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Abstract

Proximal tubule epithelial cells (PTEC) are the most metabolically active renal segment
in solute reabsorption and drug metabolism and therefore the most vulnerable to
nephrotoxic insult. Many of drug-induced nephrotoxic effects observed in clinical trials
remain undetected in preclinical testing models. Furthermore, although the kidney can
regenerate after acute kidney injury, subclinical renal impairment sometimes persists,
which increases the risk of chronic kidney disease. In this context, differentiation models
based on stem cells offer a promising alternative to traditional in vitro systems, as they
could provide more physiologically relevant, human-specific models for drug testing and

disease modelling that align with the 3Rs (replace, reduce and refine) principles.

In this study, a one-step differentiation protocol adapted from Kandasamy et al. (2015)
was used to differentiate two human-induced pluripotent stem cell (hiPSC) lines, b4 and
UM51, into proximal tubule epithelial-like cells (PTELC). The differentiation efficiency
was confirmed by qRT-PCR, western blot, immunocytochemistry, and also by albumin
uptake assay. Dose-response experiments with well-established nephrotoxic
substances like cisplatin, cyclosporin A (CsA) and hydrogen peroxide (H202), were
performed on hiPSC, differentiating hiPSC and differentiated hiPSC. Further toxicity
studies included cisplatin-induced oxidative stress response, analyzed by qRT-PCR,

immunocytochemistry and glutathione (GSH) assay.

Differentiated b4 and UM51 cells displayed typical morphological characteristics of
PTEC, confirmed by the downregulation of stem cell markers and upregulation of PTEC-
specific markers at both mRNA and protein levels. Functionally, PTELC showed
enhanced albumin uptake capacity. Toxicity studies revealed consisting inhibitory
concentration (IC) values with existing literature, with PTELC exhibiting reduced
sensitivity to cisplatin, while CsA was similarly toxic across all cell stages of cell
differentiation. Interestingly, differentiating cells were more sensitive to H20> than stem
cells. Cisplatin had overall a more pronounced effect on cell proliferation than CsA. In
oxidative stress response to cisplatin, PTELC exhibited a dose-dependent increase in
glutathione peroxidase (GPX-1) and NADPH (quinone) dehydrogenase-1 (NQO-1) at

low doses, while the antioxidant defence was overwhelmed at higher doses.

In conclusion, our results suggest that the present hiPSC-derived PTELC model
represents a promising 3R-compatible tool for regenerative medicine and drug toxicity
studies. It could offer concrete advantages in predicting nephrotoxicity and improving

preclinical drug screening.
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Zusammenfassung

Die Epithelzellen des proximalen Tubulus (PTEC) tragen zum groften Teil zur
Ruckresorption geldster Substanzen und zum Fremdstoffmetabolismus bei, was sie
besonders anfallig fir nephrotoxische Substanzen macht. Die meisten
arzneimittelinduzierten nephrotoxischen Effekte, die in klinischen Studien beobachtet
werden, bleiben in praklinischen Tests unentdeckt. Darlber hinaus kann trotz der
Fahigkeit der Niere, sich nach einer akuten Nierenschadigung zu regenerieren, eine
subklinische Nierenfunktionsstérung bestehen bleiben, die das Risiko einer chronischen
Nierenerkrankung erhoht. In diesem Zusammenhang bieten stammzellbasierte
Differenzierungsmodelle eine vielversprechende Alternative zu herkdmmlichen in vitro-
Systemen, da sie physiologisch relevantere, humanspezifische Modelle fir
Arzneimitteln-Tests und die Modellierung von Krankheiten bieten, die den 3R-Prinzipien

(replace (ersetzen), reduce (reduzieren) und refine (verbessern)) entsprechen.

In dieser Studie wurde ein Differenzierungsprotokoll nach Kandasamy etal. (2015)
verwendet, um zwei humane-induziert-pluripotente Stammzellen (hiPSC), b4 und UM51,
in proximale tubulare Epithel-dhnliche Zellen (PTELC) zu differenzieren. Die Effizienz
der Differenzierung wurde durch gqRT-PCR, Western Blot, Immunzytochemie und einen
Albumin-Aufnahmetest untersucht. Dosis-Wirkungs-Experimente mit bekannten
Nephrotoxinen wie Cisplatin, Cyclosporin A (CsA) und Wasserstoffperoxid (H20-)
wurden mit hiPSC, differenzierenden hiPSC und differenzierten hiPSC durchgefuhrt.
Weitere Toxizitatsstudien umfassten die Cisplatin-induzierte oxidative Stressreaktion,

die mittels qRT-PCR, Immunzytochemie und Glutathion (GSH)-Test analysiert wurde.

Differenzierte b4- und UM51-Zellen wiesen typische morphologische Merkmale von
PTEC auf, was durch das Herunterregulieren von Stammzellmarkern und das
Hochregulieren von PTEC-spezifischen Markern sowohl auf mRNA- als auch auf
Proteinebene bestatigt wurde. Funktionell zeigten PTELC eine erhdhte Albumin-
Transportkapazitat. Toxizitdtsuntersuchungen zeigten, dass die inhibitorischen
Konzentrationen (IC) mit der Literatur Ubereinstimmten, wobei PTELC weniger
empfindlich auf Cisplatin reagierten, wahrend CsA in allen Differenzierungsstadien
gleich toxisch war. Interessanterweise reagierten differenzierende Zellen empfindlicher
auf Wasserstoffperoxid als Stammzellen. Cisplatin hatte insgesamt einen starkeren
Effekt auf die Zellproliferation als CsA. Bei der Reaktion auf oxidativen Stress durch
Cisplatin zeigte PTELC einen dosisabhangigen Anstieg von Glutathion-Peroxidase
(GPX-1) und NADPH-(Chinon-Dehydrogenase-1 (NQO-1) bei niedrigen Dosen,

wahrend die antioxidative Abwehr mit hoheren Dosen Uberfordert wurde.
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Unsere Ergebnisse deuten darauf hin, dass das vorliegende hiPSC-abgeleitete PTELC-
Modell ein vielversprechendes 3R-kompatibles Werkzeug fiir die regenerative Medizin
und Arzneimitteltoxizitatsstudien darstellt, das potenziell Vorteile bei der Vorhersage von

Nephrotoxizitat und der Verbesserung des praklinischen Wirkstoffscreenings bietet.
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1 Introduction
1.1 Anatomy and physiology of the kidneys

The kidneys are paired, bean-shaped organs located in the retroperitoneal cavity on
each side of the spine. In sagittal section, each kidney is divided into cortex (outer region)
and medulla (inner region). The innermost portion of the medulla (papilla) drains into the
ureter through the minor and major calyces. The functional unit of the kidney is the
nephron, with approximately 1 million nephrons present in each kidney. Each nephron
consists of a glomerulus and a tubular system. The glomerulus is a specialized capillary
network situated between the afferent and efferent arterioles. It is enclosed by Bowman’s
capsule, which is continuous with the renal tubule. The tubular system is composed of
functionally distinct segments: the proximal tubule, the loop of Henle, the distal tubule,

and the collecting ducts as illustrated in Figure 1.1 [1].

Proximal
Tuh/ulus

Pelvis

\
+  Ureter
Glomerulus v

Bowman's _\-
capsule

Nephron

Figure 1.1: Kidney structure. In sagittal view, the kidney consists of the cortex and the medulla,
which drains into the ureter. Each nephron comprises a glomerulus and a tubular system. The
glomerulus is a capillary network located between the afferent and efferent arterioles and
surrounded by Bowman’s capsule, which is directly connected to the tubular system. The tubular
system consists of several specialized segments: the proximal tubule, the loop of Henle, the distal
tubule and the collecting ducts. Adapted from Costanzo Physiology 7™ Edition and Human
Anatomy & Physiology 12" Edition [1,2]. Figure made with BioRender.

The kidneys are essential for preserving several bodily functions. As excretory organs,
they eliminate harmful substances from the body via the urine. As regulatory organs,

they play a key role in maintaining homeostasis by adjusting the body’s fluid balance,
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including its composition, volume and pressure. As endocrine organs, the kidneys
release three important hormones: erythropoietin, renin and the active form of vitamin D

(calcitriol or 1,25-dihydroxycholecalciferol) [1].

The kidneys receive approximately 25 % of cardiac output, amounting to 1.25 L/min or
about 1800 L/day, in an average individual with a cardiac output of 5 L/min. Blood
entering the kidneys undergoes glomerular filtration in Bowman’s capsule to produce
approximately 170 L primary urine or ultrafiltrate per day, which contains only small
solutes without larger molecules like proteins and blood cells. Fortunately, the large
volume of filtrate generated is not lost as urine, epithelial cells along the renal tubules
rescue the majority of the water and solutes and reabsorb them to the circulation via the
peritubular capillaries. Simultaneously, renal tubular cells are involved in tubular
secretion by removing waste products from the circulation and actively transporting them
into the tubular lumen for excretion in the urine [1,2]. The transport in proximal tubules is

further discussed in the next chapter.

1.2 Proximal tubule transport

The proximal tubule epithelial cells (PTEC) are essential for solutes reabsorption. They
are responsible for the uptake of all filtered glucose and amino acids together with
approximately 65 % of sodium and water from the ultrafiltrate [1,2]. To achieve this high
level of activity, PTEC express specialized transporters like aquaporin-1 (AQP-1) for
water transport [3] and GLUT-5 (glucose transporter-5) for facilitated fructose uptake [4].
In order to optimize the transport of peptides and glucose from the ultrafiltrate to the
blood, they are reabsorbed in a sequential manner along the proximal tubule. In the early
proximal tubule, low-affinity, high-capacity transporters like peptide transporter-1 (PEPT-
1) and sodium-glucose cotransporter-2 (SGLT-2) are predominant, while the late
proximal tubule is characterized by high-affinity, low-capacity transporters like PEPT-2
and SGLT-1[5,6]. The clinical relevance of SGLT-2 is increasing in recent years, as
SGLT-2 inhibitors display renoprotective and cardioprotective effects in diabetic patients
with chronic kidney disease (CKD) [7,8].

Albumin is the most abundant protein in the bloodstream. It is essential for preserving
colloid osmotic pressure, buffering pH and transporting both endogenous and
exogenous substances. During glomerular filtration, potentially toxic albumin altered by
oxidation or glycation or ligands in the serum, is eliminated, whereas physiologically
functional albumin is reabsorbed through the megalin-cubilin (MEG-CUBN) endocytosis

complex [9,10]. This complex is crucial in vitamin, drug and protein uptake and forms a
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multiligand endocytic receptor complex located at the apical brush border [9,11]. Albumin
reabsorption through these receptors is essential to prevent albuminuria and its related
complications like malnutrition, vitamin B12 and folic acid deficiencies and

cardiovascular disorders [9,10].

Many transporters in PTEC also play essential roles in drug metabolism. For example,
the organic cation transporters (OCTs) are in charge of the uptake of a significant number
of prescribed drugs, as approximately 40 % of them are organic cations. OCT-2 in
particular is the most important transporter for the reabsorption of the chemotherapeutic
drug cisplatin [12,13]. Therefore, OCT-2 could be an interesting therapeutic target to
reduce the nephrotoxic side effects of cisplatin [13]. In addition, alternative cisplatin
transport mechanisms have been identified via organic anion transporters (OAT-1 and
OAT-3) [14], which are the most abundant anion transporters in the human kidney,
involved in the secretion of antibiotics and antineoplastic agents [15]. The OATs
represent also a potential therapeutic target to mitigate cisplatin nephrotoxicity,
specifically through a tyrosine kinase inhibitor (nilotinib), that reduces OATs-induced

nephrotoxicity without altering cisplatin anticancer activity [14].

The involvement of ion transporters in drug uptake from the circulation to the lumen can
lead to high intracellular drug accumulation, potentially causing tubular toxicity. To
regulate intracellular drug concentrations and prevent toxic effects, efflux transporters,
like multidrug resistance protein also known as permeability glycoprotein (MDR-1/P-GP)
and multidrug resistance-associated proteins (MRP), actively extrude drugs into the
urine. This complex balance between drug uptake and efflux is crucial for maintaining
appropriate urinary drug excretion [16,17]. Both MDR and MRP belong to the ATP-
binding cassette (ABC) multidrug transporter superfamily. MDR-1 in particular is one of
the most studied and demanded exporters in iPSC-derived toxicity testing models due
to its polyspecific activity in extruding chemotherapeutic agents, immunosuppressants,
and R-lactam antibiotics [18,19]. However, efflux proteins play a central role in drug
resistance, particularly in cancer treatment, as multidrug resistance proteins are the most
common cause of treatment failure in cancer patients [16,17]. Figure 1.2 provides an

overview of all the mentioned transporters.

In summary, the fine-tuning of reabsorption and secretion in PTEC and other parts of the
renal tubule, enables the kidneys to efficiently concentrate or dilute the urine, in order to
preserve fluid-balance homeostasis. However, this high metabolic activity of PTEC
increases their vulnerability to oxidative stress, with the underlying mechanisms and

cellular defense strategies discussed in the following chapter.
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Glucose  AA H:0 lons/drugs Fructose  Albumin/drugs lons/drugs
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\
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Figure 1.2: Reabsorption and secretion in PTEC. PTEC cells exhibit cellular polarity, with ZO-
1 and E-CAD delimiting the lumen from interstitial space. Glucose and fructose are reabsorbed
from the tubular lumen through SGLT-1/2 and GLUT-5 respectively. Amino acids and water are
transported across the membrane through PEPT-1/2 and AQP-1 channels respectively. The
endocytosis complex MEG-CUBN mediates the uptake of albumin and various pharmaceutical
compounds. Numerous ions and drugs are absorbed from the circulation via OAT-1/3 and OCT-
2, before being secreted into the lumen via MDR-1 and MRP-1 [3-6,9,13,14,16,17]. AA = amino
acids, AQP-1 = aquaporin 1, CUBN = cubilin, E-CAD = epithelial cadherin, GLUT-5 = fructose
transporter, MDR-1 = multidrug resistance protein 1, MEG = megalin, MRP-1 = multidrug
resistance-associated protein 1, OAT-1/3 = organic anion transporter 1/3, OCT-2 = organic cation
transporter 2, PEPT-1/2 = peptide transporter 1/2, PTEC = proximal tubule epithelial cells, SGLT-
1/2 = sodium/glucose cotransporter 1/2, ZO-1 = zonula occludens 1. Adapted from Costanzo
Physiology 7" Edition and Human Anatomy & Physiology 12" Edition [1,2]. Figure made with
BioRender.

1.3 Oxidative stress and antioxidant defense mechanisms

Oxidative stress or distress describes an imbalance between the production of reactive
oxygen species (ROS) and the cell’'s capacity to neutralize their potentially harmful
effects [20]. ROS include free radicals (containing a free electron) like hydroxyl radical
(OH") and superoxide anion (O2’), as well as non-radical species like hydrogen peroxide
(H202) [21]. In physiological state or oxidative eustress, ROS are natural byproducts of
cellular metabolism. They act as second messengers and signal transducers that control
intracellular redox signaling through post-translational modifications of thiol-containing
proteins, which regulate cell proliferation and immune response. However, in oxidative
distress, excessive ROS formation can cause protein, lipid and DNA denaturation, and
ultimately cell death [20,22].
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ROS are formed following the reduction of oxygen molecules after binding with free
electrons. They originate from both exogenous and endogenous sources. Exogenous
sources include environmental factors like ionizing radiations, ultraviolet light and
chemical agents. Endogenous sources involve cellular processes, including reactions in
cytoplasm, mitochondria, endoplasmic reticulum (ER) and peroxisomes [21]. To
illustrate, electrons bind to O, forming O in the respiratory chain of the mitochondria.
Due to its short half-life, O, mainly exerts local effects, before being converted by
superoxide dismutase (SOD) to a more stable and freely diffusible H2O;. H,O, can
produce highly reactive hydroxyl radicals through Fenton reaction [21,23,24]. The
damaging effects of oxidative stress are linked with a large spectrum of diseases like
renal, neurodegenerative (Alzheimer's and Parkinson’s) and cardiovascular
diseases [25-28].

In order to maintain the redox balance, cells rely on a robust antioxidant defense system
composed of enzymatic and non-enzymatic antioxidants. Non-enzymatic antioxidants
include glutathione (GSH), thioredoxin (TRX), ascorbic acid (vitamin C) and a-tocopherol
(Vitamin E). The enzymatic oxidants include catalase (CAT), SOD, NADPH
dehydrogenase (quinone)-1 (NQO-1), heme oxygenase (HO-1), glutathione peroxidase
(GPX), glutathione reductase (GSR), glutamate-cysteine ligase (GCL) and thioredoxin
reductase (TRXR) [21].

The GSH-dependent system represents a key antioxidant pathway. Glutamate, cysteine
and glycine are three amino acids that form together the tripeptide GSH, which plays a
critical role in detoxifying ROS. After SOD converts O, to H,0O,, the latter is reduced to
water by either CAT or GPX along with the oxidation of a GSH molecule in the case of
GPX. Alternatively, GSH can be non-enzymatically oxidized after a direct interaction with
ROS, which makes GSH a sensitive indicator of oxidative stress. Two oxidized GSH
molecules can form glutathione-disulfide (GSSG). GSSG can then be reduced back to

GSH by GSR, ensuring antioxidant regeneration [23,29].

The nuclear factor erythroid 2-related factor 2 (NRF-2) is the master regulator of
antioxidant response. It is a ubiquitous transcription factor that controls redox
homeostasis under both eustress and distress conditions. Under physiological
conditions, NRF-2 is bound to Kelch-like ECH-associated protein 1 (KEAP-1) in the
cytoplasm, which facilitates its degradation via the proteasome. Under oxidative stress,
KEAP-1 undergoes conformational changes due to thiol modifications, releasing NRF-2
which translocates into the nucleus to induce expression of its target genes [20,30].

Additionally, oxidative stress activates phosphokinase C, which phosphorylates NRF-2
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at Serine 40 (forming pNRF-2), stabilizing and promoting its nuclear translocation. In
contrast, phosphorylation by glycogen synthase kinase-3p (GSK-38) or Fyn kinase leads
to NRF-2 transport outside the nucleus for degradation, as illustrated in Figure
1.3 [30,31]. Recent studies suggest that the export of phosphorylated NRF-2 from the
nucleus to the cytoplasm may also play a reactivation function, emphasizing the
importance of continuous translocational oscillations of NRF-2 between the cytoplasm

and nucleus in maintaining oxidative stress surveillance [32].

3 =

;&'“ / KEAP-1 ) —
' Proteasome \ :’,,__,.f ;l
degradation [ NRF-2 /
o GSH
{ NRF-Z":’ o sSoD GSH/GPX-1 GSR

N (wee2) ® ® &
| @ " 0? H,0, » H,0 + GSSG
> cm‘ l

N - H,0 + 0,
( NR -2/1"' 1

FYN/GSK3R

Antioxidant
enzyme NQO-17
¥ expression GPX-1
@ GCLC

Vi
/NRF-2 ] s HO-1
| =< GSR

Figure 1.3: Antioxidative stress defense mechanisms. Under eustress conditions, NRF-2 is
bound to KEAP-1 in the cytoplasm, which promotes its degradation via the proteasome. Under
oxidative stress conditions, KEAP-1 releases NRF-2 which is phosphorylated by PKC at Serine
40, stabilizing and promoting its nuclear translocation. In the nucleus, pNRF-2 binds to the ARE
and activates the transcription of several antioxidant genes. Among them SOD converts Oz to
H202, which is then either degraded to water by CAT or reduced to water by GPX, together with
the oxidation of 2 GSH molecules to form GSSG. The GSSG can ultimately be reduced back to
GSH by GSR. Following its nuclear activation, NRF-2 is phosphorylated by GSK-3 or Fyn kinase
to enable its transport outside the nucleus for degradation in the proteasome [23,31,33].
ARE = antioxidative response element, CAT = catalase, GCLC = glutamate-cysteine ligase
catalytic subunit, GPX-1 = glutathione peroxidase 1, GSH = glutathione, GSK-33 = glycogen
synthase kinase 3f3, GSR = glutathione reductase, HO-1 = heme oxygenase 1, KEAP-1 = Kelch-
like ECH-associated protein 1, NQO-1 = NADPH dehydrogenase (quinone)-1, NRF-2 = nuclear
factor erythroid 2-related factor 2, PKC = phosphokinase C, ROS = reactive oxygen species,
SOD = superoxide dismutase. Adapted from Brieger et al. and Kaspar et al., [23,31]. Figure made
with BioRender.

Once inside the nucleus, activated NRF-2 binds to the antioxidative response element

(ARE) to activate the transcription of several antioxidant genes, including those involved
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in the TRX pathway and GSH system (GSR, GSH-synthesizing GCL subunits GCLC
(catalytic subunit) and GCLM (regulatory subunit)) [34]. NRF-2 also upregulates key
ROS-detoxifying enzymes, such as SOD, NQO-1 and HO-1 [33,35].

To investigate the antioxidative defense mechanisms mentioned above, a hiPSC-based

model was used in this work, as detailed in the following section.

1.4 Generation of human-induced pluripotent stem cells

Stem cells are defined by two important features: self-renewal and differentiation. They
have the ability to multiply without undergoing senescence and to preserve the potential
to differentiate into several specialized cell types [36]. Stem cell potency depends mainly
on the stage of embryonic development. Following the fertilization of the egg, cells
emerging from the first few divisions are totipotent and therefore able to produce all cell
types of a developing organism, including both embryonic and extraembryonic (placenta)
tissues. In contrast, pluripotent stem cells which originate either from the inner cell mass
of the blastocyst or from primordial germ cells, can only produce cells of the embryo itself
and cannot form extraembryonic tissues. Nevertheless, they retain the potential to
differentiate into any cell type within the body. Stem cells cultured from these structures

are called embryonic stem cells (ESC) and embryonic germ cells, respectively [37].

Due to the ethical considerations regarding the use of ESC in research, S. Yamanaka’s
groundbreaking discovery marked a turning point in the field. He was awarded a Nobel
Prize for his studies on reprograming adult cells into embryonic-like cells, called human-
induced pluripotent stem cells (hiPSC). This process relies on the ectopic expression of
four key transcription factors OCT-3/4, SOX-2, KLF-4 and ¢c-MYC, introduced into human
fibroblasts by viral transduction. The expression of these transcription factors, also
known as Yamanaka factors, reverts differentiated cells back into highly immature cells
similar to ESC [38]. The classical markers of pluripotency now include OCT-3/4, NANOG
and SOX-2, which are important regulators of stem cell identity and are suppressed upon
cell differentiation [39]. The hiPSC-based models hold a great potential in the research

field as outlined in the following section.

1.5 hiPSC-based modeling

Drug-induced nephrotoxicity is responsible for about 20 % of acute kidney injury (AKI)
cases. The latter are usually diagnosed by elevated blood levels of urea and creatinine.
The most frequent form of intrarenal AKI is acute tubular necrosis, since the proximal

tubule is the most vulnerable segment given its high metabolic activity. This highlights
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the need for more efficient drug screening models, as the majority of the nephrotoxic

effects observed during clinical trials remain undetected in preclinical testing [40].

Traditional in vitro drug screening methods rely on either animal models, human proximal
tubule epithelial cells (hPTEC), orimmortalized cell lines. Despite being very informative,
animal models raise ethical concerns and often lack translational capacity due to
interspecies differences. Indeed, human and animal physiologies can differ significantly.
For instance, the anticoagulant warfarin and the anti-inflammatory drug ibuprofen are
both widely used in humans but were shown to be toxic to rats [41]. Freshly isolated
hPTEC could be more predictive of human responses as they retain in vivo phenotypes;
however, they often undergo dedifferentiation and phenotype loss after few passages
and lose their physiological relevance. For example, hPTEC failed to detect the
nephrotoxic effects of the antiviral drug tenofovir, likely due to the lack of expression of
OAT-1 [42].

In order to overcome the limitations of primary cell cultures, immortalized cells like human
kidney cells (HK-2), renal proximal tubule epithelial cells immortalized by human
telomerase reverse transcriptase (RPTEC/TERT1), and conditionally immortalized
human cells (ciPTEC-hTERT) have been developed. However, immortalized cells
frequently undergo alterations in function and morphology and often suffer from
chromosomal instability in comparison to hPTEC. They tend to dedifferentiate and
acquire non-tubule characteristics. Additionally, compared to hPTEC, they express
elevated basal levels of injury markers, which further limits their suitability for predictive

nephrotoxicity testing [40,42—44].

In contrast, hiPSC can be derived from easily accessible cell types (like skin fibroblasts),
and cultured for extended passages. This provides an unlimited source of cells that are
capable of differentiating into any cell type. The hiPSC offer new opportunities in
regenerative medicine, as patient-derived hiPSC could be differentiated into mature cells
and reintroduced into the same patient. These “patient-specific’ cells address both
ethical concerns and the risk ofimmune rejection associated with ESC. Moreover, guided
hiPSC differentiation protocols that mimic developmental processes generate tissue
architecture and function that replicate in vivo organs. These hiPSC-derived tissues or
organoids could help overcome interspecies differences observed in animal models and
reduce costs in preclinical and clinical phases of drug development by excluding the
harmful compounds and establishing more accurate toxicity end points. Importantly,
hiPSC-based models align with the 3Rs (replace, reduce and refine) principles of animal

testing and meet societal demands of reducing animal usage in research [42].
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1.6 Nephrotoxic substances

1.6.1 Cisplatin

Cisplatin is a potent platinum-based chemotherapeutic agent, widely used in the
treatment of a broad spectrum of malignancies. Its anticancer activity is due to its
property to bind to DNA and to form intra and interstrand cross links, particularly in rapidly
dividing cells, like tumors. The resulting DNA damage leads to cell cycle arrest and
apoptosis, which makes cisplatin a cornerstone in standard antineoplastic regiments in
many cancers including those of the head, neck, lung, testis, ovary and breast [45,46].
However, its clinical use is limited by its significant nephrotoxic effects, with up to 20 %
of acute renal failure cases in hospitalized patients are due to cisplatin therapy [47].
Nephrotoxicity primarily occurs due to increased uptake and activation of cisplatin within
the PTEC [46].

Cisplatin is predominantly cleared from the body via the kidneys through glomerular
filtration and tubular secretion [46]. In the first 24 h after cisplatin administration, over
50 % of the drug is eliminated in the urine, therefore cisplatin concentrations in the renal
cortex reach several times higher levels than those in the plasma [48]. The drug
accumulates particularly in PTEC because of the presence of different transport proteins,
like OCT-2, OAT-1 and OAT-3 [14,18]. In addition, copper transporters-1/2 (CTR-1 and
CTR-2), which are involved in cellular copper homeostasis, have been shown to

influence the cellular sensitivity to cisplatin [13,49,50].

Once in the bloodstream, cisplatin undergoes initial biotransformation, then it is
metabolized by brush border enzymes into cysteine conjugates in the tubular lumen
before the internalization into PTEC [46]. Intracellularly, platinum-cysteine conjugates
are converted into reactive thiols that bind to cytosolic proteins and DNA, and cause the
death of the cells [51].

Despite the non-proliferative nature of the PTEC in vivo, cisplatin is a potent nephrotoxin
with nephrotoxic side effects observed in 25-30% of treated patients [52,53]. Factors that
contribute to this toxicity include enhanced cisplatin uptake in PTEC by different
transporters, cisplatin-induced reduction in sodium-dependent glucose and amino acid
transporters [54] and the metabolism of cisplatin to glutathione and cysteinyl-glycine
conjugates [55]. In fact, mitochondrial DNA (mtDNA) is also very sensitive to cisplatin
because of the relatively limited DNA repair mechanisms in mitochondria [56]. The role
of mitochondrial injury in cisplatin toxicity has been documented in several works. For

example, cisplatin cytotoxic effects were observed in enucleated cells and are reduced
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in cells depleted from their mtDNA (rhoO cells) [57,58]. Mitochondrial damage induces
an increase in ROS production and tubular apoptosis, which represent key pathological
features of AKI and CKD [51]. This evidence indicates that cisplatin’s toxicity extends
beyond nuclear DNA damage and includes other mechanisms, like oxidative stress
triggered by ER stress and mtDNA damage, particularly due to the high mitochondrial
density in PTEC [57,59,60]. Figure 1.4 provides a summary of cisplatin uptake and
toxicity in PTEC.
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CTR-1 / @ Direct 2 MRP
0AT-1/3 g diffusion
T | I.., ..;
| IV
LN I
(L)
@
AR RS
DNA intra & inter- Mitochondrial ER

strands cross links DNA damage stress

Histone damage \ 1
\ ’1#
@G

Apoptosis

Figure 1.4: Cisplatin uptake and toxicity in PTEC. Cisplatin accumulates inside PTEC via OCT-
2, OAT-1/3 and CTR-1 [14,46]. Inside the cell, cisplatin induces nuclear and mitochondrial DNA
damage. It also triggers oxidative stress and ROS production via ER stress and mitochondrial
dysfunction and ultimately leads to apoptosis [56,57]. To mitigate cisplatin accumulation, PTEC
used efflux proteins like MRP and MDR-1 to facilitate its urinary excretion [16,18]. CTR-1 = copper
transporter 1, ER = endoplasmic reticulum, MDR-1 = multidrug resistance protein 1, MRP =
multidrug resistance-associated proteins, OAT-1/3 = organic anion transporter 1/3, OCT-2 =
organic cation transporter 2, PTEC = proximal tubule epithelial cells, ROS = reactive oxygen
species. Adapted from Miller et al., [46]. Figure made with BioRender.

1.6.2 Cyclosporin A

Cyclosporin A (CsA) is an immunosuppressive agent from the calcineurin inhibitor family,
commonly used to prevent immune-mediated transplant rejection and reduce relapse
rates in auto-immune diseases. Its immunosuppressive action occurs after entering T-
helper lymphocytes via passive diffusion, where it binds to cyclophilin to form a complex
that inhibits the phosphatase activity of calcineurin. This inhibition impairs
dephosphorylation and nuclear translocation of nuclear factor of activated T-cells

(NFAT), so that transcription of key cytokines like interleukin-2 (IL-2) is prevented, and
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therefore the activation and proliferation of T-cells is suppressed [61-63]. Although these
effects are therapeutically beneficial, CsA treatment is often followed by severe acute

and chronic nephrotoxic side effects [64].

CsAis a lipophilic compound, absorbed in the gastrointestinal tract through bile salts and
transported in plasma by binding to lipoproteins. After entering the bloodstream, CsA
undergoes broad tissue diffusion and accumulates in many organs like the liver, bone
marrow, lymph nodes and kidneys. CsA is metabolized primarily in the liver and excreted
via the biliary route [65]. In renal tubule cells, MDR-1 is the principal mechanism for CsA
excretion. The interindividual variability in its expression and function may influence the

susceptibility to CsA nephrotoxicity [61].

The nephrotoxic effects of CsA on tubule epithelial cells are primarily mediated by the
induction of apoptosis, through oxidative stress following mitochondrial damage and ER
stress [66,67]. ER stress plays a critical role in the development of parenchymal fibrosis
by stimulating the production of transforming growth factor-beta (TGF-B) [68—70]. TGF-
B overproduction and cellular immunosuppression were also associated with
carcinogenic effects of CsA [71,72]. Additionally, endothelial dysregulation contributes to
CsA-induced fibrogenesis. By disturbing the balance between vasoconstrictors (like
endothelin, thromboxane and angiotensin Il) and vasodilators (like prostaglandins and
nitric oxide), CsA induces vasoconstriction of both afferent and efferent glomerular
arterioles. This vasoconstriction leads to tubular hypoperfusion, ischemia and interstitial
fibrosis and is often associated with systemic hypertension [61,62]. In Figure 1.5 the

mechanisms of action of CsA and its PTEC toxicity are illustrated.
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Figure 1.5: Mechanism of action and toxicity of cyclosporin A in PTEC. CsA enters cells via
passive diffusion. Upon entry within T helper cells (A), CsA binds to cyclophilin and inhibits the
phosphatase activity of calcineurin. NFAT dephosphorylation and nuclear translocation is
inhibited, preventing the transcription of IL-2 and impairing T cell activation and proliferation [61].
(B) In PTEC, CsA accumulation induces oxidative stress due to mitochondrial damage and ER
stress and ultimately leads to apoptosis. CsA contributes to renal parenchymal fibrosis through
TGF-B overproduction [66,68,69]. CsA also induces endothelial dysregulation through
vasoconstriction of both afferent and efferent glomerular arterioles, resulting in tubular
hypoperfusion, ischemia and interstitial fibrosis. To mitigate CsA accumulation, PTEC use efflux
proteins like MDR-1 and MRP to facilitate its excretion into the urine [17,61]. CsA = cyclosporin
A, ER = endoplasmic reticulum, MDR-1 = multidrug resistance protein 1, MRP = multidrug
resistance-associated proteins, NFAT = nuclear factor of activated T cells, PTEC = proximal
tubule epithelial cells, ROS = reactive oxygen species, TGF-f= transforming growth factor-f3.
Adapted from Wu et al. [64]. Figure made with BioRender.

1.6.3 Hydrogen peroxide (H20.)

H20- is a natural byproduct of oxygen metabolism in aerobic cells and is categorized as
ROS. It is a small, neutral molecule that can diffuse freely through cell membranes,
although specific aquaporins, known as peroxiporins, have been shown to facilitate its
translocation across membranes. The primary intracellular sources of H,>O; include the
mitochondrial respiratory chain, the ER, the peroxisomes and the enzymatic activity of
NADPH oxidase [24,73].

At physiological levels or oxidative eustress, H-O» acts as a redox signaling molecule
that modulates redox-sensitive phosphatases and the activity of different transcription
factors. This redox signaling affects important cellular processes like morphology,

proliferation and recruitment of immune cells [22,73]. To maintain the oxidative eustress
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balance, H20; is rapidly reduced to water by enzymatic systems like CAT and GPX,
along with the activation of the master switch NRF-2 system, as illustrated in Figure
1.3 [24,74].

However, when the antioxidant defense mechanisms are overwhelmed, H-O: induces
oxidative stress or distress by generating highly reactive hydroxyl radicals. These
radicals induce the oxidation of lipids, proteins and DNA and lead to growth arrest and
cell death as illustrated in Figure 1.6 [24,73,74]. Indeed, due to its potent oxidative

properties, H>O- is also used at higher concentrations as an antiseptic [75].
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Figure 1.6: Endogenous sources of H202 and its toxicity. H2O2 enters cells via peroxiporins
or diffuses freely through cell membranes. The primary intracellular sources of H20: include the
mitochondrial respiratory chain, the ER, the peroxisomes and the enzymatic activity of NADPH
oxidase. At physiological levels or oxidative eustress, H202 acts as a redox signaling molecule
and modulates redox-sensitive phosphatases and the activity of various transcription factors.
Under oxidative distress, H202 generates highly reactive hydroxyl radicals and induces lipid,
protein and DNA oxidation which could lead to cell death [24,73]. ER = endoplasmic reticulum,
H202 = hydrogen peroxide. Adapted from Sies et al. [24]. Figure made with BioRender.
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2 Objective

Drug-induced nephrotoxicity is a major challenge for both researchers and clinicians.
From a research perspective, significant efforts are dedicated to developing preclinical
models capable of detecting renal adverse effects at an early stage. From a clinician
perspective, physicians still face challenges with drug-induced AKI and the silent
progression and chronification of acute lesions, despite normal levels of traditional injury
markers. Therefore, in order to gain more knowledge about these challenges, a hiPSC-
based model was used in this work, with a special focus on the proximal tubule, as it is

the most frequently involved segment in intrinsic renal failure [40].

The aim of this thesis was to generate hiPSC-derived proximal tubular epithelial-like cells
(PTELC) and study the effects of toxins at different stages of differentiation. To achieve
this, a one-step differentiation protocol adapted from Kandasamy et al. (2015) was used
to differentiate two hiPSC lines (b4 and UM51) into PTELC [76]. The differentiation
outcomes were compared with RPTEC/TERT1 and PTELC generated from another

hiPSC line (F4) of our research group, as well as data from the literature [77].

The differentiation efficiency was evaluated through the analysis of proliferation rate
changes and the expression of specific PTEC markers and transporters through
quantitative reverse ftranscription polymerase chain reaction (gqRT-PCR),
immunostaining and Western blot. The functionality of the PTELC was confirmed by
albumin uptake assay. Dose-response experiments were conducted after treatment with
known nephrotoxins at different stages of differentiation: hiPSC, differentiating hiPSC
and differentiated hiPSC. The drugs used included cisplatin (a genotoxic nephrotoxin),
CsA (a non-genotoxic nephrotoxin) and H»0O, (an oxidative stress inducer).
Subsequently, the effects of these toxins on proliferation rates were assessed at different
stages of differentiation, and oxidative stress responses following cisplatin treatment

were investigated via gqRT-PCR, immunostaining and GSH assay.

This work was designed to contribute to the global efforts of the scientific community in
advancing the understanding of human pathophysiology, in order to promote safer drugs

within the framework of the 3Rs principles.
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3 Materials and methods

3.1 Materials

3.1.1 Cell lines and cell culture media

In this study, two different hiPSC lines were used. The first, referred to as b4-hiPSC, was
isolated from human neonatal foreskin fibroblasts through retroviral transfection, after
inducing the expression of a set of four defined transcription factors: OCT-3/4, SOX-2,
KLF-4, and ¢c-MYC [78]. The second hiPSC line was obtained from reprogrammed renal
progenitor cells derived from the urine of a 51-year-old African male (UM51).
Reprogramming was achieved by nucleofection of a combination of two episomal-based
plasmids, expressing OCT-3/4, SOX-2, NANOG, LIN-28, c-MYC and KLF-4 transcription
factors. The generated hiPSC line will further be referred to as UM51 [79].

Both hiPSC lines were generously provided by Prof. James Adjaye from the Institute of
Stem Cell Research and Regenerative Medicine (ISRM) at Disseldorf university
hospital, Germany. During the experiments, both stem cell lines were handled under the
same conditions. Two culture wells were coated with a soluble form of basement
membrane matrix (Geltrex) and the stem cells were cultured in StemMACS TM iPS-
Brew XF. The differentiation protocol was performed utilizing renal epithelial growth

medium (REGM) supplemented by several growth factors and additives.

Detailed information regarding the media and supplements used in the experiments are

summarized in Table 3.1.

Table 3.1: Cell culture media and supplements.

Name Company Catalogue number

BMP (Bone Sigma-Aldrich (St.Louis, B1814
Morphogenetic Protein) -2 | MO, USA)

BMP-7 Thermo Fisher Scientific PHC7204
(Waltham, MA, USA)

DPBS -/- no calcium, no Gibco™ Thermo Fisher 12559069
magnesium Scientific (Waltham, MA,
USA)

Dulbecco’s Modified Eagle | Sigma-Aldrich (St. Louis, D0822
Medium (DMEM) - high MO, USA)
glucose
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ROCK - Inhibitor

MO, USA)

Geltrex™ Reduced Gibco™ Thermo Fisher A1413202

Growth Factor Basement Scientific (Waltham, MA,

Membrane Matrix USA)

Renal Epithelial Cell Lonza (Basel, CC-3190

Growth Medium (REGM) Switzerland)

Bulletkit

StemMACS™ Cryo-Brew | Miltenyi Biotec (Bergisch 130-109-558
Gladbach, Germany)

StemMACS™ iPS-Brew Miltenyi Biotec (Bergisch 130-104-368

XF Gladbach, Germany)

StemPro Accutase Cell Thermo Fisher Scientific A11105-01

Dissociation Reagent (Waltham, MA, USA)

Y-27632 dihydrochloride Sigma-Aldrich (St. Louis, Y0503

3.1.2 Kits

Table 3.2: Listing of kits and assays used.

Name Company Catalogue number

EdU-Click-488 Baseclick GmbH BCK-EdU488
(Tutzingen, Germany)

DC™ Protein Assay Kit Il Bio-Rad Laboratories 5000112
(Hercules, CA, USA)

GSH/GSSG Ratio Abcam (Cambridge, UK) ab205811

Detection Assay Kit Il

High-Capacity cDNA Thermo Fisher Scientific 4368814

Reverse Transcription Kit | (Waltham, CA, USA)

RiboLock Rnase Inhibitor | Thermo Fisher Scientific EO0382

40U/ul (Waltham, CA, USA)

RNase free DNase Set Qiagen (Venlo, 79254
Netherlands)

RNeasy Mini Kit Qiagen (Venlo, 74106
Netherlands)

SensiMix SYBR® Hi-ROX | Bioline GmbH QT605-05

(Luckenwalde, Germany)
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3.1.3 Chemicals

Table 3.3: Listing of chemicals.

Name

Company

Albumin-Fluorescein-
Isothiocyanat-Conjugate

Sigma-Aldrich (St. Louis, MO, USA)

B-Mercaptoethanol

Gibco™ Thermo Fisher Scientific (Waltham, MA,
USA)

Bovine Serum Albumin (BSA)

Sigma-Aldrich (St. Louis, MO, USA)

Ciclosporin A

Enzo Life Sciences (Farmingdale, NY, USA)

Cisplatin

Accord Healthcare GmbH (Minchen, Germany)

Dimethyl sulfoxide (DMSQO)

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Hydrogen peroxide H>0- 30 %

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Phenylmethylsulfonylfluoride
(PMSF)

Sigma-Aldrich (St. Louis, MO, USA)

Ponceau S

Sigma-Aldrich (St. Louis, MO, USA)

Powdered milk

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Sodium dodecyl sulfate (SDS)

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Tetramethylethylenediamine
(TEMED)

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Tris base

Sigma-Aldrich (St. Louis, MO, USA)

TWEEN® 20

Sigma-Aldrich (St. Louis, MO, USA)

Vectashield with DAPI

Vector Laboratories (Burlingame, CA, USA)
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3.1.4 Appliances

Table 3.4: Listing of laboratory devices.

Appliance

Name

Company

Absorbance measurement
plate reader

Tecan infinite 200 pro

Tecan (Mannedorf,
Switzerland)

Bright field microscope

Axiovert 40 CFL

Zeiss (Oberkochen,
Germany)

Chemiluminescence
protein detection

ChemiDoc™ Touch
Imaging System

Bio-Rad Laboratories
(Hercules, CA, USA)

Fluorescence microscope

Olympus BX43F Upright
Microscope; camera:
Olympus XC10

Olympus (Shinjuku, Tokio,
Japan)

Gel electrophoresis for
western blot

Mini-PROTEAN® Tetra
Cell Elektrophorese
System

Bio-Rad Laboratories
(Hercules, CA, USA)

Incubator Binder CB 53 Binder (Tuttlingen,
Germany)
PCR cycler T Personal Thermal Biometra (Jena, Germany)
Cycler
gRT-PCR CFX96 Real-Time System | Bio-Rad Laboratories
and C1000 Thermal (Hercules, CA, USA)
Cycler
Spectrophotometer Tecan Sunrise™ Tecan (Mannedorf,
Switzerland)
Spectrophotometer NanoVue Plus GE Healthcare Life
(Nanodrop) Sciences

(Buckinghamshire, UK)

Ultrasonic homogenizer
(sonifier)

Q120AM

Active Motif® (CA, USA)
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3.1.5 Software

Table 3.5: Listing of Software.

Software Developer
Bio-Rad CFX Manager 3.1 Bio-Rad Laboratories (Hercules, CA, USA)
GraphPad Prism 6 GraphPad Software, Inc. (La Jolla, CA, USA)
ImageJ 1.53t Wayne Rasband, NIH (Bethesda, MD, USA)
Image Lab™ Touch Software 6.0.1. Bio-Rad Laboratories (Hercules, CA, USA)

3.1.6 Oligonucleotides

Table 3.6: Listing of primers used for quantitative real-time PCR. ACTB = f-actin,
AQP-1 = aquaporin 1, CAD-16 = cadherin 16, CD-13 = alanyl aminopeptidase N,
CTR-1/2 = copper transporter 1/2, CUBN = cubilin, E-CAD = epithelial cadherin,
GCLC = glutamine-cysteine ligase catalytic subunit, GLUT-5 = fructose transporter, GPX-1 =
glutathione peroxidase 1, GSR = glutathione reductase, HO-1 = heme oxygenase 1, MCT-1 =
monocarboxylate transporter 1, MDR-1 = multidrug resistance protein 1, MEG = megalin,
MRP-1 = multidrug resistance-associated protein 1, NANOG = homeobox protein, N-CAD =
neural cadherin, NQO-1 = NADPH dehydrogenase quinone 1, NRF-2 = nuclear factor erythroid
2-related factor 2, OAT-1/3 = organic anion transporter 1, OATP = organic anion transporting
polypeptides, OCT-2 = organic cation transporter 2, OCT-3/4 = octamer-binding transcription
factor 3/4, OCTN-2 = organic cation/carnitine transporter 2, PEPT-1/2 = peptide transporter 1/2,
RPL-32 = Ribosomal Protein, SGLT-2 = sodium/glucose cotransporter 2, SOX-2 = sex
determining region Y-box 2, VIT-D3 = vitamin D 25-hydroxylase, ZO-1 = zonula occludens 1.

Gene Forward Reverse
ACTB GAGCACAGAGCCTCGCC TCATCATCCATGGTGAGCTGG
AQP-1 CATCCTCTCAGGCATCACCTC CACACCATCAGCCAGGTCATTG

CAD-16 AGCACGTGTGAAGTCGAAGT ACTGAGGTTCTGGGAAGTGATG

CD-13 TGGCCACTACACAGATGCAG CTGGGACCTTTGGGAAGCAT
CTR-1 TGATGCCTATGACCTTCTAC GAATGCTGACTTGTGACTTAC
CTR-2 CTGTACTGTATGAAGGCATC AAAGTGACACAAATACCACC
CUBN TAGCTTCGTGAAGGTGTGGG GACTGGAAGACGGCAGTGAA
E-CAD CAGGACCAGGACTTTGACTT AGATACCGGGGGACACTCAT
GCLC ACGGAGGAACAATGTCCGAG CAGGACAGCCTAATCTGGGAA

GLUT-5 GCCAAAGTGCACCCAGAATG GTCAGCCTCCCTTCCTTCAT

GPX-1 TTGGTGATTACTGGCTGC TGATATTCAGCACTTTATTCTTAGTAG

GSR ATAGCTGCTGGCCGAAAACT CTTCCGTGAGTCCCACTGTC
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HO-1 CAACAAAGTGCAAGATTC AGAAAGCTGAGTGTAAGG
MCT-1 CTCCGGGGTTGGGAGACTT TACTGCTGATAGGACCTCCACC
MDR-1 AGTCGGAGTATCTTCTTC TTGAATAGCGAAACATTGA
MEG GCCAGTGGCCAAGAATGTGA TCCGCGTCATCTGAACAGTC
MRP-1 CTCCTGTGGCTGAATCTGGG TCGGGGATGGAGAAGGTGAT
NANOG ACCTCAGCTACAAACAGGTGAA | AAAGGCTGGGGTAGGTAGGT
N-CAD AGGCTTCTGGTGAAATCGCA GCAGTTGCTAAACTTCACATTGAG
NQO-1 GGCCGATTCAGAGTGGCAT CCAGACGGTTTCCAGACGTT
NRF-2 GCAACTCCAGAAGGAACAGG AGGCATCTTGTTTGGCAATG
OAT-1 AGTATGGAGGTACTCCGGGC GCATGGAGAGGCAGAGGAAG
OAT-3 CTTTGTGCCCTTGGACTTGC GGAAGAGGCAGCTGAAGGAG
OATP GCCGTCACGCAAGGTATTG GGCCAGTCAGGGAACTCTTC
OCT-2 GAAGCCGAAAATATGCAAAG TGCAGGGATTTCTACTTTTG
OCT-3/4 ACCCACACTGCAGCAGATCA CCACACTCGGACCACATCCT
OCTN-2 CACCATTGTGACCGAGCAAG AGCAGGCTTCTTTCCCATCC
PEPT-1 CAAGTGCATCGGTTTTGCCA CTCTTTAGCCCAGTCCAGCC
PEPT-2 CTGGGAGGACAAGTGGTACA AGTCCGTTCCTCTGCATGTT
RPL-32 GTTACGACCCATCAGCCCTTG CATGATGCCGAGAAGGAGATGG
SGLT-2 CAGTCTCCGGCATAGCAAGG GGCCTGGGGCTCATTCATC
SOX-2 AGGATAAGTACACGCTGCCC TAACTGTCCATGCGCTGGTT
VIT-D3 GGCTTTGGCCCAGATCCTAA GTCTTGGGTCTAACTGGGGC
Z0-1 GAGAGGATTTGTCCGCTCAG AGGCCTCAGAAATCCAGCTT

-33-




3.1.7 Antibodies

Table 3.7: Listing of antibodies. AQP-1 = aquaporin 1, CTR-1 = copper transporter 1,
E-CAD = epithelial cadherin, GAPDH = glyceraldehyde 3-phosphate dehydrogenase, NRF-2 =
nuclear factor erythroid 2-related factor 2, OCT-2 = organic cation transporter 2, OCT-3/4 =
octamer-binding transcription factor 3/4, pNRF-2 = phosphorylated NRF-2 at Ser-40, URO-10 =

heat stable tubular antigen.

Protein Order number Company Dilution

AQP-1 AB9566 Abcam 1:300
(Cambridge, UK)

CTR-1 AB129067 Abcam 1:25
(Cambridge, UK)

E-CAD 610181 BD biosciences 1:100
(NJ, USA)

GAPDH 21188 Cell Signalling 1:4000

NRF-2 SC-722 Santa Cruz biotech | 1:500
(Dallas, USA)

pNRF-2 AB76026 Abcam 1:500
(Cambridge, UK)

OCT-2 MB59600162 Biozol 1:500

OCT-3/4 AB183900 Abcam 1:100
(Cambridge, UK)

URO-10 SC-58889 Santa Cruz biotech | 1:1000
(Dallas, USA)
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3.2 Methods
3.21 Cell biology methods

3.2.1.1 Culturing and passaging of hiPSC

In order to reduce the risk of drug-induced phenotypic alterations, no antibiotics were
used in the stem cell culture medium of both cell lines [80]. Strict sterile conditions were
maintained throughout the culture process, and prewarmed media reagents were always
used. To ensure the best survival conditions, stem cells were passaged twice a week

and regularly tested for mycoplasma contamination.

The first cell culture step involved coating each six-well plate with a 1 ml of mixture
Geltrex (maintained on ice) dissolved in cold high-glucose DMEM without supplements.
The plate was either incubated for 1 h at room temperature (RT) for immediate use or
sealed with parafilm and stored at 4 °C for a maximum period of 7 days. During the
incubation period, the Geltrex polymerizes on the bottom of the well. Afterwards, the
medium was aspirated and 1.85 ml of StemMACS supplemented with 1 pyl of 10 pyM
ROCK-inhibitor (rho-associated coiled-coil containing kinases) was added to enhance
the cell survival during the first day after the passaging [81]. The plate was kept in the
incubator at 37 °C and 5 % CO; (refer to Figure 3.1).

The passaging step per se was initiated when the cultured plate reached approximately
70 % confluency. The medium was then aspirated and preserved in a 15 ml tube. The
cells were washed once with 1 ml sterile DPBS -/- (Dulbecco's Phosphate Buffered
Saline without calcium and magnesium). After discarding the DPBS, the cells were
incubated for 5 min in 1 ml DPBS at 37 °C and 5 % CO: to facilitate the detachment of
adherent cells. Following gentle scraping with a spatula to preserve the colony
organization of the cells, they were suspended in the previously aspirated medium and
centrifuged at 38 g for 2 min at RT. The supernatant was discarded and the pellet
resuspended in 900 pyl StemMACS medium to achieve a 1:6 ratio. Finally, 150 pl of the
suspension was added and equally distributed in each well of the 6-well plate prepared
in the first step. The medium was changed daily without the addition of ROCK-inhibitor,
with the option to skip one day on weekends by doubling the volume of medium in each
well. After a few passages, some wells were frozen to maintain the stock, while the

remaining wells were used for experiments up to the 10" passage.
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3.2.1.2 Freezing and thawing of hiPSC

The initial steps of the freezing protocol are similar to those described in the passaging
procedure described in 3.2.1.1. The reason is that freezing the cells as aggregates is
more favorable due to the increased cell-cell contacts with neighboring cells and results
in a faster recovery compared to single cells [81]. After centrifugation and aspiration of
the supernatant, the cells were resuspended in 1.8 ml of cryopreservation medium
(StemMACS Cryo-Brew), transferred to a cryovial and frozen in CoolCell at -80 °C for up
to 24 h. Then the cells were conserved in a liquid nitrogen tank at -196 °C for long-term

storage.

Prior to thawing the cells, two wells of a 6-well plate were coated with Geltrex, as detailed
in 3.2.1.1. They were; however, filled with 1.5 ml of StemMACS supplemented with 2 pl
of 10 yM ROCK-inhibitor, then incubated at 37 °C and 5 % CO,. The cryovial was
removed from the liquid nitrogen tank, disinfected with 80 % ethanol and thawed in a
37 °C water bath till a fine crystal ice was remaining. The cell suspension in the tube was
transferred to a 50 ml falcon then 5 ml of pre-warmed high-glucose DMEM without
additives was added dropwise with gentle swirling. After sedimentation at 200 g for 5 min
at RT, the supernatant was aspirated and the pellet resuspended with 1 ml StemMACS.
Afterward, 0.5 ml of cell suspension was seeded into each well of a Geltrex-coated plate
and cultured in an incubator at 37 °C and 5 % CO.. Until the next passage, the cell

culture medium was replaced on a daily basis.

3.2.1.3 Singularizing and differentiating of hiPSC

The differentiation of hiPSC into PTELC is based on a protocol adapted from Kandasamy
et al. (2015) with slight modifications as illustrated in Figure 3.1. [76].

Initially, a Geltrex-coated 12-well plate was prepared as described in 3.2.1.1 and filled
with 0.5 ml of a mixture of Geltrex and cold high glucose DMEM without supplements.
After 1 h incubation at RT, the medium was discarded and 1 ml of REGM, containing
0.5 ul/well (10 pM) ROCK-inhibitor, was added. The plate was stored in the incubator

until seeding.

The next step involved the singularization of a 70 % confluent well from a 6-well plate.
Confluent hiPSC were washed once with DPBS and incubated in 1 ml StemPro Accutase
cell dissociation reagent for 5 min at 37 °C and 5 % CO,. StemPro Accutase, a
combination of enzymes that have proteolytic, collagenolytic and DNase activities, was
used, as it is gentler than Trypsin [81]. After dissociation of the cells, 2 ml of pre-warmed

DMEM was added to stop the proteolytic reaction and the suspension was transferred to
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a 15 ml tube. Cell counting was conducted by mixing 20 ul of the cell suspension with
20 pl of a 0.4 % trypan blue solution, enabling the discrimination between living cells and
dead ones, since the compromised membrane integrity of the latter allows the dye to
enter and consequently stain them blue [82]. A Neubauer counting chamber was used

to determine cell viability.

Cell counting was carried out while centrifuging the cell suspension at 200 g for 4 min at
RT. After discarding the supernatant, the cell aggregates were resuspended in fresh
REGM. Subsequently, 750 cells/cm? were seeded per well into the Geltrex-coated plate
and incubated overnight. After 24 h, the REGM without ROCK-inhibitor was
supplemented with 10 ng/ml BMP-2 (Bone Morphogenic Protein-2) and 2.5 ng/ml BMP-
7 and cultured under these conditions for 9 days with a daily change of medium for
induction of differentiation towards PTELC. On day 9, differentiated cells were either

exposed to nephrotoxin treatment or harvested for subsequent experiments.

Plates coated Seeding hiPSC in REGM
with Geltrex > + ROCK Inhibitor

Day 1 to day 9:

= Addition of REGM +
BMP-2 + BMP-7

Daily medium change

Day 9: end of differentiation
Harvest of PTELC & analysis

Figure 3.1: Protocol for the differentiation of hiPSC to PTELC. The seeding of singularized
hiPSC on day 0 was conducted with REGM supplemented with 5 yM ROCK inhibitor. From day 1,
the medium was changed daily with REGM without ROCK inhibitor but with BMP-2 and BMP-7
to drive the cells towards proximal tubular cells within 9 days of differentiation. BMP = bone
morphogenetic protein, hiPSC = human induced pluripotent stem cells, PTELC = proximal tubular
epithelial-like cells, REGM = renal epithelial cell growth medium, ROCK = rho-associated coiled-
coil-containing protein kinase. Adapted from Kandasamy et al. [76]. Figure made with BioRender.

3.2.2 Molecular biology methods

3.2.2.1 RNA isolation and quantification

In order to achieve an RNA concentration of 200-2000 ng/pul sufficient for complementary

DNA (cDNA) synthesis, each harvested sample (hiPSC or differentiated cells) required

at least 3x10°-1x10° cells. The cell number was determined after singularizing the cells

with StemPro Accutase as described in 3.2.1.3. The resulting cell suspension underwent
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centrifugation at 200 g, 4 °C for 5 min. The resulting pellet was washed with DPBS and
transferred into a 1.5 ml Eppendorf on ice. Following another round of centrifugation
under the same conditions, the supernatant was removed. The cell pellet was either
frozen at -80 °C or immediately subjected to RNA isolation using RNeasy Mini Kit and
RNase-free DNase Set of Qiagen, according to the manufacturer's instructions. The RNA
concentration was quantified spectrophotometrically with the NanoVue Plus.
Subsequently, the RNA was either stored at -80 °C or utilized immediately for cDNA

synthesis.

3.2.2.2 Complementary DNA synthesis

The synthesis of cDNA was performed according to the protocol of the High-Capacity
cDNA Reverse Transcription Kit in combination with the RiboLock RNase-Inhibitor
according to the manufacturer's instructions. The compounds of the preparation mix are

shown in Table 3.8.

Table 3.8: Preparation scheme for cDNA synthesis.

Reagent Per sample [pl]
10x Puffer 20
25x dNTP-Mix (100 mM) 0.8
10x Random Primer 20
RiboLock RNase Inhibitor (40u/uL) 0.5
MultiScribe Reverse Transcriptase RT 1.0
RNase free H.O 3.7
2000 ng RNA in RNase free H.0 10
Total 20

The cDNA synthesis mix was transferred to the thermal cycler to allow the reverse
transcriptase enzyme to synthesize the cDNA from the isolated RNA. The cDNA was

then either stored at -20 °C or quantified directly using gRT-PCR.

3.2.2.3 gRT-PCR

The gRT-PCR is a potent molecular biology technique used to measure the levels of
gene expression under different conditions or treatments. Following the reverse
conversion of RNA into cDNA through transcriptase reverse enzyme, the resulting cDNA

was enzymatically amplified via PCR. This amplification mirrors the expression levels of
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the targeted genes in the sample. In this context, the objective was to relatively quantify
mMRNA expression of differentiation-associated markers and redox genes, with the use
of the SensiMix SYBR Hi-ROX Kit. Briefly, 10.2 pl of a mixture of the synthesized cDNA
and SYBR® Green (master mix 1) was pipetted into the wells of a 96-well PCR. Then,
9.8 pl of a mixture of each primer pair with highly purified PCR water (master mix 2) was
added to each well (Table 3.9). The PCR plate was then inserted into the CFX96 Touch

Real-Time PCR Detection System for amplification according to Table 3.10.

Table 3.9: Master Mix composition for qRT-PCR from cDNA templates.

Reagent Concentration per well
cDNA 20 ng
SensiMix™ SYBR® Hi-ROX (2x) 1x
Forward Primers 0.25 uM
Reverse Primers 0.25 uM

Table 3.10: Real-time qRT-PCR program configuration.

Step Temperature Duration
Initial denaturation 95 10 min
Denaturation 95 15s
x44
Primer hybridization 55 15s cycles
Elongation 72 17 s

Following the gqRT-PCR analysis, the PCR plate was discarded as solid toxic waste and
data were analyzed using BioRad CFX Manager software according to the
manufacturer's instructions. The expression levels obtained for the genes of interest
were first normalized to the mean expression of the housekeeping genes ACT-8 and
RPL-32 and then to the control samples and expressed as a fold of this mean.
Biologically relevant changes were defined as < 0.5- and = 2-fold changes in gene

expression.

The gene-specific primer pairs utilized for amplification in this work (Table 3.6) were

designed using NCBI (https://www.ncbi.nim.nih.gov/nuccore/). These primer sets have

been validated for specificity in gPCR using different cDNA concentrations.
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3.2.3 Immunobiology methods

3.2.3.1 Immunocytochemistry

Immunofluorescence staining was performed to assess the expression of proximal
tubule-related proteins and certain redox-associated response proteins in hiPSC and
differentiated cells after cisplatin treatment. The proteins of interest were marked with
protein-specific primary antibodies to which fluorescent secondary antibodies were then
attached. The signal of the fluorescent antibodies was captured using a fluorescence

microscope.

In this procedure, wells containing glass coverslips were coated with Geltrex, then hiPSC
were seeded for differentiation as explained in 3.2.1.3. On differentiation day 9 (DiffD9),
the coverslips were washed three times with PBS and fixed with 1 ml of 4 % cold
formaldehyde/PBS for 15 min at RT. After fixation, the cells were washed three times for
5 min each with PBS and permeabilized with 0.3 % Triton in PBS for 10 min at RT.
Following another three washes of 5 min each with PBS, the coverslips were incubated
in a blocking buffer consisting of 5 % bovine serum albumin (BSA) in PBS for 1 h at RT
to prevent unspecific binding of the primary antibody. Following the blocking step, the
coverslips were incubated with primary antibodies in a humid chamber at 4 °C overnight
in the dilutions indicated in Table 3.7. The next day, coverslips were washed three times
with PBS for 5 min each to remove unbound primary antibodies. A fluorescence-
conjugated secondary antibody (Alexa Fluor 488/550 goat polyclonal to mouse or rabbit)
was applied at a 1:1000 dilution and incubated in the dark for 2 h. Nuclear DNA was
stained with Vectashield containing 4',6-diamidine-2-phenylindole (DAPI). Slides
containing coverslips were sealed with nail polish and analyzed using an Olympus Bx43

fluorescence microscope.

3.2.3.2 EdU proliferation assay

To assess cellular proliferation during different differentiation stages and enable
comparisons between hiPSC, hiPSC differentiating into PTELC on DiffD3 and hiPSC on
DiffD9, the integration of fluorescent 5-ethynyl-2'-deoxyuridine (EdU) into S-phase cells
was investigated using the EdU-Click-488 proliferation assay Kit, following the

manufacturer's instructions.

EdU is a thymidine analogue that is integrated into DNA during DNA synthesis in

proliferating cells. This integration is based on the click reaction, between the terminal
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alkyne group of EdU in the major groove of DNA with an organic 6-Fluorescein azide dye

in the presence of copper(l) ions [83].

In brief, hiPSC were seeded onto a Geltrex-coated culture plate with glass coverslips.
The coverslips coated with hiPSC, DiffD3 and DiffD9 cells were incubated with 1 ml
DMEM without phenol red supplemented with 1 ul (10 uM) EdU for 2 h at 37 °C. The
cells were then washed three times with PBS and fixed in 1 ml of cold 4 %
formaldehyde/PBS for 15 min at RT. After two washes with 1 ml of 3 % BSA/PBS, the
cells were incubated with 1 ml of 0.5 % Triton-X/PBS for 20 min at RT. Meanwhile, the
click cocktail was prepared mixing 379 pl of distilled water (dH20), 50 ul of 10x reaction
buffer, 20 ul of catalyst solution, 1 yl of 10 mM 6-FAM azide and 50 ul of 10x buffer
supplement, in this exact order. Following the incubation, the coverslips were washed
and blocked three times with 3 % BSA/PBS for 5 min at RT. Subsequently, the coverslips
were incubated in the click solution for 30 min at RT in the dark. Lastly, the coverslips
were washed three times with 3 % BSA/PBS, then counterstained with Vectashield with
DAPI and transferred to microscope slides and sealed with nail polish. For imaging, at
least 200 cells were captured in dual-channel images through DAPI and fluorescein
isothiocyanate (FITC) to detect fluorescent cells, using an Olympus Bx43 fluorescence

microscope. The percentage of EdU-positive cells was calculated using ImageJ 1.53t.
3.2.4 Biochemistry methods - Western blot

3.2.4.1 Protein extraction

To further characterize the differentiation of hiPSC into PTELC, the expression of specific

proximal tubule proteins was analyzed through western blotting.

First, after harvesting the cells, lysis was performed by adding to the cell pellet 100-
150 ul of freshly prepared radioimmunoprecipitation assay (RIPA) buffer. The RIPA
buffer included 1x protease inhibitor cocktail, 1x phosphatase inhibitor cocktail, and
1 mM phenylmethylsulfonyl fluoride (PMSF). Following 20 min incubation at RT,
ultrasonic homogenization of cell lysates was carried out using an ultrasonic
homogenizer (5 x 35 % amplitude, 2 sec pulse, 1 sec pause, 5 shocks, RT) to ensure
effective degradation and solubilization of proteins. The resulting cell debris was
centrifuged at 10.000 g, at 4 °C for 15 min, and the proteinaceous supernatant was
transferred to a 1.5 ml Eppendorf tube. This tube could be either frozen at -80 °C or

immediately subjected to protein determination.
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3.2.4.2 Protein concentration determination

The protein concentration in the supernatant was determined using the DC™ protein
assay based on the Bradford method, following the manufacturer's instructions. BSA
standards were used for calibration, with RIPA buffer as the sample blank and dH,O as
the standard blank. In technical duplicates, 5 yl of the protein samples (1:5 dilution) and
BSA standards were pipetted into the wells of a transparent 96-well flat-bottom plate.
Subsequently, 25 ul of a 1:50 dilution of Reagent S in Reagent A was added to each well
in addition to 200 yl of Reagent B. The reaction was incubated in the dark at RT for
15 min before measurement of light absorbance at 750 nm using a Tecan Infinite 200 pro
spectrophotometer. Protein concentrations were determined by applying the linear

regression formula derived from the BSA standard curve.

Next, 50 ug of the protein lysate was mixed with Roti-loading buffer in a heating block at
95 °C for 5 min. The sodium dodecyl sulfate (SDS) present in the buffer was used
combined with heat to induce the denaturation of the three-dimensional structure of the
proteins and coat them with negative charges. Simultaneously, the 3-mercapto-ethanol
within the Roti-loading buffer further contributes to the denaturation of the protein

conformation by cleaving the disulfide bridges between the peptides.

3.2.4.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

The previously isolated and denatured proteins were then separated by molecular weight
through discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The application of an electric field causes the migration of the negatively charged
proteins and their separation according to their size and molecular weight through the
pores of an acrylamide gel. The acrylamide gels used included a 5 % collection gel
followed by a 10 - 12 % separation gel (Table 3.11). Protein separation occurred in a
running buffer under a voltage of 10-30 mA. Gel electrophoresis was conducted using
the MINI-Protean Tetra Cell Electrophoresis system and the PageRuler™ Plus

Prestained Protein Ladder served as a reference to determine the size of the proteins.
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Table 3.11: Solutions and gels prepared for western blot analysis.

Solution or gel

Components

1.5 M Tris base, pH 8.8

181.71 g Tris base in 1000 ml dH20
pH=8.8
Stored at 4 °C

1.5 M Tris base, pH 6.8

181.71 g Tris base in 1000 ml dH20
pH=6.8
Stored at4 °C

6 % Collecting gel

5.5 ml dH20O

1ml1.5M Tris base, pH 6.8
1.3 ml acrylamide 30 %

160 ul SDS 10 %

80 ul TEMED 10 %

80 ul APS 10 %

Stored at 4 °C

10 % Separation gel

7.8 ml dH.0

5ml 1.5 M Tris base, pH 8.8
6.7 ml acrylamide 30 %

200 pl SDS 10 %

80 ul TEMED 10 %

200 pl APS 10 %

Stored at 4 °C

Blocking solution

5 % milk powder in TBST

Blotting buffer

0.025 M Tris base

0.192 M glycine

20 % (v/v) Methanol in 1000 ml dH.0
Stored at4 °C

ECL solution

3 ml component A
30 pl component B
3 ul component C

ECL solution Component A

50 mg luminol
200 ml 0.1 M Tris HCI, pH 8.6
Stored in darkness at4 °C

ECL solution Component B

11 mg para-coumaric acid in 10 ml DMSO Stored

in darkness

ECL solution Component C

H202 30 %
Stored at 4 °C

PBS (5-fold) pH 7.3 — 7.4

40.9 g NaCl

1.0 g KCI

8.9 g NapHPO. x 2H,0
1.2 g KH2PO4

Ponceau S

0.15 % Ponceau S
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0.5 % acetic acid in dH2.O

Running buffer 25 mM Tris base
192 mM glycine
0.1 % (w/v) SDS in 1000 ml in dH20

Tris-buffered saline with 60.1 g Tris-HCL
Tween 20 (TBST) 87.66 g NaCl
5 g Tween 20

3.2.4.4 Western blotting

After separating the proteins in SDS-PAGE, they were subsequently wet-blotted onto a
nitrocellulose membrane using the Mini Trans-Blot® Cell System. The wet blotting
process was conducted in a blotting buffer at 300 mA for 90 min. Afterwards, the
nitrocellulose membrane was stained during a 1-minute incubation in Ponceau S solution
to confirm the completion of protein transfer. Subsequently, the membrane was
incubated in 5 % milk powder/Tris-buffered saline with Tween 20 (TBST) for 1 h to block
nonspecific antibody binding. It was then incubated overnight with the primary antibody
at4 °C. The day after, following a series of washes with TBST, the membrane underwent
incubation with a Horseradish peroxidase (HRP)-coupled secondary antibody (1 : 2000
in 5 % milk powder/TBST) for 2 h at RT. Following another round of TBST washes, the
membrane was incubated with a luminol-containing chemiluminescence solution of the
BM Chemiluminescence Blotting Substrate (POD) kit for 1 min at RT. The
chemiluminescence intensity was captured using the ChemiDocTM Touch Imaging

System and subsequently quantified using the Image Lab™ software.

3.2.5 Transport function analysis - albumin uptake assay

One of the typical transport properties of PTEC is albumin uptake. To assess the
functionality of the hiPSC-derived PTELC, their ability to transport and perform
endocytosis of albumin was investigated. The cells were incubated with serum-free
medium of fluorescein isothiocyanate-labelled BSA (FITC-BSA of 100 pug/ml) for 2 h at
37 °C. Afterwards, the uptake of FITC-BSA was stopped by washing the cells three times
with ice-cold PBS for 5 min. The cells were fixed with 0.5 % cold formaldehyde in PBS
for 15 min at RT then underwent nuclear counterstaining with DAPI. Imagining was

performed using the Olympus Bx43 fluorescence microscope.
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3.2.6 Viability test - Alamar Blue assay

To investigate the influence of toxins on the regeneration and differentiation process,
hiPSC, cells on DiffD3 and DiffD9 were subjected to treatment with varying

concentrations of cisplatin, CsA, and H20..

Specifically, hiPSC were seeded into a Geltrex-coated 24-well cell+ culture plate,
following the protocol outlined in 3.2.1.1. The hiPSC, DiffD3 and DiffD9 cells were treated
in triplicate for 24 h with different concentrations of the specified compounds, together
with the respective vehicle controls (DMSO or basal medium), except for H2O,, where

the treatment duration was 30 min.

Nephrotoxicity induced by these drugs was assessed using the Alamar Blue assay, a
colorimetric method used to assess cellular metabolic activity as an indicator of cellular
viability. In fact, dehydrogenases of metabolically active cells can reduce resazurin, a
non-fluorescent blue dye permeable to cell membranes, to resorufin after intracellular
uptake. This conversion results in a pink dye emitting a fluorescent signal at 590 nm.
The pink color is therefore an indicator of the presence of metabolically active enzymes
and viable cells [84,85]. The fluorescence intensity of resorufin can be measured using
a microplate reader at an emission wavelength of 590 nm and an excitation wavelength
of 535 nm.

Following exposure to various agents and their corresponding vehicle controls, the
culture medium was aspirated and 500 pl of newly prepared resazurin working solution
(Table 3.12) were added to each well. The plate was then incubated in darkness for 4 h
at 37 °C and 5 % COs.. Following the incubation, 100 ul from each well were pipetted in
quadruplicates into wells of a 96-well cell culture plate. Additionally, the blank control
was dispensed into four wells. Lastly, the absorbance or optical density (OD) was
measured at 535 nm and 590 nm using a microplate reader (Tecan infinite 200). Relative
cell viability values were calculated by normalizing the samples to the respective vehicle

controls and expressed as percentages.

The viability graphs were then generated with GraphPad Prism 6 and the inhibitory

concentrations (IC) ICx and 1Cso were determined.
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Table 3.12: Preparation of resazurin working solution.

Components Composition
Resazurin stock solution (440 mM) 440 mM Na-resazurin in dimethylformamide
NaCl/Pi buffer 154 mM NaCl

3.77 mM NaxHPO4 in dH20
1.06 mM KH2PO4

Resazurin - NaCl/Pi solution (440 uM) | Resazurin stock solution diluted 1 : 1000
with NaCl/Pi buffer

Resazurin working solution (44 uM) Resazurin - NaCl/Pi solution diluted 1 : 10
with DMEM without phenol red

3.2.7 Oxidative stress response assessment - glutathione assay

The GSH concentration post-cisplatin treatment was assessed in order to evaluate the
oxidative stress defense capacity in hiPSC. The GSH Detection Assay Kit Il was used

following the manufacturer’s instructions.

In brief, GSH is a tripeptide composed of three amino acids: glutamate, cysteine and
glycine. It is a crucial defense mechanism against reactive oxygen compounds and its

levels are a direct indicator of oxidative stress response [29].

The assay is based on the reaction of GSH with 5,5'-dithio-bis-(2-nitrobenzoic acid)
(DTNB) which produces the chromophore 5'-thionitrobenzoic acid (TNB) and Oxidized
glutathione TNB (GS-TNB). The rate of TNB formation is directly proportional to the GSH
concentration in the sample. The enzyme GSR recycles GSH in two ways: by reducing
either GS-TNB in the presence of NADPH or glutathione disulphide (GSSG) to 2 GSH
(Figure 1.3). Thus, the measurement reflects the total concentration of reduced and

oxidized glutathione in the sample.

Briefly, confluent hiPSC were singularized as detailed in section in 3.2.1.3; however, the
pellet was resuspended in 1 ml ice-cold extraction buffer (0.1 % Triton X-100 and 0.6 %
sulphosalicylic acid in 0.1 M potassium phosphate buffer) and homogenized using a

sonifier in ice-cold water for 5x2 seconds at 30 % amplitude.

Following centrifugation of the cells at 3000 g, 4 °C for 4 min, the supernatant was
carefully transferred to a black Eppendorf tube, leaving approximately 100 pl above the
pellet. The supernatant could be either stored at -80°C or processed for further

experiments.
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Afterwards, a GSH standard series was prepared from the GSH standard (25 uM) diluted
with 0.1 M potassium phosphate buffer to generate solutions with the following
concentrations (on ice): 25 yM, 12.5 yM, 6.25 uyM, 3.125 pM, 1.56 uM, 0.0 uM (only
buffer). Then, 20 ul per sample, standard or blank (extraction buffer) were pipetted into
a 96-well plate. Next, equal amounts of GSR (5 U/3 ml) and DTNB (2 mg/3 ml 0.1 M
potassium phosphate buffer) were mixed (stable for only 15 min) and filled into a
multichannel pipette reservoir. Subsequently, 120 pyl of the GSR/DTNB mixture was
pipetted into each well and after 30 s, 60 yl NADPH (2 mg/3 ml 0.1 M potassium
phosphate buffer) was added using a multichannel pipette. The absorbance was

measured with Tecan Sunrise™ at 412 nm, every 5 min.

3.2.8 Statistical analysis

Statistical analysis was performed using GraphPad Prism version 6. The data were
presented as the mean + standard deviation of three independent experiments (n = 3).
For pair comparison between two groups, Student's t-test (multiple-comparison test) was
applied. In cases where three or more groups were compared, one-way analysis of
variance (ANOVA) was applied. Statistically significant differences between the groups
were considered at a p-value <0.05 and marked with *. A p-value of <0.01 was

considered very significant (**) and a p-value of < 0.001 highly significant (***).
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4 Results

4.1 Characterization of differentiated hiPSC

4.1.1 Changes in Morphology

In this work, b4-hiPSC derived from fibroblasts and UM51 derived from renal progenitor
cells, underwent the same differentiation protocol outlined in 3.2.1.3. Prior to the initiation
of the differentiation, contrast microscopy observations showed that the size of
pluripotent stem cells of both lines was very small and they were organized in colonies
with sharp edges (Figure 4.1). Following cell singularization and initiation of the
differentiation, the colony organization was lost, and the cells became larger by DiffD3.
At DiffD9, the differentiated cells adopted a spindles-like appearance and underwent
typical human proximal tubular morphological changes to tubule-like patterns and dome-

like structures (hemicysts).

Figure 4.1: Morphological changes of b4 and UMS51 during the differentiation.
(A) Morphological changes of the b4-hiPSC and derived cells recorded on day 3 and day 9 as
well as of (B) UM51 and derived cells recorded on day 3 and day 9 of the differentiation process.
The scale bars represent 50 um. The yellow circle highlights a dome-like structure and the yellow
arrows show tubule-like patterns in the cell layers of the differentiated cells. DiffD = differentiation
day, hiPSC = human induced pluripotent stem cells. Data are published in Mboni-Johnston,
Kouidrat et al., with slight modifications made in the current version [77].

4.1.2 Changes in the proliferation rate

Another way to evaluate the maturation of the differentiated cells in addition to the
change in morphology is to assess the evolution of the proliferation capacity of the b4
line during the differentiation process at selected time points with the EdU assay. The
fluorescence pictures in Figure 4.2 illustrate the decline of EdU-positive cells (green) as

the differentiation progresses from day 3 to day 9. The number of EdU-incorporating cells
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was lower on DiffD3 compared to the hiPSC with the lowest number of proliferating cells
observed on DiffD9. The quantitative analysis revealed a very high percentage of
proliferating cells in hiPSC (nearly 70 %), which declined slightly but significantly on
DiffD3. By DiffD9, there was a significant decrease with only around 30 % of the cells

actively proliferating.
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Figure 4.2: Changes in the proliferation rate of b4-hiPSC and derived cells on
differentiation day 3 and day 9. (A) Representative pictures show reduced proliferation after
initiation of the differentiation process in b4-hiPSC. (B) Quantification of the fluorescent EdU
incorporated into S-phase cells. The mean % of proliferating cells of 3 independent experiments
and representative pictures are shown. ** p < 0.01, *** p < 0.001 vs. hiPSC, °° p <0.01 vs. DiffD3
(One-way ANOVA). The scale bars represent 50 um. DiffD = differentiation day, EdU = 5-ethynyl-
2'-deoxyuridine, hiPSC = human induced pluripotent stem cells. Data are published in Mboni-
Johnston, Kouidrat et al. [77].

4.1.3 Changes in mRNA expression

After observing changes in the morphology and proliferation rate during the
differentiation process, the mRNA expression profile of stem cells and DiffD9 cells was
evaluated as described in 3.2.2. The results are shown in Figure 4.3, where the graph
related to UM51 line only exhibited trends, based on the use of only 2 n repeats in the

experiments.

The expression of stem, epithelial and proximal tubular cell markers was analyzed in

DiffD9 cells from both lines in comparison to their respective stem cells. After 9 days of
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differentiation, we observed a significant (in b4) and a tendential (in UM51)
downregulation of the gene expression of stem cell markers NANOG (more than 10-fold
for both lines) and OCT-3/4 (nearly 100-fold for b4 and 1000-fold for UM51), while the
pluripotency gene SOX-2 and the renal progenitor marker PAX-2 were only assessed in

b4 line and showed no difference after differentiation (Figure 4.3 A-B).

The expression of epithelial cadherin (E-CAD), an epithelial cell marker, was similarly
upregulated in both differentiated cell lines. In b4-DiffD9 cells, other epithelial markers
specifically neural cadherin (N-CAD) and the tight junction protein (TJP-7) also known
as ZO-1 (zonula occludens), were assessed, with no significant difference in their
expression. One explanation for the unexpected minimal difference in the expression of
both epithelial markers between DiffD9 cells and hiPSC could be an already high initial
expression in hiPSC. Given that the qRT-PCR software provides relative rather than

absolute values, the expression levels in DiffD9 cells are relative to those in hiPSC.

To verify this hypothesis, the expression levels of epithelial markers in b4-hiPSC were
compared to those in H5V cells (murine-immortalized heart endothelial cell line). The
results shown in Figure 4.3 C confirm that E-CAD and ZO-1 expression was significantly
increased (10-fold) in b4-hiPSC as compared to the endothelial cells. These findings
indicate that the hiPSC already express high levels of epithelial markers before the
differentiation and these levels may remain stable in DiffD9 cells. The downregulation of
N-CAD in b4-hiPSC was expected, as it is a typical marker of mesenchymal cells, which

our cells are demonstrably not.

A further step in characterizing DiffD9 cells involved mRNA analysis of key markers
typically highly expressed in PTEC. All markers were significantly upregulated in b4-
derived DiffD9 cells, including: AQP-1, CAD-16 (cadherin-16), GLUT-5 as well as the
brush border enzymes CD-13 (alanyl aminopeptidase N) and GGT (gamma-glutamyl
transferase) (Figure 4.3 A). These markers were upregulated by approximately 10-fold,
with the exception of AQP-1, which was almost 10°-fold higher in b4-DiffD9 cells.
Similarly, AQP-1 was almost 10*-fold higher in UM51-DiffD9 cells in comparison to their
respective hiPSC (Figure 4.3 B). However, the expression levels of CAD-16 and CD-13
was similar in the UM51 line before and after the differentiation. The UM51- and b4-
DiffD9 cells exhibited comparable differentiation outcomes with a relative higher
expression of CAD-16, E-CAD and CD-13 in b4-DiffD9 cells.
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Figure 4.3: Changes in mRNA expression of differentiation markers analyzed by qRT-PCR.
mRNA expression of stem cell, epithelial cell, and PTEC markers in b4-DiffD9 (A) and UM51-
DiffD9 (B) cells relative to expression in their respective undifferentiated hiPSC. (C) mRNA
expression of epithelial cell markers in b4-hiPSC relative to expression in H5V cells. Data from at
least 3 independent experiments for b4 line and 2 independent experiments for UM51 line
(including 3 technical gPCR replicates) are shown as mean + SD. * p < 0.05, ** p < 0.01 and
***p < 0.001 vs. hiPSC (t-test). AQP-1 = aquaporin 1, CAD-16 = cadherin 16, CD-13 = alanyl
aminopeptidase N, DiffD = differentiation day, E-CAD = epithelial cadherin, GGT = gamma-
glutamyl transferase, GLUT-5 = fructose transporter, H5V = murine-immortalized heart
endothelial cell line, hiPSC = human induced pluripotent stem cells, NANOG = homeobox protein,
N-CAD = neural cadherin, OCT-3/4 = octamer-binding transcription factor 3/4, PAX-2 = paired
box gene 2, PTEC = proximal tubular epithelial cells, SOX-2 = sex determining region Y-box 2,
Z0O-1 = zonula occludens 1. Data are published in Mboni-Johnston, Kouidrat et al., with slight
modifications made in the current version [77].

The ongoing characterization of DiffD9 cells included analyzing the mRNA expression of
key transporters present in renal proximal tubules (Figure 4.4). After 9 days of
differentiation, a significant increase in the expression of the cisplatin transporters CTR-
1 and CTR-2 was observed in the b4 line. In the UM51 line, an increase in the expression
was also noted. The expression of OCT-2 showed an increase in UM51-DiffD9 cells,

while no change was observed in b4-DiffD9 cells. Moreover, there was an approximately
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100-fold higher upregulation in the expression of the carnitine transporter OCTN-2 in
both differentiated lines. Given the essential role of endocytosis as a transport
mechanism in PTEC, the expression of MEG and CUBN was analyzed, both of which
exhibited a significant upregulation of around 100-fold higher expression in b4-DiffD9
cells. In UM51-DiffD9 cells, an increased expression of a similar range was also
observed. Nevertheless, the expression of SGLT-2 showed a significant downregulation
in differentiated b4, whereas in the UM51 line, no relevant difference in the expression
was noted after differentiation. Further analysis of key PTEC transporters in the b4 line
revealed a significant upregulation in the expression of PEPT-1 and OAT-1, while PEPT-
2, OAT-3 and the MDR-1 showed no biologically relevant difference in the expression

post-differentiation.
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Figure 4.4: Changes in mRNA expression of key proximal tubule transporters analyzed by
gRT-PCR. mRNA expression changes of PTEC transporters in b4-DiffD9 (A) and UM51-DiffD9
(B) cells relative to expression in their respective undifferentiated hiPSC. Data from at least 3
independent experiments for b4 line and 2 independent experiments for UM51 line (including 3
technical gqPCR replicates) are shown as mean + SD. *p < 0.05, ** p< 0.01, *** p < 0.001,
****p<0.0001 vs. hiPSC (t-test). CTR-1/2 = copper transporter 1/2, CUBN = cubilin,
DiffD = differentiation day, hiPSC = human induced pluripotent cells, MDR-1 = multidrug
resistance protein 1, MEG = megalin, OAT-1/3 = organic anion transporter 1/3, OCT-2 = organic
cation transporter 2, OCTN-2 = organic cation/carnitine transporter 2, PEPT-1/2 = peptide
transporter 1/2, SGLT-2 = sodium/glucose cotransporter 2. Data are published in Mboni-
Johnston, Kouidrat et al., with slight modifications made in the current version [77].

4.1.4 Comparative gene expression analysis of b4 and F4-DiffD9 cells with
RPTEC/TERT1

To place the gene expression profile of differentiated cells in a more physiologically
relevant context, a comparative mRNA analysis was conducted between b4-DiffD9 cells
and RPTEC/TERT1. Additionally, F4-derived DiffD9 cells subjected to the same
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differentiation protocol by our working group were included in the comparison. The

outcomes of this comparative analysis are shown in Figure 4.5.

These findings revealed similar gene expression profiles in differentiated b4 and F4. In
most cases, the same genes displayed either upregulation or downregulation in both
lines when compared to the reference RPTEC/TERT1. Notable variations included a
significantly lower expression of MDR-1 in differentiated b4, and a higher expression of
the stem cell marker OCT-3/4 in differentiated F4 cells, suggesting a potentially higher
maturity of the differentiated b4 cells. Comparison with RPTEC/TERT1 revealed a
substantial 1000-fold upregulation of the PTEC marker AQP-1 in differentiated b4 cells;
however, both GLUT-5 and CD-13 were significantly downregulated in both differentiated
hiPSC lines. Regarding PTEC endocytic receptors, MEG exhibited more than a 1000-
fold increase in differentiated b4 cells, while CUBN maintained expression levels similar
to those in RPTEC/TERT1. Interestingly, the expression of the PTEC transporter OAT-1
was significantly upregulated in differentiated b4 cells compared to both RPTEC/TERT1
and differentiated F4 cells. Other transporters like CTR-1 and OCT-2 together with the
epithelial marker E-CAD, were expressed at similar levels across all three cell lines. In
summary, the gene expression pattern of differentiated b4 cells was overall similar to
that of differentiated F4 cells. When compared to RPTEC/TERT1, out of 12 analyzed
genes, four were upregulated, four were downregulated and four showed no biologically

relevant differences.
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Figure 4.5: Changes in mRNA expression of selected genes in F4- and b4-derived DiffD9
cells compared to RPTEC/TERT1 analyzed by qRT-PCR. mRNA expression of a stem cell
marker, an epithelial marker, several PTEC markers, and transporters relative to expression in
RPTEC/TERT1. Data from at least 3 independent experiments (including 3 technical gPCR
replicates) are shown as mean + SD. * p < 0.05, ** p <0.01 and *** p < 0.001 vs. RPTEC/TERT1,
°°p< 0.01, °°*°p< 0.001 vs. F4 (ANOVA). AQP-1 = aquaporin 1, CD-13 = alanyl
aminopeptidase N, CTR-1 = copper transporter 1, CUBN = cubilin, DiffD = differentiation day,
E-CAD = epithelial cadherin, GLUT-5 = fructose transporter, hiPSC = human induced pluripotent
stem cells, MDR-1 = multidrug resistance protein 1, MEG = megalin, OAT-1 = organic anion
transporter 1, OCT-2 = organic cation transporter 2, OCT-3/4 = octamer-binding transcription
factor 3/4, RPTEC/TERT1 = renal proximal tubule epithelial cells/immortalized by human
telomerase reverse transcriptase 1. | provided b4-DiffD9 cells’ mRNA and Mboni-Johnston
performed the analysis. Data are published in Mboni-Johnston, Kouidrat et al., with slight
modifications made in the current version [77].

4.1.5 Changes in protein expression detected with immunofluorescence and

western blot

After the assessment of stem cell, epithelial and PTEC markers at the mRNA level, the
expression of selected markers was analyzed at the protein level through
immunofluorescence staining and western blot analysis. Antibodies against different
markers were analyzed with western blot or through FITC-coupled secondary antibodies
with nuclei stained in blue. Representative pictures are presented in Figure 4.6.
Following 9 days of differentiation, immunostaining confirmed the reduction in the

expression of the stem cell marker OCT-3/4 with decreased FITC-positive cells (green),
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which was further confirmed in western blot. Consistent with the mRNA findings, the
expression of the epithelial marker E-CAD was confirmed in stem cells but appeared to
be higher in differentiated cells. Conversely, the expression of the proximal tubular
markers AQP-1 and URO-10 was elevated in DiffD9 cells as compared to b4-hiPSC. The
protein expression of the PTEC transporters CTR-1 and OCT-2 appeared to be higher
in DiffD9 cells.
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Figure 4.6: Changes in protein expression in b4-hiPSC and b4-DiffD9 cells analyzed using
immunocytochemical staining and western blot. (A) Antibodies against the different markers
are visualized with FITC-coupled secondary antibodies (green), and nuclei are stained with DAPI
(blue). The scale bars represent 50 um. (B) Representative blots of a selected stem cell and a
selected epithelial marker and proximal tubule transporters. AQP-1 = aquaporin 1, CTR-1 =
copper transporter 1, DAPI = 4'6-diamidino-2-phenylindole, DiffD = differentiation day,
E-CAD = epithelial cadherin, FITC = fluorescein isothiocyanate, GAPDH = glyceraldehyde-3-
phosphate dehydrogenase, hiPSC = human induced pluripotent stem cells, OCT-2 = organic
cation transporter 2, OCT-3/4 = octamer-binding transcription factor 3/4, URO-10 = heat stable
tubular antigen. Data are published in Mboni-Johnston, Kouidrat et al., with slight modifications
made in the current version [77].

4.1.6 Changes in the functional ability of albumin transport

To gain deeper insight into the characteristics of the DiffD9 cells, a functional assay was
conducted to determine their albumin uptake ability, a crucial function of human PTEC.
After 2 h incubation in FITC-labelled BSA-containing medium, BSA uptake was analyzed
by immunofluorescence staining and representative images are shown in Figure 4.7.
After 9 days of differentiation of both b4 and UM51, an increase in FITC-positive cells
was observed. This indicates an increased capacity of the DiffD9 cells to uptake
fluorescently-labelled albumin through cubilin/megalin-mediated endocytosis when

compared to the respective undifferentiated cells. In agreement with the mRNA findings,
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this assay represents an additional evidence for the presence and the functional activity

of both cubilin and megalin proteins in the differentiated cells.
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Figure 4.7: Gain of functional albumin uptake in differentiated cells. Analysis of albumin
uptake into undifferentiated and differentiated b4 and UM51 cells using FITC-labelled BSA.
Shown are representative immunofluorescence pictures from at least 3 independent experiments.
The scale bars represent 50 um. BSA = bovine serum albumin, DAPI = 4',6-diamidino-2-
phenylindole, DiffD = differentiation day, FITC = fluorescein isothiocyanate, hiPSC = human
induced pluripotent stem cells. Data are published in Mboni-Johnston, Kouidrat et al., with slight
modifications made in the current version [77].
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4.2 Effects of known nephrotoxic substances on the viability, proliferation and
stress response in hiPSC, DiffD3 and DiffD9 cells

4.2.1 Effects on cellular viability

Three well-established toxic agents were used to study the sensitivity of b4 cells at
different stages of differentiation: in the pluripotent stem cell state prior to the start of the
protocol, during differentiation at DiffD3 and post-differentiation at DiffD9. Dose-
response curves were generated following a 24 h exposure to cisplatin as a genotoxic
nephrotoxin, CsA as a non-genotoxic nephrotoxin, and a 30 min exposure to H.O, as an
oxidative stress inducer. The UM51 line was exclusively treated in the pluripotent state
and H2O, was not tested. The cell viability post-treatment was measured using the
Alamar Blue Assay and the IC2 (80 % viability) and I1Cso (50 % viability) of the

substances were determined and later used for further toxicological investigations.

Figure 4.8 A illustrates the cell response to cisplatin. While b4-hiPSC had an ICsy of
approximately 3 uM cisplatin, DiffD3 cells demonstrated reduced sensitivity with a 2-fold
higher ICso (6 pM). Notably, DiffD9 cells displayed the least sensitivity across all
differentiation stages with an ICsy 10 to 20 times higher than b4-hiPSC and DiffD3 b4-
cells. When compared to UM51 (Figure 4.8 A and D), b4-hiPSC were more sensitive to
cisplatin, showing a lower ICso by a factor of two. However, according to Figure 4.8 B
and E, UM51 cells displayed similar sensitivities to CsA as b4 line at all three
differentiation stages with 1Cs values around 10 pM. In contrast to cisplatin and CsA
results, H2O- treatment (Figure 4.8 C) revealed that b4-hiPSC were more resistant than

b4-DiffD3 cells, differing by a factor of 4 in their ICso value.

The very high ICso concentration of cisplatin in b4-DiffD9 cells was expected given the
reduced proliferation shown in the EdU assay (Figure 4.2). Another explanation would
be the possible expression of certain proteins after the differentiation that make the cells
more resistant to cisplatin. To answer this question, a comparison in gene expression of
transporters associated with drug resistance was performed in b4 pre- and post-
differentiation. The mRNA expression analysis demonstrated an upregulation of MCT-1
(monocarboxylate transporter-1), whereas MDR-1 showed no biologically relevant
changes as shown in Figure 4.8 F and Figure 4.4 A respectively [86,87]. Nevertheless,
the expression of OATP, an organic anion transporting polypeptide, was significantly
downregulated, while the expression of MRP-1 has shown no biologically relevant
change (Figure 4.8 F) [88].
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Figure 4.8: Cell viability after exposure to cisplatin, cyclosporin A and H20zin hiPSC, DiffD3
and DiffD9 cells, and mRNA expression changes of drug resistance-related genes
analyzed by qRT-PCR. Sensitivity of the cells was assessed by measuring the cell viability with
the Alamar Blue assay after 24 h treatment with cisplatin or cyclosporin A and after 30 min
treatment with H20:2 in the indicated concentrations. Cells of the b4 line on differentiation days 0
(hiPSC), 3 (DiffD3), and 9 (DiffD9) were treated with cisplatin (A) and cyclosporin A (B) while
H20:2 (C) was tested only on hiPSC and DiffD3 cells. UM51 were treated with cisplatin (D) and
cyclosporin A (E) only in the pluripotent state. (F) mMRNA expression changes of drug resistance-
related genes in b4-DiffD9 cells relative to expression in undifferentiated hiPSC. The
concentrations at which 50 % of the cells were dead are given as ICso values in the graphs. Data
from at least 3 independent experiments are shown as mean + SD. * p < 0.05, ** p < 0.01 vs.
hiPSC, °p<0.05 vs. DiffD3 (One-way ANOVA and t-test). DiffD = differentiation day,
hiPSC = human induced pluripotent  stem  cells, IC =inhibitory ~ concentration,
MCT-1 = monocarboxylate transporter 1, MRP-1 = multidrug resistance-associated protein 1,
OATP = organic anion transporting polypeptides. Data are published in Mboni-Johnston, Kouidrat
et al., with slight modifications made in the current version [77].
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4.2.2 Effects on cellular proliferation

For further studies of the influence of toxins on the differentiation process, we shifted our
focus to the b4 line. Cells at different stages of differentiation (b4-hiPSC, DiffD3, DiffD9),
were treated for 24 h with different concentrations of two nephrotoxic substances,
cisplatin and CsA. The objective was to investigate the influence of these nephrotoxins
on cell proliferation by comparing EdU uptake with untreated cells throughout the

differentiation process.

4.2.21 Effects of cisplatin

To ensure comparable outcomes, cells were exposed to a low cisplatin concentration
(0.2 yM) and the I1Cy of b4-hiPSC (1 uM) at all stages. Additionally, DiffD3 cells were
treated with their ICy (3 pM) and DiffD9 cells with their ICso (65 uM). Figure 4.9 A
illustrates representative fluorescent pictures of the EdU-positive cells at each
differentiation stage and under the concentrations applied. The immunostaining revealed
a trend of increased proliferating cells (green) in all stages after treatment with 1 yM
cisplatin. Notably, no proliferating cells were visible anymore after DiffD9 cells treatment

with their respective 1Cso.

Quantification of the pictures confirmed the observed trend (Figure 4.9 B). Following
treatment with the ICy of b4-hiPSC (1 uM), a significant increase in EdU uptake was
observed across all stages compared to untreated cells, whereas the uptake was also
significantly higher in DiffD3 cells after 0.2 yM treatment (more than 10% increase).
Besides, treatment of DiffD9 cells with their ICso (65 uM) resulted in a complete shutdown
of the proliferation; while, DiffD3 cells treated with their ICy (3 M) showed no difference

compared to the untreated control.
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Figure 4.9: Effects of cisplatin on cellular proliferation of b4-hiPSC, DiffD3 and DiffD9 cells.
(A) Representative immunofluorescence images of EdU-positive cells at different differentiation
stages after 24 h cisplatin treatment with selected concentrations 0.2 yM, 1 uM, 3 uM and 65 pM.
(B) Percentage of proliferating b4-hiPSC and DiffD3 and DiffD9 cells after 24 h of cisplatin
treatment, quantified by the incorporation of fluorescent EdU into S-phase cells. The mean % of
proliferating cells of 3 independent experiments is shown as mean + SD. * p < 0.05, ** p < 0.01,
***p<0.001 and **** p <0.0001 vs. untreated cells. (One-way ANOVA). The scale bars represent
50 um. DiffD = differentiation day, EAU = 5-ethynyl-2'-deoxyuridine, hiPSC = human induced
pluripotent stem cells. IC = inhibitory concentration.
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4.2.2.2 Effects of cyclosporin A

To ensure comparable outcomes, cells were exposed to CsA at equimolar doses, using
both the IC (2 uM) and ICso (8 uM) concentrations of b4-hiPSC at all stages, with
additional treatment of DiffD9 cells with their respective 1Cso (10 uM).

Figure 4.10 A illustrates representative fluorescent pictures of the EdU-positive cells at
each differentiation stage and the applied concentrations. The immunostaining shows a
trend where the number of proliferating cells appears to be preserved in each stage

despite the treatment.

Quantitative analysis confirmed the observed trend (Figure 4.10 B). CsA treatment had
no significant effect on cellular proliferation at all stages compared to untreated cells,
except for DiffD9 cells after ICso treatment, displaying a 13% decrease in actively
proliferating cells compared to the control.
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Figure 4.10: Effects of cyclosporin A on cellular proliferation of b4-hiPSC, DiffD3, DiffD9
cells. (A) Representative immunofluorescence images of EdU-positive cells at different
differentiation stages after 24 h cyclosporin A treatment with selected concentrations 2 yM, 8 uM
and 10 yM. (B) Percentage of proliferating b4-hiPSC and DiffD3 and DiffD9 cells after 24 h of
cyclosporin A treatment, quantified by the incorporation of fluorescent EdU into S-phase cells.
The mean % of proliferating cells of 3 independent experiments is shown as mean * SD, except
for untreated b4-hiPSC and DiffD9 IC20 (2 experiments). * p < 0.05 vs. untreated cells. (One-way
ANOVA). The scale bars represent 50 um. DiffD = differentiation day, EAU = 5-ethynyl-2'-
deoxyuridine, hiPSC = human induced pluripotent stem cells. IC = inhibitory concentration.

-62 -



4.2.3 Evaluation of oxidative stress response after cisplatin treatment

4.2.3.1 Effects of cisplatin on the expression of oxidative stress genes

To assess and compare the oxidative stress response of b4-hiPSC and DiffD9 cells, both
differentiation states underwent a 24 h cisplatin treatment, given its potent prooxidative
properties. Undifferentiated b4 and DiffD9 cells were exposed to their respective 1Cz
(1 pM for hiPSC and 13 uM for DiffD9 cells) and I1Cso (3 uM for hiPSC and 65 uyM DiffD9
cells) concentrations. Afterwards, treated and untreated cells were harvested, and qRT-
PCR was conducted to analyze the expression of selected oxidative stress markers. The
results show trends and no significance testing was conducted due to the limited sample

size, with only two replicates used in the experiments.

In stem cells, exposure to the selected concentrations (IC2 and ICsp) induced no relevant
changes in the expression of the selected markers when compared to untreated cells
(Figure 4.11 A).

In DiffD9 cells, a dose-dependent response was observed. ICy treatment showed a
tendential upregulation in the expression of GPX-1 and NQO-1, while no relevant
changes were noted in other genes. Conversely, ICso treatment induced a tendential
downregulation in the expression of NRF-2, GSR and GCLC. GPX-1 was the only gene
that showed a tendential upregulation after 1Cso treatment, while NQO-1 expression

remained similar to the control (Figure 4.11 B).
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Figure 4.11: Changes in mRNA expression of selected oxidative stress-related genes after
cisplatin treatment of b4-hiPSC and DiffD9 cells analyzed by qRT-PCR. Expression of
oxidative stress genes after 24 h treatment with the IC20 and 1Cso concentrations of cisplatin in b4-
hiPSC (A) and DiffD9 cells (B) relative to their expression in untreated cells analyzed by qRT-
PCR. Data from 2 independent experiments (including 3 technical replicates) are shown as mean
+ SD. DiffD = differentiation day, GCLC = glutamine-cysteine ligase catalytic subunit, GPX-1 =
glutathione peroxidase 1, GSR = glutathione reductase, hiPSC = human induced pluripotent stem
cells, HO-1 = heme oxygenase 1, IC = inhibitory concentration, NQO-1 = NADPH dehydrogenase
(quinone 1), NRF-2 = nuclear factor erythroid 2-related factor 2.
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4.2.3.2 Effects of cisplatin on the phosphorylation of NRF-2

Following the analysis of the gene expression of oxidative stress response factors after
prooxidative treatment, the impact of cisplatin was further evaluated at the protein level
by fluorescent immunostaining. Stem cells were treated for 24 h with their ICy (1 uM)
and DiffD9 cells with both their IC2 (13 uM) and ICso (65 uM) concentrations of cisplatin.
Afterwards, the cells were stained for the detection of pPNRF-2 (phosphorylated at Ser40),
the activated form of NRF-2. The fluorescence intensity was measured and compared

with untreated cells.

As illustrated in Figure 4.12, the nuclei of both treated and untreated stem cells were
stained, which indicates the presence of pNRF-2 in the nucleoplasm at similar levels.
Quantitative analysis confirmed this trend and showed no significant difference in
intensity between the control and ICy-treated hiPSC.

In DiffD9 cells, the microscopic observation revealed a similar expression pattern in 1Cx-
treated cells compared to the control. However, FITC-positive cells showed lower
intensity after ICso treatment with cisplatin. Quantitative analysis confirmed the observed

trend with a significant decrease in NRF-2 activation after ICso treatment.
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Figure 4.12: Effects of cisplatin on pNRF-2 expression in b4-hiPSC and DiffD9 cells.
(A) Representative immunofluorescence images of pNRF-2 staining after 24 h cisplatin treatment
at selected concentrations 1 uyM, 13 uM and 65 pM. (B) Intensity of pNRF-2 staining expressed
in percentage related to the control of b4-hiPSC and DiffD9 cells after 24 h of cisplatin treatment,
quantified by integrated fluorescence density of FITC-positive cells. The mean % of the
expression of 3 independent experiments is shown as mean + SD. *** p <0.001 vs. untreated
cells (One-way ANOVA). The scale bars represent 50 um. DiffD = differentiation day, hiPSC =
human induced pluripotent stem cells, IC = inhibitory concentration, pNRF-2 = nuclear factor
erythroid 2-related factor-2 phosphorylated at Ser40.

4.2.3.3 Effects of cisplatin on glutathione levels

To conclude our toxicological studies, an additional method was performed to assess
the cisplatin-induced oxidative stress response at the protein level. Following a 24 h
cisplatin treatment, GSH levels were quantified in b4-hiPSC as described in

section 3.2.7.

GSH levels are a reliable indicator of oxidative stress response, given the key role of
GSH in non-enzymatic cellular antioxidant defense. The graph in Figure 4.13 shows a
significant increase in GSH levels after b4-hiPSC treatment with the 1C, concentration

of cisplatin (1 uM), exceeding twice those of untreated cells.

-65 -



% k&

5 %]

i

I

[&]

c

Q

(6] 4_

o] -

c

2

i

5 2]

=

© 0 T T
Untreated 1M

Cisplatin [uM]

Figure 4.13: Effects of cisplatin on glutathione levels in b4-hiSPC. GSH was measured in
hiPSC treated with the IC20 concentration of cisplatin (1 uM) for 24 hours using GSH Assay Kit II.
Data from at least 3 independent experiments are shown as mean + SD. ** p <0.01 vs. untreated
hiPSC (One-way ANOVA). hiPSC = human induced pluripotent stem cells, IC = inhibitory
concentration.
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5 Discussion

In the present thesis, the differentiation process in two hiPSC lines into PTELC was
investigated, with a focus on the response to toxic substances and therefore the potential
of PTELC for drug screening application. Relying on a differentiation protocol adapted
from Kandasamy et al. (2015) [76], b4-hiPSC line and for the first time UM51 line were
differentiated into PTELC. The expression of specific markers and transporters was
determined at the mRNA and protein levels, and the functionality of differentiated cells
after 9 days was confirmed. The main toxicological studies were conducted on the b4
line and focused on the influence on the differentiation process of cisplatin, a genotoxic

nephrotoxin; CsA, a non-genotoxic nephrotoxin; and H>O-, a pro-oxidative agent.

As sensitivity analysis is essential in order to establish toxicity thresholds in drug
screening assessments, the ICso and ICy concentrations of drugs were determined to
evaluate their specific effects without a heavy impact on cell viability. Our research group
is the first to investigate cells during the differentiation (DiffD3), since previous works
typically involved treatment either at the stem cell stage or after the end of differentiation.
The following sections provide a detailed discussion of the outcomes of the experiments

in this thesis.

5.1 b4-hiPSC and UM51 differentiation generates PTELC

The contrast microscopy observations on DiffD9 revealed that differentiated cells from
both hiPSC lines (b4 and UM51) showed typical morphological features of proximal
tubule cells. These included tubule-like organization and the formation of hemicysts,
which are indicators of the development of transporting epithelia and transepithelial fluid
dynamic in differentiated cells [89]. These results are in agreement with the findings of
Kandasamy et al. (2015) and Mboni-Johnston, Kouidrat et al. (2024) where the same
protocol was utilized on different hiPSC lines [76,77].

Another indicator of cell differentiation is the gradual decline in proliferation frequency
across the differentiation process, as demonstrated by the EAU assay performed on the
b4 line. This decline aligns with the known behavior of tubule cells, which classically do
not proliferate under normal physiological conditions in vivo [90]. Nonetheless, as seen
in other works, DiffD9 cells showed a persistent but low proliferation rate which likely
mimicks the in vivo ability of renal cells to re-enter the cell cycle after kidney damage.
The differences between in vivo and in vitro culture conditions may also contribute to the
residual minimal proliferation observed in DiffD9 cells [76,91-93]. To promote more

physiological maturation and further reduce the retained proliferation, growth stimulation
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from the medium could be diminished through dynamic adjustments of the medium
composition, like modifying growth factors concentration throughout the differentiation

process.

Further characterization of the differentiated cells revealed a significant downregulation
of stem cell markers at gene and protein levels. However, an unchanged expression
level of stemness and progenitor markers SOX-2 and PAX-2 was observed in b4-DiffD9
cells. This pattern was similarly observed in F4-DiffD9 cells by our research group using
the same protocol on F4-hiPSC [77]. This expression aligns with the residual proliferative
state of differentiated cells seen in the EdU assay and other studies [93,94]. The residual
expression of these two markers suggest either a degree of immaturity in the DiffD9 cells
or their potential to dedifferentiate from a mature state to a stem cell-like state for tissue
repair following kidney injury, as established in vivo [95,96]. Furthermore, human PTEC
have also been shown to re-express nephron progenitor markers like PAX-2 under in
vitro conditions, maybe due to partial dedifferentiation [43,97]. The expression of
embryonic markers is a recurring challenge in stem cell-derived models [19,76,98]. One
possible reason for the lack of full maturity in iPSC-derived models is that complete
maturation of some tissues like the cerebral cortex takes years and exceeds the
capabilities of current culturing methods. Innovative methods for maturation
enhancement, like more complex culture conditions could be highly beneficial [99].
Taken together, these findings suggest that DiffD9 cells have successfully transitioned
from a stem cell state to a more specialized cell type, though with a certain degree of

immaturity.

Analysis of epithelial markers revealed an upregulation of E-CAD in DiffD9 cells from
both lines comparable to RPTEC/TERT1 and F4-DiffD9 cells. However, a high
expression of E-CAD and ZO-1 in b4-hiPSC was also observed. This implies relatively
stable levels of epithelial markers pre- and post-differentiation. Although this expression
pattern may appear counterintuitive, elevated levels of E-CAD and ZO-1 in stem cells
are consistent with their established role in cell adherence and the preservation of the
integrity of hiPSC colony organization [100,101]. Besides E-CAD‘'s implication in
maintaining  pluripotency in  murine pluripotent cells following fibroblast
reprogramming [100,102], the recent discoveries of Park et al. (2024) highlighted a novel
role for ZO-1 in mesenchymal stem cell migration [103]. Accordingly, the protein analysis
with western blot and immunostaining demonstrated high E-CAD protein expression in

both b4 stem and differentiated cells.
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It is noteworthy to underline that the differentiation process is often associated with
epithelial-mesenchymal transition-like (EMT) and mesenchymal-epithelial transition-like
(MET) events [100]. EMT refers to the transdifferentiation of epithelial cells into more
motile mesenchymal cells, while the reverse process is called MET. EMT is initiated by
physiological reprogramming of the gene expression, leading to the loss of epithelial
organization through the dissolution of cell junctions, like the downregulation of E-CAD,
which is counterbalanced by the expression of the less adhesive N-CAD, as cells
reorganize  their  cytoskeleton to become motile for migration and
dissemination [100,101]. N-CAD is thus regarded as a mesenchymal cadherin, which
may explain why it was not upregulated in b4-DiffD9 cells. To sum up this hypothesis, b4
cell colonies initially expressed high levels of E-CAD and ZO-1, alongside low levels of
N-CAD. Upon differentiation, E-CAD and ZO-1 were downregulated, so one could
speculate that a transient switch to N-CAD could have occurred and persisted until
DiffD9, at which point cells could have restored higher E-CAD levels. This hypothesis
could highlight the dynamic changes that characterize the plasticity of the epithelial
phenotype, enabling several rounds of EMT and MET in several physiological and
pathological contexts including tissue repair, organogenesis, fibrogenesis and
carcinogenesis [101]. Additional expression analysis of cells during the differentiation
process could provide deeper insight into this dynamic phenomenon. Collectively, these

outcomes indicate that DiffD9 cells have shifted towards an epithelial phenotype.

Furthermore, the generated DiffD9 cells from both lines expressed CAD-16 which is a
kidney specific marker [76,104], together with AQP-1, which is constitutively expressed
at high levels in the proximal tubule [3,97]. One might have anticipated higher CAD-16
expression in UM51-DiffD9 cells; however, since UM51 cells are reprogrammed from
cells of renal origin, they may have retained elevated baseline levels of CAD-16, since it
is a kidney specific marker [79]. In b4-DiffD9 cells, the protein expression of AQP-1 was
further confirmed through immunostaining, along with URO-10, a specific antigen of
proximal convoluted tubule cells [105]. We confirmed the findings of previous PTEC
differentiation studies [76,77,98], and additionally showed that b4-DiffD9 cells displayed
a significantly higher mRNA expression of AQP-1 compared to RPTEC/TERT1 and F4-
DiffD9 cells.

Other essential markers typically associated with PTEC like CD-13 and GGT were
upregulated after b4 line differentiation, consistent with the findings of other research
groups [76,106]. The gene expression levels of CD-13 and GLUT-5 were higher in b4-
DiffD9 cells compared to F4-DiffD9 cells, although still lower than in RPTEC/TERT1.
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However, the detection of GLUT-5 is an encouraging result as other works failed to
detect it [77,98]. In UM51-DiffD9 cells, CD-13 expression remained unchanged after
differentiation, which was expected as UM51 cells are derived out of urinary progenitor
cells known for their high CD-13 levels [107]. The same rationale could explain the
downregulation of SGLT-2 in b4-DiffD9 cells and its unchanged expression in UM51-
DiffD9 cells, as reports showed retained SGLT-2 expression in stem cells [108,109].
Protein expression analysis or functional assays may be needed to confirm the
expression of the markers that were not upregulated in differentiated cells. Overall,
discrepancies in marker expression between kidney tissues and DiffD9 cells are
inevitable, owing to the inherent differences between in vivo and in vitro conditions. In
vivo tissues are part of complex organs with a 3D architecture and multiple cell types, all
finely regulated by external and local stimulations. In contrast, cells grown in 2D in vitro
cultures are typically monocellular and lack the ability to from tissues, as they develop in
a uniform environment without the intricate signaling and spatial organization present in

human organs.

The PTEC are the most metabolically active cells of the nephron in drug metabolism and
therefore the most vulnerable to drug-induced toxicity [42]. Consequently, a fundamental
feature for any meaningful iPSC-derived toxicity screening model is the expression of
drug transporters. For instance, it is well established that transport systems for organic

anions and cations play an essential role in drug uptake and secretion [110].

Consistent with other studies using other differentiation models, almost all selected
markers of key PTEC transporters were upregulated in both differentiated
lines [19,76,98]. We demonstrated the upregulation of OCTN-2, an important transporter
for carnitine and antiseizure drugs [18,110]. Other upregulated markers included those
associated with cisplatin handling, like CTR-1, CTR-2 and OCT-2. Notably, OCT-2, the
most abundant member of the OCT family in PTEC and the most important for cisplatin
uptake [18,49,111], showed increased mRNA levels in differentiated UM51 cells, in
contrast to b4-DiffD9 cells; however, its protein expression was confirmed by western
blot analysis. The observed discrepancy between gene and protein expression is
perhaps due to the often poor correlation between mRNA and protein levels, as usually
experienced in cell culture and other iPSC differentiation models [19,77]. When
comparing b4- and F4-DiffD9 cells with RPTEC/TERT1, similar levels of mRNA
expression for CTR-1 and OCT-2 were observed. Interestingly, other studies have
neither studied CTR-1/2 expression [19,76,98,112] nor succeeded to confirm OCT-2

expression, which is a common issue in organoids [112,113].
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In our model, and consistent with previous literature, b4-DiffD9 cells were characterized
by the upregulation of other key proximal tubule transporters like PEPT-1 [76,98] and
OAT-1[76,93,114]. However, no significant differences were observed in the expression
levels of PEPT-2 and OAT-3 pre-and post-differentiation. The expression of OATs is
essential for studying drug metabolism, yet it is well-documented that their expression is
usually lost in vitro [15]. Existing proximal tubule models, relying on immortalized human
PTEC lines like HK-2 cells, RPTEC-hTERT and ciPTEC-hTERT, either lack the
expression of OCTs and OATs or require additional lentiviral transduction of each
transporter for drug toxicity assessments [15,40,115]. Moreover, OATs are also known
to be unstable in organoid systems and other differentiation models [19,112]. Since the
expression in DiffD9 cells is related to the hiPSC, a Western blot analysis could provide
precise quantification of the protein levels before and after differentiation. To validate our

findings, further functional assays are recommended to confirm transporter activity [93].

Another hallmark of a successful differentiation into PTEC is the expression of megalin,
a scavenger receptor predominantly expressed in proximal tubules in the human
body [19]. In our study, MEG and CUBN were upregulated in both differentiated lines.
Notably, MEG expression was higher in b4-DiffD9 cells compared to F4-DiffD9 cells and
RPTEC/TERT1, while CUBN expression was elevated compared to F4-DiffD9 cells but
similar to RPTEC/TERT1. This upregulation may address the in vitro drawback of low
MEG expression in HK-2 cells [115]. The functional activity of both proteins was
confirmed in differentiated cells of both lines as demonstrated by the increased albumin
uptake capacity. While similar functionality has been observed in organoids,
RPTEC/TERT1 are known to lack functional albumin uptake [77,112]. Overall, these
findings suggest that following the differentiation, DiffD9 cells demonstrate a satisfactory

functionality consistent with proximal tubular characteristics.

In summary, the upregulation of established proximal tubule markers and the functional
activity in DiffD9 cells indicate that b4 and UM51 hiPSC lines exhibited comparable
differentiation capacity and achieved after 9 days of differentiation a functional proximal

tubule epithelial-like cell phenotype.
5.2 Toxicity studies
5.2.1 Consistency of dose-response curves with literature confirms the potential

of the PTELC in drug toxicity screening

Following the characterization of the PTELC, nephrotoxicity studies were conducted to

evaluate the suitability of this differentiation model for drug screening and repair

-71 -



mechanism studies. Dose-response curves were established to determine the 1Cy and
ICs0 concentrations of cisplatin, CsA and H,O,. For the first time, we extended our

interest to the transitional phase of differentiating cells at DiffD3 stage.

To determine dose-response curves following treatment with a genotoxic nephrotoxin,
cells were treated with cisplatin at different stages of differentiation. Both stem cell lines
exhibited comparable 1Csy concentrations for cisplatin (approximately 3 uM for b4 and
6 uM for UM51), in agreement with previous studies using hiPSC and ESC-based
protocols [77,116,117]. The I1Cso concentration in b4-DiffD3 cells was also similar, likely
due to the comparable proliferation rates observed with b4-hiPSC in the EAU assay. This
could also explain why b4-PTELC were more resistant to cisplatin (ICso = 65 uyM) than
their respective stem and DiffD3 cells, as their proliferation frequency was significantly
reduced. The ICsp concentration of cisplatin in b4-PTELC was five-fold higher than that
of F4-PTELC [77]. This raised the question of intrinsic cisplatin resistance in b4-PTELC.
Subsequently, further analysis of markers associated with cisplatin resistance revealed
an upregulation of MCT-1 and CTR-2 gene expression, together with a downregulation
of OATP-1, while MDR-1 showed no biologically relevant changes. This expression
pattern could unlikely indicate cisplatin resistance as these markers were similarly
expressed in F4-PTELC (unpublished data) and, more importantly, MDR-1 was
significantly lower comparted to RPTEC/TERT1. However, the expression at the protein
level as well as the activity of these transporters should still be compared in future
studies. Nevertheless, these findings align with an earlier study, reporting lower MDR-1
expression in hiPSC-derived PTEC relative to human PTEC [76]. Additionally, b4-
PTELC exhibited upregulation of proteins enhancing cisplatin sensitivity, including OCT-
2, CTR-1 and OAT-1. Lastly, although the ICso concentration in b4-PTELC may seem
high, it is in agreement with predictions and values reported in other stem cell-based
models [93,109,117-119].

Interestingly, at all cell stages, cells derived from b4 displayed lower sensitivity to
cisplatin compared to those from F4 [77]. Difference in sensitivity between two stem cell
lines against cisplatin was already reported [117]. Polymorphism and differences in
activity of OCT-2 and MDR-1 might explain the difference in ICso concentrations between
PTELC derived from b4 and F4 [12,47,120]. For instance, the interindividual variability in
MDR-1 leads to different patient responses to opioids [121]. Therefore, functional
analysis of MDR-1 activity could further help understanding the differences in response
between the two cell lines. These observations highlight that different hiPSC lines

subjected to the same differentiation protocol may show different behaviors and
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differentiation profiles. Elucidating the extent to which this discrepancy is significant
needs further investigations. These results suggest that selecting an appropriate stem
cell line may be as essential as choosing the right differentiation protocol, given the
possibility that iPSC might retain some characteristics of the original tissue from which

they were reprogrammed.

Similarly, both b4-hiPSC and b4-DiffD3 cells showed lower sensitivity to H.O, compared
to the corresponding F4 cell stages [77]. However, DiffD3 cells from both lines displayed
increased sensitivity to H>O, (b4-DiffD3 1Cso = 97 uM) when compared to their respective
stem cells (b4-hiPSC ICso = 467 uM), in contrast to cisplatin response where stem cells
were more sensitive. One hypothesis would be that the increased sensitivity of DiffD3
cells to H,O, may indicate a downregulation of some oxidative stress defense
mechanisms in cells undergoing differentiation process, which could be investigated in
the future with antioxidant defense expression analysis. Another explanation could be
the stress associated with differentiation, as cells undergo drastic changes like increased
mitochondrial biogenesis, leading to elevated ROS levels. Stem cells may have a more
robust oxidative stress defense before undergoing differentiation [122]. Since the
physiological interstitial H,O» concentration in the human body is typically around 20 uM,
the observed ICso values may appear elevated. In fact, most studies with H2O, use
concentrations exceeding 100 uM. Several factors may account for this: first, high
concentrations are often required to generate an oxidative response due to the rapid
turnover of antioxidant enzymes, which can neutralize hundreds of micromoles of H,O»
within minutes. Second, such high concentrations may mirror conditions reported during

inflammatory states in vivo [123].

Regarding CsA, the treatment was used as a non-genotoxic control to cisplatin. UM51
and b4-hiPSC showed similar sensitivities to CsA. Interestingly, the ICso values,
approximately 9 £ 1 uM, were consistent across all b4-derived cell stages, indicating that
CsA toxicity is independent from the differentiation state. Although comparable studies
on CsA treatment in hiPSC and hiPSC-derived cells are lacking, a similar response was

observed in different differentiation stages of F4 after CsA treatment [77].

In summary, the generated inhibitory concentrations values for the selected drugs were
consistent with those reported in the literature, which makes this model promising for

drug toxicity screening.
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5.2.2 Effects of nephrotoxins on proliferation rates support the predictive value
of the PTELC

Stem cell proliferation and differentiation in vitro might mimic the repair mechanisms of
PTEC after kidney injury in vivo. To explore this, cells at different stages of the
differentiation were exposed to genotoxic and non-genotoxic nephrotoxins, to assess
their impact on proliferation. For the first time, we extended our attention to the

transitional phase of differentiation at DiffD3.

A low cisplatin concentration (0.2 uM) significantly increased EdU uptake in DiffD3 cells,
suggesting enhanced nuclear incorporation of fluorescent nucleotides to ensure DNA
synthesis after cisplatin-induced sub-lethal damage [124]. A similar response was
observed across all cell stages when treated with the 1C2 concentration of cisplatin for
stem cells (1 uM), as stem cells demonstrated the highest cisplatin sensitivity. The
observed elevation in EdU-positive cells likely corresponded to active repair process. In
DiffD9 cells in particular, fluorescent cells may have resulted either from cells retaining
proliferative potential or differentiated cells undergoing dedifferentiation [92]. Moreover,
low-dose cisplatin treatment may have triggered pro-survival pathways via ROS-
mediated signaling to cope with low cisplatin damage. Previous studies have shown that
pre-incubation of bone marrow stem cells with low levels of a prooxidative agent could
enhance stress responses and reduce apoptosis under oxidative stress [125]. Further
investigations into repair mechanisms and EMT are needed to provide more insights.
Additionally, it is well-established that high cisplatin concentrations cause cell cycle
arrest and hinder DNA repair, which was confirmed by the absence of fluorescent
labeling in DiffD9 cells following treatment with their ICso concentration of
cisplatin (65 uM) [45].

Regarding CsA, consistent results were obtained across all cell stages following
treatment with 8 yM CsA, which corresponds to the ICso for b4-hiPSC. CsA had no
significant effect on proliferation rates, except for a slight reduction in EdU uptake in
PTELC when treated with their ICs, concentration of 10 uM. These outcomes align with
previous findings, showing no cytostatic effects of CsA[126]. Such results were
anticipated since CsA'’s toxicity mechanisms do not comprise direct DNA damage, but
are instead mediated by other conserved pathways involving ROS generation, mainly
through mitochondrial and ER stress [67,68,127].

In summary, genotoxic and non-genotoxic treatments induced expected effects on the
proliferation rates, indicating that the PTELC model responded appropriately and

demonstrated a satisfactory predictive value regarding nephrotoxicity.
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5.2.3 Cisplatin-induced antioxidant response confirms the potential of the

PTELC in oxidative stress studies

Given the potential of cisplatin to induce oxidative stress [46,60], the genotoxic and
oxidative stress response of b4-PTELC and b4-hiPSC was assessed following treatment
with their respective ICx (1 uMin b4 and 13 pMin PTELC) and ICsy concentrations (3 uM
in b4 and 65 pM in PTELC).

In hiPSC, cisplatin treatment did not result in a change in the expression of oxidative
stress response genes compared to untreated cells, which indicates a relative resistance
of hiPSC to cisplatin-induced oxidative stress. This finding was supported by the results
of the staining for the activated regulator of the response to oxidative stress, pNRF-2,
which showed no difference in pNRF-2 expression intensity after cisplatin treatment.
Indeed, stem cells with their unlimited proliferation and differentiation capacity, have a
highly efficient machinery to fight various stressors. In addition to their robust DNA repair
systems, hiPSC rely on anaerobic metabolism with a reduced number of mitochondria,
which decreases ROS production [128]. Additionally, stem cells maintain a favorable
redox environment with increased levels of intracellular GSH. This feature was confirmed
by the significantly elevated GSH levels after ICy cisplatin treatment, which highlights
GSH's key role in cisplatin detoxification [129,130]. Oxidative stress has been shown to
reduce stem cell proliferation and induce differentiation in adult stem cells [130,131].
These findings suggest that spontaneous differentiation may be a possible defense
mechanism against oxidative stress in stem cells. Another explanation would be the
activation of alternative pathways (like autophagy and apoptosis) that could prevent the
activation of NRF-2 and its downstream targets. Other works have reported that in
hematopoietic stem cells, NRF-2-mediated survival was independent of ROS
levels [130].

In PTELC, cisplatin treatment induced a dose-dependent oxidative stress response. At
IC20 (13 pM), the oxidative stress was sufficient to activate antioxidant genes (NQO-1
and GPX-1), without affecting NRF-2 expression. NQO-1 activation is however, an
indicator of NRF-2 activity since NQO-1 is the most specific target of NRF-2 [132]. At
ICs0 (65 uM), the high oxidative stress levels resulted in persistent GPX-1 expression but
a downregulation of NRF-2 and other associated genes, indicating cellular exhaustion.
The reduced pNRF-2 expression intensity at ICsp further confirms that NRF-2 activation
diminished as oxidative stress increased, potentially due to the induction of negative
regulators of NRF-2 like GSK-3R or to intracellular depletion of pNRF-2 [132]. Moreover,

Xue et al. (2015) demonstrated that under oxidative stress, ARE is activated through an
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increased rate of translocational oscillations of NRF-2, without changes in the total

cellular NRF-2 protein levels [32].

These results suggest that while protective antioxidant mechanisms are initiated at 1Cxo,
they may be overwhelmed at ICso, possibly due to epigenetic modifications caused by
cisplatin, such as DNA methylation and histone modifications, which could downregulate
the NRF-2 gene or its pathways [133]. Additionally, high cisplatin doses may activate
pro-apoptotic pathways that overcome the protective role of NRF-2 and its targets. For
example, p53 activation after DNA damage is known to suppress NRF-2
expression [134]. Furthermore, multiple animal studies have documented the
downregulation of NRF-2 following cisplatin exposure, with its expression restored
through several antioxidant agents [135-137]. Downregulation of stress defense
markers after pro-oxidative treatment has also been observed in differentiated human
ESC [122,138] and primary human renal PTEC [139]. Importantly, as this analysis was
conducted 24 h post-treatment, a time-course study could provide information about a

potential fluctuation in gene expression over time before the observed downregulation.

These findings suggest that PTELC exhibited a more dynamic response to cisplatin
treatment compared to hiPSC. The gene expression changes showed a mild oxidative
stress responses at ICy and a decrease of oxidative stress responses at ICso. When
comparing the respective absolute I1C2 and ICso values, hiPSC appear more sensitive
than PTELC. However, the relative effects of each IC2 and ICs value on the expression
of antioxidant genes in hiPSC and PTELC suggest that PTELC may be more susceptible
to elevated oxidative stress levels by rapidly activating cell death pathways. In other
words, the threshold for activation of antioxidant defence system is lower in PTELC. The
increased sensitivity in PTELC could be attributed to variations in oxidative stress
defense mechanisms and different cisplatin toxicity pathways, where PTELC may be
predominantly affected by oxidative stress, while hiPSC may be more vulnerable to DNA
damage [45,57,59,60]. Additionally, studies suggest that cisplatin-induced nephrotoxicity
and tumor toxicity occur through different pathways [50]. Further analysis of DNA
damage markers and necrosis, apoptosis or senescence pathways, could help better

characterizing the toxicity mechanisms of cisplatin in these cell types.

In summary, PTELC showed a dose-dependent response to cisplatin treatment and
displayed an appropriate antioxidant response, which suggests that PTELC may be a
reliable model for drug toxicity screening. However, additional substances should be
tested to further validate and strengthen the conclusions drawn from the findings of this

study.
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Overall, the behaviour of the PTELC after treatment with established nephrotoxins aligns
with the expected outcomes of a drug toxicity testing platform, in terms of proliferative
response, as well as gene and protein expression. Injury mechanisms linked to PTEC
toxicity in humans were specifically induced and accurately detected. This indicates that

the PTELC-based in vitro model is a promising tool for drug screening.
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6 Overview and Conclusion

In this study, b4- and for the first time UM51-hiPSC were successfully differentiated into
PTELC. The PTELC generated form these two cell lines displayed comparable
morphology changes, functionality and expression of PTEC markers and transporters
after differentiation. Comparisons of b4-PTELC, F4-PTELC and RPTEC/TERT1
indicated overall similarity in expression profiles without the limitations associated with
immortalized primary cells. Nevertheless, some important PTEC transporters like SGLT-
2 were downregulated. This might be explained by the unknown gene expression in
hiPSC and could possibly be verified by protein expression analysis or glucose uptake
assays. Additional experiments on the effects of nephrotoxins on differentiation markers

and cellular function may provide better characterization of PTELC.

In toxicity studies, b4-PTELC exhibited a greater resistance to cisplatin. This suggests a
potential influence of the type of the hiPSC line on differentiation outcomes. Moreover,
in line with the results from the F4 line, differentiating cells at DiffD3 stage were more
sensitive to oxidative stress as compared to stem cells [77]. Investigating stress
response mechanisms in DiffD3 cells could enhance our understanding of biological
changes during differentiation in vitro and provide insights into in vivo repair mechanisms

and the subclinical renal function decline post-AKI.

The genotoxic cisplatin had a more pronounced effect on the proliferation throughout the
differentiation as compared to the non-genotoxic CsA. However, the increased
proliferation observed in b4-hiPSC and DiffD3 cells at lower cisplatin concentrations
could indicate enhanced repair following DNA damage. Moreover, treatment of PTELC
with I1C2 concentrations of cisplatin induced a dose-dependent response, characterized
by the upregulation of antioxidant markers NQO-1 and GPX-1, while most genes were
downregulated at ICso concentrations. Furthermore, the reduction in pNRF-2 expression
intensity observed through immunocytochemistry indicates overwhelmed antioxidant
mechanisms through alternative cell injury pathways. Additional time-course analysis
including DiffD3 cells may help understanding the dynamic changes in oxidative stress
responses during differentiation and repair. In contrast, hiPSC appeared more robust
against oxidative stress, as shown by the increased GSH levels in b4-hiPSC after ICx
cisplatin treatment but this observation needs further investigation in PTELC for
comparative analysis. All together, these results highlight the satisfactory performance
of this stem cell-based model as a promising tool for drug toxicity tests and repair

mechanisms studies.
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As with many current stem cell-based differentiation models, there is room for further
improvement in the PTELC model. Questions regarding the maturity and purity of the
generated PTELC remain. Additionally, electron microscopy could help identify villi and
brush borders and determine cellular polarity. Another improvement could involve
detecting segment-specific proximal tubule markers like SGLT-2 (S1 segment) carbonic

anhydrase IV (S2) and ecto-adenosine triphosphatase (S3) [140].

Besides studying cell death pathways in toxicity assays, examining other mechanistic
aspects, like changes in cellular polarity, membrane integrity and mitochondrial function
could offer a more comprehensive understanding of differentiating and differentiated cell
responses to toxic substances and their repair mechanisms. Further research into
analysis of novel AKI markers, like KIM-1 (kidney injury molecule) and NGAL (neutrophil
gelatinase-associated lipocalin), may also be beneficial, especially as prior attempts
using RPTEC and HPTEC were unsuccessful to detect them [40,42,43]. Protocol
optimization to extend and stabilize PTELC cultures could further enhance the model's
applicability, by modifying culture media and extracellular matrix components or

introducing 3D structures to support long-term and complex studies of PTELC.

In summary, considering the above mentioned limitations and the proposed
improvements, the constellation of gene and protein expression profiles for epithelial and
proximal tubule markers, along with the functionality of the PTELC and their responses
to nephrotoxicity tests, make this model ready for use in drug toxicity and regenerative

medicine studies.
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