph. Paired differential gene expression was assessed by 
Limma to obtain log2 normalized fold changes and padj-values were adjusted for false 
discovery rate (FDR) by applying Benjamini-Hochberg correction.

mRNA quantification by qRT-PCR
We used quantitative reverse transcription polymerase chain reaction (qRT-

PCR) to assess the gene expression of Gpnmb and Collagen1a1 (Col1a1). We extracted 
total RNA from three pooled snap-frozen PCLS with the FavorPrep™ Tissue Total 
RNA Mini Kit (Favorgen, Vienna, Austria). RNA was reverse transcribed to cDNA 
using the Reverse Transcription System (Promega, Leiden, The Netherlands) using 
the manufacturer’s protocol. The qRT-PCR analysis was performed with a ViiA 
7 Real-Time PCR System (Applied Biosystems, California, USA) using specific 
primers (Table 1) and SYBR Green (Roche) or TaqMan (Roche) based detection. 
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The fold induction results were calculated with the 2-ΔΔCt method, whereas gene 
expression was calculated using 2-ΔCt, using as reference genes: Gapdh (Mdr2-/-, FVB 
and human PCLS) and Hmbs as reference genes.

Hydroxyproline analysis 
The hepatic hydroxyproline (Hyp) content was determined using 260-

350 mg tissue that was hydrolyzed overnight at 110°C in a 6N solution of HCl. 
The following day the samples were diluted in citric-acetate buffer and treated 
with Chloramine T (Sigma-Aldrich, Zwijndrecht, Netherlands) and 4-(dimethyl)
aminobenzaldehyde (Sigma-Aldrich). The absorbance of the samples was measured 
at 550 nm. The results are presented as μg of hepatic Hyp per mg tissue.

Histopathological analysis 
Formalin-fixed, paraffin-embedded PCTS 4-μm sections were stained with 

Picrosirius red to assess fibrosis. The images were acquired with NanoZoomer S360 
(Hamamatsu, Hamamatsu, Japan).

Data and statistical analysis 
The experiments were performed with three to ten different animals 

per strain or model, using triplicate slices for all measurements. The results are 
expressed as mean ± standard error of the mean (SEM). Significance was established 
using Student’s t-test or ANOVA and Dunnett’s multiple comparison test, with 
significance p<0.05. Solely for NGS we used significance p<0.01. Correlations were 
assessed using Pearson correlation calculations.

Results 
 
Gpnmb gene expression is increased in several murine models 
of fibrotic and fatty liver disease

GPNMB was proposed as a NASH biomarker, since serum levels are 
elevated in rodent models and patients [4]. Our first question was if the hepatic 
gene expression levels of Gpnmb are increased prior culture in PCLS obtained from 
murine models of liver diseases (fibrosis and NASH) compared to healthy controls. 
Our second question was if there is a correlation in these models between the gene 
expression of Gpnmb and a key marker of fibrogenesis, collagen a1(I) (Col1a1). The 
gene expression of Gpnmb and Col1a1 was measured by qRT-PCR in two models 
of liver fibrosis (biliary: Mdr2-/-; parenchymal: CCl4) and two diet-induced NASH 
models (CDAA, AMLN). The gene expression of Gpnmb was increased in both 
models of fibrosis, and especially in the CCl4-model, where the fold induction was 
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1500-fold higher than in naïve Balb/c mice (Fig.1A). In the NASH models (Fig.1B), 
Gpnmb expression was increased 380-fold (CDAA) and 60-fold (AMLN) when 
compared to their control diets (CTR). The correlation Gpnmb-Col1a1 (Fig.1C) 
showed a strong positive correlation (Pearson r>0.7) between the two genes in all 
models, but reached statistical significance only for the CDAA model. CCl4-induced 
liver fibrosis and Mdr2-/- are well characterized models of liver fibrosis that are, 
e.g., used for antifibrotic drug testing [25,26]. Since the NASH models usually 
show milder degrees of fibrosis, we assessed fibrosis by biochemically measuring the 
hepatic collagen content via hydroxyproline (Hyp) to confirm a significant increase 
in fibrosis (Fig.1D). These results show that Gpnmb was highly upregulated in four 
murine models of fibrotic liver diseases, and that Gpnmb gene expression strongly 
correlated with fibrogenesis, i.e., Col1a1 gene expression. 

Figure 1 – Gpnmb gene expression in diseased liver models. Fold induction after qRT-
PCR of Gpnmb expression in PCLS from murine models of (A) fibrosis and (B) NASH; 
All PCLS were collected after preparation (no incubation); Fold induction is relative to 
the corresponding control for each model; (C) Pearson r values resulted from correlation 
calculations between the ΔΔCt of Gpnmb and Collagen1a1 gene expression between diseased 
liver model and corresponding control; (D) Hydroxyproline (hyp) concentration in the 
NASH livers and their controls, presented as μg hyp/mg liver tissue; *p < 0.05, ***p<0.001 
significantly different from control; n=3-7.

Gpnmb gene expression increases during culture of healthy and 
diseased murine PCLS

To determine how Gpnmb gene expression is altered in cultured PCLS, a 
model of acute inflammation and liver repair (Chapter 2), we incubated liver slices 
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from mouse models of liver fibrosis and NASH and their healthy controls for 48h. 
Considering that the mere culture of PCLS goes along with an induction of fibrosis 
markers [19,29], we additionally assessed the correlation between the gene expression 
of Gpnmb and Col1a1. All PCLS obtained from the liver fibrosis and NASH models, 
and their healthy controls showed a significant induction of Gpnmb after 48h 
incubation (Fig.2A and B).  The correlation between Gpnmb and Col1a1 expression 
(Fig.2C) was only strong for FVB PCLS, whereas PCLS cultures from Mdr2-/-, 
Balb/c naïve and CCl4-fibrotic mice showed a moderate correlation (Pearson r>0.3 to 
<0.7). The correlations between Gpnmb and Col1a1 (Fig.2D) differed: CDAA and its 
control showed no correlation, while AMLN displayed a strong positive correlation, 
and AMLN control had a strong negative correlation. Collagen morphometry after 
Sirius Red (SR) staining of PCLS after 48h of culture showed the presence of 
marked fibrosis in all disease groups (Fig.2E). These data show that Gpnmb increases 
during culture in both healthy and diseased PCLS; furthermore, there was no clear 
correlation between Gpnmb-Col1a1 in all models. 

PI3K inhibition affects Gpnmb gene expression differently in 
healthy and diseased murine PCLS

The PI3K pathway plays a central role in physiology (cell cycle, proliferation 
and metabolism) and pathology (NASH, cancer, fibrosis) [24,30,31]. To assess how 
Gpnmb gene expression is influenced by the inhibition of this pathway in the various 
liver inflammation and fibrosis models ex vivo, we incubated PCLS from the different 
strains/models for 48h with omipalisib, a selective and potent PI3K inhibitor [32]. 
We used PCLS from healthy BL/6 and from Mdr2-/- mice (due its resemblance to 
human primary sclerosis cholangitis [33]), and PCLS from CDAA mice, as this is a 
good model for fibrotic NASH (Fig.1D). We evaluated the extent to which Gpnmb 
and Col1a1 gene expression varied and correlated with treatment. In PCLS from 
BL/6 control (Fig.3A), the gene expression of Gpnmb was significantly increased 
10-folds after 48h of incubation with omipalisib at 1 μM. In contrast, PCLS from 
severely fibrotic Mdr2-/- mice showed a downregulation of Gpnmb expression, while 
PCLS from its healthy FVB control showed no significant difference (a 2-fold 
induction of Gpnmb) (Fig.3B). In PCLS from CDAA mice, Gpnmb was differently 
altered by omipalisib treatment: a significant decrease (2-fold) in the CDAA PCLS 
vs. a significant increase (7-fold) in the PCLS from their healthy controls (Fig.3C). 
A correlation between Gpnmb and Col1a1 was only found in PCLS from healthy 
controls (BL/6, FVB and BL/6 control CDAA), which was statistically significant 
for BL/6 and BL/6 control CDAA (Fig.3 D), whereas correlations in PI3K inhibitor-
treated PCLS from diseased Mdr2-/- and CDAA mice showed a weak negative and 
positive correlation, respectively, between Gpnmb and Col1a1 gene expression. 
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Figure 2 – Gpnmb gene expression after 48h of PCLS culture. qRT-PCR of Gpnmb 
expression in PCLS after 48h culture. PCLS were obtained from murine models of (A) liver 
fibrosis and (B) NASH; We performed Student’s t-test between 48h cultured PCLS and the 
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corresponding 0h PCLS; Pearson r values resulted from correlation calculations between the 
ΔΔCt of Gpnmb and Collagen1a1, before and after culture of PCLS from (C) liver fibrosis 
and (D) NASH models and their controls; ***p<0.001 significantly different from PCLS 
of the corresponding diet prior incubation (0h); (E) Sirius Red staining of representative 
paraffin liver sections (10x); n=3-7.
 
 Importantly, these results show that the inhibition of the PI3K pathway has 
a differential effect on Gpnmb gene expression, presumably depending on etiology of 
inflammation and fibrosis. 

Figure 3 – The effect of the PI3K inhibitor, omipalisib, on Gpnmb gene expression in 
PCLS after 48h of culture. qRT-PCR of Gpnmb expression in PCLS obtained from (A) 
healthy, (B) fibrotic and (C) NASH livers; PCLS were incubated with 1 μM omipalisib or 
with solvent for 48h; Fold induction is relative to the PCLS incubated for 48h with solvent 
(0.4% DMSO in culture media); (D) Pearson r values resulted from correlation calculations 
between the ΔΔCt of Gpnmb and Collagen1a1 gene expression between treated and untreated 
PCLS after 48h; *p<0.05, ***p<0.001 significantly different from untreated PCLS; n=3-5.

Gpnmb gene expression in CDAA PCLS is not altered by 48h 
treatment with elafibranor 

As a NASH biomarker, GPNMB should decrease when liver steatosis 
and inflammation are reduced. Elafibranor is a dual PPARa/d agonist that 
showed NAFLD resolution in patients [34] and is now in Phase 3 clinical trials 
(NCT02704403). We previously showed that elafibranor activated PPAR signaling 
in CDAA and control PCLS by increasing the expression of fat catabolism markers, 
but did not affect inflammation and fibrosis markers (Chapter 4). We investigated if 
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Gpnmb gene expression in CDAA PCLS changed as a result of 48h of elafibranor 
treatment. Both CDAA and its control PCLS showed no difference in the expression 
of Gpnmb after the treatment (Fig 4A). Additionally, fibrosis was not reduced by 
48h treatment with elafibranor (Fig. 4B and Chapter 4). The results show that short 
treatment of PCLS with a PPARa/d agonist does not influence Gpnmb expression. 

Figure 4 – The effect of elafibranor on PCLS. (A) qRT-PCR of Gpnmb expression in PCLS 
obtained from CDAA murine livers and their control; PCLS were incubated with 0.2 and 1 
μM elafibranor or with solvent for 48h; Fold induction is relative to the PCLS incubated for 
48h with the solvent (0.4% DMSO in culture media); (B) Sirius Red staining of representative 
paraffin liver sections (10x);  n=3-5.

Human Gpnmb expression is increased in liver diseases and 
regulated by PCLS culture and PI3K inhibition 

Increased serum levels of circulating GPNMB were reported in cancer 
and NASH patients [4,15]. In order to evaluate this marker in diseased liver, we 
measured the Gpnmb expression in PCLS from healthy and cirrhotic patients at 
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baseline and after 48h of culture. Gene expression of human Gpnmb at baseline 
showed an upregulation in fibrotic compared to healthy liver (Fig.5A). Culture led to 
a similar (5-fold) increase in Gpnmb gene expression in human healthy and fibrotic 
PCLS (Fig.5A). Furthermore, we treated human PCLS with omipalisib, to assess 
the Gpnmb expression profile after PI3K pathway inhibition. Contrary to murine 
PCLS results, PI3K pathway inhibition had a similar effect in human healthy and 
fibrotic PCLS (Fig.5B). Omipalisib significantly decreased Gpnmb gene expression 
at 0.1 μM in healthy PCLS and 1 μM in fibrotic PCLS. Gpnmb and Col1a1 gene 
expression correlated moderately at baseline (Pearson r=0.48) (Fig.5C), as both 
genes are upregulated in fibrotic tissue (Fig.5D). 48 h of culture showed different 
correlations for PCLS from healthy (moderately negative) vs. diseased (moderately 
positive) livers.  

Figure 5 – Gpnmb expression in human healthy and cirrhotic PCLS. (A) Baseline and 
after 48h incubation Gpnmb expression in human healthy and cirrhotic PCLS; Student’s 
t-test between 48h cultured PCLS and the corresponding 0h PCLS; (B) The effect of PI3K 
inhibitor, omipalisib, on Gpnmb gene expression after 48h culture of PCLS; (C) Pearson r 
values resulted from correlation calculations between the ΔΔCt of Gpnmb and Collagen1a1 
in all PCLS; (D) Sirius Red staining of representative paraffin liver sections (20x); *p<0.05, 
**p<0.01 ***p<0.001 significantly different from corresponding control PCLS; n=5.
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Treatment with omipalisib reduced the expression of both genes, resulting 
in strong positive correlations for PCLS from healthy and fibrotic liver. These results 
show that Gpnmb gene expression was increased in diseased human livers; PCLS 
culture led to an increased expression in both healthy and cirrhotic PCLS, whereas 
PI3K pathway inhibition reduced its expression in PCLS from healthy and diseased 
human livers. With the exception of healthy PCLS cultures, all conditions showed a 
moderate or strong correlation between the gene expression of Gpnmb and Col1a1.

Discussion 

The purpose of this study was to characterize the liver-specific gene expression 
profile of Gpnmb ex vivo in healthy and diseased mouse and human livers at baseline 
and during PCLS culture. We included four murine models of liver fibrosis and 
NASH, human cirrhotic livers, and healthy control livers, allowing mouse-human 
comparisons. The use of PCLS enabled us to study Gpnmb gene expression in ex vivo 
models characterized by ongoing inflammation and fibrosis of various etiologies. In 
our study we showed that GPNMB might be a novel liver disease preclinical marker, 
whereas its suitability as clinical NASH biomarker is still questionable. Additionally, 
we showed that the PI3K pathway is involved in the regulation of both murine and 
human Gpnmb expression, but this regulation is different across these two species. 

GPNMB was proposed as a biomarker for NASH [4]; however, we think 
that there are certain drawbacks that will be further addressed. Ideal or thoroughly 
clinically validated noninvasive biomarkers for liver fibrosis and NASH remain to be 
defined, although promising candidates are on the horizon [35–37]. The characteristics 
of an ideal biomarker include specificity for the liver, sensitivity for disease severity 
and progression, noninvasiveness and easy determination [38]. Additionally, it would 
be valuable if the biomarker follows similar trends in different species to allow its use 
in preclinical studies. 

Tissue specificity is an important feature of a biomarker, which ensures that 
other injuries in distinct organs are not reflected. However, this cannot always be 
achieved. GPNMB was proposed as a biomarker for several diseases, since it has 
shown increased gene expression and serum concentration in several conditions 
and organs: glioblastoma [2], breast cancer [39], ALS [13], kidney injury [40,41], 
Gaucher disease [42] and Niemann-Pick type C disease [43]. With regards to the 
liver, GPMNB was reported to be increased in hepatocellular carcinoma and obesity 
in rats [4,5], cirrhotic human tissue [5] and NAFLD patients [4]. In a previous 
study (Chapter 2 and 3), we used NGS to investigate culture-induced transcriptional 
changes in precision cut tissue slice cultures from healthy murine (BL/6) and human 
healthy and diseased tissues from five different organs: liver, kidney, jejunum, ileum 
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and colon. As previously mentioned, the precision-cut tissue slices (PCTS) model 
allows us to study the expression of a particular gene during inflammation/tissue 
repair in a certain organ in the absence of infiltrating immune cells. This means 
that all the observed changes are due to the resident cells of the studied organ. The 
expression of murine and human Gpnmb in our previously described NGS data 
set (Chapter 2 and 3) is shown in Fig. 6A – healthy mouse tissue and Fig. 6B – 
healthy and diseased human tissue. Prior to PCTS culture, Gpnmb was not detected 
in healthy mouse tissue, whereas all human tissues expressed Gpnmb. Interestingly, 
NGS results showed that human diseased livers had higher expression of Gpnmb 
compared to the corresponding healthy organ slices (Fold Change (FC) = 1.44, 
padj=0.03).  Furthermore, culture led to a highly significant multi-fold increase of 
Gpnmb expression in all mouse PCTS, with liver slices showing a FC of 153 (padj<10-

11). However, in human PCTS, the Gpnmb expression was increased during culture 
only in healthy liver and ileum, and diseased liver. We observed a FC of 26 in healthy 
(padj<10-15) and a FC of 6 (padj<10-7) in diseased human liver slices. These results show 
clear species differences, with murine cells expressing more Gpnmb during culture. 
Additionally, liver was the only organ that after culture showed an increased gene 
expression in both species, and also in healthy and diseased human tissue. 

Figure 6 – Electronic Northern plot for Gpnmb expression in murine and human PCTS. 
(A) Murine Gpnmb expression (RPKM) in PCTS before (0h) and after culture (48h); The 
number of experiment is indicated in brackets; (B) Human GPNMB expression (RPKM) in 
PCTS before (0h) and after culture (48h); The number of technical replicates is indicated in 
brackets; we used 3-4 technical replicates per experiment; *p< 0.01; n=3-5.
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This may be explained by the fact that compared to the other organs that 
have only macrophages as a source of GPNMB, the liver has two cell populations 
that can produce GPNMB: Kupffer cells (the liver’s resident macrophages) and HSC 
[4]. The NGS results were confirmed by our qRT-PCR, which show an increased 
expression of healthy and diseased murine and human Gpnmb during PCLS culture. 
Given these points, we concluded that increased expression of Gpnmb represents a 
non-specific tissue response to the acute inflammatory process induced by PCTS 
culture (Chapter 2 and 3).

Another feature of an ideal biomarker is sensitivity. This means that the 
biomarker should provide a clear diagnosis for the patient. Additionally, if the 
disease has several stages (as it is for different stages of liver fibrosis and NAFLD), 
the biomarker should provide indications about disease progression and efficacy of 
drug treatment. Our results showed that the expression of Gpnmb was increased 
at baseline only in the models that showed liver fibrosis: CCl4-induced fibrosis, 
Mdr2-/-, CDAA and AMLN, (Fig. 1). Moreover, there was a positive correlation 
between the expression of Gpnmb and Col1a1. This is consistent with the fact that 
GPNMB is increased during inflammation and can be expressed by activated HSC 
[4], an important player in fibrosis. Our results showed also differences between 
fibrosis models, with CCl4-induced fibrosis inducing a higher Gpnmb expression 
than Mdr2-/- mice, when compared to their own controls. This can be explained by 
the aggressive effect of CCl4 in the liver, which after metabolic activation induces 
severe inflammation, necrosis of centrilobular hepatocytes and HSC activation [44]. 
These effects induce liver fibrosis in few weeks. Furthermore, we used 9 week old 
Mdr2-/- mice, and in these animals a high activation of myofibroblast resembling 
activated HSC is observed starting at week 4, and by week 10 there is a decrease in 
the number of these cells [25]. Next, for the two NASH models that showed fibrosis 
and increased expression of Gpnmb, CDAA – the model with more fibrosis (based on 
hydroxyproline results) – had also a higher increase in gene expression for Gpnmb. We 
also obtained similar results for human PCLS that showed an increased expression 
at baseline between healthy and cirrhotic. This points toward the fact that Gpnmb 
expression could indicate the presence of fibrosis in animal models. However, results 
in literature investigating patient material are showing limitations for GPNMB as 
a biomarker. Katayama et al. reported increased serum GPNMB levels in NASH 
patients compared to patients with simple steatosis [4]. The same study showed a 
significant increase in serum GPNMB levels for patients with stage 4 fibrosis (liver 
cirrhosis) compared to patients with stage 1-3 liver fibrosis (no cirrhosis). 

Although an increased serum level between different stages of the NAFLD 
or fibrosis shows the potential of GPNMB as a biomarker, there is no clear separation/
threshold for liver fibrosis stages without established cirrhosis, making it very hard 
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to assess disease progression or therapy benefit. Disease progression in NAFLD and 
liver fibrosis can take decades; consequently, the reduced sensitivity of GPNMB can 
be problematic. 

Another aspect for biomarker sensitivity is assessment of drug therapy efficacy. 
This means that changes in the biomarker concentration should be reflected as the 
result of successful treatments. Omipalisib, a PI3K inhibitor, showed antifibrotic effects 
in healthy and fibrotic PCLS (Chapter 5) obtained from mouse and human livers. 
The correlations between the expressions of Gpnmb/Col1a1 in murine PCLS showed 
a strong correlation only for healthy tissue (Fig. 3), whereas both human healthy and 
diseased PCLS displayed a strong correlation between Gpnmb and COL1a1 (Fig. 5). 
Although the animal models of liver fibrosis (Mdr2-/- and CDAA) showed a strong 
correlation for Gpnmb/Col1a1 prior culture, the treatment of corresponding PCLS 
with omipalisib failed to show a relationship between these two markers, pointing 
toward species differences and possibly different roles of GPNMB in human (murine) 
inflammation and fibrosis of varying etiology. Importantly, PCLS have the potential 
for target validation and detecting such differential expression and regulation, before, 
e.g. clinical studies targeting a molecule like GPNMB are initiated. With regards to 
NASH, we assessed the gene expression of Gpnmb in PCLS obtained from mice on 
control/CDAA diet and treated with elafibranor (PPARa/d agonist) for 48h. No 
difference was observed between control and PCLS treated with elafibranor with 
regard to Gpnmb gene expression (Fig. 4), showing that activation of fat catabolism 
does not affect gene Gpnmb expression in the short time of PCLS culture. 

The assessment of a biomarker should be precise, reproducible and sensitive. 
GPNMB is a protein and its concentration in biological samples can be determined 
using a solid phase sandwich enzyme-linked immunosorbent assay (ELISA) available 
on the market. Previous studies where the concentrations of serum soluble GPNMB 
were measured [4,13,39,42,43] do not show reproducible results, although all studies 
were performed using the same method and detection kit. The serum GPNMB levels 
for healthy controls vary from 3.5 to 50 [4,43] ng/ml, were in a similar range to the 
GPNMB levels in patients with cancer, ALS, liver fibrosis and NASH (5-30 ng/
ml [4,13,39]). For PCLS, it would be interesting to measure the concentration of 
GPNMB released in culture media by doing ELISA. 

To increase the understanding about GPNMB, it is important to unravel 
its role and regulation. It has been shown that deregulation of the PI3K pathway 
is associated with metabolic dysfunction and NASH [24,45], and GPNMB can 
activate the MEK/ERK and PI3K pathways [13]. Previous studies also showed that 
certain inhibitors of protein kinases (such as a MEK inhibitor) can increase Gpnmb 
gene expression in human cancerous cell lines [46]. The same study showed that the 
inhibition of the PI3K pathway had no effect on Gpnmb expression. Based on these 
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points we did not expect the see an effect of the PI3K inhibition. However, our study 
showed that the PI3K pathway is involved in the regulation of murine and human 
Gpnmb expression during PCLS incubation. Interestingly, we also observed species 
differences after inhibiting the PI3K pathway, as mouse PCLS showed an increase 
of Gpnmb gene expression in healthy tissue and a decrease in diseased livers, whereas 
both healthy and diseased human PCLS had a decrease in Gpnmb gene expression 
(Fig. 3 and 5). This might indicate that the changes that occur in diseased murine 
livers affect the regulation of this gene. The species differences could also suggest that 
the mouse is not an appropriate research animal for GPNMB studies. 

In conclusion, PCTS can be used to study the organ-specific expression of 
GPNMB in the context of acute inflammation and tissue repair. Murine and human 
Gpnmb showed increased expression in diseased livers and could be considered a 
potential preclinical marker for advanced liver diseases that are characterized by the 
presence of fibrosis, although there are certain disadvantages that have to be taken 
into consideration. Our study showed that the PI3K pathway is involved in the 
regulation of Gpnmb in PCLS and there are species differences that have to be taken 
into account when using the mouse as a preclinical model. The use of human tissue 
can provide more relevant insights for the role and regulation of GPNMB. PCLS 
may be a valuable preclinical tool to assess the expression and also the function of 
novel molecular players, as exemplified for Gpnmb in this report, and serve as a bridge 
to the human in vivo system, before clinical studies are initiated.
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Discussion 

The extensive advances in our understanding of the molecular and cellular 
mechanisms that drive fibrosis were not translated into successful therapies. 
Repeated failures of proposed antifibrotic compounds indicate how challenging drug 
development is of a treatment for fibrosis. To advance this field of research, we focused 
our studies on describing the ex vivo model of precision-cut tissue slices (PCTS). Our 
results provide an extensive description of the biological pathways that characterize 
PCTS culture, showing their suitability for fibrosis research. Additionally, we showed 
the versatility of slices by describing the use of steatotic liver PCTS as a model for 
non-alcoholic steatohepatitis (NASH), together with testing potential antifibrotic 
and anti-NASH drugs.   

Preclinical use of human tissue
Throughout the era of modern medicine, laboratory animals have been 

essential for the development of new therapies. Almost all treatments that are used 
nowadays, involved, at some level, animal experiments. This is due to the preclinical 
requirements of regulatory agencies. In order for a drug to progress into clinical trials, 
it is mandatory to assess its safety in animals, although it is not clear-cut to what 
extent these results are relevant for humans. Animal studies have certain advantages, 
such as the possibility to obtain insights into disease pathophysiology and to perform 
genetic manipulation. However, translating animal results to man can be difficult, 
since human (patho)physiology can never be fully recapitulated by other species. 

Therefore, it is necessary to optimize human-based systems/models in order 
to make more relevant choices for the human conditions. The use of human-based 
models is necessary for the identification of targets, understanding and evaluation of 
mechanism of action and the toxicological assessment of potential new drugs. 

PCTS can be prepared from virtually any organ and numerous types of 
experiments can be performed, such as: drug metabolism, drug transport, target 
engagement and downstream signaling, or target inhibition [1–3]. To maximize these 
applications, it is important to assess the changes that occur during culture and what 
incubation time of PCTS is possible for a specific question. Chapter 2 and Chapter 
3 described the transcriptional changes during 48h for human healthy and diseased 
liver, kidney and ileum, together with healthy jejunum and colon. Culturing PCTS 
induced the upregulation of numerous transcripts, indicating inflammation and 
tissue remodeling, while the downregulated genes revealed a decrease of metabolic 
pathways and transporters. The results in both chapters confirmed the suitability of 
PCTS for the study of early (healthy PCTS that develop spontaneous fibrosis during 
culture) and late stage fibrosis (diseased PCTS obtained from patients with fibrotic 
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diseases). The question that remains to be answered is how much PCTS preparation- 
and culture-induced fibrosis resembles the in vivo situation. The damage of the outer 
cell layer caused by PCTS preparation is able to transmit signals to the rest of the 
tissue via damage-associated molecular patterns (DAMPs), such as high-mobility 
group box 1 (HMGB1). HMGB1 was reported to promote fibrosis in liver and lung 
in patients, by inducing inflammation, apoptosis, cell proliferation and migration [4], 
which might indicate similar mechanisms for fibrosis induction between ex vivo and 
in vivo.

A major advantage of the PCTS model, as above-mentioned, is the possibility 
to use human diseased tissue. This allows drug testing in the most relevant milieu. 
Compared to healthy PCTS, diseased PCTS obtained from patients with fibrotic 
pathologies, already have activated (myo)fibroblasts, extracellular matrix (ECM) and 
a high number of immune cells. As shown in Chapter 3 – Fig. 9a, although the 
transcriptional changes during culture showed high similarity between healthy and 
diseased human PCTS, the levels of secreted cytokines separated by hierarchical 
clustering diseased from healthy tissue, especially for liver and kidney PCTS. The 
presence of ECM is of great importance, as it represents more than an inert three-
dimensional structure. ECM can drive fibrogenesis autonomously through the 
following mechanisms:

• ECM components, such as fragments of fibrin and fibronectin, were 
reported to drive fibrosis progression [5]; 

• ECM is an important source of fibrosis mediators, such as latent 
transforming growth factor beta (TGF-b)-binding protein 1 [6];

• Excessive ECM suppresses the expression of microRNA miR-29, a non-
coding single-stranded RNA, which is a negative regulator of ECM 
genes, e.g. collagen type I alpha I, collagen type III, elastin, fibrillin-1 
and fibronectin 1 [7]. Furthermore, in liver fibrosis, miR-29 can inhibit 
the PI3K/Akt pathway and induce hepatic stellate cells apoptosis [8], 
which will lead to resolution of fibrosis;

• Integrins are a family of trans-membrane cell adhesion receptors with a 
direct role in fibrosis since they act as a node of communication between 
parenchymal cells, ECM, inflammatory cells and fibroblasts [9]. During 
physiological tissue repair, integrins activate phosphastase and tensin 
homolog (PTEN), which dephosphorylates phosphoinositides and halts 
the downstream signaling of the PI3K/Akt pathway, resulting in limited 
fibroblasts proliferation [10]. However, in pathological conditions, the 
integrin signaling can be altered in fibroblasts, leading to failure of 
PTEN stimulation and aberrant PI3K/Akt pathway activation [11]. The 
antifibrotic effect of the PI3K pathway inhibition by omipalisb was also 
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shown in liver slices; this inhibition led to a reduction of collagen gene 
expression and protein production (Chapter 5). Similarly, to Chapter 3, 
Chapter 5 also illustrated that diseased human liver PCTS had a higher 
production of new collagen, most probably due to the presence of already 
activated hepatic stellate cells present in the cirrhotic tissue. 

These abovementioned mechanisms show that newly produced ECM can 
induce a profibrotic loop, resulting in even more ECM. This could explain why 
dampening inflammation or removing the harming factor might not be sufficient to 
reverse fibrosis once the fibrogenic process is activated. 

We believe that human PCTS have great potential and are an attractive 
model due to the preservation of the three-dimensional structure and cellular 
composition of a particular organ. However, the use of human PCTS in research 
can be strenuous, as human tissue is still scarce and not available to every lab. 
Attaining human tissue implies legal, ethical, logistical and practical aspects, which 
can be differently regulated in agreement to a country’s law. Tissue availability is also 
limited, since organ transplantation and surgical pathology specimens have priority 
over research. Therefore, only surgical waste material can be used. The logistics of 
PCTS are very important, as fresh tissue is needed for their preparation and proper 
tissue preservation is a critical condition for slice viability. 

Human-based test systems are unlikely to completely replace animal studies 
in the near future. However, systematic use of human-based systems could lead 
to more effective drug discovery. It is our belief that more effort for developing, 
describing and validating in vitro models based on human tissues will expand our 
knowledge and understanding of their relevance as a testing system. Unquestionable, 
in vitro models have their limitations, since an isolated tissue or cells will not be able 
to completely represent the complex biological system of a living organism. For this 
reason, it is important to improve human-based test systems to models that are closer 
to the in vivo situation. 

Progress has been achieved in the field of organ-on-a-chip, a model based 
on human cells and microfluidic technology that tries to replicate organ functions. 
Additionally, a multiple organ model was proposed – body-on-a-chip, in order to 
close the gap between in vitro and in vivo studies [12]. The possibility of connecting 
several mini human organs with a circulatory tubing system including circulating 
immune cells could bring in vitro closer to in vivo. Considering that PCTS have the 
original architecture of an organ, using PCTS in an organ- or body-on-a-chip could 
be a major step forward in mimicking the in vivo situation. 
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Interspecies translation 
 As previously mentioned, animal studies are a mandatory part of the drug 
development process. Therefore, studies related to fibrosis mechanisms and potential 
antifibrotic compounds are performed in animals, mostly in mice. Interspecies 
translation between human and mice is challenging because the pathology of 
fibrosis is an interplay between different cell types, growth factors, mediators of the 
immune system and the extracellular matrix (ECM) [13]. The numerous players 
involved in fibrosis activate several pathways related not only to wound repair and 
ECM biosynthesis, assembly and crosslinking, but also to injury, inflammation and 
angiogenesis [14]. All these complex interactions create an intricate system that we 
do not know how to stop, with the exception of treating the underlying pathology or 
removing the harming factor. Although fibrosis is a repair process preserved across 
species, the involvement of several pathways and mediators make the murine-human 
translation very difficult [15–17]. Additionally, the idea that one molecule targets one 
cell, receptor or signaling molecule would be an efficient therapy is highly improbable, 
as fibrosis is not a mono – mechanistical/pathway disease.  
 The possibility of using both mouse and human tissue to produce PCTS 
allows us to make a direct comparison of the ongoing processes between the two 
species in the context of slicing- and culture-induced inflammation and fibrosis/
wound repair. Since we are focused on the use of the PCTS as a model for testing 
antifibrotic compounds, we were interested in organ and species differences for 
inflammation and fibrosis pathways (called pathways of interest and presented in 
Chapter 2 – Fig. 7 and 8). One aspect that we have to take into consideration is that 
for this study we included five mice and three to five human donors. With a small 
sample size, it is harder to achieve significant differences in human samples, since 
humans are outbred to the extreme and have an infinite number of lifestyles. On the 
other hand, laboratory mice are housed under the same conditions and are an inbreed 
species, providing an identical genetic background for each mouse. Nevertheless, the 
PCA results from Chapter 3 showed that the transcriptional differences are induced 
mainly by culture and tissue type, and not by pathology, indicating that our sample 
size might be representative for a broader population. Similar results were reported 
by Elferink et al. in a study of liver PCTS cultured for 24h [18].

Our results suggest that slice preparation and culture triggers inflammation 
and fibrosis differently, based on tissue type and species. However, there are commonly 
activated pathways in both species, such as PI3K/Akt, HMGB1 and IL-8 signaling 
in liver PCTS. The PI3K/Akt pathway seems to be a great target for antifibrotic 
therapy since:

• It is activated by cytokines involved in fibrogenesis, such as TGF-b 
[19,20];
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• It is the downstream signaling for many growth factors that are fibrosis 
modulators, as hepatic growth factor (HGF), basic fibroblast growth 
factor (bFGF), epidermal growth factor (EGF), vascular endothelial 
growth factor (VEGF) and platelet-derived growth factor (PDGF) [21]; 

• It is involved in myofibroblasts activation, proliferation, migration and 
collagen expression [22];

• The lack of negative regulation by PTEN results in accentuated fibrosis 
[23–27].

The proposed mechanisms for the role of the PI3K/Akt pathway in 
promoting fibrosis are presented in Figure 1.

Figure 1. The proposed mechanisms for the role of the PI3K/Akt pathway in promoting 
fibrosis. Activation of Class I PI3K by receptor tyrosine kinases (RTKs), G protein-coupled 
receptors (GPCRs), integrin alpha-M beta-2, interleukin receptors and reactive oxygen species. 
PI3K activated Akt exerts important functions in fibrosis, such as fibroblast differentiation, 
myofibroblasts increased survival and proliferation, collagen production, endothelial to 
mesenchymal transition. The PI3K/Akt pathway can be inhibited by Phosphatase and 
TENsin homolog (PTEN) or microRNA (miR-29).

The inhibition of the PI3K/Akt pathway in Chapter 5, indeed, showed a 
reduction of fibrosis markers after treatment with omipalisib, a Class I PI3K pan-
inhibitor. These effects were observed in healthy and diseased liver PCTS from 
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both species. The similar profile of the PI3K/Akt pathway between the two species 
allowed the successful use of mouse liver PCTS to study omipalisib. Additionally, by 
using mouse PCTS we could determine the impact of PI3K/Akt pathway inhibition 
in fibrosis of different etiologies, including NASH. Differences in drug efficacy were 
observed for the studied models of fibrosis (spontaneous biliary fibrosis in Mdr2-/- 
mice and steatohepatitis with fibrosis in mice fed with the choline-deficient, l-amino 
acid-defined (CDAA) diet), suggesting that the presence of steatosis could influence 
the response to the drug. Steatosis can affect drug disposition and pharmacokinetic 
properties by altering hepatic transporters and metabolism, and/or changing the 
drug’s intracellular concentration [28,29]. For example, omipalisib is a lipophilic 
compound and therefore its concentration might be higher in steatotic cells.  

By targeting a promiscuous signaling pathway, like PI3K/Akt, the multi-
mechanism feature of fibrosis could be addressed. However, its ubiquitous cellular 
presence increases the risk of side effects, especially for cells with fast turnover, such as 
intestinal epithelial cells. This is important since the treatment of fibrosis will probably 
be necessary long-term, which might favor oral administration. In Chapter 5 it was 
shown in both species that omipalisib was toxic for the small intestine, especially 
for human PCTS and to a lesser extent for mouse PCTS, further emphasizing the 
need for human tissue studies. These results also indicate that organ targeting could 
be necessary to limit side effects of omipalisib. Targeting should be directed to the 
main cells that produce the ECM. Although initially it was believed that the resident 
myofibroblasts are the main producers of ECM after injury, other hypotheses indicate 
that several other mechanisms could explain the cellular origins of fibroblasts. 
These mechanisms include: epithelial-mesenchymal transition (EMT) [30–34], 
endothelial-mesenchymal transition (EndMT) [35,36] and differentiation from 
bone marrow stem cells [37]. Nevertheless, these hypotheses are still controversial, 
as the contribution of new mesenchymal cells to fibrogenesis was questioned as a 
result of contradictory results from similar studies [38]. Interestingly, the PI3K/Akt 
pathway was reported to be a positive regulator of the transition processes [39–43], 
which could mean that its inhibition might also result in reduction of development, 
recruitment and activation of new myofibroblasts. 

Despite the fact that the PI3K/Akt pathway was activated in culture 
in both mouse and human liver PCTS, and its inhibition had a similar effect on 
ECM production, we observed a different effect on the regulation of Glycoprotein 
Nonmetastatic Melanoma Protein B (GPNMB) in these species (Chapter 
6). GPNMB is involved in fibrosis and ECM remodeling through fibroblast 
differentiation and matrix metalloproteinases (MMP) 3 and 9 induction [44–46]. 
GPNMB regulation has implications not only in fibrosis, but also in cancer research. 
GPNMB is highly expressed by melanoma and glioblastoma cells [47,48], and for 
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this reason a human monoclonal antibody of this protein was conjugated with an 
antineoplastic agent for a better cytotoxic effect. Therefore, compounds affecting 
GPNMB expression can influence the success of a potential cancer therapy [49].  

Our results show that species differences can be observed in PCTS and these 
have to be considered when using the mouse as a preclinical model. By comparing 
the profiles of key targets and canonical pathways in mouse and human in vitro, only 
the ones relevant for man should be selected for further investigation.

NASH model
Non-alcoholic fatty liver disease (NAFLD), and its more severe form, 

NASH, is an increasing problem around the world [50]. In the past decades, lifestyle, 
which includes food intake, food composition and physical activity, has changed 
significantly. The main food component culprits are saturated fats and refined 
carbohydrates [51]. The negative publicity for fats has led to the increase popularity 
of low-fat diets [52–54]. However, high fat foods can contain essential nutrients, as 
is the case for choline, which can be found especially in egg yolk and meat [55]. It 
was reported that around one quarter of the American population do not reach the 
recommended daily intake of choline [56,57]. The lack of choline is associated with 
fatty liver disease, as it is essential for fat metabolism [58]. 

The increasing prevalence of NAFLD/NASH worldwide makes this 
condition a hot topic for both academia and the pharmaceutical industry. Regarding 
the ex vivo approach, there are two options: 1) use steatotic livers to produce PCTS 
and 2) use healthy liver PCTS to induce fat accumulation with different additives 
in the culture media. We chose the first approach in Chapter 4, where we described 
the pro-inflammatory and profibrotic effect of culture on steatotic liver PCTS 
and showed that these slices do respond to further induction of inflammation and 
fibrosis with specific compounds: lipopolysaccharides (LPS) and TGF-b. Although 
inflammation and fibrosis are important features of NASH, there are still several 
questions left regarding the similarity between the mechanisms that drive fibrosis 
in vivo and in vitro/ex vivo. The goal of a model is to allow the study of disease 
mechanisms and to test potential treatments. We demonstrated that PPARa/d 
activation by elafibranor increases hepatic expression of target genes related to fatty 
acid catabolism, proving the suitability of PCTS to study the PPARa/d pathways. 
We were not able to obtain similar results for all aspects that were observed in vivo 
(reduction of fibrosis and inflammation), possibly due to the short time of incubation 
of the PCTS (48h). Limited culture time is one disadvantage of the PCTS model. 
Although progress was achieved in extending culture time, in particular for liver 
PCTS by culture in Cellartis® hepatocyte maintenance medium; however, this type 
of media is very expensive and the composition is unknown  [59]. Further studies are 
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necessary to assess which media additives are required for extending the incubation 
time frame. Longer culture would improve evaluation of drug efficacy, which in turn 
would increase relevance of results. Nevertheless, our results and previous studies 
using PCTS [60] show the potential of using this technique for NAFLD/NASH 
mechanistic and compound testing. 
 An interesting observation in Chapter 4 was the decrease of fat metabolism 
markers during culture. Similar effects were observed in healthy mouse and human 
healthy and diseased liver PCTS (Chapter 2 and 3). We argued that this is due to the 
media composition, which lacks fatty acids and insulin, whereas the concentration 
of glucose might be too high. The concentrations of media additives should be in a 
physiological range, as supraphysiological levels can lead to different pathology, as in 
the study of Prins et. al., where steatosis was induced in healthy rat liver PCTS (the 
second approach for an ex vivo NAFLD/NASH model) [61]. Once established, this 
method would shorten the experimental time frame, as it takes several months for 
the animals to develop a fatty liver, whereas microvesicular steatosis was observed 
in rat PCLS after 24h culture [61]. Nonetheless, is it important to compare the 
composition of the fat stored by hepatocytes ex vivo and in vivo, since lipotoxicity 
is related to both lipid amount and composition [62]. Another advantage of this 
approach would be the possibility of using healthy human liver PCTS to induce fat 
accumulation ex vivo. So far, we were not able to culture human steatotic liver PCTS 
successfully. Our main method of assessing viability, adenosine triphosphate (ATP) 
measurement, indicated very low levels of ATP in steatotic liver slices. There are two 
possible explanations for this. First, a high degree of steatosis might interfere with 
ATP determination and more markers should be used to investigate the state of the 
slices. Second, the tissue might not be viable due to the lipotoxicity generated during 
culture as a result of impaired lipid metabolism. The decrease of lipid metabolism 
during culture was illustrated in Chapter 4 by the reduced expression of anabolism 
and catabolism markers, and in Chapter 2, where the canonical pathways of LXR/
RXR activation and fatty acid b-oxidation I showed strong inhibition. The same 
problem was encountered for very steatotic murine liver slices that were obtained 
from db/db mice, a model of diabetic dyslipidemia [63]. The liver of these mice 
reached a weight of 6 g, which was considerably higher than the liver weight of the 
mice that we used for our experiments in Chapter 4 (Amylin liver NASH (AMLN) 
model – 4 g and CDAA – 3g). This could point that a high degree of steatosis could 
restrict the use of slices. 
  NASH is the severe form of NAFLD. The mechanisms that drive the 
transition from steatosis to inflammation and fibrosis are not well understood. 
Nevertheless, increasing evidence suggests that deregulation of the PI3K/Akt 
pathway might cause disease aggravation [64,65]. 



Chapter 7

202

This could be explained by the following mechanisms:
•  PI3K has a positive regulator role for immune cell activation [66];
•  Reactive oxygen species, which play an important role in NAFLD 

pathogenesis [67], can initiate cell proliferation and survival via the 
PI3K pathway [68]; 

•  The lack of PTEN inhibition is associated with steatosis, 
inflammation and fibrosis, as shown by mice with liver specific PTEN 
deletion, which spontaneously develop biochemical and histological 
evidence of NASH [69]. 

These aspects could indicate that inhibiting the PI3K pathway could have 
promising results. In Chapter 5 we observed an antifibrotic effect of omipalisib 
in CDAA PCLS. This effect was smaller than the antifibrotic effect in slices from 
Mdr2-/- mice, which could be due to changes in pharmacokinetics, as previously 
discussed. Further studies are necessary to provide novel insights into the intracellular 
mechanisms of PI3K/PTEN in NAFLD. 

Biomarkers 
Fibrosis is a common pathology that is associated with several chronic 

diseases and can affect many organs. Therefore, finding an organ-specific biomarker 
can be problematic. Moreover, collagen, the main protein that composes ECM is 
constantly synthesized and degraded in the body, as a result of physiological processes 
[70]. It is important to identify which specific biochemical marker describes the 
ECM turnover process. The production of new ECM could be evaluated with 
cleaved pro-peptides resulting from collagen type I formation, whereas degradation 
could be assessed based on markers resulted from MMP-mediated degradation of 
collagen I and III [70,71]. PCTS culture is characterized by a profibrotic response; 
therefore, new collagen will be synthesized and measuring its pro-peptide could be 
used as a preclinical marker of effective antifibrotic compounds, as shown in Chapter 
5. Beside fibrosis, other degenerative diseases involve ECM components, such as 
osteoporosis and osteoarthritis, making structural proteins unspecific in patients 
with associated conditions. 

New markers, related preferably only to fibrosis, are urgently needed for 
diagnosis, evaluation of disease progression and treatment benefits. Regarding 
GPNMB (Chapter 6), we think it might be a potential preclinical marker for diseased 
livers with fibrosis. Nevertheless, our results raise questions regarding the relevance 
of GPNMB studies performed in mice, in view of the distinctive RNA-Seq results 
of human and mouse organs PCTS. This is of importance in a disease like NAFLD, 
which can affect several organs beside the liver [72]. The distinct PI3K regulation of 
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human and mouse healthy and diseased liver PCTS supports the aforementioned 
species differences. 
 Spontaneous fibrosis-like changes in PCTS culture, together with the 
possibility of using healthy and diseased human organs, make PCTS an advantageous 
model for identifying and evaluating possible fibrosis biomarkers.

Challenges of PCTS 
Although healthy PCTS can be obtained from virtually any organ and the 

slices will be similar between each other, diseased tissue PCTS can impose difficulties, 
especially when investigating fibrosis that is not uniformly distributed across an organ. 
This is the case for intestinal fibrosis, which can be caused by several enteropathies 
(e.g. inflammatory bowel disease, radiation and medication) [73]. Excessive ECM in 
the intestine will lead to strictures in the small or large intestine, but only in a certain 
region. Similar results are obtained with animal models of intestinal fibrosis [74]. The 
patchy distribution of fibrosis is inconvenient for intestinal PCTS preparation, since 
the resulting slices will have different morphological characteristics. In the attempt 
to obtain fibrotic intestinal PCTS, we used the chronic TNBS model in Balb/c mice 
[75]. Picro sirius red staining (Figure 2) of paraffin embedded sections revealed 
fibrosis only in the distal colon, where the exposure to the damaging compound was 
higher, and not in the proximal colon. 

Figure 2. Picro sirius red staining of mouse colon. The staining indicates nonfibrotic 
proximal colon and fibrotic distal colon in Balb/c mice treated with 2,4,6-trinitrobenzene 
sulfonic acid (TNBS) for 6 weeks (magnification 10x).

The impossibility of determining the location of intestinal fibrosis by eye, 
together with the patchy distribution of ECM deposition, make murine models on 
intestinal fibrosis unsuitable for intestinal PCTS preparation. 
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 Important players of fibrosis that are missing in PCTS are the circulating 
immune cells. This limitation could be addressed by using a co-culture system of 
immune cells and PCTS. We performed a pilot study of this approach, by co-
culturing fibrotic liver PCTS from Mdr2-/- or CCl4-treated mice with polarized 
macrophages. Preliminary results showed that macrophages remain viable during 
24h incubation in our culture system and they induce changes on the mRNA levels 
of different fibrosis and inflammation markers. 

 

 The studies presented in this thesis described the complexity of processes 
occurring during PCTS culture, the use of PCTS for assessing drug efficacy and 
their potential as a platform for biomarker research. Given these points, in this thesis 
we showed the suitability and versatility of the ex vivo model of PCTS for fibrosis 
research. We believe our studies will help advance the understanding of this model 
and its potential in preclinical studies. Moreover, PCTS contribute to the principles 
of the 3Rs on the use of animals in scientific research:  replacement – human tissue 
can be used instead of animal tissue, reduction – several organs can be used from one 
animal, reducing the total number of used animals, and refinement – fibrosis can be 
induced ex vivo starting from healthy mice, which means less discomfort to animals.  
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Perspectives 

ECM is a complex three-dimensional network of proteins and carbohydrates, 
with an essential role for tissue development, structure and hydrostatic pressure 
maintenance. The increased production and/or impaired degradation of ECM can 
progress into the pathological process called fibrosis. This is encountered in many 
diseases and has no successful treatment due to its mechanistic complexity, and lack 
of relevant preclinical models. Using a model that preserves organ structure and can 
be obtained from human tissues could produce more relevant results than animal 
experiments. 

Future research for PCTS should attempt to reduce the current limitations 
of the model: short incubation time, lack of circulating immune cells and inter-
organ communication. First, to address the problem of time-dependent reduction 
in viability, cultivation conditions should be molded to the biological processes 
triggered by culture, especially those promoting cellular damage. Prolonged viability 
would permit better assessment of drug efficacy, by enabling the determination of 
protein changes, in addition to transcriptional changes. Second, the effect of the 
circulating immune cells could be assessed through a co-culture system, although it 
is essential to investigate how our culture system (80% O2) impacts the immune cells. 
Nevertheless, lung PCTS can be cultured in traditional conditions (20% O2), making 
them a suitable candidate for the study of this type of co-culture. Lastly, optimizing 
PCTS for a microfluidic system could assess inter-organ communication.  

We believe that improved comprehension of the PCTS model can lead to 
its integration into fibrosis research and drug testing. The ex vivo model of PTCS 
will never provide all the answers, but continuous effort is the key to unlocking its 
potential. (adapted from Winston Churchill) 



Chapter 7

206

References

 [1] A.R. Parrish, A.J. Gandolfi, K. Brendel, Precision-cut tissue slices: applications in 
pharmacology and toxicology., Life Sci. 57 (1995) 1887–901. http://www.ncbi.nlm.nih.gov/
pubmed/7475939.

 [2] R. Kanter, M. Monshouwer, D. Meijer, G. Groothuis, Precision-Cut Organ Slices as a Tool 
to Study Toxicity and Metabolism of Xenobiotics with Special Reference to Non-Hepatic 
Tissues, Curr. Drug Metab. 3 (2002) 39–59. doi:10.2174/1389200023338071.

 [3] I.A.M. de Graaf, G.M.M. Groothuis, P. Olinga, Precision-cut tissue slices as a tool to 
predict metabolism of novel drugs, Expert Opin. Drug Metab. Toxicol. 3 (2007) 879–898. 
doi:10.1517/17425255.3.6.879.

 [4] L.-C. Li, J. Gao, J. Li, Emerging role of HMGB1 in fibrotic diseases, J. Cell. Mol. Med. 18 
(2014) 2331–2339. doi:10.1111/jcmm.12419.

 [5] J. Herrera, C.A. Henke, P.B. Bitterman, Extracellular matrix as a driver of progressive fibrosis, 
J. Clin. Invest. 128 (2018) 45–53. doi:10.1172/JCI93557.

 [6] A.J. Booth, R. Hadley, A.M. Cornett, A.A. Dreffs, S.A. Matthes, J.L. Tsui, K. Weiss, J.C. 
Horowitz, V.F. Fiore, T.H. Barker, B.B. Moore, F.J. Martinez, L.E. Niklason, E.S. White, 
Acellular Normal and Fibrotic Human Lung Matrices as a Culture System for In Vitro 
Investigation, Am. J. Respir. Crit. Care Med. 186 (2012) 866–876. doi:10.1164/rccm.201204-
0754OC.

 [7] Z. Deng, Y. He, X. Yang, H. Shi, A. Shi, L. Lu, L. He, MicroRNA-29: A Crucial Player in 
Fibrotic Disease, Mol. Diagn. Ther. 21 (2017) 285–294. doi:10.1007/s40291-016-0253-9.

 [8] J. Wang, E.S.. . Chu, H.-Y. Chen, K. Man, M.Y.Y. Go, X.R. Huang, H.Y. Lan, J.J.Y. Sung, 
J. Yu, microRNA-29b prevents liver fibrosis by attenuating hepatic stellate cell activation 
and inducing apoptosis through targeting PI3K/AKT pathway, Oncotarget. 6 (2015). 
doi:10.18632/oncotarget.2621.

 [9] J. Schnittert, R. Bansal, G. Storm, J. Prakash, Integrins in wound healing, fibrosis and tumor 
stroma: High potential targets for therapeutics and drug delivery, Adv. Drug Deliv. Rev. 129 
(2018) 37–53. doi:10.1016/j.addr.2018.01.020.

 [10] H. Xia, J. Seeman, J. Hong, P. Hergert, V. Bodem, J. Jessurun, K. Smith, R. Nho, J. Kahm, P. 
Gaillard, C. Henke, Low a2b1 Integrin Function Enhances the Proliferation of Fibroblasts 
from Patients with Idiopathic Pulmonary Fibrosis by Activation of the b-Catenin Pathway, 
Am. J. Pathol. 181 (2012) 222–233. doi:10.1016/j.ajpath.2012.03.034.

 [11] H. Xia, D. Diebold, R. Nho, D. Perlman, J. Kleidon, J. Kahm, S. Avdulov, M. Peterson, J. 
Nerva, P. Bitterman, C. Henke, Pathological integrin signaling enhances proliferation of 
primary lung fibroblasts from patients with idiopathic pulmonary fibrosis, J. Exp. Med. 205 
(2008) 1659–1672. doi:10.1084/jem.20080001.

 [12] H. Kimura, Y. Sakai, T. Fujii, Organ/body-on-a-chip based on microfluidic technology 
for drug discovery, Drug Metab. Pharmacokinet. 33 (2018) 43–48. doi:10.1016/j.
dmpk.2017.11.003.

 [13] T. Wynn, Cellular and molecular mechanisms of fibrosis, J. Pathol. 214 (2008) 199–210. 
doi:10.1002/path.2277.

 [14] P. Sivakumar, C. Kitson, G. Jarai, Modeling and measuring extracellular matrix alterations in 
fibrosis: challenges and perspectives for antifibrotic drug discovery, Connect. Tissue Res. 60 
(2019) 62–70. doi:10.1080/03008207.2018.1500557.

 [15] D. Schuppan, M. Pinzani, Anti-fibrotic therapy: Lost in translation?, J. Hepatol. 56 (2012) 
S66–S74. doi:10.1016/S0168-8278(12)60008-7.

 [16] W.M. Jackson, L.J. Nesti, R.S. Tuan, Concise Review: Clinical Translation of Wound 
Healing Therapies Based on Mesenchymal Stem Cells, Stem Cells Transl. Med. 1 (2012) 
44–50. doi:10.5966/sctm.2011-0024.

 [17] S.A. Eming, P. Martin, M. Tomic-Canic, Wound repair and regeneration: Mechanisms, 
signaling, and translation, Sci. Transl. Med. 6 (2014) 265sr6-265sr6. doi:10.1126/
scitranslmed.3009337.

 [18] M.G.L. Elferink, P. Olinga, E.M. van Leeuwen, S. Bauerschmidt, J. Polman, W.G. Schoonen, 
S.H. Heisterkamp, G.M.M. Groothuis, Gene expression analysis of precision-cut human 
liver slices indicates stable expression of ADME-Tox related genes, Toxicol. Appl. Pharmacol. 
253 (2011) 57–69. doi:10.1016/j.taap.2011.03.010.

 [19] L.A. Borthwick, T.A. Wynn, A.J. Fisher, Cytokine mediated tissue fibrosis, Biochim. Biophys. 
Acta - Mol. Basis Dis. 1832 (2013) 1049–1060. doi:10.1016/j.bbadis.2012.09.014.

 [20] A. Rodríguez-García, P. Samsó, P. Fontova, H. Simon-Molas, A. Manzano, E. Castaño, J.L. 



General discussion and perspectives

207

7

Rosa, U. Martinez-Outshoorn, F. Ventura, À. Navarro-Sabaté, R. Bartrons, TGF-b1 targets 
Smad, p38 MAPK, and PI3K/Akt signaling pathways to induce PFKFB3 gene expression 
and glycolysis in glioblastoma cells, FEBS J. 284 (2017) 3437–3454. doi:10.1111/febs.14201.

 [21] A. Fort, N. Calo, D. Portius, L. Bourgoin, M. Peyrou, M. Foti, Signaling Pathways in Liver 
Diseases, John Wiley & Sons, Ltd, Chichester, UK, 2015. doi:10.1002/9781118663387.

 [22] G. Son, I.N. Hines, J. Lindquist, L.W. Schrum, R.A. Rippe, Inhibition of 
phosphatidylinositol 3-kinase signaling in hepatic stellate cells blocks the progression of 
hepatic fibrosis, Hepatology. 50 (2009) 1512–1523. doi:10.1002/hep.23186.

 [23] L. SEN HAO, X.L. ZHANG, J.Y. AN, J. KARLIN, X.P. TIAN, Z.N. DUN, S.R. XIE, 
S. CHEN, PTEN expression is down-regulated in liver tissues of rats with hepatic 
fibrosis induced by biliary stenosis, APMIS. 117 (2009) 681–691. doi:10.1111/j.1600-
0463.2009.02515.x.

 [24] L. He, J. Gubbins, Z. Peng, V. Medina, F. Fei, K. Asahina, J. Wang, M. Kahn, C.B. Rountree, 
B.L. Stiles, Activation of hepatic stellate cell in Pten null liver injury model, Fibrogenesis 
Tissue Repair. 9 (2016) 8. doi:10.1186/s13069-016-0045-1.

 [25] Y. Tian, H. Li, T. Qiu, J. Dai, Y. Zhang, J. Chen, H. Cai, Loss of PTEN induces lung fibrosis 
via alveolar epithelial cell senescence depending on NF‐kB activation, Aging Cell. 18 (2018) 
e12858. doi:10.1111/acel.12858.

 [26] S.K. Parapuram, K. Thompson, M. Tsang, J. Hutchenreuther, C. Bekking, S. Liu, A. Leask, 
Loss of PTEN expression by mouse fibroblasts results in lung fibrosis through a CCN2-
dependent mechanism, Matrix Biol. 43 (2015) 35–41. doi:10.1016/j.matbio.2015.01.017.

 [27] J. Zhou, J. Zhong, S. Lin, Z. Huang, H. Chen, S. Tang, C. Yang, Y. Fan, Inhibition of PTEN 
Activity Aggravates Post Renal Fibrosis in Mice with Ischemia Reperfusion-Induced Acute 
Kidney Injury, Cell. Physiol. Biochem. 43 (2017) 1841–1854. doi:10.1159/000484070.

 [28] X. Chu, K. Korzekwa, R. Elsby, K. Fenner, A. Galetin, Y. Lai, P. Matsson, A. Moss, S. 
Nagar, G.R. Rosania, J.P.F. Bai, J.W. Polli, Y. Sugiyama, K.L.R. Brouwer, Intracellular Drug 
Concentrations and Transporters: Measurement, Modeling, and Implications for the Liver, 
Clin. Pharmacol. Ther. 94 (2013) 126–141. doi:10.1038/clpt.2013.78.

 [29] A. Naik, A. Belič, U.M. Zanger, D. Rozman, Molecular Interactions between NAFLD and 
Xenobiotic Metabolism, Front. Genet. 4 (2013) 1–14. doi:10.3389/fgene.2013.00002.

 [30] T.E. Quan, S.E. Cowper, R. Bucala, The role of circulating fibrocytes in fibrosis., Curr. 
Rheumatol. Rep. 8 (2006) 145–50. http://www.ncbi.nlm.nih.gov/pubmed/16569374.

 [31] E.M. Zeisberg, O. Tarnavski, M. Zeisberg, A.L. Dorfman, J.R. McMullen, E. Gustafsson, 
A. Chandraker, X. Yuan, W.T. Pu, A.B. Roberts, E.G. Neilson, M.H. Sayegh, S. Izumo, R. 
Kalluri, Endothelial-to-mesenchymal transition contributes to cardiac fibrosis, Nat. Med. 13 
(2007) 952–961. doi:10.1038/nm1613.

 [32] T. Inoue, A. Umezawa, T. Takenaka, H. Suzuki, H. Okada, The contribution of epithelial-
mesenchymal transition to renal fibrosis differs among kidney disease models, Kidney Int. 87 
(2015) 233–238. doi:10.1038/ki.2014.235.

 [33] Y.-L. ZHAO, R.-T. ZHU, Y.-L. SUN, Epithelial-mesenchymal transition in liver fibrosis, 
Biomed. Reports. 4 (2016) 269–274. doi:10.3892/br.2016.578.

 [34] B.C. Willis, Epithelial Origin of Myofibroblasts during Fibrosis in the Lung, Proc. Am. 
Thorac. Soc. 3 (2006) 377–382. doi:10.1513/pats.200601-004TK.

 [35] E. Pardali, G. Sanchez-Duffhues, M. Gomez-Puerto, P. ten Dijke, TGF-b-Induced 
Endothelial-Mesenchymal Transition in Fibrotic Diseases, Int. J. Mol. Sci. 18 (2017) 2157. 
doi:10.3390/ijms18102157.

 [36] S. Piera-Velazquez, Z. Li, S.A. Jimenez, Role of Endothelial-Mesenchymal Transition 
(EndoMT) in the Pathogenesis of Fibrotic Disorders, Am. J. Pathol. 179 (2011) 1074–1080. 
doi:10.1016/j.ajpath.2011.06.001.

 [37] R. Bucala, L.A. Spiegel, J. Chesney, M. Hogan, A. Cerami, Circulating fibrocytes define a 
new leukocyte subpopulation that mediates tissue repair., Mol. Med. 1 (1994) 71–81. http://
www.ncbi.nlm.nih.gov/pubmed/8790603.

 [38] K. Yu, Q. Li, G. Shi, N. Li, Involvement of epithelial-mesenchymal transition in liver 
fibrosis., Saudi J. Gastroenterol. 24 (2018) 5–11. doi:10.4103/sjg.SJG_297_17.

 [39] S.-C. Choi, S.-J. Kim, J.-H. Choi, C.-Y. Park, W.-J. Shim, D.-S. Lim, Fibroblast Growth 
Factor-2 and -4 Promote the Proliferation of Bone Marrow Mesenchymal Stem Cells by the 
Activation of the PI3K-Akt and ERK1/2 Signaling Pathways, Stem Cells Dev. 17 (2008) 
725–736. doi:10.1089/scd.2007.0230.

 [40] W. Xu, Z. Yang, N. Lu, A new role for the PI3K/Akt signaling pathway in the epithelial-
mesenchymal transition, Cell Adh. Migr. 9 (2015) 317–324. doi:10.1080/19336918.2015.101
6686.



Chapter 7

208

 [41] M.B. Salt, S. Bandyopadhyay, F. McCormick, Epithelial-to-Mesenchymal Transition Rewires 
the Molecular Path to PI3K-Dependent Proliferation, Cancer Discov. 4 (2014) 186–199. 
doi:10.1158/2159-8290.CD-13-0520.

 [42] H.T. Lee, J.G. Lee, M. Na, E.P. Kay, FGF-2 Induced by Interleukin-1b through the Action 
of Phosphatidylinositol 3-Kinase Mediates Endothelial Mesenchymal Transformation 
in Corneal Endothelial Cells, J. Biol. Chem. 279 (2004) 32325–32332. doi:10.1074/jbc.
M405208200.

 [43] J.G. Lee, M.K. Ko, E.P. Kay, Endothelial mesenchymal transformation mediated by IL-1b-
induced FGF-2 in corneal endothelial cells, Exp. Eye Res. 95 (2012) 35–39. doi:10.1016/j.
exer.2011.08.003.

 [44] M. Toriseva, M. Laato, O. Carpén, S.T. Ruohonen, E. Savontaus, M. Inada, S.M. Krane, V.-
M. Kähäri, MMP-13 Regulates Growth of Wound Granulation Tissue and Modulates Gene 
Expression Signatures Involved in Inflammation, Proteolysis, and Cell Viability, PLoS One. 
7 (2012) e42596. doi:10.1371/journal.pone.0042596.

 [45] T. Ogawa, T. Nikawa, H. Furochi, M. Kosyoji, K. Hirasaka, N. Suzue, K. Sairyo, S. Nakano, 
T. Yamaoka, M. Itakura, K. Kishi, N. Yasui, Osteoactivin upregulates expression of MMP-3 
and MMP-9 in fibroblasts infiltrated into denervated skeletal muscle in mice, Am. J. Physiol. 
Physiol. 289 (2005) C697–C707. doi:10.1152/ajpcell.00565.2004.

 [46] H. Furochi, S. Tamura, M. Mameoka, C. Yamada, T. Ogawa, K. Hirasaka, Y. Okumura, T. 
Imagawa, S. Oguri, K. Ishidoh, K. Kishi, S. Higashiyama, T. Nikawa, Osteoactivin fragments 
produced by ectodomain shedding induce MMP-3 expression via ERK pathway in mouse 
NIH-3T3 fibroblasts, FEBS Lett. 581 (2007) 5743–5750. doi:10.1016/j.febslet.2007.11.036.

 [47] C.-T. Kuan, Glycoprotein Nonmetastatic Melanoma Protein B, a Potential Molecular 
Therapeutic Target in Patients with Glioblastoma Multiforme, Clin. Cancer Res. 12 (2006) 
1970–1982. doi:10.1158/1078-0432.CCR-05-2797.

 [48] K.F. Tse, CR011, a Fully Human Monoclonal Antibody-Auristatin E Conjugate, for the 
Treatment of Melanoma, Clin. Cancer Res. 12 (2006) 1373–1382. doi:10.1158/1078-0432.
CCR-05-2018.

 [49] X. Qian, E. Mills, M. Torgov, W.J. LaRochelle, M. Jeffers, Pharmacologically enhanced 
expression of GPNMB increases the sensitivity of melanoma cells to the CR011-vcMMAE 
antibody-drug conjugate, Mol. Oncol. 2 (2008) 81–93. doi:10.1016/j.molonc.2008.02.002.

 [50] Z. Younossi, Q.M. Anstee, M. Marietti, T. Hardy, L. Henry, M. Eslam, J. George, E. 
Bugianesi, Global burden of NAFLD and NASH: trends, predictions, risk factors 
and prevention, Nat. Rev. Gastroenterol. Hepatol. 15 (2017) 11–20. doi:10.1038/
nrgastro.2017.109.

 [51] P. Mirmiran, Z. Amirhamidi, H.-S. Ejtahed, Z. Bahadoran, F. Azizi, Relationship between 
Diet and Non-alcoholic Fatty Liver Disease: A Review Article., Iran. J. Public Health. 
46 (2017) 1007–1017. http://www.ncbi.nlm.nih.gov/pubmed/28894701%0Ahttp://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC5575379.

 [52] A. Kendall, D.A. Levitsky, B.J. Strupp, L. Lissner, Weight loss on a low-fat diet: consequence 
of the imprecision of the control of food intake in humans, Am. J. Clin. Nutr. 53 (1991) 
1124–1129. doi:10.1093/ajcn/53.5.1124.

 [53] L. Lissner, D.A. Levitsky, B.J. Strupp, H.J. Kalkwarf, D.A. Roe, Dietary fat and the regulation 
of energy intake in human subjects, Am. J. Clin. Nutr. 46 (1987) 886–892. doi:10.1093/
ajcn/46.6.886.

 [54] A.C. Sylvetsky, S.L. Edelstein, G. Walford, E.J. Boyko, E.S. Horton, U.N. Ibebuogu, W.C. 
Knowler, M.G. Montez, M. Temprosa, M. Hoskin, K.I. Rother, L.M. Delahanty, A High-
Carbohydrate, High-Fiber, Low-Fat Diet Results in Weight Loss among Adults at High 
Risk of Type 2 Diabetes, J. Nutr. (2017) jn252395. doi:10.3945/jn.117.252395.

 [55] S.H. Zeisel, K.-A. da Costa, Choline: an essential nutrient for public health, Nutr. Rev. 67 
(2009) 615–623. doi:10.1111/j.1753-4887.2009.00246.x.

 [56] E. Cho, S.H. Zeisel, P. Jacques, J. Selhub, L. Dougherty, G.A. Colditz, W.C. Willett, Dietary 
choline and betaine assessed by food-frequency questionnaire in relation to plasma total 
homocysteine concentration in the Framingham Offspring Study, Am. J. Clin. Nutr. 83 
(2006) 905–911. doi:10.1093/ajcn/83.4.905.

 [57] A. Bidulescu, L.E. Chambless, A.M. Siega-Riz, S.H. Zeisel, G. Heiss, Usual choline and 
betaine dietary intake and incident coronary heart disease: the Atherosclerosis Risk in 
Communities (ARIC) Study, BMC Cardiovasc. Disord. 7 (2007) 20. doi:10.1186/1471-
2261-7-20.

 [58] K.D. Corbin, S.H. Zeisel, Choline metabolism provides novel insights into nonalcoholic fatty 
liver disease and its progression, Curr. Opin. Gastroenterol. 28 (2012) 159–165. doi:10.1097/



General discussion and perspectives

209

7

MOG.0b013e32834e7b4b.
 [59] V. Starokozhko, S. Vatakuti, B. Schievink, M.T. Merema, A. Asplund, J. Synnergren, A. 

Aspegren, G.M.M. Groothuis, Maintenance of drug metabolism and transport functions in 
human precision-cut liver slices during prolonged incubation for 5 days, Arch. Toxicol. 91 
(2017) 2079–2092. doi:10.1007/s00204-016-1865-x.

 [60] N. Ijssennagger, A.W.F. Janssen, A. Milona, J.M. Ramos Pittol, D.A.A. Hollman, M. Mokry, 
B. Betzel, F.J. Berends, I.M. Janssen, S.W.C. van Mil, S. Kersten, Gene expression profiling in 
human precision cut liver slices in response to the FXR agonist obeticholic acid, J. Hepatol. 
64 (2016) 1158–1166. doi:10.1016/j.jhep.2016.01.016.

 [61] G. Prins, T. Luangmonkong, D. Oosterhuis, H. Mutsaers, F. Dekker, P. Olinga, A 
Pathophysiological Model of Non-Alcoholic Fatty Liver Disease Using Precision-Cut Liver 
Slices, Nutrients. 11 (2019) 507. doi:10.3390/nu11030507.

 [62] F. Chiappini, A. Coilly, H. Kadar, P. Gual, A. Tran, C. Desterke, D. Samuel, J.-C. Duclos-
Vallée, D. Touboul, J. Bertrand-Michel, A. Brunelle, C. Guettier, F. Le Naour, Metabolism 
dysregulation induces a specific lipid signature of nonalcoholic steatohepatitis in patients, Sci. 
Rep. 7 (2017) 46658. doi:10.1038/srep46658.

 [63] K. Kobayashi, T.M. Forte, S. Taniguchi, B.Y. Ishida, K. Oka, L. Chan, The db/db mouse, 
a model for diabetic dyslipidemia: Molecular characterization and effects of western diet 
feeding, Metabolism. 49 (2000) 22–31. doi:10.1016/S0026-0495(00)90588-2.

 [64] S. Matsuda, M. Kobayashi, Y. Kitagishi, Roles for PI3K/AKT/PTEN Pathway in Cell 
Signaling of Nonalcoholic Fatty Liver Disease, ISRN Endocrinol. 2013 (2013) 1–7. 
doi:10.1155/2013/472432.

 [65] C.X. Cai, H. Buddha, S. Castelino-Prabhu, Z. Zhang, R.S. Britton, B.R. Bacon, B.A. 
Neuschwander-Tetri, Activation of Insulin-PI3K/Akt-p70S6K Pathway in Hepatic Stellate 
Cells Contributes to Fibrosis in Nonalcoholic Steatohepatitis, Dig. Dis. Sci. 62 (2017) 968–
978. doi:10.1007/s10620-017-4470-9.

 [66] T. Weichhart, M.D. Saemann, The PI3K/Akt/mTOR pathway in innate immune cells: 
emerging therapeutic applications, Ann. Rheum. Dis. 67 (2008) iii70–iii74. doi:10.1136/
ard.2008.098459.

 [67] M. Masarone, V. Rosato, M. Dallio, A.G. Gravina, A. Aglitti, C. Loguercio, A. Federico, M. 
Persico, Role of Oxidative Stress in Pathophysiology of Nonalcoholic Fatty Liver Disease, 
Oxid. Med. Cell. Longev. 2018 (2018) 1–14. doi:10.1155/2018/9547613.

 [68] M.B. Azad, Y. Chen, S.B. Gibson, Regulation of Autophagy by Reactive Oxygen Species 
(ROS): Implications for Cancer Progression and Treatment, Antioxid. Redox Signal. 11 
(2009) 777–790. doi:10.1089/ars.2008.2270.

 [69] S. Watanabe, Y. Horie, A. Suzuki, Hepatocyte-specific Pten-deficient mice as a novel model 
for nonalcoholic steatohepatitis and hepatocellular carcinoma, Hepatol. Res. 33 (2005) 161–
166. doi:10.1016/j.hepres.2005.09.026.

 [70] F. Genovese, M.A. Karsdal, Protein degradation fragments as diagnostic and prognostic 
biomarkers of connective tissue diseases: understanding the extracellular matrix message and 
implication for current and future serological biomarkers, Expert Rev. Proteomics. 13 (2016) 
213–225. doi:10.1586/14789450.2016.1134327.

 [71] F. Genovese, Z.S. Kàrpàti, S.H. Nielsen, M.A. Karsdal, Precision-Cut Kidney Slices as a 
Tool to Understand the Dynamics of Extracellular Matrix Remodeling in Renal Fibrosis, 
Biomark. Insights. 11 (2016) BMI.S38439. doi:10.4137/BMI.S38439.

 [72] C.D. Byrne, G. Targher, NAFLD: A multisystem disease, J. Hepatol. 62 (2015) S47–S64. 
doi:10.1016/j.jhep.2014.12.012.

 [73] G. Latella, F. Rieder, Intestinal fibrosis, Curr. Opin. Gastroenterol. 33 (2017) 239–245. 
doi:10.1097/MOG.0000000000000363.

 [74] F. Rieder, S. Kessler, M. Sans, C. Fiocchi, Animal models of intestinal fibrosis: new tools 
for the understanding of pathogenesis and therapy of human disease, Am. J. Physiol. Liver 
Physiol. 303 (2012) G786–G801. doi:10.1152/ajpgi.00059.2012.

 [75] I.C. Lawrance, F. Wu, A.Z.A. Leite, J. Willis, G.A. West, C. Fiocchi, S. Chakravarti, 
A murine model of chronic inflammation-induced intestinal fibrosis down-regulated 
by antisense NF-kB, Gastroenterology. 125 (2003) 1750–1761. doi:10.1053/j.
gastro.2003.08.027.



Summary

(English, Dutch) 

8



Summary

(English, Dutch) 

8



Chapter 8

212

Summary

Fibrosis, the response to continuous injury and improper wound healing 
leading to excessive extracellular matrix (ECM) deposition, is a progressive condition 
that can affect many organs and leads to high morbidity and mortality. Although 
most of the molecular and cellular mechanisms of fibrosis were unraveled, and several 
mediators and pathways are investigated as potential targets, no available specific 
antifibrotic treatment exists, increasing the burden on the health care system.

Fibrosis research is hindered by the lack of relevant animal models. The ex 
vivo model of precision-cut tissue slices (PCTS) was proposed as a system that could 
close the gap between in vitro and in vivo models, as the organ’s cellular composition 
and three-dimensional structure is preserved. The model is versatile, as virtually any 
organ can be used, the tissue can be healthy and diseased, and from animals or human 
donors. The use of a human-based test system offers a great advantage over other 
testing systems. Previous research showed that PCTS culture induces a spontaneous 
fibrogenic response, allowing the investigation of fibrosis initiation (culturing healthy 
tissue slices) and progression (culturing diseased tissue slices), together with fibrosis 
reversal (testing of antifibrotic compounds). 

The aim of this thesis was to increase our understanding of PCTS by 
exploring the mechanism of fibrosis progression and reversal in different organs.

First, in Chapter 2 we employed next generation sequencing and Ingenuity 
pathway analysis to characterize the transcriptional changes and biological processes 
that occur during culture of healthy murine and human PCTS from different 
organs. In this study we reported species- and organ-differences in culture-induced 
transcriptional changes. Increased inflammation and tissue remodeling, and decreased 
metabolic pathways and transporters were the processes that described the PCTS 
culture. Although pathways were shared between the two species or organs PCTS, 
each organ PCTS had a specific signature in the individualized response to culture. 
These findings contribute to our understanding of the molecular pathways involved 
in PCTS culture. 

In Chapter 3 the investigation into transcriptional changes during culture 
was continued with diseased human PCTS obtained from three organs: liver, kidney 
and ileum; along with a direct comparison to the culture of healthy human PCTS. 
Culture impacted healthy and diseased tissue slices in a similar way as it mainly 
induced a pro-inflammatory and profibrotic response. The differences between 
healthy and diseased PCTS were particularly notable for the cytokine production, 
indicating that the pre-existing pathology differentiates the early and late stage of 



Summary

213

8

fibrosis. Our study reinforces the use of human PCTS as an ex vivo fibrosis model, 
which is suitable for functional investigation of antifibrotic and anti-inflammatory 
therapies.

On a different note, in Chapter 4, we described an ex vivo non-alcoholic 
steatohepatitis (NASH) model based on murine steatotic liver PCTS. These slices 
were obtained from various diet-induced animal models of non-alcoholic fatty 
liver disease, with different degrees of steatosis and fibrosis. We demonstrated that 
inflammation and fibrosis, central features of NASH, can be replicated ex vivo and 
this model is suitable to evaluate effects of drugs that target lipid metabolism, such as 
elafibranor, an agonist of the peroxisome proliferator- activated receptor−a and −d, 
which is currently evaluated in Phase III clinical trials.

The phosphoinositide 3-kinase (PI3K) pathway plays a central role in 
fibrosis, as it is the downstream signaling for a multitude of mediators involved in 
fibrosis development. In Chapter 5, the potential antifibrotic effect resulted from 
the inhibition of this pathway with omipalisib was investigated. This study showed 
positive results achieved with omipalisib treatment, as fibrosis markers were decreased. 
However, we showed the toxicity of omipalisib on the gastrointestinal tract, which is 
in line with patient data treated with this class of compounds. These results illustrate 
the potential of the PI3K pathway as a fibrosis target, but also the necessity of organ 
targeting to minimize side effects. 

Last, we evaluated in Chapter 6 a proposed NASH biomarker - Glycoprotein 
Nonmetastatic Melanoma Protein B (GPNMB). We characterized the transcriptional 
profile of Gpnmb in liver PCTS during culture and after treatment with potential 
therapies: omipalisib and elafibranor. Murine and human Gpnmb showed increased 
expression at baseline between diseased and healthy livers, during culture and was 
influenced solely by omipalisib treatment. One of the drawbacks of GPNMB as a 
biomarker was the lack of tissue specificity; nevertheless, we think that GPNMB 
could become a preclinical marker for advanced liver diseases characterized by the 
presence of fibrosis.

To conclude, this thesis demonstrates the suitability of the PCTS model for 
fibrosis research. This system can advance the fibrosis field of research through the 
study of disease mechanisms, the identification of potential targets and the prompt 
testing of drug candidates. The model of PCTS ensures a reduction in the number 
of used animals and provides more relevant results through the use of human tissue.
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Nederlandse samenvatting

 Fibrose, het antwoord van weefsel op chronisch letsel en onjuiste 
wondgenezing, leidt tot overmatige afzetting van extracellulaire matrix (ECM). Het 
is een progressief ziektebeeld dat vele organen kan aantasten en tot hoge morbiditeit 
en mortaliteit leidt. Hoewel de meeste moleculaire en cellulaire mechanismen van 
fibrose reeds zijn ontrafeld, en verschillende mediatoren en signaaltransductieroutes 
onderzocht zijn, bestaat er nog geen specifieke anti-fibrotische behandeling. 
 Onderzoek naar fibrose wordt gehinderd door het tekort aan relevante 
diermodellen. Het ex vivo model genaamd precision-cut weefselslices (PCTS) 
zou een model kunnen zijn dat de kloof tussen in vitro en in vivo modellen dicht, 
aangezien het de celsamenstelling en drie-dimensionale structuur van het orgaan 
behoudt. PCTS kunnen worden vervaardigd van nagenoeg elk orgaan, gezond en ziek 
weefsel, afkomstig van dieren en mensen. Dit maakt het model erg veelzijdig. Gebruik 
van een testmodel dat gebaseerd is op menselijk weefsel biedt grote voordelen ten 
opzichte van andere testmodellen. Eerder onderzoek toonde aan dat het kweken van 
PCTS een spontane fibrogene respons induceert, wat het mogelijk maakt onderzoek 
te doen naar het ontstaan van fibrose (door middel van het kweken van gezonde 
weefselslices) en de verergering van fibrose (door middel van het kweken van reeds 
fibrotische weefselslices). Tevens kan met dit model het genezen van fibrose (testen 
van anti-fibrotische stoffen) worden onderzocht.

 Het doel van dit proefschrift was het uitbreiden van de kennis over PCTS 
door de mechanismen van fibrose progressie en genezing te onderzoeken in 
verschillende organen. 

 Ten eerste karakteriseerden we in hoofdstuk 2 de veranderingen in transcriptie 
en biologische processen die ontstaan tijdens de kweek van PCTS vervaardigd 
van verschillende organen, afkomstig van muizen en mensen. Het transcriptoom 
werd in kaart gebracht met behulp van next generation sequencing en belangrijke 
signaaltransductieroutes werden gevonden met ingenuity pathway-analyse. In deze 
studie werden de verschillen tussen organen en diersoorten met betrekking tot de 
door weefselkweek geïnduceerde veranderingen onderzocht. De kweek veroorzaakte 
ontsteking en hermodellering van weefsel, en verminderde metabole activiteit en 
expressie van transporters. Hoewel mens en muis, en de verschillende organen, 
mechanismen deelden, had PCTS van elk orgaan een specifieke reactie door het 
kweken. Deze bevindingen dragen bij aan de kennis over moleculaire mechanismen 
die het gevolg zijn van het kweken van PCTS. 
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 Het onderzoek naar transcriptionele veranderingen werd voortgezet 
in hoofdstuk 3 met fibrotisch PCTS van humane lever-, nier- en ileumweefsel. 
Tegelijkertijd werd een vergelijking gemaakt met PCTS van gezond menselijk 
weefsel. Het kweken van PCTS zorgde voornamelijk voor een ontstekings- en 
fibrotische reactie, die vergelijkbaar was in zieke en gezonde weefselslices. De 
verschillen tussen gezond en fibrotisch weefsel werden vooral gevonden in de 
cytokineproductie. Dit laat zien dat er een verschil is tussen het beginstadium en 
latere stadia van fibrose. Deze studie maakt nogmaals duidelijk dat PCTS afkomstig 
van menselijk weefsel gebruikt kunnen worden als een ex vivo model voor fibrose ten 
behoeve van geneesmiddelontwikkeling. 
 Een ander aspect van PCTS werd besproken in hoofdstuk 4. Hier 
bestudeerden wij een ex vivo model voor niet-alcoholische steatohepatitis (NASH; 
vette leverziekte) gebaseerd op PCTS vervaardigd van vervette muizenlevers. Deze 
weefselslices werden verkregen van diermodellen waarbij verschillende stadia van 
vette leverziekte door dieet geїnduceerd waren. Er werd aangetoond dat ontsteking 
en fibrose, belangrijke kenmerken van NASH, ex vivo nagebootst konden worden. 
Daarmee bleek het model geschikt om de effecten van geneesmiddelen gericht 
op lipidemetabolisme, zoals elafibranor, te testen. Elafibranor is een agonist van 
de peroxisoom-proliferator-geactiveerde receptor-a en -d , die op dit moment in 
klinische studies getest wordt.
 De fosfoinositide 3-kinase (PI3K)-route speelt een hoofdrol in fibrose, omdat 
het onderdeel is in de signaaltransductieroute van vele mediatoren die betrokken zijn 
bij de ontwikkeling van fibrose.  In hoofdstuk 5 werd het antifibrotische effect van 
omipalisib, een stof die de PI3K-route remt, onderzocht. Dit onderzoek liet positieve 
resultaten zien met betrekking tot een afname van fibrose-markers veroorzaakt 
door omipalisisb. Echter werd er in darmslices ook toxiciteit van de stof gevonden, 
hetgeen overeenkomt met wat eerder in patiёnten werd gezien na behandeling met 
soortgelijke stoffen. Deze resultaten tonen aan dat de PI3K-route een mogelijk 
doelwit is voor de behandeling van fibrose, en onderstrepen ook de noodzaak van 
orgaangerichte behandeling om bijwerkingen te minimaliseren. 
 Ten slotte werd in hoofdstuk 6 een eerder voorgestelde NASH biomarker 
– Glycoprotein Nonmetastatic Melanoma Protein B (GPNMB) geёvalueerd. We 
karakteriseerden het transcriptieprofiel van Gpnmb in lever PCTS tijdens kweek en 
na behandeling met de potentiёle therapieёn omipalisib en elafibranor. In PCTS 
van zowel muizen als mensen vertoonde Gpnmb verhoogde expressie in ziek weefsel 
ten opzichte van gezond weefsel, al voor incubatie. Dit verschil was ook zichtbaar 
tijdens incubatie en werd alleen beїnvloed door omipalisib. Een nadeel van GPNMB 
als biomarker is het gebrek aan weefselspecificiteit. Desondanks denken wij dat 
GPNMB een preklinische marker kan worden voor vergevorderde leverziekten die 
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gekenmerkt worden door fibrose. 

 Concluderend demonstreren de resultaten van dit proefschrift dat PCTS 
een geschikt model is voor fibroseonderzoek. Het model kan gebruikt worden voor 
studies naar ziektemechanismen, identificering van potentiële doelwitten en het 
testen van kandidaat-geneesmiddelen. PCTS zorgen voor een vermindering van het 
aantal proefdieren en biedt relevantere resultaten dan dierproeven door het gebruik 
van menselijk weefsel. 
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Abbreviations 

a-SMA a-smooth muscle actin
ADAM  A disintegrin and metallopeptidase domain
ALS  Amyotrophic lateral sclerosis
Akt  Protein kinase B
AMLN  Amylin liver NASH model
ANOVA Analysis of variance
ATP  Adenosine triphosphate
bFGF  Basic fibroblast growth factor
BL/6  C57BL/6
CDAA  Choline-deficient L-amino acid-defined
CKD  Chronic kidney disease
CSAA   Choline Supplemented L-Amino Acid
cPCLS   Control precision-cut liver slices
DC-HIL Dendritic cell-heparin integrin ligand
DEG  Differentially expressed genes
ECM  Extracellular matrix
EGF  Epidermal growth factor
ELISA  Enzyme-linked immunosorbent assay
FC  Fold Change
FDR  False discovery rate
GPNMB Glycoprotein nonmetastatic melanoma protein B
H&E  Hematoxylin and eosin
HFD  High fat diet
HMGB1 High mobility group box 1
HSC  Hepatic stellate cell
Hyp  Hydroxyproline
IG  Immunoglobulin
IPA  Ingenuity® Pathway Analysis
IPF  Idiopathic pulmonary fibrosis
IPKB    Ingenuity Pathways Knowledge Base
KHB  Krebs-Henseleit buffer
LPS  Lipopolysaccharides
LXR  Liver X receptor
MSD   Meso Scale Discovery
NAFLD Nonalcoholic fatty liver disease
NASH  Nonalcoholic steatohepatitis
NGS  Next-generation sequencing
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PC  Principal component
PCA  Principal component analysis
PCLS   Precision-cut liver slices
PCTS  Precision-cut tissue slices
PDGF  Platelet-derived growth factor
PI3K  Phosphatidylinositol 3-kinase
PPAR  Peroxisome proliferator-activated receptor
RPKM  Reads Per Kilobase of transcript per Million
RXR   Retinoid X receptor
SEM  Standard error of the mean
sPCLS  Steatotic precision-cut liver slices
SR  Sirius red
TGF-b1 Transforming growth factor beta
TLR 9  Toll-Like Receptor
UW  University of Wisconsin organ preservation solution
VEGF  Vascular endothelial growth factor
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