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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.
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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 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.



111110

EX VIVO HUMAN FIBROSIS MODEL: CHARACTERIZATION BY NGSCHAPTER 4

4

MATERIALS & METHODS

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.

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 (Supplementary Table 
S1). 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.

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), pH 7.42. 

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 Technologies, Bleiswijk, the Netherlands) supplemented with 
25 mM D-glucose and 50 μg/mL gentamicin (Life Technologies).

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).

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. 

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.

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).

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 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.
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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 
signalling 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 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]. 

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 S2. 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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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.

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).

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.

c da

b

he
al

th
y 

tis
su

e

diseased tissue

Tissue core
preparation

Slicing

KHB

Incubation

Sample collection
viability

sequencing

cytokine release

Analysis

(0h) (48h)



117116

EX VIVO HUMAN FIBROSIS MODEL: CHARACTERIZATION BY NGSCHAPTER 4

4

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 3. 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 data in chapter 3 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.

Transcriptomic characterization of human diseased PCTS

Genes differentially expressed in diseased PCTS during culture
Recently, we performed a comprehensive transcriptomic analysis of human healthy PCTS by NGS 
[chapter 3]. 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 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 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.  .
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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 S3. The top 10 most 
upregulated genes in diseased PCTS during culture often included genes related to inflammation 
(IL-11, 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. 

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). 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. 

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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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. 

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 3] 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. 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.

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 S4. 

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). 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.
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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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Neuroinflammation Signaling Pathway -4,80 3,41 311 9 25
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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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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. (b) 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. 

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.
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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.
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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 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.

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.

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 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.
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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 3]. 
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 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 3. 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 3).

The commonalities in culture-induced transcripts translated into commonly regulated biological 
pathways in healthy and diseased PCTS. Cross-comparison of identified culture-induced biological 
pathways in diseased PCTS (Figure 3c) with the data on human healthy PCTS in chapter 3 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 3, 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 
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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 (chapter 
3) suggests that culture sustains pro-inflammatory and pro-fibrotic environment. 

Among other 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). Taken together, 
these observations reinforce the use of human PCTS as an ex vivo fibrosis model.

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, but there were no 
significant changes in its regulation during culture in healthy or diseased liver PCTS.

Culturing process creates a common fibrosis-driven 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, IL-1B, IL-6, CXCL8 and TNF, as well as increased accumulation of interstitial collagen 
type I and alpha-SMA [chapter 5].

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]. 
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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.

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 MATERIALS

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 plots illustrating gene expression in cultured diseased PCTS prepared from liver, 
kidney and ileum (b); in diseased vs. healthy PCTS at baseline (c); or in diseased vs. 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. Pathway size (i.e. 
total 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. Pathways in blue color are most common across the diseased 
PCTS from the three organs. Pathways marked with (*) are shared between human healthy [chapter 3] 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 3. Complete lists of identified DEGs are provided in Supplementary File 1.

Canonical Pathway z-score  -log(p-value) Size Downregulated (%) Upregulated (%) Overlap (%)
PI3K/AKT Signaling (*) 3,02 3,19 131 20 56 76

LPS/IL-1 Mediated Inhibition of RXR Function (*) 2,97 23,10 222 56 27 84

Ephrin Receptor Signaling (*) 2,72 5,18 179 26 54 80

Actin Nucleation by ARP-WASP Complex (*) 2,71 5,11 62 16 60 76

p53 Signaling 2,35 4,36 111 32 47 79

Osteoarthritis Pathway (*) 2,34 5,87 212 35 45 80

STAT3 Pathway (*) 2,26 4,69 103 28 57 85

Agrin Interactions at Neuromuscular Junction (*) 2,24 3,15 75 29 48 77

HMGB1 Signaling (*) 2,21 4,32 139 29 47 76

Integrin Signaling (*) 2,10 3,85 219 26 49 75

Rac Signaling (*) 2,00 4,11 123 20 54 75

Nicotine Degradation II (*) -5,66 9,72 65 65 11 75

Melatonin Degradation I (*) -5,48 8,31 65 68 11 78

Nicotine Degradation III (*) -5,20 8,06 56 64 13 77

LXR/RXR Activation (*) -5,17 22,50 121 67 27 94

Superpathway of Melatonin Degradation (*) -5,15 10,10 70 67 13 80

Estrogen Biosynthesis (*) -4,69 7,77 41 73 12 85

Serotonin Degradation (*) -4,60 7,45 77 61 16 77

Fatty Acid β-oxidation I (*) -4,24 6,88 32 78 16 94

Bupropion Degradation -4,12 8,30 25 76 12 88

Acetone Degradation I (to Methylglyoxal) (*) -4,03 9,43 30 73 13 87

Ethanol Degradation II (*) -3,64 4,94 37 62 19 81

Tryptophan Degradation III (Eukaryotic) (*) -3,61 4,63 25 72 24 96

Superpathway of Methionine Degradation -3,36 3,67 37 59 19 78

Valine Degradation I (*) -3,21 8,13 18 94 6 100

Production of Nitric Oxide and ROS in Macrophages -3,15 6,56 194 40 40 80

Superpathway of Citrulline Metabolism -3,00 3,98 15 67 33 100

cAMP-mediated signaling (*) -2,99 3,91 228 43 32 75

Noradrenaline and Adrenaline Degradation (*) -2,98 5,73 40 63 20 82

Bile Acid Biosynthesis, Neutral Pathway -2,71 7,16 13 77 23 100

Glycine Betaine Degradation (*) -2,65 3,78 10 100 0 100

Arginine Biosynthesis IV (*) -2,45 4,86 6 100 0 100

Citrulline Biosynthesis -2,45 3,12 9 67 33 100

RhoGDI Signaling (*) -2,40 3,69 177 24 53 77

Stearate Biosynthesis I (Animals) -2,36 4,36 44 61 30 93

Dopamine Degradation -2,32 3,67 37 57 19 76

Tyrosine Degradation I (*) -2,24 4,05 5 100 0 100

Urea Cycle -2,24 3,33 6 83 17 100

Retinoate Biosynthesis I -2,14 3,55 34 50 29 79

Isoleucine Degradation I -2,12 3,39 14 93 7 100

Methylmalonyl Pathway -2,00 3,24 4 100 0 100

α-tocopherol Degradation -2,00 3,24 4 100 0 100
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Canonical Pathway z-score  -log(p-value) Size Downregulated (%) Upregulated (%) Overlap (%)
Actin Nucleation by ARP-WASP Complex (*) 3,50 3,12 62 23 53 76

Osteoarthritis Pathway (*) 3,33 3,74 212 31 49 80

Integrin Signaling 2,60 4,04 219 26 48 75

Superpathway of Cholesterol Biosynthesis 2,33 2,67 28 21 64 89

Acute Phase Response Signaling (*) 2,27 2,89 176 31 52 82

Pentose Phosphate Pathway 2,24 2,40 11 9 55 64

Cholesterol Biosynthesis I 2,24 2,03 13 15 85 100

Cholesterol Biosynthesis II (via 24,25-dihydrolanosterol) 2,24 2,03 13 15 85 100

Cholesterol Biosynthesis III (via Desmosterol) 2,24 2,03 13 15 85 100

Ephrin Receptor Signaling (*) 2,18 2,48 179 25 55 80

Glycolysis I 2,12 2,30 26 27 54 81

Agrin Interactions at Neuromuscular Junction 2,00 3,03 75 32 45 77

PPAR Signaling -2,98 2,24 101 20 54 74

iCOS-iCOSL Signaling in T Helper Cells -2,52 2,17 123 46 28 75

Tryptophan Degradation III (Eukaryotic) (*) -2,12 2,42 25 60 36 96

LXR/RXR Activation (*) -2,07 2,26 121 43 50 94

Serotonin Degradation (*) -2,00 2,10 77 61 16 77
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Canonical Pathway z-score  -log(p-value) Size Downregulated (%) Upregulated (%) Overlap (%)
Osteoarthritis Pathway (*) 3,40 5,94 212 26 54 80

Superpathway of Cholesterol Biosynthesis (*) 3,32 7,81 28 11 79 89

NRF2-mediated Oxidative Stress Response 2,71 3,16 199 24 50 74

Colorectal Cancer Metastasis Signaling (*) 2,60 3,66 254 26 52 78

Cholesterol Biosynthesis I 2,45 4,97 13 8 92 100

Cholesterol Biosynthesis II (via 24,25-dihydrolanosterol) 2,45 4,97 13 8 92 100

Cholesterol Biosynthesis III (via Desmosterol) 2,45 4,97 13 8 92 100

Oncostatin M Signaling 2,45 2,73 40 13 73 85

Role of IL-17F in Allergic Inflammatory Airway Diseases (*) 2,45 2,37 46 2 67 70

Superpathway of Geranylgeranyldiphosphate Biosynthesis I 2,24 3,14 17 18 59 76

Acute Phase Response Signaling 2,18 3,42 176 26 55 82

IL-6 Signaling (*) 2,07 5,04 134 20 54 76

Mevalonate Pathway I 2,00 2,68 13 15 69 85

Cyclins and Cell Cycle Regulation -2,83 2,47 81 41 36 77
LXR/RXR Activation (*) -2,71 3,45 121 31 62 94

Antioxidant Action of Vitamin C -2,65 2,94 108 31 47 81

Estrogen-mediated S-phase Entry -2,65 3,94 26 62 19 81
Mitotic Roles of Polo-Like Kinase -2,12 3,16 66 38 35 73
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ELECTRONIC SUPPLEMENTARY MATERIALS

Supplementary Tables
Supplementary Table S1. Patient demographics
Supplementary Table S2. List of cytokines measured in culture medium by Meso Scale Discovery 
multiplex assay
Supplementary Table S3. Description of top 10 up- and downregulated DEGs in human diseased 
PCTS during culture 
Supplementary Table S4. 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). Signalling 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 7 (excel). Protein expression of all measured cytokines in culture medium by 
Meso Scale Discovery multiplex assay

These materials can be accessed 
via this QR code:
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