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Creating kidney tissue from scratch: kidney organoids as transplantable grafts  

Kidney disease affects more than 800 million people worldwide (10% of our 
population in 2022), and this number is predicted to increase, making it one of the 
leading burdens for healthcare and the economy.1,2 Current treatment options are 
limited and there are no long-term solutions for patients with renal disease. 
Hemodialysis is still the major treatment option for patients with end-stage kidney 
disease – something unchanged since 1943. Over the decades, dialysis equipment 
has significantly improved by transitioning from cellulose to synthetic materials, 
from flat to capillary-sized hollow membranes, and through a significant reduction 
in size, allowing certain patient populations to undergo hemodialysis at home.  

Nevertheless, hemodialysis remains a short-term solution as the average life 
expectancy on dialysis is 5–10 years, although this is strongly age-dependent.3 The 
best solution currently is transplanting a matched donor organ. However, the 
waiting list is long due to an increasing donor shortage and ideal donor–patient 
matches are rare. Within 10 years post-transplantation, an average of 49.7% deceased 
donor transplants and 34.1% of living donor transplants fail.4 Consequently, patients 
fall back on dialysis if no new donor organ is immediately available. More recently, 
stem cell therapy has been explored as an alternative. The majority of clinical trials 
tested the application of mesenchymal stem cells, and new trials are ongoing.5,6 
While challenges persist due to factors such as multifactorial diseases, patient age 
and co-morbidities, some clinical studies have shown improvements in, for instance, 
kidney function and reduction of proteinuria.5,7 However, it remains to be 
determined if the benefits persist to make mesenchymal stem cells a long-term 
solution. More recently, xeno-transplantation of pig kidneys into a brain-dead 
human showed no adverse effects for 54 hours.8,9 However, the ethically restricted 
duration of this study impairs any conclusions about long-term functionality. 
Clearly, there is currently no long-term solution with better outcomes than matched 
donor kidneys, and different treatment options are urgently needed. 

Recent advances in the field of tissue engineering show promise for an alternative 
treatment method in the future. Tissue engineering is classically defined as the 
engineering of tissue constructs from cells, biomaterials and biochemical cues. Stem 
cell–derived micro-tissues such as organoids, which are frequently cultured without 
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biomaterials, have proven a valuable mimic of native tissues. The definition of 
organoids varies significantly according to the different tissue types and the culture 
methods that are applied.10 What the definitions have in common is that they all 
describe a construct composed of a variety of cell types that self-organize (with or 
without the supplementation of an extracellular matrix–like material) into a three-
dimensional shape with a structure and/or functionality comparable to the mature 
organ. Organoid models have become an intermediate step between monolayer cell 
cultures and animal research because of their greater cellular and architectural 
complexity resembling organs in three dimensions. They allow the studying of 
diseases, organogenesis, and pharmacological treatments in a more physiological 
environment without the immediate need for animal studies. Organoid dimensions 
are comparable to a small piece of tissue, ranging from a few hundred micrometers 
to several millimeters. To date, a large variety of organs have been replicated in the 
form of organoids (Figure 1). Their differentiation protocols are usually based on 
signaling events known from organ development.11-13  
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Figure 1: Overview of organoid types that have been developed to date and their major differentiation 
pathways, which are typically based on knowledge from signaling events in development. (AdSCs: 
adult–derived stem cells; PSCs: pluripotent stem cells.) Reproduced with permission from Kim, et al. 11 

 
Organoid technology has been successfully applied in the field of nephrology, 
serving as a disease model, for drug testing, and potentially in the future for 
transplantation. Kidney organoids are capable of recapitulating key aspects of 
human kidney development and renal diseases at the cellular and functional level, 
which is something that cell lines and animal models have failed to do in the past.1 
Nevertheless, 2D differentiation of rodent and human stem cells, including induced 
pluripotent stem cells (iPSCs), towards a variety of renal cell types was necessary to 
set the foundation for complex 3D kidney organoid culture.14-16 Kidney organoid 
culture from stem cells was then pioneered by three groups in 2014–2015 by 
differentiating human embryonic stem cells (ESCs) in 2D and aggregating the 
progenitors to a 3D construct to allow self-organization into nephrons.17-19 Only one 
year later, two research laboratories applied the same approach to iPSCs, thereby 
giving birth to the aim of universally transplantable tissue-engineered human 
kidneys.19,20 

Since the introduction of the first iPSC–derived kidney organoid models, the 
number of kidney organoid culture protocols has strongly increased. Studies differ 
in terms of cell source, culture method, and the choice and timing of growth factors 
and small molecules (Figure 2). Culture methods are very diverse, ranging from 
transwell/air–liquid interface, Matrigel21-23, other hydrogels24, suspension23,25 and 
bioreactor culture26 to organoids-on-chip27. Recently, automated bioprinting of 
kidney organoid progenitors has reduced both the workload and variability in 
kidney organoid cultures.28 Independent of the culture method, aggregation or 
condensation of the progenitors is an essential step for further maturation, as 
demonstrated by two earlier studies, where in vitro condensed progenitor clusters of 
nephron progenitors were shown to form nephrons in vitro and upon 
transplantation.29,30 Increasingly, co-cultures are also being explored to establish 
more complete and more mature organoids (Figure 2).31 Established co-cultures 
contain, for instance, endothelial cells32, mesenchymal cells29,33, ureteric bud and 
nephron progenitor cells34 or amniotic fluid–derived cells35.  
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Kidney organoids can be derived from either pluripotent stem cells (PSCs) such as 
ESCs and iPSCs or from adult tubular epithelial cells extracted from urine or renal 
cancer biopsies (Figure 2). Extrarenal stem cell sources, like bone marrow–derived 
stem cells, are unsuitable since they are devoid of nephrogenic potential, restricting 
the field to either PSCs or adult tubular cells.36 Organoids of the latter are referred to 
as tubuloids, given their limited complexity and restricted development into only 
tubular cell types. They are cystic and therefore grow highly polarized, and they can 
be expanded over many passages while remaining genetically stable.22 In contrast, 
PSC–derived kidney organoids are more complex. They self-organize into nephron-
like structures and contain glomerular, tubular, stromal and endothelial cells. 
However, they cannot be passaged and can be kept in culture for a maximum of 25 
days.17,19,20,34 Consequently, their application and functionality are distinct. 
Tubuloids are particularly interesting for modeling tubular diseases, for drug testing 
and integration in bioengineering approaches, while PSC–derived organoids can 
model, for instance, glomerular diseases, fibrosis or kidney development, and have 
the potential to be used as a treatment for chronic kidney disease (CKD) with limited 
immune rejection.  
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Figure 2: Schematic representation of potential cell sources, culture techniques and co-cultures to obtain 
kidney organoids. AFSCs: amniotic fluid stem cells, CAM: chorioallantoic membrane, ECs: endothelial 
cells, MSCs: mesenchymal stem cells, NPCs: nephron progenitor cells, PSCs: pluripotent stem cells, 
UBPCs: ureteric bud progenitor cells.  

 

The progress made in kidney organoid culture over the past 9–10 years is 
extraordinary and has brought an alternative treatment method within reach for 
end-stage kidney disease. However, a variety of major limitations has engaged 
researchers across the world to further improve kidney organoid cultures. 
Limitations include the lack of vascularization, limited culture time, the appearance 
of up to 20% off-target cells, the lack of certain kidney cell types, the small 
dimensions compared to adult kidneys, and low reproducibility and maturity.24,37-39 
Clearly, the culture environment is still non-physiological on different levels 
(cellular composition, matrix/substrate and media complexity/growth factors). For 
instance, transwell-cultured kidney organoids, which is also the gold standard 
method for kidney explant culture, involve a stiff membrane and too high oxygen 
(21%) compared to developing fetal kidneys. Furthermore, the vascularization of 
kidney organoids and particularly the infiltration of vasculature into glomeruli, 
which is essential for future functionality, has not yet succeeded in vitro. These 
limitations indicate the need for improved in vitro cultures.  

The issue of immaturity in vitro has had particular attention on the transcriptomic 
level following the introduction of single-cell RNA sequencing technology.25,28,39-45 
The gene expression profiles of iPSC–derived kidney organoids revealed that they 
are comparable to first trimester human fetal kidneys.46 In general, the immaturity 
of stem cell–derived organoids is a well-known problem that researchers are now 
aiming to solve for future transplantation.47 Along with the transcriptional 
immaturity, a largely neglected issue is the structural immaturity. To date, there has 
been no study on the structural development compared to human fetal kidneys and 
only selected features are shown, such as immature brush borders or podocyte foot 
processes48, compared to adult kidneys. Undoubtedly, structural maturity is 
essential for future functionality of nephrons in vivo and therefore needs more 
attention in the future. 



Chapter 1 | Introduction 
 

 
7 

In vitro, stem cell–derived kidney organoids possess limited functionality. 
Nevertheless, organoids do express important transporters and receptors, such as 
organic anion transporter (OAT)1 and OAT3, megalin, and cubilin.43,49 Fluorescein 
uptake into the lumen of the proximal tubule indicated OAT1- and OAT3-mediated 
active transport.49 Furthermore, proximal tubules endocytosed dextran and 
responded to cisplatin treatment.20,23,50 Additionally, cyclic adenosine 
monophosphate (AMP) stimulation resulted in the production of enzymatically 
active renin by a subtype of pericytes.49 Most recently, active vitamin D metabolism 
was shown.51 However, functional assays in 3D cultures are challenging and yet to 
be standardized to allow assessment of future upcoming culture modifications.52 

Curiosity about post-transplantation functionality has incentivized researchers to 
implant iPSC–derived kidney organoids under the renal capsule of mice. Fourteen 
days after transplantation, nephrons in kidney organoids appeared more mature 
than their in vitro–cultured counterparts, but still less mature compared to the adult 
mouse kidney into which they were transplanted.48,53 Mice developed new blood 
vessels that infiltrated organoid glomeruli to form structures similar to the 
glomerular filtration barrier.48 After two months of implantation, the production of 
renin was retained.49 Nevertheless, safety concerns are still valid given the cellular 
immaturity and off-target cells. Although no undifferentiated iPSCs could be found 
after 25 days of in vitro culture, pluripotency markers were still expressed in some 
cell populations. Once transplanted for 10 weeks, pluripotent cells were absent; 
however, tumors resembling Wilms’ tumors and off-target cartilage populations 
expanded.54 In light of these findings, it is clear that iPSC–derived kidney organoids 
are not yet translatable to the clinic and need to first be improved in terms of 
maturity and safety. Finally, the structural development of organoid nephrons, 
which is essential for their functionality, remains largely unstudied both in vitro and 
in vivo and its assessment is limited to immunofluorescence and histology. This lack 
of understanding has inspired the work of this thesis.  
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Aims and scope of this thesis 

The present thesis aims to improve iPSC–derived kidney organoid culture methods 
by creating greater understanding of the structural human fetal kidney development 
and using this knowledge to find congruent and divergent features in kidney 
organoids. On this basis, suggestions for improvements are made. 

 

As described in Chapter 1, stem cell–derived kidney organoids are a promising 
future treatment option for patients with end-stage kidney disease. However, many 
limitations need to be resolved before clinical translation is possible.  

 

Chapter 2 and 3 create insights into human fetal kidney development that are 
essential to assess kidney organoid development. Chapter 2 provides a review that 
aims to answer the longstanding question on the variety of renal cell types in 
developing and adult human kidneys, based on single-cell RNA sequencing 
technology. Understanding the emergence of cell types in developing human kidney 
supports the structural analysis of fetal kidneys performed in Chapter 3.  

 

Chapter 3 tackles the issue that assessing ultrastructural development of kidney 
organoids has been hampered due to the lack of valid references. Therefore, this 
chapter presents an atlas of structural development of first-trimester human 
metanephric kidneys. Large transmission electron microscopy (EM) tile scans 
provide insights into the development of progenitors and various nephron 
segments, supported by reconstructions of volumetric EM data. Features of cell 
types and segments are clearly defined over the course of six weeks' development 
to make this chapter a reference for future work.  

 

Chapter 4 uses the knowledge generated in Chapter 3 to assess structural kidney 
organoid development. Divergent and congruent features are elaborated, and given 
the abundance of glycogen, selected features are studied further in the context of 



Chapter 1 | Introduction 
 

 
9 

diabetic nephropathy. This chapter highlights that morphological assessment by EM 
can inform greatly on cellular functionality in organoids and argues that the 
organoid culture medium is hyperglycemic, leading to a variety of features known 
for hyperglycemic cultures and diabetic nephropathy. 

 

Chapter 5 entails a methodological approach to overcome the known issue of the 
field, namely to perform whole mount immunofluorescence microscopy in high 
resolution. The kidney organoid model used in this thesis is one of the largest 
organoid models at several millimeters in size, posing a challenge for light 
microscopy. Therefore, this chapter presents a methodological overview of 
immunofluorescence staining and tissue clearing methods that were tested to enable 
refractive index matching and consequently high-resolution imaging.  

 

Chapter 6 shifts focus to one specific limitation of the kidney organoid culture: the 
lack of vascularization. Again, inspired by human fetal kidney development, the 
organoid culture at standard 21% oxygen is questioned and changed to 
physiological 7% oxygen. The effect of this long-term hypoxic culture is investigated 
on VEGF-A growth factor expression and assessment of the endothelial network. 
This chapter uses the protocol developed in Chapter 5 to image endothelial cells in 
the organoids in 3D.  

 

Chapter 7 provides a general discussion on the results described in this thesis and 
concludes with recommendations for future work.  

 

Chapter 8 puts the future of kidney organoids into perspective towards clinical 
translation.  
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Abstract  
The kidney is among the most complex organs in terms of the variety of cell types. 
The cellular complexity of human kidneys is not fully unraveled and this challenge 
is further complicated by the existence of multiple progenitor pools and 
differentiation pathways. Researchers disagree on the variety of renal cell types due 
to a lack of research providing a comprehensive picture and the challenge to 
translate findings between species. To find an answer to the number of human renal 
cell types, we discuss research that used single-cell RNA sequencing on developing 
and adult human kidney tissue and compare these findings to literature of the pre-
single-cell RNA sequencing era. We find that these publications show major steps 
towards the discovery of novel cell types and intermediate cell stages as well as 
complex molecular signatures and lineage pathways throughout development. The 
variety of cell types remains variable in the single-cell literature, which is due to 
limitations of the technique. Nevertheless, our analysis approaches an accumulated 
number of 41 identified cell populations of renal lineage and 32 of non-renal lineage 
in the adult kidney, and there is certainly much more to discover. There is still a need 
for a consensus on a variety of definitions and standards in single-cell RNA 
sequencing research, such as the definition of what is a cell type. Nevertheless, this 
early-stage research already proves to be of significant impact for both clinical and 
regenerative medicine, and shows potential to enhance the generation of 
sophisticated in vitro kidney tissue.  
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Introduction 

The need for well-characterized renal cell types 

A detailed understanding of the variety of cell types within the healthy kidney and 
their molecular composition will benefit scientists aiming to treat patients with 
kidney failure. The ideal treatment is kidney transplantation from a healthy 
immune-matching donor. However, donor kidney availability is far from meeting 
its demand, and waiting times are long so that many patients die while waiting for 
transplantation. There is great demand for new therapies, as current treatment 
methods, such as dialysis, do not provide all essential functionalities of a kidney and 
are not long-term solutions.1 For example, toxins are insufficiently removed and the 
sodium and fluid homeostasis are distorted by intermittent treatment, while the 
metabolic and endocrine functions are completely neglected.2,3 Dialysis can replace 
many functions of the kidney but is associated with high morbidity, mortality, 
reduced quality of life and high costs. Currently, the prevalence of patients with 
chronic kidney disease is as high as 9.1% with an age-dependent mortality rate of 
1.5–6.3%.4 Recent projections indicate that by 2030, nearly 5.5 million people 
worldwide could depend on renal replacement therapy.5  

Due to the aforementioned shortcomings, clinicians and scientists aim to understand 
hurdles such as kidney development and regeneration, factors involved in kidney 
failure and disease, how to improve survival on dialysis and prevent donor tissue 
rejection. Furthermore, joint forces of (tissue) engineers, material scientists and 
(developmental) biologists are working worldwide on artificial and bioengineered 
kidneys as a replacement for current dialyses. They have made major advances in 
the de- and re-cellularization of rodent and human kidneys3, renal tubule assist 
devices6, lightweight miniaturized kidneys7, and implantable bioartificial devices7 
and tissues,8 among others. All these approaches would benefit from a greater 
understanding of the cellular and molecular composition of developing and adult 
kidney. 

Creating kidneys in vitro is, however, a challenging task that involves the 
coordination of complex cellular and molecular events.9 Starting in 2014, major 
breakthroughs were published on the creation of miniaturized self-assembled 
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kidney tissue (organoids) in vitro from induced pluripotent stem cells.10-12 These 
organoids contain various renal cell types, patterned similarly to in vivo tissue. 
Nevertheless, they are incomplete and essential questions remain, such as: if the 
developmental lineage steps are being followed, why do some cell types emerge (e.g. 
podocytes and endothelial cells) while others do not (e.g. mesangial cells and 
parietal epithelial cells), why does the tissue deteriorate after a few weeks in culture, 
and why does it not mature beyond the first trimester13,14, unless transplanted in 
vivo.15 Finally, how can we achieve and maintain a complex 3D architecture of a 
nephron, tubulo-interstitium and vasculature? In order to answer such questions 
and to develop more mature tissues for transplantation, there is greater 
understanding needed of the large variety of renal cell types, their plasticity, lineage, 
cell state, phenotype switching, and functionality. 

 

Divergent numbers of renal cell types 

Outstanding research has been conducted in the past decades to unravel mammalian 
kidney development and nephrogenesis and to characterize adult kidneys.16-21 
However, the extraordinary developmental complexity has made scientists across 
fields struggle to determine the number of renal cell types and to replicate these cell 
types in vitro. Heterogeneity is a regular term appearing in these publications, being 
a clear indication of one of the major difficulties in kidney research. So far, the field 
generally agrees on certain heterogeneity between individuals such as the timing of 
kidney development (e.g. cessation of nephrogenesis from 32 weeks22 to 37 weeks23 
of gestation), numbers of nephrons (210,000–1,825,000 nephrons per kidney with an 
average of 600,000–800,00024,25), cell numbers per segment (e.g. 431–746 podocytes 
per adult glomerulus26) and anatomical differences (e.g. number of renal papillae27). 
However, there is still little consensus on the number or range of distinct renal cell 
types; neither in humans nor in rodents.  

More than 18 to 26 cell types have been described in mammalian mature kidneys21,28-

36 of which at least half are epithelial and/or located within nephrons.37 While the 
source of these numbers is challenging to trace, possible reasons for the range can 
include the unclear definition of what is a distinct cell type, incomplete knowledge 
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of cell specific markers, technical limitations, a certain degree of variability in 
healthy subjects, and the difficulty of defining cell identities and distinguishing cell 
types. Additionally, inter-species differences could underlie these ranges, as often 
no species is mentioned apart from “mammalian kidneys.” Clearly, part of the 
challenge is a lack of consensus on the definition of what constitutes a distinct cell 
type and the resolution of cell specific characteristics before we can elucidate the 
renal cellular complexity in humans in a comprehensive way.    

 

Defining cell identity, plasticity and maturity 

It remains questionable if it is possible to state a specific number of renal cell types 
and which techniques would lend the most appropriate data to do so. A specific cell 
number would imply a clear-cut definition of what is considered a distinct cell type. 
While researchers try to define cellular plasticity38, this central, measurable 
definition of “cell type” has not yet been determined. Earlier, an evolutionary 
perspective was suggested, which states that a cell type can be defined by a core 
regulatory complex (CoRC), which is a set of transcription factors and their 
interacting factors.39 In a recent publication, Morris 40 proposes a more complex 
viewpoint made of three major components: 1) phenotype and function (physical, 
molecular and functional features), 2) lineage, and 3) state (changes in cell state in 
response to stimuli). The general idea is that cell types cannot be clearly identified 
by solely assessing only one of the three components.  

Many existing techniques for cell type detection and characterization have technical 
limitations. Initially histological stains were used, followed by techniques like 
immunostaining, (fluorescent) in situ hybridization (FISH) and flow cytometry. 
However, these techniques are biased by the existing knowledge of cellular markers, 
are by definition not designed to discover larger scales of novel markers, and are 
limited in the number of markers that can be simultaneously analyzed. This makes 
it technically impossible to assess a single cell on all three components of cellular 
identity. More recently, bulk RNA sequencing allowed the exploration of novel 
markers by providing average gene expression across a large population of cells.41-43 

However, the expression of low abundance genes is underrepresented in bulk 
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sequencing and cellular lineage cannot be determined.41,44 Now, in the era of single-
cell RNA (scRNA) sequencing, lineages can be determined and rare gene detection 
is possible. The heterogeneity within cell populations can be detected in high 
throughput,41,42 as can the profiling of cell states and transitions during 
differentiation.41,45-47 Therefore, while not free of limitations, scRNA sequencing is a 
promising technique to answer the long-standing question of the number of renal 
cell types.  

 

This review aims to investigate the variety of renal cell types in the developing and 
adult human kidney by discussing common and conflicting findings of scRNA 
sequencing studies. Given our focus on regenerative medicine and tissue 
engineering, we excluded publications on renal pathology and drug testing. Briefly, 
the review first addresses the major stages of nephrogenesis to discuss the cellular 
lineages within these stages, which are important for researchers aiming to replicate 
development in vitro. Subsequently, findings on cellular variety of adult kidneys will 
be discussed. The discovery of novel cell types and markers, subpopulations, 
intermediate cell states, segment transitions, as well as phenotype-specific 
expression patterns and developmental trajectories will be covered. Finally, 
shortcomings and opportunities of scRNA sequencing will be discussed in the 
context of kidney research. 
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Main analysis 

Structural development of the human metanephric kidney 

Here we highlight the major stages of development, knowledge needed for the 
remainder of this review. Development of the human metanephric kidney begins 
around four weeks of gestation17 from a close interaction of the metanephric 
mesenchyme (MM) and the ureteric bud (UB) (Figure 1). While both MM and UB 
derive from the intermediate mesoderm, it is in the MM where nephron progenitor 
cells (NPCs) differentiate into nephron tubules, the glomerulus and the renal stroma; 
whereas the UB gives rise to the collecting duct and ureter.18 Simultaneous to the 
mesenchyme differentiation, UB differentiation and proliferation occur on the tip of 
the UB and lead to branching (bifurcation) into a tree-like pattern with later 
extensive elongation of the ureteric trunk.48,49 The MM undergoes morphological 
changes during differentiation characterized as pretubular aggregate (PTA), renal 
vesicle (RV), comma-shaped bodies (CSB), and subsequently S-shaped bodies (SSB) 
before entering the capillary loop stage (CLS).16,50,51 The first SSB is detected around 
Carnegie stage (CS) 18–19,17 from which further differentiation occurs.  

Cells of the distal nephron segment start invading the collecting duct epithelium at 
the SSB stage to connect the nephron to the collecting duct.52 Subsequently, 
endothelial cells start to invade the proximal segment of the SSB, initiating the CLS. 
This stage is further characterized by the development of the vascular system, 
including the glomerular capillaries, arteries, veins, and the appearance of the 
primitive loop of Henle (LoH).53 The first generation of glomeruli appears to be 
mature around week 954 and shortly after, glomerular filtration begins.55 Eventually, 
8–12 generations of glomeruli are formed, leading to nephrons in different 
developmental stages. Nephrogenesis ceases before birth, by week 38–41.23  

Nephrogenesis is further supported by the surrounding interstitium and 
extracellular matrix.56 The term interstitium describes a tissue with a variety of cell 
types such as renal fibroblasts, pericytes, and cells with endocrine functionalities 
(renin- and erythropoietin-producing cells), with possible distinct origins.57 
Although the discussion of the origin of renal interstitium is ongoing, one 
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perspective is that it emerges early in nephrogenesis from a FOXD1+ subpopulation 
of the MM.57,58  

 

 

Figure 1: Schematic representation of nephrogenesis, starting with the interaction of the cap mesenchyme 
(CM) and ureteric bud (UB) in the nephrogenic zone. Differentiation takes place along morphologically 
determined stages known as pretubular aggregate (PTA), comma-shaped body (CSB), renal vesicle (RV), 
S-shaped body (SSB) and capillary loop stage (CLS) nephron. The mature nephron is located throughout 
the cortex, whereas the Loop of Henle and collecting duct extend into the medulla. 

 

Renal cell type discoveries by single-cell RNA sequencing 

Hereinafter, we highlight discoveries from scRNA studies on fetal and adult human 
renal tissue and contrast the findings with earlier literature using techniques like 
histology, immunostaining and FISH. We aim to elucidate the divergent numbers of 
clusters/cell types of the different scRNA and single nucleus RNA sequencing 
studies performed on human renal tissue to date, as summarized in Table 1 and 
Supplementary Table 2, and abbreviated as “scRNA sequencing papers” throughout 
this publication. Given the comprehensive topic, we decided to focus on kidney cells 
derived from the same intermediate mesoderm progenitor (excluding interstitial 
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cells) and summarize all findings in an updated lineage tree in Figure 2. 
Consequently, the discussion of the variety of immune cells, vascular and blood cells 
present in developing and adult kidney goes beyond the scope of this review; 
however, all findings of these cell types are summarized in Figure 3 and 
Supplementary Table 1.     

 

Table 1: Donor information and detected cell clusters from single-cell RNA sequencing studies of healthy 
human kidney tissue.  

Publication Donor age 
(Fetal in weeks; 
Adult in years) 

Tissue 
source 

Number of 
clusters 

Number of 
clusters of 
metanephric 
mesenchyme 
lineage 

Young, et al. 59 Fetal 8,9 Whole 
kidneys 

7 6 

Menon, et al. 60 Fetal 12.4, 15, 15.7, 
16.4, 18.8 

Whole 
kidneys 

11 18 

Lindstrom, et al. 
61 

Fetal 16 Nephrogenic 
zone 

12/ 
15 

10 

Wang, et al. 62 Embryonic/ 
fetal 

7–10, 13, 19, 22, 
24, 25 

Whole 
kidneys 

13 10 

Combes, et al. 63 Fetal 16 Nephrogenic 
zone 

16 13 

Lindström, et al. 
64 (preprint) 

Fetal 14–17 Nephrogenic 
zone 

18 18 

Stewart, et al. 65 Fetal 7 (F), 8 (M), 9 
(F), 12 (M), 13 
(F), 16 (F) 

Whole 
kidneys 

21 11 

Tran, et al. 66 Fetal 15, 17 Inner and 
outer cortex 
sections 

21 18 

Hochane, et al. 67 Fetal 9 (M), 11 (M), 13 
(F), 15 (F), 16 
(M), 18 (F) 

Whole 
kidneys 

22 19 

Lindstrom, et al. 
68 

Fetal 17 Nephrogenic 
zone 

22 15 
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Liao, et al. 69 Adult 57–65 (2x M+1x 
F) 

Whole 
kidney 
sections 

10 8 

Wu, et al. 70 Adult 70 (M) Biopsy 16 6 

Wu, et al. 71 Adult 62 (M) Cortex 17 7 

Young, et al. 59 Adult 72 Interface or 
region-
specific 
biopsies 

19 10 

Stewart, et al. 65 Adult 44–72 (M+F) Cortex, 
medulla, 
pelvis biopsy 

25 12 

Sivakamasundari, 
et al. 72 (preprint) 

Adult 62–66 (M+F) Resection 
samples 

27 11 

Kuppe, et al. 73 Adult 50–84 Healthy 
tumor 
nephrectomy 
tissue 

27 23 

Lake, et al. 74 Adult  
>50 (M+F) 

Cortex and 
medulla 

30 19 

*  Biological sex (M=male/F=female) is indicated when known. A more detailed table can be found in 
the supplementary files (Supplementary Table 2). 
 

Pseudo-time trajectory follows developmental flow 

Pseudo-time analysis is a computational method to establish a dynamic process 
experienced by cells and arranges these cells based on their progression through this 
process. Pseudo-time trajectory analyses suggested that the identified kidney cells 
generally seem to follow the known developmental stages from NPCs, CSB and SSB 
to mature, differentiated cell types.67 Interestingly, this analysis did not describe CLS 
as a separate stage during differentiation. The identified literature on fetal kidney 
(Table 1) agreed that podocytes emerge first from the SSB nephron progenitors, 
followed by proximal and distal tubules, and finally LoH. This confirms earlier 
knowledge on the timing of nephron patterning75, where proximal, distal segments, 
and podocytes followed distinct lineages, and the distal tubule further differentiated 
into LoH and the connecting tubule (CNT). To our knowledge, the early podocyte 
emergence has, however, not been described before the scRNA sequencing era. 
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Additionally, Menon, et al. 60 distinguished the UB, stroma and nephron as three 
distinct developmental trajectories. Although podocytes in the same study had 
strong stress-related signaling, possibly a consequence of their dissociation, pseudo-
time indicated an extraordinarily complex differentiation trajectory.67 Needless to 
say, more studies are needed to confirm these findings to exclude interindividual 
differences and dissociation biases. Future research could consider reducing 
dissociation artifacts by, for instance, the addition of cold-active proteases.76 

 

The balance of self-renewal and differentiation in early kidney development 

The cap mesenchyme (CM) is considered the renal stem cell niche from which, in 
interaction with the ureteric epithelium, the mammalian kidney develops. 
Throughout development, the CM is maintained to repeatedly supply NPCs to 
undergo mesenchymal-to-epithelial transition (MET) and form the epithelial RV.77 
The number of different cell types at this stage has not yet been elucidated and 
scRNA sequencing research reveals that this will be a challenging task. 

CM and NPCs populations were detected to various extents in the scRNA 
sequencing publications, with most papers describing one or the other, but not both 
populations (Supplementary Table 1). This could be explained by the different fetal 
ages. Studies of week 15–17 fetuses61,66,68 might be less likely to detect CM clusters, 
since the CM population decreased with further differentiation and the markers are 
less likely to be detected compared to analyses at week 7–10.59,62 However, 
differences can also be attributed to the process of assigning markers differently to 
certain populations as well as the definition of CM and NPC. The clear differences 
in markers used to identify both CM and NPC in the various publications indicate 
the challenge of distinguishing cell populations in early development 
(Supplementary Table 3). Clearly, both a consensus on the main population markers 
as well as terminology is required in order to ensure comparability of this complex 
research and provide a common ground for future studies.  

Irrespective of the definition of CM and NPC, both differentiating and pluripotent 
populations were detected. For instance, Wang, et al. 62 distinguished two 
transcriptionally distinct populations, which are in line with earlier mouse18,78-81 and 
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human studies82 investigating the role of SIX2 and MUC1 expression in the 
progenitor pool, respectively. One such population expressed markers SIX2, EYAI 
and COL1A1, which are involved in the induction of CM and associated with the 
self-renewal capacity of stem cells indicated by high HMGA1 and HMGA2 
expression.62 Pseudo-time analysis suggested the self-renewing population 
sustained its proliferative capacity throughout nephrogenesis.62 The second 
population was identified as gradually going through MET and expressing 
epithelial markers like CLDN11 as well as NPHS2, indicating the onset of podocyte 
differentiation. The fact that Hochane, et al. 67 detected a self-renewing cluster 
clustered as NPCs could also indicate a gradual differentiation from CM to NPCs.   

In terms of novel markers of the CM, Hochane, et al. 67 described UNCX as a novel 
marker for the CITED1+ self-renewing population after validating their 
transcriptomic data with immunostainings. Although UNCX was found in early 
mouse studies83-85 where it was described as a transcription factor involved in distal 
RV differentiation that disappears around E17.5, this seems to be the first study 
showing UNCX gene and protein expression in human tissue. Future studies might 
consider investigating its role by analyzing spatiotemporal expression along with 
common CM markers in human tissue. In summary, various scRNA sequencing 
studies in renal development support the presence of a self-renewing and 
differentiating population within the CM, while distinct NPC populations seem yet 
to emerge, and determination of specific cell types is challenging. 

 

Segmentation and differentiation in early stages of developing nephrons 

As development continues, the relative expression of CM genes decreases sharply 
after approximately week 10 with further cellular differentiation of NPCs and 
morphological organization into PTAs (Figure 1). At this stage in mice, PTAs are 
already well known to be segmented into proximal and distal segments.86 Three-
dimensional imaging of the developing human kidney revealed that NPCs already 
assign to certain lineages at the onset of the PTA.  SIX1+ NPCs segment into two 
layers upon recruiting, where the earliest recruited NPCs are of distal lineage and 
the latest are of proximal lineage. The last NPCs recruited are hypothesized to be of 



Chapter 2 | The variety of cell types in developing and adult human kidneys 
 

 
29 

parietal lineage. Spatiotemporal location of NPCs within the early developing 
nephron could thus have an impact on their subsequent respective lineage. The 
latest research from the same group confirmed three distinct populations within the 
PTA-expressing proximal and distal markers.64 

Simultaneously with NPC recruitment, the connection between NPC and PTA is 
gradually reduced until the late renal vesicle stage when it is broken and the SIX2+ 
CM remains on the tip of the UB.68 In this process, the PTA undergoes MET, 
polarizes, forms a lumen and cadherin-mediated cell–cell contacts emerge to finally 
result in the RV. Earlier research shows that the RV is segmented into proximal and 
distal parts in mice and shows priming for podocytes, parietal epithelial cells (PECs), 
proximal tubules (PTs) and distal tubules (DTs).87 Few scRNA sequencing studies of 
human tissue detected the RV and only one detected more than one cluster, namely 
five in total, which were defined by patterns of CDH1, JAG1 and WT1 expression.64 
Since the latter study sequenced the nephrogenic zone only, it is clearly a challenge 
to detect the RV or even distinguish populations within whole kidneys. 

In the final stage of nephrogenesis, the SSB-stage, further segmentation of the 
nephron starts to be noticeable. Divided into proximal, medial and distal segments, 
each segment differentiates further into distinct epithelia.87 Few scRNA sequencing 
studies identified the SSB. Like in RVs, MAFB expression was associated with the 
podocyte progenitors within the proximal segment.67 Correlation of scRNA 
sequencing and immunofluorescence confirmed the presence of precursors of distal, 
proximal, LoH populations and renal corpuscle within the SSB.68 In a preprint, 
Lindström, et al. 64 identified six distinct populations by three-dimensional spatial 
mapping of single-cell transcriptomes, which agreed with the previously identified 
populations and additionally detected parietal epithelium, CNT, and macula 
densa/LoH. Interestingly, a single tubular progenitor population initially exists next 
to podocytes and parietal epithelium. As development proceeds, this tubular 
population differentiates further into distal and medial domains. Congruence in 
gene expression with the distinct adult cell types supports the assumption that these 
early populations are precursors that start to express some transcription factors and 
genes associated with specific cell type functionality as known from mature cells.  

 



 
 

 
 

 
30 

To conclude, while the SSB is distinguished by some scRNA sequencing papers, it 
clearly remains challenging to distinguish PTAs, RVs and CSBs. Identification by 
morphology and correlation to their respective transcriptome was done to overcome 
this challenge. This is an ideal example of the difficulty of distinguishing cells with 
subtle differences in the transcriptome following a gradual differentiation during 
development. However, the preprint of Lindström, et al. 64 indicates that better 
molecular and temporal resolution could be achieved by spatially mapping 
transcriptomes. Alternatively, pseudo-depth analysis could be applied. 
Furthermore, in combination with markers for the G2/M phase of mitosis, a 
distinction might be made between RV and CSB based on an assumption of reduced 
proliferation after the RV stage.67 By fine-tuning the in vitro replication of kidney 
development based on such data, more diverse cell types could be generated 
according to natural lineage trajectories. 

Figure 2: Lineage tree of renal cell types in development based on non-scRNA sequencing and scRNA 
sequencing literature. Dotted arrows indicate possible lineage relationships, which are not fully proven 
or not highlighted in the discussed scRNA sequencing publications. Pretubular aggregate (PTA), renal 
vesicle (RV), comma-shaped body (CSB), S-shaped body (SSB), Loop of Henle (LoH), connecting tubule 
(CNT), distal convoluted tubule 1 and 2 (DCT1/2), segment 1/2/3 (S1/S2/S3), intercalated cells (ICs), 
principal cells (PCs).   
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Mesangial cells in development and adulthood 

The stromal population comprises a diverse cellular composition. Functionally, it 
guides nephrogenesis and provides essential signaling around mature nephrons. 
However, the diversity and functionality of stromal cells is not fully unraveled. 
Interstitial cells (ICs), mesangial cells (MCs), juxtaglomerular cells, fibroblasts, 
pericytes, and smooth muscle cells belong to the stromal populations, and all derive 
from a common FOXD1+ precursor.88 Mesangial cells, nowadays considered a special 
type of pericyte, are located within the glomerulus in direct contact with glomerular 
endothelial cells, while extra-glomerular endothelial cells are located at the stalk.89,90 
Less than half of the discussed scRNA sequencing publications detected a mesangial 
cluster, of which just one discriminated intra- and extraglomerular mesangium.62 
This is because the molecular signature of e-MCs is not yet well defined and 
distinguishing them from intraglomerular mesangial cells (i-MCs) is only possible 
by analyzing the microanatomy. This correlation of two techniques has led to 
interesting results. 

Single-cell RNA sequencing revealed that e-MCs had higher proliferative potential, 
whereas i-MCs were more mature. Interestingly, until week 10, the expression of the 
mesenchymal cell marker PDGFRb and endothelial cell marker CD31 were restricted 
to the stromal compartment and later migrated into the glomeruli.62 This migratory 
phenomenon has been described in rat development91 and aligns with the 
investigations of Menon, et al. 60 who presented the expression of TAGL in migratory 
mesangial cells. The molecular distinction of i-MCs and e-MCs was resolved via the 
co-expression of PDGFRb and LAM4A of i-MCs. Furthermore, PIEZO2, a gene 
encoding a stretch-gated ion channel, was identified in i-MCs of adult human 
kidneys. Stretch-gated ion channels in MCs were already described in 198992, but the 
research is very limited and PIEZO2 has not been described earlier in this context.  

While it is beyond the scope of this review to discuss all stromal cell types in detail 
and few papers resolved a variety of stromal populations, we would like to highlight 
recent scRNA sequencing publications investigating the interstitial heterogeneity in 
both rodent93 and human kidneys73,94. A brief comparison with human datasets 
confirmed conservation of this heterogeneity. Given the important role these cells 
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play in extracellular matrix deposition and endocrine signaling, we hope that future 
research will continue in depth characterization. 

 

Development and maturation of glomerular cells 

Pseudo-time trajectories suggest that podocytes are the first differentiated cell type 
to emerge and mature along a complex genetic trajectory.60 Remarkably, 228 genes 
are involved only for podocytes to develop from SSB podocytes to mature 
podocytes.60,67 Comparing different gestational weeks showed that podocytes 
emerge around week 9 of human development.65 The podocyte-specific markers 
MAFB and TCF21 are first detected in renal vesicles overlapping with SIX2 and 
TMEM100.66 Accordingly, nephron progenitor markers SIX2, EYA1 and MEOX1 are 
downregulated over time and diminish with the onset of early podocyte markers 
MAFB and TCF21.66,68 The developmental trajectory becomes increasingly complex 
as it continues from this point.   

Four studies independently provided evidence for a transitional, immature 
podocyte population.60,63,66,67 A small subpopulation of cells, located in the visceral 
part of the proximal segment of the SSB, follows the podocyte trajectory while 
expressing a distinct set of markers in the SSB phase until the capillary loop phase.67 
While not all studies agree on all markers of either immature or mature podocytes 
(Table 2), there is a general consensus that the transitional, immature podocytes 
express OLFM3, and do not express well-known mature podocyte markers such as 
NPHS1, NPHS2 and PTPRO. Within each of these independent studies, the evidence 
confirms these findings as additional techniques such as single molecule FISH and 
immunofluorescent labeling delivered supporting information.66-68 The marker 
heterogeneity between the studies of this transient population could be due to age 
differences of the individuals, technical differences, and the spatial heterogeneity 
caused by the gradually increasing maturity towards the medulla. However, all 
except one study detected OLFM3 expression, confirming that the different studies 
found the same transitional podocyte cluster. 

Within the immature podocyte cluster, OLFM3 was most highly expressed 
compared to other genes, but diminished towards the CLS with the onset of mature 
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podocyte markers. Proliferation markers had low expression, which is expected for 
podocytes.67,95 To date, no other publication has shown either OLFM3 expression or 
a transitional podocyte population in human kidneys. The only transitional cell type 
related to podocytes was described as CD133+/CD24+ progenitors, which are located 
at the urinary pole within the Bowman's capsule and the proximal tubule and have 
been attributed to possess progenitor-like behavior by transdifferentiating into 
podocytes in case of injury.96-98 However, this progenitor-like cell type is not to be 
confused with the OLFM3+ population as the latter is a transient population in 
development, while the former was found to be resident in adults.  

Interestingly Brunskill, et al. 99 extensively mapped the molecular signature of 
podocytes (144 podocyte-specific genes) in developing and adult mice and found a 
distinct set of podocyte-specific genes enriched in immature podocytes, with more 
mature markers emerging over time. These drastic gene expression changes can be 
associated with both the considerable morphological100 and functional changes in 
podocyte development, where the immature OLFM3+ population could represent 
pre-functional podocytes. Combes, et al. 63 and Tran, et al. 66 distinguished an 
additional maturing podocyte cluster that follows the transitional OLFM3+ 
subcluster. This might indicate even more complex developmental stages. Markers 
related to microtubule modulation, such as TUBA1A and STMN1, were upregulated 
in this additional cluster, indicating the extensive morphological transformations 
known for podocyte development.101 The field would benefit from more in depth 
studies elucidating the role of OLFM3 in the maturation of podocytes to support 
replication of differentiation in vitro.  

 

Table 2: Overview of the number of clusters of podocyte progenitors and mature podocytes with their 
respective markers discovered using single-cell RNA sequencing of developing human kidney.  

Author Tissue 
age 

Podocyte 
progenitor 
clusters 

Markers early 
podocytes/ 
transitional cells 

Podocyte 
clusters 

Markers 
mature 
podocytes 

Hochane, et al. 67 w9, w11, 
w13, 
w16, 
w18 

1 OLFM3+/MAFB+/FOXC
2+/CLIC5-LOW/ PTPRO-
LOW, NPHS1-LOW, 
NPHS2-LOW 

1 MAFB-LOW, 
NPHS2+, 
PTPRO+, 
PODXL+ 
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Lindstrom, et al. 68 w17 1 CLDN5+, OLMF3+ 1 TCF21+, 
NPHS2+ 

Lindstrom, et al. 61 w16 1 PODXL+, MAFB+, 
NPHS2+ 

0 N/A 

Menon, et al. 60 w12.4, 
w15, 
w15.7, 
w16.4, 
w18.8 

1 OLFM3+/MAFB-LOW 1 PODXL+, 
NPHS1+, 
NPHS2+, 
CLIC5+ 

Combes, et al. 63 w16 1 ON1 CTGF+, OLFM3+, 
MAFB+, NPHS1+, 
LHX1-LOW, PAX8-LOW 

2 PTPRO+, 
SYNPO+, 
VEGFA+, 
WT1+ 

Tran, et al. 66 w15, 
w17 

1 LHX1+, PAX8+, 
FBLN2+, OLFM3+, 
PCDH9+, SLC16A1+, 
GFRA3+, LEFTY1+ 

2 PLA2R1+, 
ARMH4+, 
F3+, 
SYNPO+, 
NPHS2+, 
MAFB+, 
TGFBR3+, 
COL4A3+, 
COL4A4+, 
TNNT2+, 
PLCE1+, 
ANXA1+ 

Wang, et al. 62 w7, w8, 
w9, w10, 
w13, 
w19, 
w22, 
w24, 
w25 

0 N/A 1 N/A 

Stewart, et al. 65 w7-16 0 N/A 1 NPHS2+, 
PTPRO+, 
WT1+, 
TCF21+, 
PODXL+ 

Young, et al. 59 w8,9 0 N/A 0 N/A 
Lindström, et al. 64 W14 1 EFNB2+, BMP4+, 

OLFM3+, MAFB+ 
1 N/A 

w= weeks, N/A = information not available. 



Chapter 2 | The variety of cell types in developing and adult human kidneys 
 

 
35 

Another interesting glomerular cell type is the parietal epithelial cell. Terminally 
differentiated PECs are located as a monolayer on top of the Bowman’s capsule and 
retain the capacity to proliferate. A variety of distinct PECs have been described 
according to the expression of different proteins, such as Pax-2 and claudin-1, but 
also their localization on the Bowman’s capsule.102 Additionally, PECs have 
frequently been a discussion point in terms of their transdifferentiation into 
podocytes in glomerular diseases.96,97,102-104 Single-cell RNA sequencing research on 
the nephrogenic zone showed the existence of a common progenitor of PECs and 
podocytes until the RV stage.64 A few weeks later in development, sequencing of the 
whole kidney showed distinct gene expression profiles for PECs and podocytes in a 
different study60, indicating distinct maturation pathways. The potential to 
transdifferentiate has not been shown in the scRNA sequencing papers. We 
anticipate that the common progenitor is a starting point for more sophisticated 
research to investigate the role of PECs in injury and disease. 

Surprisingly, only one of the published (single-cell) RNA sequencing papers could 
detect more than one PEC population, however characterization of these clusters is 
still needed.73 A few other papers found a single cluster of PECs in either fetal 
kidney60,66 or adult kidney69,72 with enhanced expression of CAV2, PTRF (CAVIN1), 
CLDN1, CLDN3, LIX1, CDH6 and KRT8, KRT18, CD24, VCAM1 respectively. 
However, there was no discrimination between subpopulations, while at least two 
transitional cell types (in between PECs and podocytes) have been described in 
earlier research.102 Therefore, future research would benefit from defining the 
molecular signature of PECs to unravel their complete lineage trajectory and 
functionalities in adulthood.  

 

Patterning of tubular epithelial cells 

From around week 12 onwards, more cell types are detectable, such as PT, LoH, CD 
and PE.17,65 As previously described, PT and DT differentiate around the same stage 
and subsequently LoH and CNT emerge from the DT. While little information is 
provided on tubular maturation within the scRNA sequencing papers, interesting 
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findings provide insight into segment transitions and molecular signatures related 
to cell functions. 

Generally, little is known about the molecular signature of the distinct PT segments. 
The proximal convoluted tubule (PCT) includes the segments S1 (early PCT) and S2 
(late PCT). The proximal straight tubule (PST) is composed of the S2 (cortical PST) 
and S3 (medullary PST). All scRNA sequencing studies of adult kidney detected at 
least one PT cluster in adult tissue, of which about half found distinct populations 
that correlated with the different segments S1–3. However, earlier research has 
indicated a lack of discrete transitions in morphology in between the distinct 
segments and the likelihood of intermediate cell types.105 A continuum of gene 
expression, as shown in similarity weighted nonnegative embedding (SWNE) 
analysis, confirmed the existence of such continuous transitions from PT to DCT.74 
A recent publication distinguished seven PT populations of which three expressed 
markers of both S1 and S2, also confirming a gradual transition.73 This phenomenon 
of gradual transition could also explain why some papers resolved only a single PT 
population.72  

Single-cell RNA sequencing provides more insight into both molecular anatomy and 
(patho)physiology. With the PT being the most abundant cell type in the kidney, 54 
transcription factors were discriminated, many of which are restricted to the PT.71 
Although markers and transcription factors are identified in various studies69,71, it is 
believed that differential gene expression along the PT trajectory indicates variation 
in metabolic processes and transport in the various segments.74 Interestingly, next to 
metabolic markers, deep sampling revealed marker expressions with a role in 
immune defense against pathogens as well as inflammation and regeneration 
following kidney injury.74  

The DCT can be distinguished from the PT by a decrease in fatty acid, glucose, amino 
acid and hormone metabolism.62 Furthermore, the distal tubule, LoH and CNT are 
thought to derive from the same distal precursor within the SSB, which is distinct 
from the PT precursor.64 Only one scRNA sequencing publication distinguished 
more than one DCT population72, although previously two distinct populations have 
been confirmed. This might indicate a gradual transition between DCT cell types.74 
In contrast, there are indications for an abrupt transition of the thick ascending LoH 
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into the DCT since there was no overlap of the segment-specific markers SLC12A1 
and SLC12A3.72 Indeed the same lack of double-positive cells could be seen in the 
data set of, for example, Lake, et al. 74. Morphologically an abrupt transition was 
already shown in rodents several decades ago.106  

The CD consists of the cortical collecting duct (CCD) and outer medullary collecting 
duct (OMCD) and comprises intercalated (ICs) and principal cells (PCs).105 Principal 
cells express the epithelial sodium channel (ENaC). Currently, classification of 
intercalated cells takes into account the expression of the chloride–bicarbonate 
exchanger SLC4A1, the multi-subunit H+-ATPase and pendrin (subtype of the 
chloride–bicarbonate exchanger). Consequently, IC-A cells apically express H+-
ATPase, basolaterally express SLC4A1 and lack pendrin. IC-B express H+-ATPase at 
their basolateral pole and non-A, non-B cells express both H+-ATPase and pendrin 
at their apical membrane.  

Non-A, non-B cells are, amongst others, located in the CNT107, which, against earlier 
belief, develops from the distal tubule and not the CD in both humans64 and mice87.  
The cellular complexity of the CNT could, however, only partly be resolved in the 
discussed papers. Only one CNT cluster has been reported throughout the studies, 
although the CNT is known to contain cell types with DCT2 and CD phenotypes.74 
This leads to the question of the identity of this single CNT cluster and why further 
clustering was or could not be shown. Future studies could include spatial 
information in their quest to distinguish subpopulations of the CNT and use spatial 
transcriptomics such as the Nanostring Whole Transcriptome Atlas (WTA) 
technology. 

Nearly all scRNA sequencing papers of adult human kidney detected intercalated 
cells and most distinguished multiple populations and principal cells. Particularly, 
single nucleus RNA sequencing disclosed a remarkable resolution of the transitions 
from DCT to CD by distinguishing two PC and three IC populations. Within these 
transitions, IC-B, IC-A1 and PC-1 dominated within the cortex, while PC-3 and IC-
A2 were highly abundant in the medulla. All IC and PC clusters expressed markers 
known for the collecting duct.74 It remains to be determined if PCs and ICs located 
in the CNT can be distinguished on a transcriptional level. In the recent publication 
by Kuppe, et al. 73 a surprising eight distinct IC populations were detected in adult 
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kidneys. Future research could investigate if these clusters contain ICs located 
within the CNT. In sum, various scRNA sequencing papers succeeded in detecting 
more than the known cellular variety of populations within the CD, but limited 
populations within the CNT, which will be highly interesting to characterize further.  

Interestingly, the PC marker AQP2 was also expressed in a subpopulation of IC-A, 
here named IC-A2, in two independent studies of human kidney62,74 as well as in 
mice108,109, leading to the hypothesis that IC cells derive from the first emerging PC 
cell population with a double-positive transitional/intermediate stage (Figure 2). 
More characterization of the IC-A2 cell type is needed, particularly in terms of 
localization of SLC4A1 and H+-ATPase, to clearly identify this cluster since earlier 
research did not distinguish different IC-A populations.107 No non-A, non-B cells 
were detected, which were previously defined as expressing both H+-ATPase and 
pendrin at their apical membrane and to be located in the CNT.107 The detection of 
the additional IC subtype IC-A2 could inspire future research to investigate the 
lineage relationship between ICs and PCs.  

All cell populations found in the discussed scRNA sequencing publications are 
summarized in Supplementary Table 1. Comparing the number of clusters for each 
cell type as described in each publication (excluding unassigned clusters such as 
“proliferating”, “differentiating” and too general clusters such as “epithelial cells”) 
provides insight into the cellular composition of developing and adult kidneys. 
Overall, 6–19 distinct cell populations of renal lineage were detected across the 
publications in the developing kidney and 6–33 distinct populations in the adult 
kidney, with a median of 14 populations in development and 13 in adult kidneys. 
Between 2–9 distinct non-renal populations were described, with a median of 4 in 
development and a range of 4–23 with a median of 7 in adult kidneys. Multiple 
factors could lead to these ranges including different tissue sources (biopsy, 
resection, whole kidney, etc.), tissue location (cortex vs medulla) or different 
digestion methods. Therefore, having the papers complement each other’s findings 
by taking the sum of all different populations of all publications, likely provides a 
more realistic number. Thus, we counted the largest number of clusters for a specific 
cell types (i.e. seven PT clusters described by Kuppe, et al. 73) and with this, the total 
sum was calculated. This approach helps us to provide an approximation for the 
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variety of cell types within human kidneys of both renal and non-renal lineage; 
namely in total 73 distinct populations in adult kidneys. Of this, 41 are populations 
of renal lineage and 32 are populations of non-renal lineage. ( 

Figure 2) The fetal kidney comprised approximately 32 cell populations of renal 
lineage, however developing cells were likely counted repeatedly throughout the 
various stages of nephrogenesis. Clearly, these numbers are only an approximation 
of the true variety of cell types, due to the large variation in factors like tissue source, 
tissue age, dissociation method, terminology, and computational settings. Certain 
cell types, such as the large variety of stromal cells, are underrepresented in the 
current research and would need to be added. Furthermore, the definition of what 
defines a distinct cell type is yet unclear and heavily affects the number of identified 
cells. However, future studies with further developed protocols and novel 
technologies will certainly identify additional cell types, which cannot yet be 
resolved. 
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Figure 2: The variety of different renal cell populations identified by single-cell RNA sequencing to date. 
All cell types detected (accumulated) by all discussed scRNA sequencing publications. The number 
indicates the highest number of clusters distinguished by one or more of the discussed publications and 
with this, the total sum of populations was calculated. For the adult kidney, 41 renal and 32 non-renal 
populations were detected.  
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General discussion 

In this review, we discuss new knowledge on the cellular composition of healthy 
developing and adult human kidneys based on scRNA sequencing studies. ScRNA 
sequencing has the unique potential to provide comprehensive information on the 
cellular and molecular complexity of various tissues. Therefore, we aimed to 
compare the current literature in the field to estimate the heterogeneity of kidney 
cell types. We conclude that scRNA sequencing is a valuable tool to detect a variety 
of cell types; for instance, transient cell populations such as developing podocytes 
and a new intercalated cell population.  

However, there are also various issues with this technology such as the sparsity of 
the generated data. For instance, the biological sex of the studied patients was not 
considered in the analyses and has not been studied elsewhere on a single-cell 
transcriptomic level. Adding this could be of valuable impact. Differences in 
function, morphology and responses to injury are already known to exist between 
females and males in human developing and adult kidneys.23,110,111 Recent scRNA 
sequencing of rodent kidneys also reveals transcriptomic differences between 
sexes.112 For instance, markers of proximal tubule functionality, including organic 
anion, amino acid transport and drug and hormone metabolism, were differentially 
expressed in female and male mice. Future research could investigate conformity in 
humans and particularly elaborate on differences in the developmental trajectory in 
pseudo-time. Additionally, the variety of cell types detected with scRNA sequencing 
is strongly determined by factors such as computational settings, dissociation 
methods, tissue source, markers used to identify clusters, and patient age. 
Standardized reporting of factors such as gestational age would facilitate the 
integration of multiple datasets and allow further analysis of, for example, 
transcriptome development in relation to gestational age.  

Certain differences of used terminologies, technical limitations and the lack of the 
definition of a cell type impede the data comparability and integration. Several 
comprehensive reviews have been published on solving technical limitations of 
scRNA sequencing, such as distinguishing rare transcripts from noise, dropouts and 
computational challenges such as user defined clustering.42,113,114 
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While many limitations are being addressed, additional techniques will be needed 
to confirm cellular identity besides the transcriptomic profile. These techniques 
could be applied to answer research questions in terms of the previously discussed 
three pillars of cellular identity. They could include anatomical localization of the 
scRNA sequencing markers by in situ hybridization, in situ sequencing and 
studying ligand–cell interactions115. Determining cellular functionality and state in 
response to stimuli in human tissue will primarily require explantation since cell 
types outside their native environment, in 2D culture, will probably lose their 
phenotypic characteristics. Clearly, there is still no straightforward definition of a 
cell type, however, a combination of the aforementioned techniques and models 
could make a large step towards an atlas of functional human kidney cell types. 

Discrimination of early nephrogenic stages and cell type precursors using scRNA 
sequencing appeared to be consistently challenging throughout various studies due 
to the subtle molecular and spatial changes. Comparing different studies is 
particularly difficult, since the transcriptome significantly changes during 
differentiation and thus the time point of cell isolation is very important. 
Consequently, additional validation experiments are needed e.g. using staining of 
identified markers. Alternatively, differentiation paths in development could be 
regarded more as a continuum rather than distinct clusters.116 For instance, 
podocytes would consequently not be distinguished as separate RV-, CSB-, SSB-
podocytes, but as podocytes expressing gradients of transcriptomes throughout 
development. For this trajectory interference could be a more suitable method. As 
such, pseudo-time trajectory analysis has shown that podocytes differentiate prior 
to the differentiation of tubular cell types and that there is a distinct differentiation 
pathway for proximal and distal tubular segments. Finding master regulators along 
these differentiation pathways can support both the understanding of disease as 
well as in vitro replication of development. Additionally, more insight could be 
generated into much earlier development; on how the degeneration of temporary 
pro-and mesonephros could influence the pattering of the permanent metanephric 
kidney.  

Sequencing cells from distinct anatomical locations, such as the nephrogenic zone as 
shown in various publications of Lindstrom, et al. 68, can help to achieve a higher 
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resolution of the early nephrogenesis. This approach might then also lead to 
detection of the cells of the capillary loop stage. To conclude, the scRNA sequencing 
studies on human kidneys to date have shown a detailed transcriptomic complexity 
and future research will likely discover more. 

 

Future clinical relevance and impact on regenerative medicine 

ScRNA studies have already given us unprecedented insights into renal 
development and disease and the technology holds the promise to answer several 
longstanding questions in the field of nephrology. The higher resolution of 
molecular mechanisms could provide more insight into complex renal diseases.73 
Cell type–specific gene expression related to chronic kidney disease, diabetes and 
hypertension could for instance help to identify cell-specific and disease specific 
targets and guide the development of urgently needed targeted therapeutics.74 The 
diagnosis and treatment of various kidney diseases could be improved based on 
molecular data of research on pathogenic mechanisms and potential biomarker 
discovery.43 ScRNA sequencing is already getting more patient oriented by the 
possibility to sequence a variety of kidney cells from urine.117  

 

Basic research to develop kidney grafts, such as kidney organoids from induced 
pluripotent stem cells for future transplantation rely on data on molecular signaling 
pathways of developing tissue. Currently, these models often lack certain cell types 
and segments such as the collecting duct, mesangial cells and PECs. More 
information on the molecular pathways of these cell types is needed in order to 
reproduce these in vitro. ScRNA sequencing research on developing kidney can 
provide such data. Additionally, the transcriptome of developing kidneys and in 
vitro models can be compared as previously shown71 to confirm the formation of the 
appropriate cell types, cellular maturity and timing. A more comprehensive 
discussion on this topic can be found in the recent review of Wu and Humphreys 118. 
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Conclusion 

In conclusion, we extensively discussed findings of all identified scRNA sequencing 
publications to date of healthy human developing and adult kidneys and compared 
their outcome in terms of differences in cellular variety. Together, the publications 
detected approximately 41 distinct cell populations of renal lineage in the adult 
human kidney. However, to determine a definite number of cell types, a clear 
definition of a cell type should be determined and various limitations of the 
technique need to be resolved. Due to the subtle and gradual changes in 
transcriptome in development, we suggest that cells in developing kidneys may best 
be regarded as a continuum instead of distinct cell types. Detecting master 
regulators will then help to guide in vitro work along the same differentiation 
pathways. In the future, advanced technologies such as combined scRNA 
sequencing and measurement of DNA accessibility, increasing depth as well as 
improved analysis methods will likely improve our understanding of the variety of 
cell types in the adult and developing nephron. Nevertheless, the studies to date 
provide essential insight into the molecular signature of a large variety of cell 
populations in adulthood and in development and therefore enabled us to present 
an updated lineage tree for cell types of renal lineage. On a final note, we trust that 
these studies will shape the future of regenerative medicine by unraveling lineage 
trees at an even higher resolution and thus help in organoid and tissue engineering 
approaches. 
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Introduction to tissue clearing 

The emergence of 3D cultures such as spheroids and organoids has opened up a 
large variety of possibilities to better recapitulate complex cell behaviour in vitro, but 
has also created new technical challenges. Standard culture methods, assays, and 
imaging techniques are not always applicable and have therefore had to evolve 
alongside the 3D culture methodology (Figure 1).  

In particular, microscopy, which is highly dependent on tissue dimension and 
complexity, is not optimised to image these novel 3D cultures. While paraffin 
embedding and cryosectioning are suitable techniques, they are labour-intensive, do 
not preserve the 3D complexity and the resulting sections are often not 
representative of the entire organoid or spheroid. Similarly, most available 
microscopes cannot image large specimens at high resolution. Confocal microscopy 
and super-resolution microscopy are best at filtering out the out-of-focus light, 
however, they have limited light penetration and therefore sample thickness. In 
contrast, two-photon microscopy allows deep, even intra-vital imaging, but does not 
allow imaging at a resolution comparable to confocal or spinning-disk confocal 
microscopy. Light sheet microscopy allows imaging of intact organisms and tissues 
at high speed and high resolution, but requires the samples to be transparent. 

To circumvent the issue of low light penetration, researchers came up with the idea 
to change the tissue properties instead of the techniques or tissue dimensions. By 
making the tissue transparent through refractive index matching, light is able to 
propagate through the tissue with less diffraction. This concept of tissue clearing 
was first implemented in 19141, soon after the invention of the first fluorescence 
microscope, however it was rarely applied for decades. Since 2007, when the 
successful imaging of a cleared whole mouse brain was shown2, the field has truly 
evolved and today’s protocols enable imaging a whole mouse in high-resolution3. 
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Figure 1: The culture of physiological, complex structures brings along new technical challenges for 
microscopy. Longer acquisition times and more complex data analysis further complicate microscopic 
assessment. 

 

Over the past decade, various tissue clearing methods have been developed and 
more recently extensively reviewed.4-7 This chapter will focus on practical matters 
applied specifically to kidney organoids and will outline the methodology 
development that was part of this thesis.  

Briefly, tissue clearing methods can be clustered into three major categories: solvent-
based, aqueous, and hydrogel-based tissue clearing. Solvent-based protocols usually 
comprise two steps: 1. dehydration leading to lipid solvation, and 2. refractive index 
(RI) matching with additional lipid solvation. Dehydrated proteins have an RI of > 
1.5 and therefore samples need perfusion with solutions with a comparable RI.8 
Aqueous tissue clearing methods were developed due to the drawbacks of solvent-
based clearing: solvents’ nature to dissolve glues, and the toxicity and quenching of 
fluorescent proteins. Aqueous tissue clearing methods follow the following 
principles: passive immersion in a solution that is refractive index–matched to the 
tissue 1. without or 2. with prior active or passive removal of lipids or 3. removal of 
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lipids followed by hydration of the sample to lower the refractive index of the 
remaining tissue components (hyperhydration).4 Since the passive immersion 
techniques often do not fully clear lipids, it is believed that they need to have an RI 
> 1.45.4 Although aqueous clearing by simple immersion has the above-stated 
advantages, it generally performs worse and is much slower than solvent-based 
techniques. Another aqueous method is hyperhydration, which removes lipids to 
lower the RI. Lipid removal in an aqueous environment relies on long incubation 
with detergents such as Triton X-100, and hyperhydration is achieved through an 
osmotic gradient by, for instance, the addition of urea. Hyperhydration leads to 
swelling of the tissue and therefore longer imaging time due to the larger sample 
size. Besides, efficient clearing is usually achieved only after weeks of incubation. 
Finally, hydrogel-based clearing methods aim to circumvent the issues of damage 
or removal of proteins in the process of lipid solvation, as seen in aqueous and 
solvent-based tissue clearing. This strategy is done by embedding the tissue in 
hydrogel, then tediously removing lipids by detergents or electrophoresis and 
finally immersing it in an RI-matched solution. This process is the basis of expansion 
microscopy, where swelling of hydrogel-perfused tissue increases resolution by 
increasing the size of small structures. However, this swelling can be a disadvantage 
for fragile subcellular structures. 

In sum, tissue clearing methods aim to create a homogenous RI of the tissue, 
matched to both mounting method and objectives, thereby reducing non-forward 
scatter and resulting in a transparent tissue. While tissue clearing was not applied 
on organoids at the start of this work, it was certainly needed. Uncleared kidney 
organoids, particularly the transwell-cultured organoids used in this thesis, are 
several millimetres in size and highly turbid. The imaging depth and resolution 
were therefore inadequate to answer our research questions and new approaches 
were needed. Our aim was to achieve single-cell resolution throughout the 
organoids to distinguish cell types and their specific location. This information was 
needed, for instance, in Chapter 6 of this thesis to quantify endothelial cells in 3D. 
As it turned out, the organoids did not have a homogeneous cellular distribution 
since the different cell types form different segments of nephrons, making whole 
mount imaging of cleared organoids particularly relevant. 
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Whole mount organoid immunostaining: general considerations 

Along with the clearing of organoids, the whole mount immunostaining protocol 
needed to be optimised to allow antibody perfusion and homogeneous labelling. 
Initially, by staining overnight in the fridge, the organoid was stained 
heterogeneously, with weak staining in its core and intense staining in its periphery. 
Researchers previously addressed this problem by developing a method that 
required treatment with 2% Triton X-100, 20% dimethyl sulfoxide (DMSO) and 5% 
bovine serum albumin (BSA) in PBS along with increasing the antibody 
concentration.9 We applied this protocol to 3D kidney organoids, and doubled the 
primary antibody concentration compared to 2D. The samples were incubated at 
room temperature for 5 days for each antibody incubation. Washing required a 2-
day incubation at room temperature in the same buffer. 

The staining was then assessed by cryosectioning (Figure 2). Although the staining 
appeared equally intense throughout the organoid, the harsh treatment with high 
concentrations of DMSO and Triton X-100 changed the tissue morphology, making 
the images more blurry and leading to nonspecific binding of antibodies in the 
periphery (Figure 2A, white arrowheads). Reducing the incubation time and 
concentrations to a quarter did not significantly change the results, indicating that 
DMSO could be too harsh. Furthermore, after immunostaining using this protocol, 
the organoid was significantly more fragile and likely would not have remained 
intact during the ethyl cinnamate (ECi) clearing afterwards.  

 

Figure 2: Cryosections of an organoid treated with a Triton X-100 and DMSO–based permeabilisation 
method. A. Full cross-section of an organoid and B. a zoomed imaged show that the harsh 
permeabilisation leads to artefacts. White arrows: nonspecific binding of E-cadherin antibody (yellow). 
LTL: Lotus tetragonolobus lectin. Scale bars: A. 500 µm, B. 50 µm.  
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Alternatively, we tested simply prolonging the incubation times of our standard 
immunostaining protocol to 3 days per incubation step instead of overnight at 4 °C. 
Additionally, the Triton X-100 concentration was increased from 0.06% to 0.5% in 
the blocking step to increase permeabilisation. We achieved satisfactory results with 
this revision for most antibodies. Additionally, we carefully selected secondary 
antibodies based on the abundance and location of the proteins, following these two 
principles: 

1. Fluorophores with longer wavelength excitation for abundant proteins and 
fluorophores with shorter wavelength excitation for scarce proteins. 

2. Fluorophores with longer wavelength excitation for proteins located 
deeper in the organoid and fluorophores with shorter wavelength 
excitation for proteins located towards the periphery of the organoid. 

 

Tissue clearing kidney organoids 

Since starting this project, the variety of tissue clearing protocols and the details of 
the published protocols have increased tremendously. Before, important details for 
the successful execution of these protocols were often lacking. When tissue clearing 
was applied to kidney organoids as part of this thesis, tissue clearing of organoids 
in general was not yet described in the literature. Therefore, a variety of clearing 
protocols were tested on the kidney organoids, of which a selection will be covered 
in this chapter.  

To start, two conditions were set to make a selection for clearing methods to test. 
Since the organoids did not have the structural strength or complexity of a real 
tissue, but were more comparable to a soft gel, we assumed that simple immersion 
techniques would be most suitable and no harsh clearing would be required. 
Furthermore, we tried to avoid toxic reagents given the heavy usage of the 
microscopes and potential risk of leakage during long imaging time. Accordingly, a 
variety of protocols were chosen and tested on fixed kidney organoids, of which a 
selection is shown in Figure 3 and Table 1.  
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Table 1: Characteristics of different clearing methods tested on kidney organoids.  

 METHOD 
 FRUIT TDE SCALE SWITCH ECi 
Original article Hou, et 

al. 10 
Costantini, et 
al. 11 

Hama, et al. 
12 

Murray, et 
al. 13 

Klingberg, 
et al. 14 

Technique aqueous 
clearing 

aqueous 
clearing 

aqueous 
clearing 

aqueous 
clearing 

solvent-
based 

Final RI 40% = 1.4 1.42 1.38 1.47 1.56 
Toxic components no no no yes no 
Usage of 
detergent/solvent  

none yes yes yes yes 

Lipids preserved yes no no no no 
Tunable RI yes yes unknown likely no 
Duration of protocol days days weeks days hours–days 
Changes in tissue 
morphology 

minor 
expansio
n 

none expansion none 
described & 
none seen 

shrinkage 

Success rate on kidney 
organoids  

medium low low low high 

 

Although the FRUIT method showed potential, only the method using ECi, a non-
toxic compound stated to have a high RI of 1.56, was successful in reducing 
blurriness significantly and allowing imaging at a single-cell resolution (Figure 3). 
Kidney organoids were extensively dehydrated in a series of ethanol to remove 
lipids before immersion in ECi. However, the RI of ECi is dependent on the 
wavelength of light it is exposed to due to dispersion (Figure 4). Therefore, imaging 
with short wavelengths such as 460 nm to visualize DAPI was not possible. 
Furthermore, due to the high refractive index, imaging was limited to maximally 20× 
magnification and a numerical aperture (NA) of 0.8, since higher NA led to more 
blurriness due to the higher sensitivity for low signals. In an attempt to lower the RI 
of ECi, ECi was diluted with ethanol to a refractive index of 1.47, but the fixed 
organoid dissolved immediately upon immersion. To date, no study has been 
published that describes that the RI of ECi is adjustable. 
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Figure 3: Examples of clearing methods tested on D7+18 kidney organoids. Compared to the uncleared 
control, ethyl cinnamate (ECi) produced the best resolution with the lowest out-of-focus signal. 
Conclusions should only be drawn on the clarity of the images given the differences between the 
individual experiments. ECAD: E-cadherin (tubules), DAPI (nuclei), LTL: Lotus tetragonolobus lectin 
(proximal tubules), Nestin/Nephrin: (podocytes). Scale bars: A–C: 50 µm, D: 200 µm, E: 100 µm. 
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With ECi, extensive dehydration of the organoids had important consequences. 
First, the sample shrunk up to approximately 10 times. If the organoid was left on 
the transwell membrane during clearing, this shrinking was not isotropic; it 
occurred largely in thickness, while the diameter remained comparable to the 
uncleared organoid. Second, the harsher lipid solvation by ethanol, compared to for 
instance the FRUIT method, resulted in the removal of lipid-anchored proteins such 
as nephrin.  

 

Figure 4: Dispersion of light in ethyl cinnamate. The refractive index (n) is highest for the DAPI channel, 
and is ill-suited for regular air and water immersion objectives. Reproduced with permission from 15 
based on the data of Krauter, et al. 16. 

 

To conclude, due to the scarcity of samples at the time of optimization of these 
methods, it should be emphasised that certain methods, such as FRUIT, might have 
proven more successful with additional optimization. Different adjustments to the 
protocols, especially more precise tuning of the clearing solutions to specific RIs, 
might have resulted in better clearing results. ECi gave the best results in the first 
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trials and therefore was chosen for further optimization. Subsequent experiments 
proved this method advantageous due to the quick clearing, lack of toxicity, and 
long preservation of fluorescence.  

 

Mounting of ECi-cleared kidney organoids – an underestimated challenge 

Mounting of cleared explanted tissue is rather straightforward and therefore usually 
not included in the methods section of publications. Due to the large extracellular 
matrix (ECM) content, the integrity of tissue explants after clearing is still sufficient 
to pick the tissue up with forceps for transfer to an imaging dish. Tissue can therefore 
be easily mounted. For instance, cleared brain tissue can be glued to the imaging 
dish with common Superglue or even a hot glue gun. However, this option is 
dependent on the size of the tissue, since the glue is highly fluorescent and therefore 
the regions adjacent to it cannot be imaged. In contrast, cleared and uncleared 
organoids can be neither handled with forceps nor glued to a dish due to their size 
and fragility. Handling the organoid without any additional support matrix leads to 
deformation and damage.  

 

Several mounting methods were investigated for transwell-cultured kidney 
organoids, of which three were proven possible (Figure 5): 

1. Gel embedding and fixation to the imaging dish with glue. 
2. Keeping the organoid on the transwell filter and loading with heavy O-rings. 
3. Keeping the organoid on the transwell filter and glueing the organoid to the 

dish. 
 

For the first option (Figure 5A), the fixed and stained organoid is detached from the 
transwell filter embedded in 1% Phytagel in PBS. The gel is pipetted as thin as 
possible on the organoid after removal of the transwell filter, followed by the 
dehydration series of the clearing protocol. Once the dehydration is completed, the 
gel including the organoid is glued with a few microliters of glue to the imaging 
dish. The glue used for the experiments of this thesis is Loctite 401 Superglue. 
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Importantly, the glue does not come into contact with the organoid. This option 
makes handling of the organoid easier, since the surrounding gel protects it. 
However, since the gel needs to be dehydrated together with the organoid, the 
dehydration and incubation time in ECi takes longer. 

The second option (Figure 5B) does not require the detachment of the organoid from 
the transwell filter. Instead, the membrane is cut around the organoid and the 
organoid can thereby be easily picked up with forceps on the membrane. After the 
final dehydration step, the organoid is transferred upside down into the imaging 
dish and several layers of O-rings with increasing size are placed around the 
organoid to weigh it to the bottom of the dish. This method requires very careful 
carrying and storing of the sample to not displace the O-rings. Furthermore, it has 
the advantage of speed and no risk of autofluorescence by attached glue. However, 
this method is only applicable if the stage speed of the microscope can be set to a 
maximum of 2.5 mm/s to prevent sample movement. 

The third option (Figure 5C) follows the same steps as the second method until after 
the last dehydration step. Once dehydrated, the transwell membrane is glued to the 
dish (with the organoid facing the glass bottom) as far as possible from the organoid 
to prevent the glue attaching to the organoid. When the glue is dried, the process is 
continued with ECi. 
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Figure 5: Photos illustrating the steps (top to bottom) of three different mounting methods (columns) of 
cleared kidney organoids.  
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Furthermore, there are a couple more attention points in these protocols. First, 
solvents such as ethanol dissolve many types of glue. Therefore, mounting with glue 
should only take place after dehydration, and the spot of the gel or membrane that 
will come in contact with glue should be “dried” with a fibre-free tissue to avoid a 
large amount of ethanol touching the glue. The glue should first dry for a few 
minutes in the imaging dish before adding the sample, until it is just liquid enough 
to still adhere to the dehydrated gel or the transwell membrane. This delay is to 
avoid a long exposure of the organoid to air, which would lead to rehydration.  

Second, the organoid should not be touched once removed from the filter, since it 
easily deforms (Figure 6A). Movement of the organoid can be achieved by pipetting 
the liquid around the organoid in the needed direction. 

Third, ECi dissolves certain types of plastic and glues; therefore, the choice of the 
imaging dish should be made carefully. Trials to understand if and how long a dish 
is resistant to ECi should be performed before continuing with microscopy. 
Objectives contain rubbers and glues that can be dissolved by ECi, and the damage 
of a leak can therefore be substantial. The Ibidi glass-bottom dish (cat. no. 81158) was 
found to be suitable. Both the glass bottom and the glue attaching the glass bottom 
to the dish were resistant to dissolving by ECi. However, the lid is not resistant and 
will dissolve; therefore, the dish should not be tilted when ECi is inside. 
Additionally, the dehydration should not be performed in this dish because this 
makes the glue of the dish vulnerable to ECi, leading to detachment of the glass 
bottom.  

Finally, dehydration results in a complete hardening of the organoid (and if 
embedded in gel, also the gel) and makes it very brittle. Applying pressure on the 
organoid when mounting should be strictly avoided to prevent the formation of 
cracks (Figure 6B). Nevertheless, it is essential to mount the organoid for all three 
methods as flat as possible since a small tilt can increase both the imaging time and 
the size of the data file tremendously. If these tips are followed, then mounting 
should result in an artefact-free organoid image (Figure 6C).  
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Figure 6: Examples of mounting cleared kidney organoids. A. Cleared organoid detached from the 
membrane easily deforms during clearing or mounting. B. Dehydrated organoids become brittle and the 
slightest pressure or bending can result in cracks (white arrowheads). C. Cleared organoid following any 
of the three types of mounting can be successfully imaged without artefacts. Scale bars: 500 µm. 

 

Storage of ECi-cleared kidney organoids 

ECi has a melting point of 6.5–8.0 °C. Consequently, it crystallizes at the standard 
storage temperature (4 °C) of fluorescently labelled samples. ECi-cleared samples 
should therefore be stored at room temperature. However, even though the lid of 
the Ibidi imaging dish limits evaporation, placing the imaging dish on certain types 
of plastics (such as polystyrene Petri dishes) will eventually dissolve the Petri dish 
along with the glass bottom compartment of the Ibidi dish. Polypropylene cases, 
such as tip boxes, are more suitable storage containers. After several months, the 
clearing effect can reduce. This reduction is solved by re-clearing the sample by 
immersing it in 100% ethanol overnight (during which ethanol should be replaced a 
few times), followed by ECi incubation as described in the protocol. 

 

Imaging and processing 

The best balance between resolution, imaging time and file size was achieved by 
imaging with a spinning disk confocal microscope equipped with either a 10× air 
(CFI Plan Fluor DL 10X) or a 20× extra-long working distance air objective (CFI S 
Plan Fluor ELWD ADM 20X). Objectives with higher magnifications and 
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consequently higher NA were not suitable, since more scattering would be caused 
by the high RI of ECi. Before imaging, shading correction was applied for each 
channel to assure artefact-free stitching. If the signal was significantly dimmer in the 
centre of the stack, z-intensity correction was applied after deconvolution. 

 

Additional tips learned beyond the available literature 

To conclude, there are a couple of additional tips and tricks that were acquired 
throughout testing clearing methods or that were mentioned by other researchers at 
conferences and meetings. 

 

 Organoids should be mounted in the clearing solution and not in a 
mounting medium that is supposed to have the same RI. 

 The clearing solution should not be replaced immediately before imaging, 
since the smallest changes in RI can create scattering of light. 

 Generally, the sample should be first stained and then cleared, since 
proteins could be damaged in the process of clearing. However, some 
methods allow repeated staining after clearing. 

 The tissue to be cleared should be as fresh as possible since fresher tissue 
clears better. 

 Molecular grade ethanol gives better clearing results than washing grade 
ethanol. 

 Tissue should be cleared in large volume (e.g., 15–50 mL) tubes. 
 Concentrations of antibodies are still a matter of debate – some researchers 

advise to not increase but lower the concentration when labelling in the 
centre of the tissue is insufficient. Other researchers state that 5–15× the 
concentration used in 2D should be used for 3D tissue that will undergo 
clearing.13 Certainly, the concentration needs to be optimized for each 
antibody. 

 An antibody that works reliably for whole mount and on sections is not 
guaranteed to work after clearing. 
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 Some antibodies that do not interact on sections when combined could 
interact in 3D, leading to false labelling. Furthermore, tissue clearing has 
been shown to modify the intensity of the emitted light and to shift the 
absorption and emission peaks. These changes can result in leak-through 
into other filters/channels and consequently result in false interpretation.17 
It is therefore essential to validate antibodies individually on uncleared 
organoids, such as on sections in 2D, and use the results as a reference for 
3D. 

 If there is a halo or the periphery is strongly stained and the centre is dim, 
there are several solutions:  

o Modify the antibody concentration. 
o Increase the antibody incubation time at 4 °C. 
o Increase laser intensity in z-depth during imaging (z-intensity 

correction). 
o Perform post z-intensity correction. (However, this correction may 

be challenging with a poor signal-to-noise ratio because noise will 
be strongly amplified in depth). 

 Some antibodies might lose their binding strength over time or after freezing 
and thereby no longer be suitable for clearing. The latter happened for one 
antibody (CD31 used in Chapter 6), even though it could be frozen 
according to datasheet. However, two weeks after freezing, it kept failing in 
the clearing protocol and only the fresh antibody (not yet frozen) could be 
used. At the same time, the frozen antibody worked reliably on cryosections 
after 1.5 years. 

 Specifically for the ECi protocol: 
o Ethanol solutions containing PBS used for dehydration of samples 

will precipitate phosphate after about 1.5–2 hours at 4 °C. The 
solutions should therefore be changed frequently, and the 
incubation times should be kept short or executed at room 
temperature (although the latter might affect the clearing result). 

o Preparing the dehydration solutions should be done at least a 
couple of hours in advance, since the solutions warm up and 
produce air bubbles when ethanol and PBS are combined. 
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To conclude, tissue clearing has proven a suitable technique to allow high-resolution 
whole mount imaging of kidney organoids. More specifically, clearing with ECi 
gave the best result, although FRUIT might be a suitable alternative with more 
optimization. The lower and adjustable RI of FRUIT would allow imaging with 
higher magnification or lower wavelengths.  

Furthermore, nanobodies have been shown to solve the issue of heterogeneous 
staining of large samples, due to their 10× smaller size. Light-sheet microscopy has 
already been in use for a few years (more recently on organoids) and stands out for 
its quick imaging time. A recent perspective showed that in the past four years, all 
of the three clearing techniques (solvent-based, aqueous and hydrogel-embedded) 
have proven applicable for spheroid and organoid clearing.18 While we critically 
note that direct comparisons between methods are often lacking and this dearth 
hampers finding the ideal method, it could be argued that the ideal clearing method 
will remain dependent on the organoid type, the research question, and the available 
microscopes. Nevertheless, tissue clearing will likely become the standard for large 
organoid models with high morphological complexity, eventually allowing 3D 
organoid microscopy data to be integrated in single-cell transcriptomic datasets and 
contribute to aims such as the Organoid Cell Atlas.19 
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Graphical abstract 

 

 

Abstract 

Stem cell–derived kidney organoids have been shown to self-organize from induced 
pluripotent stem cells into most important renal structures. However, the structures 
remain immature in culture and contain endothelial networks with low connectivity 
and limited organoid invasion. Furthermore, the nephrons lose their phenotype 
after approximately 25 days. To become applicable for future transplantation, 
further maturation in vitro is essential. Since kidneys in vivo develop in hypoxia, we 
studied the modulation of oxygen availability in culture. We hypothesized that 
introducing long-term culture at physiological hypoxia, rather than the normally 
applied non-physiological, hyperoxic 21% O2, could initiate angiogenesis, lead to 
enhanced growth factor expression and improve the endothelial patterning. We 
therefore cultured the kidney organoids at 7% O2 instead of 21% O2 for up to 25 days 
and evaluated nephrogenesis, growth factor expression such as VEGF-A and 
vascularization. Whole mount imaging revealed a homogenous morphology of the 
endothelial network with enhanced sprouting and interconnectivity when the 
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kidney organoids were cultured in hypoxia. Three-dimensional vessel 
quantification confirmed that the hypoxic culture led to an increased average vessel 
length, likely due to the observed upregulation of VEGF-A189 and VEGF-A121 
mRNA and downregulation of the antiangiogenic protein VEGF-A165b measured 
in hypoxia. This research indicates the importance of optimization of oxygen 
availability in organoid systems and the potential of hypoxic culture conditions in 
improving the vascularization of organoids.   

 

Introduction 

Organoid models have become an irreplaceable alternative to two-dimensional cell 
culture because of their greater cellular and architectural complexity, which is alike 
native tissue. Induced pluripotent stem cells can be differentiated into kidney 
organoids that develop nephrons resembling capillary loop–stage nephrons.1 The 
large variety of renal cell types they possess, similar to the developing kidney2, 
makes them promising models for regenerative medicine, drug testing and 
developmental biology3. However, these organoids have several drawbacks—such 
as the limited culture duration, loss of nephrogenic potential, immaturity and lack 
of vasculature4,5—perhaps due the lack of an in vivo–like culture environment, which 
is increasingly being investigated.6 Moreover, kidney organoids are one of the 
largest organoid models, growing up to 1.5 mm in thickness.1 This draws attention 
to one aspect of a physiological environment, which is the oxygenation of the tissue. 

Cell culture in hypoxia, defined as a state where cells no longer have sufficient 
oxygen available to use oxidative phosphorylation to generate ATP7, has been 
performed for more than a decade, for example to maintain stem cells8. Hypoxia is 
also known to act as a morphogen in cell communication of various cell lineages and 
for certain cell types to partially determine cellular differentiation.9 If not optimized 
to the model system, hypoxia is known to have detrimental effects in cell and tissue 
culture. Nevertheless, to date, there is little knowledge on the effects of hypoxia in 
organoid cultures. Briefly, hypoxic culture (5% O2) of intestinal organoids was 
considered detrimental due to a reduced number of crypts.10 In contrast, microwell-
cultured kidney organoids cultured for 24 h in hypoxia (1 and 3% O2) showed 
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enhanced functionality measured by secretion of erythropoietin (EPO).11 These 
results argue that oxygen levels critically affect maturation of organoids, in a model-
sensitive manner.  

Kidney organoids are cultured, like explanted kidneys12, at an air–liquid interface 
and therefore are directly exposed to incubator air (21% O2), commonly defined as 
normoxia. However, it has been previously well described that 21% O2 is non-
physiological.7 For this reason, and the fact that the physiological environment of 
the developing kidney is hypoxic, we do consider 21% O2 to be hyperoxic and non-
physiological. This is particularly the case for endothelial cells, which largely reside 
on the organoids’ surface. Hyperoxia is known to negatively impact kidney 
development in vivo, such as significantly reducing the size of the nephrogenic zone 
and glomeruli.13 In vitro, the detrimental effects of hyperoxic cell and tissue culture 
are also well established14,15, such as the formation of reactive oxygen species in 
endothelial cells16. By contrast, there is significant evidence that hypoxia enhances 
the proliferation of endothelial cells as well as stem cell differentiation towards an 
endothelial lineage.17-23 Murine metanephric explants showed enhanced endothelial 
cell proliferation when cultured in hypoxia (3% O2).24,25 Furthermore, the 
mammalian uterus is hypoxic and fetal organs develop in hypoxic environments.26,27 
Therefore, modulating the oxygen concentrations could be a step towards in vivo–
like kidney organoid culture with improved vascularization.  

In developing kidneys in the hypoxic mammalian uterus26,28, nephrogenesis starts in 
the avascular nephrogenic zone.29,30 Later in the capillary loop stage of 
nephrogenesis, mainly angiogenesis and to a lesser extent vascularization start to 
take place.4 Only when blood vessels enter the kidney and new vessels are formed, 
oxygen levels increase to finally reach 4–9.5 kPa (30–71 mmHg) in the adult human 
cortex and 2 kPa (15 mmHg) in the adult human medulla.31 Due to the invasive 
nature of the measurements, the oxygen tensions in developing human cortex and 
medulla have not been determined. Recapitulating this in vivo hypoxic environment 
in the kidney organoid culture could enable the transcription of genes essential in 
kidney organogenesis. Below 5% O2, binding of prolyl hydroxylases to cytoplasmic 
hypoxia-inducible factor alpha (HIFα) is inhibited, leading to reduced or inhibited 
proteosomal degradation. Consequently, HIFα rapidly accumulates, translocates 
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into the nucleus and its dimerization with HIFβ is initiated.29 Dimer binding to 
hypoxia responsive element (HRE) promoters leads to the transcription of a variety 
of genes. While this process occurs in all tissue types, it is known that various HIF-
regulated genes are implicated in angiogenesis and vascularization in kidney 
organogenesis. In kidney development, nuclear HIF translocation occurs in 
metanephric mesenchyme and subsequently in podocytes, leading to VEGF-A 
transcription, which attracts endothelial cells to vascularize the nephrons.32,33  

Developmentally, kidney organoids, normally cultured at non-physiological 
hyperoxic 21% O2 (≈160 mmHg), are comparable to kidneys in the first to early 
second trimester.34 Since, however, the oxygen concentrations in the developing 
human kidney are unknown, we hypothesized whether a culture at 7% O2 (≈53 
mmHg), comparable to the adult human cortex, would lead to intra-organoid 
oxygen concentrations more closely resembling developing non-vascularized 
kidneys in vivo, and initiate angiogenesis in the organoids. After up to 25 days of 
culture, we analyzed nephrogenesis, the expression of angiogenic markers 
(particularly VEGF) and endothelialisation to determine whether hypoxic cultures 
of the organoids improved these characteristics compared to cultures at 21% O2. We 
found that long-term hypoxic culture enhances endothelial patterning and 
sprouting and consequently could enhance kidney organoid cultures towards a 
more in vivo–like model.  

 

Materials and Methods 

Induced pluripotent stem cell differentiation and kidney organoid culture 

Induced pluripotent stem cells (iPSCs) were differentiated and the organoids were 
cultured according to the previously published protocol by van den Berg, et al. 35 
(Figure 1A). Briefly, the iPSC line LUMC0072iCTRL01 (male fibroblasts 
reprogrammed using RNA Simplicon reprogramming kit, Millipore) obtained from 
the hiPSC core facility at the Leiden University Medical Center, were passaged 
biweekly and maintained in 3 mL of Essential 8 Medium (Thermo Fisher Scientific) 
supplemented with 1% penicillin–streptomycin in 6-well plates coated with 
truncated recombinant human vitronectin (Thermo Fisher Scientific). The iPSC line 
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was previously assessed for pluripotency and normal karyotype.36 For 
differentiation, 80,000 cells per well were seeded into a six well plate and 
differentiated according to the published protocol in organoid culture medium 
composed of STEMdiff APEL2 medium (STEMCELL Technologies), supplemented 
with 1% antibiotic-antimycotic and 1% protein-free hybridoma medium II (PFHM 
2) (Thermo Fisher Scientific) and the respective growth factors and small molecules 
(8 µM GSK-3 inhibitor CHIR99021 (R&D Systems), 200 ng/mL FGF9 (fibroblast 
growth factor 9; R&D Systems), and 1 µg/mL  heparin (Sigma-Aldrich)). After 7 days 
of differentiation, the cells were aggregated by centrifugation and spotted on 
transwell tissue culture plates with 0.4 µm pore polyester membrane inserts 
(Corning) and cultured at an air–liquid interface. For an additional 5 days, denoted 
as day 7+5, the organoids were cultured in organoid medium containing the growth 
factors and small molecules. From day 7+5 onwards, the organoids were cultured in 
organoid culture medium either in a hypoxia incubator (37°C, 5% CO2, 7% O2) or in 
normoxia (37°C, 5% CO2, 21% O2). The medium was refreshed every 2 days. At day 
7+18 and day 7+25, the organoids were assessed. 

 

Darkfield imaging 

The organoids were fixed at day 7+18 and day 7+25 in 2% (v/v) paraformaldehyde 
(20 min, 4°C) and were subsequently embedded in 10% gelatin in PBS (phosphate-
buffered saline) in a cryomold. Once hardened, the gel was pealed out of the mold 
and placed on a darkfield imaging stage with circular illumination (Nikon). Images 
were acquired using a 1× air objective on a Nikon SMX25 automated 
stereomicroscope with a customized Nikon darkfield illumination holder. 

 

Cryopreservation and cryosectioning 

After fixing the organoids at day 7+18 or day 7+25 in 2% (v/v) paraformaldehyde (20 
min, 4°C), the organoids were cryoprotected. The organoids were immersed in 15% 
(w/v) sucrose in 0.1 M phosphate buffer containing 0.1 M dibasic sodium phosphate 
and 0.01 M monobasic sodium phosphate in MilliQ water (24 h, 4°C, rotating), and 
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subsequently in 30% (w/v) sucrose in 0.1 M phosphate buffer (48 h, 4°C, rotating). 
After cryoprotection, the organoids were embedded in freezing medium (15% (w/v) 
sucrose and 7.5% (w/v) gelatin in 1 M phosphate buffer) and hardened on ice. 
Freezing was performed in an isopentane bath in liquid nitrogen and the blocks were 
stored at -30°C until cryosectioning at -18°C into 12 µm–thick sections. The sections 
were stored at -80°C until use. 

 

Oxygen measurement  

The oxygen concentration within the organoids was measured using an optical 
oxygen microsensor (PM-PSt7, Presens in Regensburg, Germany). The probe was 
calibrated according to the manufacturer’s instructions. Briefly, the pressure settings 
were set to the elevation of the lab (997 kPa) and the probe was calibrated in an 
oxygen-depleted solution (water containing 70 mM sodium sulfite and 500 mM 
cobalt nitrate) followed by an oxygen-enriched solution (water connected to a room 
air valve). All solutions were equilibrated to room temperature before calibration 
and room temperature (20°C) was put as standard in the software. At day 7+18 and 
day 7+25, organoids in both normoxia and hypoxia were measured using the 
calibrated sensor. The sensor was fixed to a micromanipulator and was inserted into 
the bottom of the organoid, approximately 1 mm in depth, close to the insert 
membrane of the transwell. The incubator was kept closed to ensure a stable gas 
concentration and measurements were continued until the signal reached a steady 
state (taking approximately 30–90 min). 

 

Hypoxia imaging 

Hypoxia was measured in living organoids using the Image-iT Green Hypoxia 
Reagent (Thermo Fisher Scientific), which produces a green fluorescent signal below 
5% O2. The organoid was fully immersed in 5 µM ImageIT Green reagent dissolved 
in organoid culture medium for 4 h in normoxia. Subsequently, the staining solution 
was replaced with fresh medium and the organoids were moved to the incubator set 
to either the 7% O2 or the 21% O2  for 6 h, after which they were fixed for 
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cryosectioning or imaged live. For live imaging, the organoids were imaged using a 
10× air objective on an automated Nikon Eclipse Ti-E equipped with a spinning disk 
with a 70 µm pore size, a Lumencor Spectra X light source and Photometrics Prime 
95B sCMOS camera. For cryosectioning, the method in Section 2.3 was applied. The 
sections were imaged with the same microscope using a 20× air objective and a 40× 
oil objective. All images were processed using Fiji37, in which the rolling ball function 
was applied in the case of poor signal to noise ratio. 

 

Immunofluorescence  

The cryosections were warmed to RT (room temperature) and subsequently 
incubated in pre-warmed PBS (15 min, 37°C), to remove the sucrose and gelatin. 
Next, the cryosections were blocked with PBS containing 0.2% (v/v) Tween, 10% 
(w/v) BSA (bovine serum albumin) and 0.1 M glycine (20 min, RT) and incubated in 
primary antibodies (Supplementary Table 1) diluted in the dilution buffer of PBS 
containing 0.2% (v/v) Tween, 1% (w/v) BSA and 0.1 M glycine (overnight, 4°C). After 
washing in PBS containing 0.2% (v/v) Tween, the slides were incubated with 
appropriate secondary antibodies (Supplementary Table 1) diluted in the dilution 
buffer (1 h, RT). Finally, the slides were washed and mounted with Prolong Gold 
(Thermo Fisher Scientific). After curing for two days, imaging was performed on the 
automated Nikon Eclipse Ti-E microscope using a 20× air and a 40× oil objective. All 
images were processed using Fiji37, in which the rolling ball function was applied in 
the case of poor signal to noise ratio. 

 

Luminex assay 

The VEGF-A concentration in the culture medium was analyzed using a VEGF-A 
Human ProcartaPlex Simplex Kit (Cat. no. EPX01A-10277-901, Invitrogen), specific 
for the detection of VEGF-A165. The medium was collected on days 7+7, 7+12, 7+17, 
7+21, and 7+24 and centrifuged (10 min, 4°C, 239 x g). The supernatant was 
immediately stored at -80°C. The assay was performed according to the 
manufacturer’s instructions. In brief, samples were diluted 1:50 in universal assay 
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buffer and 50 µL was added to the wells containing the antibody-coupled beads, 
along with the standards provided with the assay (30 min, RT, shaking). After an 
overnight incubation (4°C) and a final incubation (30 min, RT, shaking), detection 
antibody–biotin reporters were added to each well (30 min, RT, shaking). Next, 
fluorescent conjugate streptavidin–phycoerythrin was added (30 min, RT, shaking). 
After a final washing step, the beads were resuspended in 120 µL reading buffer. 
Fluorescence intensities were measured using a Luminex100 instrument (Bio-Rad) 
which was calibrated before each use. Data acquisition was done with the Bio-Plex 
Manager 6.0 software. The data were normalized to the standard curve dilutions 
delivered with the kit according to manufacturer’s instructions. 

 

Western blot 

After snap freezing in liquid nitrogen, the organoids were resuspended in 70 µL 
RIPA (radioimmunoprecipitation assay) lysis buffer (Sigma-Aldrich) supplemented 
with phosphatase inhibitor tablets PhosSTOP (Sigma-Aldrich) and protease 
inhibitor cOmplete ULTRA Tablets (Sigma-Aldrich). The protein concentrations 
were determined using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) 
according to the manufacturer’s protocol. Per well, 15 µg of protein was loaded. The 
migration was performed in migration buffer (Tris 
[tris(hydroxymethyl)aminomethane]-EDTA (ethylenediaminetetraacetic acid), SDS 
(sodium dodecyl sulfate), glycine, Bio-Rad) at 120 V. Subsequently, the proteins 
were transferred onto a nitrocellulose membrane at 350 mA for 90 min in a transfer 
buffer (Tris-base, glycine, SDS, 20% methanol). After the transfer, the membranes 
were blocked in blocking buffer (TBS (Tris-buffered saline), 0.1% Tween (v/v), 5% 
BSA (w/v)) (1 h, RT, shaking). Next, the membranes were incubated with primary 
antibodies (Table 1) (overnight, 4°C, shaking) in TBS-Tween, 5% BSA (w/v). The 
membranes were washed in TBS-Tween and incubated with the peroxidase-
conjugated secondary antibody (Bio-Rad, Table 1) for 1 h at RT. The membranes 
were incubated with Clarity Western ECL substrate (Bio-Rad) and were developed 
using a ChemiDoc (Bio-Rad). The protein bands were quantified by densitometry 
using ImageJ, normalized to GAPDH.38  
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RNA isolation and qPCR 

Organoids stored in TRIzol at -80°C were thawed and pipetted vigorously to 
homogenize the samples. Then, 500 µL was transferred to a Phasemaker tube 
(Thermo Fisher Scientific) after which, 100 µL of chloroform were added, shaken 
thoroughly and incubated for 5 min at RT. The mixture was centrifuged at 12,000 × 
g (15 min, 4°C). The aqueous phase was carefully transferred to a new 
microcentrifuge tube containing 250 µL isopropanol and 1 µL glycogen. After an 
additional centrifugation step (15 min, 4°C, 12,000 × g) the pellet was washed twice 
with 200 mM NaOAc in 75% ethanol. The supernatant was discarded, and the pellet 
was dried at 55°C, resuspended in 25 µL nuclease-free water, and incubated at 55°C 
with shaking. CDNA was synthesized using the iScript cDNA synthesis kit (Bio-
Rad) and 500 ng/µL of RNA was loaded per sample. Quantitative PCR was carried 
out with iQ SYBR Green Supermix (Bio-Rad), 5 ng cDNA per reaction, on a 
CFX96TM Real-Time system (Bio-Rad). Primer sequences (Supplementary Table S2) 
were verified using total human kidney RNA (Takara Bio). PSMB4 was determined 
as the most stable housekeeping gene using the method described by Xie, et al. 39, 
and GAPDH was used as a second housekeeping gene to ensure valid results. The 
data were normalized to PSMB4 and plotted relative to the expression of the control 
samples day 7+18 normoxia. Each data point represents one organoid of three 
distinct iPSC differentiations. The statistics were performed on the log (fold change) 
and plotted onto the fold change graphs.  

 

Whole mount immunofluorescence, tissue clearing and automated imaging 

Whole organoids were fixed in 2% paraformaldehyde (20 min, 4°C) and blocked in 
PBS containing 10% goat serum, 0.1 M glycine and 0.5% Triton X-100 (overnight, 
4°C, shaking). They were incubated in primary antibodies (Supplementary Table S1) 
diluted in PBS containing 10% goat serum, 0.1 M glycine and 0.06% Triton X-100 (3 
days, 4°C, shaking). After two washes in 0.3% Triton X-100 in PBS (2 h, RT, shaking), 
the organoids were incubated with the appropriate secondary antibodies 
(Supplementary Table S1) diluted in PBS containing 1% goat serum, 0.1 M glycine 
and 0.06% Triton X-100 (3 days, 4°C, shaking). After two washes (2 h, RT, shaking), 
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the organoids were cleared using the method of Klingberg, et al. 40. Briefly, the 
organoids were dehydrated in a series of 30%–100% molecular biology–grade 
ethanol and submerged in ethyl cinnamate (overnight, RT followed by 1 h, 37°C). 
Imaging was done immediately after on an automated Nikon Eclipse Ti-E with the 
70 µm spinning disk in place. Imaging was automated using a Nikon JOBS tool. 
Briefly, a 10× air objective was used for automated detection of the organoid, while 
a 20× air objective with an extra-long working distance was used to image at higher 
resolution with a z increment size of 5 µm.  

 

Automated image processing and vessel quantification 

Immunofluorescence of VEGF-A on cryo-sections was quantified using FIJI. The FIJI 
default threshold was applied on the DAPI channel and the Renyi Entropy threshold 
on the VEGF-A channel. Next, the area of both thresholded signals was measured 
and the area of VEGF-A was normalized to the area of DAPI signal to correct for 
different sizes of sections. The results are presented as percent area. 

Whole mount images were processed within a processing and quantification JOB 
specifically made for these samples, integrated in the NIS-Elements AR (Advance 
Research) (Nikon) software. In summary, background was removed using the 
clarify AI tool prior to the segmentation of the CD31 signal. The CD31 signal was 
thresholded by intensity and segmented by measuring the longest medial axis in 3D. 
Falsely segmented pixels, due to intense background signal, were excluded by 
circularity and minimal size if needed. The volume of the segmented signal was 
measured in 3D for the full organoid. The volume of the total organoid was 
measured by segmenting the organoid based on the strong background. The 
percentage of vascularization was determined by calculating the CD31+ cell volume 
as a fraction of the total organoid volume. Furthermore, the segmented CD31 signal 
was skeletonized to measure the cumulative and average length of all fragments in 
3D. Stepwise details on the used JOB can be found in Supplementary Figure S1.  
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Statistical analysis 

All statistical analyses were performed using GraphPad Prism 9. For all 
immunofluorescence protein analyses, three organoids (n=3) each arising from one 
of three independent organoid cultures (N=3) were assessed. One organoid (n=1) 
arising from one of three (N=3) independent organoid cultures was quantified in 3D. 
For the gene expression analysis and Luminex assay, three organoids (n=3) each 
arising from one of two independent organoid cultures (N=2) were analyzed. Two 
organoids (n=2), each arising from one of three independent organoid cultures (N=3) 
were assessed for the darkfield measurement and oxygen measurement. Individual 
samples were excluded only for technical failures. For each figure, the exact N and 
n are reported in the figure caption. A two-way ANOVA was performed for each 
experiment to assess the contribution of both row (time point) and column (oxygen 
concentration) factors. All p-values can be found in the Results section. Statistical 
significance was only concluded for p-values below 0.05. 

 

Results 

Macro-morphology and oxygen concentrations in normoxic and hypoxic organoid 
culture 

To replicate the in vivo hypoxic environment, we cultured kidney organoids in 7% 
O2 and compared them to their counterparts cultured in 21% O2 (Figure 1A). 
Brightfield analysis revealed no differences in macro morphology, density or size 
until day 7+25 (Figure 1B, Supplementary Figure 2). Darkfield imaging was 
performed to assess the shape and thickness of the organoids (Figure 1C). No 
statistically significant differences in thickness were found comparing organoids 
cultured in normoxia and hypoxia (p = 0.839; Figure 1D).  

To quantify the oxygen concentration, we inserted an optical microsensor into the 
bottom of the organoid (close to the filter). In normoxia, the lowest oxygen 
concentration we measured was 7.53 ± 1.47% on day 7+18, which significantly 
decreased to 2.15 ± 0.66% by day 7+25 (p < 0.0001). This value at day 7+25 was not 
significantly different from the oxygen concentration measured in the organoids 
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cultured in hypoxia on day 7+18 (1.28 ± 0.76%; p = 0.439) or day 7+25 (1.00 ± 0.21%; p 
= 0.211) (Figure 1E).  

To investigate whether the organoids had a hypoxic core, we imaged living 
organoids and cryosections at the center of the organoids with a hypoxia dye 
(ImageIT Green) (Figure 1F). The cryosections, cut through the center of the 
organoids, revealed a higher intensity (meaning lower O2) in hypoxia. We saw the 
dye localized largely to nephron structures and less to the surrounding stroma. We 
did not see evidence of a hypoxic core in the center of any organoids.  
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Figure 1: Kidney organoids cultured in uterine-like hypoxic environment structurally form like their 
normoxic counterparts without the appearance of a hypoxic core. A. Schematic representation of the iPSC 
differentiation and organoid culture. Human iPSCs are differentiated for 7 days, after which aggregates 
are spotted on the air–liquid interface and cultured as organoids for up to 25 additional days (termed day 
7+25). B. Brightfield images display comparable morphologies of the organoids cultured in 7% and 21% 
O2 at the culture endpoint day 7+25. Scale bar: 200 µm. C. Darkfield images show that the macro-anatomy 
of the organoids is comparable in both oxygen concentrations. Scale bar: 2 mm. D. Quantification of the 
organoid thickness from the darkfield images shows no difference between 21% O2 and 7% O2. (n=2, N=3). 
E. Oxygen measurement in the bottom part of the organoids towards the transwell filter shows that 
organoids in 7% oxygen have a comparable oxygen concentration to their normoxic counterparts at day 
7+25, which is significantly lower compared to the normoxic condition at day 7+18. (n=2, N=3; **** = p ≤ 
0.0001) F. Organoids (left column) and cryosections of their central core (right column) stained on day 
7+18 with the hypoxia dye ImageIT Green that produces a fluorescent signal below 5% O2. The organoids 
display no hypoxic core but the dye stains all3 nephrons. Scale bar “live”: 1 mm, scale bar “section”: 100 
µm. 

 

Next, we explored if culture in hypoxia would affect the differentiation and 
organization of various cell types in the kidney organoids. To assess this, we stained 
vertically cut cryosections throughout the whole organoids for well-established 
markers to label the major cell types found in kidney organoids. We found no 
differences in either the presence of the cell types or their organization into proximal 
tubules (LTL), distal tubules (ECAD), loop of Henle (SLC12A1) or glomeruli 
(NPHS1-positive podocytes) (Figure 2A,B).  
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Figure 2: Kidney organoids cultured at 7% and 21% O2 develop the same cell types. Immunofluorescence 
staining for A. podocytes (NPHS1; green), proximal tubules (LTL; red) and distal tubules (ECAD; yellow) 
and nuclei (DAPI; blue), and B. interstitial cells (MEIS1/2/3; green), loop of Henle (SLC12A1; yellow) and 
proximal tubules (LTL; red), showed these different cell types in all conditions. (n=3, N=3). Scale bars: 50 
µm. 
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Nephrons express varied levels of nuclear HIF1α and a constant nuclear 
expression of HIF2α 

Nuclear HIF translocation during kidney development is crucial for nephrogenesis 
and angiogenesis. We investigated which cells showed responsiveness to hypoxia in 
terms of nuclear translocation of HIF1α and HIF2α. For this, we performed 
immunofluorescence staining of HIF1α and HIF2α on vertically cut cryosections 
throughout the whole kidney organoids at days 7+18 and 7+25. Qualitative analysis 
showed that HIF1α was differentially expressed in hypoxia and normoxia (Figure 
3A). At day 7+25, particularly the podocytes had more nuclear translocation in both 
normoxia and hypoxia compared to other cell types. Furthermore, in normoxia, 
podocytes at the bottom of the organoid, towards the medium interface, expressed 
nuclear HIF1α, while in hypoxia this was seen in podocytes throughout the whole 
organoid. In all conditions and time points, interstitial cells and most tubules did not 
express nuclear HIF1α. HIF2α was expressed in the nuclei of all cells of the kidney 
organoids at days 7+18 and 7+25 (Figure 3B). Particularly the interstitial cells had 
heterogeneous expression. We did not detect differences between organoids 
cultured in normoxia or hypoxia in terms of HIF2α nuclear translocation.  
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Figure 3: Kidney organoids cultured in both 7% and 21% O2 show differential nuclear translocation of 
HIF1a and HIF2a. A. Immunofluorescence staining for HIF1a (red) and DAPI (blue) shows increased 
nuclear translocation in podocytes (composite), particularly in 7% O2 at day 7+25. Scale bar: 50 µm. B. 
HIF2a (red) and DAPI (blue) immunofluorescence staining shows nuclear translocation in most cells 
within the organoid irrespective of the oxygen concentration or time point. (n=3, N=3). Scale bar: 50 µm. 
Arrowheads indicate the (air-exposed) surface of the organoids. 
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VEGF-A protein expression in proximal tubules 

VEGF-A is a major angiogenic factor primarily produced in distal tubules, collecting 
duct and podocytes.41 It is regulated by hypoxia by the binding of nuclear, dimerized 
HIFs to the HRE promotor. We performed immunofluorescence on vertically cut 
cryosections throughout whole organoids to determine if there was a difference in 
expression between normoxia- and hypoxia-cultured organoids (Figure 4A), and 
which cell types expressed VEGF-A (Figure 4B). We found expression on the apical 
side of some tubular structures, mainly in normoxia and to a lesser extent in hypoxia 
(Figure 4A, B). VEGF-A was significantly less expressed in hypoxia compared to 
normoxia at both time points (p = 0.02 at d7+18, p = 0.013 at d7+25), but there was no 
difference between the two time points (p = 0.362 in normoxia, p = 0.461 in hypoxia) 
(Figure 4D). The VEGF-A+ tubules in both normoxia and hypoxia co-expressed both 
SLC12A1 marking the loop of Henle (thick ascending limb) and LTL marking 
proximal tubules (Figure 4B). We validated this co-expression of SLC12A1, LTL and 
VEGF-A on adult kidney sections and in scRNA sequencing datasets of organoids 
(Supplementary Figure S3). Glomerular expression of VEGF-A in the normoxia and 
hypoxia organoids rarely found. We hypothesized that the lower VEGF-A 
expression in the proximal tubules in hypoxia could be due to a switch to a more 
soluble VEGF-A isoform or that the time point of secretion would be different. 
Therefore, soluble VEGF-A was measured using a Luminex assay validated for the 
VEGF-A165 isoform in the culture medium on days 7+7, 7+12, 7+17, 7+21, 7+24 
(Figure 4C). There was an increase over time from day 7+7 until 7+17 for organoids 
in both hypoxia and normoxia. After day 7+17, the soluble VEGF-A decreased until 
day 7+21. There was no significant difference between organoids in normoxia or 
hypoxia (p = 0.544). The protein expression of the antiangiogenic isoform VEGF-
A165b normalized to GAPDH expression was determined by Western blot (Figure 
4E, Supplementary Figure S4). VEGF-A165b was significantly upregulated in 
normoxia from day 7+18 to day 7+25 (p = 0.003), while there was a significant 
reduction in hypoxia compared to normoxia at day 7+25 (p = 0.001).  
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Figure 4: Expression of hypoxia-responsive VEGF-A in organoids cultured in 21% and 7% O2. A. 
Immunofluorescence for VEGF-A (121, 165, 189 isoforms; yellow), endothelial cells (CD31; green), 
podocytes (WT1; magenta) and nuclei (DAPI; blue) displays a reduction of VEGF-A in 7% O2 compared 
to 21% O2 at both day 7+18 and day 7+25. (n=3, N=3). Scale bar: 50 µm. B. Immunofluorescence shows 
localization of VEGF-A to the apical side of proximal tubules co-positive for loop of Henle marker 
(SLC12A1; red). (n=3, N=3). Scale bar: 25 µm. C. VEGF-A165 protein expression measured in the culture 
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medium was differentially expressed over time, but not significantly different in hypoxia compared to 
normoxia. (n=3, N=2). D. Quantification of immunofluorescence images confirm that VEGF-A was 
significantly lower expressed in hypoxia compared to normoxia. (n=3, N=3) E. The anti-angiogenic VEGF-
A165b isoform was significantly upregulated over time in normoxia and significantly downregulated in 
hypoxia compared to normoxia at day 7+25. (n=2, N=3). *= p ≤ 0.02, ** = p < 0.003. 

 

Differential expression of angiogenesis-regulating genes in hypoxic culture  

VEGF-A is known to exist in various splice variants with distinct biological 
functions. VEGF-A165 is the most prominent variant, followed by 189 and 121 in the 
adult human kidney.42 We investigated VEGF-A variant expression in the organoids 
by quantitative polymerase chain reaction (qPCR). VEGF-A189 was significantly 
higher in hypoxia cultures than in normoxia, with a 1.8 fold-change (FC) at day 7+18 
(p = 0.001) and 1.9 fold-change at day 7+25 (p =0.032) relative to the control samples 
expression (day 7+18 normoxia) (Figure 5A). VEGF-A165 was significantly 
upregulated at day 7+18 relative to the control samples (FC = 2.06; p = 0.0014), but 
there was no significant difference between organoids in normoxia or hypoxia at 
day 7+25 (Figure 5B). VEGF-A121 was significantly upregulated in hypoxia 
compared to normoxia at both day 7+18 (FC: 1.49; p = 0.0004) and day 7+25 (FC: 
1.617; p =0.002)(Figure 5C). The ANOVA main effect analysis showed that time did 
have a limited effect on the observed differences in VEGF-A variant expression 
(VEGFA189: p = 0.243; VEGF-A121: p =0.085; VEGF-A165: p = 0.047) and could 
largely be attributed to the hypoxic culture (VEGF-A189: p < 0.0001; VEGF-A121: p 
< 0.0001; VEGFA165: p = 0.0001). We also determined mRNA expression of ANG, the 
gene encoding angiogenin, another hypoxia-regulated angiogenic factor, in our 
kidney organoid culture. Similar to VEGF-A165, ANG mRNA was significantly 
upregulated over time (p < 0.0001) but with no differences between hypoxia and 
normoxia cultures (Figure 5D).  
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Figure 5: Hypoxic organoid culture differentially upregulates VEGF-A variants. (A). VEGF-189 is 
significantly upregulated at both time points in the hypoxic culture. (B). VEGF-A165 is significantly 
upregulated at day 7+18 in the hypoxic culture and (C). VEGF-121 is significantly upregulated at both 
time points in the hypoxic culture. D. Angiogenin mRNA is significantly upregulated over time in both 
the normoxic and hypoxic culture. The data is plotted relative to day 7+18 normoxia (n=3, N=3 with 
excluded technical failures). *= p ≤ 0.03, ** = p ≤ 0.002, *** = p ≤ 0.0004. 
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Hypoxia-induced angiogenesis: homogenous micro-vessel formation and 
sprouting  

Hypoxia is well known to enhance angiogenesis in both development and 
pathologies.43 In both, endothelial cells undergo sprouting to form new blood 
vessels. In the normoxia culture, endothelial cells largely reside on the surface of the 
organoids and are therefore directly exposed to the non-physiological oxygen 
concentrations (Supplementary Figure S5). We investigated the effect of hypoxia on 
the endothelial patterning by whole mount immunostaining with the endothelial 
marker CD31. Whole mount imaging and quantification in 3D revealed enhanced 
micro-vessel formation with more homogenous morphology, enhanced branching 
and sprouting in organoids cultured in hypoxia compared to normoxia (Figures 6A, 
C). We observed a reduced intensity of CD31 (not quantified) in hypoxia and 
normoxia at day 7+25 (Figure 6B). However, the endothelial phenotype was 
maintained, as confirmed by co-expression of CD31 and VE-cadherin in both 
normoxia- and hypoxia-cultured organoids at day 7+25 (Supplementary Figure S6). 
We set up an automatic 3D segmentation and quantification pipeline and found that 
hypoxia induced a significant increase in the fraction of endothelial cells of the total 
organoid volume (40.3 ± 12.50%) compared to normoxia (14.3 ± 2.60%) (p = 0.019; 
Figure 6E) at day 7+18 that was not observed at day 7+25 (p = 0.318). Interestingly, 
the average vessel length was significantly higher in hypoxia compared to normoxia 
at day 7+25 (hypoxia: 170 ± 26 µm; normoxia: 97 ± 11 µm; p = 0.014) (Figure 6D). 
There was no significant difference at D7+18 (p = 0.068). Three-dimensional 
segmentation additionally revealed that the endothelial network in organoids 
cultured in normoxia largely resided in a two-dimensional plane (parallel to the 
transwell), while in hypoxia culture, the network was mainly interconnected in three 
dimensions (Supplementary video 1 and 2).  
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Figure 6: Hypoxic organoid culture promotes interconnected microvasculature formation and sprouting. 
A. The endothelial network (CD31; yellow) has a more homogeneous morphology and enhanced 
interconnectivity and branching in organoids cultured in 7% O2. B. Z-intensity projected images of whole 
mount imaged organoids show less intense CD31 staining, likely due to smaller vessel size. C. Hypoxia-
induced sprouting of endothelial vessels at day 7+25. D. Example of 3D segmentation of endothelial 
network of a day 7+18 normoxia organoid. Scale bars: 50 µm (A, C); 600 µm (B, D). Quantification in 3D 
reveals E. an increase in the volume fraction of endothelial cells at day 7+18 in hypoxia and F. an increased 
average vessel length in hypoxia compared to normoxia at D7+25. (n=1, N=3). * = p ≤ 0.019. 

 

Discussion 

Our aim was to investigate if a lower oxygen concentration applied to the kidney 
organoid culture that mimics the in vivo hypoxic environment during nephrogenesis 
could improve angiogenesis and organoid vascularization. The mRNA expression 
of endothelial markers (CD31, KDR) in the normoxic culture was downregulated 
over time (Supplementary Figure S7), indicating the need for stimuli to activate 
angiogenesis. We opted for a long-term hypoxic culture (20 days), because long-term 
hypoxia (hours to days, depending on the model) enhances the expression of 
angiogenic cytokines and growth factors such as PDGF and VEGF in comparison to 
acute hypoxia that is known to activate the release of inflammatory factors.44,45 
VEGF-A in particular is known to be crucial for endothelial cell differentiation, 
proliferation and migration46, as well as glomerular capillary formation, podocyte 
survival and slit diaphragm integrity in autocrine podocyte signaling.47 We therefore 
included VEGF-A mRNA and protein expression in our investigations. 

Kidney organoids developed similarly in normoxic and hypoxic conditions. The 
hypoxic culture did not impair nephron specification and organization, nor 
organoid size (Figure 1B–C, Figure 2A–B), indicating that hypoxia did not interfere 
with normal organoid development. Our measurements of oxygen concentration on 
the bottom of the organoid culture plate (1.0 ± 0.21% in hypoxia on day 7+25) were 
lower compared to the poorly vascularized medullas in adults (1.9% O2 at 
atmospheric pressure derived from the measured 15 mmHg).31 We therefore 
expected our hypoxic culture to more closely resemble avascular, hypoxic kidneys 
during early development, although in vivo data are still lacking.48 This similarity 
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indicates that growing organoids at 7% O2 could mimic the in vivo hypoxic 
environment and help study organoid maturation in a more physiological model.  

In addition to oxygen levels, we found a similar transcriptional program activated 
in the kidney organoids as in the developing human kidney. Specifically, severe 
hypoxia and consequently HIF stabilization was found to be essential in 
nephrogenesis41, with HIF-1α expressed in cortical and medullary collecting duct, 
nephrogenic zone and glomerular cells.33 While the collecting duct lineage does not 
exist in the organoids, podocytes deeper within the organoid, showed nuclear HIF-
1α expression at day 7+18 in normoxia (Figure 3A). According to our measurements, 
these podocytes would reside in regions close to 7.53 ± 1.47% O2. Likely, only 
podocytes experiencing less than 5% O2 showed nuclear translocation of HIF-1α.29 
Indeed, even peripheral podocytes of the hypoxia-cultured organoids, where the 
oxygen concentration was 1.0 ± 0.21% at the bottom of the organoids, showed 
nuclear HIF-1α translocation (Figure 3A). While certainly not all podocytes 
responded by nuclear HIF-1α translocation, the hypoxic culture clearly induces 
nuclear HIF-1α in podocytes throughout the organoids.  

Comparable to HIF-1α, nuclear HIF-2α is important to in vivo kidney development, 
where it is known to be expressed only in interstitial cells and podocytes13, as shown 
in week 14 fetal kidneys33, as well as in developing tubules in newborns41. In our 
kidney organoids, HIF-2α expression was not limited to interstitial cells and 
podocytes, but was expressed in all cell types examined in both hypoxia and 
normoxia (Figure 3B). There were clear differences in intensity of nuclear HIF-2α in 
interstitial cells within the organoids in normoxia and hypoxia, while the nephrons 
equally expressed nuclear HIF-2α. The reason for this observed difference is unclear. 
Clarification is also needed for why all interstitial cells, even in the most oxygenated 
condition (day 7+18 normoxia), do express nuclear HIF-2α. There is a need for 
further investigation, since recent findings in mice suggest that chronic HIF-2α 
expression in stromal progenitors impairs kidney development, in particular 
nephron formation, tubular maturation, and the differentiation of FOXD1+ stromal 
cells into smooth muscle, renin, and mesangial cells.49 This was found to be regulated 
by the inhibition of PhD2 and PhD3.50 The fact that the organoids do not mature 
further and mesangial cells and renin cells are thought to be absent in this kidney 
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organoid model51, could indicate impaired in vitro differentiation of FOXD1+ 
progenitor cells. Therefore, future research could investigate the role of HIF-2α 
nuclear translocation in this context. 

In vivo, pericytes derived from FOXD1+ progenitors are known to show HIF-2α 
nuclear translocation that induces EPO production. However, in our organoids, HIF-
2α nuclear translocation did not induce EPO mRNA transcription in either normoxia 
or hypoxia (Supplementary Figure S8). The fact that EPO was not transcribed in the 
organoids in normoxia and hypoxia could potentially be due to a fibrotic stromal 
population found in the organoids36 and subsequent hyper-methylation of the EPO 
5’ and HRE, inhibiting HIF2/HIFβ dimer binding, as found in adult fibrotic 
kidneys52. Future research could clarify mechanistically, if nuclear HIF-2α is actually 
leading to target gene transcriptions or if this is inhibited, consequently being one 
reason for limited organoid maturation.49  

As with HIF-2α expression, we found differences in the expression of VEGF-A in 
our kidney organoids compared to fetal human developing kidneys. Comparing the 
normoxic and hypoxic organoid culture, a decrease in VEGF-A protein expression 
could be seen. VEGF-A, being one of the most important angiogenic factors, is 
known for its function in nephrogenesis to induce blood vessel formation in 
glomeruli through branching angiogenesis and consequently to induce maturation 
of glomerular cells.53 In fetal human developing kidneys, VEGF-A is expressed in 
the epithelial cells in the s-shaped body and collecting duct.32 Later in nephrogenesis, 
VEGF-A uptake by convoluted tubules has been observed.54 In the organoids, VEGF-
A was localized on the apical side of LTL+ proximal tubules, co-expressing the LoH 
marker SLC12A1. We rarely detected expression in podocytes, which is needed to 
initiate the formation of glomerular capillaries.55 Consequently, glomeruli 
containing endothelial cells is a rare event in the organoids. The amount of VEGF-A 
expression differed between differentiations. However, VEGF-A was reliably less 
expressed in hypoxia. The location of VEGF-A at the apical side of SCL12A1+ tubules 
remained the same in hypoxia (Figure 4 A–B, D). We hypothesized that there could 
be differences in the VEGF-A isoform and transcript variant expression, which could 
remain hidden by targeting three isoforms with the same antibody as performed in 
Figures 4A, B. In vivo, podocytes are the main source of VEGF-A and synthesize 
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three VEGF-A isoforms (VEGF-A-121, VEGF-A-165, VEGF-A-189) by alternative 
mRNA splicing.47   

VEGF-A variants were differentially expressed in the organoids in hypoxia (Figures 
5A–C), consistent with previous studies.56 VEGF-A189 was significantly upregulated 
in organoids cultured in hypoxia, which is associated with microvessel formation42 
and enhanced migration of endothelial cells57. Being positively charged in some 
domains, encoded for by exons 6a, 6b and 7, VEGF-A189 binds negatively charged 
extracellular matrix and heparan sulphate proteoglycans on cell surfaces, remaining 
spatially localized and becomes biologically active upon mobilization by 
heparinase.58,59 This allows the attraction of vessels into hypoxic tissue. Enhanced 
cell migration is also confirmed in a variety of cell lines cultured at 0.5% O2 and 
modified to overexpress VEGF-A189.60  In contrast to VEGF-189, VEGF-A121 lacks 
both exon 6 and 7 and is therefore a readily diffusible, active isoform. Hypoxia-
induced pro-angiogenic VEGF-A gene alternative splicing is also known for the 
VEGF-A121 and VEGF-A165 variants.56 Their upregulation in the hypoxic culture 
could indicate an overall higher availability of the three isoforms throughout the 
organoid. While we could not prove the localization of these isoforms in the 
organoids due to unavailability of isoform-specific antibodies, we did find an 
improved patterning of the endothelial network in hypoxia compared to normoxia. 
Microvessels were homogenously sprouting (Figures 6A–C) with larger vessel 
length (Figure 6F) and larger connectivity in 3D (Supplementary video 1 and 2) in 
hypoxia. In normoxia, there was comparatively less connectivity, hetereogenous 
vessel morphologies and planar growth.  

The VEGF-A165b isoform was downregulated in hypoxia compared to normoxia 
(Figure 4E). VEGF-A165b is a low efficacy agonist, binding VEGFR2 with a stronger 
affinity and thereby reducing binding of VEGF-A165, resulting in strongly 
decreased signal transduction via the VEGFR2 receptor.61,62 VEGF-A165b is 
upregulated in quiescent vessels and in adult kidneys61, inhibiting endothelial cell 
migration54, and is downregulated in nephrogenesis during capillary loop 
formation54,63. Downregulation of the VEGF-A165b isoform in hypoxia at day 7+25 
could indicate increased binding of VEGF-A165 to the VEGFR2 receptor, enhanced 
signal transduction and consequently the initiation of angiogenesis. Earlier research 
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confirms the phosphorylation of SRSF1 splice factor by hypoxia targeting the exon 
8a proximal splice site, leading to the expression of angiogenic VEGF-A isoforms.56 
While the increased vessel sprouting observed in the hypoxia-cultured organoids is 
an indication of angiogenesis64 (Figure 6A–C), more research is needed to prove 
causality with the downregulated VEGF-A165b isoform. Furthermore, to our 
knowledge, alternative splicing of VEGF-A in non-pathological developmental 
angiogenesis is insufficiently studied and would be highly valuable in the context of 
organoid vascularization and maturation. Finally, in vivo glomerular maturation is 
VEGF-A dose dependent, however, it is only hypothesized that the antiangiogenic 
isoforms have a dose dependent effect in glomerulogenesis as well.54 

The results of our study show that modulation of the oxygen concentrations in 
kidney organoid culture can improve the patterning of endothelial cells and 
therefore is potentially a relevant factor to integrate in regular organoid culture. 
Sprouting and interconnected vessels in hypoxia indicated the activation of 
angiogenesis, which is important for further nephron maturation. Future research 
is, however, needed to confirm the mechanism by which this enhanced patterning 
of the endothelial network takes place and to elucidate the roles of the different 
VEGF-A isoforms. This understanding will help to further enhance the endothelial 
network in kidney organoids and can potentially be applied to other systems as well. 
An important challenge in this context will be to understand the batch variations in 
VEGFA expression and number of endothelial cells in the organoids. Furthermore, 
we hypothesize that a culture in a hypoxic chamber could be a more controlled 
environment to study the effects of a hypoxic culture on organoid development. This 
setup would allow medium changes at the desired hypoxia instead of at ambient 
oxygen concentrations and would consequently avoid repeated reoxygenation of the 
organoids. Future research could investigate the effects of hypoxia on nephrons 
beyond structural development and cell type specific marker expression, such as 
mitochondrial functionality and cell type specific changes in metabolism. Ideal 
would be a comparison of the transcriptome of fetal human kidneys with organoids 
in different oxygen concentrations. Finally, it remains to be determined how VEGF-
A expression by podocytes can be increased to allow vascularization and maturation 
of glomeruli. 
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Conclusion 

In conclusion, kidney organoid culture in physiological hypoxia induced the 
formation of a homogenous and interconnected endothelial network, while 
maintaining renal cell types and their spatial organization. We found that VEGF-
A189, VEGF-A165 and VEGF-A121 mRNA is upregulated in hypoxia. At day 7+25 
VEGF-A165 is no longer upregulated. Protein expression analysis of the 
antiangiogenic VEGF-A165b isoform confirmed significant downregulation in 
hypoxia at day 7+25, being a potential reason for the enhanced endothelial 
sprouting. While further vessel maturation, i.e. tube formation and glomerular 
vascularization, are still unresolved, we believe that culture in physiological hypoxia 
is an important driving force for organoid vascularization and is translatable to other 
organoid models in a model-specific manner. 
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Supplementary figure S1: Segmentation and quantification pipeline of the endothelial network in 3D. 
Detailed description can be found in the methods section. Briefly, after clarifying the image, the CD31 
signal was thresholded, and after conservative filtering, the vessels were skeletonized and segmented. 

 

 

 

Supplementary figure S2: Brightfield images of organoids in normoxia and hypoxia. Kidney organoids 
in 21% O2 and 7% O2 develop similar morphologies. Scale bars: 1 mm 
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Supplementary figure S3: Vascular endothelial growth factor alpha (VEGF-A) marker validation on 
adult human kidney and in single cell RNA sequencing datasets of kidney organoids. VEGF-A is co-
expressed with Solute carrier family 12 member 1 (SLC12A1) in both adult human kidney sections (A) 
and single cell RNA sequencing data (B) of Wu et al (2018). Scale bars: 50 µm 
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Supplementary figure S4: Raw blots of VEGF-A165b and GAPDH, indicating the downregulation of 
VEGF-A165b in hypoxia compared to normoxia at D7+25.  

 

 

 

Supplementary figure S5: Localization of endothelial cells in kidney organoids. Immunofluorescence 
staining of D7+18 (21% O2) shows that endothelial cells are largely located on the surface of the organoids 
(arrow indicating the air-exposed surface) and only rarely infiltrate into the organoids or reside on the 
bottom and leaving them directly exposed to the hyperoxic incubator air. Scale bars: 50 µm (top row), 70 
µm (bottom row). 
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Supplementary figure S6: CD31 and VE-cadherin expression at day 7+25 at 21% and 7% O2. Co-
expression of CD31 and VE-cadherin indicates maintenance of the endothelial phenotype at day 7+25 in 
culture in both 21% and 7% O2. Scale bar: 30 µm 

 

 

 

Supplementary figure S7: Gene expression of CD31 and KDR is downregulated over time in 21% O2 
indicating a diminishing endothelial network.  
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Supplementary figure 8: Gene expression of VEGF-A (all variants), EPO, CD31 and KDR in 21% O2 and 
7% O2 of a single experiment. VEGF-A mRNA is significantly upregulated at 7% O2 (A). There is no 
significant difference between 21% O2 and 7% O2 in EPO (B), CD31 (C) and KDR (D) gene expression. 
Human kidney and iPSCs were plotted as reference. (n=3, N=1)  
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Supplementary Table 1: List of antibodies and stains used for immunofluorescence of cryosections and 
whole organoids. 

Target Host Dilution Supplier Cat. no. 

Primary antibodies and stains 

CD31 Sheep 1:300 R&D Systems AF809 

E-cadherin (ECAD) Mouse 1:300 BD Bioscience 610182 

HIF1α Mouse 1:300 Abcam ab16066 

HIF2α Mouse 1:250 Santa Cruz Biotechnology sc-46691 

Lotus tetragonolobus lectin 
(LTL), Biotinylated 

N/A 1:300 Vector Laboratories B-1325-2  

MEIS 1/2/3 Mouse 1:300 Santa Cruz Biotechnology SC-101850 

Nephrin (NPHS1) Sheep 1:300 R&D Systems AF4269 

SLC21A1 Rabbit 1:200 Sigma-Aldrich HPAG14967 

VEGF-A  Mouse 1:250 Santa Cruz Biotechnology SC-7269 

VEGF-A165b Mouse 1:500 R&D Systems MAB3045 

WT1 Rabbit 1:500 Abcam ab89901 

Secondary antibodies and stains 

Anti-Mouse 488 Goat 1:400 Thermo Fisher Scientific 10696113 

Anti-Mouse 568 Goat 1:400 Thermo Fisher Scientific A-11031 

Anti-Mouse 647 Goat 1:400 Thermo Fisher Scientific A-21236 

Anti-Rabbit 568 Donkey 1:400 Thermo Fisher Scientific 10617183 

Anti-Sheep 488 Donkey 1:400 Thermo Fisher Scientific 10473982 

Anti-Sheep 568 Donkey 1:400 Thermo Fisher Scientific A-21099 

Goat Anti-Mouse IgG (H + 
L)-HRP Conjugate 

Mouse 1:3000 Bio-Rad 
 

1706516 

Streptavidin 647 N/A 1:400 Thermo Fisher Scientific S21374 
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Supplementary Table 2: List of qPCR primers. 

NCBI 
gene ID 

Gene 
symbol 

Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

283 ANG CAAGGCCATCTGTGAAAACAAG CAGGGGGAACCTCCATGTAG 
2056 EPO GACATAGTGGCCATGGATGAAG CGAGGCCAAAGCAGATGAG 
2597 GADPHa CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAATG 
3791 KDR GGCCCAATAATCAGAGTGGCA CCAGTGTCATTTCCGATCACTTT 

5175 PECAM1 AACAGTGTTGACATGAAGAGCC TGTAAAACAGCACGTCATCCTT 
5692 PSMB4b TGGCTCGTTTCCGCAACAT GAAATCAGCGTAGTCGCCAG 
7422 VEGF-A AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA 
7422 VEGF-A 

121 
AGGCCAGCACATAGGAGAGA GCCTCGGCTTGTCACATTTTT 

7422 VEGF-A 
165 

GAGCAAGACAAGAAAATCCC CCTCGGCTTGTCACATCTG 

7422 VEGF-A 
189 

TAAGTCCTGGAGCGTTCCCT ACGCGAGTCTGTGTTTTTGC 

a second housekeeping gene used to validate the results 
b housekeeping gene used for analysis 

 

 

 

 

 

 Supplementary videos can be viewed online: 
https://doi.org/10.3389/fbioe.2022.860138. 
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In the last decade, organoids have evolved as a versatile tool for disease modeling 
and drug testing, but also as a potential cell source for regenerative medicine 
therapies. One example is stem cell–derived kidney organoids, in which nephron 
progenitor cells, differentiated from pluripotent stem cells, self-organize and further 
differentiate into a variety of renal cells that are needed for functionality in vivo and 
to make more realistic models in vitro. While the emergence of organoids has 
advanced the fields of tissue engineering and regenerative medicine towards more 
physiologically relevant results in vitro, many challenges still persist. Particularly, 
the stem cell–derived kidney organoids that can qualify for transplantation to 
regenerate kidney function are limited by their immaturity, which has been 
attributed to their stem cell origin and the in vitro induction of their differentiation 
and maturation. While it remains to be determined which extent of maturity is 
needed for functional success upon transplantation, it is nonetheless clear that the 
stem cell–derived kidney organoids currently fall short. 

In this thesis, we suggest that research to generate functional stem cell–derived 
kidney organoids should be guided by knowledge of the development of human 
fetal kidneys in vivo. Generally, this approach is applied in the field to determine 
growth factors and small molecules to induce lineage-specific stem cell 
differentiation. However, the same approach has largely been lacking in other 
parameters of the culture environment, such as oxygen supply, extracellular matrix 
(ECM), cellular heterogeneity, and medium composition. In line with this, the 
assessment of kidney organoids should ideally include a comparison to human fetal 
tissue as a control or literature from human fetal tissue as a reference, and not only 
the rodent tissue or human adult kidneys that are commonly used instead. 
Furthermore, based on the known importance of the precise microanatomic build 
up of the kidney for its function, we argue that morphological assessment by 
electron microscopy should be a mandatory method to assess kidney organoid 
cultures.  

This chapter contains a general discussion to put the findings from this thesis into 
perspective for future research. Additionally, important future directions are 
discussed, particularly those needed to advance kidney organoids for 
transplantation. 
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Creating correct kidney organoid morphology: current knowledge 
and future implications 

 

Kidney organoid morphology: immature and incorrect 

With the overall aim to replicate nephrogenesis as it occurs in vivo, Chapter 3 and 
Chapter 4 assess the morphological development of human fetal kidneys and 
human kidney organoids. The findings show that kidney organoid development is 
morphologically both immature and incorrect. Chapter 4 shows that tubular 
development is largely immature given the absence of, for instance, the lumen, 
intracellular vesicles, and complete cellular polarization. Therefore, different 
organoid tubule types could not be morphologically distinguished. Similarly, 
podocytes lack secondary foot processes, possess microvilli, and are connected by 
tight junctions. As shown in Chapter 3, all these features can be detected frequently 
around weeks 8–10 and exclusively close to the nephrogenic zone later in 
development, which confirms their immaturity.  

In addition to immaturity, numerous features in the kidney organoids are incorrect 
compared to human fetal kidneys. One major difference is the absence of a vascular 
network in the organoids. Facilitated by a whole mount imaging protocol described 
in Chapter 5, Chapter 6 shows that endothelial cells grow in a planar fashion largely 
on the organoids' surfaces. Culture in physiological hypoxia resulted in a more 
connected, three-dimensional endothelial network. However, perfusable tubes were 
still absent and endothelial cells were lacking within glomeruli. Accordingly, the 
glomerular basement membrane (GBM) was deposited in large irregular areas 
around podocytes (Chapter 4) instead of a thin trilaminar layer in between 
podocytes and endothelial cells (Chapter 3). Further examples of striking differences 
between kidney organoids and human fetal kidneys are the excessive glycogen and 
ECM deposits, and the disorganized patterning of nephrons. These features are 
discussed in further detail below in the context of current literature and future 
research. 
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Culture environment to determine cellular metabolism 

Comparing kidney organoids with human fetal kidneys led us to notice they 
possessed several abnormal features. Particularly, the amount of intracellular 
glycogen was striking, and we therefore questioned whether the culture 
environment was ideal. In Chapter 4, we found the coexistence of intracellular 
glycogen deposits with lipid droplet accumulation, excessive ECM deposition, 
nuclear YAP expression, EGFR upregulation and mitochondrial damage in the 
kidney organoids, the combination of which is known for diabetic nephropathy. 
Consequently, we confirmed that the culture medium was hyperglycemic. Similarly, 
in Chapter 6, we hypothesized that the culture environment was not ideal in terms 
of oxygen concentration and found that culture in physiological hypoxia improved 
endothelial patterning. Modulation of cellular metabolism is an interesting link 
between the two chapters and we propose that future research should focus on this 
to determine cell-specific needs in glucose and oxygen metabolism.  

One factor in the kidney organoid culture affecting cellular metabolism, is the 
glucose content in the culture medium. The preferred metabolism and glucose 
requirements differ between stem cells and differentiated cells.1 Cellular metabolism 
influences cell fate in terms of stemness and differentiation,2 and recent research 
showed that metabolic signals can even predict cell fate prior to commitment.3 
Furthermore, it is generally known that metabolic enzymes play an important role 
in regulating the epigenome in a loci-specific manner, and metabolites act as co-
factors for chromatin-modifying enzymes,4 thereby influencing cellular phenotypes. 
Thus, cellular metabolism is an essential determinant of cellular phenotype. For 
example, pluripotent stem cell culture in glycolysis-supporting medium decreases 
spontaneous differentiation and maintains pluripotency5, while inhibition of 
glycolysis supports differentiation.6 The same holds true in developing kidneys: 
inhibiting glycolysis enhances nephrogenesis and induces a mesenchymal-to-
epithelial transition in cultured isolated metanephric mesenchyme from embryonic 
kidneys.7 Similarly, the culture of kidney organoids in either endothelial growth 
medium (promoting glycolysis) or renal epithelial growth medium (promoting 
oxidative phosphorylation) showed that the latter increased overall mitochondrial 
respiration (oxygen consumption rate).8 However, individual cell types could not be 
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distinguished in this study, which could be essential given the known cellular 
differences in metabolism in the adult kidney.9,10 From a morphological point of 
view, a significant increase in tubular branching was present in kidney organoids 
cultured in renal epithelial growth medium. The direct influence of different glucose 
concentrations on induced pluripotent stem cell–derived renal cells or organoids has 
not been investigated. Yet, based on the above and the fact that hyperglycemic 
culture can lead to abnormal cellular changes as shown morphologically in Chapter 
4, it is likely that oxidative phosphorylation–supporting medium with lower glucose 
would be beneficial compared to the currently used culture medium. 

Like the medium composition, oxygen availability determines cellular metabolism. 
Hypoxia is known to increase the reprogramming efficacy of somatic cells to 
pluripotent stem cells by supporting the glycolytic metabolism of stem cells.11,12 
Similarly, in the fetal kidney, nephron progenitors remain in a hypoxic, non-
vascularized niche, and an increase in oxygen through vascularization supports 
their differentiation into nephrons; yet physiological hypoxic levels are needed for 
cellular function.13,14 This need is confirmed by the expression of hypoxia-inducible 
factors, which ensure oxygen homeostasis throughout nephrogenesis.15 Yet, the 
oxygen concentrations throughout the cortex and medulla during nephrogenesis 
remain to be determined. As known in adults, it can be expected that differences 
exist between the cortex and medulla; however, additional gradients throughout the 
fetal cortex likely exist due to the differences in nephron maturity based on 
anatomical location (Chapter 3). Better insights into the oxygenation of developing 
kidneys could help to further improve kidney organoid culture methods. 

Like in adult kidneys, it is likely that local differences and gradients of oxygen exist 
within the kidney organoids given their size and the different oxygen consumption 
rates of different cell types. These differences and gradients could then co-influence 
cellular differentiation. Endothelial cells may be an example of this effect since 
different renal endothelial phenotypes are thought to be induced by different 
metabolic profiles.9 It remains to be determined if kidney organoids contain different 
subtypes of endothelial cells and what their corresponding metabolic profiles are. 
Potentially, the tubular lipid accumulations and the impaired fatty acid oxidation in 
kidney organoids described in Chapter 4 and in the literature16 also apply to the 
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endothelial cells. Endothelial cells do not persist in the organoid culture and are 
known to need high levels of fatty acid oxidation to protect themselves against ROS 
and eventual dysfunction.17 Impaired fatty acid oxidation in endothelial cells also 
leads to a disrupted vessel network and eventually to an increase of the endothelial-
to-mesenchymal transition.18,19 However, a reduction in oxygen, described in 
Chapter 6, showed an improved endothelial network and therefore raises the 
question about which metabolic pathway changed. Similar to previous studies, 
determining the presence of CPT1A, a rate-controlling enzyme in fatty acid 
oxidation, in endothelial cells could be informative for this question. Understanding 
specific cellular needs in oxygen availability throughout nephrogenesis will likely 
lead to more physiological culture protocols and potentially solve some of the 
current issues of the organoid culture. 

Importantly, glucose and oxygen cannot be regarded as separate factors in cell 
culture since they are intertwined in metabolic pathways. Glucose metabolism is 
needed to allow oxidative phosphorylation to occur to generate large amounts of 
ATP. Similarly, glucose content and oxygen concentration in the organoid culture 
are likely to interfere with each other. For instance, sustained hyperglycemia leads 
to an increase in oxygen consumption and therefore decreased intrarenal oxygen 
tension in vivo, which is a mechanism known in diabetic nephropathy.20 Another 
example are normal and diabetic fibroblasts cultured in hyperglycemia, which were 
both unable to upregulate vascular endothelial growth factor alpha (VEGF-A) in 
response to hypoxia due to a decrease in hypoxia-inducible factor (HIF) 1 alpha 
functionality.21 A similar mechanism could explain our findings in Chapter 6, where 
hypoxia-cultured organoid cells did not upregulate their VEGF-A protein 
expression as in normal nephrogenesis in vivo, and only downregulated an 
antiangiogenic variant. Another interplay of glucose and oxygen is suggested by the 
fact that pharmacological activation of HIFs in vivo prevents diabetes-induced 
changes in oxygen metabolism and could therefore prevent diabetic nephropathy.22 
Impaired HIF functionality leads to tissue hypoxia in diabetic kidneys in vivo, 
consequently further damaging the tissue. However, assuring by means of 
pharmacological activation that HIF translocates into the nucleus, as in homeostasis, 
prevented mitochondrial leak respiration, oxygen metabolism, tubulointerstitial 
damage and loss of kidney function in vivo.22 It might be possible that the culture in 
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physiological oxygen in Chapter 6 reduces the effects associated with a 
hyperglycemic culture in Chapter 4. Regardless, HIF functionality needs to be 
guaranteed in all cell types. 

Recently, the first studies investigated the metabolism of fetal kidneys and kidney 
organoids. The preferred metabolic pathways in week 9 and week 18 human fetal 
kidneys were determined in a recent study using spatial transcriptomics.23 Their 
findings focused on early differentiation within the nephrogenic zone, showing that 
pre-tubular aggregate cells relied both on glycolysis and oxidative phosphorylation 
at week 9, but were metabolically inactive at week 18. Interestingly, this inactivity 
occurs much earlier than the cessation of nephrogenesis around week 35.24 Only 
recently, research mapped the metabolic trajectory of nephron progenitor cells to 
differentiated nephron cells in week 13, 16 and 18 human fetal kidneys, showing a 
switch from glycolysis to fatty acid beta oxidation in proximal tubular cells.16 In 
comparison, kidney organoids remained metabolically immature and failed to use 
mitochondrial fatty acid beta oxidation. This absence is in line with our findings of 
accumulating lipid droplets in organoid tubules (Chapter 4). In a suspension kidney 
organoid study using a different differentiation and culture protocol, kidney 
organoids preferred mitochondrial oxidative phosphorylation.25 Clearly, there are 
differences between kidney organoid culture models, and the latest findings 
including those of Chapter 4 show the importance of modifying the culture to 
achieve a metabolism comparable to human fetal kidneys of similar age.  

In sum, medium composition and oxygen availability determine cellular 
metabolism, which directly affects the cellular phenotype. Therefore, both medium 
composition and oxygen concentrations should be carefully determined to produce 
complete and functional kidney organoids. Because the findings of this thesis are 
largely morphological, conclusions on the functional implications are challenging. 
To strengthen the evidence of this thesis, future research could further investigate 
the metabolic states of the individual kidney organoid cell types. Knowing the 
preferred metabolic pathway of the organoid cell types compared to human fetal 
kidneys could inform cellular needs in terms of nutrients and oxygen supply to be 
implemented to improve the organoid culture. Future studies could potentially 
study cell-specific metabolism by redox imaging methods that determine the 
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NADH/FAD ratio by their autofluorescence26 or the NAD(P)H ratio by their 
fluorescence decay rate in 3D.27,28 Additionally, cell lines expressing a biosensor such 
as CytochromeC-GFP can allow real-time determination of mitochondrial health.29 
The determination of the cellular metabolism in organoids is one of the most recent 
developments in the field, therefore much remains to be learned. 

 

Source and impact of aberrant ECM depositions 

Another aberrant feature of the kidney organoids is the presence of large ECM 
depositions. Chapter 4 showed that, over time, the GBM accumulates in a 
disorganized fashion. Given the absence of endothelial cells within glomeruli, as 
shown in Chapter 4 and Chapter 6, their contribution to the formation of the GBM 
is unlikely and therefore dissimilar to what occurs in vivo.30 Interestingly, differences 
appear to exist between culture protocols and iPSC lines, since a comparable culture 
protocol confirmed the expression of collagen type IV subtypes, typical of GBM, by 
endothelial cells, and also their existence within glomeruli.31 Neither the frequency 
of this event nor any basement membrane thickening or bulky deposition has been 
described. In Chapter 4, we hypothesize that the aberrant matrix deposition results 
from a hyperglycemic culture, since both an increase in matrix deposition and 
changes of MMP expression were associated with diabetic nephropathy and 
experimental in vivo and in vitro models.32-35 This hypothesis is supported by 
increased collagen type IV deposition in human blood vessel organoids in 
hyperglycemic culture, and was even more pronounced for diabetic patient–derived 
organoids.36 Another potential source of the aberrant matrix is the off-target 
chondrocytes present in the kidney organoids, which may have transdifferentiated 
from mesangial or endothelial cells in a high glucose environment.37,38 

The composition of the bulky ECM described in Chapter 4 remains to be determined. 
Given the different location (glomeruli instead of stroma) and time point of 
emergence (after D7+18 instead of before) of the ECM in the organoids, it is not 
expected to be the type 1 collagen we previously described.39 The observations that 
podocytes polarize when attached to the matrix and that endothelial cells are absent 
within glomeruli suggest either a high matrix stiffness or a matrix composition not 
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supporting endothelial growth. Interestingly, podocytes are known to express more 
mature markers when cultured on stiff substrates (up to 12 kPa).40 In contrast, 
endothelial cells need softer substrates in vitro to internalize VEGF-A and form tubes 
(maximum 4 kPa) and in vivo show increased permeability when vessel matrix 
stiffens (above 2.5 kPa).41-43 In Chapter 6, we show that endothelial cells largely 
reside on the organoid’s surface, potentially due to a lower stiffness compared to the 
ECM accumulations within the organoid around podocytes or the transwell filter to 
which they adhered. Culture in physiological hypoxia led to an increase of 
endothelial vessel length and a three-dimensional network, however, hollow tubes 
failed to form and vessels did not infiltrate glomeruli. Further investigations are 
needed to unravel the role of the ECM in this context. Additionally, as discussed in 
Chapter 6, hyperoxia can increase mitochondrial ROS44 to serve as a signaling 
molecule, and pathologically upregulated levels of ROS can lead to excessive matrix 
deposition.45 Future research should find the source of the aberrant ECM by 
determining the ECM composition and gene expression of major ECM proteins in 
the surrounding cell types, for instance by in situ hybridization. Spatial proteomics 
could be used to compare the matrisome of organoids cultured in different oxygen 
concentrations and glucose concentrations to evaluate if these adaptations lead to a 
reduction of aberrant ECM. 

 

Improving nephron patterning by increasing the progenitor pool complexity? 

One more major distinction between the kidney organoids and human fetal kidneys 
is the patterning of nephrons. In Chapter 4, we show that nephrons in kidney 
organoids lack orientation, organization of segments, and correct epithelial 
polarization, making it challenging to distinguish different cell types. Yet, correct 
patterning is essential for proper function. Kidneys are built up hierarchically, thus 
both nephrons and vasculature have a tree-like shape. During nephrogenesis, 
multiple generations of nephrons are formed with increasing maturity towards the 
medulla. In the kidney organoid model, the nephron progenitors differentiate into a 
single generation of nephrons simultaneously and with limited maturity.46 This 
observation raises the question if mature nephrons can be generated from a single 
generation or if there is crosstalk between the different stages of maturity 
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throughout a kidney. In vitro culture of one or more isolated generations could 
provide an answer to this. 

Comparing our kidney organoid culture to the latest developments in kidney 
organoid research, we also argue that the initial differentiation into a larger variety 
of progenitor cells is an essential step to achieve the correct morphology. While the 
field aims to generate a tissue from a single cell type (iPSCs) thereby allowing more 
efficient and controllable cultures as well as the intercommunication of progenitor 
cells like in vivo, future research might deviate from this path. Recent research 
indicates that differentiating diverse progenitor populations (ureteric bud, nephron 
and stromal progenitors) separately from mouse pluripotent stem cells, and 
reuniting them at a later stage, creates more kidney-like patterning (Figure 1). While 
the patterning does not occur when, for instance, stromal progenitors are not 
separately induced and added to the culture.47 Given this fact and the known limited 
number of cell types in the kidney organoids, one might conclude that to date we 
are not able to simultaneously induce the necessary variety of progenitors and that 
separate induction could be more successful. 
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Figure 1: Improved hierarchical morphology and connectivity in kidney organoid culture potentially due 
to separate induction of progenitor populations. a. Image of a kidney organoid derived from human 
pluripotent stem cells (hPSCs), which were differentiated to nephron progenitor cells (NPCs) and further 
matured within organoids into different cell types. Adapted with permission from Morizane, et al. 48 b. 
Image of a kidney organoid derived from mouse pluripotent stem cells (mPSCs) that were separately 
induced to NPCs, stromal progenitor cells (SPCs) and ureteric bud progenitor cells (UBPCs), and 
recombined for maturation. Adapted with permission from Tanigawa, et al. 47 c. Morphology of a human 
fetal kidney at a similar age as the kidney organoids. Adapted with permission from Lindstrom, et al. 49 

 

Indeed, mimicking the diversity of cell types of fetal kidneys in our kidney 
organoids could be critical for a more realistic in vitro model. We found 
approximately 32 cell types in fetal kidneys in contrast to the 5–6 cell types in the 
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kidney organoid model of this thesis (Chapter 2).50,51 Clearly, many major cell types 
are lacking in our kidney organoid model, but their importance in nephrogenesis 
remains to be determined. For instance, different tubular segments such as S1–S3 
proximal tubules, loop of Henle, and the connecting tubule have not been generated 
in organoids. Furthermore, various stromal cells are considered absent, and the 
existence of intra- and extra-glomerular mesangial cells is not confirmed. Last but 
not least, non-renal cell types such as vascular cells and immune cells are confirmed 
to exist in early-stage fetal kidneys, but are absent in the kidney organoids. For most 
cell types, it remains to be determined whether the inclusion of these cells in our 
kidney organoid model will stimulate improved nephron patterning.  

 

Increasing culture control and robustness 

Besides choosing a culture medium supporting the right metabolic pathways, we 
believe it is necessary to highlight that control over the medium composition should 
be guaranteed. In the past years, the morphology of the kidney organoids of this 
thesis has changed and the degree of off-target populations has increased, despite 
the fact that both the protocol and cell line were kept the same. Similar observations 
were made by researchers around the globe (personal communication at 
conferences), and theories have been posited that the medium composition had 
changed. As researchers using medium with unknown compositions, we are not 
notified about changes in formulations by vendors, who are not obligated to disclose 
this information. We urge vendors to be more transparent about their medium 
composition to facilitate controlled research, since unknown modifications can have 
serious effects for research. Furthermore, researchers need the freedom to modify 
culture media according to their findings. As such, it would have been ideal to 
modify the APEL2 medium in Chapter 4 by reducing the amount of glucose to 
substantiate the findings. However, given the unconfirmed medium composition, 
this reduction is not a straightforward task. Undoubtedly, high automation and 
quality control need to be preserved to minimize batch-to-batch variations. In the 
meantime, scientists, particularly stem cell researchers, remain dependent on 
commercial media.  
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Controlling research conditions also includes culture robustness, defined by the use 
of a variety of cell lines. In this thesis, the work is based on a single iPSC line. While 
our results are in line with previously published research of the same organoid 
model with different iPSC lines, they would be more powerful if reproduced with 
different iPSC lines for the following reasons. Genetic mutations are known to 
persist during reprogramming and differentiation and can therefore affect the 
outcomes of organoid studies. Large studies confirmed indeed that the genetic 
background of the donor drives the variability of iPSCs from the epigenome to cell 
differentiation capacity, and cellular morphology.52-54 Another important driver of 
the variability of iPSCS, and consequently the organoid culture, is the genomic 
instability of iPSCs. During reprogramming and at any point in culture, genetic 
variations can occur, however point mutations are thought to occur more frequently 
during reprogramming than during prolonged culture.55 Yet, the deletion of tumor-
suppressor genes early in culture and increasing duplication of oncogenes 
throughout the culture remains a matter of concern.56  

An additional factor highly influencing the reproducibility of this kidney organoid 
culture is cell–cell contact, which determines both differentiation and stemness. IPSC 
colonies are characterized by spontaneously differentiating cells at the rim of 
colonies, where cell–cell contact is lost.5 While differentiation into cardiomyocytes, 
for example, requires the loss of cell–cell contact,57 epithelial differentiation, as 
needed for nephrogenesis, requires cell–cell contact. Previously, the largest variation 
was determined between batches and not between individual organoids of the same 
batch, indicating that manual aggregation and placement on transwell filters is a 
small issue.58 In contrast, it is more likely that iPSC seeding density and treatment 
during 2D differentiation are most prone to induce the variation between batches.  

 

Potential translation to other organoid models 

While Chapter 3 and Chapter 4 showed that kidney organoids are both 
morphologically immature and incorrect compared to human fetal kidneys, several 
findings are similar to features of diabetic kidneys and hyperglycemic cultures. We 
argue that this is a wider issue since (from personal communication and the 
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literature31) other stem cell–based (kidney) organoid models also possess aberrant 
glycogen deposits and can be cultured only for a limited time. Furthermore, in our 
study in Chapter 6, we argue that the kidney organoid culture is hyperoxic. 
Transwell cultures of organoids are common to models of organs that are supposed 
to be exposed to air (such as ocular59, skin60 and lung61 organoids), therefore 21% 
oxygen might be correct for these cultures. However, for other organs and therefore 
organoid models, this air–liquid interface is unusual and hyperoxic. Our findings 
argue this case for kidney organoids and we therefore urge the modification of 
protocols.  

 

Conclusion 

To conclude, we recommend future research focus on adapting the medium 
composition, specifically reducing the glucose concentration, and modulating the 
oxygen concentration. This change will likely allow the generation of more 
physiological kidney organoids with improved cellular phenotypes and 
morphology. We emphasize that the kidney organoid model of this thesis has been 
cultured for more than eight years around the world, and yet the hyperglycemic 
features have never been described. We believe this highlights the need for more 
extensive microscopic assessment of organoid cultures and that cellular morphology 
together with state-of-the-art technology (such as metabolomics and spatial 
transcriptomics) can dictate future research. Finally, returning to the main message 
of this thesis, we are convinced that human fetal tissues should guide research of 
stem cell–derived organoids as long as immaturity is a challenge. 
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Social and economic relevance and target groups 

The aim of this thesis was to create further understanding of human fetal kidney 
development and to use this knowledge to better understand and improve kidney 
organoids. Developments in kidney organoid culture are relevant to researchers and 
clinicians aiming to model diseases, test drugs and develop renal replacement 
therapies.1 Yet, to be functional replicates of adult human tissue, kidney organoids 
still have to mature further in terms of their cellular and structural complexity and 
functionality. The knowledge generated in this thesis supports these aims by 
highlighting important differences between kidney organoid and fetal kidney 
development and providing suggestions for culture improvement. 

In the long term, kidney organoids might be an alternative treatment for patients 
with kidney failure and could therefore mitigate the donor tissue shortage and the 
need for dialysis. Both dialysis and donor kidney transplantation are not long-term 
solutions for patients since they do not prevent the progression of chronic kidney 
disease. Accordingly, a high risk of death remains. The 10-year graft failure from 
deceased donors is 49.7% and for grafts from living donors, it is 34.1%.2 At the same 
time, the donor shortage remains an unresolved issue and the high prevalence of 
patients with chronic kidney disease (>10% worldwide3) drives research for an 
alternative treatment. Self-organizing kidney organoids produce nephrons of micro-
anatomic detail similar to human nephrons and therefore show unprecedented 
potential for transplantation to restore kidney function. The work of this thesis has 
brought more insight into the functional ultrastructure, cellular organization and 
importance of the culture environment in kidney organoids, thereby helping to 
progress the field further towards a functional graft.  

Importantly, the target groups eligible for receiving organoids as a tissue graft still 
need to be better defined. Chronic kidney disease is a multifactorial disease in which 
high age, cardiovascular disease, uremia, diabetes and chronic inflammation can co-
exist and this might affect the functionality and lifetime of transplanted grafts.4 
Accordingly, animal studies will be needed that validate organoid survival and 
functionality in hosts with comparable co-factors.   
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Products 

Adapting the kidney organoid culture protocol according to suggestions made in 
this thesis will likely lead to organoids with more physiological morphology and 
may thereby increase nephron functionality. For instance, the reduction of glucose 
in the culture medium (Chapter 4) may prevent the emergence of features of diabetic 
nephropathy and result in cell types with physiological metabolism. In contrast, due 
to the identification of features of diabetic nephropathy in this thesis, the current 
hyperglycemic culture could be implemented as a model of early diabetic 
nephropathy to increase our understanding of the development of renal pathologies 
and allow in vitro testing of reno-protective treatments in diabetic patients. 

Innovation  

The research of this thesis focused mainly on the development of human fetal 
kidneys and human kidney organoids and is innovative in a variety of approaches. 
To date, kidney morphology has been mainly studied in rodents or adult human 
tissues. However, given the fact that stem cell–derived organoids are immature and 
the field focused on gene expression analyses, we provided deeper insights into the 
ultrastructural development of human fetal kidneys in Chapter 3. This knowledge 
is applied in Chapter 4, showing that the comparison to fetal tissue is essential to 
validate whether organoids develop correctly. As such, we could find that kidney 
organoids possess features of hyperglycemic cultures and early diabetic 
nephropathy, which the field has not found with different approaches over the 
course of the past decade. Chapter 5 explains the technical details of tissue clearing 
on kidney organoids, a state-of-the-art method for large organoid models that 
enables cell type identification and assessment in 3D. Following up on this, Chapter 
6 uses this technology to quantify the irregular endothelial network in 3D, which to 
date succeeded in such detail only in actual vascular networks. Furthermore, the 
research of Chapter 6 was innovative in that the impact of a lower oxygen 
concentration in kidney organoids had not been suggested or studied. In contrast, 
many organoid cultures struggle with a pathological hypoxic and necrotic core and 
we show that culture of kidney organoids in physiological hypoxia improves the 
vascular network. 
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Overall, these findings show that detailed microscopic assessment of organoids 
should be a mandatory part of organoid assessment and that age-matched controls 
(such as human fetal kidneys) can support the creation of better organoid models. 

Implementation  

There is an urgent need for alternative treatments for patients with chronic kidney 
disease since it affects more than 10% of the global population and is the leading 
cause of mortality worldwide.3 Clearly, current treatments are not a long-term 
solution. This gap creates great opportunities for tissue-engineered products. The 
implementation of kidney organoids as a renal replacement therapy is therefore 
promising. However, extensive research is still required to translate into the clinic.  

One challenge for clinical translation is related to the dimension of kidney organoids 
compared to human kidneys. An adult human kidney contains from 200,000 to 2.5 
million nephrons5 and, together with a second kidney, filter an average of 200 liters 
of blood every day. A kidney organoid is estimated to contain approximately 100 
nephrons.6 Consequently, 2,000–25,000 organoids with nephrons of equal 
functionality are required to fully replace one kidney, though some patients may 
benefit still from the equivalent of a partial kidney. To date, the engineering of 
human adult-sized kidneys in vitro, to achieve equal functionality, has not 
succeeded. Generally speaking, culturing tissues of centimeter-scale dimensions is 
hindered by the lack of nutrient and oxygen delivery through blood vessels. On top 
of that, the kidney is one of the most complex organs owing to its hierarchical 
anatomy, complex ultrastructure, and large number of distinct cell types. It is 
imaginable that researchers will need to develop ways to recreate kidney grafts of 
larger dimensions, such as bioengineering a framework into which kidney 
organoids can be integrated as functional units, thereby overcoming the struggle of 
culturing tissue with large dimensions. Indeed, recent research shows promise in 
the upscaling of organoids for clinical translation and automization of the culture. 
These are essential steps to reduce costs and increase culture robustness. 

Another factor that is both an opportunity and a challenge is the cell source of kidney 
organoids. IPSC–derived kidney organoids generate the best replication of kidney 
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tissue today in terms of cellular and structural complexity. IPSCs also hold the 
promise to be applied as an autologous therapy, since they can be fabricated from 
patient’s healthy somatic cells. The first clinical trial involving iPSCs was in 2014 and 
since then numerous trials are ongoing, showing the potential of this cell source.7 
However, chronic kidney diseases often affect the elderly. It therefore can be 
expected that the creation of reliable and safe iPSCs from these patients is not as 
straightforward as an age-dependent linear increase in mutations is known to occur 
throughout the culture.8 Additionally, organoids successfully replicate genetic 
mutations limiting their applications for patients with hereditary kidney diseases. 
Furthermore, two of the Yamanaka-factors (c-Myc and Klf-4) used for iPSC 
generation are potent oncogenes9 and cancer-associated mutations, such as in the 
TP53 gene, have been shown to accumulate during iPSC culture10,11. IPSCs are also 
being investigated for their potential to serve as an allogeneic, off-the-shelf cell 
source for tissue-engineered grafts.12 This will allow a quicker, more standardized 
and therefore more cost-effective treatment. Personalized cell therapies are 
extremely expensive, in the range of hundreds of thousands of dollars.12 Therefore, 
off-the-shelf therapy is highly desired. Yet, additional modifications could be 
needed to avoid rejection of autologous grafts. It may require donor patient 
matching and the detection of major histocompatibility complex (MHC)-specific 
neoepitopes that are currently known to occur due to mutations of mitochondrial 
DNA during iPSC culture and differentiation13, and might be an additional risk for 
rejection. Yet, results are conflicting regard the long-term protection from rejection 
when MHC-specific matching of iPSC–derived cells was performed in non-human 
primates.14,15 Additional CRISPR-mediated gene editing could be desired to create 
hypoimmune iPSCs, for instance by inactivating MHC class I and class II genes 
whilst over-expressing CD4716, to evade allogeneic immune responses. Clearly, 
iPSC–derived grafts in general are close to be used as a therapy, however iPSC–
derived kidney organoid cultures still require improvements. 

Regarding the two main culture modifications suggested in this thesis, their 
implementation is expected to be feasible in clinical and research laboratories. The 
suggested reduction in glucose from Chapter 4 will require additional research to 
confirm the ideal concentration, after which the current medium can be exchanged. 
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The same is the case for the oxygen concentration as suggested in Chapter 6. 
Consequently, laboratories will need oxygen-adjustable cell culture incubators.  

Overall, this thesis provides deeper insights into human nephrogenesis and, in 
comparison with kidney organoids, revealed challenges of the culture. While these 
challenges need to be addressed to generate functional grafts, considering the 
progress made since the invention of kidney organoids, and the body of knowledge 
building this field, the future developments hold great promise. 
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Summary 
Human kidneys are remarkably complex organs in which many different cell types 
cooperate to filter blood, regulate water, sodium and mineral levels, and secrete 
various hormones and humoral factors. The cellular complexity is a mirror of the 
kidney’s anatomical design, which therefore is no less complex. In case of acute 
injury or chronic disease, kidneys generally do not regenerate, eventually leading to 
kidney failure. Current treatment options are inadequate long-term solutions and 
the morbidity for patients remains high. Stem cell–derived kidney organoids, which 
self-organize into kidney-like tissues, are promising alternatives. Yet, since they 
develop from stem cells, they have many limitations that have not yet been resolved. 
For instance, the kidney organoids do not mature further than kidneys between the 
first and second trimester, and they develop off-target cells, lack functional 
vasculature, and deteriorate after 25 days in culture. On top of that, their 
functionality and micro-anatomy are largely unstudied. Therefore, this thesis aimed 
to create more insight into kidney organoid development with guidance from 
human fetal nephrogenesis. To this end, in Chapter 2, we identified the variety of 
cell types in fetal versus adult human kidneys based on gene expression. This 
provided us insight into the cellular complexity present early in development, as 
well as the difficulty to distinguish cell populations in fetal kidneys, indicating high 
cellular plasticity.  

We continued to study human fetal development in Chapter 3, by investigating 
human fetal kidney ultrastructure of comparable age to the kidney organoids. This 
allowed us to define additional glomerular developmental stages, as well as features 
of early tubule differentiation. The latter indicated that a specific order of tubule 
type-specific maturation might exist and that nuclear shape and chromatin 
organization might be an additional informative factor of cellular maturity in 
tubules.  

Following the ultrastructural study of human fetal kidney organoids, we continued 
with assessing kidney organoid development according to our recent insights into 
the ultrastructure during human nephrogenesis. Accordingly, in Chapter 4, we 
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detected ultrastructural features in kidney organoids that were distinct from fetal 
kidneys. Most striking were large glycogen and lipid deposits that increased over 
time in various organoid cells. Along with tubular YAP expression, excessive matrix 
depositions, mitochondrial abnormalities, and EGFR upregulation, the glycogen 
and lipid depositions hinted towards a hyperglycemic culture, since these features 
combined are known for renal cells cultured in hyperglycemia and diabetic kidneys. 
We confirmed that the glucose concentration in the standard organoid culture 
medium was indeed hyperglycemic and recommended future work to culture 
organoids in lower concentrations.  

In Chapter 5, we tackled the issue that the kidney organoids had dimensions in the 
millimeter range, leading to challenges in whole-mount imaging using light 
microscopy. The application of tissue clearing allowed us to fully image kidney 
organoids stained with conjugated antibodies. In the chapter, we discuss various 
methods and present technical details of the most successful method for researchers 
to easily replicate. 

Finally, we used the method developed in Chapter 5 to quantify the endothelial 
network in kidney organoids in Chapter 6. In this chapter, we were again inspired 
by the way kidneys develop in an embryo. We hypothesized that the air–liquid 
interface culture at 21% oxygen was hyperoxic. Since human kidneys initially 
develop in hypoxia and are later not exposed to oxygen concentrations above 9% 
oxygen, we estimated that 7% oxygen might be a more physiological choice. The 
endothelial cells in the kidney organoid culture are largely residing on the organoid 
surface, directly exposed to the hyperoxic air. Furthermore, it is well-known that the 
angiogenesis-stimulating factor vascular endothelial growth factor (VEGF) is 
hypoxia-regulated. We were therefore incentivized to investigate the effect of 
physiological hypoxia on the endothelial population. We found that the anti-
angiogenic variant VEGF-A165b was downregulated in our culture in physiological 
hypoxia. At the same time, the length and connectivity of the endothelial network 
increased, indicating that a culture at 7% oxygen might be beneficial for endothelial 
survival. 

Overall, the work of this thesis generated deeper insights into both human fetal 
kidney and human kidney organoid development and offers suggestions for further 
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improvements. This thesis also highlights the strength and necessity of microscopy 
as well as age-matched human tissue to understand and improve tissue-engineered 
constructs such as organoids.  
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Samenvatting 
Menselijke nieren zijn opmerkelijk complexe organen waarin veel verschillende 
celtypen samenwerken om bloed te filtreren, het water-, natrium- en 
mineraalgehalte te reguleren en om verschillende hormonen en humorale factoren 
uit te scheiden. De cellulaire complexiteit is een weerspiegeling van het anatomische 
ontwerp van de nier, en is daarom niet minder complex. In het geval van acuut letsel 
of chronische ziekte regenereren de nieren over het algemeen niet, wat uiteindelijk 
leidt tot nierfalen. De huidige behandelingsopties zijn ontoereikende lange termijn-
oplossingen en de morbiditeit voor patiënten blijft hoog. Van stamcellen afgeleide 
nierorganoïden, die zichzelf organiseren tot nierachtige weefsels, zijn veelbelovende 
alternatieven. Echter, omdat ze zich ontwikkelen uit stamcellen, hebben ze veel 
beperkingen die nog niet zijn opgelost. De organoïden van de nieren rijpen 
bijvoorbeeld niet verder dan de nieren tussen het eerste en tweede trimester, en ze 
ontwikkelen cellen die niet in de nier thuishoren, missen een functioneel vaatstelsel 
en verslechteren na 25 dagen in cultuur. Bovendien zijn hun functionaliteit en micro-
anatomie grotendeels onbestudeerd. Het doel van dit proefschrift was daarom om 
meer inzicht te genereren in de ontwikkeling van nierorganoïden door middel van 
kennis uit de menselijke foetale nefrogenese. Hiertoe hebben we in Hoofdstuk 2 de 
diversiteit aan celtypen in foetale versus volwassen menselijke nieren 
geïdentificeerd op basis van genexpressie. Dit gaf ons inzicht in de cellulaire 
complexiteit die vroeg in de ontwikkeling aanwezig is, evenals de moeilijkheid om 
cel populaties in foetale nieren te onderscheiden, wat wijst op een hoge cellulaire 
plasticiteit. 

We gingen door met het bestuderen van de ontwikkeling van de menselijke foetus 
in Hoofdstuk 3, door onderzoek te doen naar de ultrastructuur van menselijke 
foetale nieren van vergelijkbare leeftijd als de nierorganoïden. Hierdoor konden we 
extra glomerulaire ontwikkelingsstadia definiëren, evenals kenmerken van vroege 
tubulusdifferentiatie. Dit laatste gaf aan dat er een specifieke volgorde van type-
specifieke rijping van tubuli zou kunnen bestaan en dat nucleaire vorm en 
chromatine-organisatie een aanvullende informatieve factor zou kunnen zijn voor 
cellulaire volwassenheid in tubuli. 
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Na de ultrastructurele studie van organoïden van menselijke foetale nieren, gingen 
we verder met het beoordelen van de ontwikkeling van nierorganoïden volgens 
onze recente inzichten in de ultrastructuur tijdens nefrogenese bij de mens. 
Dienovereenkomstig ontdekten we in Hoofdstuk 4 ultrastructurele kenmerken in 
nierorganoïden die anders waren dan foetale nieren. Het meest opvallend waren de 
grote glycogeen- en vetafzettingen die in de loop van de tijd toenamen in 
verschillende organoïde cellen. Samen met tubulaire YAP-expressie, overmatige 
matrixafzettingen, mitochondriale afwijkingen en EGFR-hoogregulatie, wezen de 
glycogeen- en lipide-afzettingen op een hyperglycemische cultuur, aangezien deze 
gecombineerde kenmerken bekend zijn voor niercellen gekweekt in hyperglycemie 
en diabetische nieren. We bevestigden dat de glucoseconcentratie in het standaard 
organoïde kweekmedium inderdaad hyperglycemisch was en adviseren toekomstig 
werk om organoïden in lagere concentraties te kweken. 

In Hoofdstuk 5 pakten we het probleem aan dat de organoïden van de nieren 
afmetingen hadden in het millimeterbereik, wat leidde tot uitdagingen bij de 
beeldvorming van een gehele organoïde met behulp van lichtmicroscopie. De 
toepassing van weefsel-clearing stelde ons in staat om nier-organoïden gekleurd met 
geconjugeerde antilichamen volledig in beeld te brengen. In het hoofdstuk 
bespreken we verschillende methoden en presenteren we technische details van de 
meest succesvolle methode die onderzoekers gemakkelijk kunnen repliceren. 

Ten slotte hebben we de in Hoofdstuk 5 ontwikkelde methode gebruikt om het 
endotheliale netwerk in nierorganoïden in Hoofdstuk 6 te kwantificeren. In dit 
hoofdstuk werden we opnieuw geïnspireerd door de manier waarop nieren zich in 
een embryo ontwikkelen. Onze hypothese was dat de lucht-vloeistof-
interfacecultuur bij 21% zuurstof hyperoxisch was. Aangezien menselijke nieren 
zich aanvankelijk in hypoxie ontwikkelen en later niet worden blootgesteld aan 
zuurstofconcentraties van meer dan 9% zuurstof, schatten we dat 7% zuurstof een 
meer fysiologische keuze zou kunnen zijn. De endotheelcellen in de nier-
organoïdecultuur bevinden zich grotendeels op het organoïde-oppervlak, direct 
blootgesteld aan de hyperoxische lucht. Bovendien is het algemeen bekend dat de 
angiogenese-stimulerende vasculaire endotheliale groeifactor (VEGF) door hypoxie 
wordt gereguleerd. We werden daarom geïnspireerd om het effect van fysiologische 
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hypoxie op de endotheel populatie te onderzoeken. We ontdekten dat de anti-
angiogene variant VEGF-A165b in onze cultuur omlaag was gereguleerd in 
fysiologische hypoxie. Tegelijkertijd namen de lengte en connectiviteit van het 
endotheel-netwerk toe, wat aangeeft dat een kweek met 7% zuurstof gunstig kan 
zijn voor de overleving van het endotheel. 

Over het algemeen heeft het werk van dit proefschrift geleid tot diepere inzichten in 
de ontwikkeling van zowel menselijke foetale nieren als de ontwikkeling van 
menselijke nierorganoïden en biedt het suggesties voor verdere verbeteringen. Dit 
proefschrift belicht ook de kracht en noodzaak van microscopie, en van op leeftijd 
afgestemd menselijk weefsel om lab-gemaakte weefsels zoals organoïden te 
begrijpen en te verbeteren. 
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Zusammenfassung 
Menschliche Nieren sind bemerkenswert komplexe Organe, in denen viele 
verschiedene Zelltypen zusammenarbeiten, um Blut zu filtern, Wasser-, Natrium- 
und Mineralstoffspiegel zu regulieren und verschiedene Hormone und humorale 
Faktoren abzusondern. Die zelluläre Komplexität ist ein Spiegel des anatomischen 
Aufbaus der Niere, die daher nicht weniger komplex ist. Im Falle einer akuten 
Verletzung oder einer chronischen Erkrankung regenerieren sich die Nieren im 
Allgemeinen nicht, was letztendlich zu einem Nierenversagen führt. Die derzeitigen 
Behandlungsoptionen sind keine langfristigen Lösungen, und die Morbidität für 
Patienten bleibt hoch. Aus Stammzellen gewonnene Nierenorganoide organisieren 
sich selbst zu nierenähnlichen Geweben und sind eine vielversprechende 
Alternative. Da sie sich jedoch aus Stammzellen entwickeln, haben sie viele 
Einschränkungen, die noch nicht behoben wurden. Zum Beispiel reifen die 
Nierenorganoide nicht weiter als fötale Nieren zwischen dem ersten und zweiten 
Trimester, sie entwickeln Off-Target-Zellen, es fehlt ihnen an funktionellen Gefäßen 
und sie zerfallen nach 25 Tagen in Kultur. Darüber hinaus sind ihre Funktionsweise 
und Mikroanatomie weitgehend unerforscht. Daher zielte diese Dissertation darauf 
ab, mehr Einblick in die Entwicklung von Nierenorganoiden zu gewinnen, indem 
sie sich an der menschlichen fötalen Nephrogenese orientiert. Zu diesem Zweck 
haben wir in Kapitel 2 anhand der Genexpression die Vielfalt der Zelltypen in 
fötalen und erwachsenen menschlichen Nieren identifiziert. Dies verschaffte uns 
einen besseren Einblick in die zelluläre Komplexität, die früh in der Entwicklung 
anwesend ist, sowie in die Schwierigkeit Zellpopulationen in fötalen Nieren zu 
unterscheiden, was auf eine hohe zelluläre Plastizität hinweist. 

Wir haben die Entwicklung des menschlichen Fötus in Kapitel 3 weiter untersucht, 
indem wir die Ultrastruktur der menschlichen fötalen Niere untersuchten, deren 
Entwicklungsstadien mit den Organoiden der Niere vergleichbar ist. Dies 
ermöglichte es uns, zusätzliche glomeruläre Entwicklungsstadien sowie Merkmale 
der frühen Tubulusdifferenzierung zu definieren. Letzteres weist darauf hin, dass 
eine spezifische Reihenfolge der Tubulustyp-spezifischen Reifung existieren könnte 
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und, dass Kernform und Chromatinorganisation ein zusätzlicher informativer 
Faktor für die Zellreife in Tubuli sein könnten. 

Nach der ultrastrukturellen Untersuchung menschlicher fötaler Nierenorganoide 
setzten wir die Bewertung der Entwicklung von Nierenorganoiden gemäß unseren 
jüngsten Erkenntnissen über die Ultrastruktur während der menschlichen 
Nephrogenese fort. Dementsprechend entdeckten wir in Kapitel 4 ultrastrukturelle 
Merkmale in Nierenorganoiden, die sich von fötalen Nieren unterschieden. Am 
auffälligsten waren große Glykogen- und Lipidablagerungen, die sich im Laufe der 
Zeit in verschiedenen organoiden Zellen vermehrten. Zusammen mit der tubulären 
YAP-Expression, übermäßigen Matrixablagerungen, mitochondrialen Anomalien 
und EGFR-Hochregulierung deuteten die Glykogen- und Lipidablagerungen auf 
eine hyperglykämische Kultur hin, da die Kombination dieser Merkmale bekannt 
sind für hyperglykämische Kulturen von Nierenzellen und diabetischen Nieren. Wir 
bestätigten, dass die Glukosekonzentration des Organoid-Kulturmediums 
tatsächlich hyperglykämisch war, und empfahlen zukünftigen Forschungen 
Organoide in niedrigeren Glukosekonzentrationen zu kultivieren. 

In Kapitel 5 haben wir uns mit dem Problem befasst, dass die Nierenorganoide 
Abmessungen im Millimeterbereich hatten, was zu Herausforderungen bei der 
Ganz-organoid-Bildgebung mit Lichtmikroskopie führte. Die Anwendung des 
„Gewebe-Clearings“ ermöglichte es uns, mit konjugierten Antikörpern gefärbte 
Nierenorganoide vollständig abzubilden. In diesem Kapitel diskutieren wir 
verschiedene Methoden und präsentieren technische Details der erfolgreichsten 
Methode, die Forscher leicht replizieren können. 

Schließlich haben wir in Kapitel 6 die in Kapitel 5 entwickelte Methode verwendet, 
um das endotheliale Netzwerk in Nierenorganoiden zu quantifizieren. In diesem 
Kapitel wurden wir erneut von der Art und Weise inspiriert, wie sich Nieren in 
einem Embryo entwickeln. Wir stellten die Hypothese auf, dass die Luft-
Flüssigkeits-Grenzflächenkultur bei 21% Sauerstoff hyperoxisch war. Da sich 
menschliche Nieren zunächst in Hypoxie entwickeln und später keinen 
Sauerstoffkonzentrationen über 9% ausgesetzt sind, schätzten wir, dass 7% 
Sauerstoff eine physiologischere Wahl sein könnten. Die Endothelzellen in der 
Nierenorganoidkultur befinden sich größtenteils auf der Organoid-oberfläche und 
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sind direkt der hyperoxischen Luft ausgesetzt. Darüber hinaus ist bekannt, dass der 
Angiogenese-stimulierende vaskuläre endotheliale Wachstumsfaktor (VEGF) 
Hypoxie-reguliert ist. Dies hat uns inspiriert, die Wirkung von physiologischer 
Hypoxie auf die Endothelpopulation zu untersuchen. Wir fanden heraus, dass die 
anti-angiogene Variante VEGF-165b in unserer Kultur bei physiologischer Hypoxie 
herunterreguliert war. Gleichzeitig nahm die Länge und Konnektivität des 
endothelialen Netzwerks zu, was darauf hinweist, dass eine Kultur mit 7% 
Sauerstoff für das Überleben des Endothels von Vorteil sein könnte. 

Insgesamt lieferte die Arbeit dieser Dissertation tiefere Einblicke in die Entwicklung 
sowohl der menschlichen fötalen Niere als auch der menschlichen Nierenorganoide 
und bietet Vorschläge für weitere Verbesserungen. Diese Dissertation hebt auch die 
Stärke und Notwendigkeit der Mikroskopie sowie altersangepassten menschlichen 
Gewebes hervor, um durch Gewebezüchtung hergestellte Konstrukte wie 
Organoide zu verstehen und zu verbessern. 
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