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OUTLINE AND SCOPE OF THE THESIS

 “Organoid” is defined1 as a 3D structure grown from stem cells and consisting of organ-specific 

cell types that self-organizes through cell sorting and spatially restricted lineage commitment. 

Organoids can be derived from either adult stem cells (ASCs) or pluripotent stem cells (PSCs). 

In Chapter 1, the development of ASC-derived organoid cultures for other organs than the kidney 

is described and it is explained why organoids are a valuable tool for biology and medicine. In 

addition, we address the state-of-the-art of kidney ASC cultures and how the field of nephrology 

may benefit from ASC-derived organoid cultures. An adequate ASC-derived kidney organoid culture 

system does not exist, although in theory such system would have useful applications.

The other cell source for establishing organoid cultures are PSCs, either embryonic or induced. 

For the kidney, organoid cultures derived from PSCs have been well-established. In order to gain 

insight into growth conditions that allow expansion and differentiation of kidney cells, published 

protocols to differentiate PSCs into kidney organoids are reviewed in Chapter 2.

In Chapter 3, the development of ASC-derived kidney organoid culture is described. Cultures 

can be established from mouse and human kidney tissue, as well as from human urine. Organoids can 

be expanded for 6 months while remaining genetically stable and can be used to model infectious 

and malignant disease. Kidney organoids derived from the urine of cystic fibrosis patients can be 

used to predict treatment efficacy ex vivo. 

In Chapter 4, a living organoid biobank of pediatric kidney tumors is established. This biobank 

contains the most common types of pediatric kidney tumors, such as Wilms tumor, malignant 

rhabdoid tumor of the kidney and renal cell carcinoma. Organoid lines from tumor and matching 

normal tissue can be efficiently established and reflect the primary tissue on histology. 

In Chapter 5, organoid-derived cells are integrated with an ‘organ-on-a-chip’ platform, to allow 

high-throughput transporter and toxicity studies, and with a hollow fiber platform, to create ‘living 

membranes.’ Organoids may function as an autologous cell source for these technologies, thereby 

broadening the scope of applications of the culture system.

In Chapter 6, a population of murine kidney cells with a relatively high organoid-forming 

capacity is described. In vivo tracing of these cells yields mono-clonal expansions during kidney 

development, adult homeostasis and repair. 

In Chapter 7, the findings of this thesis are summarized and the implications for future research 

are discussed.

REFERENCE
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ABSTRACT

Adult stem or progenitor cell organoids are 3D adult-organ-derived epithelial structures that 

contain self-renewing and organ-specific stem or progenitor cells as well as differentiated cells. 

This organoid culture system was first established in murine intestine and subsequently developed 

for several other organs and translated to humans. Organoid cultures have proved valuable for basic 

research and for the study of healthy tissue homeostasis and the biology of disease. In addition, 

data from proof-of-principle experiments support promising clinical applications of adult stem or 

progenitor cell organoids. Although renal organoids have many potential applications, an adult 

stem or progenitor cell organoid culture system has not yet been developed for the kidney. The 

development of such a system is likely to be challenging because of the intricate renal architecture. 

Differentiated 3D cultures and stem or progenitor cell 3D sphere cultures are, however, available 

for the kidney. These cultures indicate the feasibility of renal organoid culture and provide a solid 

basis for its development. In this Review, we discuss the state-of-the-art of human adult stem or 

progenitor cell organoid culture and the potential of renal organoids as tools in basic and clinical 

research.

Maarten B. Rookmaaker*1, Frans Schutgens*1,2, Marianne C. Verhaar1, Hans Clevers2

1   Department of Nephrology and Hypertension, University Medical Centre Utrecht, the Netherlands 

2  Hubrecht Institute–Royal Netherlands Academy of Arts and Sciences, Utrecht, the Netherlands
*   Contributed equally to the work

Nature Reviews Nephrology 11, 546–554 (2015)
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INTRODUCTION

Although chronic kidney disease is a major, worldwide public health problem with an increasing 

incidence,1 current treatment remains limited to reducing inflammation, optimization of 

cardiovascular risk factors and supportive care. New therapeutic approaches are urgently required 

and better understanding of physiological and pathophysiological mechanisms of renal damage 

and repair will facilitate their development.

The kidney contains many cell types and has a complex architecture, which complicates in vivo 

studies. Although 2D cell culture models are valuable for the study of renal pathophysiology, 3D 

culture models are thought to be superior in mimicking the in  vivo situation. Two main types of 

adult 3D kidney models are currently in use; 3D models of differentiated cells are mainly used for 

transport and toxicity studies, whereas 3D sphere cultures propagate putative stem or progenitor 

cell populations, enabling study of the dynamics of these cells.

Integration of these existing adult 3D kidney models into a uniform culture system would 

combine culture of differentiated epithelial cells with physiological cell turnover by proliferation 

and differentiation of stem or progenitor cells. An integrated culture system would more accurately 

resemble the in vivo situation than the current models and would also provide an unlimited source 

of differentiated and undifferentiated organ-specific cells. An integrated adult-cell-derived 3D 

culture system was first developed for the intestine and subsequently for several other organs. 

These organoid culture systems comprise adult-organ-derived ex vivo cultured epithelial structures 

that can be expanded indefinitely and stem or progenitor cells that are able to self-renew and 

to differentiate into the cells of the organ-specific epithelium.2 Of note, these models reflect 

the epithelial components of an organ but lack vascular and stromal cells.

As an adult stem or progenitor cell organoid culture system has not yet been described for 

the kidney, we review the development of intestinal adult stem cell organoid culture, the organoid 

culture systems available for other organs and their applications. We then discuss the challenges 

and feasibility of the development of kidney organoid culture and the potential kidney-specific 

applications of organoids.

ORGANOID CULTURE

The term organoid culture has been used for a wide array of culture systems, but all organoid 

cultures share multiple features (Figure  1).3 Organoid culture involves the culture of multicellular 

structures known as organoids that contain multiple cell types and are intended to represent organ 

structure and function, and to model maintenance and repair ex vivo. Organoids have the capacity 

of self-organization, which is the spontaneous ordering of a cell population and an essential process 

in organogenesis.3 This process involves cells sorting on the basis of differential expression of cell 

adhesion molecules and lineage specification.4 Self-organization is distinct from recellularization of 

decellularized or printed matrices in which external architectural cues are provided.5, 6 Organoids are 

3D structures—differentiated cells better maintain their in vivo characteristics when cultured in 3D 

than when cultured in 2D.7 Moreover, the finding that culture of floating spheres enables expansion 

of embryonic neuronal stem cells that retain their multi-lineage potential8 led to recognition of 
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the importance of 3D organization for stem and progenitor cell culture. Similar cultures for other 

tissues, including retina, pancreas and skin, have been developed.9-11

Organoids are suspended in an extracellular matrix (ECM). As matrix components seem to 

be vital for cell differentiation and orientation, organoid cultures have been set up in laminin-

rich Matrigel, which enables the expansion and differentiation of primary human breast epithelial 

cells12, 13 and stem-cell-enriched populations of murine prostate cells.12, 13 Furthermore, organoid 

culture requires specific culture media, growth factors and other media components, which are 

often selected based on their effect on cell proliferation and differentiation during embryonic 

development, normal adult cell turnover and regeneration. In addition, factors that are related 

to pathophysiological states, such as hyperplasia and tumour formation, have proved of use to 

enhance organoid expansion.14

ADULT STEM OR PROGENITOR CELL ORGANOIDS

In this Review, we discuss an adult epithelial-tissue-derived stem or progenitor cell based organoid 

culture system that was developed in our laboratory for the intestine and several other organs. Thus, 

in this article we define organoids as adult organ-derived ex vivo cultured 3D epithelial structures 

that can be expanded indefinitely and contain stem or progenitor cells that are able to self-

renew and to differentiate into the cells of the organ-specific epithelium (Figure 1). This organoid 

culture system has proved valuable for fundamental research as many aspects of adult tissue 

pathophysiology are represented ex vivo. In addition, the use of adult patient-derived organoids 

enables several diagnostic and therapeutic applications. The presence of stem or progenitor 

cells enables long-term expansion, ensuring sufficient material for ex  vivo models and clinical 

applications. Notably this system—like most organoid culture systems—lacks nerve innervation, 

Figure 1 

Figure 1. Human adult progenitor or stem cell organoid culture. Although most organoid culture systems share 

several characteristics (green boxes), some aspects depend on the specific type of organoid culture (orange boxes). 

For example, all organoid cultures are 3D, but organoids can be derived either from embryonic or adult cells.



1

A
D

U
LT STEM

 C
ELL-D

ERIV
ED

 O
RG

A
N

O
ID

S

13

blood supply and mesenchymal support. Several other organoid culture models using different cell 

sources, such as embryonic stem cells or induced pluripotent stem cells have been described in 

the literature with their own fields of application.15, 16

Development of the culture system

The identification of tissue-specific stem or progenitor cell markers in epithelial organs led to 

the development of the adult organoid culture system. Following the identification of leucine-

rich repeat-containing G-protein coupled receptor  5 (Lgr5) as an intestinal stem cell marker, 

a 3D culture system was set up that enables long-term expansion and multi-lineage differentiation 

of intestinal stem cells.17 When cultured in a 3D extracellular matrix with culture media resembling 

the in vivo situation in terms of growth factor composition, single Lgr5+ cells develop into structures 

with distinct intestinal crypt and villus-domains, containing all differentiated cell types found 

in the  instestine in near-physiological ratios.14 The matrix consists of a collagen and laminin-

rich Matrigel, as laminins constitute an important part of the crypt basal lamina in  vivo. Factors 

that induce stem cell expansion, as seen in crypt hyperplasia (Wnt and Noggin) and in intestinal 

epithelial cell proliferation (epidermal growth factor [EGF]) are included in the culture media. 

These conditions enable prolonged expansion of the size and number of crypt-villus structures and 

maintenance of the multi-lineage differentiation potential of the Lgr5+ stem cell population.

The intestinal organoid culture system has been adapted to culture stem or progenitor cells from 

other organs with high or low cell turnover. For example, organoid cultures have been set up for 

Lgr5+ stem or progenitor cells of colon crypts and the pyloric glands of the stomach.18, 19 Importantly, 

Lgr5 expression is not a requirement for organoid culture development; subsets of basal tracheal 

cells that express low-affinity nerve growth factor receptor20 and a subset of lung epithelial cells 

that express epithelial cell adhesion molecule20, 21 can give rise to organoids. Organoid culture 

systems have also been developed for several organs with low self-renewal, such as the prostate.22, 23 

Interestingly, in adult murine liver, Lgr5+ stem or progenitor cells are absent in healthy tissue but are 

induced upon damage. These induced Lgr5+ cells have clonal expansion capacity and multi-lineage 

differentiation potential, with the capacity to differentiate into bile duct cells and hepatocytes.24 

Analogously, in adult murine pancreas, damage induced Lgr5+ cells clonally expand in organoid 

culture and can be directed towards either an endocrine or pancreatic duct fate.25

As murine organoid culture conditions do not enable long-term culture of human organoids, 

several strategies have been used to identify the factors that are required for such cultures. Factors, 

such as nicotinamide and a TGF-β-inhibitor, that are involved in human tissue homeostasis, tumour 

development and epithelial cell culture were evaluated, and proved to enable the long-term 

culture of human adult tissue derived organoids.19, 26, 27 Translation of liver organoid culture involved 

a different approach. Gene expression profiles of human organoids, cultured in murine organoid 

culture media, were analysed to identify upregulated pathways involved in growth arrest and 

downregulated proliferative pathways.28 Subsequently, factors that inhibit and stimulate these 

pathways, respectively, were added to the culture media. Using these strategies, human organoid 

culture systems have now been developed for the stomach, small intestine, colon, lung, pancreas, 

liver and prostate.19, 20, 23, 26, 27, 29
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APPLICATIONS OF ORGANOID CULTURE
Study of healthy tissue homeostasis

Organoid cultures are useful tools for basic research and hold great promise for diagnostic and 

therapeutic applications (Figure 2). Moreover, they can be used to study homeostasis of healthy 

tissue, enabling the real time study of differentiation, dedifferentiation, gene function and cell–

cell interactions, as well as the identification of factors affecting differentiation states.30, 31 In 

intestinal organoids, Notch inhibition enables steering of progenitor cells into differentiated 

daughter cells of the secretory lineage, reflecting the in  vivo situation.32, 33 Conversely, secretory 

cells can dedifferentiate and regain stemness upon damage in  vivo and after Wnt3A exposure 

in vitro.33-35 Whole library screening has been performed in this organoid culture system to identify 

epigenetically active compounds involved in intestinal stem cell differentiation.36

Figure 2  

Figure 2. Applications of organoid culture. The various steps in the establishment of an organoid culture (yellow 

boxes) enable specific fundamental and clinical applications (green boxes). After digestion of biopsy material the cells 

are seeded in a 3D matrix. A subset of these cells will develop into organoids. The development of organoids from 

tissue biopsy samples mimics aspects of tissue organization and turnover in health and disease which enables studies 

of tissue homeostasis. Functional assays can be performed using developed organoids. In addition, organoids can 

be expanded and used as a screening tool to test drug efficacy and toxicity in pre-clinical trials or for personalized 

medicine. Expanded organoids from a single patient might also be used for bioengineering and cell therapy, possibly 

in combination with targeted gene repair.
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Gene function in tissue homeostasis and signalling has been studied in the crypt-villus structure 

of intestinal organoids using recombinant viruses, conditional knock-out models and small-

interfering RNA.37-39 Importantly, organoid culture enables the functional evaluation of genes that 

are difficult to study in knock-out mice because of embryonic lethality.

Organoid culture also enables the determination of cell–cell interactions, for example in 

the  intestinal crypt. When single intestinal Lgr5+ cells are seeded in Matrigel, the percentage of 

cells that develop into organoids is low.40 The observation that co-culturing single intestinal Lgr5+ 

cells with Paneth cells profoundly increases the efficiency of organoid culture indicates that Paneth 

cells constitute a niche for Lgr5+ stem cells.40 Indeed, Paneth cells are essential in vivo for stem cell 

proliferation and differentiation by paracrine secretion of growth factors such as Wnt3 and EGF.40, 41

Functional assays

As sphere formation efficacy is a parameter for stemness, the organoid-forming efficiency of single 

cells of a putative stem or progenitor cell population is a functional assay in its own right. Other 

stem cell characteristics, such as self-renewal and multi-lineage differentiation can also be studied 

in organoid culture, as demonstrated in cells derived from normal tissue and from adenomas.42-45

Transporter function can be assessed in organoids with wild type transporters as well as in those 

with mutant transporters.46, 47 For example, the function of the cAMP-dependent chloride channel, 

cystic fibrosis transmembrane conductance regulator (CFTR), which is mutated in patients with 

cystic fibrosis, can be assessed intestinal organoids using a swelling assay. In wild-type organoids, 

forskolin treatment increases intracellular cAMP levels, resulting in increased CFTR-dependent 

chloride transport into the lumen and swelling of the organoid. Such swelling does not occur in 

organoids with mutant CFTR channels, but can be restored using CFTR-rescuing compounds.47

Study of diseased tissue

Patient-derived organoids enable study of the biology of disease. For example, organoids have been 

derived from patients with colorectal cancers and from patients with hereditary diseases.19 The organoid 

culture system is particularly interesting for the latter owing to the genetic stability of organoids.26 

Intestinal organoids from patients with hereditary diseases, such as microvillus inclusion disease 

(MVID) and multiple intestinal atresia (MIA), reflect the in vivo histology of these diseases. Organoids 

from patients with MVID are characterized by loss of microvilli and subapical accumulation of vesicles, 

whereas those from patients with MIA display disrupted polarity, growth and differentiation.48, 49 

Molecular pathogenesis can also readily be studied in organoids. This application is illustrated 

by the organoid swelling assay for CFTR function: in biopsy-derived rectal organoids from patients 

with cystic fibrosis, forskolin-induced swelling is reduced or absent; the extent of swelling correlates 

with disease severity.47 Gastric gland organoids have been shown to respond to H. pylori exposure 

by mounting a substantial inflammatory response, indicating that organoids enable modelling of 

bacterial epithelial infection with live follow-up.50 The effect of rotavirus infection on the intestine 

has also been experimentally modelled in organoids.51

Expansion of patient-derived organoids enables genetic screening and the ex vivo study of cell 

signalling pathways in the diseased state. Cancer-derived organoids (termed tumouroids) from 

the prostate consistently display abnormalities in the p53 and retinoblastoma tumour suppressor 
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pathways, suggesting a crucial role of these pathways in disease development.23 Colon organoids 

derived from patients with inflammatory bowel disease were expanded ex vivo to obtain sufficient 

DNA to screen for non-coding DNA regulatory regions associated with this disease.52 In addition, 

organoids can be used to investigate the effect of a potentially pathogenic mutation on organoid 

function and/or morphology. A study using organoid cultures showed that mutations in RHOA that 

are frequently found in patients with gastric cancer, contribute to tumourigenesis by decreasing 

anoikis.53 Similarly, mutations in syntaxin-3, found in patients with MVID who lack typical myosin 

Vb mutations, induce a MVID phenotype in healthy organoids, indicating the pathogenicity of this 

mutation in variant MVID.49

Drug screening

By establishing living biobanks, organoid cultures can be used to assess the therapeutic and/or toxic 

effects of compounds on healthy and diseased tissue. Proof-of-principle for this application was 

provided by the establishment of a living biobank from 20 patients with colorectal cancer in which 

the major subtypes of this cancer are represented.54 Biobanks of healthy or patient-derived human 

organoids enable high-throughput analysis of the effects of compounds in a heterogeneous target 

population. For example, exposure of lung organoids to high concentrations of tobacco smoke 

components decreased cell viability, whereas sub-toxic doses increased secreted protein levels and 

cytokine release and induced goblet cell hyperplasia and hypertrophy.55 This organoid response to 

tobacco smoke components is comparable to the in  vivo response. Moreover, high-throughput 

analysis of organoid cultures from patients with MIA showed that Rho kinase inhibitors restored 

the defects in cell polarity.48

Organoids might also enable the reaction of an individual to a drug or (after expansion) a panel 

of drugs to be predicted. For example, human colorectal tumouroids have been used to evaluate 

resistance to irinetocan.56 In this study, the relevance of a culture system containing both tumour-

initiating cells and differentiated cells was underlined, as differentiated cells confer drug resistance 

to the tumour-initiating cells. The CFTR-forskolin assay shows patient-specific drug responses 

in organoids from patients with the same mutation.47 Use of organoid culture systems to predict 

individual drug responses might lay a foundation for organoid use in personalized medicine.

Therapy

Organoid culture has been successfully applied as a cell therapy in proof-of-principle animal 

experiments using models of intestinal and hepatic damage. Single-cell-derived murine colon 

organoids were shown to home to damaged colon epithelium upon transplantation and engraftment 

for >6  months was observed.57 In fumarylacetoacetate hydrolase mutant mice, a model of liver 

failure that is lethal without rescue, liver organoids derived from single Lg5+ liver cells integrated 

into the recipient’s liver upon transplantation and significantly increased survival.24

Interestingly, patient-derived organoids are amenable to gene therapy. CRISPR/Cas9 mediated 

correction of a CFTR mutation in intestinal organoids derived from patients with cystic fibrosis 

restores the functional transport defect, assessed by forskolin–CFTR assay.58 This finding provides 

proof-of-principle for gene repair of adult stem or progenitor cells derived from organoids cultured 

from patients with a monogenetic defect.
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DEVELOPMENT OF RENAL ORGANOID CULTURES
Challenges 

Adult stem or progenitor cell organoid culture systems have been successfully developed for 

progressively more complex organs, but are not yet available for the kidney. Two aspects that 

require particular attention when the development of renal organoid culture is considered are 

the existence of adult renal stem or progenitor cells and the complex renal architecture.

The exact nature of the stem or progenitor cells that are involved in tubular maintenance and 

repair in the adult kidney is heavily debated.59, 60 Whether a committed stem or progenitor cell 

population is constitutively present in the adult kidney or whether differentiated tubular cells 

dedifferentiate, proliferate and replace damaged epithelium remains unclear. One might argue that 

the absence of constitutively present stem or progenitor cells would preclude the development of 

adult stem or progenitor cell derived renal organoids. In the liver, however, the existence of stem 

or progenitor cells is also heavily debated and constitutively present stem or progenitor cells do 

not seem to contribute to normal homeostasis.61, 62 There is evidence that upon toxic injury, stem 

or progenitor cells residing in the bile ducts are induced, most likely through dedifferentiation.63 

However, this notion is also controversial, as data suggest that regardless of the mechanism 

of damage, the majority of hepatocyte regeneration is due to the proliferation of pre-existing 

hepatocytes—a mechanism that is comparable to what has been found in the kidney.64, 65 Despite 

these controversies, our group demonstrated that long-term culture of genomically stable 

human adult liver derived organoids is possible.26 Moreover, in the pancreas, stem or progenitor 

cells are absent during homeostasis and can be induced from the exocrine ducts upon damage, 

but long-term expansion of adult-derived pancreas organoids is possible.29 Thus, independent of 

the  presence of stem or progenitor cells in healthy adult tissue, organoid culture is possible for 

the liver and pancreas. Whether this finding also applies to the kidney remains to be elucidated.

The intricate architecture of the kidney, which is generated during embryonic development in 

a process that involves reciprocal interaction of the ureteric bud and metanephric mesenchyme, 

might complicate development of organoid culture. However, organoids can be cultured from 

adult lung, an organ that is also dependent on interactions between epithelial and mesenchymal 

structures for its development.21, 66 In addition, nephrons consist of distinct segments with specific 

functions that might each have a separate committed stem or progenitor cell population.67 

Consequently, kidney organoid cultures might be segment-specific and require segment-specific 

culture conditions. However, for the intestine segment commitment has not posed a problem: 

stomach, small intestine and colon organoids can be cultured using different culture conditions.19, 26

Feasibility and progress

3D culture models of the developing kidney have been in use for a long time. Classic developmental 

biology experiments have been carried out using embryonic whole kidney explants, and subsequently 

with distinct embryonic kidney compartments or specific cell populations.5, 68-70 Protocols for 

ex vivo differentiation of induced pluripotent or embryonic stem cells into 3D structures with renal 

phenotypes have also been developed.71, 72, 73, 74 These models are of great value for the investigation 

of renal development and nephrogenesis, as in contrast to adult models, they contain discrete stem 

cell compartments.
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The feasibility of the development of an adult stem or progenitor cell organoid culture system 

for the kidney is supported by the existence of 3D differentiated renal cell cultures. Compared with 

2D cultures, 3D cultures are superior in maintaining renal cell differentiation and morphology. For 

example, isolated tubular cells cultured in a monolayer dedifferentiate quickly, exemplified by rapid 

loss of cytochrome P450 activity, whereas in 3D culture persistent expression of cytochrome P450 

is observed.7 Considering the crucial role of cytochromes in drug metabolism, it is not surprising 

that drug toxicity studies carried out in 3D cultures (even after prolonged culture of primary cells) 

are superior to 2D toxicity studies.75 In addition, 3D culture models display the aberrant histology 

of renal disease; immortalized murine tubular epithelial cells from a model of autosomal dominant 

polycystic kidney disease (ADPKD) cultured in a silk scaffold matrix with collagen or Matrigel show 

the reversed polarity of epithelial cells that is typical for ADPKD in vivo.76 Furthermore, a 3D spheroid 

model of differentiated tubular cells maintains apicobasal polarity and a luminal compartment.77 This 

technology, therefore, seems particularly useful for the study of the morphological abnormalities 

that are characteristic of ciliopathies.

In addition to differentiated 3D structures, multi-cellular 3D epithelial cell cultures are of value for 

the identification and study of renal stem or progenitor cell populations, as sphere-forming capacity 

is a stem or progenitor cell characteristic. Subpopulations of CD133+ cells have been proposed as 

adult renal stem or progenitor cells58 and sphere-forming capacity of a subpopulation of CD133+ 

adult human kidney-derived cells that expresses CD24 and high levels of aldehyde dehydrogenase 

has been demonstrated.78, 79 Long-term culture, multi-lineage potential and expansion of these 

spheres was not reported. In accordance with these findings, adult human primary kidney cells 

cultured in suspension aggregate to form spheres that contain cells that co-express CD133 and 

marker genes for embryonic renal stem cells.80 Although a large part of this spheroid formation can 

be attributed to clonal expansion, as assessed by genetic labelling, cell aggregation also contributes. 

This finding might reflect the need for a stem cell niche, such as that formed by the Paneth cell for 

Lgr5+ intestinal stem cells.40 Upon passage new spheres form, but clonal expansion has not been 

shown. Transplantation of sphere-derived cells to a chick chorioallantoic membrane resulted in 

tubulogenesis and the expression of segment-specific tubular proteins, indicating multi-potency of 

the sphere-derived stem or progenitor cells.80 As cultured human kidney epithelial cells uniformly 

express CD133 and CD24, a follow up study was designed to obtain more specific markers for 

sphere-forming cells. A subset of CD133+CD24+ cells that re-express the embryonic mesenchymal 

marker neural cell adhesion molecule 1, which is important during kidney development, was found 

to have sphere-forming capacity.81, 82 Consistent with this finding, a PKH26 or PKH2 label-retaining 

CD133+CD24- population was identified within spheres cultured from single human adult kidney 

cells.83 This population is capable of self-renewal and differentiation into multiple renal cell types 

when cultured in differentiation conditions.

In the studies discussed above, specific subpopulations of CD133+ cells were cultured to assess 

stem or progenitor cell potential. In order to prove that segment-specific progenitor cells exist, 

a different approach was taken, wherein bulk adult murine cells were cultured: single cells were 

grown into 3D structures and subsequent co-staining with segment-specific markers showed that 

each structure had a segment-specific phenotype.67 This fate restriction was also observed in in vivo 

fate mapping experiments, suggesting that 3D kidney culture faithfully recapitulates the in  vivo 
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situation. These data are in line with our finding that segment-specific progenitors exist during 

embryonic development.84 By contrast, another study found that a cluster of cultured adult rat cells 

from the proximal S3 segment gives rise to 3D structures that, based on morphology and marker 

expression, contain glomeruli as well as cells from all tubular segments.85 Long-term culture and 

functional studies of these structures will be very interesting. The availability of 3D differentiated 

cultures and the progress made with sphere cultures of renal stem or progenitor cells indicate 

the feasibility of the development of a human kidney adult stem or progenitor cell organoid culture.

POTENTIAL APPLICATIONS OF RENAL ORGANOIDS

Renal organoid cultures established from kidney biopsy samples would be valuable for the study 

of the pathophysiology of renal epithelia and would provide an unlimited source of renal epithelial 

stem or progenitor cells. Various applications of organoid cultures are of particular interest for 

kidney research.

Study of healthy tissue homeostasis

High-throughput screening of genes and factors that are involved in renal stem or progenitor 

cell proliferation and differentiation would contribute to our understanding of renal homeostasis. 

As regeneration often mirrors mechanisms that act during development and homeostasis, 

the  unravelling of these factors would facilitate the development of regeneration-enhancing 

therapeutic strategies. Renal organoid culture might also help to clarify the role of pathways 

that are known to be involved in development in kidney homeostasis and disease. For example, 

Wnt signalling is essential for kidney development, but its role in tissue homeostasis is poorly 

understood. Some evidence suggests that Wnt signalling promotes fibrosis,86 whereas other data 

suggest that knockdown of Wnt signalling leads to cystic disease.86, 87

Functional assays

Evaluation of putative renal stem or progenitor cell populations using organoid cultures might 

help to clarify whether kidney regeneration is reserved to a limited number of stem or progenitor 

cells that are always present in the kidney, or whether it involves proliferation of dedifferentiated 

epithelial cells. If the latter is the case, renal organoid cultures could be employed to identify 

the factors that are necessary for the induction of this cellular plasticity and to investigate whether 

a specific niche for renal stem cells exists (that is, a kidney equivalent of the intestinal Paneth cell).

Renal organoids could also be applied to assess the function of transporters in differentiated 

epithelial cells ex  vivo. Dysfunction of tubular epithelial cell transporters as a result of genetic 

abnormalities or exposure to drugs or toxins might result in renal disease. Assays to evaluate tubular 

transporters ex  vivo that make use of fluorescent substrates are available and organoid swelling 

might be an additional read-out.88-90

Study of disease

Renal organoids could facilitate research regarding the pathophysiological mechanisms of kidney 

cancer, genetic diseases and infections. Kidney tumouroids would enable the study of genes, 



1

A
D

U
LT STEM

 C
ELL-D

ERIV
ED

 O
RG

A
N

O
ID

S

20

pathways and growth factors that are involved in the development and progression of cancer and 

could, therefore, be a valuable tool for the development of targeted kidney cancer treatments. 

Organoids derived from patients with genetic diseases, such as ADPKD could be used to study 

the role of proteins in disease development and progression, for example ADPKD organoids 

might display typical cell polarity defects,91 enabling the study of the development of this disease 

phenotype. The CFTR–forskolin swelling assay is also of particular interest in ADPKD, as CFTR has 

a role in progression of this disease.92 Furthermore, renal organoids might be used to model kidney-

specific infections. For example, polyoma BK virus, which specifically affects the collecting duct 

and results in graft failure in up to 10% of kidney transplant recipients, could be studied in a tubule-

segment-specific organoid culture.93, 94

Drug screening

Drug-induced nephrotoxicity is the cause of up to 25% of cases of acute kidney injury in the intensive 

care unit,95 highlighting the need for better pre-clinical drug toxicity screening. Currently such 

screening is predominantly performed using 2D cell cultures, which have serious disadvantages in 

comparison to 3D cultures, and in animal models, which are hampered by interspecies differences 

and the use of inbred strains that do not reflect the heterogeneous human population.96 A biobank 

of renal organoids derived from the general population might function as a heterogeneous source 

of human renal 3D cultures for nephrotoxicity studies.

Biobanks of organoids, with or without disease phenotypes, could also be used for early-

phase efficacy studies. For example, the efficacy of compounds that target transporters (such 

as diuretics and sodium/glucose cotransporter  2 inhibitors) can be studied in organoids with 

straightforward read-outs such as swelling.97 The effect of drugs on cyst growth in ADPKD could 

be assessed in a similar fashion. At an individual patient level, tumour organoids enable robotized, 

high-throughput, chemotherapeutic sensitivity screens for personalized medicine. Use of this 

technology might reduce the costs of drug development and boost research towards therapies for 

rare genetic diseases.

Therapy

Renal stem or progenitor cells derived from kidney organoids might be used as cellular therapies. 

Injection of mesenchymal stem cells as a treatment for renal disease has yielded promising results, 

but the integration of these cells at the sites of regeneration is low and the benefits are mainly 

attributed to paracrine effects of the infused cells.98, 99 Although the complex architecture of 

the kidney might not enable organoids to integrate at sites of regeneration upon transplantation, 

paracrine effects of kidney-specific stem or progenitor cells derived from organoid culture could 

be beneficial.

In addition, ex vivo expanded organoids might be used as a source of renal cells for 

the development of bioartificial kidneys, such as the renal assist device (RAD). This device combines 

conventional haemodialysis with a live tubule cell cartridge,100 which partly restores the endocrine 

and immune functions of the kidney. The results of phase I and phase II trials of the device are 

promising.100 A major hurdle, however, in upscaling the RAD to commercial use is the lack of access 

to a reliable source of renal cells.101 Organoid culture might provide a limitless, possibly autologous, 
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cell source. Moreover, kidney organoids might function as a source of cells for decellularized renal 

scaffolds. ECM scaffolds obtained from rat, mouse and human kidneys have been successfully 

re-cellularized using epithelial and endothelial cell lines, leading to urine production and kidney 

function.102 This highly relevant proof-of-principle could benefit from organoid culture: re-

cellularized renal scaffolds with genetically repaired, autologous tubular stem or progenitor cells 

could be developed as a method to generate functional, implantable kidneys.6

CONCLUSIONS

Human adult stem or progenitor cell organoid cultures have been developed for a number of organs 

over the past decade and the scope of their applications in basic and clinical research is expanding 

rapidly. The development of such an organoid culture system for the kidney is feasible and would be 

of particular interest because of its complex 3D organization, which is directly related to its function. 

Moreover, research into diseases that affect this delicate architecture, such as ciliopathies, would 

benefit from the development of a 3D culture model that recapitulates disease development and 

morphology. As 3D organization is required to maintain the differentiation of kidney epithelial 

cells, organoids would facilitate functional assessment of renal epithelia ex  vivo. Furthermore, 

the combination of limitless expansion potential and organ-specific epithelial differentiation would 

enable the development of living biobanks derived from renal biopsies. Such biobanks would enable 

high-throughput screening of pharmaceutical compounds for therapeutic and toxic effects in 

a heterogeneous patient population. Conversely, organoids from individual patients could enable 

ex vivo evaluation of therapeutic and/or toxic effects of multiple compounds on these individuals, 

enabling personalized medicine. A renal organoid culture system might, therefore, bridge the gap 

between traditional model systems and clinical trials. Finally, the limitless expansion of autologous 

renal stem or progenitor cells and differentiated epithelial cells might boost the development of 

bioartificial kidneys and the generation of functional, implantable kidneys for transplantation. 
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ABSTRACT

Organoids are self-organizing multicellular structures that contain multiple cell types, represent 

organ structure and function, and can be used to model organ development, maintenance and 

repair ex vivo. Organoid cultures, derived from embryonic stem cells, induced pluripotent stem 

cells or adult stem cells, and cultured in extracellular matrix (ECM), have been developed for 

multiple organs. For the kidney, pluripotent stem cell-derived organoid technology has rapidly 

developed in the last three years. Here, we review available PSC differentiation protocols, focusing 

on the pluripotent stem cells to initiate the organoid culture, as well as on growth factors and ECM 

used to regulate differentiation and expansion. In addition, we will discuss the read-out strategies to 

evaluate organoid phenotype and function. Finally, we will indicate how the choice of both culture 

parameters as well as read-out strategy should be tailored to specific applications of the organoid 

culture.
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INTRODUCTION

Organoids are self-organizing multicellular structures that represent tissue structure and function 

in vitro, and allow assessment and modeling of development, turnover and repair ex vivo. Organoids 

are organ-like 3D structures that are cultured in a three dimensional matrix and elegantly link in 

vitro and in vivo models. Organoid culture technology has been in the limelight for approximately 

a decade. The first adult-derived epithelial intestinal organoids were described for mouse intestine 

in 2009,1 quickly followed by the development of human intestinal organoids 2 and organoids derived 

from other organs.3-6 Around the same time, directing differentiation of pluripotent stem cells led to 

the establishment of pluripotent stem cell derived organoid cultures that contain stroma in addition 

to the epithelial compartment for many organs, including intestine, stomach, liver and brain.7-10

The resemblance to the in vivo situation makes organoid cultures highly relevant for both 

fundamental science as well as for clinical application. Organoid cultures have been applied to prove 

stemness,11 for modeling of tumorigenesis12 and for the investigation of infectious diseases.6 Clinically, 

organoids may be applied for drug screening, both for personalized medicine, testing the efficacy 

of multiple drugs on one patient as well as for high throughput screening of one compound on 

organoids from multiple patients.13 In proof of principle studies organoids have been used as 

an infinite source of cells for cell therapy in preclinical models of both liver14 and colon disease.15 

The kidney is a complex organ consisting of more than 20 different cell types arranged in 

a configuration that is crucial for proper organ function. The distinct cell types are characterized by 

differential gene expression per tubular segment, segment specific morphology (e.g. the presence 

of brush border in proximal tubule cells) and function (e.g. transport function and hormone 

sensitivity). The architecture of the nephron and its vasculature enables the reabsorption of 98% of 

the approximately 150 liters of plasma filtered in the glomerulus every day. Recently, renal organoids 

have been developed,16-19 and although they cannot fully recapitulate the complex organization of 

the kidney, the organoids enable ex vivo modeling of nephrogenesis, renal cell homeostasis and 

function. Here, we will review distinct aspects of the available kidney organoid culture systems 

and highlight the importance of these aspects for potential applications. We will focus on kidney 

organoids derived from pluripotent stem cells and we will discuss different types of pluripotent 

stem cells, and how type, timing and sequence of growth factor administration and matrix influence 

cell expansion, differentiation and function. In addition, we will review the techniques used to 

evaluate organoid phenotype, morphology and function. We will discuss how specific application 

of the organoid culture (research, diagnostics, or therapy) directs choices of cell source, matrix and 

media (growth) factors as well as read-out strategies. 

PLURIPOTENT STEM CELLS AS START CELLS

Pluripotent stem cells (PSCs) have by definition the capacity to form all cell types of the body. 

Directing differentiation towards kidney cells requires careful titration of expansion and 

differentiation of PSCs by modifying external cues, such as growth factors and matrix components 

(see below). PSCs derived from both embryonic tissue as well as PSCs derived from differentiated 

adult cells after forced dedifferentiation (induced PSCs (iPSCs)) have been used in renal organoid 

culture and will be described below.
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Embryonic stem cells 

Embryonic Stem Cells (ESCs) are PSCs derived from the inner cell mass of the blastocyst, the part 

that structurally gives rise to the embryo. Mouse ESCs were isolated for the first time in 198120 and 

nowadays, many mouse ESC lines are commercially available. The isolation and culture of human 

ESCs followed in 1998.21 Subcutaneous transplantation of ESCs leads to the formation of teratomas 

that contain differentiated tissues from all germ layers (endoderm, ectoderm and mesoderm).22 

When ESCs are injected into blastocysts and transplanted into mice, they contribute to tissues 

from all germ layers.23 In vitro, ESC lines can be differentiated into cell types of the three germ 

layers in 2D cell culture. 3D ESC-derived organoid cultures have been established by suspending 

embryonic cells – with or without pre-differentiation steps in 2D - in an ECM, often Matrigel, for 

organs from the three germ layers, for example intestine10 and stomach7 (endoderm); retina24 and 

brain8 (ectoderm); and heart25 and kidney (mesoderm). 

The differentiation of ESCs into kidney organoids has been a step by step process, where 

differentiation into progressively more differentiated structures was achieved. First, protocols 

for the  differentiation into kidney precursor structures, such as the nephrogenic intermediate 

mesoderm26 or ureteric bud,19 were developed. The latter was created with mouse-human 

chimeric cultures. This was followed by protocols without chimerism that cultured specific kidney 

compartments that are present in adult kidney, such as the proximal tubule.27 Subsequently, it became 

possible to culture organoids that included multiple kidney compartments, although vasculature, 

nerve innervation and a convergent urinary collecting duct system remain absent.16-18,28,29 

An advantage of the use of ESCs compared to iPSCs is that no reprogramming process which 

poses risks of tumor formation (see below) is required. Drawbacks are the obvious ethical issues 

associated with the use of ESCs and that ESC-derived organoid cultures cannot be established from 

adult subjects. 

Induced pluripotent stem cells

The discovery of the reprogramming factors by Yamanaka enabled dedifferentiation of 

differentiated, somatic adult cells into PSCs.30 This invention revolutionized the field of stem cell 

biology: by (viral) introduction of Oct4, Sox2, cMyc and Klf4 it became possible for the first time 

to obtain a PSC population, derived from adult cells. This technique was first developed for mouse 

fibroblasts30 and later also human fibroblasts,31 and other somatic cell types have been used for 

reprogramming.32,33 

Analogous to ESC differentiation, protocols have been developed for in vivo and ex vivo 

differentiation of iPSC. Similar to ESCs, subcutaneous transplantation of iPSCs into mice leads 

to teratoma formation that contain differentiated tissues from the three germ layers.22 After 

micro-injection of mouse GFP-iPSCs into blastocysts, followed by in vivo development, GFP+ 

cells were found to contribute to tissues of all germ layers.30 Differentiation protocols have been 

developed both for 2D and 3D cell culture, for other organs as well as for the kidney. The kidney 

iPSC differentiation protocols are roughly equal to the ESC protocols that are discussed above.29 

Some issues specific to iPSCs should be taken into account. Induction of pluripotency might not 

only require the  introduction of the transcription factors mentioned above, but also epigenetic 

reprogramming.34 Differentiated cell types used for the reprogramming into iPSC differentiate 
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more easily towards the organ of origin than towards other organ due to DNA methylation 

(“the epigenetic memory”), which ultimately affects differentiation.35 This residual DNA methylation 

could be overcome by differentiation and serial reprogramming; addition of methylation-modifying 

drugs; or use of tissue that is embryonically similar to the target tissue. iPSC lines derived from adult 

human kidney cells are available, both directly isolated from kidney tissue,36 as well as isolated from 

urine.37 

The use of iPSCs for the generation of renal organoids has advantages when compared to ESCs. 

iPSCs can be easily obtained, even from cells shed with voiding, without the ethical concerns of 

ESCs. The accessibility of iPSC facilitates the generation of organoids from patients as well as healthy 

volunteers. However, the use of iPSC for the generation of renal organoid also has disadvantages. 

First, iPSCs are genetically instable as most reprogramming has been done by introducing 

the reprogramming factors by (lenti)viral infections that integrate semi-randomly into the genome, 

which poses a risk for later tumor formation. Of note, recent studies show that reprogramming 

with episomal plasmids that do not integrate into the genome is possible.38,39 Second, epigenetic 

characteristics may not be completely reset after reprogramming, affecting cell behavior,34 and 

reducing the similarity of iPSC-derived renal organoids to the in vivo kidney, if the iPSC line has 

been derived from cells from organs other than the kidney. Third, although iPSC technology in 

theory allows the development of autologous organoids and therefore transplantation, there are 

serious concerns that not adequately differentiated iPSC-derived renal organoids can give rise to 

teratomas upon transplantation.40 Finally, iPSCs give rise to organoids with a lower efficiency than 

ESCs.28

GROWTH FACTORS

Mimicking in vivo kidney development by careful composition and timing of the growth factor mix 

will allow the in vitro differentiation of PSCs into renal lineages. Comparing protocols that are used 

to induce differentiation of PSCs into renal lineages (Figure 1), allows identification of factors that 

are indispensable, and factors that appear to be replaceable or redundant. We will first provide 

a context of kidney development focusing on the roles for growth factors and in this context we 

will discuss growth factors used for organoid development and differentiation from PSCs. Given 

the high similarity in growth factors used in the generation of renal organoid from ESCs and iPSCs, 

we discuss ESCs and iPSCs together. 

Kidney development

Kidney development in vivo is a multi-step process requiring sequential growth factor signaling. 

The kidney is derived from the middle germ layer (mesoderm) that develops from ingression of 

specific populations of epithelial cells (the primitive streak) during the blastula phase. The primitive 

streak is a region of high Wnt signaling and it has been demonstrated in chick embryos that Wnt3a/ 

Wnt5a gradients determine migratory behaviour in the primitive streak, with Wnt5a stimulating cell 

migration from the posterior streak and Wnt3a inhibiting migration from the anterior streak. 41 

Within the mesoderm a specific region, the intermediate mesoderm gives rise to the ureteric 

bud and metanephric mesenchyme that reciprocally interact to develop the kidney. Cells from 
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the  primitive streak form the intermediate mesoderm, and further patterning of the mesoderm 

along the rostro-caudal axis depends on Fibroblast Growth Factor (FGF) / Retinoic Acid (RA) 

gradients, whereas the medio-lateral axis is dependent on Bone Morphogenetic Protein (BMP) 

gradients.42-44 Indeed, FGF receptor signaling is crucial for in vivo kidney development: conditional 

FGFR1 and FGFR2 KO mice suffer from renal aplasia. Interestingly, knocking out specific FGFs, e.g. 
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Figure 1

Figure 1. Overview of PSC differentiation protocols towards kidney lineages. The timeline below indicates days of 

differentiation. The same (classes of) added factors are depicted in the same color. In 3 papers,18,26,27 multiple protocols 

are described of which only one is depicted: In 18: two protocols are described and the one with the best differentiation is 

displayed. In 26: only the single cell, serum free method is depicted. In 27: instead of the last step, withdrawal of GFs leads 

to differentiation of structures towards proximal tubule like cells. Including the Activin A/FGF9 step leads to a nephron 

progenitor population as observed in the metanephric mesenchyme. Of note: 16,19,26 describe differentiation protocols 

only towards embryonic kidney structures. Rki: Rho-Kinase Inhibitor. CHIR: CHIR99201. BMP: Bone Morphogenetic 

Protein. FGF: Fibroblast Growth Factor. RA: Retinoic Acid. H: Heparin. GF: Growth Factor.
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FGF2 and FGF9, show no defects in intermediate mesoderm induction, which suggests in vivo 

redundancy in FGF signaling.42,45,46 FGF signaling is inhibited by RA signaling: transcription of FGF8 

is reduced by RA (produced on the rostral side of the embryo) and the other way around47 and this 

creates a  gradient forming distinct domains along the rostro-caudal axis.42,48 High levels of BMP 

signaling are necessary and sufficient to induce lateral mesoderm gene expression and suppress 

intermediate and axial mesoderm, whereas low levels of BMP lead to intermediate mesoderm, and 

inhibition of BMP signaling by Noggin leads to paraxial mesoderm.43,44 

The anterior side of the intermediate mesoderm develops into the ureteric bud / ureteric 

epithelium whereas the posterior develops into the metanephric mesenchyme.17 This specification 

appears to result from differences in RA exposure, whereby high RA leads to a ureteric epithelium 

fate and inhibition of RA results in metanephric mesenchyme. Survival and reciprocal induction of 

the ureteric bud and the metanephric mesenchyme depend, amongst others, on Wnt-, tyrosine 

kinase-, BMP and Activin signaling. Canonical Wnt signaling, in particular mesenchyme-derived 

Wnt449 and ureteric bud derived Wnt9b,50 are required to induce the metanephric mesenchyme 

to undergo a mesenchymal to epithelial transition and formation of renal vesicles: indeed, Wnt4 

and Wnt9b knockout mice do not form nephrons. In embryos from FGFR1 or FGFR2 knock-outs, 

there is no metanephric mesenchyme present at E10.5, and the ureteric bud that is present, does 

neither elongate nor branch.51 BMP4 is important for regulation of branching morphogenesis, 

by inhibiting ectopic branching at ureter stalk and stimulating growth of the branching ureteric 

bud into the  metanephric mesenchyme.52 Homozygous BMP7 KO mice53 have renal dysplasia at 

birth and extensive apoptosis of the metanephric mesenchyme is observed: accordingly, BMP7 is 

absolutely required for nephron progenitor survival and proliferation and it does so in a mechanism 

that is dependent on Mitogen-Activated Protein Kinase (MAPK) signaling.54 Activin A, derived 

from the  ureteric bud, leads to reduced branching of the ureteric bud, whereas in metanephric 

mesenchyme cells it leads to growth and expression of epithelial differentiation markers in 

the  metanephric mesenchyme, indicating that Activin A acts as differentiation compound in 

the metanephric mesenchyme.55

Once metanephric mesenchyme and ureteric bud have been formed and these structures 

can adequately and reciprocally interact, the system is robust and kidneys develop with minimal 

external cues as was demonstrated by ex vivo differentiation of these so called renal primordia.56,57

Wnt agonist CHIR99201

In all in vitro differentiation protocols, CHIR99201 is applied transiently as a Wnt agonist to induce 

primitive streak formation and/or at a later stage in the differentiation protocol to increase 

the  number of nephron-like structures per organoid.17 CHIR99201 is an aminopyrimidine that 

relatively specifically inhibits glycogen kinase 3β (GSK3β). By inhibiting GSK3β, β-catenin is not 

degraded and canonical Wnt signaling is activated.58,59 Stimulating canonical Wnt signaling, with Wnt 

conditioned media or CHIR99201, has been shown to be essential for establishing and maintaining 

organoid cultures derived from many organs, both adult-derived and PSC-derived. 2,4,6,7 

CHIR99201 has also proved essential for differentiation towards kidney lineages: CHIR99201 

addition to the media led to a more efficient differentiation of PSCs towards primitive streak, lateral 

plate mesoderm, followed by differentiation towards the intermediate mesoderm. Interestingly, 
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in kidney organoid cultures addition of CHIR was more efficient than Wnt3A protein alone.27 This 

suggests that CHIR99201 exerts its effects not only through Wnt signaling and that off-target kinase 

inhibitory effects also play a role through mechanisms that remain to be elucidated.

CHIR99201 treatment also exemplifies that duration and timing of growth factor / inhibitor 

composition of the culture media is important for fate determination. Three days of CHIR99201 

treatment at the primitive streak stage, leads later to anterior intermediate mesoderm formation 

(ureteric epithelium progenitors), whereas five days of CHIR99201 leads to posterior intermediate 

mesoderm formation (metanephric mesenchyme).17 

Fibroblast Growth Factor signaling

Most protocols use transient FGF2 and/or FGF9 with or without heparin to induce intermediate 

mesoderm from primitive streak.17,18,27 FGFs are encoded by 22 genes that bind to 4 FGF-tyrosine kinase 

receptors, of which different splice variants are known. FGFs have receptor specific affinities, with 

some having a broad signaling activity, whereas others are relatively specific: FGF1 is able to activate 

all FGFRs, whereas FGF7 activates only FGFR2b.60,61 FGF2 (also known as basic FGF (bFGF) in 16,62) and 

FGF9 have a relatively broad receptor affinity and both bind FGFR2 and -4 with comparable affinity.61 

In addition, FGFR activation requires heparin-sulfates, which are abundantly present at the  cell 

surface, as a co-factor for receptor activation: heparin-like molecules bind both FGFs and FGFRs, 

facilitating interaction, allowing receptor dimerization63 and thereby activation.64,65 In addition, 

heparin-like molecules protect basal FGF from denaturation and enzymatic degradation.66,67

For the differentiation towards kidney organoids, stimulation of FGF signaling has proved useful 

for the induction of intermediate mesoderm from primitive streak. Indeed, most protocols include 

transient FGF2 or FGF9 stimulation in growth media at some point. Heparin-like compounds may be 

used to strengthen the FGF signal.17,18

Bone Morphogenetic Protein signaling

BMPs 2, 4 or 7 are transiently used in three protocols, predominantly to induce a (posterior) 

intermediate mesodermal cell fate.19 The BMPs comprise twenty growth factors that are part of 

the  TGFβ superfamily and are named after their first reported effects: stimulation of bone and 

cartilage formation. BMPs exert their effects by binding to one of two types of BMP receptors 

(BMPRs), each type having multiple members, and signaling through SMAD or MAPK pathways. 

Interestingly, BMP proteins can also signal through Activin receptors,68 which may explain why 

in some protocols BMPs and Activin A are used simultaneously: potentially to prevent off-target 

effects. 

BMP4 and -7 are important to induce a posterior intermediate mesodermal fate. The only protocol 

that uses BMP2 also uses BMP4 in an earlier step in the protocol, suggesting that BMP2 might be 

redundant. Interestingly, BMP inhibition is also required during the first four days of differentiation 

in one protocol.29 Addition of a BMP4 antagonist (Noggin) is required for the differentiation of 

iPSCs, but not for ESCs in the same protocol. The authors suggest that intermediate mesoderm 

induction is highly sensitive to BMP4 signaling and that individual cell lines vary in endogenous BMP 

production. This suggests that the amount of BMP4 in cultures should be titrated in every individual 

cell line to optimize intermediate mesoderm induction.
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Other factors 

Factors used in some protocols, but not in others, appear dispensable, or can be replaced by other 

factors, but may increase expansion or differentiation efficiency. Here, factors that are used in at 

least two protocols will be briefly discussed.

Y27632 is an inhibitor of Rho-associated coiled-coil forming protein serine/threonine kinase 

(ROCK) family of protein kinases and is used transiently in some protocols16,19,27,28 to prevent 

dissociated-induced apoptosis (anoikis) in single cell suspensions. Rho-kinase inhibition prevents 

anoikis69 by a mechanism that is not well understood.70 As single cells tend to undergo anoikis, it can 

be used to increase plating and culture efficiency.

Activin A, a molecule relevant for branching morphogenesis, is used in organoid culture to 

induce metanephric mesenchyme from intermediate mesoderm.27 Activins are dimeric proteins, 

consisting of two β-subunits that occur as homodimers (β
A
-β

A
, named Activin A, or Activin B 

β
B
-β

B
) or heterodimers (β

A
-β

A
, or Activin AB). Activins are members of the TGFβ superfamily and 

act as cytokines by binding membrane-bound activing receptors that signal in a SMAD-dependent 

fashion. The Activin receptors share homology with receptors for other TGFβ-superfamily ligands, 

such as BMPs (see above). 

Retinoic Acid (RA), a metabolite of vitamin A, is used to induce intermediate mesoderm,16,27 or 

to stimulate outgrowth of ureteric epithelium.17 RA acts by binding to one of 8 RA-receptors (RARs), 

which are transcription factors and induce of repress target gene expression by binding to retinoic 

acid response elements (RAREs) in the regulatory regions of target genes. The effect of RA in 

organoid differentiation, which is the stimulation of ureteric epithelium outgrowth, is confirmed in 

an experiment where addition of RA-receptor antagonist (AGN193109) to organoid culture induced 

a metanephric mesenchyme fate and inhibited formation of ureteric epithelium.17 

B27 is used in two protocols reviewed26,28 and in one28 it is an indispensable reagent to obtain 

differentiated kidney organoids. B27 is a patented commercially available media supplement 

and although all its components (vitamins, proteins and other components), can be found on 

manufacturer’s website, the exact quantity of each component is not listed. B27 was originally 

developed for the culture of neural stem cells. At present, it is used for the culture of adult-stem cell 

derived organoids from other organs2 as well as in some protocols for PSC differentiation towards 

kidney organoids. No comments were made regarding its specific effects. Interestingly, RA is one 

of the components, which might be one of the reasons why B27 is of use. Indeed, in the protocols 

where B27 is used, RA is not added to the culture media.

MATRIX

Although classic 2D cell culture of homogenous cell populations has been of tremendous 

importance for the field of biology, 3D cultures better resemble the in vivo situation. For the kidney, 

3D cultured proximal tubule in hydrogel cells better reflect the in vivo observed drug toxicity 

response (e.g. expression of Kidney Injury Molecule-1 (KIM1) and pro-inflammatory cytokines) 

than 2D cultured, immortalized proximal tubule cell lines.71 In addition, the presence or absence 

of the third dimension affects cell fate: with the same differentiation protocol, initial 2D culture of 

undifferentiated PSCs leads to differentiation into cardiac lineages, whereas initial 3D culture steers 
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differentiation towards the kidney lineages.28 Indeed when adult-derived intestinal organoids were 

successfully cultured for the first time, the ECM composition was collagen and laminin-rich, similar 

to the stem cell niche in vivo.1 The choice of 3D matrix for the culture of renal organoids is crucial, as 

ECM composition affects differentiation72 and the type will also affect the suitability for applications 

of the organoids. Use of an animal-derived immunogenic gel will make the organoids unsuitable 

for therapeutic application. Currently, several types of ECMs for 3D culture have been developed 

and these include animal derived ECM, either general or tissue-specific and synthetic matrices 

(reviewed in 73).

Animal tissue-derived ECM matrix is to our knowledge the only matrix published to allow 

expansion, differentiation and passaging of renal organoids. Matrigel, the prototypical example, is 

a mixture derived from a mouse stromal tumor consisting of collagen and laminins. Matrigel is by far 

the most predominant source for ECM1,3,6-10,74 for organoid cultures, including PSC-derived kidney 

organoids. 

There are disadvantages associated with the use of Matrigel. As it is an animal product, 

batch-to-batch variability occurs and growth factors can be present, which makes it impossible 

to completely control the ECM. Of note, a growth factor-reduced version is available, which 

decreases the latter disadvantage. Matrigel is not kidney-specific, nor is Matrigel suitable for 

transplantation studies. Improved (synthetic) matrices might not only improve renal organoid 

culture but also allow better evaluation of specific matrix components on renal organoid 

expansion and differentiation, and even enable the generation of clinical grade renal organoids 

for cell therapy. 

Tissue-specific matrices have been isolated, by decellularization and digestion of several 

(porcine) organs,73,75 including the kidney.72,76 As ECM composition in vivo is organ- and tissue-

specific and provides an optimal micro-environment for cells of that particular organ, 3D cultures may 

benefit from a tissue-specific matrix. Accordingly, kidney-specific ECM increases the proliferation 

and metabolic activity of kidney stem cells, when compared to kidney cells cultured in bladder- or 

heart-derived ECM. Interestingly, even within an organ differences are observed: the proliferation 

of stem cells is lower in matrix derived from the renal papilla, where stem cells with a low cycling 

activity reside, when compared to cortex and medulla. Thus far, kidney organoid cultures have not 

yet been described in tissue-specific gels. 

For synthetic matrices (reviewed in 73), hydrogels are the prime candidates for application 

in organoid culture. Hydrogels consist of crosslinked polymers with a high water content, that 

allow transport of oxygen, nutrients and waste; modification of mechanical properties; and 

attachment of adhesion / signaling ligands to the polymer.73,77 Hydrogels from natural materials 

include collagen-, fibrin- and polyglycan-based gels. When compared to non-natural hydrogels, 

the advantage is that these gels are bioactive and support the growth of many cell types, including 

chondrocytes78 and valvular interstitial cells73,79,80 thereby increasing the chances of successful 

organoid culture. For non-natural hydrogels, Poly(Ethylene Glycol) (PEG) hydrogels have shown 

encouraging results: ESC-derived cells, encapsulated in a PEG matrix can be cultured for 17 days 

and differentiate more efficiently to chondrocytes than the same cells cultured in 2D mono-

layer culture.81 Synthetic matrices, potentially containing organ-specific ECM cues attached to 

a polymer backbone to direct adhesion and differentiation of the embedded cells, would allow 
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clinical organoid transplantation. However, thus far it has proven difficult to use these gels for 

in vitro culture, and no synthetic matrices have been reported to allow the expansive or long term 

growth of (kidney) organoids. 

EVALUATION OF ORGANOID CHARACTERISTICS

Evaluation of genetic, immunohistochemical, morphological and functional characteristics of 

renal organoids is not only crucial to identify level and direction of differentiation of the organoid 

tissue but also for their potential experimental, diagnostic and therapeutic application (Figure 2). 

The  expression of genes and proteins linked to certain stages of renal development has been 

evaluated at different time points during expansion and differentiation of PSCs into renal organoids. 

Figure 2  

Figure 2. Evaluation of organoid characteristics. Organoids have been evaluated at RNA (A) and protein level 

(B, immunohistochemistry and Western blotting). Ultrastructural analysis has been done using electron microscopy 

(C). Morphology has been studied in healthy as well as mutated organoids (D). The use of PSC-derived organoids 

enabled evaluation of distinct factors on expansion and differentiation of stem cells (E). In differentiated renal 

organoids the effect of interventions on cell behavior, like the exposure to nephrotoxic drugs on the expression of 

injury molecules, has been evaluated (F). Transporter function of differentiated tubular epithelial cells has also been 

investigated and modulated in organoid culture (G). Renal stem cell capacity has been investigated by combining 

organoid-derived cells with embryonic and/or neonatal kidney cells to demonstrate active integration, participation 

and even nephron induction in vivo as well as ex vivo (H).
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A wide variety of RNA and immunohistochemical markers has been used to determine cell types 

in kidney organoids, and markers that have been used in multiple protocols are depicted in 

Figure 3. 16,18,27,28,62,82-85 Beside the use of individual markers, gene profiling has been applied. Takasato 

et al performed RNA sequencing on renal organoids at different stages of differentiation and 

compared transcriptional profiles to transcriptomes of human fetal organs at different stages of 

development to determine tissue type and level of differentiation. 82

Morphological characteristics of organoid tissue as well as individual cells have been evaluated 

using light and electron microscopy. Light microscopy showed that differentiated epithelial cells 

formed tubular structures when cultured in a 3D matrix.27,85 Immunohistochemistry was used 

to demonstrate the presence and localization of proteins like SYNPO and ZO-1 in podocytes 

and the  effect of PODXL on expression and, more specifically, the cellular localization of these 

proteins.28 Immunohistochemistry was also used to evaluate lumen diameter of specific segments of 

differentiated renal organoids, and the effect of PKD genes on the diameter of the organoid lumen 

(i.e. cyst formation).28 Electron microscopy has been used to assess the presence of tight junctions, 

brush borders and the mitochondrial density of differentiated proximal tubular cells.28,82,84 Specific 

aspects of foot processes of podocytes have been assessed by electron microscopy. 82,84

Functional characteristics of differentiated renal tissue have been assessed in organoid 

culture in physiological and pathophysiological conditions. Organoid culture allows evaluation 

of tissue-specific barrier and transport functions. Takasato and colleagues have demonstrated 

cubulin-mediated endocytosis of dextran (10kDa) by differentiated renal organoid cells with 
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Figure 3. Differentiation markers used in PSC-derived renal organoids. Distinct markers have been used to identify 

differentiation direction and stage. Markers on RNA levels are in italics, markers on protein level are not. 
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a proximal tubular phenotype.82 Freedman et al have demonstrated that dextran and methotrexate 

are actively transported into the lumen of renal organoids. They were able to inhibit the transport 

by inhibiting actin polymerization, suggesting that this transport is mediated by endocytosis, which 

is a process typical for proximal tubular cells.28 Proximal tubule cells in vivo express KIM1 in response 

to nephrotoxins cisplatin and gentamicin. 28 In organoids, KIM1 expression was limited to cells with 

a proximal tubule phenotype, consistent  with the in vivo situation. 84 Moreover, the induction of 

DNA damage marker yH2AX and subsequent apoptosis was also predominantly seen in cells with 

a proximal tubular phenotype in renal organoids in response to cisplatin, also consistent with the in 

vivo situation.82,84 

Finally, differentiation of renal organoids from PSCs allows the evaluation of specific interventions 

on differentiation (capacity) and nephrogenic potential of renal stem and progenitor cells at specific 

levels of differentiation. The importance of Notch signaling for the  differentiation of proximal 

tubular cells during renal organoids induction from PSCs has been demonstrated by the fact that 

Notch-inhibitor DAPT markedly suppressed the  formation of tubular structures with a proximal 

phenotype during the generation of renal organoids from PSCs.84 Several authors have demonstrated 

nephrogenic potential of renal organoid cells at different levels of differentiation by assessing 

their potential to integrate and participate in ex vivo cultured murine embryonic kidneys.27,62,82,83 

Participation of PSC-derived renal organoid cells in murine neonatal kidney development was used 

to assess nephrogenic potential in vivo of organoid-derived cells.28

OPTIMIZING CULTURE PARAMETERS FOR APPLICATION 

Start cells, growth factors and matrix are important determinants for kidney organoid cultures. 

The specific application directs choices of each of these components used in organoid cultures. For 

modeling kidney development, ESCs are is currently the best option, as no reprogramming process 

with viral transfection is required for obtaining the cells and epigenetic memory is not an issue. For 

drug toxicity or efficacy screenings, iPSC or adult-derived organoids would be optimal, as these 

organoid lines can be derived from a broad population (healthy or with a specific disease) and 

would be ideal to capture genetic heterogeneity, picking up differences in drug response among 

the human population. For therapeutic purposes, the ideal cell source would be autologous, adult 

kidney stem cell-derived organoids. Although iPSCs can be used autologously, this would require 

reprogramming, which poses a risk for tumor formation upon transplantation (see above).

Growth factor composition can be used to differentiate into a particular segment of interest. 

When studying kidney development, decisions on growth factor composition can be made 

on the basis of both the embryonic kidney structure that is subject of study (e.g. metanephric 

mesenchyme or ureteric bud) as well as the stage of embryonic development (e.g. intermediate 

mesoderm or metanephric mesenchyme). For toxicity screening growth factor composition should 

direct differentiation in such way that the whole kidney is represented. Alternatively, organoids 

could be enriched for the proximal tubule, the major segment of drug-induced nephrotoxicity. 

When organoids are cultured for transplantation for therapeutic purposes, growth factors can be 

used to direct into the nephron segment where the defect is localized: i.e. proximal tubule in case 

of cystinosis. In addition, in experiments where adult-derived liver organoids 14 were transplanted, 
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organoids were cultured in expansion media, followed by culture in defined differentiation media to 

obtain functional, differentiated cells in the organoids, prior to transplantation.

The matrix that is most often used in organoid cultures is Matrigel and for some applications, 

such as drug screening, Matrigel may suffice as organoid matrix. For studying kidney development, 

use of a human kidney-specific ECM would be more relevant. For therapeutic purposes, a synthetic 

gel, preferably composed of non-natural components, would be necessary.

Many organoid read-out assays are available. The research question also determines which 

read-out assays are useful: for kidney development, the whole spectrum of differentiation 

characteristics from DNA to morphology and function might be used as read-out parameter. For 

drug-screening, read-out could be straightforward markers for apoptosis, such as caspase-3, or 

the clinically used proximal tubule damage marker KIM1. Indeed in proof-of-principle experiments, 

addition of known nephrotoxic compounds (gentamicin or cisplatin), led to dose-dependent death 

of the organoids, and an upregulation of KIM1.28 

Taken together, the renal organoid model is a versatile ex vivo culture system at the crossroads 

of in vitro and in vivo experiments that can be adapted to its specific applications in basic science 

and the clinic.
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ABSTRACT

Adult Stem Cell (ASC)-derived organoids are 3D epithelial structures that recapitulate essential 

aspects of their organ of origin. We have developed conditions for the long-term growth of primary 

kidney epithelial organoids. Cultures can be established from mouse and human kidney tissue, 

as well as from urine and can be expanded for at least 20 passages (> 6 months). Chromosome 

numbers remain normal. Human organoids represent proximal as well as distal nephron segments, 

as evidenced by gene expression, immunofluorescence and tubular functional analyses. BK virus 

infection of organoids recapitulates in vivo phenomena. Organoids can be established from Wilms 

nephroblastoma. Kidney organoids from Cystic Fibrosis (CF) patient’s urine allow ex vivo assessment 

of treatment efficacy. Adult kidney-derived organoids allow studies of hereditary, infectious and 

malignant kidney disease in a personalized fashion.
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INTRODUCTION

Organoid cultures can be established from embryonic stem cells or induced pluripotent stem cells, 

(collectively referred to as pluripotent stem cells (PSCs)) and from adult tissues.1,2 PSC-derived 

“mini-kidney” organoids have been developed recently that contain cells from all kidney lineages.3-8 

ASC-derived organoids have been established for multiple organs and cancers derived thereof. 9-15 

An ASC-derived human kidney organoid culture has not been developed yet.

RESULTS
Establishing and characterizing kidney organoids

To establish a culture protocol sustaining the growth of ASC-derived human kidney organoids, 

we adapted our protocol for the expansion of adult intestinal Lgr5+ stem cells.15,16 We resuspended 

tubular fragments, that were obtained after collagenase digestion of cortical human kidney, in 

Matrigel or BME (Figure 1A) and added culture media, containing 1) Rspondin-conditioned medium 

to enhance canonical Wnt signaling, known to be essential for embryonic kidney development17,18; 

2) FGF10, to promote survival of kidney progenitor cells19; 3) A8301, to inhibit the TGF-β receptors 

ALK4/5/7, preventing growth arrest and epithelial to mesenchymal transition20; 4) the mitogen EGF; 

5) and Rho-kinase inhibitor to prevent anoikis of dissociated cells.21 

Folded/branching organoids typically developed within 6 days after seeding (Figure 1B). 

The branching/folded structure of the organoids was confirmed with Hemotoxylin & Eosin (H&E) 

staining and Scanning Electron Microscopy (SEM) (Figure 1C, D). However, cystic structures 

consisting of a simple cuboid epithelium dominated in the culture after 4 or 5 passages (Figure 1E). 

Under optimized conditions, human organoids could be passaged 15 - 20 times with 1:3 weekly 

split ratios. Organoid lines could be established with 100% efficiency (n > 30) and retained a normal 

number of chromosomes over long-term culture (18 passages) (Figure 1O and Supplementary 

Figure 1). 

To determine which kidney epithelial cell lineages are present in our cultures, we performed 

single cell RNA-sequencing. We sorted 192 organoid cells as well as 192 Epcam+ epithelial cells 

from the primary cortical kidney tissue from which the organoids were derived. A median of 5937 

genes per cell was detected and after removing cells with fewer than 4000 transcripts, 85 kidney 

cells and 142 organoid cells were subjected to unsupervised clustering using the validated rare 

cell type identification (RACEID and RACEID2) algorithms.22,23 Epcam+ kidney epithelial cells and 

organoid cells clustered separately. Organoid cells displayed higher expression of ribosomal 

genes, indicative of proliferation (Supplementary Figure 2),22,24 which is not surprising as normal 

kidney tissue has a  low turnover. We focused on the presence of differentiated epithelial cells 

from distinct nephron segments in the organoids. We first validated this approach for the kidney 

tissue-derived cells, and found predominantly non-overlapping expression of marker genes of 

the distinct nephron segments throughout the cell population: proximal tubule, loop of Henle, 

distal tubule and collecting duct (Supplementary Figure 3). The organoid cells were PAX8+ and 

thus kidney-epithelial in nature (Supplementary Figure 4).25 This was confirmed by protein staining 

(Supplementary Figure 4). Subsets of cells expressed collecting duct cell markers: the intercalated 

cell marker SLC4A1 (Figure  1F) and the principal cell marker AQP3 (Figure 1G), both confirmed at 
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the protein level (Figure 1H, I). As the most abundant nephron-segment, cells expressed proximal 

tubule marker SLC40A1 (Figure 1M). This predominant proximal tubule expression pattern could be 

validated with functional analyses (see below).

Under the described culture conditions (that were developed for initiation and expansion of 

organoids) no expression of loop of Henle-specific genes (UMOD, SLC12A1) and distal tubule marker 

CALB1 were observed in the single cell RNA sequencing analysis. However, SLC12A1 was present in 

a minority of cells in a subset of organoids on the protein level (Figure 1J). Growth factor withdrawal, 

a method previously used to promote differentiation of organoids,9 allowed detection of CALB1 and 

UMOD by immunofluorescence (Figure 1K,L and Supplementary Figure 5), suggesting the presence 

of progenitor cells for these segments. When cells in an organoid are positive for a segment-specific 

marker, generally the majority of the cells in that organoid are positive for that marker (Figure 1H-L), 

suggesting a nephron segment-specific phenotype of individual organoids. 

We next evaluated whether the proximal tubule cells in the organoids were functional. We 

exposed organoids to a substrate (calcein-AM, which diffuses freely into cells) of the proximal tubule 

xenobiotics efflux pump P-glycoprotein (P-gp; ABCB1), in presence or absence of the P-gp-specific 

inhibitor PSC-833.26 Thus, if P-gp is functional in organoids, accumulation of calcein-AM, which 

is intracellularly cleaved into the fluorescent calcein, is expected when P-gp-activity is blocked. 

An illustration of the experimental set-up is provided in Supplementary Figure 6. We observed 

accumulation of calcein in the presence of the inhibitor as assessed by confocal microscopy 

(Figure 1N). We quantified this by measuring fluorescence in a plate reader and found the difference 

to be significant (P-value = 0.004, Supplementary Figure 7).

Thus, under expansion conditions, proximal tubule cells are functional, collecting duct cells are 

present and a few loop of Henle cells are found. Growth factor withdrawal can be used as a strategy 

to increase the expression of loop of Henle and distal tubule markers.

Of note, by collagenase digestion of whole mouse kidneys, long-term mouse organoid cultures 

could be established with essentially 100% efficiency (n > 10) that remained folded / branching 

over passaging (Supplementary Figure 8A-D). Mouse organoid retained a normal number of 

chromosomes as well (Supplementary Figure 8H, I). To determine the presence of different kidney 

lineages to the mouse organoids, we compared gene expression of organoid lines with the contra-

lateral adult kidney (n = 3) using RNA-sequencing (RNA-seq). Analysis of markers specific to 

the  different adult kidney compartments revealed that (outer medullary) collecting duct genes 

Figure 1. Human kidney organoid culture. Scheme of the experimental protocol (A). In early passages, organoids have 

a folded structure and from passage 5 onwards, the cystic morphology predominates (B). H&E stain of P4 organoids, 

showing a cuboid epithelium (C) SEM image of P4 confirms the folded and tubular structure of organoids (D). Cystic 

organoids consist of a single layered epithelium with cells of approximately 10 µm in diameter, visualized with SEM (E). 

t-SNE maps for known marker genes with transcript counts color coded, with cells expressing alfa-intercalated cell 

marker SLC4A1 of the collecting duct (F) and principal cell of the collecting duct marker AQP3 (G). The expression of 

these markers was confirmed with immunofluorescence, SLC4A1 (H) AQP3 (I). A minority of the organoid cells express 

loop of Henle marker SLC12A1 (J) Expression of loop of Henle marker UMOD (K) and distal tubule marker CALB1 (L) 

were observed after withdrawal of growth factors. t-SNE map for proximal tubule marker gene SLC40A1 with transcript 

counts color coded (M). Organoid display proximal tubule transporter function: by addition of a P-gp-specific inhibitor 

(+ P-gp-i), accumulation of calcein (Calc) is observed. This is not observed without inhibitor (- P-gp-i) (N). An example 

of a typical metaphase spread, from an organoid culture after 18 passages (O). Scale bars 75 µm, except B: 500 µm.
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were upregulated, relative to complete adult kidney27 (Supplementary Figure 8E).  In accordance 

with the  RNA-seq data, the collecting duct-specific aqp3 protein was predominantly present in 

the buds of the organoids (Supplementary Figure 8F). In a dehydrated state in vivo, increased ADH 

levels induce upregulation of the water channel AQP2 in the principal cells of the collecting duct. 

Indeed, aqp2 mRNA increased 1.5 fold after 8 hours and 3.1 fold after 24 hours of desmopressin 

(the clinically used ADH-analogue) stimulation, comparable to the maximal in vivo ADH response28 

(Supplementary Figure 8G). Thus, under expansion conditions, mouse organoids enrich for distal 

nephron cells.  The difference with the human organoids may be due to difference in starting 

material: for human cultures, we used cortical kidney tissue, whereas for mouse cultures, whole 

kidneys were digested. 

Organoids to model infectious kidney disease

Subsequently, we set out to validate the renal organoid culture system as an ex vivo model to study 

acquired renal tubular pathophysiology. We infected human organoids with BK virus, a tubule-

specific circular DNA virus for which currently no curative treatment exists. BK virus infections are 

responsible for the loss of 5-10% of donor organs in transplant recipients.29 After infection of renal 

organoids with BK virus, H&E staining (Figure 2A) revealed that some nuclei of organoid cells increased 

in size in a patchy pattern. Immunohistochemistry for SV40 Large T antigen (used to diagnose BK 

nephropathy in kidney biopsies) demonstrated staining of the enlarged nuclei (Figure  2B). Both 

the patchy pattern of infection and the swelling of nuclei (termed “intranuclear basophilic viral 

inclusions”) are observed in BK nephropathy kidney biopsies.30 The scattered infection in organoids 

mimics the in vivo situation, in contrast to the more general infection observed in kidney cell 

lines.31 The presence of viral particles in nuclei was confirmed by transmission electron microscopy 

(Figure 2C). In addition to productive infection with a laboratory BK virus strain, infection could be 

established using BK virus directly from BK virus patient’s urine samples (Supplementary Figure 9). 

Moreover, we found that the number of virus copies increased exponentially during the first 10 days 

after infection (Figure 2D) using quantitative PCR. Viral DNA was sequenced at day 1 after infection 

of organoids and after 30 days of culture in organoids; no DNA changes were detected. Thus, BK 

virus expands stably in human kidney organoids.

Next, we tested whether virus particles that were produced in culture were infectious. We 

filtered culture supernatant 30 days after inoculation (having undergone 13 medium refreshments – 

thereby minimizing the contribution of virus particles used to establish infection). Incubation with 

the filtered supernatant was sufficient to establish infection and subsequent culturing increased 

the number of viral copies (Figure 2E), implying the active production of infectious viral particles. 

Finally, we tested whether viral expansion could be reduced by anti-viral treatment of organoids. 

After incubation with BK-virus, organoids were cultured for 7 days in the presence of 10 - 320 µg/ml 

cidofovir (CDV, an inhibitor of DNA polymerase), a drug used clinically for the treatment of BK virus 

nephropathy.32 The number of viral copies decreased significantly compared to control (P-value < 0.01, 

from 20 µg/ml onwards) in a dose-dependent manner (Figure 2F). The IC50 that we measured 

(approximately 10 µg/ml) is in the range of clinically obtained serum levels.33 

Thus, BK virus infection in organoids mimics the clinical disease better than cell lines (where 

a high percentage of cells is infected31) and the model allows testing of treatment efficiency ex vivo. 
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Organoids from Wilms tumors

Wilms tumor, or nephroblastoma, is the most common pediatric solid tumor, accounting for 5% of 

all childhood malignancies.34 Mutations in genes such as WT1 or CTNNB1 are believed to occur in 

kidney stem/progenitor cells during embryonic development. The resulting Wilms tumors have a 

typical tri-phasic histology with stroma, blastema and epithelium as components.35 Copy number 

variations (CNVs) are observed in 75% of cases.36,37 We established organoid lines from tumor and 

matching normal tissue of two nephroblastoma patients (Figure 3A, E). For the first nephroblastoma 

patient, tumor-derived organoids displayed a clearly different morphology compared to the 

healthy tissue-derived organoids, as assessed by phase-contrast microscopy (Figure 3A) and 6-day 

time-lapse imaging movies (data not shown). The most striking difference was the presence and 

expansion of a stromal (non-epithelial) compartment in culture, which was completely absent 

in healthy tissue-derived organoids. Time-lapse movies and SEM (Figure 3B) demonstrated that 

stromal cells were associated with the non-stromal structures in the organoid line. Histology 

showed that tumor organoids resembled the original tumor tissue, as the original tumor tissue 

A  C  B  

SV40 

F D  s ec o n d a ry  in f ec t io n  E  

Figure 2. Modeling BK virus infection with human kidney organoids. H&E staining shows larger nuclei (intranuclear 

basophilic viral inclusions) in an infected organoid (A). The larger nuclei, present in a patchy pattern, stain for SV40 (B). 

Transmission electron microscopy shows the presence of viral particles in nuclei of an infected cell and are absent in 

negative control (C). BK virus particles increase exponentially in approximately the first ten days in culture (D, each 

line represents one independent experiment). Filtered supernatant of organoids infected with BK virus is infectious 

after incubation (incubation), and viral copies increase in number over time (incubation + culture) (E, average of 

n = 3 experiments is plotted; error bars represent standard deviation). The ratio of viral DNA / human DNA decreases 

significantly (P-value < 0.01) in the presence of cidofovir in a dose-dependent manner (F, each line represents one 

independent experiment). Scale bars 100 µm, except C: 500 nm.
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(Figure 3C) also contained stroma, blastema and epithelium. All three components were present in 

the organoids (Figure 3D). By targeted sequencing, we found two frameshift mutations in the zinc 

finger DNA binding domains of WT1. In exon 10, we detected a heterozygous 4 base pair insertion 

in the tumor tissue and organoids that was absent in healthy tissue and organoids (Supplementary 

Figure 10). In exon 7, we found a heterozygous 8 base pair deletion in that was present in the tumor 

organoids and tissue, as well as in the healthy tissue and organoids, implying a germline mutation in 

WT1 (Supplementary Figure 11).

For the second patient, we did not find striking histological differences between the healthy 

and the tumor line (Figure 3E,F). However, low coverage WGS revealed typical CNVs associated with 

nephroblastoma, including gain of 1q, chromosome 8, 1238 and loss of 16q.39 Importantly, identical 

CNVs were found in the primary tumor tissue (Figure 3G). These CNVs were absent in the healthy 

tissue and the organoids derived thereof, proving that the organoids were tumor-derived and that 

the organoid lines genetically reflected the primary tumor. 

Nephroblastoma organoids from both patients could be expanded with a split ratio of 1:2-1:3 

once every 10-14 days. In the first patient, the stromal compartment was still present in culture after 

>10 passages. 

Organoids from urine

A limitation of the described culture system is that nephrectomy or biopsy is required to establish 

cultures. These invasive procedures are standard of care for only a limited number of kidney 

diseases. Thus, we set out to establish kidney organoid cultures from kidney epithelial cells shed in 

urine. By adaptation of previously described protocols 40, we were able to isolate and expand single 

cells from urine. In the same culture medium that we used for healthy human tissue, these single 

cells developed into organoids, typically two weeks after seeding. Urine-derived kidney organoid 

lines could be expanded over 10-15 passages with weekly passaging in a 1:3 ratio.

We established 3 independent organoid lines from healthy volunteers (pediatric and adult). 

Organoid cultures were almost exclusively derived from kidney epithelium, as demonstrated by 

PAX8+ staining of all organoids in two lines (Figure 4A). One line contained a mixed culture of PAX8+ 

and PAX8- structures. The PAX8-negative organoids were positive for the urothelial marker P63 and 

-in agreement- displayed a characteristic bladder urothelial structure (Figure 4B, B’).

In addition, we established an organoid line from urine of a CF-patient (F508del/S1251N), 

from which an intestinal organoid line was already established. These organoids were PAX8+ 

Figure 3. Organoid lines can be established from Wilms tumor tissue. Nephroblastoma-derived organoids have 

a different morphology than healthy tissue-derived organoids, as assessed with bright field microscopy (A), that shows 

expansion of the stromal compartment of the tumor, and SEM (B), that shows the association of stromal cells with 

non-stromal structures. H&E stains of the primary tumor tissue (C) and the organoid line (D) that both show the typical 

tri-phasic nephroblastoma histology, with blastema (arrow head, b), epithelium (arrow head, e) and stroma (arrow 

head, s) present. Organoids isolated from the second nephroblastoma patient do not have a different morphology as 

assessed with bright field (E) and H&E staining (F). Low-coverage whole genome sequencing shows that healthy tissue 

and the healthy organoid line do not display CNVs (G). However, in the tumor tissue and tumor organoid line, typical 

Wilms tumor CNVs, such as 1q gain, gain of chromosome 8 and 12, and 16q loss were identified (G). Scale bars 200 µm, 

except B: 100 µm.
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(Supplementary Figure 12) and thus kidney-derived. Morphologically, the kidney organoids remained 

folded over long-term culture (~10 passages) (Figure 4C). This is analogous to the morphology of 

intestinal CF organoids that are also more folded while normal intestinal organoids are cystic.41 As 

proof-of-principle for the evaluation of treatment efficacy, we performed the previously described 

forskolin swelling assay,42 which is currently being used as ex vivo drug efficacy screen for CF on 

intestinal organoids (for which a rectal biopsy is required).41,43 The addition of forskolin leads to 

swelling that is solely dependent on CFTR in intestinal organoids. Thus, in intestinal CF organoids, 

no swelling occurs, unless there is rest function of CFTR (as occurs with specific mutations, including 

F508del/S1251N41) or when an effective CFTR-restoring compound is present.

In the CF-line derived from urine, only minimal swelling occurred in response to opening 

the CFTR channel by forskolin. Swelling increased significantly (P-value = 0.02; Figure 4D) by pre-

incubation with the CFTR-potentiator drug VX-770 (ivacaftor, Kaleydeco®), a registered drug for 

P a x 8  P 6 3  H & E  

P a x 8  P 6 3  H & E  

H & E  C F 

  

*  

Figure 4. Organoid lines can be established from urine. Urine-derived organoids can originate from kidney 

epithelium, as demonstrated with Pax8-staining (A). However, also a combination of kidney (Pax8+) and urothelium 

(P63+) is observed (B). P63+ structures have a typical bladder urothelial organization (B’) Typical phenotype of urine-

derived CF kidney organoids after 10 passages (C). CF-urine organoids do not swell in response to FSK without VX-770 

(DMSO), but swelling can be significantly increased by the addition of VX-770 (VX-770) (D, average of two independent 

experiments is plotted. Error bars represent standard deviation. * P-value = 0.02). Scale bars 100 µm.
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treatment of F508del/S1251N mutations that also clinically had a beneficial effect on the patient. 

The intestinal organoids from the same patient showed similar results as the CF-urine organoids: 

forskolin induced limited swelling (demonstrating some residual CFTR function, as expected with 

F508del/S1251N mutations) and swelling increased by pre-incubation with the CF drug VX-770 

(Supplementary Figure 13). 

DISCUSSION

In this study, we report a robust organoid culture system for mouse, as well as human healthy and 

diseased kidney tissue. This enables expansion and differentiation of primary, functional renal 

epithelial cells with characteristics of distinct nephron segments, most notably the proximal 

tubule. We demonstrate the use of organoids for disease modeling, drug screening and transporter 

studies. We believe that our organoid culture system is complementary to the existing PSC-derived 

organoids.3,5,6,44 It adds the unique feature of direct expansion of patient-derived renal tissue, from 

biopsy material and from urine, without the ethical issues related to embryonic stem cells or the 

disadvantages of reprogramming and resulting genetic instability of induced PSCs.45

There are, however, limitations of the culture system, some of which may be overcome in 

the future. Firstly, under the current culture conditions, we generate cells representing proximal, 

loop of Henle, distal tubules and collecting duct. Yet, glomerular cells are lacking. This may be 

overcome by adaptation of the culture medium or co-culture with endothelial cells.46 Secondly, 

the culture system is purely epithelial in nature, lacking interstitial cells and vasculature. However, 

epithelial cells are often the primary substrate of disease and a reductionist system is powerful to 

investigate ex vivo epithelial cell dynamics. 

Thus, we have established a culture system that allows disease modeling, drug screening and 

personalized medicine. Ultimately, our culture system may provide a nearly infinite source of 

autologous cells for the creation of bioartificial or bioengineered kidneys.47,48

MATERIAL AND METHODS
Mice and human tissue

All animal experiments were approved by the Animal Experimentation Committee of the Royal 

Dutch Academy of Science and UMC Utrecht. All experiments with human tissue were approved 

by the medical ethical committee of the University Medical Centre Utrecht and, if required, written 

informed consent from patients was obtained.

Organoid culture
Human tissue 

From cortical kidney tissue, tubular fragments were isolated by collagenase digestion (C9407, 

Sigma) for 45 minutes at 1 mg/ml. Fragments were seeded in growth factor-reduced Matrigel 

(Corning) or Basement Membrane Extract (BME - R&D Systems) and cultured in medium (ADMEM 

/ F12 supplemented with 1% penicillin / streptomycin, HEPES, Glutamax, N-acetylcysteine (1 mM, 

Sigma) and 1.5% B27 supplement (Gibco)), supplemented with 10% Rspo1-conditioned medium49  
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or 1% Rspo3-conditioned medium, the latter produced via the r-PEX protein expression platform 

(U-Protein Express), EGF (50 ng/ml, Peprotech), FGF-10 (100 ng/ml, Preprotech), Rho-kinase 

inhibitor Y-27632 (10 µM, Abmole) A8301 (5 µM, Tocris Bioscience), primocine (0.1 mg/ml, 

Invivogen).

Differentiation medium contained ADMEM / F12 supplemented with 1% penicillin / streptomycin, 

HEPES and Glutamax.

Human urine 
Urine (30-50 ml was sufficient) was processed quickly after voiding and until processing, the sample 

was kept at 4° C. Rho-kinase inhibitor Y-27632 (10 µM, Abmole) and primocine (0.1 mg/ml, Invivogen) 

were added. After centrifugation, pellet was washed with medium (ADMEM / F12 supplemented 

with 1% penicillin / streptomycin, HEPES and Glutamax), supplemented with Rho-kinase inhibitor 

Y-27632 (10 µM, Abmole) and primocine (0.1 mg/ml, Invivogen). After a second centrifugation step, 

pellet was resuspended in growth factor-reduced Matrigel (Corning) or BME (R&D Systems) and 

cultured in the organoid culture medium described above.

Mouse 
Kidneys were isolated and tubular fragments were isolated by collagenase digestion (C9407, Sigma) 

for 15 minutes at 0.5 mg/ml. Fragments were seeded growth factor-reduced Matrigel (Corning) 

and cultured in medium (ADMEM / F12 supplemented with 1% penicillin / streptomycin, HEPES, 

Glutamax), with 1.5% B27 supplement (Gibco), 40% Wnt3a conditioned medium (produced using 

stably transfected L cells) 10% Noggin conditioned medium, 10% Rspo1-conditioned medium,49 EGF 

(50 ng/ml, Peprotech), FGF-10 (100 ng/ml, Preprotech); N-acetylcysteine (1.25 mM, Sigma) A8301 

(5 µM), Tocris Bioscience), primocine (0.1 mg/ml, Invivogen).

Histology and immunohistochemistry

Tissues were fixed in 4% paraformaldehyde, dehydrated and embedded in paraffin. Sections 

were subjected to H&E and / or immunohistochemical staining. IHC was performed according 

to standard protocols on 3–4 µm sections. The primary antibodies were rabbit anti-Pax8 (1:500, 

10336-1-AP, Proteintech), mouse anti-P63 (1:50, M7317, Dako) and mouse anti-SV-40 (1:100, bPAb416, 

Merck Millipore). Primary antibodies were dissolved in 0.05% Bovine Serum Albumin (BSA) in PBS. 

If required, a rabbit-anti-mouse-HRP (1:500, Dako) in PBS and 5% normal mouse serum was used. 

Goat-anti-Rabbit Powervision-Horse Radish Peroxidase (both Leica Biosystems) was used as tertiary 

antibody and counterstaining was done with with haematoxylin.

Immunofluorescence

For whole mount immunofluorescence staining, organoids were processed as previously described.50 

Rabbit anti-AQP-3 (1:100, 125219, Abcam), rabbit anti-AE1 / SLC4A1 (1:100, AE11-A, Alpha Diagnostics 

International), goat anti-calbindin D28K (1:200, N-18, Santa Cruz) were used as primary antibody. 

Sheep anti-UMOD (1:200) and rabbit anti-NKCC2 (1: 200) antibodies were kindly provided bij Prof. 

Hoenderop (Nijmegen, the Netherlands). Alexa Fluor 568 donkey anti-rabbit immunoglobulin G 

(IgG) or Alexa Fluor 568 donkey anti-goat IgG were used as secondary antibody (1:500; Invitrogen). 
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Nuclei were stained with Dapi (Thermo Scientific) or DRAQ5 (Biostatus). Immunofluorescence 

images were acquired using a confocal microscope (Leica, SP5 or SP8). Images were analyzed and 

processed using Leica LAS AF Lite or LAS X software (Leica SP5 or SP8 confocal).

Scanning electron microscopy

Organoids  were fixed for 15 minutes with 1% (v/v) glutaraldehyde (Sigma) in phosphate buffered 

saline (PBS) at room temperature. Samples were subsequently serially dehydrated by consecutive 10 

minute incubations in 2 ml of 10% (v/v), 25% (v/v) and 50% (v/v) ethanol-PBS, 75% (v/v) and 90% 

(v/v) ethanol-H
2
O, and 100% ethanol (2x), followed by 50% ethanol-hexamethyldisilazane (HMDS) 

and 100% HMDS (Sigma). The samples were removed from the 100% HMDS and air-dried overnight 

at room temperature. After overnight evaporation of HMDS, samples were mounted onto 12 mm 

specimen stubs (Agar Scientific) and coated with gold to 1 nm using a Quorum Q150R sputter 

coater at 20 mA prior to examination with a Phenom PRO Table-top scanning electron microscope 

(PhenomWorld).

RNA sequencing of mouse organoids 

For each organoid line (n=3) 4 wells of a 24 well plate (a total of 200 µl of Matrigel) were harvested 

with 1 ml TRIzol reagent. Two lines were 35 days in culture, one 70 days. Adult kidneys (n =3 mice) 

were snap frozen in liquid nitrogen, homogenized and subsequently treated with TRIzol reagent.

RNA was extracted using the TRIzol Plus RNA Purification Kit (Life Technologies) according to 

manufacturer’s instructions and RNA samples were treated on column with PureLink DNase (Life 

Technologies). RNA quality was determined using a Bioanalyser 2100 (Agilent) with an RNA 6000 

Nano Kit. Samples with a RNA Integrity Number greater than 9 were used for sequencing library 

preparation. Libraries were generated from 1 µg Total RNA using a TruSeq Stranded Total RNA kit 

with Ribo-zero human/mouse/rat (Illumina # RS-122-2201) per manufacturer’s instructions. For 

final application, 11 cycles of PCR were used. Quality of the libraries was determined and libraries 

were quantified using a bioanalyser 2100 (Agilent) with a DNA 1000 Kit. Equimolar amounts of 

libraries were pooled and subjected to paired-end, 101 base-pair sequencing using an Illumina 

HiSeq 2000.

RNA sequencing analysis

RNA-seq reads were aligned to the mouse reference genome NCBIM37 using STAR 51. The  BAM 

files were sorted with Sambamba v0.5.1 52 and transcript abundances were quantified with HTSeq-

count 53. Subsequently, DESeq 1.16.0 54 was used to normalize gene counts and to test for differential 

expression between organoid and adult kidney.  P values were adjusted for multiple testing using 

Benjamini-Hochberg FDR correction. Adjusted P values of < 0.05 were considered significantly up- 

or downregulated. 

To determine which embryonic compartment organoids resemble the most in gene expression, 

we assessed the differential expression between adult mouse kidney and mouse organoids of 

available compartment- specific gene sets of embryonic mouse kidney and adult human kidney 27,55,56.  

Mouse orthologs of human genes were found using biomaRt57 and multiple mouse orthologs were 
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allowed. Gene symbols were converted to Ensembl Gene ID using org.Mm.eg.db58 and genes that 

occurred in multiple segments or genes that we could not link to an Ensembl Gene ID were excluded 

from the analysis. 

RNA-seq data can be found with GEO accession number: ERP019828, where “culture” refers to 

organoids and “kidney” to adult kidney.

Desmopressin stimulation

Organoids in 40 µl of Matrigel per condition were ADH-stimulated by removing the culture 

medium and addition of a 1:1 mix of organoid medium : 4 µg/ml Minrin ( = desmopressinacetate, 

Ferring). In the control condition sterile PBS was added instead of Minrin. Samples were harvested 

8, 24, or 48  hours after stimulation and RT-qPCR analysis on these samples was carried out as 

described below.

Real Time – Quantitative PCR (RT-qPCR)

Organoids were lysed and homogenised and total RNA was extracted with an RNEasy mini kit (Qiagen), 

according to the supplier’s protocol. cDNA was synthesized from at least 500 ng RNA template, using 

the GoScript cDNA Synthesis Kit (Promega) as per manufacturer’s instructions. Resulting cDNA was 

diluted (10x) and this was used to determine expression levels. The reference gene used was GAPDH 

(forward: ACCACTTTGGCATCGTGGAG; Reverse: GGGCCATCCACAGTCTTCTG; 60 degrees) and to 

detect AQP2 expression, the following primers were used: forward: ATGTGGGAACTCCGGTCCATA; 

reverse: ACGGCAATCTGGAGCACAG; 62 degrees.

The iQ SYBR Green Supermix (Bio-Rad) was used to multiply and measure the cDNA with a CFX96 

Touch Real-Time PCR Detection System (Bio-Rad). Samples were run in triplicate in 20 µl reactions in 

the following PCR program: 95°C for 3 min, followed by 39 cycles of 10 s at 95°C, 30 s at the indicated 

annealing temperature and 30 s at 72°C, then 10 s at 95°C followed by a melt of the product from 

65°C–95°C.

mRNA expression of AQP2 was normalised to GAPDH mRNA and expressed as fold change to 

controls with the ∆∆CT method.

Single cell sequencing 
Sample and SORT-Seq library preparation 
Samples were prepared according to the Sort-seq method as described previousy.59 Briefly, Epcam+ 

primary kidney cells, FACSsorted (Facsjazz, BD) with Alexa-fluor 488 anti-human CD326 (Epcam, 

clone9C4; Biolegend), and the single cell suspension from passage 4 organoids (derived from 

the same tissue as the Epcam+ primary kidney cells) were single cell sorted into 384 well plates (Biorad) 

containing 5 µl vapor lock (Qiagen) 100-200 nl of RT primers, dNTPs and synthetic mRNA spike-ins.

Live single cells were selected on the basis of DAPI and forward/side scatter properties. After 

the sort, plates were spun down and frozen to -80 degrees until further processing.

RNA samples were processed into cDNA libraries as described previously59,60 and on the basis 

of the CEl-seq2 technique. Illumina sequencing libraries were prepared with the TruSeq small RNA 

primers (Illumina) and sequenced paired-end at 75 bp read length the Illumina NextSeq. Primary 

cells and organoid cells were processed and sequenced in parallel. 
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Single Cell sequencing data Analysis
Paired-end reads from Illumina sequencing were aligned to the human transcriptome with BWA.61 

RaceID and RACEID2 analysis were performed as described.22,23 Organoid cells with less than 4000 

unique reads were discarded and samples with maximum expression less than 4 were discarded. 

Primary cell parameters with less than 4000 unique reads were discarded and samples with 

maximum expression less than 2 were discarded. In supplementary figures (Supplementary Figure 2 

and 5) where organoid and primary cells were combined, cells with less than 2000 unique reads and 

samples with maximum expression less than 4 after down-sampling were discarded. 

Karyotyping

Organoids were treated with 0.1 µg/ml colcemid (Gibco) for 16 h. Cultures were washed and 

dissociated into single cells using TrypLE (Gibco) and processed as previously described.62 Slides were 

mounted with DAPI-containing Vectashield and analyzed on a DM6000 Leica microscope. At least 

40 spreads were analyzed, in at least three independent experiments, from multiple organoid lines.

BK virus experiments
BK virus infection
Organoids were harvested, Matrigel was removed with cold ADMEM/F12, organoids were 

centrifuged, supernatant was taken off, and organoids were subsequently incubated in ADMEM/F12 

with 1:100 BK virus (clinical isolate genotype BK1b-1, isolated from urine of an immunocompromised 

patient) for two hours at 37 degrees, with regular mixing. After incubation, organoids were 

centrifuged and after a wash step with ADMEM/F12, organoids were plated out in Matrigel. Samples 

were harvested either directly after incubation or after different periods in culture (1, 2, 5, 10 or 

30 days after incubation) in 500 µl ADMEM/F12 and stored at -20°C until analysis.

Supernatant infection
400 µl of supernatant of a well (with 40 µl Matrigel) that was infected 10 days before was harvested 

and diluted 1:15 in ADMEM/F12. Subsequently, it was filtered with a Millex-GS 0.22 µm sterile filter 

unit (Merck Millipore Ltd) to remove cells, and this was used to infect organoids as described above. 

Samples were harvested either directly after incubation or after 10 days in culture in 500 µl ADMEM/

F12 and stored at -20°C until analysis.

CDV inhibition experiment 
Organoids were infected as described under BK virus infection. Organoids were cultured in 

organoid culture medium, supplemented with a range (0; 10; 20; 40; 80; 160; 320 µg/ml) of CDV 

(Selleckchem). A non-infected control was exposed to 80 µg/ml CDV. Organoids were harvested 

after 7 days of culture and during this period, culture media were refreshed twice. Samples were 

harvested in 500 µl ADMEM/F12 and stored at -20°C until analysis.

BK virus DNA extraction and real-time TaqMan PCR 
Viral DNA was isolated using a MagNaPure 96 automated extraction system (Roche). Phocine Herpes 

Virus was added to the material prior to DNA extraction as an internal control. Samples were assayed in 

a 25 µl reaction mixture containing 10 µl isolate, Taqman universal PCR mastermix (applied Biosystems, 
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ABI), primers (300nM diagnostic primers; BK-forward: TGCTGATATTTGTGGSCTGTTTACTA; BK-

reverse: CTCAGGCGRATCTTAAAATATCTTG) and fluorogenic probe (200nM diagnostic probe; probe 

A: CAGCTCTGGAACACAACAGTGGAGAGGC; Probe G: CAGCTC  TGGGACACAACAGTGGAGAGGC ) 

labelled with `5 reporter dye (FAM) and `3 quencher dye (TAMRA). 

The amplification and detection were performed with an ABI 7500 system for 2 minutes at 

50ºC, 10 minutes at 95ºC, and 45 cycles of 15 seconds at 95ºC and 1 minute at 60ºC. Samples were 

controlled for the presence of possible inhibitors of the amplification reaction by the indicated 

internal control, of which the signals had to be within the reference range.

In the CDV inhibition experiments, a PCR for human RNaseP was performed in parallel, to control 

for the quantity of human DNA.

Transmission EM
Organoids were infected as described under BK-virus infection and a negative control was included. 

Organoids (80 µl of Matrigel) were harvested after 10 days of culture. Matrigel was removed with 

recovery solution (Corning). Recovery solution was removed and 200 µl Karnovsky reagent was 

added. Samples were processed for transmission electron microscopy as described previously.63

Sequencing of BK virus DNA
The whole genome sequence of BK virus was obtained with the use of a modified sequence method 

described.64 BK virus PCR fragments were obtained by fractional amplification of MagNAPure 96 total 

DNA isolates using the Superscript III one-step Reverse Transcriptase-PCR System with Platinum Taq 

High Fidelity kit (Invitrogen) and a 9800 Fast thermal cycler (ABI) according to the manufacturers 

protocol. PCR products were applied to a 1% agarose gel and purified from the gel with the use of 

GeneJet PCR purification kit (ThermoScientific). Isolated fragments were used for whole genome 

sequencing. Sequencing was performed by Macrogen Europe (Amsterdam, the Netherlands). 

The resulting sequence information was assembled into BK virus whole genome sequences through 

alignment with the reference BK virus genome GenBank accession no. V01108.

SV-40 stain
See histology and immunohistochemistry.

Genotyping 

DNA from organoids and tissue was isolated with a gDNA ReliaPrep Kit (Promega) according to 

the manufacturer’s instructions. Primers for PCR amplification of WT1 with Phusion High-Fidelity 

Polymerase (Thermo Scientific), were, for exon 765: fw (5’-ACCTACGTGAATGTTCACATGT-3’); rv 

(5’- GTTTGCCCAAGACTGGA-3’ and for exon 10: fw (5’-GTGAAAAGCCCTTCAGCTGTC-3’) and 

rv (5’-AAGGGTCAGGGGGACATGAT-3’). Products were clones into a CloneJET vector (Thermo 

Scientific) and sequenced using a T7 sequencing primer.

Low coverage whole genome sequencing for copy number profiling 

Genome wide copy number alterations (CNA) were established using low-coverage whole genome 

sequencing. Shotgun libraries were prepared using the TruSeq Nano DNA Library Prep Kit (Illumina, 

San Diego, CA, USA) according to the manufacturer’s recommendations. 
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Briefly, 50-180ng of input DNA (obtained with a Promega gDNA ReliaPrep Kit) from the primary 

tissues and the organoids were fragmented to 300bp in 130µl using the Covaris System (Covaris, 

Woburn, MA, USA). After concentrating the volume to 50µl end repair, A-tailing and adapter 

ligation were performed following the manufacturer’s instructions. For selective amplification of 

the library fragments that have adapter molecules on both ends we used 12 PCR cycles. Libraries 

were quality checked on an Agilent Bioanalzyer using a DNA 7500 Chip (Agilent Technologies, 

Santa Clara, CA, USA) and quantified using qPCR with a commercially available PhiX library 

(Illumina, San Diego, CA, USA) as a standard. Libraries were pooled equimolarily and sequenced on 

an Illumina NextSeq in a 150bp single read run. Copy number analysis was performed as previously 

described.66 Briefly, low-coverage whole-genome sequencing reads were mapped to the pseudo-

autosomal-region (PAR)-masked genome and reads in different windows [~55kb] were counted and 

normalized by the total amount of reads. We further normalized read counts according to the GC-

content using LOWESS-statistics. In order to avoid position effects we normalized the sequencing 

data with GC-normalized read counts of control samples. Subsequently we generated segments 

of similar copy-number values by applying circular binary segmentation (CBS) and Gain and Loss 

Analysis of DNA (GLAD). 

P-gp transporter assay

Organoids were mechanically disrupted and seeded in BME on either glass bottom plates (for 

confocal imaging) or an opaque 96-well plate (for quantification in a fluorescence plate reader). 

Medium with or without P-gp-inhibitor PSC-833 (Tocris biosciences) at 5µM was added. The next day, 

calcein-AM (1µM; R&D Systems) was added with or without 5µM PSC-833. After 1 hour of incubation 

at 37° C, medium was removed and the cells were washed twice with 200 µl ice-cold Hank’s Balanced 

Salt Solution (HBSS). Then, cells were either fixed in 2% (w/v) PFA (for confocal analysis) or cells were 

lysed by addition of 100 µl of 1% (v/v) Triton X-100 (fluorescent plate reader). Samples were used 

directly for analysis with a confocal microscope (SP5 or SP8, Leica) or a fluorescence plate reader 

(Ascent Fluoroskan FL microplate reader) with an excitation λ of 488 nm and an emission λ of 518 nm.

FSK swelling assay and intestinal organoid culture

The FSK-induced swelling assay and intestinal organoid culture was carried out as described before,42 

with the difference that swelling was measured for 3 hours after addition of FSK, in both intestinal as 

well as urine-derived organoids. 

Statistical analysis

An unpaired t-test was performed to determine statistical differences when two groups were 

compared. In case of multiple groups, a one way ANOVA was performed, combined with Tukey 

post-hoc tests. A P -value < 0.05 was considered statistically significant.

Data availability

The data that support the findings of this study are available from the corresponding author on 

reasonable request.
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Supplementary Figure 1. Quantification of human metaphase spreads. > 40 spreads were quantified, from organoids in 

P11, P14 and P18 in 3 independent experiments. 

Supplementary Figure 2. Kidney organoids are more proliferative than primary kidney cells. The cells derived from 

organoids (“organoid”) have a higher expression of ribosomal genes (indicating cell proliferation) and more cells 

express ribosomal genes, than the primary epithelial cells (“kidney”) from which the organoids were derived, as shown 

on a transcript counts color coded t-SNE map.
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Supplementary Figure 3. Expression of marker genes in primary kidney epithelial cells. t-SNE maps for known 

marker genes with transcript counts color coded, with cells expressing proximal tubule marker SLC40A1 (A), loop of 

Henle marker UMOD – note that there is one cell that overlaps with proximal tubule marker SLC40A1 (B),  distal tubule 

marker CALB1 (C), collecting duct principal cell marker AQP3 (D) and intercalated cell marker SLC4A1 (E). 

CALB1 AQP3 SLC4A1 

SLC40 A1 UMOD B  

C  D  E  

A  

S up p l em en t a ry  Figure 3  

CALB1 AQP3 SLC4A1 

SLC40 A1 UMOD B  

C  D  E  

A  

S up p l em en t a ry  Figure 3  

A B

C D

E



70

3

A
D

U
LT STEM

 C
ELL-D

ERIV
ED

 K
ID

N
EY

 O
RG

A
N

O
ID

S

C A L B 1 

CALB1 

K id n ey  

O rga n o id  

A  B  

C  

D  

F 

UMOD 

K id n ey  

O rga n o id  

E  

C A L B 1 

U M O D  

S up p l em en t a ry  Figure 5  

U M O D  

Supplementary Figure 4. Human kidney organoids are derived from kidney epithelium. t-SNE maps for marker genes 

with transcript counts color coded, show that virtually all organoid cells express the kidney epithelium marker Pax8 (A). 

The expression of PAX8 is confirmed on the protein level (B) and a negative control does not show PAX8 staining (C).
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Supplementary Figure 5. Expression of distal tubule marker CALB1 and loop of Henle marker UMOD can be 

induced by growth factor withdrawal. CALB1 expression is absent in kidney organoids on the mRNA level, as
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Supplementary Figure 6. Schematic representation of the proximal tubule functional assay. When organoids are 

exposed to calcein-AM, a substrate of P-gp (the xenobiotics efflux pump, located at the apical membrane) that diffuses 

freely into cells and that becomes fluorescent inside cells after cleaving the acetomethoxy group resulting in calcein, 

in the presence of an inhibitor (PSC-833) of P-gp, , calcein accumulates (A). In absence of the inhibitor, P-gp pumps 

calcein-AM from the cells, thereby preventing accumulation of fluorescent signal (B). 

Supplementary Figure 7. P-gp is functional in human kidney organoids. In the presence of specific P-gp-inhibitor 

PSC-833, calcein accumulates in organoids, as measured by fluorescent plate reader. Quantification of n = 3 independent 

experiments. Error bars represent SEM. * = P < 0.004.
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shown with a  transcript counts color coded t-SNE map (A) and protein level (B). By withdrawal of growth factors 

from the culture medium, CALB1 can be induced, as visualized with immunofluorescence (C). UMOD expression is 

absent in kidney organoids on the mRNA level, as shown with a transcript counts color coded t-SNE map (D) and 

protein level (E). By withdrawal of growth factors from the culture medium, UMOD can be induced, as visualized with 

immunofluorescence (F). Scale bar 75 µm.

Supplementary Figure 5. (continued)
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Supplementary Figure 9. Infection of organoids with urine from a patient suffering from BK virus-induced 

nephropathy. The number of virus particles after incubation with BK virus (incubation) or incubation and 10 days of 

culture (incubation + culture). The average of n = 3 experiments is plotted, error bars represent standard deviation. 

Supplementary Figure 8. Adult mouse kidney organoid culture. Mouse kidney organoid culture. Scheme of 

the experimental protocol (A). The development of mouse kidney epithelial cells into folded / branching structures 

after seeding (B). This branching / folded structure is maintained over time: an overview of a Matrigel droplet at  

passage 6 (B’). H&E stain at passage 7 (C). SEM image that displays the folded nature of the organoids (D), with D’ 

as zoom of D. When assessing the expression levels of adult nephron compartments, organoids are upregulated 

for collecting duct genes, when compared to whole kidney. Gene lists were obtained from Garonne et al.27 Number 

of genes per compartment is indicated below the graph (E). AQP3 expression is maintained over time (passage 7) 

in the  budding parts of an organoid (F). Organoids respond to desmopressin stimulation by upregulating AQP2 

expression (G, average of n = 3 independent experiments; error bars represent SEM). An example of a typical 

metaphase spread, from an organoid culture with passage number > 11 (H)  Quantification of > 40 metaphase spreads 

in 3 independent experiments, from organoids from in P11, P15 and P16 (I). Scale bars 100 µm, except D & D’: 50 µm.
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Supplementary Figure 10. Targeted sequencing of WT1 shows a frameshift mutation in exon 10. Sanger sequencing 

shows a heterozygous 4 base pair insertion in the tumor tissue (T tissue) and the organoids derived from the tumor 

tissue (T organoid). This insertion is absent in the healthy kidney tissue (H tissue) and organoids derived from 

the healthy tissue (H organoid).
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Supplementary Figure 11. Targeted sequencing of WT1 shows a frameshift mutation in exon 7. Sanger sequencing 

shows a heterozygous 8 base pair deletion in the healthy kidney tissue (H tissue); organoids derived from the healthy 

tissue (H organoid); tumor tissue (T tissue) and the organoids derived from the tumor tissue (T organoid).
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Supplementary Figure 13. The effect of VX-770 on FSK-induced swelling in organoids. In urine-derived organoids 

and intestinal organoids from the same patient, VX-770 increased FSK induced swelling. Average is plotted of n = 2 

independent experiments, error bars represent standard deviation. 

P a x 8  

S up p l em en t a ry  Figure 12  

Supplementary Figure 12. Urine-derived organoids from a  subject with CF are kidney organoids. Assessed with 

a PAX8 staining. Scale bar 100 µm.
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ABSTRACT

Kidney tumors are among the most common solid childhood tumors. These tumors include a wide 

range of subtypes that differ in terms of frequency of appearance and prognosis. Although prognosis 

of particular subtypes improved significantly over the last decades, several subtypes have a dismal 

outcome and harsh chemotherapy causes severe side effects later in life. 

Patient-derived organoid cultures have great potential for drug development and personalized 

medicine. Here, we report the establishment of tumor organoid cultures and matching healthy 

kidney organoid cultures from 37 children with different subtypes of kidney cancer. These tumor 

organoids recapitulated properties of the original tumor in vitro as assessed by histology and 

immunohistochemistry. 

Our living biobank of pediatric kidney tumor organoid cultures opens up experimental avenues 

for basic tumor biology research, high-throughput drug screening and personalized medicine.

Frans Schutgens1,2, Carola Ammerlaan1,2, Maarten B. Rookmaaker2, Marry van den Heuvel – 

Eibrink3, Ronald de Krijger, Marianne C. Verhaar2, Hans Clevers1,3, Jarno Drost3

1  Hubrecht Institute–Royal Netherlands Academy of Arts and Sciences, Utrecht, the Netherlands 
2  Department of Nephrology and Hypertension, University Medical Centre Utrecht, the Netherlands 

3  Princess Máxima Center for Pediatric Oncology, Utrecht, the Netherlands
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INTRODUCTION

Three-dimensional (3D) organoid culture models open new opportunities for both fundamental 

and translational cancer research (Drost and Clevers, under revision). Originally established for 

mouse small intestine,1 organoids can currently be efficiently established from primary patient 

material of a wide variety of healthy and diseased tissues.2 Previously, it was demonstrated that 

organoids derived from healthy tissue are genomically stable over long periods of time, whereas 

tumor-derived organoids recapitulate the genetic heterogeneity of the native tissue. 

Kidney cancer is the one of the most frequently diagnosed solid cancers in children.3 

The  majority (~90%) of the pediatric kidney tumors are Wilms tumors (nephroblastoma), while 

the most common non-Wilms tumors include malignant rhabdoid tumor of the kidney (MRTK) and 

renal cell carcinoma (RCC). 

Wilms tumors likely result from differentiation defects during kidney development, resulting 

in nephrogenic rests that may develop into malignant tumors.4 For Wilms tumors, overall survival 

rates are high (~90% 5 year survival).5 However, it leads to loss of the affected kidney and long-term 

side effects due to the harsh chemotherapy treatment. Additionally, high-risk Wilms tumors 

(25% of all patients) have adverse outcome with 60% 5 year survival.5 The classical Wilms tumor 

is histologically characterized by a tri-phasic pattern, with blastemal, epithelial and stromal 

components.6 However, predominance of one of the components may also occur: i.e. stromal, 

epithelial, and blastemal subtypes, or anaplastic, when diffuse anaplasia is present. A phenomenon 

that can be observed in the stromal component of Wilms tumor is the differentiation towards 

muscle, termed rhabdomyomatous differentiation.19 Rhabdomyomatous differentiation appears 

as patchy pink structures on H&E that stain for the muscle marker Desmin. The classification in 

subtypes affects prognosis: anaplastic and pre-treated Wilms tumors of blastemal-type have a poor 

disease outcome. Therefore, these are categorized as high-risk and treated with more aggressive 

chemotherapy. Genetically, Wilms tumors are heterogeneous tumors with mutations in WT1 (often 

combined with CTNNB1 mutations) or WTX in 30% of the cases.7, 8 Additionally, mutations in SIX1 

and SIX2, and microRNA processing genes, such as DROSHA and DGCR8, were recently identified in 

blastemal-type Wilms tumors, whereas the majority of anaplastic Wilms tumors harbor mutations in 

TP53.9, 10 In addition, in 75% of the Wilms tumors, copy number variations occur, which are typically 

gain of 1q, chromosome 8, chromosome 12 and loss of 16q.4, 11-13 

The other kidney tumor types are genetically and histologically distinct from Wilms tumors. At 

least 95% of MRTKs harbor inactivating mutations in the SWI/SNF protein complex member SMARCB1 

(INI1).14 On histology, MRTKs have a rhabdomyosarcomatoid pattern,16 but to more conclusively 

diagnose a MRTK, SMARCB1 immunostainings are routinely used, as SMARCB1 expression is present 

in all normal cells, but lost in 95% of the MRTKs.20 RCCs typically have translocations of Xp11.2 or 

t(6;11).15, 16 Histologically, RCCs may have a clear or granular cytoplasm with pleomorphic nuclei.17 Both 

MRTKs and RCCs have a poor prognosis, with 5 year survival rates of 26%18 and 60%,17 respectively. 

Thus, there is an urgent need to develop more effective and less toxic treatment strategies, for 

which pre-clinical culture models are highly valuable. 

Currently, pre-clinical culture models sustaining efficient and long term in vitro propagation 

of patient-derived kidney tumor tissue are lacking. The most prevalent human-derived in vitro 

model systems are cell lines, which are usually derived from late stage tumors and do not reflect 
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the heterogeneity of native tumor tissue. Moreover, their establishment is inefficient and matching 

normal lines are lacking, making them a poor model for drug development and individualized 

therapy.

Based on our protocol for culturing organoids from healthy and diseased human kidney tissue 

(Chapter 3), we now describe the establishment and histologic characterization of paired organoids 

derived from different tumor types and healthy epithelium from children with kidney cancer. This 

biobank may facilitate drug development and individualized therapy in the future.

RESULTS
Establishment of a living organoid pediatric kidney tumor biobank

Tumor and matching normal kidney tissue were obtained after nephrectomy (Figure 1A). We 

established 37 organoid lines from pediatric kidney tumors and matching normal tissue using our 

previously described culture protocol (Chapter 3). Typically, the first organoids appeared 7 days 

after seeding and could be passaged 14 days after seeding. Pediatric kidney tumor organoids could 

be cryopreserved and efficiently recovered (data not shown).

Efficiency of establishment (defined as growth of organoids from a patient for at least 3 passages) 

was 100% for normal tissue and 90% (26 out of 29), 100% (5 out of 5), and 100% (4 out of 4) for Wilms 

tumor, MRTK, and RCC tissue, respectively. Organoids could not always be established from pre-

treated Wilms tumor tissue, likely due to vast amounts of necrotic tissue. From one MRTK, organoids 

were established from a lymph node metastasis as well as from the primary tumor. In addition, 

organoids could be established from a metanephric adenoma (1 out of 1; Supplementary Figure 1A) 

and a metanephric fibroadenoma (1 out of 1; Supplementary Figure 1B), which are tumor types that 

very rarely occur. An epithelial angiomyolipoma did not expand in our culture conditions (0 out of 1; 

data not shown). Finally, from one clear cell sarcoma of the kidney (CCSK) cells initially grew out, but 

ceased proliferation after 2 passages (Supplementary Figure 1C), suggesting that culture medium 

optimizations might be required to sustain growth of this tumor type. 

Expansion capacity varied within and among different tumor types. 20 out of 26 Wilms tumor 

organoids could be for expanded for at least 10 passages with average split ratios of 1:2-1:3 every 

10 days. Within this group, 8 tumor organoid lines could be expanded for over 20 passages, including 

3 lines that are currently in passage 32, 37 or 43. Of note, the most recent established Wilms tumor 

cultures did not have the time to reach high a passage number, thereby underestimating the expansion 

capacity here. MRTKs were roughly passaged weekly with 1:3 split ratios, for > 20 passages. Lastly, 

3 pre-treated RCCs (3 out of 3) could be expanded for 6 passages with 1:3 splits every 14 days and 

one untreated RCC (1 out of 1) could be expanded for at least 10 passages, suggesting that organoids 

derived from pre-treated RCCs might be more difficult to expand long term. 

To assess whether tumor cells were cultured, we performed a histologic analysis of 25 of 

the organoid lines (Figure 1B, Supplementary Table 1) that were selected on the basis of tumor type 

and expansion capacity. The selection comprised the major types of pediatric kidney tumors: Wilms 

tumor (n = 19), MRTK (n = 4) and RCC (n = 1). In addition, we included syndromal tumors (Beckwith 

Wiedemann; n = 4), a nephrogenic rest (n = 1), and ensured a mix between tumors with (n = 21) or 

without (n = 4) pre-nephrectomy chemotherapy (Supplementary Table 1). 
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Morphologically, most organoid lines established from tumor tissue were different from 

the  matched normal organoids (Figure 1C and Supplementary Figure 2), suggesting that 

the organoids indeed were tumor-derived. As previously described (Chapter 3), organoids derived 

from healthy kidney tissue are usually folded in the first passages (Figure 1C). In contrast, Wilms 

tumor-derived organoid cultures contained a mix of different components in which some structures 

were cystic from the start (Figure 1C). MRTK-derived organoids appeared in grape-like clumps of 

cells and RCC organoids remained small, rounded structures (Figure 1C).
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Figure 1. Establishment of a living pediatric kidney tumor organoid biobank. Overview of the study set-up. Organoid 

lines were established from tumor and matching normal tissue and histology of the organoids was compared with 

the primary tumor (A). Composition of the 25 organoid samples that were analyzed in detail (B, more characteristics 

can be found in supplementary table 1). Representative brightfield microscopy images of the organoid lines from 

the  different tumor types and one normal sample (which is the matched normal sample of the depicted Wilms 

tumor) (C). Scale bars: 500 µm.
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Histologic characterization of pediatric kidney tumor organoids

In several cases, histologic analysis revealed that the organoid lines closely resembled the original 

tumor tissue. A Wilms tumor where blastema, epithelium and stroma were present, yielded a tri-

phasic culture of organoids that was maintained for at least 10 passages (Chapter 3, Figure 3), 

whereas a Wilms tumor with a significant epithelial component, yielded a predominantly epithelial 

organoid line (Figure 2A). 

In addition, we observed rhabdomyomatous differentiation in the organoids: when Desmin-

positive pink structures were found in a Wilms tumor, Desmin-positive pink structures could be 

detected in the organoid line derived thereof (Figure 2B). 

The cellular composition of MRTK organoids displayed the typical rhabdomyosarcomatoid 

pattern, thereby resembling the primary tumor (Figure 3A). In one organoid line, loss of SMARCB1 

was observed in the primary tumor tissue and the lymph node metastasis, as expected. The loss 

of SMARCB1 was also observed in all organoids established from both tissues (Figure 3B). Not 

surprisingly, the immune infiltrate in the tumor, as well as the normal tissue and organoids derived  

thereof, were positive for SMARCB1 (Figure 3B). In a different MRTK-derived line, a mix of normal and 

tumor cells was observed (Supplementary Figure 3). 

The RCC showed typical clear cells in the primary tumor and these were also represented in 

the organoids (Figure 4). 

An overview of the H&E stainings of all organoid lines and tissues is provided in Supplementary 

Figure 4.
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Figure 2. Histology of Wilms tumor organoid lines. Typical example of an epithelial Wilms tumor (T tissue) on H&E 

staining, where the tumor-derived organoid line (T organoids) is similarly epithelial in nature (A) Rhabdomyomatous 

differentiation of stromal cells in the primary tumor tissue (T tissue) appears pinkish on H&E staining and in stromal 

cells present in the tumor organoid (T organoid) culture, similar pinkish structures are present (B) The pink-colored 

structures stained positive for Desmin in the primary tumor tissue (T tissue) as well as the organoid line (T organoids) 

(B’). Scale bars: 50 µm.
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DISCUSSION

Here, we describe the establishment and characterization of a living pediatric kidney tumor 

organoid biobank that includes organoids derived from Wilms tumors, MRTKs and RCCs. Organoids 

can be established with high efficiency from primary tumor tissue and matching normal tissue. We 
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Figure 3. Histology of a MRTK-derived organoid line. Normal tissue-derived organoids (N organoids) have the typical 

cystic structure on H&E staining, whereas MRTK-derived organoids (T organoids) and MRTK metastasis-derived 

organoids (M organoids) form clusters of cells that resemble the cells in the primary tumor (T tissue) and metastasis 

(M tissue) (A). The tumor tissues (T tissue; M tissue) and tumor-derived organoids (T organoids; M organoids) do not 

stain for SMARCB1, except for tumor infiltrating immune cells, whereas normal kidney tissue (N tissue) and normal 

organoids (N organoids) do stain for SMARCB1 (B). Scale bars: 100 µm.
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demonstrate that in many cases tumor organoid lines resemble the native tumor tissue on histology. 

Our organoid biobank faithfully recapitulates native tumor tissue and may in the future be used for 

pediatric kidney cancer research and drug discovery.

Methods to study patient-derived pediatric kidney tumors thus far, have been cell lines or 

patient-derived xenografts. A small subset of cell lines has been established for Wilms tumors 

harboring WT1 mutations.22 In addition, a few MRTK cell lines have been established23, 24 (one of 

which was at first falsely identified as Wilms tumor cell line25) and a translocation-type RCC26 cell 

line is available. Cell lines have been the golden standard for in vitro oncological research and 

although they have contributed immensely to our understanding of tumor biology, cell lines have 

significant drawbacks. Cell lines are clonal expansions from the original tumor and therefore tumor 

heterogeneity is lost. Generally, establishing cell lines is not efficient (e.g. 12% reported for adult 

renal cell carcinoma27), but the efficiency of establishing the specific tumor cell lines mentioned 

above was not reported. In addition, cell lines were only established from sub-sets of tumors, 

indicating selection effects. Finally, histological characteristics of the tumor are not retained and 

matching normal cell lines were not established. 

Patient-derived xenografts (PDXs), a model in which tumor tissue samples from a  patient are 

transplanted into mice, are available for Wilms tumors.28 PDXs most likely better retain tumor 

heterogeneity, but are expensive to establish and high-throughput analyses are complicated by 

the number of mice required.

Hitherto, a culture protocol sustaining growth of a variety of pediatric kidney tumor subtypes 

and matching healthy control tissue has been lacking. The high efficiency of establishing tumor 
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Figure 4. Histology of a RCC-derived organoid line. Normal tissue-derived organoids (N organoids) have the typical 

cystic structure on H&E staining, whereas RCC-derived organoids (T organoids) consist of cells with a typical clear cell 

morphology, that are also present in the primary tumor (T tissue). Scale bars: 100 µm.
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organoid lines reduces potential selection effects, thereby increasing the chance that the whole 

spectrum of tumors is covered. In addition, as the organoid lines established are non-clonal and 

multiple cell types are present, in vivo tumor heterogeneity is better reflected than in cell lines: to 

our knowledge it is the first time that non-epithelial cells are expanded in an ASC-organoid culture. 

To further validate our biobank additional analyses are to be done. A whole genome sequencing 

analysis will indicate whether the tumor organoids have the same genetic aberrations as the primary 

tumor and whether these are absent in the matched normal line. Xenotransplantation into mice 

will show whether tumor organoids are tumorigenic upon transplantation and whether the tumor 

grown in vivo, reflects the primary tumor. Proof-of-principle drug screening will indicate whether 

the patient’s drug response, reflects the response observed in the organoids.

In addition, by adaptation of culture conditions, it may become feasible to establish long-term 

cultures for CCSKs, for which no cell lines are available (Gooskens et al., manuscript submitted). 

Because of the high efficiency, culture of matched normal tissue and heterogeneity of 

the organoids, we expect that pediatric kidney tumor organoid culture will enhance the study of 

fundamental tumor biology as well as metastatic potential and drug resistance in the future. In tumor 

biology, single cell-derived cultures, combined with (single cell) RNA sequencing will be of use to 

study how blastemal, epithelial, and stromal components develop from one another. Metastatic 

potential can be studied by transplantation of organoid lines into mice. Organoids will enable drug-

screening for the development of new therapies as well as personalized medicine, as demonstrated 

previously for tumor organoids (21 and Sachs et al., under review). 

MATERIAL AND METHODS
Human tissue

All experiments with human tissue were approved by the medical ethical committee of the University 

Medical Centre Utrecht and written informed consent from patients was obtained. 

Organoid culture

Tumor tissue or healthy cortical kidney was minced and collagenase digested (1 mg/ml, C9407, 

Sigma) for 45 minutes at 37°C. Fragments were seeded in growth factor-reduced BME (R&D 

Systems) and cultured in medium (ADMEM / F12 supplemented with 1% penicillin / streptomycin, 

HEPES, Glutamax), with 1.5% B27 supplement (Gibco), 10% Rspo1-conditioned medium,29 EGF 

(50 ng/ml, Peprotech), FGF-10 (100 ng/ml, Preprotech); N-acetylcysteine (1.25 mM, Sigma), Rho-

kinase inhibitor Y-27632 (10 µM, Abmole) A8301 (5 µM, Tocris Bioscience), primocine (0.1 mg/ml, 

Invivogen).

Histology and immunohistochemistry

Tissues were fixed in 4% paraformaldehyde, dehydrated and embedded in paraffin. Sections were 

subjected to H&E and / or immunohistochemical staining. IHC was performed according to standard 

protocols on 3–4 µm sections. The primary antibodies were Desmine (1:10, NCL-L-DES-DER11, 

Novocastra) and SMARCB1/INI1 (1:20, 612111, Transduction labs). Sections were counter-stained with 

haematoxylin.
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SUPPLEMENTARY INFORMATION

Supplementary Table 1. Characteristics of the study participants. A = actinomycin D; V = vincristin; D = doxorubicin.

Line Gender 
Year of 

birth Diagnosis 
Low/intermediate/

high risk 
Pre-op 
treatment Predominant Subtypes 

1 F 2013 Wilms intermediate 6 weeks VAD Regressive type 

2 F 2014 Wilms intermediate 6 weeks AV Bilateral, material from 1 kidney. 

3 tumors, tumor 1 and 2 regressive, 

tumor 3 nephroblastomasis 

3 F 2013 Wilms intermediate 4 weeks AV Mixed type (blastema/stroma) 

4 F 2010 Wilms intermediate 4 weeks AV Mixed type (blastema/stroma/

epithelium) 

5 F 2009 Wilms 

(Beckwith 

Wiedemann) 

intermediate 4 weeks AV Mixed type (blastema/

epithelium) 

6 M 2016 MRTK n/a 4 weeks AV n/a 

7 F 2015 MRTK n/a 5 weeks AV n/a 

8 F 2015 Wilms high 4 weeks AV Blastemal type 

9 M 2011 Wilms treated as high risk 4 weeks AV 2 tumors: 1 triphasic; and 1 

blastemal type AND diffuse 

anaplasia 

10 M 2016 MRTK n/a 2 weeks AV n/a 

11 F 2013 Wilms intermediate 4 weeks AV Mixed type (minimal blastema/ 

stroma/ epithelium) 

12 F 2015 Wilms intermediate 4 weeks AV + 

1 cycle carbo/

etoposide 

Stromal type 

13 F 2013 Wilms intermediate 4 weeks AV Mixed type (blastema/

epithelium) 

14 M 2016 Wilms intermediate untreated Epithelial type 

15 M 2015 Wilms intermediate 4 weeks AV Stromal type 

16 F 2016 Wilms intermediate 4 weeks AV Mixed type (65% blastema) 

17 M 2014 Wilms 

(Beckwith 

Wiedemann) 

unknown which 

tumor is which 

4 weeks AV 3 tumors: 1) blastemal 

predominant, 2 and 3) 

regressive, no anaplasia 

18 M 2014 Wilms unknown which 

tumor is which 

4 weeks AV 4 tumors: 1-3 blastemal 

predominant, 4) regressive 

19 F 2013 Wilms intermediate 4 weeks AV Regressive type 

20 F 2012 Wilms 

(Beckwith 

Wiedemann) 

high 8 weeks AV Bilateral, 3 tumors from right 

kidney: 1) diffuse anaplasia, 

2) regressive, 3) nephrogenic rest 

21 F 2014 Wilms intermediate 6 weeks VAD Stromal subtype 

22 F 2016 Nephrogenic 

rest (Beckwith 

Wiedemann) 

n/a 4 weeks AV Nephrogenic rest 

23 F 2017 MRTK n/a untreated n/a 

24 F 2002 RCC n/a untreated pX11.2 translocation 

25 F 2016 Wilms intermediate untreated Mixed type (blastema/epithelium/ 

small stromal component) 
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S up p l em en t a ry  Figure 1 

B  

Supplementary Figure 1. Brightfield images of organoids from very rare kidney tumors. Organoids established from 

a metanephric adenoma (A), metanephric fibroadenoma (B) and a CCSK (C). Scale bars: 200 µm.
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Supplementary Figure 2. An overview of the 25 tumor organoid lines in brightfield. The normal lines are not 

provided, as these all have a similar morphology. Scale bars: 1000 µm, unless otherwise indicated.
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Supplementary Figure 3. A MRTK-derived organoid line is a mix between normal and tumor cells. Normal tissue (N 

tissue) and organoids derived thereof (N organoids) stain for SMARCB1. The primary tumor tissue (T tissue) is negative 

for SMARCB1 and the organoid line (T organoids) is a mix between SMARCB1 positive and negative (arrow head) cells, 

indicating a mix between tumor and normal cells. Scale bars: 100 µm.
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Supplementary Figure 4. An overview of H&E stainings of 25 tumor tissues and organoid lines derived thereof, with 

matching normal tissues and organoid lines derived thereof. For sample 12, no normal tissue was received and for 

sample 17, histology is in progress. Scale bars: 100 µm.
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ABSTRACT

Adult Stem Cell (ASC)-derived kidney organoids, 3D epithelial structures that contain self-renewing 

and organ-specific stem cells, are cultured as cysts in Matrigel or BME. Integration with other 

culture platforms may broaden the scope of applications of kidney organoids. 

Here, organoid-derived cells are cultured on i. organ-on-a-chip OrganoPlates – to obtain 

structures with a uniform tubular morphology that allow high-throughput transporter and toxicity 

studies and ii. hollow fibers that are used as hemodialysis membranes – to create autologous ‘living 

membranes’ for renal assist devices to improve the clearance of waste solutes (i.e. uremic toxins).

Organoid cells on OrganoPlates yield polarized, leak-tight epithelial tubules that display (trans-)

epithelial transport function and that are damaged after exposure to nephrotoxins. Organoids 

expand on collagen-coated hollow microPES (PolyEtherSulfone) fibers and display apical and 

basolateral proximal tubule transporter function.

Thus, organoid cells prove to be robust and amenable to culture substrates other than 

BME / Matrigel. This designates autologous kidney organoids as cell source for high-throughput 

transporter analyses and drug screening in personalized medicine and drug development, as well 

as for ‘living membranes’ for bioartificial or bioengineered kidneys. 

Frans Schutgens1,2, Linda Gijzen3, Jitske Jansen4, Carola Ammerlaan1,2, Marianne Vormann3, 

Henriette Lanz3, Maarten B. Rookmaaker2, Rosalinde Masereeuw4, Marianne C. Verhaar2,  
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INTRODUCTION

ASC-derived organoids, 3D epithelial structures that contain self-renewing and organ-specific 

stem cells, have proved valuable for the expansion and study of healthy as well as diseased tissue.1-7 

An ASC-derived kidney organoid culture system is described in Chapter 3. These organoids can 

be derived from biopsies as well as from cells shed in urine, have a vast expansion capacity, are 

genetically stable and retain secretory function mediated by transport proteins.

However, ASC-kidney organoids grow as heterogeneous cysts in BME or Matrigel. Integration 

of the culture system with other technologies to homogenize organoid culture or to culture 

on substrates more readily transferable to the clinic than in BME or Matrigel, will facilitate 

the applicability of kidney organoids. 

Integrating organoid culture with an organ-on-a-chip platform will guide organoids into 

a homogeneous, tubule-like conformation, allowing high-throughput and reproducible epithelial 

transport and toxicity studies. In general, organ-on-a-chip is defined8 as a microfluidic cell culture 

device that contains continuously perfused chambers with living cells arranged to simulate tissue-

level physiology. The 3-lane OrganoPlate is a specific type of organ-on-a-chip platform with 

40  parallel chips with stratified compartments for extracellular matrix and medium perfusion.9 

Cells are cultured in a medium perfusion compartment along the matrix gel, molding the cells in 

a tube-formation and allowing apical as well as basolateral access (Figure 1A). This set-up enables 

standardized, high-throughput transporter and toxicity studies, that are both relevant given 

the abundant presence of proximal tubule cells in regular kidney organoid culture in BME or Matrigel. 

Culture of organoid cells on permeable membranes that permit cell growth as well as solute 

transport, on a platform that allows a vast increase in surface area, will facilitate the development 

of autologous ‘living membranes’ for Renal Assist Devices (RADs). RADs are dialysis modalities, 

combined with an extra cartridge with living kidney proximal tubule cells.10 The cartridge of living 

cells is of benefit as it adds excretion of protein-bound uremic toxins, additional reabsorption of 

useful compounds, and hormone production to a conventional dialysis machine. 

Hollow MicroPolyEtherSulfone (MicroPES) fibers are compatible with hemodialysis and have 

previously been successfully used to create ‘living membranes’ using an immortalized renal cell 

line.11 Also primary allogeneic proximal tubule cells have been used as cell source for RADs. Due to 

their limited availability and stability, as well as batch-to-batch variability, both immortalized and 

primary cell lines are not ideal for upscaling the technology.12 Organoid-derived cells may provide 

an autologous cell source with a stable and high expansion capacity. 

Here, we aim to embed kidney organoid culture in i. a technology that enables high-throughput 

evaluation of transporters and toxicity and ii. hollow fiber culture to create autologous ‘living 

membranes’ for bioartificial kidneys. 

RESULTS
Kidney organoid-derived cells form polarized tubes in OrganoPlates with a proximal 
tubule phenotype 

After seeding organoid cells on OrganoPlates, epithelial tubes formed within 7 days (Figure 1B). 

The majority of cells expressed proximal tubule microvillus marker Ezrin (Figure 1C). In addition, 
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the cells building the tubes were polarized, as assessed by immunofluorescence for Na+/K+ ATPase 

(basolateral) and acetylated tubulin (apical) (Figure 1D, E). ZO1 visualized tight junctions (Figure 1F) 

and suggested leak-tightness of the tubes. 

Organoid-derived tubes are leak-tight and exhibit (trans-)epithelial transporter 
function 

Leak-tightness of tubes is essential for the study of transporter function. To show that the tubes were 

leak tight, we added 20 dextran-FITC to the cell compartment and observed whether it leaked into 

the ECM or perfusion compartment. After 20 minutes, dextran-FITC remained in the cell compartment 

in 94 of 108 (86%) tested tubes, whereas in the negative control (no cells plated), dextran-FITC was 

diffusely present throughout all compartments (Figure 2A, B). The leaking tubes were likely due to 

seeding too few cells (only a small (2 µl) volume of cells is plated in each chip) or ECM detachment. 

Next, we evaluated the function of P-glycoprotein (P-gp, also known as ABCB1, MDR1), 

a  transporter that is involved in the excretion of foreign substances. We performed a P-gp 

transporter assay in the presence and absence of a specific inhibitor (PSC-833), similar to what was 

described in Chapter 3 (for a schematic overview: Chapter 3, Supplementary Figure 6). We observed 

accumulation of intracellular calcein in the presence of PSC-833, demonstrating P-gp activity 

(Figure 2C, P = 0.001). 

Subsequently, we tested whether the tubes displayed trans-epithelial transport function. 

The  fluorescent rhodamine 123 is transported into cells by Organic Cation Transporter 1 and 2 
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Figure 1. Organoid cells form tubes on OrganoPlates. The OrganoPlate platform with 40 microfluidic cell culture chips 

embedded in a standard 384-well microtiter plate (A). Schematic lay-out of one chip on the organ-on-a-chip plate, 

with separate compartments for gel and medium perfusion with cells seeded in one medium channel (A’). 7 days after 

seeding, a confluent tubular layer is formed as assessed by brightfield microscopy (B). Immunofluorescence shows 

cells that are positive for Ezrin, a marker for the microvillus on proximal tubule cells (C). Immunofluorescence shows 

that cells are positive for Na+/K+-ATPase on the basolateral side (D) and acetylated tubulin on apical the apical side (E). 

Cells are positive for ZO1, marker for tight junctions (F). Scale bars are 100 µm with the exception of the  zoom in 

immunofluorescent figures, where they are 10 µm. Immunofluorescent images of the whole tube are max projections 

(C-F). Zoom in figures of a z-slice of the tube (C, F) are positioned at 50 µm from the bottom glass, where figures (D,E) 

are positioned on the bottom glass. White arrows (C,F) indicate the apical site of the tube. 
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(OCT1 and OCT2)13, which are influx pumps located on the basolateral side of proximal tubule cells. 

It is secreted from cells at the apical membrane by P-gp.14 Rhodamine 123 was added at the basal 

side of the tube in the presence or absence of the P-gp inhibitor PSC-833. After 3 and 5 hours of 

incubation, fluorescent intensity of rhodamine 123 at the apical side was measured and the difference 

between the two time points was quantified. A scheme of the experimental set-up is provided in 

Supplementary Figure 1.

Fluorescence was detected at the apical side, indicating transepithelial transport. The difference 

between 3 and 5 hours was reduced in the presence of PSC-833 (P < 0.0001), showing that efflux of 

rhodamine 123 was dependent on P-gp function. 

Thus, organoid-derived cells formed leak-tight tubes that maintained trans-epithelial transport 

activity in an organ-on-a-chip format. 

Organoid-derived tubes are damaged by clinically used nephrotoxins 

We exposed leak-tight tubes to the anti-neoplastic cisplatin and reverse transcriptase-inhibitor 

tenofovir, which are compounds commonly used in the clinic and known to induce proximal tubule 

injury.15,16 Cisplatin is transported into proximal tubule cells by OCT2, a transporter that is functional 

Figure 2. Organoid cells form functional leak-tight tubes on OrganoPlates. Schematic lay-out of a barrier integrity 

assay, where Dextran-FITC is added to the lumen of the cell compartment (A). In chips with tube formation, no 

leakage is observed, whereas in the negative control (no cells present), dextran-FITC spreads over the whole 

chip. A  typical organ-on-a-chip plate overview after 20 min of 20 kDa Dextran-FITC exposure, where Dextran-

FITC spreads over the whole chip in the negative controls (no cells, first column), but not in the chips where cells 

were plated (B, typical example of n = 3 independent experiments). The tubes significantly increase in intracellular 

calcein, after inhibition of P-gp with PSC-833, demonstrating P-gp activity (C, average is plotted of n = 3 independent 

experiments). Fluorescent Rhodamine123, that was added at the basal side of the tubes, is detected in the lumen 

at the apical side and the signal can be reduced by the addition of PSC-833, demonstrating that the process is 

P-gp-dependent (D, average is plotted of n = 2 independent experiments). Error bars represent standard deviation. 

* P = 0.001; ** P < 0.0001.
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in organoid-derived cells in OrganoPlates (Figure 2D), whereas tenofovir depends on Organic 

Anion Transporters (OATs). After 24 hours and 48 hours of exposure to cisplatin (5 and 90 µM - 

concentrations in the range of plasma concentrations reached during treatment17) and tenofovir 

(15.6 µM - a concentration in the range of plasma concentrations reached during treatment18, and 

1 mM), morphology of the treated tubes did not change when compared to vehicle controls (data 

not shown). However, LDH activity was significantly increased after exposure to 90 µM cisplatin 

(P < 0.0001) indicating an increase in cell death (Figure 3B). In addition, an increase in ƴH2AX was 

observed 24 (Supplementary Figure 2C) and 48 hours (Figure 3C) after cisplatin exposure, showing 

an increase in DNA double strand breaks. A more subtle increase in ƴH2AX staining was observed for 

tenofovir (Figure 3C and supplementary figure 2C).
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Figure 3. Organoid-derived tubes after 48 hours exposure to cisplatin and tenofovir. Tubes remain leak-tight 

after cisplatin or tenofovir exposure, as evidenced by apical and basal fluorescent ratio (A, average is plotted of n  = 3 

independent experiments). Cisplatin 90 µM causes a significant increase in LDH activity, compared to vehicle control 

(VC) (B, average is plotted of n = 3 independent experiments). ƴH2AX staining is increased Cisplatin 90 µM and slightly 

increased in 1mM tenofovir, compared to vehicle control (C). Immunofluorescent images of the whole tube are max 

projections. Scale bars: 100 µm. Error bars represent standard deviation. **** P < 0.0001.
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All tubes were leak-tight before toxin exposure (Supplementary Figure 2A) and surprisingly, all 

tubes remained leak-tight after 24 and 48 hours (Supplementary Figure 2B and Figure 3A), despite 

the DNA damage observed with yH2AX staining and the increase in LDH activity.

Thus, we found an increase in cell death and DNA damage in response to cisplatin and a milder 

increase in DNA damage in response to tenofovir, but all tubes remained leak-tight.

Organoid-derived cells form functional epithelial layers on hollow fibers

We plated organoid cells on L-DOPA and collagen IV-coated MicroPES hollow fiber membranes 

(~1.5 cm).11 A cartoon of the set-up is provided in Figure 4A. We observed that the cells attached to 

the fibers, survived and expanded in such way that large parts of the fibers were covered with cells 

(Figure 4B, C). 

In these cell layers, ZO1 visualized tight junctions (Figure 4C), suggesting leak-tightness. However, 

functional testing leak-tightness with a barrier integrity assay as performed for the OrganoPlates 

(Figure 2A, B) was not done, as it was difficult to cover the complete fiber (~1.5 cm) with cells. 

Figure 4. Organoids grow and are functional on hollow fiber membranes. A schematic horizontal (left) and vertical 

(right) cross section of a hollow fiber, coated with cells (A) A layer of cells (arrow heads) is present 7 days after seeding, 

as viewed from the side of a fiber (B). A 3D reconstruction of organoid cells on a fiber, showing ZO1 expression and the 

fiber membrane in the region where no cells are present (C). Exposure on the inside of the hollow fiber of fluorescent 

OCT substrate ASP, leads to an increase in fluorescent signal on the outside of the fiber within 13 minutes (D, n = 1 

experiment). This increase in fluorescence is not observed after 13 minutes in the presence of OCT2 inhibitor cimetidine 

- solely the autofluorescent edge of the fiber is detected (n = 1 experiment) (E). Fluorescent substrate Calcein AM 

of efflux pump P-gp is not detected inside cells when P-gp is not inhibited (typical example of n = 2 independent 

experiments) (F), whereas accumulation of Calcein AM is detected after blocking P-gp activity with 5 µM of PSC-833 

(typical example of n = 2 independent experiments) (G). Scale bars: 100 µm.
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To test whether the cells were functional, we performed functional assays for OCT2 and P-gp. To 

determine OCT2 function, we used a previously described live-imaging set-up11 of which a scheme 

is provided in Supplementary Figure 3. The fluorescent substrate of OCT2, 4-(4-(dimethylamino)

styryl)-N-methylpyridinium iodide (ASP), was infused through the  hollow fiber with or without 

OCT2-inhibitor cimetidine. In this way, the substrate with or without cimetidine was presented to 

the basolateral side of the cells. Transport was visualized with live confocal microscopy, imaging 

the cells at the apical side (i.e. the other side of the hollow fiber) for 13 minutes. In the absence of 

cimetidine, we observed an increase in the fluorescent signal over time, showing transport activity 

of OCT2 (Figure 4D). In presence of cimetidine, the signal did not increase over time and only the 

autofluorescent signal at the edge of the fiber was detected (Figure 4E). 

P-gp function was determined as described above and before (Chapter 3, Supplementary 

Figure 6). We observed an accumulation of calcein in the presence of PSC-833 (Figure 4G), compared 

to the condition without P-gp inhibitor PSC-833 (Figure 4F), showing P-gp activity of organoid cells 

on fibers.

Thus, organoid cells on hollow fibers showed activity of transporters at the basolateral as well as 

the apical side of cells and were potentially leak-tight. 

DISCUSSION

Here, by combining organ-on-a-chip and organoid technology, we cultured kidney organoid-

derived leak-tight, functional tubes in OrganoPlates, allowing high-throughput transporter and 

toxicity studies. In addition, organoid cells on hollow fibers form tight junctions and show basolateral 

and apical transport, which are essential characteristics for potential application as autologous cell 

source to create ‘living membranes.’ 

Traditionally, organ-on-a-chip and organoid technologies have been regarded as mutually 

exclusive tools and thus far, predominantly cell lines have been used as cell source for organ-on-a-

chip models: for example, kidney-on-a-chip devices have been seeded with a rat Inner Medullary 

Collecting Duct (IMCD) cells19 or Madin Darby Canine Kidney (MDCK)20 cells. This proof-of-principle 

of compatibility of these technologies offers opportunities for human, autologous and genetically 

stable organ-on-a-chip models. In addition, it may set a precedent for autologous organ-on-a-chip 

models of other tube-like organs with established organoid cultures, such as the intestine. 

The study of trans-epithelial transport and drug toxicity in tubes established from an autologous 

and potentially non-invasively acquired cell source (Chapter 3, Figure 4), has hitherto not been 

described. 

It needs to be determined, in a direct comparison, whether organoid cells perform better 

in resembling the in vivo situation than cell lines in toxicity and transporter assays. In addition, 

the  differentiation of the organoid tubes can be improved. Limited differentiation may explain 

the relatively small effect of tenofovir: tenofovir is transported into cells by OATs, which are only 

lowly expressed in organoids (data not shown), whereas cisplatin is transported into cells by OCT2, 

a transporter that we showed is functional in organoid-derived cells. Adaptation of the culture 

medium or matrix prior to assays may increase differentiation. Furthermore, the tubes are currently 

purely epithelial and predominantly proximal tubule in nature. The addition of interactions with 
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vasculature, immune cells and fibroblasts, which is feasible in a controlled fashion in separate 

compartments in OrganoPlates, may increase similarity to in vivo kidneys. To enable the modeling 

of compound handling throughout the nephron (i.e. from proximal tubule towards collecting 

duct), differentiation could be directed towards segments that are currently under-represented, or 

segment-specific organoid cultures could be established. 

In the future, ‘organoids-on-a-chip’ may function as a platform for standardized, high-

throughput drug screening and personalized medicine. Establishing organoid biobanks from urine 

from healthy volunteers and patients with genetic transporter diseases (such as Gitelman and 

Bartter), combined with seeding in OrganoPlates, would be a valuable tool for disease modeling 

and drug efficacy / toxicity studies. 

Organoid-derived cells grow and function on hollow fibers, designating organoids as candidate 

for autologous and non-immunogenic cell source for bioartificial kidneys. Conventional dialysis 

does not recapitulate active and selective transport function of the proximal tubule, which are 

features considered to contribute significantly to the high morbidity and mortality of dialysis 

patients. Organoid cells show aspects of these functions on hollow fibers. Importantly, the hollow 

fibers are suitable for surface enlargement and are permeable, the latter allowing active and 

selective transport, whereas cells themselves have tight junctions.

It needs to be determined whether the organoid cells on hollow fibers are truly leak-tight in 

a barrier integrity assay. Additionally, also on the hollow fibers, differentiation needs to be improved. 

Currently, expression of organic anion transporters (OATs) is low in organoids. OATs are important 

transporters that excrete protein-bound uremic toxins, which are compounds that cannot be 

properly excreted by conventional hemodialysis.

In the future, expression of OATs might be induced by adaptation of the organoid culture 

medium: optimization of growth factor composition, concentration and timing may increase 

differentiation and guide organoid cells to more mature proximal tubule cells. Alternatively, OAT 

expression may be upregulated by the presence of the substrates of the transporters, uremic toxins. 

Similar mechanisms have been observed before: for example, expression and activity of alcohol 

dehydrogenase increases after ethanol consumption.21 

In conclusion, organoid cells prove to be robust and amenable to culture methods other than in 

BME / Matrigel. This allows the embedding of organoid culture in other technologies, which in turn 

broadens the scope of applications for organoid culture: standardized, high-throughput transporter 

analyses and drug screening become feasible and the development of bioartificial kidneys comes 

one step closer. 

MATERIAL AND METHODS
Human organoid culture

From cortical kidney tissue, tubular fragments were isolated by collagenase digestion (C9407, 

Sigma) for 45 minutes at 1 mg/ml. Fragments were seeded growth factor-reduced Matrigel 

(Corning) or Basement membrane extract (BME; R&D Systems) and cultured in medium (ADMEM 

/ F12 supplemented with 1% penicillin / streptomycin, HEPES, Glutamax), with 1.5% B27 supplement 

(Gibco), 10% Rspo1-conditioned medium,22 EGF (50 ng/ml, Peprotech), FGF-10 (100 ng/ml, 
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Preprotech); N-acetylcysteine (1.25 mM, Sigma), Rho-kinase inhibitor Y-27632 (10 µM, Abmole) 

A8301 (5 µM, Tocris Bioscience), primocine (0.1 mg/ml, Invivogen).

Coating and cell seeding
Dialysis fibers 
MicroPES (polyethersulfone) hollow fiber membranes were coated and seeded as described 

before.11 Briefly, after sterilizing fiber membranes with 70% (v/v) ethanol, the fiber membranes were 

coated with L-3,4-dihydroxyphenylalanine,(L-DOPA; Sigma-Aldrich; 2 mg/ml) for 5 hours at 37 °C. 

Subsequently, the fibers were coated with human collagen IV (Sigma, 25 µg/ml) for 1 hour at 37 °C, 

after which the collagen IV solution was washed away with Hank’s Balanced Salt Solution (HBSS) 

buffer. The next day, organoids were trypsinized into a single cell suspension and 50,000 cells were 

added per fiber (~ 1.5 cm in length). Next, fibers in cell suspension (in 0.5 ml eppendorf tubes) 

were placed horizontally in an incubator (37 °C, 5% (v/v) CO2) and the tubes were turned 90° every 

hour. After 4 hours, fibers were placed in wells of a 12 well plate with organoid culture medium 

with medium changes 3x / week. When cells formed a confluent layer on the fiber (after 5-7 days of 

culture) fibers were either fixed in 2% (w/v) PFA for 15 min at room temperature and prepared for 

immunofluorescence, or used for transporter assays.

OrganoPlates culture
In each of the 40 chips in the 3-lane 400 µm OrganoPlate microfluidic system (Mimetas, 4003400B), 

2 µl of extracellular matrix (ECM) gel composed of 4 mg/ml Collagen I (AMSbio Cultrex 3D Collagen 

I Rat Tail, 5 mg/mL), 100 mM HEPES (Life Technologies) and 3.7 mg/mL NaHCO3 (Sigma) was 

dispensed in the gel inlet, incubated for 30 min at 37°C and covered with 30 µl HBSS (Sigma). 

The next day, organoids were trypsinized, made into a single cell suspension and applied to 

the OrganoPlate by seeding 2 µl of 10 x 106 of cells/ml in the inlet of the top medium channel. Next, 

50 µl of human organoid culture medium was added to the same inlet and the plate was placed on 

the side in an incubator for 5 hours to allow the cells to attach to the ECM. Afterwards, an additional 

50 µl of culture media was added to each of the remaining in- and outlets of the top and bottom 

medium channels. Subsequently, the OrganoPlate was placed horizontally in the incubator (37°C, 

5% CO2) on an interval rocker (every 8 minutes switching between +7° and -7° inclination) allowing 

bi-directional flow. Medium (50 µl each on in- and outlets) was refreshed every 2 to 3 days. After 

7 days, cells were either formaldehyde-fixed for immunofluorescent staining or used for barrier 

integrity or transport assays.

Immunofluorescence 

Kidney organoid tubes cultured in the OrganoPlate were fixed with 50 µl 3.7% formaldehyde (Sigma) 

in HBSS for 15 min, washed twice with HBSS and permeabilized with 0.3% Triton X-100 (Sigma) in 

HBSS for 10 min. Next, cells were washed with 4% FCS (Sigma) in HBSS and incubated with blocking 

solution (2% FCS, 2% bovine serum albumin (BSA) (Sigma), 0.1% Tween20 (Sigma) in HBSS) for 30 min. 

Afterwards, cells were incubated with primary antibodies for 1 hour at RT, washed twice, incubated 

with secondary antibodies for 30 min at RT and washed twice with 4% FCS in HBSS. The following 

antibodies were used: Mouse anti-Ezrin (1:125, #610602, BD Transduction), Rabbit anti-ZO-1 (1:125, 
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#339100 or #402200, Life tech), Mouse anti-Acetylated tubulin (1:2000, #T6793, Sigma), Rabbit 

anti-Na+/K+ ATPase (1:400, #ab76020, Abcam), mouse isotype (Life tech), rabbit isotype (Life tech), 

goat anti-mouse Alexa Fluor 647 (Life tech, 1:250) and goat anti-rabbit Alexa Fluor 488 (Life tech, 

1:250). Finally, the nuclei were stained with Hoechst 33342 (Life tech) and cells were stored in HBSS. 

The kidney organoid tubules were images with ImageXpress Micro XLS-C High Content Imaging 

Systems (Molecular Devices). 

OrganoPlates barrier integrity assay 

Medium in the apical perfusion channel was replaced by medium containing 0.5 mg/ml FITC-dextran 

(20 kDa, Sigma) and 0.5 mg/ml TRITC-dextran (155 kDa, Sigma). Leakage of the fluorescent dye from 

the lumen of the renal tubular structure into the ECM compartment was imaged every 2 minutes for 

20 min on an ImageXpress XLS Micro (Molecular Devices). The ratio between the fluorescent signal 

in the basal and apical part of the tube was analyzed using FiJi.1 

Transporter assays
Hollow Fibers 
P-gp activity was determined as described before.23 Briefly, fibers were washed twice with HBSS and 

pre-incubated with or without P-gp-inhibitor PSC-833 (5µM) in HBSS. Next, fluid was replaced with 

Calceine-AM in HBSS (either with or without P-gp-inhibitor PSC833 at 5 µM) and the fibers were 

incubated (protected from light) for 1 hour at 37° C, 5% (v/v) CO2. Subsequently, the buffer was 

removed and washed once with cold Krebs Henseleit HEPES (KHH) buffer. Then, cells were fixed 

cells in 2% (w/v) PFA for 5 min, washed and mounted in mounting medium with DAPI (Vectashield, 

Vectorlabs).

OCT2 activity was determined real-time with a live imaging set-up in a microfluidic system 

as described previously.11 Briefly, fibers were perfused on the basolateral side (i.e. the inside of 

the hollow fiber, 6 ml/h) with the fluorescent OCT2 substrate 4-(4-(dimethylamino)styryl)-N-

methylpyridinium iodide (ASP, 10 µM) in KHH buffer in the presence or absence of OCT2-inhibitor 

cimetidine (100 µM). Confocal imaging (SP8, Leica) was performed for 13 min at 37 °C, 5% (v/v) CO2.

OrganoPlates P-gp assay 
Cells were incubated with calcein-AM (Life tech, 1µM) at the apical side of the tube in the presence 

or absence of PSC-833 (Sigma) at 5µM in OptiHBSS (33% Opti-MEM (Gibco), 66% HBSS (Sigma) for 

1 hour in the incubator (37°C, 5% CO2) on an interval rocker (8 min, 7°). After incubation, cells were 

washed once with OptiHBSS, nuclei were stained with Hoechst 33342 and the tubes were imaged 

with ImageXpress Micro XLS-C High Content Imaging Systems (Molecular Devices). The intracellular 

fluorescent values were corrected for total cell numbers of each microfluidic chip, for background 

values, and were normalized to the calcein-AM only condition.

OrganoPlates trans-epithelial transport 
Medium in the apical channel was replaced with medium containing 5 µM PSC833 or 0.2% DMSO. 

Medium in the basal channel was replaced with medium containing 10 µM rhodamine 123 (Sigma) 

and 5 µM PSC833 or 0.2% DMSO respectively. To determine the concentration of rhodamine 123, 
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a concentration curve was added to extra chips. Tubules were incubated for 5 hours on the rocker 

(8 min, 7°) in the incubator (37°C, 5% CO2). After 3 and 5 hours, the rhodamine 123 concentration 

was measured by imaging the top inlets with the FITC filter on the ImageXpress Micro XLS-C High 

Content Imaging Systems (Molecular Devices). The apparent permeability (P
app

) was calculated by 

using the following formula: 

        P
app

=                                       (cm/s).

In this formula, C
receiver

 is the measured intensity difference in the top wells over time, V
receiver

 

is the receiving volume in the reservoirs of the top inlets, t is the time difference, A is the surface 

of the  ECM interface with the medium channel, and C
donor

 is the donor concentration of 10 µM 

rhodamine 123.

Toxicity assays

Tubes were exposed from both apical and basolateral side to cisplatin (Sigma, 5 and 90µM) or 

tenofovir (Santa Cruz, 15.6 and 1000µM) for 24 or 48 hours in the incubator (37°C, 5% CO2) on 

an interval rocker (8 min, 7°). Cisplatin was dissolved in 0.9% NaCl (Sigma) and tenofovir in DMEM 

F12 phenol red-free (Gibco). After incubation, cells were imaged with ImageXpress Micro XLS-C 

High Content Imaging Systems for morphology assessment. Subsequently, a barrier integrity assay 

was performed as described above and the plates were fixed with 50 µl 3.7% formaldehyde in HBSS 

(Sigma) for 15 min. The kidney tubular structures were immunofluorescently labelled for DNA 

damage according to the protocol described above. The following antibodies were used: Rabbit 

a-Phospho-Histone H2A.X (Cell signaling technology, 1:200), Rabbit isotype (Life tech) and Goat 

a-Rabbit Alexa Fluor 555 (Life tech, 1:250).

LDH activity assay 

After incubation, medium samples were collected by combining the in- and outlet of each channel 

in a 96-well plate. The lactate dehydrogenase (LDH) activity of each sample was measured with 

the Lactate Dehydrogenase Activity Assay Kit (Sigma) according to manufacturer protocol. 

The absorbance was measured with the Multiskan™ FC Microplate Photometer (Thermo scientific). 

Statistics and data analysis 

Image analysis was carried out by using FiJi.1 Data analysis was performed using Microsoft Office 

Excel 2016 and GraphPad Prism version 6.07 (GraphPad Software Inc., La Jolla, CA). All data are 

expressed as mean ± standard deviation (SD). Statistical analysis was performed using a student 

T test or one-way ANOVA with Dunnett’s Multiple Comparison test. Statistical significance was 

considered at P < 0.05.

∆C
receiver

 × V
receiver

∆t ×A ×C
donor
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Supplementary Figure 1. Overview of the trans-epithelial transporter assay. Rhodamine 123 is transported into cells 

at the basal side by OCT-transporters and removed at the apical side by by efflux pump P-gp (A) In the presence of P-gp 

inhibitor, rhodamine 123 fluorescence in the lumen at the apical side, should be reduced (B).

A
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Supplementary Figure 2. Organoid-derived tubes before and after cisplatin and tenofovir exposure. Before 

exposure to cisplatin and tenofovir, tubes are leak-tight (A, data plotted of n = 3 independent experiments). 24 hours 

after exposure to cisplatin and tenofovir, tubes remain leak-tight (B, data plotted of n = 3 independent experiments). 

yH2AX staining after 24 hours of exposure to cisplatin and tenofovir (C). 
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Supplementary Figure 3. Overview of the OCT2 assay. Fluorescent ASP is transported into cells at the basal side by 

OCT2 (A). This can be inhibited by OCT2-inhibitor cimetidine, thereby reducing the intracellular fluorescent signal (B).
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TRACING ORGANOID-FORMING  
CELLS IN VIVO 6

Troy/TNFRSF19 marks epithelial cells  
with progenitor characteristics during  
kidney development that continue to  

contribute to turnover of the collecting duct  
in adult kidney
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ABSTRACT

During kidney development, progressively committed progenitor cells give rise to the distinct 

segments of the nephron, the functional unit of the kidney. Similar segment-committed progenitor 

cells are thought to be involved in the homeostasis and regeneration of adult kidney. However, 

markers for most segment-committed progenitor cells remain to be identified. Here, we evaluate 

Troy/TNFRSF19 as a segment-committed nephron progenitor cell marker. 

Troy is expressed in the ureteric bud during embryonic development. During post-natal 

nephrogenesis, Troy+ cells are present in the cortex and papilla and display an immature tubular 

phenotype. Tracing of Troy+ cells during nephrogenesis demonstrates that Troy+ cells give clonally 

rise to tubular structures that persist for up to 2 years after induction. Troy+ cells have a 40-fold 

higher capacity than Troy- cells to form organoids, which is considered a stem cell property in vitro. 

In the adult kidney, Troy+ cells are present in the papilla and these cells continue to contribute to 

collecting duct formation during homeostasis and repair.

Our data show that Troy marks a renal stem/progenitor cell population in the developing kidney 

that in adult kidney contributes to collecting duct homeostasis and regeneration.

Frans Schutgens1,2, Maarten B. Rookmaaker1, Francis Blokzijl3, Ruben van Boxtel3, Robert 

Vries4, Edwin Cuppen3, Marianne C. Verhaar1, Hans Clevers 2

1  Department of Nephrology and Hypertension, University Medical Center Utrecht
2  Hubrecht Institute–Royal Netherlands Academy of Arts and Sciences
3   Center for Molecular Medicine, Cancer Genomics Netherlands, Department of Genetics, University Medical Center 

Utrecht
4  Hubrecht Organoid Technology (HUB), Utrecht, the Netherlands
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INTRODUCTION 

The kidney plays a crucial role in blood pressure regulation, interior milieu homeostasis and 

hormone production. The human kidney consists of one million nephrons, which are the functional 

units of the kidney. In mammals, nephrons arise exclusively during embryonic development, and 

in some species, including mouse, this process is continued during early post-natal development. 

After nephrogenesis has ceased, a low level of tubular cell turnover persists. However, no new 

nephrons are formed. The formation of insufficient nephrons during development, commonly 

referred to as ‘low nephron endowment’, poses a risk for kidney disease in later life.1 Moreover, 

damage exceeding the capacity of renal tubules to replace injured cells, leads to loss of nephrons 

without replacement. The progressive loss of nephrons is the final common pathway of renal 

disease. Identification of the mechanisms and progenitor cells involved in renal development as 

well as adult organ homeostasis provides insights into kidney (patho)physiology and will facilitate 

the development of new diagnostic and therapeutic strategies. 

Historically, research has focused on progenitor cells involved in nephrogenesis during 

embryonic development. Developmental studies have shown that the kidney is formed by 

the interaction of two distinct mesodermal cell populations, the ureteric bud (UB), where the self-

renewing stem cell population particularly resides in the tips,2,3 and the metanephric mesenchyme 

(MM). Upon the interaction between the UB and MM, nephrons are formed in a process that is 

dependent on Wnt-signaling.4 Quickly after the induction of nephron formation, differentiation 

towards the distinct segments of the nephron, which are all derived from the MM except for 

the collecting duct (CD),5 occurs. Indeed, it has been demonstrated using lineage tracing that clonal 

expansions occur during development that do not cross segment barriers,6 showing that segment-

committed progenitor cells exist. In line with this, we demonstrated that one single Lgr5+ segment-

committed stem cell is responsible for the expansion of the thick ascending limb of Henle’s loop 

(TAL) in each nephron.7 However, until now, no other segment-committed progenitor cells have 

been identified in the developing kidney.

More recently, also in adult kidneys the presence of stem cell populations has been suggested. 

With elegant lineage tracing experiments, the gold standard for identification of stem cell 

populations, it has been demonstrated that during adult homeostasis and repair, clonal expansions 

occur that do not cross segment barriers. This suggests that adult segment-committed progenitor 

cells exist that clonally expand.6 However, no markers for these segment-committed stem cells 

have been identified. 

In this study, we evaluate the Wnt target gene Troy (TNFRSF19) as a stem cell marker in 

the  developing and adult kidney. Wnt target genes and proteins are of specific interest for 

the identification of renal progenitor cells, as Wnt signaling is both essential for kidney development, 

and involved in adult tubular cell turnover.4,7,8 In addition, Troy has been shown to mark stem/

progenitor cells in the stomach and brain.9-11 Here, we document the presence, localization and 

identity of Troy+ cells and its progeny in the developing kidney, as well as during normal cell 

turnover and regeneration in the adult kidney.
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RESULTS 
Troy-EGFP+ cells are present in the UB during embryonic development and mark 
undifferentiated cells in the post-natal kidney 

To document Troy expression during embryonic development, we isolated embryonic kidneys 

from Troy-Enhanced Green Fluorescent Protein (EGFP)-ires-CreERT2 mice (n=8). Embryonic 

kidneys were isolated at 12 days post coitum (12 dpc), when the UB starts to invade the MM, and 

were cultured ex vivo for 1, 2, or 6 days (Figure 1A, B, C). Troy-EGFP-expression was observed in 

the  ureteric bud from the moment of isolation and remained present during the culture period. 

When kidneys were isolated at post-natal day 1 and 2 (P1 and P2, n=6), Troy-EGFP was detected in 

the outer cortex as well as in the papilla (Figure 1D).

Next, we phenotypically characterized the Troy-EGFP+ cells at P1 and P2 by immunofluorescent 

staining for nephron-segment specific markers. It showed that the majority of the Troy-EGFP+ cells 

did not co-stain with segment-specific differentiated tubular cell markers: megalin (proximal tubule; 

Figure 1E), Tamm Horsfall Protein (thick ascending limb of Henle’s loop; Figure 1F), calbindin (distal 

tubule; Figure 1G), AQP2 (principal cells of the collecting duct; Figure 1H), AE1 (α-intercalated cells, 

collecting duct; Figure 1I) and Pendrin (non-α-intercalated cells, collecting duct; Figure 1J). It is of 

note that we detected only a limited number of Pendrin+ intercalated cells at post-natal day 3 (that do 

not co-stain with Troy), which is in accordance with findings from others.12 Although most of the Troy-

EGFP+ cells did not co-stain for these differentiation markers, occasionally some double-staining for 

Troy-EGFP+ cells with AQP2 or megalin is observed (supplementary information, Figure 1).

Thus, most Troy-EGFP+ cells are relatively undifferentiated cells directly post-natally.

Troy-EGFP+ cells in the developing kidney express UB/collecting duct specific genes

To further characterize the Troy-EGFP+ positive cells during renal development, we performed 

RNA sequencing of Troy-EGFP+ cells isolated from kidneys from early postnatal (p2) Troy-EGFP-

ires-CreERT2 mice (n=3) to determine the signature transcriptome. Single cells were FAC-sorted 

into three fractions: strongly Troy-EGFP positive (Troy-EGFP++) weakly Troy-EGFP positive (Troy-

EGFP+) and Troy-EGFP negative (Troy-EGFP-) populations (Figure 2A). 5-10% of the living cells 

at post-natal day 2 were Troy-EGFP++ (with these gating settings, 0.5% of the kidney cells from 

a wildtype mouse were part of the EGFP+ population). We found that Troy expression was highest in 

the Troy-EGFP++ population as compared to Troy-EGFP+ and Troy-EGFP-, confirming their identity 

as the endogenous Troy+ kidney population (Figure 2B). 

From a previously published dataset,13 we extracted lists of genes that are enriched in the UB and 

a list of genes that are specifically expressed in the MM. We compared these lists, with the genes 

that are differentially expressed in the Troy++ population, compared with the Troy- population. We 

found that genes that were enriched in Troy++ population, were much more likely to be typical UB 

genes than MM genes. These findings indicate a predominant UB-identity of Troy-EGFP++ cells, and 

MM-identity for Troy-EGFP- cells  (Figure 2C). 

Next, we performed a similar analysis to assess in greater detail the stages of UB development, 

by comparing our expression data to an additional data set14 that we accessed through the Gudmap 

database. This micro-array based data set includes two time points, E11.5 and E15.5 and examines 

multiple laser-captured compartments. It is of note that this reference data set did not find 
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Figure 1. Troy expression during kidney development. Troy was expressed during embryonic development in the UB at 

E12.5 (A), E13.5 (B) and E18.5 (C) dpc in ex vivo kidney culture. At post-natal day 1 and 2, Troy was expressed in the papilla 

(D) and outer cortex (D,D’). Troy-EGFP+ cells did not overlap with tubular differentiation markers megalin (E), THP (F), 

Calbindin (G), AQP2 (H) AE1 (I), or Pendrin (J). Of note, we detected only a limited number of Pendrin+ intercalated cells 

at post-natal day 2, which is what is expected at P3.12 E-J visualized with immunofluorescence. Scale bars: 50 µm.
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large differences in gene expression across compartments14 and therefore it appeared that many 

compartments were enriched in the Troy-EGFP++ population (Figure 2D). However, within the UB-

related compartments, Troy-EGFP++ cells had highest upregulation in E15.5 ureteric tip-specific 

genes, showing a ureteric tip identity of Troy-EGFP++ cells (Figure 2D). Surprisingly, genes specific 

to the S-shaped body, a non-UB related compartment, were also highly upregulated in the Troy-
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Figure 2. Transcriptome analysis of P2 Troy-EGFP++ versus Troy-EGFP- cells. Profile of FAC-sorted Troy-EGFP++, Troy-

EGFP+ and Troy-EGFP- cells, from Troy-EGFP-CreERT2 mice at P2 (A) EGFP++ cells had high Troy expression, compared 

to EGFP+ and EGFP- cells, confirming its identity as the endogenous Troy population. Values depicted as Reads per 

Kilobase per million Mapped Reads (RPKM). Error bars are SD from two replicates and significance is calculated with 

a one way anova, followed by Tukey post-hoc test * P < 0.01 (B). EGFP++ cells had high Troy expression, compared 

to EGFP+ and EGFP- cells, confirming its identity as the endogenous Troy population. * Indicates P ≤ 0.0001 (B). UB-

associated genes were upregulated in Troy-EGFP++ cells, when compared to Troy-EGFP- population, and MM-specific 

genes downregulated. The total number of genes in the compartment-specific gene sets are indicated below the 

graph. Gene sets are from Schwab and colleagues13 (C). Within the UB compartments, upregulation of E15.5 ureteric tip 

region-specific genes in Troy++ compared with Troy- cells was largest. Within adult compartments, Troy-EGFP++ cells 

are particularly upregulated in medullary and cortical collecting duct genes. Compartment-specific gene lists were 

derived from Brunskill and colleagues.14 The number of the genes per compartment is indicated below the graph (D). 

Diamonds in the box plots (C, D) depict the mean.
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EGFP++ fraction. However, during the S-shaped body stage of kidney development, fusion to 

the ureteric bud has already taken place, potentially explaining why – at least part of – Troy-EGFP++ 

cells are also enriched for S-shaped body genes. 

Interestingly, of the compartments in the data set that remain present in adult kidney (proximal 

tubule, Loop of Henle, cortical collecting duct and medullary collecting duct), Troy-EGFP++ cells 

have on average the highest upregulation in collecting duct-specific genes. 

Troy-EGFP+ cells in the developing kidney exhibit organoid-forming capacity in vitro

Formation of spheres or organoids in vitro is considered a stem cell capacity.15-17 To assess organoid-

forming capacity of Troy-EGFP++ cells, we FAC-sorted cells derived from P2 kidneys (n=3 mice) into 

Troy-EGFP++, Troy-EGFP+ and Troy-EGFP- populations (Figure 3A) and we seeded 15,000 cells of each 

fraction in Matrigel as described previously.18 Cells were cultured in culture media supplemented 

with Wnt3A-, Rspo1- and Noggin- conditioned medium and addition of B27, N-acetylcysteine, EGF, 

FGF10 and A8301.

Sorted Troy-EGFP++ cells clonally proliferated, leading to typical cystic organoids, as previously 

observed for multiple other organs (Figure 3C, D).17 After 5 days, by scoring cystic structures as 

depicted in 3C and E, a 40-fold higher colony-forming efficiency of Troy-EGFP++ (2.0%) cells was 

observed, compared to the Troy-EGFP- cells (0.05%), whereas the Troy-EGFP+ population had 

an intermediate efficiency of 0.87% (Figure 3B). In the organoids derived from single Troy-EGFP++ 

cells, both EGFP+ positive as well as negative cells were present, suggesting loss of the expression of 

stem / progenitor cell marker Troy (Figure 3E). 

To provide definitive proof that the organoids arose in a clonal fashion, we FAC-sorted single 

Troy-EGFP+ cells from the culture of cystic structures (as depicted in Figure 3C and E), directly 

into Matrigel (i.e. one single cell per well). We found that the same epithelium that formed cystic 

structures, formed complex branching structures that could subsequently be expanded into 

multiple structures (Figure 3F).

Troy-EGFP+ cells clonally expand into tubular structures during renal development

We used in vivo lineage tracing to determine whether the Troy+ populations residing within 

the  developing kidney were functioning as renal stem cells in vivo. Troy-EGFP-ires-CreERT2; 

Rosa-LacZ mice were tamoxifen-induced at post-natal day 1 and traced for 1 (= day 2), 9 and 29 days 

as well as 2 years. At day 2 (n=2), LacZ+ cells were confined to the cortex, whereas at day 10 (n=3), 

LacZ+ structures started to extend into the medulla (Figure 4A-C). At day 30 (n=3), LacZ+ clones 

extended into the papilla (Figure 4D-F). In accordance with the histology, quantification of tracing 

clones revealed that these clones significantly increased in size over this period of time (p <0.01; 

4H). In addition, we observed that these clones not only continuously expand, but that they also 

persist for at least 2 years after induction (Figure 4G). To identify to which nephron segment Troy-

expressing cells gave rise, immunohistochemistry (IHC) for differentiated tubular markers was 

performed (Figure 4I-L). IHC revealed that clones predominantly co-stained for AQP2, a collecting 

duct marker rather than for markers for the proximal tubule (Figure 4J), loop of Henle (Figure 4K), 

or distal tubule (Figure 4L). However, particularly in the long-term tracings, also co-staining was 

observed for megalin, THP and calbindin (supplementary information, Figure 2). 
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Figure 3. Troy+ cells have organoid-forming capacity. Profile of FAC-sorted EGFP populations from P2 kidneys 

(n=3) isolated from Troy-EGFP-ires-CreERT2 mice: Troy++ and Troy+ were discriminated from the Troy- populations 

according to their EGFP expression level (A). Organoid-forming capacity was significantly (P<0.05) increased in 

the Troy-EGFP++ population compared to the Troy-EGFP- after 5 days. Error bars signify SD. (B) In the Troy-EGFP++ 

cultures, cystic organoids were observed after 5 days (C), whereas EGFP- cultures gave rise to mesenchymal-like 

colonies (D). The  organoids formed in the Troy-EGFP++ culture contained both Troy-EGFP+ as well as Troy-EGFP- 

cells  (E). To prove that the structures were clonal, we FAC-sorted one single cultured Troy-EGFP+ cell per well and 

complex branching structures formed. Images are from passage 2 (F). Scale bars: 250 µm.
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Figure 4. Troy+ cells formed tubular structures during post-natal kidney development. Kidney sections of P1 

induced Troy-EGFP-ires-CreERT2; Rosa- LacZ mice, traced for 1 (A), 2 (B) or 9 (C) days, indicating the expansion of 

Troy+ clones (arrow heads). Whole mount images of Troy-EGFP-ires-CreERT2; Rosa- LacZ kidneys traced for 29 days 

and stained for LacZ, indicated that tubular structures (arrow heads) were formed (D, E). The formation of tubular 

structures was confirmed with histology on 29 day traced Troy-EGFP-ires-CreERT2; Rosa- LacZ kidney (F). Tubular 

structures persisted up to two years, which was the last time point included in the experiment (G). Quantification of 

the number of LacZ+ cells per LacZ+ structure shows the significant expansion of LacZ+ clones, as assessed by a One 

Way Anova, followed by a post-hoc Tukey test. P-values of the differences between 1 day post-induction on the one 

hand, and different tracing time points on the other hand are indicated in the graph ** P <0.01. (H). LacZ+ clones 

co-stained predominantly with AQP2 (I), and not with megalin (J), THP (K) or calbindin (L). Confetti lineage tracing 

from neonate Troy+ populations revealed the activity of individual Troy+ stem/progenitor cells. Confocal images of 

the kidneys of P1 induced Troy-EGFP-ires-CreERT2; R26R-confetti mice, where a RFP clone that was traced for traced 

for 1 year (M) and a CFP clone that was traced for 90 days (N). The single color shows the stem/progenitor outcome of 

one Troy+ cell. Scale bars: 100 µm, except in G and I: 50 µm.
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To assess whether these LacZ+ expansions were clonal (and not the result of clustering of 

multiple independent Troy+ cells that together gave rise to a tubular structure), we employed 

Troy-GFP-ires-CreERT2; R26R-confetti mice that after tamoxifen-induction randomly express one 

of four fluorescent proteins.19 Again, mice were induced at post-natal day 1 and traced for 30 (n=3), 

60 (n=3), 90 (n=3), 180 (n=3), 365 (n=3) and 540 days (n=2). Single-colored clones were detected 

at distinct time points (Figure 4M, N), indicating that one clone arose from one single Troy+ cell 

(otherwise, clones of mixed colors would have been detected). In addition, clones persisted for 

at least 1.5 years. Fewer clones were observed per induced kidney than in the LacZ tracings,7 in 

agreement with the lower sensitivity of the R26R-confetti allele.19

Troy-EGFP+ cells are present in the papilla in the adult kidney 

Next, we assessed the presence of Troy+ cells in the kidney after completion of nephrogenesis. In 

5-week-old Troy-EGFP mice, the presence of Troy-EGFP+ cells was limited to the papilla (Figure 5A) 

and Troy expression was more limited in the adult kidney compared to P1 kidney. No co-staining 

was observed with megalin, THP, calbindin and pendrin (supplementary information, Figure 3). 

Co-staining occurred with AE1 (α-intercalated cells of the collecting duct, Figure 5B) and AQP2 

(principal cells of the collecting duct, Figure 5C). 

Troy-EGFP+ cells clonally expand into tubular structures during adult renal cell 
turnover

We induced Troy-GFP-ires-CreERT2; Rosa-LacZ mice with tamoxifen at post-natal day 35 and 

followed tracing for up to 1 year (1, 7, 21, 63, 181, 365 days). As expected, the LacZ+ cells were present 

in the papilla only, and the number of LacZ+ cells was limited, compared to P1-induced kidney, but 

the labelled LacZ+ structures increased significantly over time (Figure 5D-F, J, K). IHC revealed 

predominant co-staining with AQP2, a marker of principal cells of the collecting duct (Figure 5H) 

and AE1 (marker of intercalated cells of the collecting duct, Figure 5I). 

As the number and size of the LacZ tracing clones was limited, we employed Troy-GFP-ires-

CreERT2; Rosa-tdTomato mice, with a higher reporter efficiency, to confirm our LacZ-tracings. 

We induced at day 56 and found that 14 days after induction, Troy-derived tubular structures were 

present, predominantly in the papilla (supplementary information, Figure 4). These structures 

increased in size over time and remained present on the long term, as assessed after 1 year of tracing 

(Figure 5L and L’).

Troy-cells contribute to regeneration after reversible injury

To further substantiate the findings of Troy+ cells as stem/progenitor cell, we assessed whether Troy+ 

cells contributed to regeneration. Injection of folic acid is known to induce injury in both proximal 

tubule and collecting duct.20 To confirm that folic acid induced tubular damage, histology was 

assessed. After 7 days, histology revealed signs of tubular kidney injury, including tubular dilation, 

cast formation and cell shedding (Figure 6A (vehicle) and A’ (folic acid)). Ki-67 staining showed 

an increase in proliferating cells in the folic acid-injected mice, compared to vehicle-injected mice 

(Figure 6B (vehicle) and B’ (folic acid)). To confirm injury, blood urea levels were measured and 

these were increased compared to control (Figure 6C).
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Figure 5. Troy is expressed in adult kidney and Troy+ cells accumulate over time. Troy expression in adult kidney 

was limited to the papilla, as visualized with confocal imaging. Dashed white line indicates the circumference of 

the papilla (A). Co-staining (arrow heads) of Troy+ cells with collecting duct markers AE1 (B) and AQP2 (C), as assessed 

with immunofluorescence. Sections of Troy-EGFP-ires-CreERT2 mice show LacZ+ cells (arrow heads) induced at day 35, 

and traced for 14 (D), 30 (E) or 90 days (F), up to 1 year (G). Part of the LacZ+ cells co-stained with AQP2 (arrow head) 

(H) and AE1 (arrow head) (I). Whole-mount image of an adult kidney traced for 63 days (J), with detail of the papilla 

in the dashed box. The number of LacZ+ structures per kidney section increases significantly over time. P-values of 

the differences between 1 day post-induction on the one hand, and different tracing time points on the other hand are 

indicated in the graph* P <0.05 ** P <0.01 (K). Adult-induced (day 56) tracings in Troy-GFP-ires-CreERT2; Rosa-tdTomato 

mice, confocal image of a cross-section, 1 year after induction (L and L’). L’ is a 3D-reconstruction from the clone in 

the white box in L. Scale bars: 50 µm. 
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After injection of folic acid and tamoxifen-induction of Troy-EGFP-ires-CreERT2; Rosa-LacZ 

mice, an increase in LacZ+ cells was observed in 3 out of 6 mice, compared to non-injured and solely 

tamoxifen-induced (n = 2) mice after 7 days (Figure 6D, D’; 6E, E’ and F). The Troy-derived cells were 

present in the papilla and co-stained with AQP2 (Figure 6G) and not with AE1 (Figure 6H) or THP 

(Figure 6I). 

DISCUSSION 

Our data show that Troy marks a progenitor cell population during renal development that 

also contributes to collecting cell turnover in the adult kidney. A progenitor cell phenotype 

was supported by the absence of staining for differentiated tubule segment markers and 
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Figure 6. Troy-derived cells increase after injury-induction. Histology of a kidney, 7 days after folic acid injection, 

revealed signs of tubular injury, including tubular dilation, cast formation and cell shedding (arrow head), which was not 

present in the vehicle-treated animals (A (vehicle) and A’ (injury)). Ki-67 staining showed an increase in proliferating cells 

in the folic acid-injected group compared to vehicle-injected mice (B (vehicle) and B’ (injury)). Folic acid injection led 

to a significant increase in blood urea levels one day after folic acid injection, compared to vehicle injection, indicating 

kidney injury (C). Whole-mount kidney image from injured and tamoxifen-induced Troy-EGFP-ires-CreERT2 mice, 

revealed increased tracings in the papilla after 7 days, compared to a vehicle-injected animal (D (vehicle) and D’ (injury)). 

Sections from injured and tamoxifen-induced Troy-EGFP-ires-CreERT2 mice, revealed increased tracings after 7 days 

in the injured animals compared to vehicle-injected animal (E (vehicle) and E’ (injury), with the number of LacZ+ cells 

quantified per kidney section. N = 2 vehicle animals; N = 6 injury; error bars signify SEM (F). These cells (arrow heads) 

co-stain with AQP2 (G) and not with AE1 (H) or THP (I). Scale bars: 100 µm, except G,H,I: 50 µm.
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the organoid-forming capacity in vitro. Morphologically, Troy appears to be expressed in the UB 

during embryonic development. At postnatal day 1, the gene expression profile of the Troy+ cells 

matched the UB rather than MM, and within the UB, resembled the expression of the ureteric tip 

region. Moreover, lineage tracing showed that Troy+ cells clonally contributed to distinct nephron 

segments, including the collecting duct, during postnatal development, as well as collecting duct 

turnover and regeneration in the adult kidney. Whether this stem/progenitor phenotype of Troy+ 

cells is hard-wired, or rather a state that cells can enter and leave (a “stem cell state”), remains to 

be identified.

Our findings are in line with other research on renal stem/progenitor cells. Classic recombination 

experiments have demonstrated that the UB gives rise to the collecting duct, and later others21 

extended this finding and showed that progenitor cell capacity of the early (12 dpc) UB is not 

restricted to a limited number of UB cells. Accordingly, we note the diffuse Troy expression of the UB 

in kidneys harvested 12 dpc. More recent experiments demonstrated that self-renewing progenitor 

cells are predominantly located in the tips of the UB2,3,22 and indeed, we find that Troy++ cells have 

a UB-tip gene signature. Moreover, previous in vivo tracing studies have suggested clonal expansion 

of single segment-committed stem cells during renal development, homeostasis and regeneration.6 

Our study confirms and extends these findings by providing a marker for a subset of these clonally 

expanding cells. In addition, our study is complementary to our previous study7 where we identified 

Lgr5 as a marker for the loop of Henle, and we elaborate the findings into the adult maintenance and 

regeneration phase. Although both Troy and Lgr5 are Wnt-target genes, their expression pattern as 

well as the location and identity of their daughter cells is clearly different. However, there appears 

to be some overlap in Lgr5 and Troy expression in the kidney: for example, P1-induced Troy tracings 

yields some clones that co-stain with TAL-marker THP (TAL is the predominant phenotype of Lgr5-

traced cells). A similar situation with different fates for Troy and Lgr5 stem cells exists in the stomach 

epithelium.11,23 

We find that the location and relative number of Troy+ cells change during renal development 

(Figure 7). During early nephrogenesis (12dpc), Troy appears to be expressed in almost all UB cells, 

whereas Troy is expressed in the papilla and outer cortex immediately after birth, when nephrogenesis 

still takes place. Expression is limited to the papilla when nephrogenesis has ceased 5 weeks later. 

The fact that, although predominantly located at the UB tips, all UB cells have stem cell capacity during 

early nephrogenesis is in line with previous findings21 as described above. The cortical localization 

of perinatal Troy+ stem cells appears to be in line with the notion that nephrogenesis still takes 

place at the renal cortex at this time point, suggesting the presence of UB stem cells in the cortex. 

However, at P1 Troy appears to be expressed in progenitor cells of other nephron segments, which is 

supported by the increased presence of non-collecting duct phenotypes of Troy progeny in the P1-

induced tracing experiment, and the co-staining of Troy cells with non-collecting duct markers like 

megalin. Localization of progenitor cells in the papilla at P1 and at 5 weeks of age extends the findings 

of the  papilla as stem cell niche. The papilla as adult stem cell niche was previously suggested on 

the basis of DNA label-retaining experiments. 24-29 

The relative reduction in number of Troy+ cells in adult kidney as compared to the developing 

kidney can be explained by the increased number of cells per nephron in adult kidney, causing 

a relative decrease in stem cells. The reduced Troy expression in adult kidneys compared to 
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the developing kidney could also be explained by the low-turnover of the kidney during homeostasis 

(i.e. proliferation of less Troy-EGFP+ cells), which eliminates a requirement for active Troy+ stem cell 

populations, such as present in the gut.30 Alternatively, stem cells may lose Troy expression and 

expression might be induced upon injury. Indeed, we observed an increase in Troy-derived cells 

after folic acid-induced injury. We did not resolve the mechanism behind this response. It could 

either be that after injury, Troy expression was induced in a dedicated stem cell, as is observed in 

the liver31 and pancreas,32 or it could be that any differentiated cell could enter a (Troy+) stem cell 

state, which is a mechanism that is also observed in the intestine, where differentiated cells can, 

when Lgr5+ stem cells are removed, fill the stem cell niche.33 In the proximal tubule of the kidney, 

it seems that all differentiated epithelial cells have the capacity to dedifferentiate and proliferate.34 

Similarly, in the physiological UB stem cell capacity is localized to the UB tips,3 but after dissociation 

(i.e. damage), all UB cells have stem cell capacity.21 

In contrast to the in vivo tracing studies mentioned above, a variety of ex vivo studies have 

demonstrated differentiation of (mouse and human) adult renal progenitor cells into more than 

one nephron segment. Rat proximal tubule are in vitro capable of differentiation into structures 

containing all segments of the nephron, even including the collecting duct.35 A mouse MSC-like 

collecting duct progenitor cell population has the in vitro capacity to differentiate into adipocytes 

and chrondrocytes,36 although upon transplantation in vivo these cells are solely able to contribute 

to the collecting duct. Multi-potent human adult stem cells, marked by CD133 and isolated from 

cortical kidney tissue, have the in vitro capacity to differentiate into podocytes, endothelial and 

epithelial cells37 or epithelial, osteogenic cells and adipocytes.38 For obvious reasons, lineage 

tracings have not been carried out. 

Thus, to our knowledge, whenever a lineage tracing or in vivo study is performed, mainly 

segment-restricted progenitors are found, whereas after in vitro culture, multi-potent progenitors 

are also found, possibly due to non-physiological trans-differentiation. 

In our study, Troy cells give almost exclusively rise to collecting duct cells in the 12dpc and 

5 week-old mouse kidneys. However, LacZ+ structures from the tracing experiments in P1 induced 

kidneys also have co-staining with megalin, calbindin and THP, particularly at long-term tracings. 

One explanation is that these markers display some expression in collecting ducts: calbindin 

expression has been observed in collecting duct,39,40 whereas Kumar and colleagues41 observed 

A  B  C  

Figure 7  

Figure 7. Localization of Troy expression at different time points. Troy is expressed in the ureteric bud during 

embryonic development (A). Troy is expressed in the nephrogenic zone and in the papilla in the post-natal kidney (B). 

Troy is expressed in the papilla in the adult kidney during homeostasis and repair (C).

A B C
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THP in collecting duct cells. Alternatively, immediately after birth Troy might also be expressed in 

progenitor cells for other nephron segments. 

To definitively determine the lineage capacity of Troy+ cells, a Troy knock-out allele and 

recently developed explant cultures based on primary embryonic renal cells,42,43 will be of use. 

The  progressive identification of nephron segment-committed stem cells provides fundamental 

insight in normal physiology and facilitates the evaluation of abnormal development as a first 

step towards clinical application. Although the relative number of these segment-committed 

stem cells appears to be low, especially in the adult kidney, previous studies by others6 and by our 

group7 suggest that a single segment-committed progenitor is responsible for the formation and 

homeostasis of that particular nephron segment and, together, the integrity of a whole nephron.5 

The ability to determine the number and quality of (committed) progenitor cells (i.e. regenerative 

capacity) in a renal biopsy may improve its prognostic value. Interestingly, Troy has already been 

used as a prognostic marker in oncology.44-46 Moreover, the importance of assessing the quality of 

progenitor cells is highlighted by studies that show that proliferating cells with a prolonged G2/M 

cell cycle phase, have pro-fibrotic effects leading to chronic kidney disease.47 The fundamental 

insight in the development and maintenance of nephrons provided by the progressive identification 

of segment-committed nephron progenitor cells, will fuel the development of new diagnostic and 

therapeutic strategies for renal disease. 

MATERIAL AND METHODS 
Mice

Troy-EGFP-ires-CreERT2; Rosa-lacZ, Troy-GFP-ires-CreERT2; Rosa-tdTomato and Troy-EGFP-ires-

CreERT2; R26R-confetti mice were generated as described previously.30 Rosa26RlacZ mice were 

obtained from Jackson Labs. All animal experiments were approved by the Animal Experimentation 

Committee of the Royal Dutch Academy of Science and UMC Utrecht. 

Tamoxifen induction

Cre-recombinase was activated in Troy-EGFP-ires-CreERT2; Rosa-LacZ by intraperitoneal injection 

of 4-hydroxytamoxifen (Sigma). For post-natal day 1 inductions, a single dose of 10 µl tamoxifen in 

corn oil at 10 mg/ml was used; for post-natal day 35 inductions a single dose of 200 µl was applied. 

Embryonic ex vivo culture

Embryos from timed pregnant mice were isolated 12 days after fertilization using a dissecting 

microscope.48 Subsequently, they were placed in a petri dish with cold PBS. Head and tail were 

removed, the abdominal wall was opened and intra-abdominal organs were removed, by which 

the retroperitoneum was exposed. The retroperitoneum was carefully removed and kidneys were 

isolated from it. The embryonic kidneys were placed on a 4 mm pore size transwell membrane and 

cultured at the medium-air interface. Medium (Advanced Dulbecco’s Modified Eagle’s medium 

(ADMEM) / F12 supplemented with 1% penicillin / streptomycin, HEPES, Glutamax and 10% fetal 

calf serum) was refreshed every second day. The culture was maintained for one week in a fully 

humidified 37°C incubator with 5% CO2. 
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β-Galactosidase staining

To visualize the localization of Troy after tamoxifen-induction, kidneys were isolated, halved, and 

incubated for 2 hours in a 20-fold volume of ice-cold fixative (1% formaldehyde, 0.2% glutaraldehyde, 

0.02% nonyl phenoxypolyethoxylethanol (NP40) in PBS) at 4°C on a rolling platform. Staining for 

the presence of β-galactosidase (LacZ) activity was performed as described.23

Histology and immunohistochemistry

H&E, PAS and IHC was performed according to standard protocols on 3–4 µm paraffin-embedded 

sections. The primary antibodies were goat anti-AQP2 (1:200, C-17, Santa Cruz), goat anti-THP (1:500, 

G-20, Santa Cruz); goat anti-calbindin D28K (1:200, N-18, Santa Cruz), goat anti-megalin (1:200; 

P-20, Santa Cruz), rabbit anti-AE1 (1:500, Alpha Diagnostics International), rat-anti-KI67 (1:1000, 

eBioscience). All primary antibodies were dissolved in 0.05% Bovine Serum Albumin (BSA) in PBS. If 

required, the secondary antibody rabbit- α-goat-HRP (1:500, Dako) in PBS in 0.05% BSA was used. 

Goat-α-Rabbit Powervision-Alkaline Phosphatase or Goat-α-Rabbit Powervision-Horse Radish 

Peroxidase (both Leica Biosystems) were used as secondary or tertiary antibodies, depending on 

the mode of detection. Staining with Permanent Red (Dako) or Nova Red (Vector laboratories) and 

counter-stained with haematoxylin or light green (Vector Laboratories). 

Cryo- and vibratome- sectioning and confocal imaging

Isolated kidneys were sliced open and fixed for 30 minutes (postnatal) or 1 hr (adult kidney) in 4% 

PFA solution at 4 degrees. For cryosectioning, kidneys were dehydrated in a 30% sucrose solution 

in PBS overnight, followed by embedding in tissue freezing medium (Leica) and cyrosectioning. 

For vibratome sectioning, fixed organs were embedded in 4% UltraPure LMP Agarose (Invitrogen) 

and vibratome sectioned (Leica VT 1000S) at 150 µm as described previously.49 Subsequenly, 

immunofluorescent stainings were carried out with goat anti-AQP2 (1:100, C-17, Santa Cruz), goat 

anti-THP (1:100, G-20, Santa Cruz); goat anti-calbindin D28K (1:100, N-18, Santa Cruz), goat anti-

megalin (1:100; P-20, Santa Cruz); rabbit anti-pendrin (1:100; H-195 Santa Cruz); rabbit anti-AE1 

(1:100, Alpha Diagnostics International). Alexa Fluor 568 donkey anti-goat and donkey anti-rabbit 

immunoglobulin G (IgG) were used as secondary antibodies (1:500; Invitrogen). 

Then, 150 µm sections were mounted in Hydromount (National Diagnostics) and analyzed for 

fluorescent protein expression or immunofluorescence by confocal microscopy (Leica SP5).

RNA sequencing

Kidneys were isolated from neonatal mice (P2). Troy-EGFP-ires-CreERT2 expressing kidneys were 

identified by confocal microscopy and this was later confirmed by a genotyping PCR. Kidneys were 

mechanically disrupted and enzymatically digested with collagenase (C9407, Sigma) and dispase 

(Invitrogen) and subsequently with TrypLE (Sigma-Aldrich) and DNase. Troy-EGFP++, Troy-EGFP+ 

and Troy-EGFP- cells (n=100,000) were sorted by flow cytometry (Moflo; Dako). Cells were collected 

centrifuged and lysed in TriZol reagent (Ambion Life Technologies). Samples from n=3 mice from 

two different sorts were pooled and a technical replicate was included. 

RNA was extracted using TRIzol (Life Technologies) according to manufacturer’s instructions. 

RNA quality was determined using a Bioanalyser 2100 (Agilent) with an RNA 6000 Nano Kit. Libraries 
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were generated from 100 ng total RNA using a TruSeq Stranded Total RNA kit with Ribo-zero human/

mouse/rat (Illumina # RS-122-2201) according to manufacturer’s instructions. For final application, 

15  cycles of PCR were used. Quality of the libraries was determined and libraries were quantified 

using a bioanalyser 2100 (Agilent) with a DNA 1000 Kit. Equimolar amounts of libraries were pooled 

and subjected to single end, 75 base-pair sequencing using an Illumina Nextseq.

RNA sequencing analysis

RNA-seq reads were aligned to the mouse reference genome NCBIM37 using STAR.50 The  BAM 

files were sorted with Sambamba v0.5.151 and transcript abundances were quantified with HTSeq-

count.52 Subsequently, DESeq 1.16.053 was used to normalize gene counts and to test for differential 

expression between Troy++, Troy+ and Troy- samples.  P values were adjusted for multiple testing 

using Benjamini-Hochberg FDR correction. Adjusted P values of < 0.05 were considered significantly 

up- or downregulated. 

To determine which embryonic compartment resembles Troy++ cells the most in gene 

expression, we assessed the differential expression between Troy++ and Troy- cells of available 

compartment-specific gene sets of embryonic mouse kidney.13,14 Gene symbols were converted to 

Ensembl Gene ID using org.Mm.eg.db54 and genes that occurred in multiple segments or genes 

that we could not link to an Ensembl Gene ID were excluded from the analysis. From Brunskill and 

colleagues,14 genes that were most specific to a compartment (> 20 fold upregulated compared to 

median expression over all compartments) were included in the analysis. 

Organoid assay

Organoid formation assay is based on the original protocol by Sato and colleagues.18 Kidneys were 

isolated and digested into a single cell suspension and sorted into Troy-EGFP++, Troy-EGFP+ and 

Troy-EGFP- populations as described under “RNA sequencing.” 15,000 cells were resuspended for 

each condition in growth factor-reduced Matrigel (Corning) and cultured for a week in culture 

medium (ADMEM / F12 supplemented with 1% penicillin / streptomycin, HEPES, Glutamax), with 

1.5% B27 supplement (Gibco), 40% Wnt3a conditioned medium (produced using stably transfected 

L cells) 10% Noggin conditioned medium, 10% Rspo1-conditioned medium,55 EGF (50 ng/ml, 

Peprotech), FGF-10 (100 ng/ml, Preprotech); N-acetylcysteine (1.25 mM, Sigma) A8301 (5 µM, Tocris 

Bioscience). Colony-forming capacity was calculated after 5 days of culture.

For the cultures established from a single Troy-EGFP cell, a single cell suspension from cultured 

neonatal kidney cells from Troy-EGFP-ires-CreERT2 mice was made. Troy-EGFP++ cells were 

sorted (Facsjazz, BD) directly into Matrigel, one Troy-EGFP++ cell per well of a 96 well plate. After 

polymerization of the Matrigel, organoid culture medium was added and organoid cultures (n =3) 

were established. 

Folic acid injury model

Adult Troy-EGFP-ires-CreERT2; Rosa-lacZ, were subjected to IP Folic acid injections at 125 mg /ml. 

1 day after injury, Troy expression was induced with tamoxifen as described above. After 7 days, mice 

were sacrificed for analysis and blood samples were collected for determination of plasma urea 

(DiaSys Urea CT FS, DiaSysDiagnostic Systems).
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Statistical analysis (except RNA sequencing analysis)

Error bars signify mean ± Standard Deviation (SD), unless otherwise indicated. In case of multiple 

groups, a one way ANOVA was performed, combined with Tukey post-hoc tests. A P-value <0.05 is 

considered statistically significant.

Accession numbers

The RNA sequencing data have been deposited at the European Nucleotide Archive (http://www.

ebi.ac.uk/ena/) under accession number ERP019784.
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1. Characterization of Troy-EGFP+ cells in neonatal kidney. Co-staining of Troy-EGFP+ P1 with 

differentiation markers AQP2 (A) and megalin (B) is observed occasionally. Scale bars: 50 µm.

S up p l em en t a ry  Figure 1 
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Supplementary Figure 2. Non-collecting duct tubular structures derived from Troy+ cells. Some tracings occur in 

close proximity to glomeruli (A) and co-staining occurs with Megalin (B) THP (arrow head) (C) and Calbindin (D).
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S up p l em en t a ry  Figure 3  
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Supplementary Figure 3. Characterization of Troy-EGFP+ cells in adult kidney. Adult Troy-EGFP cells in the kidney 

do not co-stain with THP, as there is some THP staining present, separated channels are provided for clarity (A: GFP 

signal; A’ THP-signal; A’’: overlay), Megalin (B) Calbindin (C) and Pendrin (D), as assessed with immunofluorescence. 

Scale bars: 50 µm.

S up p l em en t a ry  Figure 4  

A  B  

Supplementary Figure 4. Adult-induced (day 56) tracings in Troy-GFP-ires-CreERT2; Rosa-tdTomato mice. 

Confocal image of a cross-section 14 days after induction (A and insert: A’ ) with clones present (white arrow head). 

Scale bar: 250 µm.
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Kidney disease is a worldwide public health problem. The population prevalence exceeds 16% in 

many countries and this number is expected to increase in the next decades, due to the rise in 

the prevalence of risk factors for kidney disease, such as diabetes, hypertension and cardiovascular 

disease.1, 2 The causes of kidney disease can be classified in different dimensions: genetic (e.g. 

autosomal dominant polycystic kidney disease) versus acquired (e.g. infectious disease - BK 

virus-induced nephropathy); acute (e.g. after myocardial infarction) versus chronic (e.g. diabetic 

nephropathy); oncological (e.g. Wilms tumor) versus non-oncological.

The kidney has a high regenerative capacity in response to acute injury, such as infectious, 

ischemic or drug-induced toxic insults.3 However, when damage exceeds a threshold, nephrons 

are lost without replacement. Then, regardless of the type of disease, kidney disease may progress 

to the final common pathway of end-stage renal disease. Treatment options for end-stage renal 

disease are either dialysis or kidney transplantation, and both have limitations and co-morbidities. 

Dialysis does not recapitulate all kidney functions and patients on regular hemodialysis have 

a  mortality rate of up to 20% per year.4 There is a shortage of organs for transplantation and 

the use of immunosuppressive drugs after transplantation increases the risk of infections and 

malignancies.5, 6 

A better understanding of kidney function, regeneration and disease, preferably on 

a personalized level, is essential to identify new therapeutic targets, reliably test efficacy and toxicity 

of drugs and ultimately enhance the prognosis of patients with kidney disease. To achieve these 

goals, adequate human in vitro models are indispensable, since mouse models may not fully capture 

human disease. 

Human in vitro models for kidney research before this thesis

For in vitro kidney research, two types of models have been predominantly used. First, our 

understanding of kidney (patho)physiology would not be where it is today, without the use of 

kidney cell lines. Proximal tubule cell lines display transporter function, rendering them useful for 

fundamental transporter studies and in vitro toxicity studies (as proximal tubule cells excrete toxic 

compounds).7, 8 Genetic alterations in adult renal cell carcinoma have been identified in tumor 

cell lines.9 However, cell lines have significant drawbacks. Cell lines from adult healthy kidney 

require an immortalization step, for example by introducing telomerase reverse transcriptase 

(TERT)10 or HPV 16 E6/E7,7 thereby making cell lines unsuitable for cell therapy. Establishing cell 

lines from tumors is difficult and has a low efficiency (e.g. 12% for renal cell carcinoma)11, thereby 

complicating the establishment of patient-specific cell lines with matched normal lines: assuming 

that the  efficiency for establishing a healthy cell line is also 12%, the success rate of establishing 

a  tumor cell line with matched normal would be approximately 1.5%. Furthermore, cell lines are 

clonal expansions from one cell, which leads to loss of heterogeneity and selection bias, particularly 

in the field of tumor biology. 

Second, pluripotent stem cell (PSC)-derived organoids have been developed over the last 3 years 

as highly relevant and exciting new tools for in vitro research (protocols reviewed in Chapter 2). This 

organoid culture system adds complexity to existing in vitro models: PSC-kidney organoids contain 

multiple cell types with a nephron-segmented orientation and grow as 3D structures.12 As PSCs are 

used as start material, it is an excellent model for the study of normal or (genetically) impaired 
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human kidney development. Given that the architecture is similar to in vivo kidneys, the prediction 

of nephrotoxicity of compounds and the study of the cross-talk and feedback loops between 

different cell types in the proximal and distal nephron, will most likely be improved when compared 

to cell lines. However, PSC-derived organoids do not enable the culture of primary diseased tissue, 

such as kidney tumors, and the reprogramming process required to obtain the organoids may affect 

cell stability and behavior. 13 

This thesis: adult stem cell-derived kidney organoid culture

A third type of in vitro model system that has been developed, is adult stem cell (ASC)-derived 

organoid culture. The field has developed at a tremendous pace over the last years and yielded 

exciting results for other organs (reviewed in Chapter 1), including personalized medicine for cystic 

fibrosis (CF)14 and modeling the development of colon cancer in vitro.15 

In this thesis, an ASC-derived kidney organoid culture system was developed and investigated. 

This is of great relevance for kidney research. First, it allows the expansion of healthy kidney 

cells without immortalization or reprogramming, providing a platform for the study of kidney 

function that potentially better resembles the in vivo situation. Second, it allows the culture of 

primary diseased cells directly from patients, enabling the heterogeneous culture of tumor cells, 

disease modeling and personalized medicine. These two features have proved difficult or even 

impossible with cell lines and PSC-derived organoids, making ASC-derived organoids a useful and 

complementary tool for in vitro kidney research. 

Establishment
After adaptation of existing (non-kidney) ASC-organoid protocols (Chapter 1) and by using 

knowledge of the PSC-kidney organoid protocols (Chapter 2), it is possible to grow organoid 

structures from nephrectomy material (Chapter 3). Tubular fragments are resuspended in BME or 

Matrigel, in order to mimic the components of the kidney extracellular matrix, particularly laminin 

and collagen.16 Rspo-conditioned medium is added to enhance canonical Wnt signaling, known to 

be essential for embryonic kidney development,17, 18 whereas FGF10 is supplemented to promote 

survival of kidney progenitor cells.19 To prevent growth arrest and TGF-β-induced epithelial to 

mesenchymal transition,20 ALK4/5/7 receptors are inhibited with A8301. Lastly, to stimulate cell 

division EGF is added and Rho-kinase inhibitor is supplemented to prevent anoikis of dissociated 

cells.21 

Characterization

However, merely “growing something” is not particularly valuable on itself and before organoids 

can be applied as a model, an in-depth characterization on multiple levels is required. These (RNA, 

protein and functional) analyses have mainly been presented in Chapter 3. A crucial aspect is 

determination of what these organoid structures represent (i.e. what cell types are propagated), 

because this determines the diseases that can be modeled in the culture system. Mouse organoid 

lines established from adult bulk kidney have a predominant distal nephron phenotype, whereas 

human organoids are more heterogeneous mix, tending towards a proximal tubule predominant 

phenotype. This difference can be explained by differences in start material: for setting up a mouse 

organoid line, a whole mouse kidney is digested, whereas for human cultures, cortical kidney tissue 
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(~80% proximal tubule cells) is used. Furthermore, the high expansion capacity of both mouse and 

human cultures makes it likely that stem /progenitor cells are propagated.

It is also relevant to perform functional characterization and determine whether the structures 

display features of normal kidney physiology, such as transporter function. In Chapter 3, we showed 

that mouse organoids increase aqp2 expression in response to anti-diuretic hormone exposure, 

resembling in vivo collecting duct function. Human organoids display P-gp function (Chapter 3), 

which is a typical proximal tubule efflux transporter. Thus, organoids show characteristics of in vivo 

kidney function. 

For personalized medicine and drug screening, it is important to know whether structures can 

be established efficiently, ensuring that organoids can be easily established from every individual, 

and whether they are genetically stable on the long-term, ensuring reliable drug screening results. 

Efficiency of establishment is 100% under optimized conditions and karyotyping indicates that the 

cells retain a normal number of chromosomes.

In Chapter 6, a stem / progenitor cell type with a particularly high organoid-forming capacity 

was identified using reporter mice. Neonatal Wnt-responsive Troy+ cells, that have multi-lineage 

capacity with a tendency towards distal nephron, have a high organoid formation compared to 

Troy- population. This suggests that Wnt-responsive progenitor cells are the start cells of (mouse) 

organoid lines. In Chapter 6, organoid-forming capacity is used as an argument, besides the 

lineage-tracing experiments presented, as proof for the stemness of Troy+ cells. However, with 

the risk of making a circular argument, these data can also be interpreted otherwise: the fact that 

organoid cultures from other organs are ASC-derived and that Troy+ cells have a higher organoid 

formation, Chapter 6 can also be interpreted as an analysis of the behavior of an organoid-forming 

cell in vivo. Then, it shows that neonatal organoid-forming cells contribute to all tubular lineages 

(with a predominant distal nephron phenotype) in a segment-specific way (which is in line with 

the literature, where segment-specific stem cells have been identified22, 23). In adult kidney, Troy-

derived cells have a more specific collecting duct phenotype and the number of cells that originated 

from organoid-forming cells may increase after damage. It is of note that the organoid-formation 

analysis was done with neonatal Troy+ cells and not adult cells, complicating extrapolation of the 

data to the adult and/or human situation. However, in accordance with the lineage tracing data 

in Chapter 6, mouse organoid lines established from adult bulk kidney have a predominant distal 

nephron phenotype (Chapter 3). 

Thus, organoids contain tubular cells of multiple nephron segments and are stem / progenitor 

cell-derived.

Non-invasive start material 

The need for biopsy or nephrectomy material as a source of cells for establishing kidney organoids 

poses a major limitation for establishing cultures from kidney diseases for which biopsy and 

nephrectomy are not the standard of care. Therefore, a non-invasive cell source was pursued. 

After adaptation of protocols that others24 established to isolate cells from urine, it is possible to 

isolate single cells (either kidney or urothelial in nature) from urine that develop into organoids in 

~10-20% of the cases (Chapter 3). The low efficiency can partly be explained by bacterial and fungal 

contaminations of the urine. This may be solved by optimization of antibiotic use. A question 

that remains is whether ultimately organoid cultures can be established from every individual’s 
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urine (by repeated isolations), or that some individuals shed too few cells, making isolation futile. 

The latter may be solved by interventions to induce cell shedding, such as fluid consumption or 

medication. 

Applications
We developed kidney organoid-based disease models, to show proof-of-principle for personalized 

medicine and to embed organoids as cell source in other technologies. Here, the focus was on 

human organoids, rather than mouse, as it is the most relevant for the majority of applications. We 

used two different approaches, first, starting with healthy organoids and applying the disease, and 

second, starting with primary diseased tissue.

Disease modeling

To provide proof-of-principle for the modeling of acquired kidney disease, organoids were 

infected with BK virus infection. Typical characteristics of the in vivo infection (patchy pattern 

of infection; increase in size of the nucleus of infected cells) are recapitulated in organoids 

(Chapter 3). The focal infection pattern in organoids resembles the in vivo infection more than in 

cell lines, where a more diffuse pattern is observed (20% of the cultured cells are infected within 

6 days).25 It is possible to maintain organoid cultures with BK virus for at least 30 days, modeling the 

chronic nature of the infection. Importantly, infection of organoids could be established with urine 

from patients with BK virus-induced nephropathy. This reduces selection or adaptation effects of 

virus strains that may occur during the expansion of the virus in human embryonic lung fibroblasts 

(MRC-5 cells), which is the current laboratory standard. Furthermore, we demonstrated that virus 

replication can be inhibited dose-dependently by the clinically used drugs, which indicates that 

future therapies can be tested for efficacy and toxicity in organoids. 

Pediatric solid tumors are commonly found in the kidney. Treatment encompasses 

nephrectomy, leading to loss of the affected kidney and chemotherapy, causing long-term side 

effects that damage the contra-lateral kidney. Organoid lines from the major types of pediatric 

kidney tumors (Wilms, RCC and MRTK) with matched normal organoid lines were established in 

order to create a “living biobank” (Chapter 4). This biobank may eventually lead to the development 

of more efficient and less toxic treatment strategies. Tumor organoid lines can be established with 

95% overall efficiency, implicating that there are hardly selection effects. A large number of tumor 

cells expands after seeding, suggesting that tumor heterogeneity is maintained. We show that 

the organoid lines histologically reflect the tumor tissue that they are derived from: an epithelial 

type Wilms tumor, yields an organoid culture with predominant epithelial structures, whereas 

an organoid line from a classic tri-phasic tumor, is composed of all three (epithelial, blastemal, 

stromal) components. Similarly, clear cells are present in an organoid line derived from a renal 

cell carcinoma containing exclusively clear cells, and SMARCB1 is absent in an organoid line 

derived from a MRTK where SMARCB1 is lacking. In addition, preliminary genetic analyses of two 

Wilms tumor lines show that tumor organoids have the same genetic aberrations as the tumor 

that the organoids were derived from and that these are absent in the matched normal tissue and 

organoids (Chapter 3).

The high efficiency of establishing organoid lines from pediatric kidney tumors is in stark contrast 

with the efficiency of adult kidney tumors. Repeated attempts, in different culture conditions, of 
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culturing adult renal cell carcinomas were not successful. We can only speculate as to why this 

difference exists. Adult renal cell carcinomas typically have inactivating mutations in VHL that are 

mostly absent in pediatric kidney tumors. Inactivation of VHL may lead to metabolic changes that 

in turn require other culture conditions (in terms of growth factor or matrix composition). More 

comprehensively testing different types of matrices and growth factor combinations may improve 

the efficiency of adult kidney tumor organoid culture in the future. 

Personalized medicine

Because of the easy access to start material (urine) for cultures, applications of kidney organoids in 

other fields than nephrology are conceivable. Indeed, the first proof-of-principle for personalized 

medicine of kidney organoids derived from non-invasive biological material was demonstrated 

for a disease that is not kidney-related (Chapter 3). In CF research, the forskolin-induced swelling 

assay can be used to determine the efficacy of CFTR-restoring compounds with rectal organoids.14 

Urine-derived organoids from a CF-patient react similarly to forskolin exposure and CFTR-restoring 

compounds as the intestinal organoids established from the same patient. It remains to be 

determined whether the results obtained for the one patient (∆F508/S1251N mutation) presented 

in this thesis, can be replicated for patients with different CFTR mutations. In addition, the question 

remains whether urine is a viable alternative for rectal biopsies as material for forskolin-induced 

swelling assays: i.e. is it cost-effective, taking into account the reduced invasiveness as well as 

the lower efficiency of establishing cultures? 

Studies on organoid cultures from patients with kidney transporter diseases are on the brink of 

starting. 

Integrating organoid cells in emerging technologies

Organoid cells can be integrated into other technologies. A bioartificial kidney adds a cellularized 

cartridge to conventional hemodialysis, in order to better recapitulate kidney function (e.g. 

increased excretion of uremic toxins and hormone production) than hemodialysis does. 

The development of bioartificial kidneys is hampered by the lack of an appropriate cell source.26 In 

Chapter 5, it is demonstrated that organoid cells display basolateral and apical transport functions – 

characteristics that are required for application in a bioartificial kidney. This indicates that organoid 

cells may function as autologous cell source for bioartificial kidneys.

Additionally, organ-on-a-chip platforms and organoid models are often viewed as two 

competing “next generation” cell culture models. However, in Chapter 5 is shown that organoid 

cultures and “organ-on-a-chip” models are not necessarily mutually exclusive and that these may 

be combined synergistically. 

A summary of the key findings of this thesis is provided in Box 1.

Future developments

Four expected developments for applications of kidney organoids are listed below.

Fundamental studies
Organoids will be of use to study epithelial physiology, such as transporter function. Fluorescent 

substrates for specific transporters may conveniently accumulate in the organoid lumen (for 
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apically located efflux transporters), or can be injected into the lumen (for apically located 

influx transporters), allowing straightforward quantification of transport. Alternatively, organoid 

cells may be forced into a tube-like structure on “organ-on-a-chip” plates with access to both 

basolateral and apical sides. This will also reduce the heterogeneity of regular organoid culture, 

facilitating the standardized and high-throughput evaluation of kidney transporters. Of note, as 

organoids enrich for stem / progenitor cells, further differentiation of organoid cultures may be 

required for transporter studies, which necessitates the optimization of differentiation culture 

media.

In addition, biobanks of specific diseases will facilitate the study of pathophysiology. Analogous 

to the pediatric kidney tumor biobank (Chapter 5), we will establish biobanks for genetic kidney 

diseases (e.g. channelopathies, such as Gitelman or Bartter syndromes). Additionally, in order to 

include isogenic controls, healthy organoid lines will be genetically modified with CRISPR/CAS9 to 

create genetic disease models.

Drug development
Urine as start material for organoid cultures offers opportunities for establishing living biobanks 

of human healthy and diseased kidney organoids that can be used for drug development. Kidney 

organoid biobanks of a broad, healthy population will help pre-clinical high-throughput efficacy and 

toxicity studies: this will facilitate the testing of widely prescribed diuretics or chemotherapeutic 

agents that are often nephrotoxic. With biobanks established from patients with genetic diseases, 

easy read-outs for efficacy will fuel drug development: e.g. for channelopathies, similar assays to 

the forskolin-induced swelling assay in CF, may be developed.

Box 1. Summary of the key findings of this thesis

1. Mouse and human ASC-derived, long-term, kidney organoid cultures can be established.

2. Kidney organoid cultures contain epithelial cell types of multiple nephron segments.

3. Kidney organoids can be used to model infectious kidney diseases (BK-virus nephropathy). 

4. Kidney organoids can be established from urine.

5. Urine-derived organoids can be used test treatment efficacy for cystic fibrosis (personalized medicine).

6. Organoids can be established from the most common types of pediatric kidney tumors and recapitulate 

the tumor that the organoids are derived from.

7. Organoid-derived cells cultured on an “organ-on-a-chip” platform form leak-tight tubes that enable 

high-throughput transporter and toxicity studies.

8. Organoid-derived cells can be cultured on dialysis membranes, designating organoids as potential cell 

source for autologous bioartificial kidneys.

9. Troy marks a progenitor cell type in the developing and adult kidney that has a high organoid formation 

capacity.
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Personalized medicine 
Organoids open up the high-throughput screening of candidate drugs for an individual patient. 

This has been demonstrated for tumor organoids from colon27 and breast (manuscript under 

review), as well as rectal organoids from CF patients.14 Analogous efficacy and toxicity screenings 

are expected for kidney organoids. For pediatric kidney tumors, organoids may be established from 

tumor biopsies and subsequent drug screens will determine what the most effective pre- or post-

nephrectomy chemotherapy is. This is particularly relevant for tumors with a poor prognosis, such 

as MRTKs (20% 5 year survival)28, 29 from which we have established four organoid lines. Eventually, 

it is expected that personalized medicine treatment regimens will be developed, so that treatment 

is based on what is effective for an individual rather than what works best on average for a whole 

population. Similar personalized medicine can be developed for channelopathies.

Towards building a bioartificial kidney 
It would be straightforward to repeat the study from Humes and colleagues,30 where dogs were 

subjected to kidney injury and subsequently treated with a bioartificial kidney. The sole difference in 

set-up will be that an additional group is included in the study: autologous (dog-derived) organoid 

cultures, established prior to injury, will be used to seed the living cell cartridge. This will indicate 

whether organoid-derived cells perform better than cell lines.

Instead of embedding organoid cells in existing bioartificial set-ups, completely new types of 

bioartificial kidneys may ultimately be developed. Dialysis membranes (that are used as filters), can 

potentially be replaced by micron-scale printed filters to recapitulate the glomerulus function of 

the kidney. Autologous leak-tight tubes, cultured on “organ-on-a-chip” platforms, may recapitulate 

the tubule function of the kidney by selective reabsorption and excretion. Attaching the filters to 

the tubes may yield a device that can be connected to the circulation and is small enough to allow 

implantation.
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NEDERLANDSE SAMENVATTING 
– ook voor niet-ingewijden

Het aantal mensen met nierschade en nierfalen in de wereld neemt toe. Dit is voornamelijk te wijten 

aan de toename van risicofactoren voor nierschade, zoals overgewicht en diabetes. We begrijpen 

nog niet alles van nierziekten en de behandeling bestaat in eerste instantie dan ook uit het remmen 

van de progressie van nierschade, in plaats van het genezen ervan. Als de nierfunctie dusdanig is 

aangedaan en eindstadium nierfalen is bereikt, dan is niervervangende therapie de enige optie. 

Hiervan bestaan twee varianten: niertransplantatie en dialyse. Beide hebben belangrijke nadelen: 

wat transplantatie betreft, is er een tekort aan donororganen en bij dialyse worden niet alle functies 

die de nier in het lichaam heeft, overgenomen.

Kortom, nierziekten vormen een groot probleem, waarvoor geen optimale behandelingen 

bestaan. Beter begrijpen hoe de nier zichzelf onderhoudt in gezondheid en wat er mis gaat tijdens 

ziekte, kan leiden tot verbetering van de bestaande behandelingen. Om deze doelen te bereiken, 

zijn er humane laboratoriummodellen (in vitro) nodig, die een goede nabootsing zijn van de nier in 

het lichaam (in vivo). 

Bij aanvang van dit promotieonderzoek waren er twee types in vitro modellen beschikbaar voor 

nieronderzoek: cellijnen en nierorganoïden (‘mini-nieren’) uit embryonale stamcellen.

Cellijnen zijn gekweekte cellen, die zijn gegroeid vanuit één enkele cel en die vaak met 

kunstgrepen in het laboratorium onsterfelijk zijn gemaakt. De afgelopen decennia hebben cellijnen 

de kennis over de nier enorm doen toenemen, maar zij hebben ook nadelen. Doordat ze gegroeid 

zijn uit één enkele cel is er sprake van verlies aan diversiteit in cellen die in vivo in de nier aanwezig 

is. Daarnaast zijn de cellen genetisch niet ‘normaal’: ze hebben bijvoorbeeld extra chromosomen. 

In de afgelopen jaren is er een techniek ontwikkeld om nierorganoïden uit embryonale stamcellen 

te maken. Grofweg zijn er twee types stamcellen: embryonale stamcellen en volwassen stamcellen. 

Embryonale stamcellen zijn cellen die kort na de bevruchting ontstaan en waaruit het embryo zich 

ontwikkelt. Na de embryonale ontwikkeling zijn deze cellen niet meer aanwezig. Dit in tegenstelling 

tot volwassen stamcellen, die bij volwassen individuen volop aanwezig zijn. Volwassen stamcellen 

zijn orgaan-specifiek en zorgen voor reparatie en onderhoud van het betreffende orgaan.

Nierorganoïden gegroeid uit embryonale stamcellen, zijn daadwerkelijk ‘mini-nieren’ omdat ze 

qua structuur erg op de in vivo nier lijken, waardoor ze heel nuttig kunnen zijn voor onderzoek. 

Twee zaken die ontbreken in dit kweeksysteem zijn de mogelijkheid om de cellen te expanderen (uit 

een klein aantal cellen, heel veel cellen maken) en om direct cellen te isoleren uit zieke nieren en die 

vervolgens te expanderen. In hoofdstuk 2 worden de protocollen beschreven die zijn ontwikkeld 

om vanuit embryonale stamcellen nierorganoïden te maken. 

In onze onderzoeksgroep is een kweeksysteem ontwikkeld, waarbij volwassen stamcellen 

worden gebruikt om organoïden van te groeien. Een stamcel uit een volwassen darm, kan in 

een kweekbakje in het laboratorium uitgroeien tot een ‘mini-darm.’ Na de ontwikkeling van 

de  darmorganoïden, zijn er ook kweken opgezet voor andere organen. Dit heeft onder andere 

geleid tot maag-, lever-, alveesklier- en prostaatorganoïden. Deze kweken blijken zeer nuttig voor 
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zowel fundamenteel biomedisch onderzoek als klinische toepassingen (bijvoorbeeld het patiënt-

specifiek testen van medicatie). 

In hoofdstuk 1 worden de ontwikkeling van deze techniek, de essentiële componenten 

en toepassingen ervan beschreven.1

Ook wordt in hoofdstuk 1 aandacht besteed aan de vraag waarom een nierorganoïdkweek 

uit volwassen stamcellen, een systeem dat nog niet ontwikkeld is, nuttig zou kunnen zijn. 

De duidelijkste toegevoegde waarde is dat het met dit systeem waarschijnlijk mogelijk is om met 

een hoge efficiëntie zieke cellen, die direct uit ziek nierweefsel zijn gehaald, te laten groeien. Deze 

eigenschap ontbreekt bij andere kweeksystemen. Dit maakt het mogelijk om nieuwe medicijnen 

op effectiviteit en toxiciteit te testen en eveneens om op een patiënt-specifieke manier te testen: 

zo zou je uit een niertumor van een patiënt tumor-organoïden kunnen laten groeien en daar 100 

verschillende chemotherapeutica op testen, om te kijken welke middelen het beste werken voor 

deze specifieke tumor. 

Het doel van dit proefschrift is dan ook om een nierorganoïdenkweek uit volwassen stamcellen 

op te zetten en toepassingen hiervoor te ontwikkelen. 

In hoofdstuk 3 wordt de ontwikkeling van zo’n kweeksysteem beschreven. Met aanpassingen in 

de groeifactorcocktail die voor darmorganoïden wordt gebruikt, is het mogelijk om nierorganoïden 

(zowel van muis als mens) ongeveer een half jaar te laten groeien en van een klein beetje weefsel, heel 

veel weefsel te maken. Nierorganoïden zijn een bepaald deel van het nefron (de functionele eenheid 

van de nier), namelijk de tubulus en dan vooral het proximale deel. Om aan te tonen dat het systeem 

nuttig is om ziekten te modelleren, wordt beschreven dat BK virus (een virus dat de  nieren bij 

transplantatiepatiënten infecteert en de nieren daarmee kapot maakt) de nierorganoïden infecteert 

en aspecten van de in vivo infectie nabootst. Een andere belangrijke bevinding is dat het mogelijk 

is om uit urine cellen te isoleren die te gebruiken zijn voor het opzetten van een organoïdkweek. 

Dit kan nuttig zijn om op een niet-invasieve manier medicijnen te testen. Het principe hiervoor 

wordt aangetoond met het testen van medicatie voor een patiënt met taaislijmziekte (cystische 

fibrose). Het is bekend dat mini-darmen van patiënten met taaislijmziekte gebruikt kunnen worden 

om de  werkzaamheid van een medicijn te voorspellen. In hoofdstuk 3 wordt beschreven dat 

vergelijkbare tests kunnen worden gedaan op mini-nieren die vanuit urine zijn gegroeid. Dit heeft 

mogelijk het voordeel dat er in de toekomst geen rectumbiopt (dat weer nodig is voor het kweken 

van mini-darmen) nodig is voor het uitvoeren van deze test. 

In hoofdstuk 4 wordt het kweekprotocol uit hoofdstuk 3 gebruikt om organoïden te maken 

uit niertumoren die bij kinderen voorkomen. Pediatrische tumoren komen frequent in de nier 

voor en de behandeling bestaat uit het verwijderen van de nier en chemotherapie (die schadelijke 

effecten heeft op de lange termijn). In hoofdstuk 4 worden organoïden uit verschillende typen 

niertumoren (Wilms tumor, rabdoid tumor en heldercellig niercarcinoom) beschreven en wordt 

aangetoond dat deze organoïden qua histologie lijken op de tumor waaruit ze gegroeid zijn. Van 

een paar tumoren (zie hiervoor hoofdstuk 3) wordt aangetoond dat de organoïden ook dezelfde 

genetische fouten bevatten als het tumorweefsel. Kortom, tumor-organoïden lijken op de primaire 

1    Het nut van organoïden in het algemeen leg ik ook uit in een college voor de Universiteit van Nederland dat op 

hun website (www.universiteitvannederland.nl) bekeken kan worden.
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tumor, zowel histologisch als genetisch. Dit kan in de toekomst nuttig zijn voor onderzoek van 

deze tumoren, maar ook voor het testen van medicijnen. Dit zou uiteindelijk kunnen leiden tot 

de ontwikkeling van efficiëntere en minder toxische behandelingen.

In hoofdstuk 5 wordt geprobeerd om de nierorganoïdkweek compatibel te maken met twee 

andere technologieën die in opkomst zijn, namelijk de bioartificiële nier en een organ-on-a-chip 

platform. De bioartificiële nier combineert conventionele dialyse met een cartridge met levende 

cellen, met als doel om ook nierfuncties die door standaard dialyse niet uitgevoerd worden, 

te vervangen. Een probleem waardoor de ontwikkeling van de bioartificiële nier spaak loopt, is dat 

er geen adequate bron van niercellen beschikbaar is. In hoofdstuk 5 worden de eerste aanwijzingen 

beschreven dat organoïden een mogelijke geschikte bron van cellen zijn voor de bioartificiële 

nier. Daarnaast worden organoïd-cellen in een buisvorm ‘gedwongen’ op een organ-on-a-chip 

platform. Organ-on-a-chip technologie probeert, net als organoïd technologie, in vitro modellen 

te maken die meer op de in vivo situatie lijken. In het geval van de nier, bestaat er een organ-on-a-

chip platform dat cellen dwingt in de vorm van een buis te groeien, dezelfde vorm die de tubulus 

van het nefron heeft in het lichaam. Er wordt aangetoond dat organoïd-cellen buisjes vormen die 

lekdicht zijn en dat ze ook enkele transportfuncties van de nier uitvoeren. Uit deze studies blijkt 

voor het eerst dat organoïd technologie en organ-on-a-chip technologie goed met elkaar samen 

gaan en dat voor sommige toepassingen de combinatie van de twee technologieën synergistisch 

kan werken.

 Organoïden ontstaan uit stamcellen. In hoofdstuk 6 wordt een celtype dat met een relatief 

hoge efficiëntie nierorganoïden vormt, beschreven. Door die hoge organoïd-vormende efficiëntie, 

is er het vermoeden dat dit celtype een stamcel is. Op vier manieren wordt aangetoond dat dit 

daadwerkelijk zo is. Ten eerste door te laten zien dat eiwitten die specifiek zijn voor gedifferentieerde 

cellen en dus alleen voorkomen bij niet-stamcellen, afwezig zijn in deze cellen (kenmerk van 

een stamcel). Ten tweede, door te laten zien dat in het lichaam van een muis één enkele cel, hele 

stukken nierbuis vormt (kenmerk van een stamcel). Ten derde, door te laten zien dat er genen 

tot expressie komen die belangrijk zijn voor nierontwikkeling (kenmerk van een stamcel). Ten 

vierde, door te laten zien dat bij sommige muizen, deze cellen toenemen na schade (kenmerk van 

een stamcel).

Tenslotte wordt in hoofdstuk 7 het proefschrift samengevat en in een context geplaatst. Ook 

worden er suggesties gedaan voor vervolgonderzoek.
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