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Abstract

The kidney is one of the most complex organs composed of multiple cell types, functioning to 

maintain homeostasis via the filtering of metabolic wastes, balancing of blood electrolytes, and 

adjustment of blood pressure. Recent advances in 3D culture technologies in vitro enabled the 

generation of ‘organoids’ which mimic the structure and function of in vivo organs. Organoid 

technology has allowed for new insights into human organ development and human 

pathophysiology, with great potential for translational research. Increasing evidence shows that 

kidney organoids are a useful platform for disease modeling of genetic kidney diseases when 

derived from genetic patient iPSCs and/or CRISPR-mutated stem cells. Though single cell RNA-

seq studies highlight the technical difficulties underlying kidney organoid generation 

reproducibility and variation in differentiation protocols, kidney organoids still hold great potential 

to understand kidney pathophysiology as applied to kidney injury and fibrosis. In this review, we 

summarize various studies of kidney organoids, disease modeling, genome-editing, and 

bioengineering, and additionally discuss the potential of and current challenges to kidney organoid 

research.
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Introduction

Experimental animal models have been used extensively in the field of biomedical research 

to evaluate drug efficacy and toxicity, to elucidate the underlying mechanisms of varied 

human diseases, and to determine the role of genetic and molecular factors in developmental 

processes. On the other hand, these animal models often require specialized facilities, 
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equipment and training, and are time consuming, labor intensive, low throughput and 

financially costly. In addition, studies suggest these models have distinct limitations in their 

ability to capture human pathophysiology (Mestas and Hughes, 2004). Although the human 

genome has many similarities to the genomes of other species, there are still key differences 

in gene expression patterns, DNA variations, and the relationships between genes and 

disease phenotypes that animal models fail to address (Goh et al., 2007; Kraja et al., 2008; 

Ravasi et al., 2010).

The advent of in vitro 3D culture technologies provides great potential for translational 

research tools. Termed ‘organoids,’ these technologies mimic in vivo organs both 

structurally and functionally, leading to new insights into the understanding of human organ 

development and human pathology. Organoid technologies have six defining features. 

Organoids are: (i) a collection of organ-specific cell types derived from stem cells, (ii) with 

complex multicellular constructs, (iii) that are self-organized, (iv) into a 3D structure, (v) in 

an in vitro culture system, (vi) that can recapitulate in vivo developmental programs 

(Lancaster and Knoblich, 2014; Morizane and Bonventre, 2017b). There are two major 

approaches to generate organoids: (i) generation from tissue stem cells, and (ii) generation 

from pluripotent stem cells (PSCs) including embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs) (Fatehullah et al., 2016).

Organoids can be generated from tissue stem cells by mimicking the in vivo niche 

environment characteristic of physiological tissue self-renewal or repair processes. In 2009, 

Clevers and his colleagues first reported that intestinal organoids were developed from Lgr5 

(leucine-rich repeat-containing G protein-coupled receptor 5)-positive stem cells by 

mimicking the in vivo niche environment (Sato et al., 2009). With this as a starting point, 

several groups reported the generation of organoids derived from mouse and/or human 

primary tissue stem cells including intestine (Finkbeiner et al., 2012; Schwank et al., 2013; 

Drost et al., 2015), colon (Sato et al., 2011; Yui et al., 2012; Matano et al., 2015; van de 

Wetering et al., 2015), liver (Huch et al., 2013b; Huch et al., 2015; Broutier et al., 2016), 

prostate (Gao et al., 2014; Karthaus et al., 2014; Drost et al., 2016), lung (Rock et al., 2009), 

pancreas (Huch et al., 2013a; Boj et al., 2015), breast (Williams et al., 2016), ovary (Kessler 

et al., 2015), stomach (Barker et al., 2010; Bartfeld et al., 2015; Bartfeld and Clevers, 2015), 

esophagus (Sato et al., 2011), and lingual (Hisha et al., 2013). Most of these primary tissue 

organoids were generated from Lgr5 positive stem cells using Wnt activators (Fatehullah et 

al., 2016). These organoids have not been reconstructed by dissociation and reaggregation of 

the primary tissue, but instead have been generated from the stem cell population residing 

within the tissue.

PSCs are defined by an unlimited capacity for self-renewal and the ability to differentiate 

into cells of the three germ layers, namely the mesoderm, ectoderm, and endoderm 

(Thomson et al., 1998; Takahashi et al., 2007). Wnt, fibroblast growth factor (FGF), retinoic 

acid (RA), and transforming growth factor (TGFβ) are the main signal pathways that induce 

germ layer formation and the organ primordia development (Zorn and Wells, 2009; 

Lippmann et al., 2015). PSCs can be transformed into particular organ tissues with a high 

degree of efficiency through directed differentiation, the sequential application of these 

growth factors and signals at specific combinations and concentrations for defined periods of 
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time. In 2008, Sasai and his colleagues first generated self-organized layered structures 

resembling the cerebral cortex from human PSCs (hPSCs) by using SFEBq (serum-free 

floating culture of embryoid body-like aggregates with quick reaggregation) method (Eiraku 

et al., 2008). There are currently several published studies in which PSCs are differentiated 

into organoids of various organs including intestine (Spence et al., 2011; Forbester et al., 

2015; Leslie et al., 2015), liver (Takebe et al., 2013), lung (Huang et al., 2014; Dye et al., 

2015; Firth et al., 2015), brain (Lancaster et al., 2013; Jo et al., 2016), pancreas (Huang et 

al., 2015b; Hohwieler et al., 2017), stomach (McCracken et al., 2014; Huang et al., 2015a), 

and kidneys (Taguchi et al., 2014; Freedman et al., 2015; Morizane et al., 2015; Takasato et 

al., 2015; Hiratsuka et al., 2019).

Kidneys are complex organs that are responsible for many functions, including the filtering 

waste products and minerals from blood, maintenance of fluid and acid-base balance, and 

producing the erythropoietin that is essential for production of red blood cells. The 

functional unit of the kidney is called a nephron. There are approximately one million 

nephrons in one human kidney. Each nephron consists of a glomerulus, which consists of 

capillaries and podocytes responsible for the filtration of blood, and a multi-segmented 

tubule composed of a single layer of epithelial cells responsible for selective reabsorption 

and secretion of a large number of solutes. Loss of functional nephrons and the development 

of tubulointerstitial fibrosis contribute to the progression of chronic kidney disease (CKD), 

which affects 9–14% of the US adult population and was ranked one of the top causes of 

death globally (Coresh et al., 2007; Ene-Iordache et al., 2016). While adult kidneys possess 

an intrinsic limited capacity to self-repair following injury (Humphreys et al., 2008), the 

process of nephrogenesis, the formation of new nephrons, is limited to the period of 

embryonic development in humans (Little and McMahon, 2012). Thus, loss of nephrons is 

permanent and ultimately leads to end-stage kidney disease (ESKD), where patients require 

renal replacement therapies, such as hemodialysis, associated with high mortality and 

morbidity (Collins et al., 2010). In addition, there are limited human disease models for the 

development of treatment methods and identification of biomarkers for the vast majority of 

kidney diseases. Kidney organoids represent valuable platforms for the study of human 

pathophysiology and the discovery of novel therapeutics, providing potential sources for the 

generation of new nephrons in CKD/ESKD patients. Here, we summarize the current 

literature describing kidney organoid applications to disease modeling and regenerative 

medicine, and discuss the potential of and challenges to kidney organoid research.

Disease Modeling of Genetic Kidney Diseases

hiPSCs derived from patients with genetic diseases have been used as in vitro patient-

specific models to study the pathophysiology of genetic diseases like Duchenne and Becker 

muscular dystrophy, Parkinson’s disease, Huntington’s disease, and Down syndrome/

trisomy 21, for discovery of new therapeutic approaches (Dimos et al., 2008; Park et al., 

2008; Ebert et al., 2009; Soldner et al., 2009). One of the advantages of using patient-

derived iPSCs for disease modeling is that they would make it possible to address the 

symptomatic variability of human diseases with precision medicine. Moreover, hiPSCs are 

compatible with genome editing technologies, including clustered regularly interspaced 

short palindromic repeat (CRISPR)/ CRISPR associated protein 9 (Cas9) genome editing. 
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The CRISPR/Cas9 system is a unique technology that enables the correcting of genetic 

variants or insertion of specific mutations at any site within the genome. CRISPR/Cas9 

elements consist of two key molecules to introduce a mutation into the DNA (Cong et al., 

2013; Shen et al., 2014). One is an enzyme called Cas9, which acts as a pair of molecular 

scissors that can cut the two strands of DNA at a specific location in the genome so that bits 

of DNA can then be added or removed. The other is a piece of RNA called guide RNA 

(gRNA), consisting of a small piece of pre-designed RNA sequence located within a longer 

RNA scaffold. The scaffold part binds to DNA and the pre-designed sequence guides Cas9 

to the target site of the genome. CRISPR/Cas9 technology has been recently applied to 

disease-focused research to both i) directly introduce genetic mutations in the causative 

genes of hPSCs to generate disease models, which allows un-edited cells to serve as isogenic 

controls, and ii) correct causative genes in patient-derived iPSCs. Recent advances in 

genome editing using CRISPR/Cas9 provide new approaches to modeling genetic diseases 

using hPSCs in vitro, including Barth syndrome, Duchenne muscular dystrophy, hemophilia, 

β-Thalassemia, and cystic fibrosis (Schwank et al., 2013; Wang et al., 2014; Xie et al., 2014; 

Li et al., 2015a; Park et al., 2015; Xu et al., 2015).

There are currently many ongoing studies to model genetic kidney diseases using kidney 

organoid systems with patient-derived or CRISPR/Cas9-mediated hPSCs. Kidney-related 

studies with iPSCs and organoids have focused on polycystic kidney disease (PKD), 

including autosomal recessive PKD (ARPKD) and autosomal dominant PKD (ADPKD). 

Although ARPKD virtually always presents in childhood and is usually considered to arise 

from mutations in PKHD1 (Nahm et al., 2002), recent study suggested that ARPKD is not a 

homogeneous disorder and further implicated DZIP1L as a second gene involved in ARPKD 

pathogenesis (Lu et al., 2017). ADPKD, on the other hand, is a late-onset disorder, where 

cysts can be detected in approximately 68% of individuals aged 30 and above (Nahm et al., 

2002). ADPKD is caused by heterozygous mutations in PKD1 or PKD2, which encode the 

transmembrane proteins polycystin-1 (PC1) and polycystin-2 (PC2) (Nahm et al., 2002). 

Although every cell in the kidneys of ADPKD patients has the same genetic germline 

mutation, only a few cells in each nephron become cystic. A hypothesis known as the two-

hit model of cystogenesis was proposed to explain this phenomenon (Reeders, 1992). Per 

this hypothesis, a somatic second hit, a deletion or inactivating point mutation to the 

remaining normal PKD1 or PKD2 allele, is believed to cause kidney cyst formation in 

ADPKD patients through a loss of heterozygosity. For this reason, it might be difficult to 

find cystic phenotypes in kidney organoids derived from the cells of ADPKD patients unless 

one waits long periods of time. Early phenotypes of ADPKD might be potentially detected 

in kidney organoids or undifferentiated hiPSCs, particularly because the target genes, PKD1/

PKD2, encode ciliary proteins that are expressed in many cell types (Van Adelsberg and 

Frank, 1995). Freedman et al. reported generation of hiPSCs from three unrelated patients 

with ADPKD harboring PKD1 mutations and two patients with ARPKD harboring PKHD1 

mutations (Freedman et al., 2013). Western blot analysis of hiPSCs derived from ADPKD 

patients, ARPKD patients, and healthy controls revealed the three groups to express PC2 at 

similar levels. However, localization of PC2 to the primary cilium was reduced in ADPKD 

patient-derived hiPSCs, suggesting that normal trafficking of PKD2 to the cilium is 

mediated by normal PKD1 protein. This study marked the first iPSC phenotype established 
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for a kidney disorder and might help to explain the cause of cystogenesis in ADPKD 

patients; nevertheless, further studies will be necessary to elucidate the mechanisms of 

cystogenesis due to reduced PC2 expression in the cilium.

Ameku et al. used ADPKD patient-derived hiPSCs and identified a metalloenzyme gene, 

matrix metalloproteinase 1 (MMP1) as a novel risk factor for intracranial aneurysms (ICA) 

(Ameku et al., 2016). They generated hiPSCs from seven ADPKD patients, including four 

with ICA, and compared gene expression profiles between the vascular endothelial cells 

from ADPKD-iPSCs and those from non-ADPKD subjects. They found that the expression 

level of MMP1, was specifically elevated in iPSC-derived vascular endothelia derived from 

ADPKD patients with ICAs. Furthermore, they confirmed the correlation between the serum 

MMP1 levels and the development of ICAs in 354 ADPKD patients, indicating that high 

serum MMP1 levels may be a novel risk factor for ADPKD. These results suggest that 

cellular disease models with ADPKD-specific iPSCs can be used to study disease 

mechanisms and to find novel disease-related molecules or risk factors (Ameku et al., 2016).

One caveat to note is that it might be difficult to mimic the clinical manifestations of 

ADPKD such as cystic expansion from tubular epithelial cells using hiPSCs derived from 

ADPKD patients, because ADPKD is generally thought to be caused by somatic loss of 

heterozygosity (the second hit hypothesis) (Reeders, 1992). Considering the long time-

course of disease progression of ADPKD, alternative approaches to modeling ADPKD 

might need to be developed beyond the study of patient-derived hiPSCs alone, so that 

clinical phenotypes can be reproduced in culture systems. Freedman et al. applied the 

CRISPR/Cas9 genome editing system to introduce biallelic, truncating mutations in PKD1 

or PKD2 in hESCs (PKD1−/− or PKD2−/− hESCs) (Freedman et al., 2015). While these 

PKD1−/− or PKD2−/− hESCs maintain pluripotency, large translucent cyst-like structures 

were formed when differentiated into kidney organoids. These cystic structures remained 

tethered to the underlying matrix, but moved freely in response to vibration in contrast to 

neighboring normal tubular structures that remained fixed in position on the surface of 

culture plates. Although the differentiation protocol into kidney organoids might need 

further refinement, cyst formation was observed in 6% of the kidney organoids derived from 

PKD1−/− or PKD2−/− hESCs, while isogenic control hESCs rarely formed cystic structure 

under same condition (Freedman et al., 2015). They hypothesized that adherent forces play a 

critical role in limiting tubular deformation and subsequent cyst formation. After two weeks 

in suspension culture, 75% of kidney organoids derived from PKD1−/− or PKD2−/− hESCs 

formed large, free-floating cysts, resulting in a 10-fold increase in cyst formation over 

adherent cultures (Cruz et al., 2017). Control organoids of identical genetic background 

formed cysts very rarely under under these conditions, indicating that cystogenesis remained 

a specific consequence of the PKD1 or PKD2 mutations. Cyclic adenosine monophosphate 

(cAMP), when added, induces cysts in both PKD organoids and controls. Pathway-based 

global gene expression analysis revealed significant enrichment of hallmark gene sets for 

cell cycle progression, mTOR signaling, and MYC activity in these cysts, compared to 

normal tubular structures (Cruz et al., 2017). These PKD1−/− or PKD2−/− hESCs can be 

applied to high-throughput screening compatible platforms for enhanced differentiation and 

phenotyping of human kidney organoids. The authors focused on candidates that might 

modulate interaction between cells and their surrounding microenvironment, which is 
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important for cystogenesis in PKD organoids (Cruz et al., 2017). Screening in gene-edited 

kidney organoids in this system revealed an unexpected role for myosin in polycystic kidney 

disease. Blebbistatin, a specific inhibitor of non-muscle myosin II, induced a dose-dependent 

increase in cyst formation in PKD organoids. These results suggested that the polycystins 

may normally function to positively regulate actomyosin activation within the tubular 

epithelium, strengthening and tightening the tubule and preventing it from deforming into a 

cyst. (Czerniecki et al., 2018).

A recent study from the laboratory of Melissa Little demonstrated the utility of kidney 

organoids as a disease-model in the setting of prospective identification of a patient with a 

heritable nephronophthisis-related ciliopathy (NPHP-RC) syndrome (Forbes et al., 2018). 

Whole-exome sequencing of the patient and her parents identified compound-heterozygous 

variants in IFT140. IFT140 is a core component of the IFT-A complex, which links ciliary 

maintenance proteins, signaling molecules, and transmembrane receptors to the dynein 

motor complex in order to descend the ciliary axoneme to the basal body, a process known 

as retrograde intraflagellar transport (IFT). The precise downstream cellular mechanisms 

responsible for disease presentation remains unknown (Stepanek and Pigino, 2016). Forbes 

et al. generated patient-derived and isogenic gene corrected iPSCs from skin fibroblasts 

using simultaneous reprogramming and CRISPR genome editing of the mutation. Kidney 

organoids generated from both iPSC lines contained multiple nephron segments, including 

the contiguous immunofluorescent localization of nephrin (NPHS1, staining glomerular 

precursors), LTL (staining proximal tubule), cadherin 1 (CDH1, staining distal tubule), and 

co-immunofluorescence for CDH1 and GATA3 (collecting duct). Patient-derived organoids 

demonstrated primary ciliary dysmorphology, a club-shaped ciliary morphology similar to 

that observed in IFT140 knockout mice, whereas correction of the mutation in IFT140 

rescued this disease phenotype (Forbes et al., 2018). Transcriptional profiling and 

differential gene expression analysis of epithelial cells isolated from these organoids showed 

downregulation of genes associated with apicobasal polarity, cell-cell junctions, and dynein 

motor assembly in the mutant cells (Forbes et al., 2018). These results suggested that this 

kidney organoids model would clarify the common pathogenetic mechanisms for this 

heterogenetic rare disease.

In summary, there are many attempts to model genetic kidney diseases using kidney 

organoids derived from hPSCs. Kidney organoids are an attractive tool to study mechanisms 

of genetic kidney diseases in human cells, facilitating translational research to develop 

candidate molecules for novel therapies of genetic kidney diseases (Fig. 1).

Disease Modeling of Acute Kidney Injury and Chronic Kidney Disease

Drug nephrotoxicity is a common manifestation of the toxic effects of drugs and their 

metabolites, causing acute kidney injury (AKI) in hospitalized patients (Uchino et al., 2005). 

During drug development, 19% of failures in Phase III clinical trials are due to 

nephrotoxicity (Su et al., 2014). Currently there are no patient-specific models to assay 

nephrotoxicity in vitro. Recent reports have tested the nephrotoxicity of gentamycin or 

cisplatin on kidney organoids derived from hPSCs (Freedman et al., 2015; Morizane et al., 

2015; Takasato et al., 2015). After kidney organoids were treated with gentamycin or 
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cisplatin, increased expression of the DNA damage marker γH2AX and kidney injury 

molecule-1, clinical biomarkers of AKI (Freedman et al., 2015; Morizane et al., 2015), 

and/or cleaved caspase 3, a marker of apoptosis (Takasato et al., 2015), were observed in a 

manner that mimics in vivo kidney injury. These data support the use of kidney organoids as 

a novel platform for nephrotoxicity testing in human cells.

Defects in the filtration barrier of the glomerulus play a critical role in the onset of human 

renal diseases, which is characterized by massive proteinuria. The podocytes are cells lining 

the outer surface of the glomerular capillaries and maintain the filtration barrier by forming 

interdigitating foot processes with intervening slit diaphragms. Hale et al. sieved glomeruli 

from hiPSC-derived kidney organoids, which expressed podocyte-specific genes and 

maintained polarized protein localization expression (Hale et al., 2018). They placed 

organoid-derived glomeruli in a 96-well plate and exposed glomeruli to increasing 

concentrations of doxorubicin. The apoptosis marker caspase-3 increased at the lower doses 

of doxorubicin, before cell death prevailed resulting in the destruction of glomeruli (Hale et 

al., 2018). A single kidney organoid contains in the order of 100 glomeruli, and organoid-

derived glomeruli retain marker expression in culture for 96 h. Hence, hiPSC-derived 

organoid glomeruli may represent an accessible approach to high content screening for 

podocyte toxicity.

Pericytes and peritubular fibroblasts in the kidney interstitium are generally believed to 

differentiate into myofibroblasts during kidney fibrosis, an important therapeutic target of 

CKD (Lin et al., 2008; Humphreys et al., 2010; LeBleu et al., 2013; Kramann et al., 2015). 

There are currently no antifibrotic drugs approved by the FDA for the treatment of CKD, 

which represents a major unmet medical need. Recombinant adeno-associated virus (AAV)-

based gene therapy trials are currently ongoing for a range of monogenic diseases, including 

neuromuscular disease, hemophilia, and inherited forms of blindness (Bennett et al., 2016; 

George et al., 2017; Mendell et al., 2017; Bunting et al., 2018; Dunbar et al., 2018). 

However, protocols for transduction of kidney mesenchymal cells have not been established. 

Ikeda et al. evaluated the transduction profiles of various pseudotyped AAV vectors 

expressing either GFP or Cre recombinase reporters to kidney pericytes and fibroblasts in 

mouse kidneys and human kidney organoids. A synthetic AAV Anc80 were efficiently 

transduced into kidney mesenchymal cells in mice and human kidney organoids (Ikeda et al., 

2018). These results can be the foundation for future gene therapy approaches for kidney 

fibrosis and CKD.

Nephron damage triggers the activation of interstitial fibrogenic cells, leading to progressive 

scarring and contributing to loss of kidney function. Yet, the signals that drive this process 

are not well understood. Our collaborative team recently identified a novel mechanism by 

which IL-1β, a major innate inflammatory cytokine, regulates a MYC-dependent metabolic 

switch using fibrotic kidney samples obtained from patients with CKD, experimental animal 

models of kidney fibrosis induced by unilateral ureteral obstruction (UUO), human kidney 

stromal cell lines, and human kidney organoids (Lemos et al., 2018). We used kidney 

organoids to evaluate the effects of IL-1β and MYC on kidney stromal cells in 3D 

environment. IL-1β induced organoid hypertrophy, proximal tubule injury confirmed by 

KIM-1 expression and loss of LTL, and progressive fibrotic phenotypes including thickening 
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of the Collagen-I+ tubular basement membrane. Coincubation with MYC inhibitor 

significantly inhibited IL-1β-induced organoid hypertrophy, stromal cell proliferation, MYC 

accumulation in the nuclei of stromal cells, and upregulation of α-SMA expression (Lemos 

et al., 2018). These human organoid experiments highlight IL-1β and MYC as potential 

therapeutic targets in CKD patients.

Current Challenges in Organoid Research

A recent study from Humphreys’ laboratory performed single-cell RNA sequencing 

(scRNA-seq) and single-nucleus RNA-seq (snRNA-seq) to generate comprehensive 

molecular maps describing cell diversity in kidney organoids generated using two different 

protocols established by the Morizane group (Morizane and Bonventre, 2017a) and Little’s 

group (Takasato et al., 2016), with comparison to adult human kidney samples (Wu et al., 

2018). In Wu’s study, kidney organoid-derived cell types appeared to be immature when 

benchmarked against fetal and adult human kidney single-cell datasets. Both proximal 

tubule cells and podocytes derived from these organoids expressed only a fraction of the 

transcription factors that are identified in the adult cell types. Comparison between the two 

different kidney organoid protocols showed fewer off-target cells and higher expression of 

nephron epithelial genes in Morizane’s protocol than Little’s, while Little’s organoids 

showed higher percentage of tubular cells than in Morizane’s organoids. Further, gene 

expression analyses of trait-relevant genes previously identified by genome-wide association 

studies (GWASs) suggested that kidney organoids may be limited in their ability to model 

kidney disease such as CKD.

However, the results might be associated with varied technical difficulties including library 

preparation (scRNA-seq with kidney organoids v.s. snRNA-seq in kidney biopsy samples), a 

higher percentage of mitochondrial genes (2.03–14.3% in organoid samples v.s. 0.18–0.33% 

in biopsy samples), and fewer detected gene numbers in organoids than in biopsy samples 

(Wu et al., 2018). Indeed, previous studies reported that high numbers of mitochondrial 

transcripts are indicative of unhealthy, poor-quality cells, suggesting cells with elevated 

mitochondrial gene expression should be excluded from data analyses (Islam et al., 2014; 

Ilicic et al., 2016). On the other hand, Little’s group also performed scRNA-seq in kidney 

organoids generated by their own differentiation protocol. They reported that directed 

differentiation of hPSCs to kidney organoids is robust, reproducible and transferable 

between stem cell lines. However, when independent differentiation experiments were 

performed using the same cell line but from different frozen vials, batch-to–batch variation 

was the greatest driver of overall variability, with primary contributions from nephron 

maturation and nephron patterning (Phipson et al., 2019).

In another study, despite acceptable intra-laboratory reproducibility of omics readouts in an 

iPSC-derived neuronal model system in vitro, neurons generated at different labs have large 

variation (Volpato et al., 2018). In our hands, we often experience differentiation variation 

due to differences in batches of reagents such as growth factors, indicating that careful 

optimization of the differentiation protocols is necessary to minimize batch-to-batch 

variation. There is currently no consensus with regard to how we should perform quality 

evaluation of organoid differentiation. Thus, we think that it is necessary to explore relevant 
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parameters for the quality control of kidney organoids generated by varied differentiation 

protocols, especially when we use kidney organoids for disease modeling (Table 1). For 

example, we always evaluate differentiation efficiency at the intermediate stage of the 

directed differentiation as we previously reported (Morizane and Bonventre, 2017a).

Humphreys’ study also showed that off-target non-renal cell types including neural clusters 

were present at similar ratios (10%−20%) in all kidney organoids derived from hiPSCs and 

hESCs (Wu et al., 2018). To detect gene expression changes during organoid differentiation 

using Little’s protocol, they reconstructed kidney lineage relationships by performing 

pseudotemporal ordering using Monocle2. The resulting cell trajectories revealed one major 

branchpoint, separating loop of Henle and proximal tubular cell fates from podocyte, 

stromal, and neural cell fates. A second branchpoint distinguished podocyte from stromal 

and neural fates. Cell fates were defined by projecting marker gene expression onto the 

pseudotime trajectories. NTRK2, which encodes neurotrophic tyrosine kinase receptor, type 

2 also known as tropomyosin receptor kinase B (TrkB), was expressed exclusively in neural 

clusters, and its ligand, Brain-derived neurotrophic factor (BDNF), was also strongly 

expressed in the podocyte-neuronstroma branch. Inhibition of BDNF pathway using K252a, 

NTRK2 inhibitor, reduced neuronal cell types by 90% in this study (Wu et al., 2018), though 

BDNF inhibition may affect nephron epithelial cells in kidney organoids. BDNF is a 

member of the neurotrophin family of polypeptide growth factors and binds to TrkB, which 

is expressed not only in neuronal cells, but also in developing glomeruli, mature tubule, 

collecting ducts and the juxtaglomerular apparatus in kidneys (de Girolamo et al., 2000; De 

Girolamo et al., 2004; Garcia-Suarez et al., 2006; Endlich et al., 2018; Tao et al., 2018). 

Recently, some groups reported that BDNF affects podocytes; BDNF has a TrkB-dependent 

trophic activity on podocyte cellular processes by microRNA-mediated increase of actin 

polymerization (Li et al., 2015b), and an inhibition of TrkB resulted in enhanced podocyte 

dedifferentiation (Tao et al., 2018). As Little’s group by themselves found fewer neuronal 

cells in their kidney organoids by scRNA-seq without BDNF inhibition (Phipson et al., 

2019), these recent scRNA-seq studies highlight technical difficulties for kidney organoid 

generation in different labs or even in the same lab. Careful optimization of the 

differentiation protocols and reevaluation of kidney organoid characteristics would be 

required for reproducible organoid generation and disease modeling.

Stem Cells, Genome Editing, and Regenerative Medicine

AKI is associated with higher in-hospital and long-term mortality risks (Lafrance and Miller, 

2010). CKD causes varied complications such as renal anemia, mineral bone disorders, and 

heart diseases, and ESKD (Coresh et al., 2007; Levey et al., 2011; Jha et al., 2013). The 

development of stem cell therapy may provide curative care for these kidney disease 

patients. Currently, two major approaches are actively studied to develop curative therapy for 

kidney disease. One uses hPSCs-derived renal cells or tissues to regenerate nephrons, and 

the other uses genome editing to correct mutations in genetic kidney disease patients. In this 

section, we summarize current approaches for development of new curative therapy 

including cell therapy using hPSC-derived cells, bioengineered kidneys, and somatic cell 

gene editing (Fig. 2).
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The ultimate goal of cell therapy may be tissue replacement using transplanted cells, yet 

there are many challenges to this goal, such as the development of effective transplantation 

methods. Nevertheless, there are encouraging reports that suggested therapeutic potential of 

hPSC-derived kidney lineage cells. Toyohara et al. reported that the transplantation of 

hPSCs-derived OSR1+SIX2+ renal progenitors into the renal cortex ameliorated the AKI in 

mice (Toyohara et al., 2015). They discussed that the therapeutic effects of renal progenitors 

are thought to be mainly due to paracrine effects given the absence of new nephron 

formation from transplanted cells. The same group also reported that the renal progenitors 

can be enriched by flow sorting of CD9−CD140a+CD140b+CD271+ cells from differentiated 

hPSCs (Hoshina et al., 2018). Further, Hitomi et al. reported a method to generate 

erythropoietin (EPO)-producing cells from hPSCs and showed increased EPO expression 

and secretion in response to low oxygen conditions when subcutaneously injected into mice 

(Hitomi et al., 2017). These studies collectively suggest that kidney lineage cells derived 

from hPSCs may serve as a novel source for cell therapy against kidney diseases, yet further 

studies are necessary to develop better cell preparation and transplantation approaches for 

tissue reconstruction from hPSC-derived kidney cells.

Generation of functional kidneys as a replacement of current kidney transplantation therapy 

is a formidable challenge, and currently several different approaches are proposed. The 

approach to generate human kidneys in animals was previously suggested by studies where 

human kidney-like tissues were generated from human mesenchymal stem cells upon 

transplantation to rodent embryos (Yokoo et al., 2005). Recently, van den Berg et al. 
demonstrated generation of vascularized human kidney tissues derived from hPSCs upon 

transplantation of human kidney organoids to mouse renal capsules (van den Berg et al., 

2018). Other groups transplanted human nephron progenitor cells (NPCs) derived from 

hPSCs to mice, which subsequently differentiated into nephron epithelial cells (Bantounas et 

al., 2018; Tajiri et al., 2018). These studies are encouraging towards the goal of generating 

functional human kidneys in animals; however, nephron structures were not thoroughly 

organized as functional kidneys to excrete urine. To overcome the issue of nephron 

organization, Yamanaka et al. showed generation of rat-mouse chimeric kidneys and 

proposed a combination system through which host NPCs can be eliminated by diphtheria 

toxin in a time- and tissue-specific manner. This elimination would allow donor NPCs to 

supplant host NPCs and develop into nephrons connected to host collecting ducts 

(Yamanaka et al., 2017). Xenogeneic kidney generation holds considerable promise as a 

means towards generation of the bioartificial kidney, though there are major challenges yet 

to be overcome. One major challenge is immunogenicity due to contamination of host 

animal-derived cells in kidneys. Indeed, the above studies found that kidney tissues were 

vascularized with host animal endothelial cells. The other major challenge is the risk of 

cross-species transmission of porcine endogenous retroviruses (PERVs). eGenesis recently 

demonstrated inactivation of all the PERVs in a porcine primary cell line and generated 

PERV-inactivated pigs via somatic cell nuclear transfer. Their study highlighted the value of 

PERV inactivation to prevent cross-species viral transmission and demonstrated the 

production of PERV-inactivated animals to address the safety concern in clinical 

xenotransplantation (Niu et al., 2017). It may become possible to use humanized kidneys or 

gene-edited pig kidneys as a novel source for kidney transplantation in the future.
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Meanwhile, many groups have been developing protocols to generate kidney tissues from 

hPSCs in vitro (Taguchi et al., 2014; Morizane et al., 2015; Takasato et al., 2015; Yamaguchi 

et al., 2016; Morizane and Bonventre, 2017a; Przepiorski et al., 2018; Hiratsuka et al., 

2019). Generated kidney organoids appeared to have different maturation states and cellular 

components depending on the differentiation protocols (Wu et al., 2018; Phipson et al., 

2019), yet many challenges are needed for high-order kidney organogenesis. One or the 

common challenges in all protocols is how to generate perfusable vascular networks in order 

to generate vascularized glomeruli and tubules in vitro. To overcome this major challenge, 

our interdisciplinary team recently demonstrated that fluidic shear stress enhances 

vascularization and maturation of kidney organoids on 3D-printed chips (Homan et al., 

2019). Of note, enhanced glomerular vascularization and morphogenesis in this system may 

enable production of glomerular filtrate in vitro in the near future. The next major challenges 

would be: further improving the chip system with organized vasculature and nephrons, 

overcoming anatomical problems such as incorporation of the collecting duct system and 

chaotic branching nephron patterns, and enhancing quality control of hPSCs and their 

derivatives (Merkle et al., 2015). To solve the anatomical problems of kidney organoids, 

some groups demonstrated that tissue recombination of induced ureteric bud and 

metanephric mesenchyme could facilitate higher-order architecture of kidney organoids and 

bioengineered branching renal tubules using PMDS scaffolds (Taguchi and Nishinakamura, 

2017; Benedetti et al., 2018). Scale-up of the kidney tissue will be also a critical step 

towards the goal of generating functional bioengineered kidneys for the therapeutic purpose.

On the other hand, genome editing has great potential to develop curative therapy for genetic 

diseases (Cong et al., 2013; Ran et al., 2013a; Ran et al., 2013b). Tanigawa et al. established 

iPSCs from a patient with nephrotic syndrome and repaired an amino acid mutation using 

Cre-recombinase-mediated excision (Tanigawa et al., 2018). Genetic correction was 

confirmed by the expression of NPHS1 in the genetically corrected organoids, suggesting 

that genome editing can provide curative therapy for genetic kidney diseases. After 

correction of mutations in patient iPSCs, transplantation of differentiated cells or tissues 

may enable curative therapy. Further, somatic genome editing in vivo may also become 

possible to cure genetic diseases. Although studies targeting genetic kidney diseases are not 

yet reported, many studies demonstrated successful somatic genome editing in animals to 

treat genetic diseases in other organs (Nelson et al., 2016; Suzuki et al., 2016; Tabebordbar 

et al., 2016). Although somatic genome editing may induce serious genetic damage (Kosicki 

et al., 2018), further studies may enable safe and effective gene therapy for genetic kidney 

diseases in the future.

Conclusion

Recent advances in generating kidney organoids from hPSCs have led to new insight into 

understanding human kidney development and various human pathophysiology with a great 

potential for translational research. Kidney organoids are also usable for the disease 

modeling of genetic kidney diseases using patient-derived hiPSCs and CRISPR/Cas9-based 

gene-edited hPSCs. Furthermore, studies demonstrate the utility of kidney organoids to 

study disease mechanisms of AKI and CKD. Recent single cell RNA-seq studies highlight 

technical difficulties in reproducible organoid generation and differences of kidney 
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organoids generated by varied differentiation protocols, indicating the need for careful 

quality evaluation of kidney organoids especially when used for disease modeling. 

Nevertheless, increasing evidence demonstrates the potential of kidney organoids for studies 

of kidney diseases, drug development, precision medicine, and regenerative medicine.
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Fig. 1. 
Disease modeling using genome editing and hPSC-derived kidney organoids.
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Fig. 2. 
Approaches to develop regenerative therapy for kidney patients using hPSCs and genome 

editing.
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Table 1.

Technical challenges and strategies for the quality control of kidney organoids

TECHNICAL CHALLENGE EXPERIMENTAL STRATEGY

Batch-to-Batch Variation
Evaluate the differentiation efficiency and kidney organoid characteristics

Plate, differentiate and assay patient or CRISPR mutant and control lines concurrently

Inter-Laboratory Variation
Use same batch of regents such as growth factors, media and compounds

Evaluate the differentiation efficiency and kidney organoid characteristics

Variability between hPSC Lines

Optimize culture and differentiation protocol by each cell line

Use parent cells as control (isogenic control), when using CRIPSR mutant lines

Study multiple lines per patient
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