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Abstract

Our knowledge of complex pathological mechanisms underlying organ fibrosis is predominantly derived from animal studies.
However, relevance of animal models for human disease is limited; therefore, an ex vivo model of human precision-cut tissue
slices (PCTS) might become an indispensable tool in fibrosis research and drug development by bridging the animal-human
translational gap. This study, presented as two parts, provides comprehensive characterization of the dynamic transcriptional
changes in PCTS during culture by RNA sequencing. Part I investigates the differences in culture-induced responses in
murine and human PCTS derived from healthy liver, kidney and gut. Part II delineates the molecular processes in cultured
human PCTS generated from diseased liver, kidney and ileum. We demonstrated that culture was associated with extensive
transcriptional changes and impacted PCTS in a universal way across the organs and two species by triggering an inflamma-
tory response and fibrosis-related extracellular matrix (ECM) remodelling. All PCTS shared mRNA upregulation of IL-11
and ECM-degrading enzymes MMP3 and MMP10. Slice preparation and culturing activated numerous pathways across all
PCTS, especially those involved in inflammation (IL-6, IL-8 and HMGB1 signalling) and tissue remodelling (osteoarthritis
pathway and integrin signalling). Despite the converging effects of culture, PCTS display species-, organ- and pathology-
specific differences in the regulation of genes and canonical pathways. The underlying pathology in human diseased PCTS
endures and influences biological processes like cytokine release. Our study reinforces the use of PCTS as an ex vivo fibrosis
model and supports future studies towards its validation as a preclinical tool for drug development.

Keywords Precision-cut tissue slices - Fibrosis - Inflammation - Human tissue - RNA sequencing - Ingenuity pathway
analysis

Introduction

The idea of tissue slices has been around for almost a cen-
tury (Warburg 1923; Krebs 1933). However, it was not until
1980, when Krumdieck et al. (1980) developed a tissue slicer
that enabled cutting of thin slices with precise thickness, the
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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 configura-
tion (de Graaf et al. 2007).

PCTS model is a promising tool for pharmaceutical
research and development: it could bridge the translational
gap between in vitro and in vivo studies. Many drugs fail
development, suggesting that conventional preclinical mod-
els lack translatability and predictiveness for human dis-
eases. In turn, the PCTS model is versatile, as both rodent
and human tissue, healthy and diseased, can be used to pre-
pare 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 experi-
mental conditions at once since multiple slices can be pre-
pared from one organ. The use of human tissue significantly
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improves the clinical relevance of PCTS by eliminating
the need of cross-species translation. Therefore, the PCTS
model contributes to the substantial reduction of animal use
in biomedical research.

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 (Bull
et al. 2000; Parajuli and Doppler 2009; Luangmonkong et al.
2017; Stribos et al. 2017)] as well as from non-solid organs
[intestine and lung (Wohlsen et al. 2001; de Kanter et al.
2005)]. The applications of PCTS evolved from studies of
liver functions (Krumdieck et al. 1980) to the use in Xxeno-
biotic metabolism, transport and toxicity research (de Graaf
et al. 2007; Li et al. 2016; Vatakuti et al. 2016). Slices can be
used to study the ischemia/reperfusion damage ('t Hart et al.
2005; Lee et al. 2008) and uptake of nanoparticles as carri-
ers for gene therapy agents (Osman et al. 2018). Recently,
the application of PCTS was further extended to study the
mechanism of fibrosis, which is 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 suit-
able model for fibrosis and analysing the effect of antifibrotic
compounds (Kasper et al. 2004; Westra et al. 2014, 2016;
Pham et al. 2015; Stribos et al. 2016; Alsafadi et al. 2017;
Luangmonkong et al. 2017, 2018). Furthermore, PCTS gen-
erated from human diseased organs allow the investigation
of fibrosis in situ, as we previously showed for human cir-
rhotic liver PCTS (Luangmonkong et al. 2017).

Despite the extensive applications of PCTS, its recogni-
tion is limited by the lack of validation and molecular char-
acterization. As a step towards validation, we attempted to
describe the transcriptional changes in PCTS during cul-
ture by deep sequencing. 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, ena-
bles high-throughput transcriptomic analysis of gene expres-
sion profiles at the tissue level (Metzker 2010) and can be
applied to various species and sources of RNA/DNA. The
main advantages of RNA-Seq include high detection sensi-
tivity, accuracy, increased automation and relatively low cost
(Yadav et al. 2014).

The present study provides a comprehensive characteriza-
tion of the dynamic transcriptional changes in PCTS during
culture, and is divided into two parts. In Part I, we performed
total RNA sequencing of murine and human PCTS pre-
pared from various healthy organs (liver, kidney and gut) to
investigate species and organ differences in culture-induced
responses. In Part II of this study, we characterized molec-
ular processes that occur in human PCTS generated from
diseased (fibrotic) tissues during culture, and performed
in-depth comparative analysis of transcriptomic profiles
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of human diseased and healthy control PCTS. Particular
emphasis was placed on inflammation- and fibrosis-asso-
ciated processes in PCTS. The findings largely contribute
to our understanding of molecular mechanisms involved in
PCTS culture, laying the foundation for the future validation
of PCTS as an ex vivo injury/fibrosis model and a preclinical
tool for drug development.

Methods
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 Gron-
ingen (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-anony-
mous human tissue.

Animal and human material

Adult, 8-10 weeks old, male C57BL/6 mice (De Centrale
Dienst Proefdieren, UMCG, Groningen, The Netherlands)
with an average weight of 28.9 g (+ 1.1) 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/O, anaesthesia and stored in ice-cold tissue pres-
ervation solution (University of Wisconsin (UW) for liver,
kidney and lung, or supplemented Krebs—Henseleit buffer
(KHB) for jejunum, ileum and colon).

Human tissue was obtained from surplus resected
material from patients with varying underlying diseases
(Table 1). Patient demographics are included in Table S1.
The tissue from three to five patients was used for obtaining
PCTS (biological replicates). Ice-cold UW and KHB were
used for human material preservation until further use.

Preparation of precision-cut tissue slices (PCTS)

PCTS from mouse and human liver and intestine were pre-
pared as previously described (de Graaf et al. 2010). Prepa-
ration of mouse and human kidney slices was described by
Stribos et al. (Stribos et al. 2016, 2017), while lung slices
were prepared as described by Ruigrok et al. (2017). Slices
were obtained with Krumdieck slicer filled with ice-cold
KHB supplemented with 25 mM b-glucose (Merck, Darm-
stadt, Germany), 25 mM NaHCO; (Merck), 10 mM HEPES
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Table 1 Sources of human

Diseased

material Tissue Healthy
Liver Partial hepatectomy, organ donation
Kidney Tumor nephrectomy
Jejunum
Ileum Right hemicolectomy
Colon Right hemicolectomy
Lung NA

Liver transplantation (recipient with ESLD)
ESRD nephrectomy, transplantectomy

Pancreaticoduodenectomy NA

Right hemicolectomy (patients with Crohn’s disease)
NA
Idiopathic pulmonary fibrosis

ESLD end-stage liver disease, ESRD end-stage renal disease, NA not available

(MP Biomedicals, Aurora, OH, USA), saturated with car-
bogen (95% O0,/5% CO,), pH 7.42. Slices were incubated
in Williams’ medium E (WME, with L-glutamine, Ther-
moFisher Scientific, Landsmeer, The Netherlands) or Dul-
becco’s modified Eagle medium (DMEM, with L-glutamine,
ThermoFisher Scientific) with different supplements.
Table 2 summarizes the details of the preparation and incu-
bation of murine and human PCTS.

Liver, kidney and lung PCTS had a wet weight of 4-5 mg
and thickness of 200-250 pm, whereas intestinal slices had
a wet weight of 1-2 mg and thickness of 300-400 pm. The
preparation of human intestinal slices differed from mouse:
after the luminal surface of human gut was flushed with

Table 2 Preparation and incubation of human and murine PCTS

ice-cold oxygenated KHB, the submucosa, muscular layer
and serosa were gently removed from the intestinal mucosa.

All PCTS were cultured for 48 h at 37 °C in an 80%
0,/5% CO, atmosphere while shaken at 90 rpm. No pre-
incubation step was used for culturing PCTS. Medium was
refreshed after 24 h.

Sample collection

PCTS were collected immediately after slicing (0 h) and
after 48 h incubation. For each animal/donor and time point,
we used three slices for the viability assay, and four slices
for NGS analysis. Samples were snap-frozen and stored at

Tissue Agarose Preservation Culture medium supple- Final conc Plating
solution ments
Liver - uw WME GlutaMAX™ - Mouse and human: 12-well plate;
D-Glucose 25 mM 1.3 mL per well
Gentamycin 50 pg/ml
Kidney - uw WME GlutaMAX™ - Mouse and human: 12-well plate;
D-Glucose 25 mM 1.3 mL per well
Ciprofloxacin 10 pg/mL
Gut (jejunum, 3% agarose in 0.9% KHB WME GlutaMAX™ - Mouse: 24-well plate; 0.5 mL per
ileum and NaCl p-Glucose 25 mM well
colon) Gentamycin 50 pg/ml Human: 12-well plate; 1.3 mL
per well
Fungizone 2.5 pg/ml
Lung 1.5% agarose in 0.9%  UW DMEM GlutaMAX™ - Mouse and human: 12-well plate;
NaCl p-Glucose 25 mM 1.3 mL per well
Non-essential amino acid 0.1 mM
mixture
FCS 10%
Penicillin 100 U/mL
Streptomycin 100 pg/ml
Gentamycin 50 pg/ml

Suppliers: WME GlutaMAX™ and DMEM GlutaMAX™ were purchased from ThermoFisher Scientific (Landsmeer, The Netherlands), p-glu-
cose from Merck (Darmstadt, Germany), gentamycin and fungizone from Invitrogen (Paisley, Scotland), ciprofloxacin from Sigma-Aldrich
(Saint Louis, USA), non-essential amino acid mixture, penicillin and streptomycin from Life Technologies (Bleiswijk, The Netherlands), fetal

calf serum from Biowest (Nuaillé, France)

UW University of Wisconsin preservation solution, KHB Krebs—Henseleit buffer, WME Williams’ medium E, DMEM Dulbecco’s modified

Eagle medium, FCS fetal calf serum
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—80 °C until further use. Additionally, culture medium from
the wells with human slices used for NGS was collected at
24 h and 48 h, then stored at — 80 °C.

Viability

Viability of the tissue slices was measured with adenosine
triphosphate (ATP) bioluminescence kit (Roche Diagnostics,
Mannheim, Germany), as previously described (de Graaf
et al. 2010). The ATP (pmol) was normalized to the total
protein content (pg) 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 was extracted from PCTS semi-
automatically with MagMax AM1830 kit (Fisher Scientific
GmbH, Schwerte, Germany). 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, non-coding
and non-polyadenylated RNAs, while depleting cytoplasmic
ribosomal RNA. The sequencing libraries were constructed
according to the recommended procedures. Sequencing was
carried out using the Illumina TruSeq methods (cluster kit
TruSeq SR Cluster Kit v3-cBot-HS GD-401-3001, sequenc-
ing kit TruSeq SBS Kit HS- v3 50-cycle FC-401-3002) as
85 bp, single reads and 7 bases index read at depth of 50-60
million reads per sample on an Illumina HiSeq 3000 system.

Of note, the available lung PCTS (from five healthy mice
and one patient with idiopathic pulmonary fibrosis) were
sequenced together with other samples, but were excluded
from the downstream analyses due to the lack of human
healthy lung samples and insufficient number of biological
replicates for human diseased lung PCTS.

NGS bioinformatics analysis

The processing pipeline was previously described (Sollner
et al. 2017). RNA-Seq reads from all samples were aligned
to the human and mouse reference genomes, respectively
(Ensembl 70; http://www.ensembl.org) using STAR. Gene
expression levels were quantified using Cufflinks software
(Trapnell et al. 2013) 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 were calculated using
trimmed mean of M values and subsequently normalized
before further downstream analysis.

Differentially expressed genes (DEGs) were identified for
all experimental groups. Paired differential gene expression
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(e.g. PCTS 48 h vs. 0 h) was assessed by Limma with a
paired design for multiple samples originated from the same
animal/donor. Fold changes (FC) were log, normalized and
p values were adjusted for false discovery rate (FDR) by
applying Benjamini-Hochberg correction. Genes with a p,;
value <0.01 and log, (FC)>1 were considered as differen-
tially expressed. Graphs illustrating top 10 regulated DEGs
were created using D3.js JavaScript library (http://d3js.org/).

Principal component analysis and hierarchical clustering

Principal component analysis (PCA) was performed on
limma voom-transformed log (counts per million) using R.
We used the first three principal components (PCs) to pro-
duce two-dimensional plots with Python scientific library
Matplotlib. The heatmap of log, (FC) gene expression of
murine and human PCTS was generated with the online tool
Morpheus (https://software.broadinstitute.org/morpheus/).

Pathway analysis

Functional pathway analysis of differentially expressed
gene sets was performed with QTAGEN Ingenuity® Path-
way Analysis software (IPA®, QIAGEN Redwood City, CA,
USA) for the following sets of genes: (1) culture-induced
DEGs in murine and human tissue slices; (2) DEGs between
diseased and healthy control human PCTS that were concur-
rently present at O h or 48 h; (3) common DEGs in cultured
healthy and diseased human PCTS. These sets of DEGs with
corresponding gene identifiers (Ensembl gene ID), log, (FC)
values and adjusted p values were uploaded into the IPA to
reveal the enriched canonical signalling pathways accord-
ing 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 (Krdamer et al.
2014). The sign of z-score determines whether the pathway
is predicted to be activated or inhibited. In cases of insuffi-
cient literature-based evidence, the z-score is undetermined.
Canonical pathways with p value <0.01 and Iz-scorel > 2
were considered significantly regulated (Krédmer et al. 2014).

Cytokine release

Culture supernatants, collected after 24 h and 48 h, were
used for quantification of chemokine and cytokine levels
by Meso Scale Discovery (MSD) multiplex assay. The
mesoscale platform (Meso Scale Discovery, Gaithersburg,
Md., USA) employs electroluminescence technology allow-
ing for simultaneous measurement up to ten analytes with
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high sensitivity. Samples were measured with MSD SEC-
TOR S600 Reader using MSD DISCOVERY Workbench
Software according to the manufacturer’s instructions.
The list of selected analytes with corresponding catalogue
numbers is provided in Table S2. Measurement of 24-h and
48-h medium samples was carried out separately; abso-
lute concentrations (pg/mL) were normalized to the nega-
tive control (i.e. medium that was neither in contact with
PCTS nor under influence of incubator conditions). For each
cytokine, we used the sum of 24-h and 48-h 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 [with a p,q; value <0.01 and log, (FC)>1]
during culture were included for further analysis. Data are
presented as heatmap of normalized absolute concentrations
of secreted cytokines, with applied average-linkage cluster-
ing (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 O h and
48 h (geometric mean from each timepoint). We applied a
simple linear regression model (TIBCO Spotfire Analyse
7.11.0) and resulting r* coefficient was used to assess the
strength of the correlation.

Part I: Next-generation sequencing reveals
in-depth features of healthy murine
and human precision-cut tissue slices

Results of Part |

Part T of this study was undertaken to characterize the
transcriptional profiles of murine and human PCTS as well
as their change over time in culture. Only healthy tissues
were used to prepare murine and human PCTS for Part I
study. Figure 1 depicts the Part I workflow. We cultured
murine and human PCTS for 48 h as previous studies
reported that at 48 h slices largely retain tissue viabil-
ity and structural integrity (Stribos et al. 2016; Luang-
monkong et al. 2017; Bigaeva et al. 2019). Lung PCTS
were prepared and cultured as described in “Methods”, but
hereafter excluded from functional analyses (and, there-
fore, omitted in Fig. 1) because we were only able to col-
lect lung slices from healthy mice, but not from healthy
human donors due to the extremely limited availability
of resected human lung tissue. Figure S1a, b shows that
all PCTS remained viable during the 48 h of culture. We
observed high variability for the RNA quality across the
organs, with intestine PCTS having generally the lowest
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Fig.1 Study workflow. Precision-cut tissue slices (PCTS) were pre-
pared from murine or human tissues (liver, kidney, jejunum, ileum
and colon) using Krumdieck tissue slicer and incubated for 48 h.
Samples were collected at 0 h (prior incubation) and at 48 h for via-
bility measurement and sequencing analysis

RNA quality based on RNA integrity numbers (data not
shown). Nevertheless, since the total RNA protocol allows
for sequencing samples with partially degraded RNA, we
could include all samples into the analysis. After sequenc-
ing, we obtained for each sample 25-75 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 were 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 vari-
ability in murine 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 vari-
ability was generally higher in human samples compared to
mouse. However, these replicates showed a very high repro-
ducibility and low intra-individual variability, similar to the
animal PCTS.
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(1a) Principal component analysis and hierarchical
clustering

As a first step of the Part I study, we analysed murine 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 compo-
nents (PC1, PC2 and PC3) are shown in Fig. 2a—d. First two
dimensions (PC1 vs. PC2) clearly separated murine PCTS
samples by the tissue type (Fig. 2a). Mouse liver PCTS
formed a distinct cluster along PC1 (bottom left). A sec-
ond 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 (Fig. 2b), we observed clustering of the mouse sam-
ples based on culture time: 0-h PCTS (bottom of the plot)
were separated from 48-h PCTS (top of the plot). Similar
to murine 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 (Fig. 2c, d). PC3 showed an additional separa-
tion between human liver and kidney PCTS, whereas PC2
separated them by time in culture. Percentages of explained
variance for each of the first three principal components are
indicated in Fig. S2, which illustrates PCA results for all
analysed PCTS (healthy murine PCTS in Fig. S2a, b; healthy
and diseased human PCTS in Fig. S2c, d), including murine
and human lung slices. Overall, PCA showed consistently
that both murine 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 [log, (FC); see Fig. 2e]
showed that murine intestinal PCTS clustered first together
and then with human intestinal PCTS. Along with species-
specific clusters of differentially expressed genes (DEGs)
(which might also originate from batch effects from compar-
ing the results of two sequencing experiments, i.e. murine
and human PCTS), there were organ-specific clusters of
DEGs in murine and human PCTS, which have been inves-
tigated in more detail in the next section.

(Ib) Culture-induced changes in transcriptional
profiles of murine and human PCTS

Total number of differentially expressed genes
To determine the global changes in the transcriptional
profiles of PCTS during culture, we identified genes dif-

ferentially expressed prior (0 h) and after culture (48 h) in
murine and human PCTS from the five studied organs. We
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selected DEGs based on log, (FC) > 1 and p,4; value <0.01.
Figure 3a, b illustrates the total numbers of identified DEGs
(upregulated and downregulated) in murine and human
PCTS from various organs. Figure Slc, d shows volcano
plots that summarize FC and significance for all genes in
each comparison. Lists of all DEGs in murine and human
PCTS are provided in File S1. Generally, the observed tran-
scriptional changes in PCTS during culture were strong
because the number of DEGs was in the order of thousands.
Interestingly, human jejunum PCTS had the lowest num-
ber 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 cul-
ture induced substantial changes in gene expression in both
mouse and human tissues.

For a more detailed analysis of the transcriptional changes
in each organ, we cross-referenced the DEGs in murine 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 com-
parisons of murine and human PCTS per organ. Although
murine 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, 10-40% of downregulated or upregulated DEGs
were shared in expression and direction of change between
murine and human PCTS. Due to the fact that the total num-
bers of DEGs in human PCTS were generally lower than in
murine 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 rep-
resented 42% of total human DEGs and only 6% of mouse
DEGs (Fig. 3c). Taken together, we showed that murine and
human PCTS shared sets of similarly regulated genes during
culture; however, most of the genes were not regulated in the
same direction (File S2).

Top ten regulated genes in murine 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 ten upregulated genes and top ten downregulated genes
with the most pronounced change in expression after 48 h
[Paqj value <0.01 and log, (FC) > 1]. The top ten genes were
ranked based on the absolute log, (FC) values. Additional
information regarding ensemble gene ID, target class and
function of proteins encoded by the top ten genes is provided
in Table S3 (mouse) and Table S4 (human). Complete DEGs
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Fig.2 Principal component analyses (PCA) and hierarchical cluster-
ing analysis in murine and human PCTS. PCA scatter plots of dimen-
sions PC1 vs. PC2 and PC1 vs. PC3 in mouse PCTS (a and b) and
human PCTS (c and d); n=5. Samples are coloured by tissue type
and shaped by incubation time point. Each symbol in the plots for
murine and human PCTS represents total mRNA sequencing from

a single technical replicate. e Transcriptomic profiles of murine and
human PCTS during culture. The heatmap of log, (FC) values illus-
trates expression of 8360 genes (with p,;;<0.01) regulated during
48-h culture in murine and human PCTS (1:1 homology). Average-
linkage hierarchical clustering was performed using Pearson correla-
tion
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Fig.3 Differentially expressed genes in murine and human PCTS
during culture. DEGs were defined as genes with log, (FC)>1 and
Pagj value<0.01. a Total number of DEGs, upregulated and down-
regulated, in mouse PCTS. b Total number of DEGs, upregulated
and downregulated, in human PCTS. Full lists of identified DEGs are

lists can be found in File S1. Further observations are based
solely on the lists of the top ten regulated genes.

Murine PCTS The most upregulated genes in murine PCTS
during culture were mainly related to inflammation (1171,
116, Cxcll, Cxcl2, Cxcl5, Cxcl5, Ccl2, Ccl7, Ccl20 and
Gpnmb) and extracellular matrix (ECM) organization
(Mmp3, Mmpl10, Mmp13, Timpl). Inflammatory gene 1111
was commonly upregulated in mouse kidney, ileum and
colon; 716 was common for kidney and ileum. Mmp3 was
highly upregulated in all mouse intestinal PCTS; jejunum
and colon additionally highly expressed Mmpl0. Mouse
kidney showed highly upregulated Havcrl, encoding kidney
injury molecule-1 (KIM-1), a marker of acute renal tubular
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Human healthy PCTS
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provided in File S1. ¢ Venn diagrams showing the number of unique
genes regulated in mouse and human PCTS and the number of over-
lapping genes. Red colour indicates upregulated set of DEGs, green
colour indicates the downregulated (colour figure online)

injury. Moreover, genes encoding enzymes were often pre-
sent in top ten upregulated DEGs (Sultlel, Has2, Tat, Sis)
in various organs.

The most downregulated genes can be grouped in two
main categories: metabolic enzymes (Cyp2di2, Cyp7al,
Sult2a8, Elovi3, etc.) and transporters (SlcSa4a, Sic5all,
Slc5al2, Sle13a20S, Slcl3a2, SIc22A28, Slc22a30, Slc28al,
Slc34al, Slc34a3, Slcola4). Mouse liver PCTS showed the
highest number of genes encoding enzymes. Most genes
encoding transporters were found in top ten downregulated
genes in mouse jejunum, whereas no such genes were pre-
sent in mouse colon. However, genes encoding transporters
were also present in top ten upregulated genes, as shown by
Slc7all in mouse liver and kidney PCTS.
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Fig.4 Top ten significantly upregulated and downregulated DEGs
in murine and human PCTS. Genes were selected based on the log,
(FC) values. a Mouse PCTS; b human PCTS. Full lists of DEGs are

Human PCTS Similar to murine PCTS, the top ten upregu-
lated genes in human PCTS belonged mostly to inflamma-
tion (IL11, IL6, CXCLS5, CXCLS, CSF3), ECM organization
(MMP1, MMP3, MMP10, TFPI2) and catalysts (DUOXA?2,
ATP6VOD2, HS3ST2, CEMIP). Human ileum and colon
showed upregulation for most of these genes, while jeju-
num 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 kid-
ney. IL11 was common in human kidney, ileum and colon;
CXCLS5 was shared by all intestinal PCTS, while ileum and
colon additionally highly expressed CXCLS. Human jeju-
num PCTS showed highly upregulated enzyme-coding
gene DUOX2 and associated gene DUOXAZ2; HS3ST2 was
found in top ten upregulated genes in human liver and kid-
ney. Moreover, top ten upregulated genes in human kidney
included several non-protein-coding transcripts.

Similar to murine PCTS, top ten downregulated genes in
human PCTS included genes encoding enzymes (CYP8BI,
CYP2WI, ATPIA2, HMGCS2, PLD4, HSD3B1, G6PC,
FMO1, CAI and ADHIC) and transporters (SLCO2AI,

0

Log, Fold Change

2

5 -4-3-2-1012 3 4567

Log, Fold Change

108 6 -4 20 2 4 6 8 1012

Log, Fold Change

4 6

provided in File S1, and the detailed description of top ten genes is
provided in Table S3 (mouse) and Table S4 (human)

SLC4Al, SLC22A6, SLC22A7, SLC30A10, SLC34Al,
BEST2, SCNNIG). Gene GP2 was commonly downregu-
lated in human kidney, ileum and colon. Of note, ten novel
transcripts were identified among the top downregulated
genes in human liver, kidney, jejunum and ileum.

Commonly regulated top genes in murine and human
PCTS Genes that were common across most of the mouse
and human organs included IL1I, MMP3 and MMPI0
(Fig. 4). Moreover, CXCL5 was highly expressed by human
intestinal PCTS and mouse liver. In turn, 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 common upregulation of /L] and downregula-
tion of SLC34A1; mouse and human jejunum shared high
expression of ANXAI0 and MMP10; mouse and human
ileum—IL11 and MMP3; mouse and human colon—ILI1,
MMP3 and MMP10.

@ Springer



3558

Archives of Toxicology (2019) 93:3549-3583

Enriched biological pathways in murine 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 murine
and human PCTS during culture. The ranking of canonical
pathways was based on the z-score: a z-score > 2 (predictor
of activation) or < —2 (predictor of inhibition) was consid-
ered as meaningful (Krdmer et al. 2014). Pathways with a p

value >0.01 and unidentified z-score were omitted from the
analysis. Figures 5 and 6a show the top five canonical path-
ways activated or inhibited during culture in murine PCTS
and human PCTS, respectively. To make a thorough exami-
nation, further observations are based on complete lists of
significantly altered canonical pathways in PCTS that are
provided in Figs. S3-9. We found that six canonical path-
ways 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,

Canonical Pathway z-score  -log(p-value) Size  Downregulated (%) Upregulated (%) Overlap (%)
iNOS Signaling 3,64 2,95 45 [ ] 89
5 PIBKIAKT Signaling 3,57 2,23 131 T E— 87
2 LPS/IL-1 Mediated Inhibition of RXR Function 3,39 19,70 222 27| 82
HMGB1 Signaling 3,32 2,18 139 [ 3o 85
Agrin Interactions at Neuromuscular Junction 3,14 3,17 75 6 93
Ephrin Receptor Signaling (*) 4,26 8,64 179 [ ] 89
% IL-6 Signaling 4,18 7,67 134 [ 2ol ] 87
§ HMGB1 Signaling 4,11 7,88 139 [ o 85
o X Actin Nucleation by ARP-WASP Complex (*) 3,90 6,30 62 e 89
© Acute Phase Response Signaling (*) 3,87 5,56 176 57 86
E Osteoarthritis Pathway (*) 3,91 10,00 212 ] 82
g g Cholecystokinin/Gastrin-mediated Signaling 3,78 2,18 107 6 88
o | 5§ I8 signaling () 3,68 3,30 203 58 89
Q | & STAT3 Pathway 3,31 418 103 ba 97
g IL-6 Signaling (*) 3,18 2,04 134 60 87
k3] IL-6 Signaling 4,22 3,12 134 [ 28] ] 87
< I3 Acute Phase Response Signaling 4,00 3,54 176 4 86
@ Toll-like Receptor Signaling 3,90 2,30 76 57 88
= STAT3 Pathway 3,67 4,70 103 I 97
NF-kB Signaling 3,27 3,98 187 51 84
HMGB1 Signaling () 2,65 4,31 139 [ 85
g IL-8 Signaling (*) 2,53 5,06 203 54 89
S ILK Signaling 2,47 8,01 197 48 84
©  NRF2-mediated Oxidative Stress Response 2,36 3,49 199 50 86
Ceramide Signaling 2,36 2,23 99 54 93
Oxidative Phosphorylation 7,35 8,98 109 [] 83
5 LXR/RXR Activation (*) 5,61 15,30 121 3 83
2 Nicotine Degradation Il (*) 5,58 7,21 65 Y B 74
Nicotine Degradation |II 5,01 5,62 56 YT 73
Superpathway of Cholesterol Biosynthesis 4,90 11,50 28 T | 9%
Oxidative Phosphorylation -7,00 7,61 109 b 83
% PPAR Signaling 5,10 3,92 101 ) I 83
S PPARa/RXRa Activation -4,81 5,30 186 50 83
o | ¥ LXR/RXR Activation (*) -4,64 5,13 121 5 83
E TCA Cycle Il (Eukaryotic) 3,87 4,85 24 ] %
Z PPAR Signaling (*) -4,16 2,56 101 58 83
T | E LXR/RXR Activation -4,04 2,78 121 s 83
_g' ?_, Inhibition of Matrix Metalloproteases -2,98 7,04 39 7| 87
© | 8 PTEN Signaling 2,96 2,53 125 s 91
a Fatty Acid B-oxidation | 2,84 4,26 32 5 97
< PPAR Signaling (*) 4,24 3,36 101 [ ] 83
= | g LXR/RXR Activation (*) 4,12 3,44 121 4 83
3 PPARo/RXRa Activation -3,20 3,47 186 — 83
= Calcium-induced T Lymphocyte Apoptosis 313 3,64 66 e 76
iCOS-iCOSL Signaling in T Helper Cells 2,79 3,62 123 eI 80
Calcium Signaling 3,89 6,50 206 ] 77
s Synaptic Long Term Depression -3,89 4,39 180 — 83
S Neuropathic Pain Signaling In Dorsal Horn Neurons -3,84 2,89 115 Y S 85
o GPCR-Mediated Nutrient Sensing in Enteroendocrine Cells -2,84 2,67 112 . 87
CREB Signaling in Neurons -2,75 3,65 218 6 | 85

Fig.5 Top five canonical pathways that were significantly changed
during culture in murine 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. Pathway size (i.e. total number of genes in a pathway), per-
centage of significantly downregulated (green bars) and upregulated
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(red bars) genes in a given pathway, and percentage of overlap with
the dataset (grey bars) are indicated for each pathway. Pathways in
blue colour are most common across the organs. Pathways marked
with (asterisk) are shared between mouse and human respective
organ. Full lists of significantly changed pathways in murine PCTS
from each organ are provided in Fig. S3-5 (colour figure online)
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a
Canonical Pathway z-score  -log(p-value) Size  Downregulated (%) Upregulated (%) Overlap (%)
Integrin Signaling 4,26 6,23 219 5 75
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~ | g PPARSignaling (*) -3,44 3,41 101 56 74
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Superpathway of Melatonin Degradation 2,31 2,03 70 16 | 80
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g PPAR Signaling -5,24 7,16 101 BT G 74
S PPARa/RXRa Activation 3,55 4,47 186 4 73
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b Mouse PCTS Human PCTS Common pathways
- Liver 17 34 5
9 Kidney 62 14 10
_g Jejunum 28 9 4
2 lleum 14 21 8
Colon 9 59 6
Liver 58 26 18
° .
2 Kidney 29 16 8
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Fig.6 Top five canonical pathways that were significantly changed ways in blue colour are most common across the organs. Pathways

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. Pathway size (i.e. total number of genes in a pathway),
percentage of significantly downregulated (green bars) and upregu-
lated (red bars) genes in a given pathway, and percentage of overlap
with the dataset (grey bars) are indicated for each pathway. a Path-

marked with (asterisk) are shared between mouse and human respec-
tive organ. Complete lists of significantly changed pathways in human
PCTS from each organ are provided in Figs. S6-9. b Based on the
complete lists, we determined the total numbers of altered canoni-
cal pathways in murine and human PCTS, as well as the number of
shared pathways in each organ (colour figure online)
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acute phase response signalling and LPS/IL-1-mediated
inhibition of RXR function. Among the prevalent canoni-
cal pathways that showed inhibition during culture for
both mouse and human organs were LXR/RXR activation,
PPAR signalling and fatty acid p-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 that all organ
PCTS shared a number of pathways in both species, except
for the inhibited pathways in colon. Overall, the enriched
pathways associated with DEGs give a detailed insight into
the biological processes that are driven by culture-induced
transcriptional changes in PCTS.

(Ic) Regulation of selected canonical pathways
in murine and human PCTS during culture

Since PCTS are used as a model for fibrosis and inflamma-
tion (Westra et al. 2013; Stribos et al. 2017), 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 (Fig. 7). For each path-
way, 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). Genes associated
with each selected Ingenuity canonical pathway are provided
in File S3.

Fibrosis-associated signalling pathways

All mouse organ PCTS showed significant changes during
48 h of culture. Liver and ileum had the lowest number of
significantly changed fibrosis-associated canonical pathways
(5 out of 18), while kidney had the most pathways changed
(17 out of 18). Based on a z-score, culture typically activated
fibrosis 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 pathways (10 out of 18). In contrast, IPA could
not predict the direction of change for any selected pathway
in colon PCTS, although seven pathways were significantly
changed. TGF-f signalling, one of the main drivers of fibro-
sis (Meng et al. 2016), showed a significant change during
culture of kidney, jejunum and colon PCTS; furthermore,
this canonical pathway was activated in kidney and ileum.
Similar to murine PCTS, all human organs showed
significant changes in the fibrosis-related pathways dur-
ing culture (Fig. 7). The number of significantly changed
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canonical pathways (based on p value) varied, with jejunum
PCTS having the lowest (1 out of 18) and liver and colon
the highest (9 and 10 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).

ECM organization

We selected two pathways for ECM organization: inhibition
of matrix metalloproteases and integrin signalling (Fig. 7).
Murine 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 change, integrin signal-
ling 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 inhibition of matrix met-
alloproteases (except kidney) and integrin signalling (except
jejunum) were identified. Only integrin signalling showed
a direction of change—activation in liver and colon PCTS.

Inflammation-related canonical pathways

Next, we analysed 22 canonical pathways associated with
inflammation. After culture, all murine organ PCTS showed
a significant change for at least one-third of these pathways
(Fig. 7). The most significant differences were observed in
kidney PCTS (17 out of 22 pathways). Five pathways were
significantly changed in all organ PCTS: dendritic cell matu-
ration, IL-6, IL-8, IL-10 signalling and LPS/IL-1-mediated
inhibition of RXR function. Further, we observed that out of
22 inflammation-associated pathways, 13 displayed a direc-
tion of change. Inhibition was observed only for one path-
way—chemokine signalling in jejunum PCTS. Kidney 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
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Fig.7 Regulation of preselected
pathways in murine and human
PCTS during 48-h culture.
Purple colour indicates a sig-
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of the z-score showed only activation as the direction of
change. The organ with the most activated pathways was
colon (9 out of 22). Some pathways such as dendritic cell
maturation, HMGBI1, IL-6, IL-8 signalling and LPS-stimu-
lated MAPK signalling showed activation for three or four
human organs PCTS.

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 PCTS were HIFla signalling,
osteoarthritis pathway, role of osteoblasts, osteoclasts and
chondrocytes in theumatoid 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.

Differences and similarities in regulation of selected
pathways in murine 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. How-
ever, we obtained different results for human PCTS: jejunum
PCTS had the lowest number of significantly changed path-
ways 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 com-
parison between murine and human PCTS, we used a four
set Venn diagram (Heberle et al. 2015) 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,
Iz-scorel >2), and human—significant p value (group C) and
z-score (group D) (Fig. 8). The table shows the common
pathways between the species (ABCD), together with spe-
cies-specific pathways (AB for mouse and CD for human).
The pathways included in all other groups in Venn diagram
are provided in File S4. The intersection of the four data
sets (ABCD in Fig. 8) 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:
HMGBI signalling (liver, colon), IL-6 signalling (ileum),
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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). Regard-
ing species-specific pathways, among murine organs, kid-
ney PCTS displayed most of the differences, which included
especially fibrosis and inflammation-related pathways. How-
ever, 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.

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 the human genome, in silico drug target iden-
tification (Kim et al. 2017) and in vitro assessment of phar-
macological properties (absorption, distribution, metabolism
and excretion) for new chemical compounds. One of the rea-
sons 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 preci-
sion-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 Part I of this study, we
described the changes in the transcriptional profiles during
culture of PCTS obtained from five different healthy organs
(liver, kidney, jejunum, ileum and colon) and two species
(mouse and human). Our goal was to identify shared and dif-
ferential regulators that mediate the changes in PCTS during
culture, as a first step towards the validation of the model.
PCTS preparation and culture entail (cold) ischemia dur-
ing organ collection, mechanical stress due to slicing and
induction of biological processes as a result of 48-h culture.
The biological processes induced in cultured PCTS were
characterized by extensive transcriptional changes reflected
by the high number of up/downregulated differentially
expressed genes (DEGs). The regulation profiles of murine
and human PCTS were driven mostly by organ type and
time in culture, as shown by PCA (Fig. 2a—d). An interest-
ing 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
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B: changed (z-score)
in mouse PCTS

A: changed (p-value)

in mouse PCTS

C: changed (z-score)
in human PCTS

D: changed (p-value)
in human PCTS

Group Liver PCTS Kidney PCTS Jejunum PCTS lleum PCTS Colon PCTS
PI3K/AKT Signaling PI3K/AKT Signaling Osteoarthritis Pathway p38 MAPK Signaling HMGB1 Signaling
HMGB1 Signaling NRF2-mediated Oxidative PPAR Signaling IL-6 Signaling IL-8 Signaling
ABCD IL-8 Signaling stress response IL-8 Signaling NRF2-mediated Oxidative
LPS-stimulated MAPK Signaling Osteoarthritis Pathway Osteoarthritis Pathway stress response
PPAR Signaling Osteoarthritis Pathway
Dendritic Cell Maturation BMP signaling pathway VEGF Family Ligand-Receptor STAT3 Pathway
IL-6 Signaling JAK/Stat Signaling interactions LPS/IL-1 Mediated Inhibition
iNOS Signaling p38 MAPK Signaling T Cell Receptor Signaling of RXR function
Death Receptor Signaling PDGF Signaling NF-kB Signaling
Oxidative Phosphorylation RhoA Signaling
TGF-B Signaling
VEGF Signaling
AB Chemokine Signaling
Dendritic Cell Maturation
iNOS Signaling
LPS/IL-1 Mediated Inhibition
of RXR function
Toll-like Receptor Signaling
NF-kB Signaling
PDGF Signaling Cyclins and Cell Cycle Regulation IL-1 Signaling BMP signaling pathway
LPS-stimulated MAPK Signaling ERK/MAPK Signaling
HGF Signaling
JAK(/Stat Signaling
mTOR Signaling
PI3K/AKT Signaling
VEGF Family Ligand-Receptor
interactions
CcDh IL-1 Signaling

LPS-stimulated MAPK Signaling
Apoptosis Signaling

Cyclins and Cell Cycle Regulation
NF-kB Signaling

Oxidative Phosphorylation
PPARa/RXRa Activation

RANK Signaling in Osteoclasts
Renin-Angiotensin Signaling

Fig.8 Four-set Venn diagram illustrating significantly changed
selected pathways in murine and human PCTS. Canonical pathways
in group ABCD are significantly changed (based on p value and
z-score) during culture pathways in both murine and human PCTS,

with colon PCTS. This was expected as jejunum and ileum
are part of the small intestine and share more features than
with colon. However, human intestine PCTS showed dis-
tinct 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

whereas pathways in groups AB and CD are signalling pathways
significantly changed only in murine PCTS (AB) or only in human
PCTS (CD). Full list of pathways included in rest of the groups is
provided in File S4

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 cul-
ture in each organ. Although most transcripts were organ
specific, IL11, MMP3 and MMP10 were commonly pre-
sent among top upregulated DEGs in murine and human
PCTS. These common markers show that culture produces
a similar biological response in human and murine PCTS.
IL-11 is an anti-inflammatory cytokine that has a direct
effect on macrophages by reducing the production of IL-1,
IL-12, nitric oxide and NF-kB (Schwertschlag et al. 1999).
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Additionally, IL-11 is also involved in the repair response
by promoting fibroblast activation across different organs
and species (Schafer et al. 2017). MMPs represent a group
of enzymes with various functions in biological processes,
such as inflammation, injury, tissue repair and remodelling
(Parks et al. 2004); therefore, it was likely to have them in
the top regulated transcripts. MMP3 (stromelysin-1) and
MMP10 (stromelysin-2) are secreted by fibroblasts and epi-
thelial cells and have different function in immunity and
wound healing (Page-McCaw et al. 2007), such as activation
of IL-1p3, MMP9 and certain collagenases (Overall 2002;
Barksby et al. 2006; Geurts et al. 2008).

To deepen our understanding of the culture-induced con-
dition, 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 inflam-
matory 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, result-
ing from non-infectious inflammation caused by mechanical
stress or apoptosis/necrosis, release several damage-asso-
ciated molecular patterns (DAMPs). Representative exam-
ples for DAMPs are mitochondrial DNA, which can lead to
Toll-like receptor (TLR) 9 stimulation and NF-kB activa-
tion (Zhang et al. 2010), as well as HMGB/1, an agonist of
TLR2 and TLR4 (Sims et al. 2010). 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/p3,
IL-6, IL-8 and MCP1, growth factors and ECM-degrading
enzymes (MMPs) (Zhong et al. 2009; Piccinini and Mid-
wood 2010; Sims et al. 2010; Yu et al. 2019). In our study,
we observed increased mRNA levels for these pro-inflam-
matory molecules in PCTS during culture; however, it 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 defense 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) (Gierut
et al. 2010; Bar-Or et al. 2015). 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
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indicates the reduction of the enzymatic and metabolic activ-
ities in PCTS after 48 h. In contrast, previous microarray
study on human liver PCTS showed that 24-h incubation
has led only to small changes in the expression of genes
involved in metabolism and drug transport (Elferink et al.
2011). Given these points, we consider that most changes
occur in the second half of the 48-h culture and this has to
be taken into consideration for studies related to absorption,
metabolism and excretion in different organs. In particu-
lar, two pathways were commonly inhibited in mouse and
human organs: PPAR signalling and LXR/RXR activation.
These are the pathways of nuclear transcription factor recep-
tors: 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 concentra-
tion of glucose in the culture media (25 mM), as similar
concentrations of glucose were reported to inhibit PPAR
(Roduit et al. 2000; Cheng et al. 2013; Dominguez-Avila
et al. 2016) and to lead to several transcriptional changes
in different organs (Katsoulieris et al. 2016; Boztepe and
Gulec 2018). However, further functional experiments are
needed to confirm this hypothesis. The inhibition of PPAR
signalling leads to a reduction in -oxidation of fatty acids,
which can cause an accumulation of fatty acid anions in the
mitochondria (Ho et al. 2002). 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 (Fromenty and Pessayre
1995; Wajner and Amaral 2016). 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 (Ma 2013). The second common inhibited
pathway was LXR/RXR activation, which is also involved
in lipid metabolism and cholesterol to bile acid catabolism
(Murthy et al. 2002). This pathway can be inhibited as a
result of TLR4 activation (Kidani and Bensinger 2014),
receptor responsive to HMGBI, as previously mentioned.
These changes show the decline of lipid metabolism during
PCTS culture.

Activation of NRF-2-mediated oxidative stress response
pathway and HIF 1« signalling in PCTS during culture is
likely to be associated with exposing the PCTS to high oxy-
gen levels (80%) for 48 h. Given that each slice is about
ten cell layers thick (approx. 250 pm), high concentration
of oxygen is necessary to ensure its diffusion from culture
medium into the deep inner cell layers. It has been shown
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that oxidative stress plays an important role in fibrosis devel-
opment (Poli 2000; Liu and Gaston Pravia 2010; Lv et al.
2018). Therefore, induction of oxidative stress and activation
of the hypoxia-related signalling pathways in PCTS could
be perceived as an advantage of this ex vivo fibrosis model.
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 (Stribos et al. 2016; Westra et al. 2016;
Luangmonkong et al. 2017). 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 (Wynn 2008), corroborating the use of PCTS as
a tool for studying antifibrotic drugs. As an illustration,
fibroblasts, which upon activation promote intense tis-
sue remodelling, can be induced in our system by several
pathways and mediators, such as TGFp-STAT3 pathway
(Chakraborty et al. 2017), TLR activation (Bhattachar-
yya et al. 2017), chemokines (Sahin and Wasmuth 2013)
(e.g. gene encoding CCL2 is upregulated during culture in
both species and all organs except jejunum), and inhibition
of PPAR signalling (Mann et al. 2010). Additionally, the
number of fibroblasts can increase as a result of epithelial
or endothelial cell-mesenchymal transition or activation
of resident cells, such as hepatic stellate cells in liver. Col-
lectively, focusing the analysis on certain pathways helps
answering a specific research question, especially when
more groups are compared (several organs and species).
A major advantage of the PCTS system is the pos-
sibility to use human tissue, eliminating the need for
mouse—man translation. Our results further emphasize just
how important the use of human tissue is in pharmacologi-
cal research, as majority of identified DEGs were regu-
lated differently in mouse and human PCTS during cul-
ture. However, preclinical studies performed on laboratory
animals remain a critical requirement for drug develop-
ment. Therefore, it is crucial to identify both common and
species-specific regulated canonical pathways in murine
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 incu-
bation time due to the loss of tissue viability. The under-
standing of biological processes that occur in PCTS dur-
ing culture gives us the possibility to suggest strategies
for culture optimization. For instance, the inflammatory
process in PCTS can be reduced with specific compounds
that decrease the expression of inflammatory cytokines
[e.g. prednisolone (Heimburger et al. 2000)] or inhibit
other factors involved in inflammation [e.g. parthenolide
inhibits NF-kB (Mathema et al. 2012)]. Of note, the profi-
brotic 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 (Iswandana et al. 2016). Next,
reduced lipid metabolism in PCTS during culture might
be improved if the function of PPARa/S is restored using
the agonist elafibranor (Ratziu et al. 2016) 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 charac-
terized 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 (Shay et al.
2009), L-carnitine (Marcovina et al. 2013) or coenzyme
Q10 (Orsucci et al. 2011). Lastly, we recommend add-
ing fatty acids and insulin in physiological concentrations
to the culture media. Fatty acids (e.g. essential linoleic
and linolenic acids) could stimulate the inhibited path-
ways involved in lipid metabolism, whereas insulin has
several roles in both carbohydrate and lipid metabolisms
(Dimitriadis et al. 2011). The suggested methods of cul-
ture optimization might lead to prolonged viability, which
is a necessary aspect for the validation of the method. It
has to be noted that these factors, when added to the cul-
ture medium, might influence the expression of genes and
proteins in PCTS. While the same holds true for the anti-
biotics that were added to Williams” medium E for cultur-
ing any organ PCTS to prevent microbial contamination,
there is little evidence that these compounds impact the
transcription of fibrosis- and inflammation-related genes.
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Part Il: Characterization of diseased
human precision-cut tissue slices in culture
and their comparison to healthy control
slices

Results of Part Il

In Part IT of this study, we investigated transcriptional
changes in human PCTS by RNA sequencing. Figure 9a
shows the general workflow. PCTS obtained from clini-
cally healthy control tissues from patients with various
underlying diseases will be further addressed as “healthy
PCTS”. In turn, PCTS obtained from patient diseased
(fibrotic) tissues will be termed “diseased PCTS”. PCTS
were prepared from human healthy and diseased tissues,
namely liver, kidney and ileum, and cultured for 48 h. Of
note, human lung slices were prepared as described in
“Methods”, but hereafter were excluded from the down-
stream analyses since diseased lung tissue was available
only from one patient and no healthy lung tissue could be
obtained. PCTS were collected at O h and 48 h, which were
then used for viability measurement and deep sequencing.
Additionally, culture medium after 24 h and 48 h was used
for secreted cytokines detection. All tissue slices remained
viable after 48 h culture (Fig. S10a). 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 num-
bers > 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 RNA
integrity numbers in 48 h samples compared to 0 h sam-
ples (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 indi-
cated that the data were of high quality and provided suf-
ficient 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.

(I1a) Principal component analysis and hierarchical
clustering in human PCTS

Figure 9b 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 (0 h
and 48 h). Interestingly, these strong tissue- and culture
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time-dependent effects superimposed differences between
diseased and healthy PCTS since there was no clear sepa-
ration of the samples by pathology in the first three com-
ponents. Percentages of explained variance for each of the
first three principal components are indicated in Fig. S2c,
d, which illustrates PCA results for all analysed human
PCTS (healthy and diseased), including human fibrotic
lung slices. The latter were excluded from the downstream
analyses because diseased lung PCTS were obtained from
only one patient, and healthy control lung tissue was una-
vailable. In line with PCA results, hierarchical clustering
showed stronger separation of human PCTS by tissue type
than by pathology or culture time (Fig. 9c, d).

Figure 10 outlines the main directions of performed anal-
yses to aid the general understanding of the study concept.

(I1b) Transcriptomic characterization of human
diseased PCTS

Genes differentially expressed in diseased PCTS
during culture

While in Part I we performed a comprehensive transcrip-
tomic analysis of human healthy PCTS, in Part II, we pro-
vide a characterization of human PCTS prepared from dis-
eased tissues by describing the transcripts and pathways that
were affected by culture (Fig. 11). Generally, we identified
a large number of differentially expressed genes (DEGs)
during 48 h culture in all PCTS. In particular, we found
4808 DEGs in diseased liver PCTS, 3037 DEGs in kidney
and 1138 DEGs in ileum PCTS (Fig. 11a; volcano plots in
Fig. S10b). 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 down-
regulated during culture. The complete lists of DEGs (p,;
value <0.01 and log, (FC)>1) in diseased PCTS are pro-
vided in File S5.

Top regulated genes and enriched pathways in diseased
PCTS during culture

To gain better insight into culture-induced changes in dis-
eased PCTS, we identified strongly regulated genes (based
on fold change) during 48 h of culture, and selected top
ten genes (up- and downregulated) that showed highest sig-
nificant changes in their expression (Fig. 11b). Transcripts
were ranked based on the absolute log, (FC) values, and
their descriptions are provided in Table S5. The top ten most
upregulated genes in diseased PCTS during culture often
included genes related to inflammation (IL11, SERPINB2,
ILI3RA2, CHI3LI), proteases involved in ECM organiza-
tion (MMP1, MMP3, MMP10) and transporters (SLC7A11,
CLCA4). MMPI, the gene that encodes interstitial



Archives of Toxicology (2019) 93:3549-3583 3567
B B
a @ @ ¢ row min row max row min row max
9 S
&
S [ ) ]
2 S
~ %)
& S
< S
N 2 T
N
< > B T 9 T T
= _ /N s >3£82% 888328
O8I0 S¥c-&®
IogpzpIo 3325 <y
5 5o CEE ccEbbsE
>>80 33 28220
."'_._ww |d¥¥=_l_l=
/ i dX X == id
Tissue core
: 4
preparation (3
A
g 3
Slicing Incubation k_i
(()h)‘ ‘(48h)
Sample collection ]
viability
K sequencing
g cytokine release
|:> Analysis
100 f lleum, Oh, Diseased 100 A lleum, Oh, Diseased
A ANA, ©  lleum, Oh, Healthy © lleum, Oh, Health
4G, PR - o VA
A A lleum, 48h, Health: A LA A lleum, 48h, Healthy
50 2 A A ﬁ ﬁ@ A le) Kie:,zy‘or., D;e:easzd 50 ‘%ﬁ ° AA A O Kidney, Oh, Diseased
A OO b o b% @ Kidney, Oh, Healthy vy @ Kidney, Oh, Healthy
@%. ‘}A A Kidney, 48h, Diseased o ﬁ s fAAAA ﬁ A | A Kidney, 48h, Diseased
R o Yt © g0 A st vy s40 oo | A oo v
iver, Oh, Disease iver, Oh, D
8 A v,'. .f ® Liver, oh, Healthy 3 ﬁﬁ YN ¢} ‘ ® Liver, Oh, Healthy
a A 8 p /\ Liver, 48h, Diseased a -50 A o o) /\  Liver, 48h, Diseased
=50 A A0 o [ "X ° A Liver, 48h, Healthy a A Liver, 48h, Healthy
o%o ) 100 ° fg
A [ ] - O
00 g P "%’
° sgoo -150 o-®
- o
150 e% e 8
-100 =50 0 50 100 -100 =50 0 50 100

PC1

Fig.9 Study workflow, principal component analyses (PCA) and
hierarchical clustering in human healthy and diseased PCTS. a Pre-
cision-cut tissue slices (PCTS) were prepared from human healthy
or diseased liver, kidney and ileum using Krumdieck tissue slicer
and incubated for 48 h. Samples were collected at O h (prior incuba-
tion) and at 48 h for viability measurement, sequencing analysis and
cytokine release in the culture medium. b Scatter plots of the dimen-
sions PC1 vs. PC2 and PC1 vs. PC3. Samples are coloured by tis-

sue type, shaped by incubation time (0 h or 48 h) and colour filled
by pathology (healthy or diseased). The heatmap of log, (FC) values
illustrates expression of 18,667 genes (with p,,;<0.01) in human
healthy and diseased PCTS during culture (c¢) and in pairwise com-
parisons diseased vs. healthy PCTS at O h vs. 48 h (d). Independent
clustering analysis shows stronger separation of samples by tissue
type (liver, kidney and ileum) than by pathology or culture time (col-
our figure online)
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Fig. 10 Visual summary of the study, capturing the concept and
main lines of performed analysis. Human healthy PCTS (a) undergo
substantial transcriptional changes during 48-h 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 Part I. Similarly, dis-
eased PCTS (b) are also profoundly affected by culture, as they dis-
play thousands of DEGs (DEGs B-B’), and develop 48-h transcrip-

collagenase, was the only common gene between the top
ten DEGs in all three organs and it was the highest or second
highest upregulated gene during 48-h culture. On the other
hand, genes encoding enzymes (PCK1, HAO2, ACSM2A,
ACSM?2B, NATS, FMO, GLYAT), transporters (SLCI3A1,
SLC5A12, SLC34A1) and molecules involved in the immune
response (CXCRI, FCGR2B, ACKRI) 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 five most activated and
the top five most inhibited canonical pathways in diseased
human PCTS during culture are displayed in Fig. 11c. Com-
plete lists of significantly changed pathways (provided in
Fig. S11) revealed that osteoarthritis pathway was activated
in all diseased PCTS. Despite its name, osteoarthritis path-
way involves numerous fibrosis- and inflammation-related
genes (see “Discussion” of Part IT). 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 other four pathways that were related
to cholesterol biosynthesis. Among commonly inhibited
pathways, LXR/RXR activation was found in all cultured
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tional profile B’. We compared the impact of culture on healthy and
diseased PCTS by uncovering differences and similarities between
data on DEGs A-A’ (top transcripts and canonical pathways) pre-
sented in Part I and DEGs B-B’ described in Part II. We also deter-
mined 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

organ PCTS. Furthermore, after 48 h 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 healthy slices results in the development of
spontaneous (i.e. not exogenously induced) 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 biochemi-
cal pathways, we selected several canonical pathways
a priori, with a focus on fibrosis and inflammation, and
investigated their regulation in diseased PCTS. Figure 12
illustrates the culture-induced changes in the selected
pathways in diseased PCTS (information on key signal-
ling molecules involved in each pathway is provided in
File S3). Fibrosis-associated signalling pathways showed
significant changes in all PCTS, especially in liver PCTS,
where 12 out of 17 canonical pathways were altered at
48 h. Kidney and ileum showed less changes: only three
pathways were regulated significantly different at 48 h
compared to O h. 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
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Fig. 11 Characterization of human diseased PCTS. a Total number
of differentially expressed genes (DEGs), upregulated and downreg-
ulated, in human diseased PCTS. DEGs were defined as genes with
log, (FC)=1 and p,q; value<0.01. Full lists of identified DEGs are
provided in File S5. b Top ten regulated DEGs based on the log, (FC)
values. Gene descriptions are provided in Table S5. ¢ Top five canon-
ical pathways identified by IPA. Only pathways with p value <0.01

and a z-score >2 (predictor of activation) or<—2 (predictor of inhi-
bition) were included. Pathway size (i.e. total number of genes in a
pathway), percentage of significantly downregulated (green bars) and
upregulated (red bars) genes in a given pathway, and percentage of
overlap with the dataset (grey bars) are indicated for each pathway.
Full lists of significantly changed pathways in PCTS from each organ
are provided in Fig. S11 (colour figure online)
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Fig. 12 Regulation of preselected pathways in human diseased PCTS
during 48-h culture. Purple colour indicates a significant pathway
change based on a p value <0.01, whereas predicted pathway activa-
tion (A) or inhibition (I) is indicated by a z-score, if available. Sig-
nalling molecules involved in each preselected pathway are shown in
File S3 (colour figure online)

signalling was activated in kidney PCTS. Furthermore,
two selected canonical pathways related to ECM organi-
zation, 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
48 h culture: out of 21 selected pathways, culture altered
13 pathways in liver PCTS, 11 in kidney PCTS and 8 in
ileum PCTS. In addition, seven of these changed pathways
were affected by culture in all three organs and included
HMGBI 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 HMGBI1 signalling and
LPS/IL-1-mediated inhibition of RXR function in liver
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PCTS, interferon signalling in kidney PCTS, and IL-6 sig-
nalling in ileum PCTS.

Overall, culture induced significant changes in fibro-
sis- 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.

(llc) Comparative analysis of human diseased vs.
healthy PCTS

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 0 h) in human PCTS (Fig. 13a;
volcano plots in Fig. S10c) showed that healthy and dis-
eased tissues had major differences prior to culturing, as
illustrated by a large number of DEGs in liver and kid-
ney PCTS (1500 and 2016 DEGs, respectively). In con-
trast, only eight genes were differentially expressed at O h
in diseased ileum PCTS compared to healthy slices. By
48 h 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 (Fig. 13a; volcano plots in Fig. S10d).
Closer examination of these changes showed that in (dis-
eased vs. healthy) liver PCTS, 59% (83 of 141) of DEGs
at 48 h were also differentially expressed at 0 h with a con-
sistent 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 48 h culture. In kidney, only 27% (10 of 37) of genes
differentially expressed in diseased vs. healthy PCTS at
48 h were also among DEGs at 0 h, while 73% of tran-
scripts 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 (Fig. 13b) and after
48-h culture (Fig. 13c). The results showed that there were
no common top up- and downregulated DEGs between
0 h and 48 h in any organ PCTS. Among the most regu-
lated transcripts, we often encountered genes encoding
enzymes, transporters and inflammatory molecules. Addi-
tionally, top ten up- and down-regulated DEGs included
novel uncharacterized transcripts. The corresponding
lists of all DEGs are provided in File S6, and the detailed
description of the top ten DEGs are enclosed in Table S6.
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Fig. 13 Comparative analysis of human diseased and healthy PCTS
in their baseline expression profiles (0 h) and profiles after 48-h cul-
ture. a Total number of genes, upregulated and downregulated, that
were differentially expressed between diseased and healthy PCTS at
0 h or 48 h. DEGs were defined as genes with log, (FC)>1 and p,g;
value <0.01. Numbers in brackets indicate the percentage of DEGs at

48 h that were also DEGs at 0 h. Top ten regulated genes that are
differentially expressed between diseased and healthy PCTS at base-
line (b) and after 48-h culture (c). Significantly upregulated DEGs
are displayed in red colour and downregulated—in green. Genes were
selected based on the log, (FC) values. Full lists of identified DEGs
are provided in File S7 (colour figure online)
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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 analy-
sis on all genes differentially expressed in diseased vs.
healthy PCTS prior to culture (as listed in File S6). 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) (File S7). As
an example, before culturing, diseased and healthy liver
PCTS showed dramatic difference in regulation of canoni-
cal pathway hepatic fibrosis/hepatic stellate cell activation
with p value < 107°. Next, Venn diagrams illustrated the
number of differentially expressed genes in diseased vs.
healthy PCTS exclusively before and after culture, as well
as numbers of DEGs that were present at both time points
(Fig. 14a). Tables with the common and unique genes for
each organ can be found in File S8. Each list was ranked

by a differential gene expression score (DGE score), which
represents the product of llog, (FC)l and —log;, (p adjusted
value). DEGs unique to diseased vs. healthy PCTS at
baseline (0 h) represent the set of transcripts that were
induced specifically by pathology. DEGs unique to dis-
eased vs. healthy cultured PCTS (48 h) 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 (Fig. 14b). 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 48 h of culture (File S7). The major dif-
ferences between healthy and diseased PCTS after culture
were in pathways related to metabolism.

a
BASELINE CULTURED BASELINE CULTURED
Liver PCTS Liver PCTS Liver PCTS Liver PCTS
[1044]  [65] [34] 3731 [18] [24]
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[1248] 3 10
s8] [7] [7] [31 1ol
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Fig. 14 Comparative analysis of baseline expression profiles (0 h)
and profiles after 48-h 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 O h vs.
48 h in human diseased vs. healthy PCTS. Lists of corresponding
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DEGs can be found in File S9. 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. 48 h to perform IPA
(colour figure online)
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Fig. 15 Differential regula-
tion of preselected pathways
between healthy and diseased
human PCTS at baseline (0 h)
and after 48-h culture. Purple
colour indicates a significant
pathway change based on a p
value <0.01, whereas predicted

Diseased vs. Healthy

pathway activation (A) or
inhibition (I) is indicated by a
z-score, if available. Signalling
molecules involved in each pre-
selected pathway are shown in
File S3 (colour figure online)
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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 dif-
ferences in the regulation of 40 selected canonical pathways
between healthy and diseased PCTS prior and after culture
(Fig. 15). In accordance with the reduction in total numbers
of DEGs after 48 h, diseased vs. healthy slices showed more
differences in regulated canonical pathways at baseline than

after culture. In particular, diseased liver PCTS at O h 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 different due to pathology, and no differences in
pathways were observed in ileum PCTS. After 48-h culture,
only two pathways were significantly different in diseased liver
PCTS compared to healthy slices, whereas no difference in
pathway regulation was observed in diseased vs. healthy kid-
ney and ileum PCTS.
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Fig. 16 Comparative analysis of culture-induced changes in expres-
sion 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 48-h culture. Total numbers of culture-
induced DEGs in PCTS from diseased liver, kidney and ileum are
illustrated in Fig. 11a, while total numbers of DEGs found in healthy
PCTS are depicted in Fig. 3b in Part I. Complete lists of DEGs are
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provided in File S6. b Top canonical pathways enriched from com-
mon culture-induced DEGs present in both healthy and diseased
PCTS. Only pathways with p value<0.01 and a z-score >2 (predic-
tor of activation) or<—2 (predictor of inhibition) were included.
Pathway size (i.e. total number of genes in a pathway), percentage of
significantly downregulated (green bars) and upregulated (red bars)
genes in a given pathway, and percentage of overlap with the dataset
(grey bars) are indicated for each pathway (colour figure online)
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DEGs and enriched canonical pathways induced in healthy
and diseased PCTS during culture

Considering that healthy (Part I) and diseased PCTS devel-
oped substantial transcriptional alterations during 48 h cul-
ture, 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 down-regulated) in healthy and diseased PCTS
(Fig. 16a). To this end, we compared all DEGs found in dis-
eased PCTS (Fig. 16a) to all DEGs reported in healthy PCTS
(Part I, Fig. 3b). 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 File S9. As a next step of the analy-
sis, we performed IPA on overlapping gene sets. The most
significant canonical pathways enriched from these gene
sets are summarized in Fig. 16b. Culture-induced pathways
across healthy and diseased PCTS included activated path-
ways, 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 metabo-
lism, inflammation and cell cycle regulation.

Cytokine release profiles of human healthy and diseased
PCTS

As part of cellular mechanisms of fibrosis, damaged epi-
thelial cells and (resident) immune cells secrete vari-
ous cytokines that drive the inflammatory and fibrogenic
responses (Wynn 2004). Along with the transcriptional
changes, we assessed PCTS cytokine release profiles during
48 h 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 File S10). 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 experimen-
tal condition, and (2) significant regulation on gene expres-
sion level. The independent hierarchical clustering separated
diseased liver and kidney PCTS from the corresponding
healthy slices, suggesting considerable pathology-driven
differences in cytokine release (Fig. 17a). 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 fea-
tures 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 per-
formed correlation analysis (Fig. 17b). In general, in all
organ PCTS, high gene expression of inflammatory media-
tors 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 SPPI) 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 fibro-
genesis 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 (Sack 2018). This
pro-inflammatory mediator has also been shown to upregu-
late ECM-degrading enzymes (MMPs) (Sack 2018). 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.

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
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Fig. 17 Cytokine release by human healthy and diseased PCTS after
48 h 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 48 h,
culture medium was collected after 24 h and 48 h and tested for the
presence of selected cytokines using Meso Scale Discovery (MSD)
multiplex assay. For each cytokine, concentrations measured at 24 h
and 48 h were normalized to the negative control (i.e. freshly pre-

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 com-
mon, inflammation- and fibrosis-driven condition with
limited transcriptional differences between healthy and
diseased PCTS, while the underlying pathology endures.
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colour codes diseased PCTS. Highly expressed cytokines (i.e.> 100
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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 has to be noted that all human tissues—clini-
cally healthy and diseased—were obtained from patients
that suffered from cancer or fibrotic diseases, other injury
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or bleeding and underwent surgical procedure. These might
influence the initial transcriptional background of human tis-
sues, including healthy control samples, since it was shown
that surgical intervention causes an acute-phase response
and increase in cytokine production (de Jong et al. 2004).

It is well recognized that in response to the injury, various
organs share common mechanisms associated with wound
healing and fibrosis (Zeisberg and Kalluri 2013; Rockey
et al. 2015). Culturing of the slices prompts the progression
of fibrosis by driving an environment of sustained injury.
Indeed, human PCTS of different organ of origin and pre-
existing pathology showed similarities in the way that cul-
ture affected their transcriptional profiles, supporting that
culture triggers common mechanisms of wound healing and
fibrosis.

Our Part I study showed that human PCTS prepared from
healthy tissues undergo substantial transcriptional changes
during culture, with thousands of differentially expressed
genes. Here we show that culture also induced pronounced
transcriptional changes in PCTS from diseased tissues,
counted in thousands of genes as well, pushing the dis-
eased slices beyond their initial pathology. The comparison
of these changes in healthy and diseased PCTS (Fig. 10:
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 inflam-
matory 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 (Fig. 11b)—the same tran-
scripts that were strongly upregulated across healthy human
PCTS, as reported in Part I of this study. The homogeneity
in the effects of culture is further illustrated by the fact that
diseased liver, kidney and ileum PCTS shared five out of
ten top upregulated genes during culture with the respective
healthy slices, while the 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 plas-
minogen activator inhibitor type 2 (PAI-2), was identified
as the gene with the highest fold change among all DEGs
in healthy and diseased kidney PCTS (i.e. ranked first in
the top ten 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 (Kruithof et al.
1995; Medcalf and Stasinopoulos 2005). PAI-2 transcrip-
tion is stimulated by a variety of inflammatory mediators,

suggesting its biological role in the regulation of inflamma-
tion and wound healing (Medcalf and Stasinopoulos 2005).
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 (Fig. 13a, File S7), supporting the idea
that culture augments fibrosis-associated tissue remodelling
in healthy and diseased slices alike. As an example, healthy
and diseased liver PCTS showed significant upregulation
after the culture of NID2, LAMA4 and ITGA2 that encode
the ECM structural constituents nidogen, laminin and inte-
grin, respectively. Additionally, healthy and diseased liver
PCTS highly expressed latexin (encoded by LXN), which
serves as a marker of portal myofibroblasts (Lemoinne
et al. 2013), and epoxide hydrolase 4 (encoded by EPHX4),
which reduces bioactivity of fatty acids (Lord et al. 2013).
The latter is in accordance with the observed inhibition of
LXR/RXR activation and fatty acid beta-oxidation path-
ways. Similarly, culture enhanced upregulation of ZPLD],
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 (Hynes and Naba 2012). Furthermore, as found
previously, both healthy and diseased ileum PCTS highly
express ECM-related genes MMP1 and MMP3. Culturing
of the slices was also associated with altered enzymatic and
transporter activity, as top downregulated genes in healthy
and diseased PCTS encoded various enzymes and transport-
ers although these had more diversity between the organs
(Figs. 11b and 4b in Part I).

The commonalities in culture-induced transcripts trans-
lated into commonly regulated biological pathways in
healthy and diseased PCTS. Cross-comparison of identi-
fied culture-induced biological pathways in diseased PCTS
(Fig. 11c) with the data on human healthy PCTS reported in
Part I, 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 osteo-
arthritis pathway and inhibition of LXR/RXR activation dur-
ing culture. The implications of the latter were discussed in
detail in Part I; therefore, here we will address the former. As
a fibrosis-associated disease, osteoarthritis is characterized
by extensive structural changes in ECM under inflamma-
tory conditions that ultimately leads to joint stiffness and
disability (Hill et al. 2007; Remst et al. 2015). According to
IPA, osteoarthritis pathway involves over 200 transcripts,
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encoding ECM structural components (e.g. collagens, inte-
grins, fibronectin and decorin), ECM remodelling enzymes
(MMPs and TIMPs), inflammatory molecules (e.g. IL-1B,
CXCLS, 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 48 h and in murine PCTS (as found in Part I) sug-
gests that culture sustains pro-inflammatory and profibrotic
environment.

Among other shared canonical pathways, actin nuclea-
tion by ARP-WASP complex and ephrin receptor signal-
ling 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 (Kaverina et al.
2003; Yamaguchi et al. 2005), a phenomenon that plays an
important role in tissue fibrosis, as migration of fibroblasts
toward fibrotic lesions is essential for pathological matrix
deposition (Tschumperlin 2013). 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 (Coulthard et al. 2012). It has been shown
that Eph receptor EPHB2 is overexpressed in hepatocellu-
lar carcinoma, end stage of liver fibrosis/cirrhosis and in
other fibrotic diseases (Hafner 2004; Mimche et al. 2018). At
last, we demonstrated that common DEGs after 48-h culture
between healthy and diseased PCTS additionally enriched
IL-8 signalling and integrin signalling (Fig. 11b), support-
ing 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 augmented transcriptional changes
in inflammatory and fibrosis pathways in all organ PCTS,
diseased liver PCTS displayed the most pronounced changes
(Fig. 12). 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 exem-
plify 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 tran-
scripts—DUOX2, DUOXA2, CEMIP and CHI3LI—that
were strongly upregulated during culture only in human
intestinal PCTS, regardless of the pre-existing pathology.
Dual oxidase 2, encoded by DUOX2, is an intestinal epithe-
lium-specific NADPH oxidase that plays a critical role in the
innate defense response against the microbiota by generating
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reactive oxygen species (El Hassani et al. 2005; Grasberger
et al. 2015). It has been shown that both DUOX2 and its
maturation factor DUOXA?2 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 (MacFie et al. 2014,
Haberman et al. 2014). In turn, expression of endosomal
cell migration-inducing and hyaluronan-binding protein
(CEMIP) is highly elevated in colorectal cancer although
its role remains unclear (Fink et al. 2015). Gene CHI3LI
encodes chitinase-3-like protein 1 (also known as BRP-39),
a marker for late stages of macrophage differentiation (Rehli
et al. 2003). Dysregulation of BRP-39 is often associated
with human diseases characterized by acute or chronic
inflammation and fibrosis (Lee et al. 2011).

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 cul-
ture on human PCTS. We found that PCTS from healthy tis-
sues 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 signal-
ling in diseased liver PCTS and not in healthy slices. It is
well established that tumor suppressor p53 is highly sensi-
tive to DNA damage and cellular stress and regulates cell
fate by directing damaged cells down the cell cycle arrest or
apoptosis (Kastenhuber and Lowe 2017). Therefore, p53 sig-
nalling plays a central role in tumorigenesis and prognosis
of hepatocellular carcinoma (Kunst et al. 2016). Consider-
ing 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 drives a common
fibrosis-associated 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 (Fig. 10: DEGs
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A-B). Similar to this observation, we previously demon-
strated clear diseased phenotype of PCTS prepared from
fibrotic kidneys: compared to healthy slices, fibrotic kid-
ney PCTS showed significantly higher baseline levels of
COLIAI, FNI, ILIB, IL6, CXCLS and TNF, as well as
increased accumulation of interstitial collagen type I and
alpha-SMA (unpublished data).

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 transcrip-
tional 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 kid-
ney PCTS (Fig. 14a), we found that 47 transcripts, encoding
immunoglobulins (IGs), were highly upregulated in diseased
kidney PCTS (with the highest fold increase of 45) (Fig. 14b
and File S9). IGs are a 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) fur-
ther argues for the uncontrolled aberrant inflammation in
diseased renal tissue (Sato and Yanagita 2017). 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 (Eyre
et al. 2019).

While liver and kidney PCTS showed pathology-driven
differential expression of thousands of genes, healthy and
diseased ileum PCTS failed to show differences in base-
line transcriptomes. This could be associated with the way
human intestinal slices are prepared. Prior to slicing, the
mucosa is stripped from all other layers, including submu-
cosa, 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 neces-
sarily 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 (Rieder et al.
2007; Speca 2012). Therefore, preparation of human intes-
tinal PCTS should be further optimized.

Remarkably, as both healthy and diseased PCTS dem-
onstrated extensive transcriptional changes during culture,
after 48 h they showed minimal differences in acquired
transcriptomes (counted in only tens/hundreds of DEGs)
(Fig. 10: 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. This study

provides a transcriptomic baseline for PCTS culture; how
this resulting condition is predictive for human pathological
processes is yet to be determined. Furthermore, the signa-
ture 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 an
increased production of cytokines and cytokine modula-
tors compared to healthy PCTS, emphasizing the value of
diseased human tissue in fibrosis studies using the PCTS
model. Importantly, the production of cytokines reflected
the changes in their gene expression in PCTS during cul-
ture. 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. However, it is important to continue
investigating whether observed transcriptional changes
in PCTS indeed translate to the protein level, by system-
atic analysis of the proteome. Given these points, PCTS
obtained from patient diseased tissues might provide rel-
evant insights into fibrosis, therapeutic target validation and
drug development.

Conclusions

In this study, we employed whole transcriptome sequencing
to uncover the molecular processes that characterize PCTS
culture. In Part I, we investigated species and organ differ-
ences in culture-associated responses in healthy murine and
human PCTS. Part II of this study delineates the molecular
processes in cultured human PCTS generated from diseased
(fibrotic) tissues. Furthermore, we performed comparative
analysis of transcriptomic profiles of human diseased and
healthy control PCTS. In conclusion,

e We provided extensive characterization of the dynamic
transcriptional changes in murine and human PCTS dur-
ing culture.

e We demonstrated that culture impacts all PCTS in a uni-
versal way by actively inducing inflammatory response
and fibrosis-associated ECM remodelling. Despite the
converging effects of culture, the underlying pathology in
human diseased PCTS endures and influences biological
processes such as cytokine release. This emphasizes the
importance of using both healthy and diseased tissues in
basic research and drug development.

¢ Although many pathways were shared, PCTS of different
species and organs displayed an individualized response
during culture.
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e Investigation of molecular processes that are similar in
murine and human PCTS contributes to the understand-
ing of how mice fit into drug development of therapeutics
for human diseases. However, how well the PCTS model
reflects the in vivo situation is yet to be determined.

Taken together, our study largely contributes to our
understanding of molecular mechanisms involved in PCTS
culture and reinforces their use as an ex vivo fibrosis model,
that is suitable for functional investigation of antifibrotic
and anti-inflammatory therapies. This lays the foundation
for future studies towards the assessment of predictivity of
PCTS for human diseases and their validation as a preclini-
cal tool for drug development.
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