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Abstract

Background and Purpose: Fibrosis in kidney allografts is a major post-transplant
complication that contributes to graft failure. Lately, multiple potent inhibitors of
fibrosis-related pathways have been developed such as galunisertib, an inhibitor of
the transforming growth factor-beta (TGF-B/TGFp1) signalling pathway. This drug,
however, poses risks for adverse effects when administered systemically. Therefore,
we devised a new repurposing strategy in which galunisertib is administered ex vivo.
We combined machine perfusion and tissue slices to explore the antifibrotic effects
of galunisertib in renal grafts.

Experimental Approach: Porcine kidneys were subjected to 30 min of warm ischae-
mia, 24 h of oxygenated hypothermic machine perfusion and 6 h of normothermic
machine perfusion with various treatments (i.e. untreated control, TGFB1, galuniser-
tib or TGFB1 + galunisertib; n = 8 kidneys per group). To determine whether effects
persisted upon ceasing treatment, kidney slices were prepared from respective kid-
neys and incubated for 48 h.

Key Results: Galunisertib treatment improved general viability without negatively
affecting renal function or elevating levels of injury markers or by-products of oxida-
tive stress during perfusion. Galunisertib also reduced inflammation and, more impor-
tantly, reduced the onset of fibrosis after 48 h of incubation.

Conclusions and Implications: Our findings demonstrate the value of using machine
perfusion for administering antifibrotic drugs such as galunisertib, proving it to be an

effective example of repurposing.

KEYWORDS

fibrogenesis, interstitial fibrosis and tubular atrophy, ischaemia-reperfusion injury,
normothermic machine perfusion, renal transplantation, repurposing

Abbreviations: Col1a2, collagen alpha-2(I) chain; HSP47/Serpinh1, heat shock protein 47/serpin family H member 1; PAI-1/Serpinel, plasminogen activator inhibitor-1/serpin family E member
1; PAS, periodic acid-Schiff; a-SMA, alpha smooth muscle actin.
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1 | INTRODUCTION

Kidney transplantation is a life-saving procedure for patients who suf-
fer from end-stage renal disease, which is characterized by severe
microalbuminuria and vastly reduced glomerular filtration (Vanhove
et al., 2017). Unfortunately, not all patients are eligible for a kidney
transplant, as the demand far exceeds the supply (van Leeuwen
et al., 2022). On top of that, clinical outcomes of kidney transplanta-
tion are not always good, as post-transplant complications are fre-
quently observed. One of the most common post-transplant
complications is interstitial fibrosis and tubular atrophy (IF/TA). In fact,
this complication is detectable in ~25% of kidney allografts after
1 year and in 90% after 10 years (Saritas & Kramann, 2021). Patients
who develop interstitial fibrosis and tubular atrophy eventually must
resume dialysis, undergo re-transplantation or suffer from premature
death, as the allograft function declines due to the excessive deposi-
tion of extracellular matrix (ECM) proteins and loss of tubular epithe-
lial cells. Therefore, safer and more effective treatments for slowing
or perhaps even reversing interstitial fibrosis and tubular atrophy are
greatly desired.

One approach to reducing the onset of interstitial fibrosis and
tubular atrophy is to minimize allograft damage caused by ischaemia-
reperfusion injury (IRl). To do so, clinicians are increasingly using
machine perfusion, as it is proven superior to static cold storage
(Jochmans et al., 2010; Moers et al., 2009). The concept of machine
perfusion is based on the controlled flow of a solution, containing
nutrients, metabolites and oxygen through an ex vivo organ. Besides
hypothermic machine perfusion (HMP) that aims to preserve organs,
normothermic machine perfusion (NMP) technology has been intro-
duced in the clinics to assess organ function (Hosgood et al., 2018).
This technique could also be used as a treatment platform by supple-
menting perfusion solutions with inhibitors of signalling pathways that
regulate fibrogenesis such as galunisertib, which is an inhibitor of the
transforming growth factor-beta (TGF-B/TGFp1) pathway (van
Leeuwen et al., 2022). The TGFf pathway plays a key role in fibrosis
because it drives the differentiation of fibroblasts into myofibroblasts,
key effector cells that produce large quantities of matrix proteins,
especially collagens and fibronectins (Isaka, 2018). For this reason,
galunisertib seems to be a promising drug candidate for attenuating
fibrosis. When administered systemically, however, this drug can
cause potential adverse effects (Huang et al., 2021; Isaka, 2018).
Therefore, we devised a new repurposing strategy in which galuniser-
tib is administered ex vivo.

In this proof-of-concept study, we investigated the safety and
efficacy of this novel therapeutic approach, using a newly developed
drug testing platform combining ex vivo machine perfusion and tissue
slices. We perfused porcine kidneys for 6 h with a blood-based per-
fusate containing TGFp1, galunisertib or a combination thereof. To
determine whether effects persisted upon ceasing treatments, we also
cultured precision-cut tissue slices, prepared from the treated kidneys,
for an additional 48 h. Slices are viable explants that can be cultured
ex vivo for up to a few days, thereby offering an unmatched opportu-

nity to further explore the potential effects of galunisertib on renal

BRITISH 465
PHARMACOLOGICAL:
SOCIETY

What is already known

e Galunisertib has antifibrotic effects in precision-cut kid-
ney slices.

What does this study add

o Galunisertib shows strong antifibrotic effects in fully iso-
lated kidneys.
e Normothermic machine perfusion can be utilized as a

drug delivery platform.

What is the clinical significance

e Drug administration during ex vivo perfusion allows for
targeted treatment without systemic effects.

e Galunisertib could be used to attenuate interstitial fibro-
sis and tubular atrophy.

tissue (Bigaeva, Stribos, et al., 2020; Jensen et al., 2019). With respect
to read-outs, we focused on analysing the general tissue viability, as
well as the release of general injury markers and specific oxidative
stress markers during perfusion and in slices. Renal function was
assessed during perfusion. We also comprehensively characterized
the effect of galunisertib on the extent of inflammation and, more

importantly, the onset of fibrogenesis during perfusion and in slices.

2 | METHODS

21 | Study design

This study aimed to investigate the antifibrotic effect of galunisertib
using a combination of normothermic machine perfusion and
precision-cut kidney slices. Extensive pilot studies were performed to
optimize our experimental model, study design, and protocol. Exclu-
sion criteria were visibly damaged kidneys (cuts, cysts etc.) or kidneys
with aberrant arteries during organ retrieval, insufficient kidney func-
tion and technical issues during normothermic machine perfusion, and
infections during slice incubation. These criteria were established pro-
spectively. Our primary endpoint was the effect of galunisertib on
gene expression of fibrosis-related markers. Investigators were not
blinded during the execution of normothermic machine perfusion and
slice experiments. However, they were blinded during the execution

of all consecutive analyses.
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2.2 | Organ procurement and preservation

Animal studies are reported in compliance with the ARRIVE guidelines
(Percie du Sert et al., 2020) and with the recommendations made by
the British Journal of Pharmacology (Lilley et al., 2020). Kidneys were
obtained from 6-month-old female Dutch Landrace pigs from a local
abattoir in accordance with all guidelines of the Dutch food safety
authority. Pigs were anaesthetized by an electrical shock and exsan-
guinated. After 30 min of warm ischaemia, the kidneys were flushed
with ice-cold saline. After cannulation, the kidneys were connected to
an hypothermic machine perfusion device (HMP; Kidney Assist Trans-
port, XVIVO, Goteborg, Sweden). Hypothermic machine perfusion
was performed for 24 h, at 4°C, using pulsatile pressure-controlled
perfusion with a mean arterial pressure of 25 mmHg and 100% oxy-
genated (100 ml-min~2) University of Wisconsin machine perfusion
solution (UW-MP) (Belzer MPS, Bridge to Life, London, UK).

2.3 | Normothermic machine perfusion
After hypothermic machine perfusion, kidneys were flushed with ice-
cold saline and cannulated for. Normothermic machine perfusion was
carried out using a custom-built perfusion circuit containing an organ
chamber, a centrifugal pump (Medos Medizintechnik AG, Radeberg,
Germany) controlled by a custom-designed pressure-controlled perfu-
sion machine (LabView Software) set at 80 mmHg with an amplitude of
15, a clinical-grade oxygenator/heat exchanger (Hilite 800 LT, Medos
Medizintechnik AG) supplied with carbogen (95% O,/5% CO,) at a rate
of 0.5 L-min~2, a clinical-grade pressure sensor (Edwards Lifesciences)
and an ultra-sensitive flow sensor (Transonic). The total set-up was sur-
rounded by a heating cabinet to keep the temperature stable at 37°C,
with the help of temperature sensors and an electric heater (Tristar).
The perfusate contained 835 ml of heparinized leukocyte-
depleted autologous whole blood with a haematocrit of 36% and
165 ml of Ringer's solution as well as 10 ug-ml’1 of ciprofloxacin,
0.1% sodium bicarbonate 0.0625% glucose, 8.3 pg-ml~?* of dexameth-
asone, 10 pg-ml~! of mannitol, 0.135 ug-ml~! of creatinine and
2.7 ug:ml~1 of sodium nitroprusside. During normothermic machine
perfusion, the perfusate was also supplemented through continuous
infusion (20 ml-h™%) of a solution comprising 10% aminoplasmal,
0.25% sodium bicarbonate, 0.2 U-mI~* of insulin and 35 IE-ml~! of
heparin). After 1 h of normothermic machine perfusion, treatments
were started by exposing kidneys to 5 ng-ml~! of TGF-p (TGFB1),
10 uM of galunisertib suspended in dimethyl sulfoxide (DMSO) or a
combination thereof (TGFB1 + galunisertib). The perfusate of control
kidneys was supplemented with DMSO (0.38%), which served as a
vehicle (control). The concentration of galunisertib was previously
identified as the most optimal concentration and DMSO as the most
optimal solvent (Luangmonkong et al., 2017). In total, the kidneys
were treated for 5 h. Urine, perfusate and biopsies were sampled at
various time points during normothermic machine perfusion. Urine
was recirculated after sampling for a more stable perfusion
(Weissenbacher et al., 2019).

24 | Precision-cut kidney slices

After normothermic machine perfusion, the kidneys were immediately
flushed with ice-cold saline. Cortical tissue cores were subsequently
prepared using a biopsy puncher. The tissue cores were transferred to
ice-cold UW cold storage solution (Bridge to Life). Slices with a thick-
ness of 300 um and a diameter of 6 mm were prepared with a
Krumdieck tissue slicer (Alabama Research and Development,
Munford, AL, USA), as described previously (Bigaeva, Puerta Cavanzo,
et al., 2020). Slices were cultured in 12-well plates, containing pre-
warmed (37°C) culture medium (1.3 ml per well), at 5% CO, and 80%
O, while being gently shaken (90 cycles-min~?) for 48 h. Culture
medium comprised), 10 pug-ml~? of ciprofloxacin and 0.25 ug-ml~?* of
amphotericin B. To determine whether effects persisted upon ceasing
treatments, slices were cultured without continuing treatment for
48 h. Culture media were refreshed after 24 h.

2.5 | Cell viability assay

Using a Minibead-beater (2 cycles of 45 s), cortical biopsies and slices
(3 replicates per pig) were homogenized in ice-cold sonication solution
(70% ethanol and 2 mM of ethylenediaminetetraacetic acid [EDTA]).
After centrifugation (16,000 x g at 4°C for 5 min), supernatants were
analysed using an adenosine triphosphate (ATP) Bioluminescence Kit
(Roche Diagnostics, Mannheim, Germany). Supernatants were subse-
quently stored overnight at 37°C, allowing for the evaporation of son-
ication solution. The respective pellets were reconstituted, and the
resulting supernatants were analysed using a Pierce BCA Protein
Assay Kit (Invitrogen). ATP values were normalized to protein
content.

2.6 | Lipid peroxidation assay

Culture medium and perfusate samples were analysed to investigate
the formation of thiobarbituric acid-reactive substances (TBARS),
which are often used as an indicator of oxidative stress, as previously
described (Hoeksma et al., 2017). Thiobarbituric acid-reactive sub-
stances are shown as delta malondialdehyde (MDA) levels compared

with baseline.

2.7 | Evaluation of perfusion parameters

The renal flow rate and urine production were logged during normo-
thermic machine perfusion. Creatinine and sodium concentrations in
urine and perfusate samples, lactate dehydrogenase (LDH) and aspar-
tate aminotransferase (ASAT) in perfusate samples, and protein levels
in urine samples were analysed in a standardized manner by the
clinical chemistry department of the University Medical Center
Groningen. Additionally, partial oxygen pressure and haemoglobin

content and saturation were measured using an ABL90 FLEX blood
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gas analyser (Radiometer, Zoetermeer, the Netherlands). Urinary N-
acetyl-B-p-glucosaminidase (NAG) levels were determined as
described previously (Findlay et al., 1958). Equations for calculating
oxygen consumption, metabolic coupling, creatinine clearance and

fractional sodium excretion are shown in Table 1.

2.8 | Histological assessment

Cortical needle biopsies (1.5 mm) and slices (3 slices per pig) were
fixed in 4% formalin, after which they were dehydrated by immersing
tissues in a series of ethanol solutions of increasing concentrations.
The tissues were then cleared in xylene, embedded in paraffin wax
and cut into sections of 4 um. Sections were stained using a periodic
acid-Schiff (PAS) staining to visualize morphological features. Sections
were scanned with a C9600 NanoZoomer (Hamamatsu Photonics,
Hamamatsu, Japan) to obtain high-resolution digital data. Semi-
guantitative scores were assigned to PAS-stained sections in a blinded
manner by three individuals, marking glomerular dilatation and struc-
ture, tubular dilatation and acute tubular necrosis (Table 2). Scoring of
Picro-Sirius red was performed using polarization contrast micros-
copy, as previously described by Street et al. (2014). In short, areas
throughout the tissue were photographed using fluorescence micros-
copy (Leica, 11888906), after which a positive pixel count was carried
out using ImageJ (National Institutes of Health).

29 | Gene expression analysis

Total RNA was extracted from 3 mm of cortical needle biopsies and
slices (3 slices pooled per pig) using TRIzol reagent (Invitrogen). The
yield of extracted RNA was analysed with a NanoDrop 1000 spectro-
photometer (NanoDrop Technologies, Wilmington, DE, USA), and the

TABLE 1 Equations used for calculating renal function and viability.

Oxygen consumption (ml Op-min~%.100 g~ %)

Hb + 0.024794 « (100~S03 venous) +K * (PO2 arteriol ~PO2 venous) . Q*100
3

Metabolic coupling (mmol Na-mmol O, %100 g~

(eGFR *Pg )~ (U+Upq)

0.001 *+ *100

Creatinine clearance (ml-min—1.100 g~ %)
<—<Ug£“>> 100

Fractional sodium excretion (%)
100 » e * Per

Pna * Ucr
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quality was assessed using RNA electrophoresis. Extracted RNA was
reverse transcribed using M-MLV Reverse Transcriptase (Invitrogen)

at 37°C for 50 min. Real-time quantitative polymerase chain reaction

TABLE 2 Semi-quantitative histological scoring system.

Glomerular dilation and structural changes

0 Glomeruli are still intact and demonstrate a clear clove structure.
Capillaries have thin walls and are clearly visible.

1 The clove structure is less present, and glomeruli are not entirely
intact. Capillaries are less present and dilated, and capillary
walls are not clearly visible. Heightened dilatation of the
Bowmans space. The Bowmans space can be filled with
necrotic tissue/cells.

2 Complete dilatation of the Bowmans space (50%-100% of the
glomerulus' size). Glomeruli have decreased in size and are
crumpled up.

Tubular dilation

0  The tubules are not dilated. The brush border and tubular
membranes are clearly visible.

1  The tubules are twice their regular size. Intratubular space is
visible and tubule membranes are no longer attached to each
other. Tubular cells still have a regular size. The brush border is
no longer visible.

2 The tubules have increased to more than twice their regular size.
The tubular cells are not visible and have irregular shapes.

Acute tubular necrosis

0 No necrotic tissue visible. The tubules are not dilated. The
brush border and tubular membranes are clearly visible.

1 Some necrotic tissue is visible. Little thickening of the
membranes, and the tubules contain some cells.

2 Vacuolization of cells, and loss of brush border. Dilation of
tubular lumen, and mild interstitial inflammation. The
epithelium of the proximal tubules is flattened and simplified.
No clear tubular definition. Thickening of the tubule
membrane and the tubules contain many cells.

Hb: Haemoglobin content (mmol-L~2).

pO,: Partial oxygen pressure (kPa).

K: Solubility constant of oxygen in H,O at 37°C (0.0225 ml O,-kPa™2).
SO,: Haemoglobin saturation (%).

Q: Renal blood flow (L-min~%).

g: Kidney weight (gram).

eGFR: Creatinine clearance.

Pna: Perfusate sodium concentration (mmol-L
U: Urine production rate (ml-min~2).

Una: Urine sodium concentration (mmol-L~2).
O,: Oxygen consumption (ml Op-min~2).

g: Kidney weight (gram).

,1).

Uc: Urine creatinine concentration (mmol-L™2).

U: Urine production rate (ml-min~2).

Pc,: Perfusate creatinine concentration (mmol-L™Y).
g: Kidney weight (gram).

Una: Urine sodium concentration (mmol-L™2).

Pna: Perfusate sodium concentration (mmol-L~%).
Pc,: Perfusate creatinine concentration (mmol-L~2).
Uc,: Urine creatinine concentration (mmol-L~2).
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(qPCR) was conducted using specific primers (Table 3), Tag DNA Poly-
merase (Invitrogen) and a Quant Studio 7 Flex gPCR machine (Applied
Biosystems, Bleiswijk, the Netherlands), which was configured with
1 cycle of 10 min at 95°C and 40 consecutive cycles of 15 s at 95°C
and 1 min at 60°C. CT-values were corrected for Actb levels (that did
not differ between groups). The fold induction is presented as 222,

with the mean of all samples per time point set to 1.

2.10 | Interleukin-6 (IL-6) immunoassay

The Immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology (Alexander
et al., 2018). IL-6 was measured as it is strongly associated with the
onset of fibrosis (Li et al., 2022). Culture medium and perfusate sam-
ples were analysed with a Porcine IL-6 Duo Set enzyme-linked immu-
nosorbent assay (ELISA) (Bio-Techne, Abingdon, UK), according to the
manufacturer's instructions.

211 | Data and statistical analysis

The experiments were designed to use groups of equal size using ran-
domization. GraphPad Prism (Version 8.4.2.) was used to visualize and
analyse the data. All data are expressed as aligned scatter plots and/or
the arithmetic mean with the standard error of the mean (SEM). For
longitudinal data, differences across all experimental groups were
assessed using a two-way analysis of variance (ANOVA) with the
Geisser-Greenhouse correction followed by Tukey's multiple compar-
isons. Single time points were analysed using a one-way ANOVA fol-
lowed by Fisher's least significant difference test. All statistical tests
were two-tailed, and differences between groups were considered
statistically significant when P < 0.05. In multigroup studies with para-
metric variables, post hoc tests were conducted only if F achieved
P < 0.05 and there was no significant variance in homogeneity. Nor-
mality was tested and unwanted sources of variation were reduced by
data normalization. Only one kidney (both left and right kidneys) from

each pig was used and randomized into experimental groups. The

sample size of n = 8 per experimental group was determined based
on preliminary experiments (van Leeuwen et al., 2023). For each anal-
ysis requiring tissues, three tissue slices were incubated per kidney
but pooled for the analysis. The group size is the number of indepen-
dent values, and statistical analyses were performed using these inde-
pendent values. Unpaired statistical analyses were therefore applied.
Heterogeneity among animals was expected as the pigs were not bred
in a standardized manner. The data and statistical analysis comply
with recommendations of the British Journal of Pharmacology on

experimental design and analysis in pharmacology (Curtis et al., 2022).

212 | Materials

Sodium bicarbonate, aminoplasmal and sodium bicarbonate were pur-
chase from B. Braun ((Melsungen, Germany), while glucose, Ringer's
solution and mannitol were obtained from Baxter (Utrecht, the
Netherlands). Dexamethasone was purchase from Centrafarm, (Etten-
Leur, the Netherlands), while creatinine and sodium nitroprusside were
purchased from Merck (address). Insulin was obtained from Novo
Nordisk (Bagsvaerd, Denmark) and heparin from Leo Pharma (Ballerup,
Denmark). TGFp1 (TGF-) was purchased Sigma Aldrich, (Amsterdam,
the Netherlands), while galunisertib was purchased from Axon
Medchem (Groningen, the Netherlands). William's Medium E and
GlutaMAX and ciprofloxacin were obtained from Invitrogen (Landsmeer,
the Netherlands). Ethanol and ethylenediaminetetraacetic acid [EDTA])
were purchased from Merck (Darmstadt, Germany) while ciprofloxacin
and amphotericin B from Merck (Darmstadt, Germany). Details of

other materials and suppliers are provided in the specific sections.

2.13 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander
et al., 2021).

Gene Forward sequence (5" — 3') Reverse sequence (5" — 3') TABLE 3  Primer sequences.
Acta2 ACGAAGCCCAAAGCAAAAGA GTTGGTGATGATGCCGTGTTC
Actb TCTGCGCAAGTTAGGTTTTGTC CGTCCACCGCAAATGCTT

Col1a2 CAAGAAAGGGCCCAACTGGA AGGGCCTGGGATACCATCAT

Fn1 GCACCATCCAACTTGCGTTT TGTACTCGGTTGCTGGTTCC

lib GATGACACGCCCACCCTG CAAATCGCTTCTCCATGTCCC

16 AGACAAAGCCACCACCCCTAA CTCGTTCTGTGACTGCAGCTTATC
Serpinel GCAAGTTCGGGCTCCACTAC TGCATGCCGTAACCTCCTG
Serpinh1 TGCAGTCCATCAACGAGTGG TGGAATCGCTCATCCCAGTG
Tgfb1 GGGAGGGTGTTCATGGTAGGA AGCTCACCCCAAATTCATCTTC
Tnf GGCTGCCTTGGTTCAGATGT CAGGTGGGAGCAACCTACAGTT
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3 | RESULTS

3.1 | Set-up of an ex vivo renal transplant and
fibrogenesis model

Our integrated ex vivo model, optimal for drug delivery, was based
on state-of-the-art machine perfusion techniques combined with the
use of precision-cut tissue slices (Figure 1a). We obtained porcine
kidneys, with an average weight of 365 + 36 g, from a local abattoir
and subjected them to 30 min of warm ischaemia to reflect condi-
tions of deceased donation. The kidneys were then transported and
preserved for 24 h using oxygenated hypothermic machine perfu-
sion, using a mean arterial pressure of 25 mmHg and a temperature
of 3.8 +1.2°C (Figure 1b). During hypothermic machine perfusion,

(a)

HMP device

4C
o,

WIT Z 30 min HMP-OZZ 24h

(b)

80
~30 601 /
' % < — Flow
E £ 2 40
\—é/; E — Pressure
> o
E 2 E. 20 L Temperature
s g
[~
3;
0 ) ; |}
0 60 120 180 1440
Time (min)
FIGURE 1

Custom NMP set-up

NMPX 6h

Flow (ml~min")
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1 and increased

the flow rate ranged between 25 and 70 ml-min~
over time. We subsequently performed normothermic machine per-
fusion using a custom-built set-up, configured with a mean arterial
pressure of 80 mmHg and a temperature of 37 + 1.3°C (Figure 1c).
Kidneys were subjected to 1 h of normothermic machine perfusion
before adding treatments to the perfusate (i.e. TGFf1, galunisertib
or a combination thereof). TGFp1 was added to the perfusate to
stimulate fibrogenesis. During normothermic machine perfusion, the
flow rate ranged from 200 to 500 ml-min~%. The renal flow rate
was significantly lower for kidneys perfused with TGFp1 as com-
pared with other groups. After normothermic machine perfusion,
the perfused kidney tissue was used for the preparation of slices.
This was performed to establish whether potential effects persisted

upon ceasing treatments.

Core preparation Precision-cut kidney slices

0,

—
(2)
~

PCKS z 48h
600
M* — Flow control
—_—~ *
gg 300—}\;%* — Flow TGFp1
E g 1 —— Flow galunisertib
% g_ 90T . " " Flow galunisertib + TGFB1
§ E —— Mean arterial pressure
o+ 60
Temperature
30 T T T T T
0 60 120 180 240 300 360

Time (min)

Machine perfusion and organ slices workflow as a platform for ex vivo drug delivery. (a) Porcine kidneys were subjected to 30 min
of warm ischaemia, 24 h of oxygenated hypothermic machine perfusion (HMP) and 6 h of normothermic machine perfusion (NMP) with
treatment, after which slices were prepared from the respective kidneys and incubated for an additional 48 h. (b) Perfusion parameters during
oxygenated HMP (n = 32 kidneys obtained from 32 pigs), and (c) perfusion parameters during NMP (n = 8 kidneys per group). *P < 0.05. Values
are expressed as mean * SEM. PCKS, precision-cut kidney slices; TGFf1, transforming growth factor-beta 1; WIT, warm ischaemia time.
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3.2 | Galunisertib promoted cell viability during
normothermic machine perfusion and in slices

Using our novel platform, we first examined whether TGFB1, galuniser-
tib or a combination thereof compromised cell viability during normo-
thermic machine perfusion and persisted during 48 h of incubation
(Figure 2). To that end, we analysed oxygen consumption and ATP
levels, as well as general morphological features using a PAS staining.
Potential effects on oxidative stress were explored by measuring levels
of thiobarbituric acid-reactive substances. We observed that galuniser-
tib significantly increased oxygen consumption during the second half
of normothermic machine perfusion (Figure 2a). ATP levels, however,
were not affected during normothermic machine perfusion but were
significantly increased after 48 h when treated with galunisertib during
normothermic machine perfusion (Figure 2b). ATP levels after 48 h
were much higher than after 6 h of normothermic machine perfusion,
indicating that tissue remained viable during incubation. Blinded histo-
logical scoring of PAS-stained sections was performed (Figure 2c), and
scoring revealed that kidneys had already sustained injury after 6 h of
normothermic machine perfusion, as indicated by scores reflecting
tubular necrosis (Figure 2d) and dilation (Figure 2e), as well as glomeru-
lar dilation (Figure 2f). Treatments produced no adverse effects during
normothermic machine perfusion. In slices, the extent of glomerular
dilation and tubular necrosis increased after an incubation of 48 h.
TGFpB1 treatment during normothermic machine perfusion significantly
exacerbated tubular dilation but attenuated acute tubular necrosis in
slices after 48 h. We detected no significant differences in thiobarbitu-
ric acid-reactive substances levels after 6 h of normothermic machine

perfusion and in slices, regardless of treatments used (Figure 2g).

33 |
function

Galunisertib did not negatively affect renal

We subsequently assessed whether renal function was affected by
the tested treatments (Figure 3). At various time points during normo-
thermic machine perfusion, samples were collected and analysed to
determine urine production, creatinine clearance, fractional sodium
excretion and metabolic coupling. We observed that there were no
significant differences in urine production between the groups and
urine production also remained stable over time, with only a minor
and temporary decline at 1 h (Figure 3a). In comparison with the con-
trol, kidneys treated with only TGFp1 seemed to have a reduced clear-
ance of creatinine, albeit not significantly (Figure 3b). The fractional

sodium excretion after 1 h of normothermic machine perfusion,
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however, was significantly different between TGFp1 only and TGFp1
+ galunisertib groups (Figure 3c). In addition, the fractional sodium
excretion decreased during the first hour of normothermic machine
perfusion, after which it remained stable. With respect to metabolic
coupling, we observed no significant differences between controls
and treatments (Figure 3d).

3.4 | Galunisertib did not cause additional damage
during normothermic machine perfusion

To establish whether treatments caused additional damage during nor-
mothermic machine perfusion, we measured lactate dehydrogenase
and aspartate aminotransferase levels in perfusate, as well as total pro-
tein and N-acetyl-p-b-glucosaminidase content in urine (Figure 4). The
release of lactate dehydrogenase into the perfusate, which marks cell
damage, increased over time, levelling off around the 3-h time point,
but remained unaffected by TGFf1, galunisertib or a combination
thereof (Figure 4a). Similar observations were made for aspartate ami-
notransferase levels in the perfusate, which were used as a marker for
mitochondrial damage (Figure 4b). The total amount of excreted pro-
tein, indicating proteinuria, increased linearly over time and remained
unaffected by the tested treatments (Figure 4c). Likewise, the total
amount of urinary N-acetyl-p-p-glucosaminidase, indicating tubular
injury, increased during normothermic machine perfusion and was not

significantly different among the experimental groups (Figure 4d).

3.5 | Galunisertib affected inflammation during
normothermic machine perfusion and in slices

After confirming that galunisertib did not affect cell viability and renal
function, we analysed mRNA expression of llib, Tgfb1, TFNA (TFN) and
116, as well as IL-6 protein content to identify potential effects on
inflammation (Figure 5). We found that Illib mRNA expression in kid-
neys treated with TGF-p1 and galunisertib was significantly lower
after normothermic machine perfusion than the control and those
treated with TGF-B1 (Figure 5a). After 48 h of incubation, treatment-
dependent effects on llib (interleukin-1 beta gene) mRNA expression
diminished. Similar observations were made for Tgfb1 mRNA expres-
sion, which was significantly reduced after 6 h of normothermic
machine perfusion when treated with galunisertib and TGF-1 com-
pared with kidneys treated with just galunisertib or TGFB1 (Figure 5b).
This effect changed after 48 h of incubation, as the galunisertib-

treated group showed significantly lower Tgfb1 mRNA expression

FIGURE 2 Galunisertib does not affect general viability. As shown by the (a) oxygen consumption (#: significance between transforming
growth factor-beta 1 [TGFB1] and galunisertib, *: significance between galunisertib and TGFp1 + galunisertib and &: significance between control
and galunisertib), (b) adenosine triphosphate (ATP)/protein content in the renal tissue, (c) general morphology visualized using periodic acid-Schiff
(PAS) staining (representative images are shown of slices after 48 h of incubation, scale bar = 80 um, 26 x magnification), (d) acute tubular
necrosis scores (0-2), (e) tubular dilation scores (0-2), (f) glomerular integrity scores (0-2) and (g) thiobarbituric acid-reactive substances (TBARS)
content in perfusate. *P < 0.05. Values are expressed as mean + SEM (n = 8 kidneys or 3 x 8 slices per group). NMP, normothermic machine

perfusion; AMDA, delta malondialdehyde.
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FIGURE 3 Renal function during normothermic machine perfusion (N

(b) Creatinine clearance during NMP
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MP). As shown by (a) the urine production rate, (b) the creatinine

clearance, (c) the fractional sodium excretion and (d) the metabolic coupling. *P < 0.05 between transforming growth factor-beta 1 (TGFp1) and
TG-B1 + galunisertib. Values are expressed as mean + SEM (n = 8 kidneys).

levels compared with all other groups. Effects on Tnfa (Tnf) mRNA
expression were also detected after normothermic machine perfusion;
galunisertib significantly increased its expression, whereas a combina-
tion of TGF-B1 and galunisertib reduced its expression (Figure 5c).
The effects reduced after 48 h of incubation. After 6 h of normother-
mic machine perfusion, 116 mRNA expression in kidneys treated with
TGFp1 and galunisertib was significantly lower than the control group
and those treated with TG-B1 alone (Figure 5d). These effects dimin-
ished after 48 h of incubation. IL-6 protein levels in the perfusate
showed similar trends to IL-6 mRNA expression during 6 h of normo-
thermic machine perfusion (Figure 5e).

To observe the effects of continued treatment on inflammation,
slices were incubated for 48 h with the same treatment as during nor-
mothermic machine perfusion. These results revealed stronger treat-
ment effects on the mRNA expression of Tgfb1 and Tnfa (Figure S1).

3.6 | Galunisertib attenuated fibrogenesis during
normothermic machine perfusion and in slices

To determine whether galunisertib attenuated fibrogenesis—our main
research question—we analysed mRNA expression of Acta2, Colla2,
Fn1, Serpinel and Serpinh1 (Figure 6). The expression of Acta2 mRNA
was not affected by treatments after 6 h of normothermic machine

perfusion (Figure 6a). After 48 h of incubation, however, mRNA

expression of Acta2 was significantly reduced when treated with galu-
nisertib compared with slices treated with TGFp1 or treated with
galunisertib and TGFp1. Col1la2 mRNA expression was also signifi-
cantly reduced after 48 h of incubation for the galunisertib-treated
group (Figure 6b). No significant effects on Fn1 mRNA expression
were observed (Figure 6c). Interestingly, Serpinel mRNA expression
was already significantly reduced in kidneys perfused with galunisertib
after 6 h of normothermic machine perfusion, and this effect was still
visible after 48 h of incubation (Figure 6d). With respect to Serpinh1
mRNA expression, reductions were only observed after 6 h of normo-
thermic machine perfusion with TGFB1 and galunisertib (Figure 6e).
Sirius red staining revealed no significant differences between experi-
mental groups after both 6 h of normothermic machine perfusion and
48 h of incubation.

To observe the effects of continued treatment on fibrogenesis,
slices were incubated for 48 h with the same treatment as during nor-
mothermic machine perfusion. These results revealed stronger antifi-
brotic effects on the mRNA expression of Acta2, Colla2, Fnl and
Serpinel when treated with galunisertib (Figure S2).

4 | DISCUSSION

Interstitial fibrosis and tubular atrophy are the main causes of long-

term graft loss and a great burden for renal transplant recipients
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(a) /lib mRNA expression

(b) Tgfb1 mRNA expression
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FIGURE 5

TGFB1

= Galunisertib TGFB1 + galunisertib

Inflammation markers after 6 h of normothermic machine perfusion (NMP) and after 48 h of incubation. As shown by (a) llib

mRNA expression, (b) Tgfb1 mRNA expression, (c) Tnfa mRNA expression, (d) l6 mRNA expression and (e) interleukin-6 (IL-6) protein levels in
perfusate. *P < 0.05 between transforming growth factor-beta 1 (TGFf1) and TGFp1 + galunisertib. Fold induction shown as 2722, Values are
expressed as the mean = SEM (n = 8 kidneys or 3 x 8 slices per group). *P < 0.05.

(Cosio et al., 2005; Dinis et al., 2014; Matas et al., 2008). There are
currently no safe and effective therapies for halting the onset of fibro-
sis in kidney allografts. We, therefore, devised a novel repurposing
strategy for galunisertib using machine perfusion. We demonstrated
that galunisertib suppresses the onset of fibrosis in kidney allografts
without compromising renal viability, functionality and injury as
assessed by oxygen consumption, tissue ATP levels, histological
structure, lipid peroxidation, urine production, proteinuria, creatinine

clearance, fractional sodium excretion, metabolic coupling, urinary N-

acetyl-p-p-glucosaminidase, lactate dehydrogenase and aspartate ami-
notransferase levels.

As galunisertib is a potent inhibitor of the TGFp1 signalling path-
way (Isaka, 2018), one of the main concerns of systemic inhibition of
TGFp signalling is the interference with beneficial biological processes,
leading to adverse effects (Huang et al., 2021). Furthermore, the
effects of TGFB1 up-regulation during renal transplantation have
shown contradictory results (Du, 2011). Although we could not mea-

sure systemic effects of galunisertib in our isolated perfusion model,
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(b) Col1a2 mRNA expression
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FIGURE 6 Galunisertib attenuates fibrogenesis during normothermic machine perfusion (NMP) and in slices. As shown by (a) Acta2 mRNA
expression, (b) Col1a2 mRNA expression, (c) Fn1 mRNA expression, (d) Serpinel mRNA expression, (e) Serpinh1 mRNA expression and (f) Picro-
Sirius red staining scored by positive pixel count and slides (scale bar = 250 um in a 12 x magpnification). *P < 0.05. Fold induction shown as
2744Ct values are expressed as the mean = SEM (n = 8 kidneys or 3 x 8 slices per group). TGFp1, transforming growth factor-beta 1.
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we did analyse the effects of galunisertib on renal function, injury and
viability, of which none were compromised. In fact, galunisertib
resulted in a higher oxygen consumption during normothermic
machine perfusion and significantly higher ATP levels after 48 h of
incubation. Elevated ATP levels have not been previously observed in
slices (Bigaeva, Gore, & Mutsaers, 2020; Bigaeva, Puerta Cavanzo,
et al., 2020; Luangmonkong et al., 2017). We speculate that these
high ATP levels are due to improved cellular respiration during normo-
thermic machine perfusion or the fact that galunisertib is a competi-
tive inhibitor for ATP-binding site of the TGFB1 (Yingling et al., 2018).
Not to forget, fibrogenesis requires an increased energy demand for
fibroblast proliferation and protein synthesis (Wang et al., 2022), a
process that is suppressed by galunisertib.

TGF-f signalling also plays an important role in suppressing an
immune reaction, and galunisertib has demonstrated to block
TGFp1-mediated reduction of naive T-cell proliferation and Treg-
mediated suppression of naive T-cells (Holmgaard et al., 2018). As the
delicate balance between immunosuppression and immunocompe-
tence plays a crucial role in renal transplant recipients, we analysed
the inflammatory effects of galunisertib on an mRNA level. As previ-
ously observed, we detected higher expression of tumour necrosis
factor-alpha (TNF-a) gene expression after treatment with galunisertib
(Hira et al., 2020). However, galunisertib combined with TGF-p treat-
ment reduced TNF-a expression. We observed significantly lower IL-6
levels after 6 h of normothermic machine perfusion on both mRNA
and protein levels, as also observed in a previous study looking into
the effects of galunisertib on acute pancreatitis (Liu et al., 2016), sug-
gesting general anti-inflammatory effects. IL-6 is a pro-inflammatory
cytokine that plays a fundamental role in immune regulation and tis-
sue homeostasis. Disruptions in IL-6 levels can contribute to the
development of acute and chronic rejection of renal allografts
(Miller & Madsen, 2021).

Our main aim was to assess the antifibrotic effects of galunisertib.
Therefore, we examined mRNA expression of fibrogenesis-related
genes, as changes in MRNA expression precede those on protein level.
Galunisertib exhibited clear attenuation of Tgfb1, Acta2, Colla2, Fn1,
Serpinel and Serpinh1, which are genes encoding for TGFp1, alpha
smooth muscle actin (a-SMA), fibronectin (Fn1), collagen alpha-2(1)
chain (Col1a2), heat shock protein 47 (HSP47) and plasminogen acti-
vator inhibitor-1 (PAI-1/SERPINE 1), after 48 h of incubation. The
effects were most profound with continued treatment in slices
(Figures S1 and S2), indicating that a longer exposure to galunisertib
increases the antifibrotic effects. During fibrogenesis, TGFp triggers a
whole cascade of processes such as a-SMA expression by activated
myofibroblasts to restore tissue integrity by producing and secreting
extracellular matrix proteins, especially collagens and fibronectins
(LeBleu et al., 2013), and secretion of the collagen chaperone HSP47
(Razzaque et al., 2005). Similar effects on gene expression of fibrosis
markers were observed in previous studies using human, porcine and
murine tissue slices (Bigaeva, Gore, & Mutsaers, 2020; Bigaeva, Puerta
Cavanzo, et al., 2020; van Leeuwen et al., 2023), although the kidneys
described in these studies were not subjected to normothermic

machine perfusion.

The galunisertib concentration used, 10 uM, is in line with other
ex vivo studies (Bigaeva, Gore, & Mutsaers, 2020; Bigaeva, Puerta
Cavanzo, et al., 2020; Luangmonkong et al., 2017). In vivo, a much
lower dosage, resulting in a C,.x of 2-6 uM, is administered to limit
systemic side effects (Rodén et al., 2015; Yingling et al., 2018). By
treating an isolated kidney, these adverse effects are circumvented
and, therefore, a higher concentration can be used, resulting in more
prominent effects. To our knowledge, galunisertib or any other antifi-
brotic molecule has never before been administered to an isolated
metabolically active kidney. The galunisertib was resuspended in
DMSO as this is the most suitable solvent. As each group contained
0.38% of DMSO, potential changes caused by DMSO should be simi-
lar in all groups (Verheijen et al., 2019).

Although this study provides valuable insights into the value of
machine perfusion for delivering drugs in a transplant setting and
thereby reducing systemic side effects, there are limitations. In this
study, for instance, we were not able to determine long-term effects
in vivo. This would be a valuable next step to determining whether the
proposed strategy reduces interstitial fibrosis and tubular atrophy.
Additionally, we did not transplant these kidneys; thus, the graft rejec-
tion rate and immunological factors could not be measured. A porcine
transplantation study would therefore be a necessary follow-up.

Nevertheless, experimental normothermic machine perfusion
models are commonly used platforms for optimizing the resuscitation
technique itself, and ex vivo renal function accurately reflects the con-
dition of the kidney (Venema et al., 2019, 2021; Weissenbacher
et al.,, 2019). In contrast to renal function, we were able to assess renal
mitochondrial activity for an additional 48 h using the well-established
technique of precision-cut kidney slices (Bigaeva, Stribos, et al., 2020;
van Furth et al,, 2022; Jensen et al., 2019; van Leeuwen et al., 2022;
Stribos et al., 2016; Tingskov et al., 2021; Vaughan et al., 2022). Kid-
neys are well-known consumers of oxygen to facilitate oxidative
phosphorylation for the active reabsorption of sodium in the tubular
cells (Balaban, 1990; Lassen et al., 1961; Singh et al., 2013). Therefore,
the renal metabolic state is a valid representation of kidney health
(Bellini et al., 2019). As the kidney proximal tubule cells are dependent
on the oxidative mitochondrial metabolism, they are particularly prone
to harmful effects of mitochondrial damage during ischaemia-
reperfusion injury (Kezic et al., 2016; Tan et al., 2013).

Furthermore, this unique ex vivo model captures the full complex-
ity of a metabolically active isolated organ, the tissue architecture and
cell-cell and cell-matrix interactions, which are vital to consider in
fibrosis research (Frangogiannis, 2016). Pretreatment with TGFp1 is
an effective method to enhance the onset of fibrosis in a relative brief
period of time. Additionally, the great advantage of using porcine kid-
neys obtained from the abattoir is that they are, genetically, physio-
logically and heterogeneity wise, similar to human kidneys (Porrett
et al., 2022), and limit the use of laboratory animals. However, inter-
species differences remain.

This technique can be used to answer all sorts of transplant-
related questions, for example to optimize normothermic machine
perfusion conditions with a more extended read-out period or to

study the complexities of brain death, ischaemia, reperfusion,
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fibrogenesis and the onset of fibrosis. Not to forget, this platform
could be implemented using human tissue for more translational
results and other organs, such as lungs, hearts and livers.

The current proof-of-concept study demonstrates the value of
repurposing potent antifibrotic drugs for treating fibrosis in a renal
transplant setting using ex vivo machine perfusion. With further
research using transplant models, discarded human kidneys and clini-
cal evaluation, we envision that small molecule drugs such as galuni-
sertib could provide the aid to renal allograft-related interstitial

fibrosis and tubular atrophy.
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