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Abstract 

Considering kidney diseases are one of the top leading causes of mortality worldwide, novel 

therapeutic means instead of the conventional renal replacement therapies are urgently 

needed. Modelling diseases in an in vitro setting is hereby essential to identify disease targets 

and to push forward the development of potential drugs and treatments. Notably for 

discovering new medications, urine represents an alternative cell source for renal epithelial 

and renal stem cells, which can be isolated in a non-invasive and cost-effective way. The 

multipotent urine stem cells have a broad differentiation potential to renal cell types such as 

glomerular podocytes and tubular cells but can also be used for iPSC reprogramming. In regard 

to kidney diseases, glomeruli and proximal tubules within the nephrons are most likely to be 

damaged, which makes them intriguing for in vitro studies on kidney diseases.  

 

In the first study, an isogenic three-dimensional nephrogenic progenitor cell (NPC) model was 

established using three distinct cell types including UdRPCs, iPSC-derived mesenchymal stem 

cells and iPSC-derived endothelial cells. The cells differentiated from iPSCs were characterized 

and hallmarks of mesenchymal stem cells and endothelial cells were identified. Combining the 

three mentioned cell types at a set ratio resulted in self-condensed three-dimensional 

structures, referred to as 3D-NPCs. The 3D models were further studied for expression of renal 

progenitor cell (SIX2, PAX8), podocyte (Nephrin, Podocin) as well as mesenchymal stem cell 

(Vimentin, PDGFR-β) and endothelial cell (CD31) markers. Since the 3D-NPCs share kidney 

progenitor characteristics, they have the potential to differentiate into cells of the nephron 

structure including glomerular podocytes and tubular cells. UdRPCs can be easily isolated from 

shed urine, therefore, these cells have a promising potential as a tool for nephrotoxicity tests, 

drugs screenings and disease modelling. 

The work described in the second publication aims to model kidney injury on implemented 

iPSC-based kidney organoids. Often affected by changing cellular conditions are the nephron 

structures such as the glomeruli and tubules, which are relevant for blood filtration and water 

and salt re-absorption. By employing Puromycin Aminonucleoside (PAN), kidney injury was 

induced in the kidney organoids and the effects were evaluated. Findings of this work included 

the structural disruption of renal glomeruli and tubules within the kidney organoids, DNA 

damage as well as upregulated gene expression of immune responses such as inflammation 

and cell death-related processes. In summary, kidney injury mechanisms including anti- and 
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pro-inflammatory processes, re-arrangement of glomerular cytoskeleton, DNA damage and 

cell death can be modelled via PAN-induced iPSC-based kidney organoids. This work 

demonstrated the possibilities to mimic pathological kidney conditions for the cause of 

disease modelling and the potential use in drug screening and establishment of novel 

therapies.  

The third study portrays the gained insights into signalling pathways involved in the 

maintenance of self-renewal in multipotent urine-derived renal progenitor cells (UdRPCs). 

Previous studies have unveiled the role of JNK signalling in the preservation of self-renewal in 

nephron progenitor cells (NPCs). Due to the similarities between NPCs and UdRPCs, JNK was 

inhibited in UdRPCs with the small molecule AEG3482 and resulting effects were analysed. 

Observations included reduced proliferation, shown in transcriptional downregulation of cell 

cycle-related genes and downregulation of kidney progenitor genes including SIX2, CITED1 

and SALL1. JNK inhibition also reduced the level of activated SMAD2/3, which is also involved 

in the maintenance of self-renewal. Moreover, interference with the JNK pathway resulted in 

less efficient oxidative phosphorylation and increased lipid peroxidation via the non-apoptotic 

cell death ferroptosis. Ferroptosis is linked to various forms of kidney disease and with this 

study, the relevance of JNK signalling for the protection against ferroptosis as well as an 

involvement in self-renewal was demonstrated. UdRPCs treated with JNK inhibitor are 

potentially useful for modelling ferroptosis-induced kidney diseases. 

This thesis describes the benefits of urine-derived stem cells and three-dimensional kidney 

organoids for research on kidney diseases with the aim of aiding the future development of 

new medications and therapy forms. 
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Zusammenfassung 
Weltweit gehören Nierenerkrankungen zu den führenden Todesursachen, weshalb die 

Entwicklung von neuartigen Therapiemöglichkeiten zu den konventionellen 

Nierenersatzverfahren eine große Dringlichkeit hat. Um Angriffspunkte von Krankheiten zu 

identifizieren, ist es essentiell diese in vitro zu modellieren, um dadurch die Entwicklung von 

potentiellen Medikamenten und Behandlungen voranzutreiben. Eine vielversprechende 

Quelle um renale Epithel-und renale Stammzellen auf nicht-invasive und kostensparende 

Weise zu gewinnen, ist der Urin. Multipotente Urinstammzellen haben ein breites 

Differenzierungspotential; sie können zu Nierenzelltypen wie glomerulären Podozyten und 

tubulären Zellen differenziert und ebenfalls für iPSC Reprogrammierung genutzt werden. 

Nierenerkrankungen beschädigen besonders die Glomeruli und proximalen Tubuli der 

Nephrone, weshalb diese Strukturen interessant für in vitro Studien sind.  

In der ersten Studie wurde ein dreidimensionales, isogenes Nephron Progenitorzellmodell 

bestehend aus drei distinkten Zelltypen wie renalen Progenitorzellen aus dem Urin, aus 

induzierten pluripotenten Stammzellen (iPSC)-differenzierten mesenchymalen Stammzellen 

und aus iPS Zellen-differenzierte Endothelzellen, generiert. Die aus iPS-Zellen differenzierten 

Zellen wurden charakterisiert und Merkmale von mesenchymalen Stammzellen und 

Endothelzellen wurden beobachtet. Die Kombination der drei genannten Zelltypen zu einem 

festgelegten Verhältnis resultierte in selbst-kondensierten, dreidimensionalen Strukturen, die 

als 3D-NPCs bezeichnet wurden. Die 3D-Modelle wurden tiefergehend auf die Expression von 

Markern untersucht, die mit renalen Progenitorzellen (SIX2, PAX8), Podozyten (Nephrin, 

Podocin) sowie mesenchymalen Stamm- (Vimentin, PDGFR-β) und Endothelzellen (CD31) 

assoziiert sind. Da die 3D-NPCs Gemeinsamkeiten mit Nierenprogenitorzellen teilen, haben 

sie das Potential zu Nephronzellen wie glomeruläre Podozyten und tubuläre Zellen zu 

differenzieren. UdRPCs können problemlos aus ausgeschiedenem Urin isoliert werden und 

haben daher ein vielversprechendes Potential als Werkzeug für Nephrotoxizitätstests, 

Medikamenten-Screenings und der Modellierung von Krankheiten. 

Die beschriebene Arbeit der zweiten Publikation zielt darauf ab Nierenverletzung in iPSC-

basierten Nierenorganoiden zu modellieren. Besonders von sich verändernden zellulären 

Bedingungen betroffen, sind die Strukturen, welche für Blutfiltrierung und Re-Absorption von 

Wasser und Salzen zuständig sind, darunter die Nephronstrukturen der Glomeruli und Tubuli. 

Durch die Verwendung von Puromycin Aminonucleoside (PAN) wurde Nierenverletzung in den 
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Nierenorganoiden induziert und nachfolgende Effekte analysiert. Ergebnisse dieser Arbeit 

beinhalten strukturelle Zerstörung von renalen Glomeruli und Tubuli innerhalb der 

Nierenorganoide, DNA Schäden sowie die hochregulierte Genexpression von mit einer 

Immunantwort-verbundenen Prozesse wie Entzündung und Zelltod. Zusammenfassend kann 

man sagen, dass zu Nierenverletzung führende Mechanismen wie entzündungshemmende 

und entzündungsfördernde Prozesse, die Umgestaltung des glomulären Cytoskeletts, DNA-

Schäden und Zelltod in aus iPSC-differenzierten Nierenorganoiden durch PAN Induktion 

modelliert werden können. Diese Arbeit zeigt die Möglichkeiten auf, durch das Imitieren von 

pathologischen Nierenkonditionen, Krankheiten zu modellieren und die potenzielle 

Verwendung in Medikamenten-Screenings und die Etablierung von neuen Therapien. 

Die dritte Studie gibt tiefere Einblicke in die Signalwege, welche an der Erhaltung der 

Selbsterneuerung von multipotenten aus Urin gewonnenen renalen Progenitorzellen 

(UdRPCs) beteiligt sind. Frühere Studien deckten die Rolle des JNK-Signalwegs im 

Aufrechterhalten der Selbsterneuerung in Nephron Progenitorzellen (NPCs) auf. Daher wurde 

das JNK Protein in UdRPCs mit dem „small molecule“ AEG3482 inhibiert und die daraus 

resultierenden Effekte wurden analysiert. Gezeigt wurden eine reduzierte Proliferation, 

ebenfalls sichtbar in der herunterregulierten Expression von Zellzyklus-relevanten Genen und 

der Herunterregulierung von Nierenprogenitor-assozierten Genen wie SIX2, CITED1 und 

SALL1. Das Proteinlevel von aktivierten SMAD2/3 wurde durch JNK Inhibierung reduziert, 

welches auch an der Erhaltung der Selbsterneuerung involviert ist. Darüber hinaus, führte das 

Inhibieren von JNK zu einer verminderten Effizienz der oxidativen Phosphorylierung und einer 

erhöhten Lipidperoxidation via des nicht-apoptotischen Zelltods Ferroptose. Ferroptose ist 

mit verschiedenen Formen von Nierenkrankheiten assoziiert und in dieser Studie wurde 

veranschaulicht, dass JNK Signale gegen Ferroptose schützen und dabei in der 

Selbsterneuerung involviert ist. UdRPCs, welche mit dem JNK Inhibitor behandelt wurden, 

stellen daher einen Weg zur Modellierung von Nierenerkrankungen, welche durch Ferroptose 

ausgelöst werden, dar. 

In dieser Thesis werden die Forschungsergebnisse über zelluläre Prozesse in Urinstammzellen 

und die Möglichkeiten der in vitro Modellierung von Krankheiten in dreidimensionalen 

Nierenorganoiden beschrieben, welche für die Entdeckung von neuen Medikamenten und 

Therapien benutzt werden können. 
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1. Introduction  

1.1 The Kidney 

1.1.1 Kidney anatomy 
The kidneys are a pair of excretory organs essential for maintaining the balance of various 

metabolic processes. Kidney functions include excretion of toxins and waste products as well 

as regulation of water and salt homoeostasis (Gopalan & Kirk, 2022). Moreover, the kidneys 

have endocrine functions, as they secrete hormones and enzymes, are involved in the 

adjustment of blood pressure via renin-angiotensin-aldosterone system, in the production of 

erythrocytes as well as the regulation of calcium and phosphate levels (McMahon, 2016). 

The bean-shaped organ pair is located in the abdominal region on each side of the spine with 

the adrenal glands on top (Allan, 2011; Gopalan & Kirk, 2022). Human kidneys consist of 

several lobes, and they can be divided into two layers, the fibrous renal capsule, which covers 

the renal parenchyma. The parenchyma is sub-divided into the cortex and the medulla (Fig. 

1A, B). Embedded within the medulla are conical regions, called renal pyramids, which are 

separated by renal columns that run across the cortex and the medulla. The pyramids are 

connected to several pools, the renal calyces (single: calyx), and end in the renal pelvis 

emptying into the ureter. The ureter connects to the bladder, where urine is collected until 

excreted. 

The smallest functional units of the kidney are the nephrons, which are generated during a 

developmental process called nephrogenesis (see chapter 1.1.3). Each nephron can be divided 

into two major compartments: the renal corpuscle and the renal tubule system (Fig. 1C). An 

adult has approximately one million nephrons, whereas the development of the nephron is 

completed before birth with post-natal maturation. The renal cortex contains the glomeruli 

and parts of the proximal tubules, while the medulla houses the remaining part of the 

proximal as well as the distal and collecting tubules, which connect to the renal calyx for the 

transport of urine (Krause et al., 2015; McMahon, 2016) (Fig. 1B). 
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Figure 1. Kidney anatomy and specific depiction of nephron compartments. A) Sagittal section of a kidney showing the 
description of the kidney regions. B) Overview of the parenchymal layers, cortex and medulla, depicting the embedding of the 
nephrons and the vasculature within the parenchyma. C) Segmentation of the nephron structures divided into the renal 
corpuscle and the tubule system with the description of the specific structures. Original images from Servier Medical Art, as 
licensed under a Creative Commons Attribution 3.0 Unported License. Text was added to the original images. 

1.1.2 Embryonic development of the kidney 
During the embryonal development, the kidneys derive from the intermediate mesoderm (IM) 

along the rostral-caudal axis of the embryo (M. H. Little et al., 2019). Dividing the IM into 

anterior and posterior, certain parts of the kidney are originated in the posterior IM, while 

other parts derive from the anterior IM. In mammals, the organs undergo two transient 

stages, referred to as pro- and mesonephroi, before developing into the permanent 

metanephroi (single: pronephros, mesonephros, metanephros). All three kidney organs 

develop successively from the IM-derived nephrogenic cord (Cullen-McEwen et al., 2015). The 

kidney development of higher vertebrates is evolutionarily conserved, which can be observed 

via the successive appearance of the transient renal structures (Aboul Mahasen, 2016).  

The pronephroi develop epithelial structures, the nephrotomes, which are simple excretory 

tubules in some amphibians and fish, while they are non-functional in mammals (Smyth et al., 

2017; Winyard, 2019). The caudal part of the pronephroi elongate and eventually connect 

with the cloaca (Smyth et al., 2017). This structure is termed the Wolffian duct or nephric duct, 

and it persists further, while all rostral parts regress. The Wolffian duct then further elongates 

in caudal direction and is connected with the later developed mesonephric kidneys (Cullen-

McEwen et al., 2015). During mammalian embryogenesis renal functions are rudimentarily 
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fulfilled by the mesonephros (M. Little et al., 2010). Most of the mesonephroi degenerate at 

later developmental stages. However, a few segments of the mesonephroi are involved in the 

development of other parts of the urogenital system such as the male gonads, the adrenal 

glands and also take part in the development of erythrocytes (Krause et al., 2015). 

The next developmental stage is the metanephros, which develops into the permanent kidney 

organ by a process termed nephrogenesis. The main actors of nephrogenesis are the 

metanephric mesenchyme and the nephric duct-derived ureteric bud. As mentioned before, 

the metanephric mesenchyme originates from the posterior intermediate mesoderm, while 

the ureteric duct derives from the anterior intermediate mesoderm. 

 

1.1.3 Nephrogenesis 
The nephron development begins around gestation week 4-5 in humans when the epithelial 

ureteric bud (UB) forms from the nephric duct (Cullen-McEwen et al., 2015). The UB and the 

surrounding metanephric mesenchyme (MM) secrete growth factors, which induce reciprocal 

events. Two events take place in parallel: 

First, renal branching morphogenesis starts when the outgrowth of the UB into the MM is 

induced by glial cell-derived neurotropic factor (GDNF), a growth factor secreted by the MM 

(Fig. 2A). GDNF binds to the glycosylphosphatidylinsotol-linked cell surface receptor GFRα1 to 

interact with the receptor tyrosine kinase ret proto-oncogene (RET). RET is then 

autophosphorylated and activates downstream target pathways and genes. RET is present on 

the UB epithelium and GFRα1 is expressed in both the MM and the UB (Krause et al., 2015). 

The stimulated UB initially branches in a dichotomous and symmetric way, followed by 

continuous branching until the 34th gestation week in humans (Bush et al., 2012). However, 

the branching is never completely identical and symmetrical (Alpern et al., 2013; Costantini, 

2015). Maintenance of the ongoing branching of the UB is based on the interplay between 

different signalling pathways including GDNF-RET, Fibroblast Growth Factor (FGF) and 

Wingless-type 1 (WNT) signalling (Smyth et al., 2017). Additionally, phosphoinositide 3-kinase 

(PI3K) and Phospholipase C y (PLCγ) pathways are likely to be involved in the branching rate 

(Smyth et al., 2017). Continuous branching ultimately derives the tree-like collecting system 

of the adult kidney, consisting of the collecting ducts, the ureters, the calyces and the renal 

pelvis (Alpern et al., 2013; Costantini, 2015; Winyard, 2019). 
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Simultaneously to the branching, WNT9B signals from the UB induce differentiation starting 

with a mesenchymal to epithelial transition (MET) in the MM. This leads to the condensation 

of the MM surrounding the tips of the UB, which is then referred to as cap mesenchyme (CM) 

(M. Little et al., 2010). The area around the UB tips represent nephrogenic niches containing 

the RET+ UB tip, SIX2+ nephron progenitors and FOXD1+ cortical stromal progenitors (M. Little 

et al., 2010; Wilson & Little, 2021). Signals from the UB tip maintain the self-renewal and 

proliferation of the progenitors, but also induce nephrogenesis (Wilson & Little, 2021). Besides 

the nephrons and the stroma, interstitial cells originate in the MM (Al-Awqati & Oliver, 2002). 

After the CM derives, an epithelial pre-tubular aggregate (PTA) is formed beneath the UB 

(Koning et al., 2020). Non-canonical WNT signalling via WNT4 induces MET, which ultimately 

results in the formation of an epithelial structure called renal vesicle (RV) (Koning et al., 2020; 

M. H. Little et al., 2019). The RV is polarized, it has a proximal and distal part, which contain 

precursors later developing into the glomerulus and the tubule compartments (Kaku et al., 

2017). The RV is elongated, and two clefts are formed one by one, which firstly leads to 

transitioning to the comma-shaped (CSB) and then the S-shaped body (SSB) (Figure 2A). During 

that time, the SSB is patterned along the proximo-distal axis, resulting in the differentiation of 

tubule regions and the formation of the renal corpuscle. The patterning from the distal to the 

proximal end of the SSB derives the distal tubule, then the loop of Henle (LoH) and the 

proximal tubule, based on a gradient of WNT signalling from distal to proximal region (M. H. 

Little & Combes, 2019) (Figure 2B). The distal part of the SSB is then connected to the UB-

derived collecting duct system (Bush et al., 2012). The proximal end of the SSB gives rises to 

the renal corpuscle consisting of the Bowman’s capsule, the Bowman’s space, the glomerulus, 

the glomerular filtration barrier, and the capillary tuft. 

The origin of the renal vasculature is still not completely clarified. One theory indicates that 

endothelial and mesangial precursor cells derive from the IM and migrate to the kidney (Pietilä 

& Vainio, 2014). The other theory postulates that the endothelium may originate from the 

renal anlage itself (Pietilä & Vainio, 2014). Moreover, it is unclear, whether the renal 

vasculature emerges from vasculogenesis or angiogenesis (Smyth et al., 2017). Vasculogenesis 

is the process, where blood vessels are formed de novo, while angiogenesis describes the 

sprouting of new vasculature from pre-existing vessels (Smyth et al., 2017; Winyard, 2019). 

Many researchers follow the hypothesis that the renal vasculature derives from a mix of both 

processes (Khoshdel-Rad et al., 2022). 
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Figure 2. Overview of the nephrogenesis. A) Chronological order of cellular events during nephrogenesis. B) Breakdown of the 
different sections of the nephron and their origin in the SSB. ND= nephric duct, MM= metanephric mesenchyme, UB= ureteric 
bud, CM= cap mesenchyme, PTA= pre-tubular aggregate, RV= renal vesicle, CSB= C-shaped body, SSB= S-shaped body, RC= 
renal corpuscle, PT= proximal tubule, LoH= Loop of Henle, DT= distal tubule, CD= collecting duct. Original images from Servier 
Medical Art, as licensed under a Creative Commons Attribution 3.0 Unported License. Text was added to the original images. 

 

 

1.1.4 Filtration of the blood 
More than 20 different cell types assemble the nephron. The main unit of the filtration 

apparatus, the renal corpuscle, is sub-divided into the Bowman’s capsule, the Bowman’s 

space, and the glomerulus (Figure 1C). The glomerulus is an encapsulated structure 

surrounding a tight capillary tuft. Essential for the filtration is the glomerular filtration barrier, 

which consists of three layers: i) the glomerular endothelium; ii) the glomerular basement 

membrane and iii) a layer of tightly interdigitating podocytes (BENZING, 2020; Rayner et al., 

2016). Water and other smaller-sized molecules are able to move freely through the filtration 

barrier (Kriz, 2010). Two characteristics of the filtration barrier contribute to the filtration 

function. Firstly, the filtration barrier is highly negatively charged (Rayner et al., 2016). The cell 

surface of glomerular endothelial cells is layered with the negatively charged glycocalyx made 

of proteoglycans, glycoproteins and glycolipids (The glomerular filtration barrier: a structural 

target for novel kidney therapies, 2021). The composition of the glomerular basement 

membrane (GBM) adds to the negative charge (Kriz, 2010). The charge contributes to the 

charge selectivity of the filtration barrier, which prevents highly negatively charged molecules 
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such as albumin from passing through (Rayner et al., 2016; Scott & Quaggin, 2015). In addition 

to the charge selectivity, the filtration barrier is also size-selective, which is ensured by the 

visceral epithelium. Podocytes cover the capillaries and spread out interdigitating cellular 

outgrowths called foot processes, which are interconnected via slit diaphragms, which restrict 

bigger-sized molecules such as Albumin and cells like erythrocytes from passing through the 

filtration barrier (BENZING, 2020; Kriz, 2010). 

When the blood flows into the glomerulus, water and smaller-sized molecules, such as salts 

and urea can pass the glomerular filtration barrier. This filtrate is the primary urine, which is 

further concentrated in the next steps. Connected to the renal corpuscle is the tubule system, 

sub-divided into the proximal tubule, loop of Henle, distal tubule, collecting tubule and 

collecting duct (Figure 1C). The proximal tubules are important for the re-absorption of water, 

proteins and other molecules. Due to an abundant number of water permeable pores 

(aquaporins), water can be easily recovered (Kriz, 2010). Additionally, active transporters 

ensure the re-absorption of salts, sugars, amino acids and bicarbonate into the blood (Cole & 

Kramer, 2016). The main task of the loop of Henle is the re-absorption of salts. High numbers 

of aquaporins make the first segment of the LoH, the thin descending limb, highly water 

permeable (Kriz, 2010). Water diffuses into the blood, which enriches the secondary urine 

with salts and creates an inward-oriented concentration gradient (Akilesh, 2014). Due to this 

gradient, water cannot penetrate the thin ascending limb and thick ascending limb (Akilesh, 

2014; Kriz, 2010). Further concentration of the fluid is acquired by active salt co-transporters 

in the thick ascending limb (Akilesh, 2014; Kriz, 2010). The distal tubule also actively re-absorbs 

electrolytes from the filtrate, including calcium, phosphate and potassium ions (Cole & 

Kramer, 2016). Before the secondary urine leaves through the ureter further to the bladder 

and is excreted through the urethra, water and salts are re-absorbed by the collecting duct in 

a final step (Kriz, 2010). Kidney diseases, infections and medications affect the nephron 

integrity and often come with an irreversible loss of nephrons (Connelly et al., 2020). 

 

1.1.5 Kidney diseases and their causes 
According to the statistics of the World Health Organization (WHO), in 2019, kidney diseases 

were one of the top ten leading causes of death (WHO, 2020). Kidney diseases such as acute 

kidney injury (AKI) and chronic kidney disease (CKD) are a worldwide health burden. While AKI 

describes a condition of reduced kidney function in less than three months, CKD is defined as 
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a gradual loss of kidney function for a minimum duration time of three months (Webster et 

al., 2017). Leading etiologies for AKI include renal ischemia/ reperfusion (I/R) injury, drugs and 

medications, but also surgical procedures can cause AKI (Hosohata et al., 2022; Appendix I.1.ii, 

p. 20) (Fig. 3). During I/R injury, blood flow to the kidney and consequently oxygen supply is 

interrupted and this condition can appear after infarction, renal artery embolism or organ 

transplantation (Malek & Nematbakhsh, 2015; Spiliopoulos et al., 2020). Under ischemic 

conditions, production of reactive oxygen species (ROS) and inflammatory processes are 

induced. The resulting cell damage can cause ferroptosis, an iron-dependent cell death, which 

is characterized by the accumulation of iron and lipid peroxidation (Hosohata et al., 2022). 

Under normal conditions, anti-oxidative enzymes remove the lipid peroxides and prevent their 

accumulation. However, pathological conditions can cause increased ROS production and 

often go together with decreased levels of antioxidants. Accumulated ROS activate 

inflammatory- and cell death-associated processes and can trigger AKI leading to damage of 

the functional cells, like tubular cells (Hosohata et al., 2022). In recent years, dysregulated iron 

metabolism caused by ferroptosis was also linked to the emergence of AKI (Borawski & 

Malyszko, 2020). Therefore, ferroptosis inhibitors preventing the cellular accumulation of iron 

or lipid peroxides represent a potential therapy for AKI patients (Borawski & Malyszko, 2020; 

Hosohata et al., 2022).  

CKD is diagnosed under the conditions of increased urinary protein secretion and reduced 

glomerular filtration rate during a time span of three months (Kovesdy, 2022). Causes for CKD 

are multifaceted. Especially diabetes mellitus and high blood pressure are high risk factors for 

the emergence of CKD (Kovesdy, 2022; Noble & Taal, 2019) (Fig. 3). Hypertension has drastic 

effects on the glomeruli, as the delicate capillary systems are easily damaged by high blood 

pressure (D. Sun et al., 2020). Since glomerular cells are not capable to self-renew, permanent 

loss of glomerular cells and function is inevitable and ultimately results in disease progression 

(BENZING, 2020). Besides pathological kidney conditions such as AKI or glomerulonephritis, 

cardiovascular diseases and drugs can equally cause CKD (Noble & Taal, 2019). AKI and CKD 

are interlinked pathophysiological conditions. AKI can progress to CKD due to various 

circumstances such as inflammation, developing fibrosis and hypoxia among 

others(Fiorentino et al., 2018). On the other hand, patients suffering from CKD are more 

susceptible for further kidney damages due to CKD-induced AKI (Ferenbach et al., 2017; 

Fiorentino et al., 2018)(Fig. 3). The progression of CKD to the final stage is described as end-
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stage renal disease (ESRD), which is defined as an irreversible loss of kidney function (Abbasi 

et al., 2010) (Fig. 3).  

Early diagnosis and treatment can reduce the potential progression to ESRD, as this condition 

is fatal for patients if not treated with kidney replacement therapy including dialysis or organ 

transplantation (Abbasi et al., 2010). Other than the high costs, dialysis is time-consuming and 

restricts the daily life of the patients drastically (Himmelfarb et al., 2020). On the other hand, 

donor organs are rarely available due to organ shortage and lacking immune compatibility 

(Beyar, 2011). Taking into account that there are desensitization approaches, which allow 

allograft-transplantation and counter immune incompatibility, the procedure goes together 

with high costs and long-life use of immunosuppressive medications to prevent antibody-

mediated rejection (Beyar, 2011; Gloor & Stegall, 2010).  

 

Figure 3.Correlation between AKI, CKD and ESRD. Described are the etiologies leading to the emergence of AKI and CKD as 
well as the connection between the pathologies. Decline of kidney functions is depicted in a coloured arrow. 

 

1.1.6 Nephrotoxicity 
One contributor to kidney diseases can be nephrotoxicity. Nephrotoxicity is described as 

alterations of kidney functions and structures due to acute or chronic exposure to toxicants 

such as drugs and medications (S. Y. Kim & Moon, 2012; Y. Y. Zhao & Lin, 2014). Affected by 

drug-induced renal toxicity may be tubules, interstitial tissues, glomeruli, or the renal 

microvasculature (Faria et al., 2019). The emergence of pathological consequences is often 
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reversible upon discontinuation of drug use (Faria et al., 2019). Several circumstances 

contribute to the kidney’s susceptibility to drug-induced injury: i) kidneys receive a quarter of 

the resting cardiac output and are prone to circulating drugs ii) high exposure to xenobiotics 

due to tubular function of toxin removal iii) tubular accumulation of drugs, and iv) high tubular 

energy demand, which makes tubules vulnerable to renal toxicity (Griffin et al., 2019). Owning 

to the functions of solute re-absorption and the metabolism of xenobiotics, tubules are the 

main target of nephrotoxic substances. Numerous drugs are taken up by endocytosis and 

active transporters from the blood, which makes a tubular accumulation very likely (Hall et al., 

2022; K. D. Liu & Palevsky, 2022). Tubular injury or loss can be induced by medications such as 

antibiotics, anti-viral drugs like tenofovir and chemotherapeutics like cisplatin (Hall et al., 

2022; S. Y. Kim & Moon, 2012; Perazella & Rosner, 2022). Within the tubules, xenobiotics often 

induce disruption of the tubular cell polarity and mitochondrial damage accompanied by 

increased oxidative stress, which impair the correct tubular functions (Faria et al., 2019; K. D. 

Liu & Palevsky, 2022). 

In the recent years, researchers developed different in vitro approaches to study 

nephrotoxicity with a focus on proximal tubular cells. Close to the in vivo state are primary 

cells, which can only be maintained for a short period since they are limited in their growth 

and rapidly lose their phenotype in vitro (Barnett & Cummings, 2018). On the other hand, 

immortalized cells can be cultured indefinitely, but may carry inadvertent alterations in their 

characteristics (Faria et al., 2019). Alternatively, three-dimensional kidney models were 

developed including pluripotent stem cell (PSC)-derived kidney organoids, bioengineered 

kidneys and organ-on-a-chip systems (see chapter 1.2.61.2.6) (Cintron Pregosin et al., 2021; 

Faria et al., 2019; Rizki-Safitri et al., 2021). Various kidney models were generated by applying 

immortalized kidney cells and PSC-derived kidney organoids on biological and non-biological 

scaffolds such as Matrigel, hollow fibres and de-cellularized kidneys (Cintron Pregosin et al., 

2021; Faria et al., 2019; Rizki-Safitri et al., 2021). 

Drug-induced nephrotoxicity can be evaluated via blood tests, indicated by high blood urea 

nitrogen (BUN) levels, increased serum creatinine (sCr) levels and reduced glomerular 

filtration rate (GFR) (S. Y. Kim & Moon, 2012). However, the serum biomarkers BUN and serum 

creatinine are not highly specific toxicity markers, as serum levels can be altered by renal and 

non-renal factors other than drug-induced kidney injury (Griffin et al., 2019). Besides blood, 

urine represents a non-invasive source for the analysis of nephrotoxic biomarkers. 
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Nephrotoxicity biomarkers in the urine, which were approved by the Predictive Safety Testing 

Consortium (PSTC) included kidney injury molecule-1 (KIM-1), trefoil factor 3 (TFF-3), beta-2 

microglobulin (B2M), cystatin C (CysC), urinary albumin (uALB), urinary total protein (uTP) and 

Clusterin (CLU) and later neutrophil gelatinase-associated lipocalin (NGAL) and osteopontin 

(OPN) (Faria et al., 2019; Griffin et al., 2019). Drug-induced dysfunction of tubules can lead to 

urinary protein losses and in the worst case result in AKI (Hall et al., 2022). Under chronic 

circumstances, tubular injury activates renal inflammation and fibrosis via numerous 

pathways, which drives disease progression (B. C. Liu et al., 2018).  

 

1.2 Stem Cells 

1.2.1 Classification of stem cells 
Cells of various tissues in the body must be regularly renewed due to age, damage, or injury, 

which is important for tissue regeneration. This task is fulfilled by stem cells. Other than 

somatic cells, stem cells are undifferentiated and can self-renew. This implies they are able to 

divide into two daughter cells, where one differentiates to the target cell and the other 

remains as an undifferentiated stem cell. Stem cells can be categorized by their potency to 

differentiate. The zygote represents the totipotent state, as it is able to differentiate into a 

complete embryo as well as extra-embryonic tissues (Zakrzewski et al., 2019). Embryonic stem 

cells (ESCs), from the inner cell mass of the blastocyst, are pluripotent and can differentiate in 

every cell type of the germ layers ectoderm, mesoderm, and endoderm. These cells are often 

extracted from supernumerary embryos, which were generated by in vitro fertilization 

(Thomson, 1998). Classified as adult stem cells (ASCs) are multipotent and unipotent stem 

cells. Multipotent stem cells are restricted to differentiate into cell types of one lineage, while 

unipotent stem cells can only differentiate into one specific cell type. Tissue damage caused 

by injury or pathological conditions may activate adult stem cells for regeneration (Urinary 

stem cells as tools to study genetic disease: Overview of the literature, 2019). 

 

1.2.2 Induced pluripotent stem cells 
While embryonic stem cells represent a promising tool for regenerative medicine for their 

great potential, ethical concerns were risen, since the cells are isolated from embryos. In 2006, 

the Yamanaka lab firstly generated pluripotent mice stem cells from somatic mice cells in vitro 
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via a technique called reprogramming (Takahashi & Yamanaka, 2006). One year later, the 

same lab reproduced this experiment, and successfully produced human induced pluripotent 

stem cells (iPSCs) (Takahashi et al., 2007). In short, that process included the retroviral 

introduction of four transcription factors into adult somatic cells, later called the Yamanaka 

cocktail: Oct4, Sox2, c-Myc and Klf4 (Takahashi et al., 2007; Takahashi & Yamanaka, 2006). The 

generated cells demonstrated characteristics typical for pluripotent embryonic stem cells, 

including unlimited self-renewal and the ability to spontaneously generate cell types of all 

three germ layers via embryoid body formation (Takahashi et al., 2007). Additional features 

included telomerase activity, expression of hESC surface markers including SSEA3/4, TRA-1-

60, TRA-1-81 and alkaline phosphatase (Takahashi et al., 2007; Thomson, 1998). Another 

hallmark of ESCs include teratoma formation when transplanted, which could also be 

demonstrated with human iPSCs (Takahashi et al., 2007).  

The prospect for the medical sector is quite high, as patients could have autologous iPSC-

derived tissues for regenerative purposes without the risk of immune rejection (Zakrzewski et 

al., 2019). In the last decade, efforts in using iPSCs for the generation of different cell models 

for regenerative medicine led to an immense number of studies actively working towards this 

goal. Similar to ESCs, iPSCs have drawbacks, which makes it complicated to use them in the 

clinical setting. Their high differentiation and proliferation potential increases the risk of 

tumorigenicity. When iPSCs are differentiated for tissue regeneration or similar purposes, the 

possibility of remaining undifferentiated iPSCs is quite high (Doss & Sachinidis, 2019; Zhong et 

al., 2022). These undifferentiated iPSCs have a high risk to develop into tumours. In case of 

autologous iPSCs, a potential tumour formation cannot be recognized by the immune system 

(Kanemura et al., 2014). Moreover, high passage number and other circumstances can lead to 

karyotypic aberrations, which also increases the risk for tumour formation (Qiao et al., 2020). 

Additionally, many tissues derived from iPSCs resemble the fetal counterpart and therefore 

do not fully recapitulate the adult functions.  

 

1.2.3 Stem cells isolated from the urine 
Urine-derived stem cells (USCs) represent an alternative to the conventional iPSCs. These cells 

are stem cells isolated from urine. Besides urine stem cells, also renal epithelial cells, such as 

podocytes and proximal tubule epithelial cells (PTECs) have been found within the shed urine 
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(Manaph et al., 2018). Due to the easy access of voided urine, urine stem cells are a good 

candidate for the reprogramming of iPSCs for personalized medicine (Bento et al., 2020). With 

urine-derived iPSCs the problem with allogenic donor cells, which come with 

immunosuppressive measurements, can be easily avoided.  

Typically, urine stem cells have a rice grain-like and spindle-shaped morphology and are 

capable to grow on plastic surfaces. Some USC clones express stemness-related genes such as 

OCT3/4, c-MYC, SSEA-3/4 and KLF4 (Huang et al., 2022). Besides that, USCs have long 

telomeres, and telomerase activity was measured in some clones, while no tumorigenicity in 

in vivo studies could be demonstrated (Chun et al., 2012; D. Zhang et al., 2014). Moreover, 

renal markers such as the progenitor marker SIX2, the podocyte marker NPHS1, and the 

tubular markers AQP1, AQP2, and SLC12A1 were expressed in USCs (A. J. Chen et al., 2020). 

The presence of SIX2 together with CD24 and CD133 indicates that some urine cells are renal 

progenitor cells (Lazzeri et al., 2015; Pavathuparambil Abdul Manaph et al., 2018; Rahman et 

al., 2020[see Appendix I.i]). In this regard, the name urine-derived renal progenitor cells 

(UdRPCs) was utilized to reflect this in greater detail1 (Rahman et al., 2018, 2019). The origin 

of UdRPCs is not completely clarified. One possible origin is the upper urinary tract, indicated 

by the expression of typical markers and the presence of Y-chromosomes in urine cells from a 

female transplantation patient who received a male donor organ (Bharadwaj et al., 2013). 

UdRPCs have a multipotent differentiation potential. Differentiation of urine stem cells to 

urothelial cells, endothelial cells, smooth muscle-like cells, neurons, and even beta cells and 

hepatocytes was documented before (Huang et al., 2022; Hwang et al., 2019; G. Liu et al., 

2018; Ouyang et al., 2014; S. Wu et al., 2011; Xu et al., 2019; M. Zhou et al., 2020). 

On the cellular level, these cells resemble mesenchymal stem cells (MSCs) as they exhibit the 

MSC characteristics introduced by the International Society for Cellular Therapy: i) plastic 

adherence, ii) expression of the mesenchymal surface marker CD73, CD90, CD105 and CD133, 

iii) absence of hematopoietic surface markers CD14, CD34 and CD40, iv) tri-lineage 

differentiation potential to adipocytes, chondrocytes and osteoblasts (Dominici et al., 2006). 

Moreover, immune-modulatory properties are one of their characteristics, as they express 

class II HLA glycoproteins, common for immune cells such as macrophages and B-lymphocytes 

but not the immunogenic HLA-DR glycoproteins (Bento et al., 2020). Besides that, the urine 

                                                           
1 The term UdRPCs will be used when the cells are characterized as in (Rahman et al., 2018), while the term 
USCs will refer to the cells of variable cell characteristics based on the quoted studies. 
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stem cells were able to inhibit phytohemagglutinin (PHA)-activated lymphocyte cluster 

formation (Schosserer et al., 2015). Another similarity to MSCs is the capability to secrete 

paracrine factors through exosomes and extracellular vesicles, which can for instance alleviate 

inflammatory processes (Bento et al., 2020; Huang et al., 2022).  

Due to their non-invasive isolation from urine, UdRPCs represent an interesting cell source for 

paediatric therapy (Bento et al., 2020). In contrast to conventional skin biopsies, urine cells 

represent a less problematic cell source for patients suffering from skin diseases including 

inherited epidermolysis bullosa as it reduces the burden on the patients (Schosserer et al., 

2015). Besides being easily reprogrammed to iPSCs, native UdRPCs are valuable for disease 

modelling and the diagnosis of genetic disorders (Bento et al., 2020). Urine stem cells 

furthermore represent a promising tool for cell therapy approaches.  

 

1.2.4 Application of urine-derived renal progenitor cells  
The use of cells isolated from urine for clinical applications and therapeutic means has been 

investigated in the recent years, which will be reviewed in the following based on a few studies 

(Table 1). Urine stem cells are a cost-effective, non-invasive cell source with minimal ethical 

concerns, and therefore, are especially attractive for the field of regenerative medicine. Their 

differentiation potential to cell types of the urogenital tract make them possibly an interesting 

cell source for reconstruction or regeneration of urogenital tissues (Qin et al., 2014).  

For tissue regeneration, UdRPCs can be directly incorporated into the injured tissue (Li et al., 

2020). Tian et al. reported the injection of urine stem cells to treat the effects of AKI in a rodent 

model (Tian et al., 2017). They were able to show that the incorporation of USCs ameliorated 

AKI, detected by reduced sCr and BUN levels, decreased tubular injury score, less numbers of 

apoptotic cells and high levels of anti-inflammatory cytokines. Moreover, GFP labelling 

demonstrated the proliferation and differentiation of incorporated USCs to tubular epithelial 

cells supporting tissue regeneration after tubular injury (Tian et al., 2017). The broad potential 

for the use of UdRPCs was also shown by regeneration studies of tissues other than tissues of 

the urogenital system. For instance, researchers administered composites of USCs and small 

intestine submucosa hydrogels to heat-injured vocal folds in rabbit models and observed the 

promotion of vocal fold recovery seen by enhanced anti-inflammatory responses, 

neovascularization and suppression of fibrosis (Hu et al., 2022). The combination of USCs with 
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the bone tissue engineering scaffold, β-TCP, was moreover used to reconstruct bone tissue, 

as USCs have an osteogenic differentiation potential (Guan et al., 2015). Patient-derived USCs 

were also demonstrated to help in the recovery of liver function and the alleviation of tissue 

damages induced by liver injury (N. Zhang et al., 2021). But also for multi-organ diseases such 

as diabetes, UdRPCs may be beneficial, as demonstrated by a study, where application of USCs 

led to improvement of blood glucose levels, regeneration of islet vasculature and increased β-

cell survival as well as an overall increased median survival rate of diabetic mice (T. Zhao et 

al., 2018). One subsequent pathology of diabetes affecting the kidneys can be diabetic 

nephropathy and the effects of applying hUSCs was also studied before (Xiong et al., 2020). 

Mouse models of diabetic nephropathy were treated with hUSCs, and the cells were 

demonstrated to preserve kidney function, have anti-inflammatory effects and reduce renal 

fibrosis as well as oxidative stress (Xiong et al., 2020). 

However, the exact mechanisms of how urine stem cell function in regeneration processes are 

not fully understood. Similar to MSCs, USCs have high immunomodulatory properties, which 

suggests, that secreted paracrine factors from USCs may play an essential role in tissue repair 

and regeneration. The paracrine factors have anti-inflammatory and anti-oxidative effects, 

and may be beneficial for transplantation patients as they reduce immune rejection and graft 

versus host disease (GvHD) (Q. Zhou et al., 2022). Therefore, alternative approaches besides 

direct cell incorporation was tackled by utilizing the secreted paracrine factors (Li et al., 2020; 

Q. Zhou et al., 2022). Li et al. demonstrated in their study that injected USCs into an I/RI rat 

model ameliorated renal injury shown by decreased levels of sCr and BUN, a reduced 

pathological score for renal injury, reduced apoptosis, a lower amount of infiltrating 

neutrophils and reduced levels of ROS (Li et al., 2020). Additionally, exosomes isolated from 

USC conditioned medium were used on hypoxia/reoxygenation (H/R) injury-induced HK2 cells 

(Li et al., 2020). Similar to the previous results, the USC-exosomes had an anti-apoptotic, anti-

inflammatory, anti-oxidative and anti-fibrotic effect on H/R-HK2 cells (Li et al., 2020). 

Extracellular vesicles secreted by USCs were also shown to support angiogenesis and muscle 

regeneration after ischaemia/hypoxia insult in a mouse model (Zhu et al., 2018). 

Besides the therapeutic potential of USCs and the secreted paracrine factors, cells isolated 

from patient urine can also be used for predicting the course of kidney diseases (Gerges et al., 

2022). Gerges et al. demonstrated the presence of proliferative tubular progenitor cells in 

urine from recovering AKI stage 3 patients, which resemble the findings of recovering patients 
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suffering from transplantation-induced AKI (Gerges et al., 2022). This shows the potential of 

urine as a future prognostic tool associated with renal recovery from AKI, which has to be 

further investigated. Cells isolated from patients’ urine, especially podocytes and tubular 

epithelial cells, are moreover interesting for disease modelling of genetic diseases and a 

potential hub for the development of novel therapeutics (Bondue et al., 2021). Other options 

for the use of USCs can include the reprogramming to iPSCs and further differentiation to 

various cell types for disease modelling as well as for the generation of 3D cell models 

(Bohndorf et al., 2017). 
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Table 1. Applications of urine stem cells for medical research regarding possible treatment options. 

Cell source pathology methods Major findings reference 

Human 

urine stem 

cells 

I/R-induced AKI Injection of USCs in left kidney of 

I/R injury rat model 

Promoted kidney repair, led to reduction of sCr 

and BUN, decreased tubular injury score, 

reduced apoptosis, and increased proliferation, 

increased levels of anti-inflammatory cytokines 

(Tian et al., 2017) 

Human 

urine stem 

cells 

Voice disorders, 

voice fold scarring 

USCs+ small intestine submucosa 

hydrogels in heat-injured vocal 

folds of rabbit model 

Support of anti-inflammatory polarization of M2 

macrophages, neovascularization, re-

epithelialization and suppressed fibrosis 

(Hu et al., 2022) 

Human 

urine stem 

cells 

Bone fractures USCs+bone tissue engineering 

scaffold b-TCP 

Reconstruction of bone tissue, osteogenic 

differentiation of USCs and promotion of new 

bone formation 

(Guan et al., 2015) 

Human 

urine stem 

cells 

Liver injury Transplantation of patient-derived 

USCs into CCL4-induced liver 

fibrosis in mouse model 

Recovery of liver function, improvement of 

alanine aminotransferase and aspartate levels, 

and decrease of liver tissue injury 

(N. Zhang et al., 

2021) 

Human 

urine stem 

cells 

diabetes Transplantation of USCs in 

streptozotocin-induced diabetes 

mouse model 

Improvement of median survival rate of mice, 

recovery of glucose homoeostasis, islet re-

vascularization and pancreatic β-cell survival  

(T. Zhao et al., 2018) 

Human 

urine stem 

cells  

Diabetic 

nephropathy (D/N) 

Injection of USCs in 

streptozotocin-induced D/N 

mouse model 

Alleviation of inflammation and oxidative stress, 

reduction of renal fibrosis, protection of renal 

functions 

(Xiong et al., 2020) 

Human 

urine stem 

cells 

I/R injury-induced 

AKI  

Injection of USCs into I/R injury rat 

model 

USCs reduced sCr and BUN, apoptosis, 

inflammation, oxidative stress and fibrosis. 

(Li et al., 2020) 



INTRODUCTION   28 

 

Exosomes from USC-conditioned 

medium used on H/R injury HK2 

cells 

Exosomes promoted reduction of inflammation, 

apoptosis, oxidative stress and fibrosis 

Human 

urine stem 

cells 

Ischemia/hypoxia Transplantation of extracellular 

vesicles of USCs into ischemic 

mouse hind-limb 

Supported angiogenesis and muscle 

regeneration  

(Zhu et al., 2018) 

Human 

tubular 

progenitor 

cells 

Non-

transplantation AKI 

 Presence of proliferative tubular progenitor cells 

in urine of non-transplantation AKI patients, 

indication for AKI recovery 

(Gerges et al., 2022) 

(continued Table 1) 
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1.2.5 Organoids 
In order to discover new therapies and medications disease models are widely used or 

currently in development. 2D cell culture models include immortalized cell lines (tumour cell 

lines like HEK, HEPG2, etc), primary cells and in vitro differentiated cells originating from 

pluripotent stem cells. These cell cultures can be used for studying cellular processes and 

disease mechanisms in adult cells. However, immortalized cells are not suitable to study 

diseases related to the cell cycle, since this cell cycle-related processes are abnormal in these 

cells. On the other hand, primary cells often lose their functionality or their in vivo phenotype 

under in vitro cultivation conditions (Tang et al., 2022). Additionally, many diseases are multi-

faceted and also result from disorders in various organs, which cannot be mimicked in single 

cell layer cultures generated from PSCs (B S Freedman, 2015). Despite the easy cultivation, cell 

cultures also cannot fully recapitulate the cellular complexity in regards of the structure and 

cell diversity of the target tissue or organ (Tang et al., 2022). The required tissue and organ 

complexity is ensured by using model organisms. Depending on the animal model, robustness, 

a high generation turnover rate and low maintenance costs are some of the advantages (J. 

Kim et al., 2020). Studying diseases on animal models requires basic knowledge about the 

underlying disease mechanisms, but new findings cannot be fully extrapolated to humans due 

to interspecies differences (J. Kim et al., 2020). For instance, genetic mutations causing 

diseases in humans can have another effect in an animal model (B S Freedman, 2015). 

Moreover, human-specific pathologies caused by an imbalance of the human microbiome or 

the general interactions of human pathogens cannot be studied in mammalian animal models 

(J. Kim et al., 2020). 

In that regard, alternatives were in urgent need and in the last decade several 3D in vitro 

models were developed to better recapitulate the composition and functions of the target 

tissue or organ. Sato et al. were one of the first to generate intestinal organoids, self-

organizing cell aggregates reflecting the structure of intestinal crypts (Sato et al., 2009). These 

3D cell models are generated by mimicking the tissue or organ development in vitro. 

Organoids have three major characteristics: i) they are composed of organ-specific cell types, 

ii) the spatial organization resembles that of the target organ, iii) they recapitulate organ 

functions. 

Various protocols use pluripotent stem cells for the generation of organoids by cultivating 

these cells with a cocktail of growth factors and developmental cues, which differentiate the 
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PSCs towards the target fate, such as the optic cup, cerebral cortex, kidney and liver (Eiraku 

et al., 2011; Lancaster et al., 2013; Takasato et al., 2015; Takebe et al., 2015). The close 

resemblance to human physiology make organoids a promising tool for research. In most 

cases, organoids generated from pluripotent stem cells resemble the fetal organ more than 

the adult organ (H. Wu et al., 2018). Therefore, these PSC-derived organoids are more 

applicable for the study of embryonal development and thus can be used to broaden the basic 

knowledge of developmental processes (J. Kim et al., 2020; Tang et al., 2022). Other protocols 

also describe organoids derived from primary cells and adult stem cells, which are extracted 

from the target organs by biopsy (Hofer & Lutolf, 2021). Diseases, which are not extensively 

studied or occur quite rarely can be studied via the generation of organoids from patient-

derived cells (J. Kim et al., 2020). Knowledge of the stem cell niche is essential to maintain 

ASCs and give the appropriate signals for the differentiation to the target cell types (J. Kim et 

al., 2020). These organoids are less complex due to the cells’ restricted potency and consist of 

a single epithelial cell layer (Tang et al., 2022). They are closer to the adult tissue or organ than 

the PSC-derived organoids and are therefore more suitable for the study of tissue repair and 

viral infection disease (Tang et al., 2022). Since ASCs are more difficult to obtain and due to 

their restricted potential to differentiate to a certain tissue type, PSCs with their potential to 

generate all tissues of the body represent a more promising option for organoid formation (J. 

Kim et al., 2020). Alternatively, organoids were formed by mixing various cell types including 

iPSC-derived organ-specific cells, endothelial cells, mesenchymal stem cells and/or smooth 

muscle cells (Takebe et al., 2013; Wörsdörfer et al., 2019). In contrast to the in vivo organ, 

organoids mostly do not have a mature, diffusible vasculature. The vascular network is 

indispensable for the supply with oxygen and nutrients and is also relevant for structural 

support (M. H. Little & Combes, 2019; S. Zhang et al., 2021). However, in organoids nutrients 

can only be provided by diffusion to a certain degree, which often leads to a necrotic core 

(Lancaster et al., 2013). Previous studies have demonstrated that included endothelial cells 

formed in vitro vessels, which connected to the host vasculature upon transplantation and led 

to an improvement of the overall maturity of the organoids (Takebe et al., 2013; Wörsdörfer 

et al., 2019). Besides the co-culture with endothelial cells, other attempts to improve the 

vascularization of organoids include the use of microfluidic chambers, and 3D bioprinting for 

better recapitulation of the in vivo organ organization (Hofer & Lutolf, 2021; Khoshdel-Rad et 

al., 2022). The organoid technology is a huge step towards the rapid developing future of 
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personalized medicine, as the patient-derived organoids can be used to evaluate disease 

profiles and drug screenings adapted to the individual patient (J. Kim et al., 2020). 

Limitations of the organoid technology include the low maturity and off-target cell 

populations (M. H. Little & Combes, 2019). Regardless of the high complexity compared to 2D 

cell cultures, the organoid technology cannot compensate the lack of mesenchyme and the 

microbiome, which also contribute to the organ complexity (Hofer & Lutolf, 2021). 

Additionally, there is a lack of immune system and a restriction in the study of multiorgan 

diseases since interorgan communication is mostly not given (J. Kim et al., 2020; M. H. Little 

& Combes, 2019; Phipson et al., 2019; Stein et al., 2021). 

Despite the limitations, the organoid technology poses a promising future for regenerative 

and personalized medicine. Plenty studies describe the use of organoids for developmental 

research, for disease modelling, for drug discovery and toxicity tests and they have sheer 

endless possibilities for personalized therapies.  

 

1.2.6 Kidney organoids 
In the last years, researchers developed various differentiation protocols for the generation 

of kidney organoids. In most cases, kidney organoids are generated from PSCs (Low et al., 

2019; Morizane & Bonventre, 2017; Takasato et al., 2015). These differentiation protocols 

were developed based on the knowledge about kidney development gained so far. Shortly, 

PSCs are induced to form the primitive streak. After that, intermediate mesoderm follows, 

whereas depending on the time frame of WNT signal, development towards the anterior or 

posterior intermediate mesoderm is induced. The next step is then the induction of 

metanephric mesoderm or ureteric bud. As mentioned before (see 1.1.3), the nephron derives 

from the metanephric mesenchyme, while the ureteric bud gives rise to the collecting duct 

system. Most protocols induce the formation of nephrons, resulting in kidney organoids with 

nephron systems but lacking collecting duct systems. This mainly is attributed to the different 

origins of the tissues. While the nephrons derive from the posterior intermediate mesoderm, 

the collecting duct system is a derivate of the anterior intermediate mesoderm. Taguchi & 

Nishinakamura (2017) described a protocol for the separate generation of nephron 

progenitors and ureteric buds from murine PSCs and a combination of the tissues with isolated 

stromal progenitors led to the assembly of higher-order organoids, which recapitulated the 
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renal branching morphogenesis (Taguchi & Nishinakamura, 2017). Similar experiments with 

human PSCs did not yield the same results, which was contributed to the lack of stromal cells 

(Taguchi & Nishinakamura, 2017). Besides the nephron and collecting duct system, the kidney 

tissue also consists of interstitial and stromal cells. The stroma is likely involved in the 

nephrogenesis (Wilson & Little, 2021). Interestingly, in vivo stromal cells are not only derivates 

from the renal anlagen, but a subpopulation of stromal progenitor cells also migrate from 

other sites to the fetal kidney, which is the reason why most induction protocols do not derive 

stromal cells (Khoshdel-Rad et al., 2022). Similarly, endothelial cells are proposed to be partly 

differentiated from a certain SIX2+/KDR+ population of NPCs, while a portion likely migrates 

from another tissue site (Low et al., 2019). Attempts to counter the lack of a mature 

vasculature, include subcapsular transplantation into the kidney of immune-compromised 

mice, which led to a host-derived invasion of vasculature and increased the organoid maturity 

and functionality (van den Berg et al., 2018). Besides, a particular composition of ECM as well 

as shear-stress was observed to improve the maturity of vessels in kidney organoids (Homan 

et al., 2019).  

Since the organoid technology is constantly improved to better recapitulate the kidney 

physiology in an in vitro setting, the potential of using kidney organoids for the clinical setting 

increases step by step. 

 

1.2.7 Disease modelling with kidney organoids 
The study of kidney diseases and potential treatments were highly improved by the 

introduction of kidney organoids. Especially for the discovery of novel drugs and medications, 

kidney organoids represent a valuable tool to the conventional animal models. However, it 

has to be acknowledged that fundamental knowledge about diseases was gained by animal 

testing, which is essential for the successful modelling in organoids. 

Kidney diseases caused by genetic mutations, such as autosomal-dominant polycystic kidney 

disease (ADPKD), can be modelled in kidney organoids via CRISPR-Cas9-guided gene editing, 

since the disease is commonly caused by mutations in two genes, polycystin-1 (PC-1) and 

polycystin-2 (PC-2) (Cruz et al., 2017; Benjamin S. Freedman et al., 2015). As the name 

suggests, PKD is characterized by the formation of fluid-filled cysts, which form from tubular 

epithelia and lead to functional loss. Modelling PKD in kidney organoids has helped in the 
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understanding of cystogenesis in the kidney, the microenvironmental influence on cyst 

formation and can be a potential platform for drug screening (Cruz et al., 2017; Benjamin S. 

Freedman et al., 2015; Shimizu et al., 2020). Other than that, gene editing was also applied to 

model Fabry disease, a metabolic multisystemic disease affecting not only the kidney but 

various other organs (J. W. Kim et al., 2021). Caused by a X-linked mutation in the α-

galactosidase A enzyme, the metabolism of sphingolipids is interfered, which finally result in 

life-threatening pathological conditions of the kidney, brain and heart (J. W. Kim et al., 2021). 

To model this disease, Kim et al. induced a knockout of the gene encoding the α-galactosidase 

A in human iPSCs via CRISPR-Cas9 and generated kidney organoids. The kidney organoids 

presented the phenotype of the Fabry disease, such as lipid deposits in form of zebra bodies 

and the accumulation of the glycolipid globotriaosylceramide (Gb3) in podocytes and tubular 

cells (J. W. Kim et al., 2021). Accompanying were higher oxidative stress and apoptosis. With 

the in vitro model of Fabry disease the role of glutathione as a potential therapy approach, as 

it alleviated the level of oxidative stress, was discovered (J. W. Kim et al., 2021). 

Alternatively, iPSC reprogramming paved the way for disease modelling of genetic aberrations 

by using patient-derived cells. Few studies reported the generation of patient-derived kidney 

organoids, which recapitulated various disease phenotypes (De & Nishinakamura, 2022). One 

disease, which was studied via patient-derived kidney organoids is the Finnish-type congenital 

nephrotic syndrome (Tanigawa et al., 2018). Characteristic for the initial stage of Finnish-type 

congenital nephrotic syndrome is a dysfunctional filtration barrier due to abnormal proteins, 

resulting in massive protein shedding into the urine. NEPHRIN is involved in the formation of 

the slit diaphragm and a point mutation in the gene hinders the correct folding, which finally 

results in congenital nephrotic syndrome. Tanigawa et al. have generated kidney organoids 

from patient-derived iPSCs, which recapitulated the disease phenotype and demonstrated 

that the correction of the gene leads to correct slit diaphragm formation (Tanigawa et al., 

2018). Thus, they were able to show the potential of patient-derived kidney organoids for the 

understanding of underlying disease mechanisms and encouraging possibilities for the use of 

gene therapy. 

Even though a few studies demonstrated gene correction to reverse phenotypic causes of 

diseases, the use of kidney organoids for regenerative medicine is still in development. Due to 

their immaturity, the lower numbers of nephrons and the lower cell complexity than the in 

vivo organ, the lack of vasculature and lower functionality, the use of kidney organoids for the 



INTRODUCTION   34 

 

clinical setting such as renal replacement purposes is far from applicable for medical purposes 

(Khoshdel-Rad et al., 2022; M. H. Little & Combes, 2019). 
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2. Aims and Objectives 

The aim of this thesis was to understand cellular processes within the kidney organ in order 

to implement this knowledge for the improvement of kidney cell cultivation, the generation 

of kidney models as well as to identify renal disease mechanisms. 

Considering the fact that renal diseases often affect the structures of the renal filtration 

apparatus, various renal pathologies can be better comprehended by studying the nephrons. 

Therefore, the goal was to generate in vitro kidney models, which recapitulate the nephron 

structures. Firstly, a three-dimensional multi-cellular kidney model based on urine-derived 

renal progenitor cells, mesenchymal stem cells and endothelial cells. Using adult stem cells 

such as UdRPCs with a restricted differentiation potency results in less complex, epithelial 

organoids, which are not sufficient for studying disease mechanisms involving the nephron 

structures. Therefore, the goal was to improve the renal organoid system by alternatively 

using induced pluripotent stem cells, and further model kidney injury via induction with the 

nephrotoxin Puromycin Aminonucleoside. UdRPCs, isolated from patient urine, represent 

another way to investigate disease mechanisms and have a promising prospect for 

regenerative medicine. Thus, another objective was to continue previous studies on UdRPCs 

and further decipher signalling pathways relevant for self-renewal and maintenance of the 

progenitor state.  

Finally, both approaches in form of the organoid technology and the promising cell source of 

UdRPCs, improve the understanding of disease mechanisms and aid the future development 

of novel therapies. 
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Structure of this Thesis 

In this thesis three publications are presented, which address the potential use of urine-

derived renal progenitor cells and iPSC-derived three-dimensional model of the kidney organ 

to study kidney diseases:  

1. Nguyen L, Spitzhorn LS, Adjaye J (2019). Constructing an Isogenic 3D Human Nephrogenic 

Progenitor Cell Model Composed of Endothelial, Mesenchymal, and SIX2-Positive Renal 

Progenitor Cells. Stem Cells Int;2019:3298432. (original research) 

 

2. Nguyen L, Wruck W, Erichsen L, Graffmann N, Adjaye J (2022). The Nephrotoxin 

Puromycin Aminonucleoside Induces Injury in Kidney Organoids Differentiated from 

Induced Pluripotent Stem Cells. Cells;11(4):635. (original research) 

 

3. Nguyen L, Westerhoff M, Thewes L, Wruck W, Reichert A, Berndt C, Adjaye J. JNK 

signalling regulates self-renewal of proliferative urine-derived renal progenitor cells via 

inhibition of ferroptosis. Under revision at iScience Journal. (original research) 

 

A general synopsis of the developmental processes in the kidney organ as well as an overview 

of stem cell-based technologies was presented in the introduction, while the publications give 

deeper insights into the background and methodological information. Finally, a summary of 

the publications will be provided and the findings will be discussed in the scientific context of 

recent literature and their contribution to the future research. 
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3. Publications 

3.1 Constructing An Isogenic 3D Human Nephrogenic Progenitor Cell Model Composed 

of Endothelial, Mesenchymal and SIX2-Positive Renal Progenitor Cells 
Lisa Nguyen, Lucas-Sebastian Spitzhorn, James Adjaye 

Stem Cells International, Volume 2019, Article ID 3298432 

Abstract: 

Urine has become the source of choice for noninvasive renal epithelial cells and renal stem 

cells which can be used for generating induced pluripotent stem cells. The aim of this study 

was to generate a 3D nephrogenic progenitor cell model composed of three distinct cell 

types—urine-derived SIX2-positive renal progenitor cells, iPSC-derived mesenchymal stem 

cells, and iPSC-derived endothelial cells originating from the same individual. Characterization 

of the generated mesenchymal stem cells revealed plastic adherent growth and a trilineage 

differentiation potential to adipocytes, chondrocytes, and osteoblasts. Furthermore, these 

cells express the typical MSC markers CD73, CD90, and CD105. The induced endothelial cells 

express the endothelial cell surface marker CD31. Upon combination of urine-derived renal 

progenitor cells, induced mesenchymal stem cells, and induced endothelial cells at a set ratio, 

the cells self-condensed into three-dimensional nephrogenic progenitor cells which we refer 

to as 3D-NPCs. Immunofluorescence-based stainings of sectioned 3D-NPCs revealed cells 

expressing the renal progenitor cell markers (SIX2 and PAX8), podocyte markers (Nephrin and 

Podocin), the endothelial marker (CD31), and mesenchymal markers (Vimentin and PDGFR-

β). These 3D-NPCs share kidney progenitor characteristics and thus the potential to 

differentiate into podocytes and proximal and distal tubules. As urine-derived renal 

progenitor cells can be easily obtained from cells shed into urine, the generation of 3D-NPCs 

directly from renal progenitor cells instead of pluripotent stem cells or kidney biopsies holds 

a great potential for the use in nephrotoxicity tests, drug screening, modelling nephrogenesis 

and diseases. 

 

Author contribution: 80% 
L.N. designed and executed experiments, analysed data, wrote and edited the manuscript. 
 
Status: Published in Stem Cells International (doi.org/10.1155/2019/3298432). 
 
This is an open access article distributed under the Creative Commons Attribution License, 
which permits unrestricted use, distribution, and reproduction in any medium, provided the 

original work is properly cited. 

https://doi.org/10.1155/2019/3298432
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3.2 The Nephrotoxin Puromycin Aminonucleoside Induces Injury in Kidney Organoids 

Differentiated from Induced Pluripotent Stem Cells  
Lisa Nguyen, Wasco Wruck, Lars Erichsen, Nina Graffmann, James Adjaye 

Cells 11 (2022), 635 

 

Abstract: 
Kidney diseases, including acute kidney injury (AKI) and chronic kidney disease (CKD), which 

can progress to end stage renal disease (ESRD), are a worldwide health burden. Organ 

transplantation or kidney dialysis are the only effective available therapeutic tools. Therefore, 

in vitro models of kidney diseases and the development of prospective therapeutic options 

are urgently needed. Within the kidney, the glomeruli are involved in blood filtration and 

waste excretion and are easily affected by changing cellular conditions. Puromycin 

aminonucleoside (PAN) is a nephrotoxin, which can be employed to induce acute glomerular 

damage and to model glomerular disease. For this reason, we generated kidney organoids 

from three iPSC lines and treated these with PAN in order to induce kidney injury. 

Morphological observations revealed the disruption of glomerular and tubular structures 

within the kidney organoids upon PAN treatment, which were confirmed by transcriptome 

analyses. Subsequent analyses revealed an upregulation of immune response as well as 

inflammatory and cell-death-related processes. We conclude that the treatment of iPSC-

derived kidney organoids with PAN induces kidney injury mediated by an intertwined network 

of inflammation, cytoskeletal re-arrangement, DNA damage, apoptosis and cell death. 

Furthermore, urine-stem-cell-derived kidney organoids can be used to model kidney-

associated diseases and drug discovery. 

 

Authors Contribution: 60 % 

L.N. designed and performed experiments, analysed the data, wrote and edited the 
manuscript. 
 

Status: Published in Cells (doi.org/10.3390/cells11040635). 

This is an open access article under the terms of the Creative Commons Attribution 4.0 

License. 
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3.3 JNK signalling regulates self-renewal of proliferative urine-derived renal progenitor 

cells via inhibition of ferroptosis 
Lisa Nguyen, Michelle Westerhoff, Leonie Thewes, Wasco Wruck, Andreas Reichert, Carsten 
Berndt, James Adjaye 

BioRiV (2022) 
 

Abstract:  
With a global increase in chronic kidney disease patients, alternatives to dialysis and organ 

transplantation are needed. Stem cell-based therapies could be one possibility to treat chronic 

kidney disease. Here, we used multipotent urine-derived renal progenitor cells (UdRPCs) to 

study nephrogenesis. UdRPCs treated with the JNK inhibitor- AEG3482, displayed decreased 

proliferation and downregulated transcription of cell cycle-associated genes as well as the 

kidney progenitor markers -SIX2, CITED1, and SALL1. In addition, levels of activated SMAD2/3, 

which is associated with the maintenance of self-renewal in UdRPCs, were decreased. JNK 

inhibition resulted in less efficient oxidative phosphorylation and more lipid peroxidation via 

ferroptosis- an iron-dependent non-apoptotic cell death pathway linked to various forms of 

kidney disease. Our study reveals the importance of JNK signalling in maintaining self-renewal 

as well as protection against ferroptosis in SIX2-positive UdRPCs. We propose that UdRPCs can 

be used for modelling ferroptosis-induced kidney diseases. 

 

Author Contribution: 60% 

L.N. designed and executed experiments, analysed data, wrote and edited the manuscript. 

 

Status: Submitted to iScience Journal (under revision).  

Pre-print available in the open access pre-print repository BioRiV  

(doi: 10.1101/2022.08.24.505101). 
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4. Discussion 
Kidney diseases are a worldwide health burden, and the mortality has increased 

tremendously in the last few years. Kidney diseases describe the state of the kidneys when 

renal functions are restricted or lost. The most common conditions, associated with 

kidney diseases, are referred to as acute kidney injury (AKI) and chronic kidney disease 

(CKD). Manifold reasons such as renal ischemia, medications and surgeries can cause AKI, 

while hypertension and diabetes are the main causes of CKD (Makris & Spanou, 2016; 

Webster et al., 2017). AKI is associated with an increased mortality, high risk for 

progression to CKD and other health complications including an increased risk for cardiac 

infarcts and strokes (Centers for Disease Control and Prevention, 2021; Lewington et al., 

2013). In 2017, between 700-800 million people suffered from chronic kidney disease, 

whereas disease prevalence in people of older age, female sex and certain ethnicities were 

statistically higher (Carney, 2020; Kovesdy, 2022). Replacement therapies such as organ 

transplantation and hemo-dialysis are the current treatment options to prevent the 

progression to end-stage renal disease, but come with complications including low donor 

organ availability, immune suppression, and a general reduction of life quality for the 

patients. In 2017, 2.6 million patients have died from CKD and cardiovascular disease 

resulting from impaired kidney function (Bikbov et al., 2020). It is estimated that until 

2030, restricted access to renal replacement therapies will lead to a premature death of 

approximately 2.3-7.1 million patients (Bikbov et al., 2020). Therefore, finding cellular 

alternatives to restore kidney functions is the overall aim in the field of regenerative 

medicine. A step closer to this goal was achieved by the invention of cellular 

reprogramming, a process to reset the cell’s potential from a somatic cell back to a 

pluripotent stem cell, a state of self-renewal and increased differentiation potential 

(Takahashi et al., 2007). While cells used for the reprogramming often come from skin 

biopsies, urine has become a cell source with easier access. In the last years, cells isolated 

from urine were extensively studied, whereas urine-derived stem cells gained attention 

due to their potential use in regenerative medicine and studying kidney diseases. Current 

cell models for researching kidney pathologies include immortalized tubular cells with 

possible chromosomal aberrations and primary proximal tubular epithelial cells (PTECs), 

which rapidly lose their phenotype in vitro (Barnett & Cummings, 2018; Faria et al., 2019). 

The function of re-absorption makes tubular cells the main target of drugs and other toxic 
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substances. Thus, novel medications must be tested for their nephrotoxicity, before these 

compounds can be approved for the clinical use. Urine-derived cells have developed to a 

promising tool for drug screenings and disease modelling. Similar to mesenchymal stem 

cells, urine stem cells are capable to adhere to plastic, have a multi-lineage differentiation 

potential and express mesenchymal surface markers while hematopoietic stem cell 

markers are absent. Since these cells also express markers typical for nephron progenitor 

cells, we have previously used the term urine-derived renal progenitor cells (UdRPCs) for 

better description (Rahman et al., 2018). Since UdRPCs share characteristics with 

pluripotent stem cells, such as the expression of pluripotency-associated cell surface 

markers, reprogramming of urine cells to induced pluripotent stem cells has been proved 

to be efficient. Moreover, the high differentiation potential of iPSCs has become a source 

for the generation of three-dimensional cell models, called organoids, which mimic the 

variability of cell types, histological structure, and functions of the target organ. Although 

tissues and organs of the human body are well-studied, these in vitro models can give 

deeper insights into early developmental and metabolic processes, which cannot be 

studied otherwise because of ethical concerns regarding research on human embryos. 

Besides drug toxicity testing, the organoid technology can be utilized for the development 

of novel regenerative therapies and studying the pathophysiology of various diseases. 

 

The overall aim of this thesis was directed to understand cellular processes in the kidney 

and improve the current possibilities to model kidney diseases in vitro. Three-dimensional 

kidney models were established using urine-derived renal progenitor cells in co-culture 

with mesenchymal and endothelial cells and another approach utilized induced 

pluripotent stem cells, which were induced with a nephrotoxin to model kidney injury. 

Additionally, signalling mechanisms of the JNK pathway and the involvement with self-

renewal and the maintenance of progenitor state in urine-derived renal progenitor cells 

were studied. 

  



DISCUSSION   102 

 

4.1 Generation of an isogenic 3D kidney model based on three cell types 

Recently, the organoid technology emerged as an alternative for conventional cell layer 

models by resembling the in vivo organ more closely. Pluripotent stem cells can develop into 

all organ tissues, while adult stem cells mainly generate a single epithelial layer of a specific 

organ and are more useful for toxicological studies. One adult stem cell population can be 

found in urine, referred to as urine-derived renal progenitor cells (UdRPCs), which are 

promising for regenerative medicine. The multipotent stem cells have a high differentiation 

potential to various kidney cells. To exploit the full potential of the easily available cell source, 

this work aimed to establish a 3D cell model based on urine stem cell with an improved 

structural complexity by co-culture with two additional cell types, mesenchymal stem cells 

and endothelial cells. 

A three-dimensional nephron progenitor model based on three cell types from an isogenic 

background was established. Current cell therapies in regenerative medicine are 

predominantly based on allogenic donor cells, causing subsequent problems such as immune 

rejection. Cells from the same genetic background can be useful for personalized medicine 

such as cell replacement therapies, drug screenings and disease modelling. The co-culture of 

various cell types should support the recreation of a more complex environment for better 

mimicking of the in vivo conditions in the kidney. Previously shown by Takebe et al. (2015), 

mesenchymal stem cells are the driving force of the self-condensation process, while 

endothelial cells support oxygen and nutrient supply via vascularization. iPSCs, which were 

previously reprogrammed from UdRPCs, were differentiated to mesenchymal and endothelial 

cells, which were referred to as iMSCs and iECs. Characterization of iMSCs revealed the 

expression of mesenchymal cell surface marker CD73, CD90, CD105 and absence of 

hematopoietic stem cell marker CD14, CD20, CD34 and CD45. Additionally, they had a tri-

lineage differentiation potential to adipocytes, chondrocytes and osteoblasts and expressed 

the MSC markers, α-SMA, Vimentin and PDGFR-β. The differentiated iECs expressed 

endothelial marker CD31 like human umbilical cord endothelial cells. The co-culture of the 

three cell types resulted in self-condensed, three-dimensional cell aggregates. The cell 

aggregates in this study were referred to as 3D-NPCs, as they shared characteristics of 

nephron progenitor cells and pluripotent stem cells. The round-shaped 3D-NPCs expressed 

markers associated with nephron progenitor cells such as SIX2 and PAX8 and pluripotency-

related genes such as TRA-1-81, TRA-1-60 and SSEA4. The presence of glomerular epithelial 
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cells, such as podocytes, was demonstrated by the expression of podocyte-associated genes 

NPHS1 and NPHS2. Moreover, integration of the CD31+-endothelial cells into the cell 

aggregate was observed, while the iMSCs were mainly detected in the borders of the 3D-NPCs 

via expression of Vimentin and PDGFR-β. Nonetheless, nephron structures including glomeruli 

and tubules were not detected in 3D-NPCs. 

Due to their high differentiation potential, UdRPCs are of peculiar interest for regenerative 

research. Urine-derived renal progenitor cells can be easily differentiated into various kidney 

cell types including podocytes and tubular cells (Erichsen et al., 2022; unpublished). The 

mentioned cell types are crucial for the correct function of the filtration apparatus and are 

affected by many kidney diseases and nephrotoxic substances. Urine-derived stem cells 

represent an accessible cell source for the generation of kidney cells, as they are primed to 

differentiate into cells of the renal lineage. However, as 2D cultures are less similar to the in 

vivo system, 3D cell cultures are a closer representation for toxicological studies. 

Demonstrated by the findings in chapter 3.1, not all three-dimensional kidney cell aggregates, 

even though they expressed nephron progenitor and pluripotency-associated genes, were 

capable to recapitulate kidney-specific structures. Due to the adult stem cell nature of 

UdRPCs, resulting organoids are more epithelial and less complex, which could not be 

compensated by the addition of iMSCs and iECs. Moreover, the absence of renal structures 

could also be attributed to the cultivation medium, which supported the progenitor state of 

UdRPCs, but did not induce differentiation towards glomerular and tubular cells. Interestingly, 

other studies previously demonstrated the generation of tubular organoids from urine stem 

cells with extracellular matrices, which recapitulated tubular morphology and expressed 

tubule-specific genes (Guo et al., 2020; Schutgens et al., 2019; G. Sun et al., 2020). Moreover, 

these USC-derived tubular organoids were sensitive to nephrotoxic substances and showed 

increased expression of the kidney injury markers (Guo et al., 2020; G. Sun et al., 2020). Since 

previous studies demonstrated USC-derived organoids are susceptible to nephrotoxic 

compounds, autologous 3D-NPCs as described in chapter 3.1 can be used in a similar manner 

for personalized medicine such as drug screenings and nephrotoxicity tests, and also hold 

promise to personalized disease modelling. 

With this work, renal cell aggregates consisting of three cell types, namely UdRPCs, iMSCs and 

iECs from an isogenic background were established. Characteristics of renal progenitor cells 
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make 3D-NPCs a potential tool for the generation of various cell types of the renal lineage and 

could be further used for disease modelling, nephrotoxicity tests and drugs screenings. 

 

4.2 Modelling acute kidney injury in iPSC-derived kidney organoids with the 

nephrotoxin PAN 
The increasing number of patients suffering from kidney diseases make studying the 

pathophysiology of kidney syndromes, as well as the development of effective therapies an 

urgent concern. Kidney diseases can be modelled with 3D cellular models, called kidney 

organoids, which can recapitulate the renal structure and functions. Incidence of AKI is often 

associated with damages on the renal filtration apparatus, which can be provoked by 

continuous administration of medications or other toxins. Therefore, the lack of specific 

nephron structures makes 3D-NPCs as described in chapter 3.1 unsuitable for modelling renal 

damage. Thus, the aim was to establish an iPSC-based kidney organoid recapitulating renal 

structure and function and can be induced for kidney injury. 

In this study, kidney organoids with self-organized kidney structures were derived from three 

human iPS cell lines. Characterization of the generated kidney organoids revealed 

upregulation of genes associated with kidney-related GOs, the presence of kidney-specific 

markers of glomeruli and tubules, such as ACNT4 and LTL, as well as functionality of proximal 

tubules via dextran endocytosis assay. Kidney injury was induced with 50 µg/ml of the 

nephrotoxin puromycin aminonucleoside (PAN) for 48 h. Structural disruption of glomerular 

regions was shown in the organoids, which was supported by the downregulation of genes 

related to cell-cell contact and the glomerular cell fate. Loss of slit diaphragm proteins due to 

external insults is associated with dysregulated filtration and proteinuria, which finally leads 

to glomerular diseases (Kawachi & Fukusumi, 2020). Disruption of tubular cell membranes and 

downregulation of tubule-related genes such as ABCC4, CLDN10 and NR3C2 was observed in 

PAN-induced kidney organoids. Moreover, administration of PAN led to a significant secretion 

of proteins such as FABP, ANPEP and DPP4, which are associated with the proximal tubular 

compartment. High amounts of proteins associated with the proximal tubules shed into urine 

are often used as urinary markers for AKI (Gerber et al., 2016). Renal ischemia, drug toxicity 

or hypertension can lead to tubular damages and inefficient reabsorption, followed by a 

cascade of pathological consequences, including proteinuria (Priante et al., 2019). In vivo, 

ischemic conditions activate the secretion of pro-inflammatory cytokines by tubular epithelial 
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cells to attract immune cells (Stein et al., 2021). Our PAN-induced kidney organoids secreted 

significant amounts of pro-inflammatory cytokines and as consequence to the inflammation, 

anti-inflammatory and reno-protective cytokines were activated. Even though presence of 

immune cells within the PAN-treated kidney organoids was not observed, part of the general 

immune response was PAN-activated shown by regulation of pro-and anti-inflammatory 

processes. Additionally, activated RAAS signalling contributed to the inflammatory processes 

within the PAN-treated kidney organoids. Upregulated renin secretion subsequently increases 

the AGT and AGTR1 expression and can lead to the development of high blood pressure, which 

can cause pathological kidney conditions. Other processes regulated by PAN and associated 

with renal injury included DNA damage and cell death.  

Since stress mechanisms were activated in the kidney injury model of chapter 3.2, PAN-

treated organoids are a prospective tool to screen for potential drugs to treat acute kidney 

injury. Kidney injury is not the only pathological kidney condition, which can be modelled in 

organoids. However, the organoid technology has two major drawbacks, which restricts the 

possibilities to model kidney diseases in vitro. In vivo, the immune system reacts to pathogenic 

stimuli or diseases via immune cells and the production of antibodies, often coupled with the 

activation of inflammatory processes (Fudenberg, 1976). However, most kidney organoid 

models lack immune cells. Even though immune cells of the hematopoietic line originate in 

the same germ layer as the kidney, iPSC-generated kidney organoids are challenged by the 

absence of immune cells (Anastassova-Kristeva, 2003). Previous studies have successfully 

demonstrated the derivation of immune cells from human pluripotent stem cells, such as 

lymphocytes including NK cells and T-cells (Nianias & Themeli, 2019) and thymic epithelial 

cells, which supported T cell differentiation in immune-suppressed mice (Parent et al., 2013). 

Alternatively, isolated primary immune cells were utilized for the generation of immune 

organoids, such as thymus and lymph nodes organoids, which can be used for further studies 

on immune tissues as well as immunological diseases (Fan et al., 2015b; Purwada et al., 2015; 

Ye et al., 2020). These organoids also supported the re-population of immune cells in thymus-

deficient mice (Fan et al., 2015a). Therefore, a combination of kidney organoids with isolated 

primary immune cells or PSC-derived immune cells could improve the system for closer 

resemblance to the in vivo situation and for better in vitro recapitulation of immunological 

diseases. Besides the lack of immune system, diseases of vascular origin are difficult to model 

as most organoid models lack a proper vasculature (W.-Y. Chen et al., 2021). Previous studies 
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have demonstrated an improvement of vascularization and further maturation of kidney 

organoids by transplanting them into mice (Bantounas et al., 2018; van den Berg et al., 2018). 

Similar effects were observed, when organoids were transplanted into chicken chorioallantoic 

membrane or coelomic cavity of chicken embryos (Garreta et al., 2019; Koning et al., 2022). 

In vitro engineering approaches include the use of microfluidic systems, based on the self-

organized formation of vessels or 3D-printed scaffolds, which are populated by ECs and form 

a pre-defined vasculature (Whisler et al., 2014; Y. S. Zhang et al., 2016). Moreover, the 

composition of extracellular matrices has to be carefully orchestrated in order to suffice 

organoids and the engineered vasculature alike (Homan et al., 2019). Enhancing 

vascularization within kidney organoids can improve the tissue maturity and ideally, kidney 

disease models using these organoids have a greater resemblance to the in vivo situation.  

In summary, we have successfully generated self-organized and functional kidney organoids 

from iPSCs and kidney injury was modelled through the external introduction of the 

nephrotoxin puromycin aminonucleoside. A cascade of cellular events including inflammation, 

DNA damage and cell death associated with kidney injury followed the administration of the 

toxin. 

 

4.3 JNK signalling regulates self-renewal in UdRPCs by inhibiting ferroptosis 

Studies on urine-derived stem cells have increased in the recent years due to their easy access 

and high differentiation potential. Moreover, these cells share characteristics with nephron 

progenitor cells (NPCs). Within NPCs, the progenitor state is maintained by JNK signalling 

among other cellular signalling mechanisms. The JNK enzymes are members of the mitogen-

activated protein kinase (MAPK) family (Javelaud & Mauviel, 2005). The MAPK signalling 

pathway regulates various cellular processes such as proliferation, differentiation, 

inflammation or apoptosis (Weston & Davis, 2007). JNK is activated by various upstream 

MAPKs, caused by external or internal stimuli (Smith et al., 2021; Weston & Davis, 2007). Due 

to their similarity to NPCs, effects of JNK signalling in UdRPCs in regards to self-renewal were 

studied. 

Three UdRPC lines, namely UM51, UM27 and UF21, were treated with the JNK inhibitor 

AEG3482 for 72 h. A systematic inhibition of JNK signalling resulted in the reduction of cell 

proliferation on the transcriptional and translational level and loss of nephron progenitor 
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markers including SIX2, SALL1 and VCAM1. Moreover, a downregulation of the SMAD 

pathways upon JNK inhibition was observed. SMAD proteins mediate the signalling of TGF-β 

superfamily pathway, which is involved in various developmental and pathophysiological 

processes (Tzavlaki & Moustakas, 2020). The signalling cascade begins with the binding of 

ligands to transmembrane receptor serine/threonine kinases, namely type I or type II 

receptors, which activate SMAD proteins via phosphorylation. This results in the formation of 

complexes and a subsequent translocation into the nucleus, where transcription is initiated 

(Derynck & Zhang, 2003; Wrana & Attisano, 2000). The ligands of the TGF-β superfamily can 

be divided into activins, BMPs, GDFs, MIS, nodal and TGF-βs (Tzavlaki & Moustakas, 2020). 

Especially the BMPs and TGF-βs play a major role in UdRPCs. The BMP ligands bind to BMP 

receptors and subsequently activate SMAD1,5 and 8 while SMAD2 and 3 are phosphorylated 

by TGF-β and activin receptors (Wrana & Attisano, 2000). The activated SMADs further form 

complexes with SMAD4 and can then regulate gene expression. Signalling mediated by SMAD 

proteins is referred to as canonical TGF-β pathway, while non-canonical TGF-β signalling 

activates SMAD-independent pathways including MAPK/ERK, PI3K/Akt and RHO/ROCK (Q. Liu 

et al., 2022). Both SMAD pathways were previously shown to play a role in the self-renewal of 

nephron progenitor cells. In murine kidneys, a decrease of BMP-dependent Smad signalling 

led to the loss of nephron progenitor cells (Tomita et al., 2013). Moreover, our precedent 

study demonstrated that differentiation of UdRPCs is associated with a downregulation of p-

SMAD2/3 (Rahman et al., 2020). Indicated by these findings, JNK signalling is a possible 

mediator of self-renewal and proliferation maintained by SMAD signalling. Interference with 

the JNK pathway furthermore led to a significant increase of lipid peroxidation in UdRPCs via 

ferroptosis. Ferroptosis is a non-apoptotic cell death, characterized by iron-dependent 

accumulation of lipid peroxides (Dixon et al., 2012). Transcriptome analysis revealed 

upregulated genes of the GO terms associated with iron and glutathione metabolism. A 

balance in iron and glutathione household protects the cells from damages inflicted by ROS, 

which can be caused by ferroptosis (Galluzzi et al., 2018). In the ferroptosis setting, high levels 

of free iron can trigger the Fenton reaction resulting in increased lipid peroxidation, which we 

observed in JNK-inhibited UdRPCs. Since glutathione is an essential cofactor for the removal 

of ROS, a high transcript level of proteins involved in the glutathione biosynthesis might imply 

a compensation process to counter the increased lipid peroxidation. As lipid peroxidation is a 

major characteristic to ferroptosis, inhibiting the process via the ferroptosis inhibitor 
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Liproxstatin-1, protected the JNK-induced UdRPCs from ferroptosis. Lipid peroxides 

furthermore damaged the mitochondria and impaired their function. JNK inhibition resulted 

in the reduction of the spare respiratory capacity, an indicator for cellular health, which led to 

the loss of mitochondrial capacity to uphold normal respiration. Characteristic of ferroptosis 

is the blistering of mitochondria cristae, which may be a cause for the reduction of the 

mitochondrial membrane potential, an essential factor of oxidative phosphorylation. The JNK 

signalling pathway therefore inhibits the emergence of the non-apoptotic ferroptosis by 

maintaining the self-renewal and proliferation in urine-derived renal progenitor cells. 

Understanding the signalling mechanisms in UdRPCs can significantly improve the cultivation 

methods in order to extend the time the cells can maintain the progenitor state in vitro. In 

general, the JNK pathway has varying roles during different developmental stages. In distinct 

stem cell populations, JNK participates in the maintenance of stemness, while differentiation 

is accompanied with downregulation of genes of the JNK pathway (Semba et al., 2020). 

Similarly, during renal development, activation of JNK is crucial for the proliferation and the 

maintenance of the nephron progenitor pool (Blank et al., 2009; Muthukrishnan et al., 2015). 

In the adult kidney, JNK signalling is mainly associated with the activation of inflammatory, 

fibrotic and cell death-related processes (Grynberg et al., 2017). In glomerular cells, JNK 

signalling is only active in case of pathological conditions such as glomerulonephritis or 

diabetic nephropathy (Nikolic-Paterson et al., 2021). JNK further induces other kidney diseases 

associated with inflammation and fibrosis such as ischemia/reperfusion injury (I/RI)-induced 

AKI. I/RI is often caused by surgeries or occurs in transplantation patients and can be divided 

into a phase of oxygen shortage and a subsequent re -oxygenation phase (Grynberg et al., 

2021). The ischemic phase results in a depletion of ATP production and leads to pathological 

consequences including tubular damages, as the high oxygen and ATP demand of the tubular 

compartment cannot be met (Nieuwenhuijs-Moeke et al., 2020). Reactive oxygen species 

produced during the re-oxygenation phase additionally damage the tissue (Nieuwenhuijs-

Moeke et al., 2020). High levels of JNK in tubular epithelial cells of murine I/RI models induced 

tubular necrosis and inflammation, which were prevented by the administration of JNK 

inhibitors (Nikolic-Paterson et al., 2021). Similarly, inflammation and cell death-processes 

activated JNK signalling in ferroptosis-induced I/RI AKI can also be reduced by an inhibition of 

JNK (Liang et al., 2022). Contrary to the previous studies, our investigation implies a 

mechanism in the JNK signalling pathway, which protects the early developmental stages of 
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the kidney from damages caused by ferroptosis. Besides further studies of the correlation 

between JNK signalling, ferroptosis and kidney diseases in the early kidney, UdRPCs represent 

a useful tool to decipher kidney diseases in general. 

Summarizing, the findings of our study supported the hypothesis that JNK signalling is relevant 

for self-renewal of urine-derived renal progenitor cells in a similar manner as in nephron 

progenitor cells. Moreover, the JNK signalling pathway is also relevant for proper cell 

respiration in UdRPCs and inhibits cell death by ferroptosis. Application of the gained 

knowledge can improve the in vitro maintenance of UdRPCs for the potential use in cell 

therapies. 
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Conclusion 
The current knowledge about kidney organogenesis is mostly based on research done in 

animal models. Interspecific differences between the human and the mouse model however 

restricted further understanding of this organ system. Alternatives have been discovered and 

rapidly developed in the last few years, including kidney-derived urine stem cells and the 

organoid technology. With this thesis, both options were utilized to gain a deeper 

understanding of the human kidney organ. The findings revealed that JNK signalling is involved 

in the maintenance of self-renewal of UdRPCs while inhibiting ferroptosis and maintaining a 

proper cell respiration. Moreover, UdRPCs represent a kidney-derived cell population, which 

can be utilized for the generation of 3D cellular models with a potential use in drug screenings 

and nephrotoxicity testings. Disease modelling was achieved by applying the nephrotoxin PAN 

in highly structural and functional kidney organoids derived from iPSCs resulting in activated 

stress mechanisms such as inflammation and cell death. In general, this thesis provided better 

understanding of the cellular processes within UdRPCs and deepened the knowledge about 

acute kidney injury. 
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Appendix 

I. Peer reviewed journal articles 

i. The FGF, TGFβ and WNT axis Modulate Self-renewal of Human SIX2+ Urine 

Derived Renal Progenitor Cells 
Rahman M.S, Wruck W, Spitzhorn L., Nguyen L, Bohndorf M, Martins S, Asar F, Ncube A, Erichsen L, 

Graffmann N, Adjaye J.  

Sci Rep (2020) 10, 739 

Abstract:  

Human urine is a non-invasive source of renal stem cells with regeneration potential. Urine-

derived renal progenitor cells were isolated from 10 individuals of both genders and distinct 

ages. These renal progenitors express pluripotency-associated proteins- TRA-1-60, TRA-1-81, 

SSEA4, C-KIT and CD133, as well as the renal stem cell markers -SIX2, CITED1, WT1, CD24 and 

CD106. The transcriptomes of all SIX2+ renal progenitors clustered together, and distinct from 

the human kidney biopsy-derived epithelial proximal cells (hREPCs). Stimulation of the urine-

derived renal progenitor cells (UdRPCs) with the GSK3β-inhibitor (CHIR99021) induced 

differentiation. Transcriptome and KEGG pathway analysis revealed upregulation of WNT-

associated genes- AXIN2, JUN and NKD1. Protein interaction network identified JUN- a 

downstream target of the WNT pathway in association with STAT3, ATF2 and MAPK1 as a 

putative negative regulator of self-renewal. Furthermore, like pluripotent stem cells, self-

renewal is maintained by FGF2-driven TGFβ-SMAD2/3 pathway. The urine-derived renal 

progenitor cells and the data presented should lay the foundation for studying nephrogenesis 

in human. 
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II. Book Chapters 

ii. Stem Cell Therapy In: Hock F., Gralinski M. (eds) Drug Discovery and Evaluation: 

Methods in Clinical Pharmacology. 
Graffmann N, Spitzhorn LS, Martins S, Rahman M.S, Nguyen L., Adjaye J. 

Springer, Cham (2020) 

Stem cell therapy and regenerative medicine have a tremendous potential for the treatment of a wide 

variety of currently fatal diseases. So far, routine stem cell based therapies are limited to the treatment 

of hematologic and dermatologic malignancies, but the field is continuously evolving. One research 

focus lies on mesenchymal stem cells (MSCs) which have an immunomodulatory potential and support 

regenerative processes throughout the body. Pluripotent stem cells, on the other hand, can be 

differentiated into every cell type and might be able to replace damaged tissue in the future. Currently, 

stem cell based clinical trials are ongoing for a broad range of diseases affecting every organ, and the 

number of therapies that are obtaining approval, at least in certain countries, is continuously 

increasing. In this chapter we summarize the current state of research regarding stem cell based 

therapies. We introduce stem cell sources along with selected indications for their use and relevant 

clinical trials. We discuss options as well as limitations and risks of these treatments. 
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