
Introduction 

The kidney is a complex organ that becomes highly organized 
during development. Renal complexity is characterized by sev-
eral functionally and structurally distinct segments. One func-
tional component of the kidney, the nephron, carries out tasks 
such as filtration and reabsorption. The human kidney contains 
approximately one million nephrons, each composed of at least 
20 different cell types. These include the major components of 
the glomerulus, proximal and distal tubules, loop of Henle, and 
collecting duct [1]. 

The embryonic kidney consists of the metanephric mesen-
chyme and ureteric buds. During the metanephric development 
process, epiblasts expressing T (brachyury) give rise to nascent 
mesoderm on embryonic day (E) 7.5. The metanephros orig-
inates from the intermediate mesoderm, which expresses odd-
skipped related transcription factor 1 (Osr1). This intermediate 
mesoderm then divides into the posterior nascent mesoderm 
(E8.5), arising from the posterior intermediate mesoderm, and 
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the anterior intermediate mesoderm (E8.5), which gives rise to 
the ureteric bud generated from the Wolffian duct progenitor 
(E9.5) [2,3]. The anterior intermediate mesoderm, which ex-
presses LIM homeobox 1 (Lhx1) and paired box gene 2 (Pax2), 
develops into the ureteric bud lineage, which forms the ureteric 
epithelium through branching and growth. The posterior inter-
mediate mesoderm, expressing Wilms tumor 1 (Wt1) and ho-
meobox-leucine zipper (Hox11), develops into the metanephric 
mesenchyme; this gives rise to the cap mesenchyme and inter-
stitial stroma populations (Fig. 1) [4–6]. 

On day E10.5 of murine development, the metanephric 
mesenchyme secretes glial cell line-derived neurotrophic factor 
(GDNF). This factor promotes the growth and branching of the 
ureteric bud. 

Osr1-expressing cell clusters spatially regulate Six2 expression, 
which in turn induces the cap mesenchymal population. The 
SIX homeobox 2 (Six2)-positive cap mesenchyme is formed 
by the surrounding metanephric mesenchyme adjacent to the 
tips of the branching ureteric bud. These epithelialize, leading to 
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the sequential formation of pretubular aggregates, renal vesicles, 
and comma- and S-shaped bodies [2,7]. The cap mesenchyme 
secretes Wingless family member 11 (Wnt-11), which pro-
motes ureteric bud differentiation. Meanwhile, the ureteric bud 
secretes Wnt-9b and fibroblast growth factor 9 (FGF9), which 
differentiate the metanephric mesenchyme into pretubular ag-
gregates. As a result of FGF8 and Wnt4 secretion, Lhx1 activa-
tion initiates the mesenchymal-to-epithelial transition, causing 
the pretubular aggregates to form renal vesicles. These renal 
vesicles connect the collecting duct and ureter, developing into 
metanephric nephron progenitors (Fig. 1) [8,9]. 

The interstitial stroma, another subcompartment of the 
metanephric nephron, is characterized by the expression of 
the transcription factor forkhead box D1 (Foxd1). Foxd1- and 
T-box 18 (TBX18)-positive cell populations give rise to various 
cell types, including renin cells, vascular smooth muscle cells, 
pericytes, and mesangial cells (Fig. 1). The stromal population 
is associated with non-glomerular and glomerular vasculature 
and promotes ureteric bud development [10–13]. Cross-talk 
between the metanephric mesenchyme and the ureteric bud is 
essential for higher-order kidney development [14–16]. 

Animal models have been developed to improve our under-

standing of kidney development; however, they present chal-
lenges due to interspecies differences from human kidneys, eth-
ical concerns, experimental duration, and cost. Human primary 
or immortalized cell lines have been employed to investigate the 
characteristics of specific cell types. However, these cell lines 
tend to lose their primary properties during culture, resulting in 
a divergence from their in vivo counterparts. Moreover, observ-
ing cell-cell interactions can be difficult. Consequently, a need 
exists for an enhanced kidney-mimicking model to address the 
limitations of existing models, and kidney organoids currently 
fulfill this role. 

Kidney organoids include nephron progenitor cells, high-
er-order organoids, and tubular epithelial organoids. These 
organoids are derived from pluripotent stem cells (PSCs), in-
cluding embryonic stem cells (ESCs), induced pluripotent stem 
cells (iPSCs), and adult stem cells (ASCs). They form self-orga-
nizing 3-dimensional (3D) structures that mimic the intricate 
structures and functions of the kidney [17,18]. The utility of 
kidney organoids relies on the extent to which the renal cellular 
identity and complexity of these in vitro models resemble those 
of the human kidney. The methods for developing kidney or-
ganoids have seen substantial advancements in recent years. In 
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Fig. 1. Renal lineage in nephric development. The interaction between the metanephric mesenchyme and the nephric duct is crucial for 
nephrogenesis. Each compartment sequentially organizes the developmental stages of the ureteric bud or nephron progenitor population. 
Arrows and key markers represent the signal regulation between each compartment.
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this review, we explore the characteristics of these methods and 
discuss their remaining limitations. Additionally, we address the 
application of kidney organoids in disease modeling and drug 
screening (Fig. 2). 

Nephron progenitor organoid induction 

Ethics statement: This study was a literature review of 
previously published studies and was therefore exempt 
from institutional review board approval.

Before the development of multicellular kidney organoids, 
numerous researchers proposed studies to generate a renal 
single-cell population using PSCs. Kidney cell populations 
induced from human iPSCs or ESCs were identified, with 
each cell type including the posterior primitive streak, nephro-
genic intermediate mesoderm, and mesenchymal mesoderm. 
Induced proximal tubular cells and nephron progenitor cell 
populations were observed to express glomerular and proximal 

tubular epithelial markers, including claudin, aquaporin, and 
gamma-glutamyltransferase. Additionally, podocytes generated 
from iPSCs exhibited protein and messenger RNA expression 
of podocyte-specific markers. Another study reported that ure-
teric bud progenitor-like cells generated from iPSCs and ESCs 
expressed Hoxb7, receptor tyrosine kinase (RET), and GDNF 
receptor alpha 1 (Gfra1) [19–24]. Meanwhile, the generated 
primitive “renal organoid,” in which dissociated single cells were 
aggregated in the embryonic kidney following implantation into 
the renal capsule of rats with vascular endothelial growth factor 
treatment, partially displayed kidney characteristics [25]. 

CHIR99021 (CHIR), a Wnt agonist, is the most commonly 
used chemical for inducing nephron precursors. CHIR treat-
ment regulates the initial induction into the nascent mesoderm 
and enables directional induction [26–28]. A high concentra-
tion of CHIR stimulates the posterior nascent mesoderm to 
develop into the posterior intermediate mesoderm, while insuf-
ficient activation of CHIR results in the induction of the anteri-
or intermediate mesoderm. The Takasato protocol established 
the  generation of nephron-like structures using a high CHIR 

Fig. 2. Differentiation of induced pluripotent stem cell-derived kidney organoids and establishment of adult stem cell-derived kidney 
tubuloids. A comparison of human induced pluripotent stem cell (iPSC)-derived kidney organoids and adult stem cell (ASC)-derived tub-
uloids is presented. Kidney organoids are generated through directional differentiation in reprogrammed iPSCs derived from human lym-
phocytes or fibroblasts (top). The kidney tubuloid protocol, established using ASCs, necessitates the dissociation of renal tissue or urine 
samples. After processing, tubular fragments or urine-derived cells are directly seeded into the matrix and given growth factor treat-
ments to promote the differentiation of only tubular structures (bottom).
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concentration to induce metanephric mesenchyme populations 
(Fig. 3). These nephron organoids expressed renal markers, 
including WT1+ nephrin (NPHS1)+ podocytes in the glomer-
uli, cadherin 1 (CDH1)+ uromodulin (UMOD)+ in the loop of 
Henle, and Lotus tetragonolobus lectin (LTL)+ in the proximal 
tubules. Additionally, a CDH1+GATA3+ paired box 2 (PAX2)+ 
collecting duct network was induced, which was surrounded by 
platelet-derived growth factor receptor alpha (PDGFRA)+ renal 
early mesangial and CD31+ endothelial cells. The authors also 
conducted functional assays, including dextran uptake and cis-
platin nephrotoxicity assessments, to confirm the maturation of 
proximal tubules in the nephrons within these organoids [27]. 

Morizane et al. [29] proposed a protocol for inducing the 
differentiation of nephron-like structures through highly effi-
cient expression of the nephron progenitor cell marker, SIX2. 

In a 3D culture system using ultra-low attachment 96-well 
round-bottom plates, nephron progenitor cell populations were 
induced with 75% to 92% efficiency. Ten to 14 days after the 
initial point, the nephron progenitor cell population expressed 
SIX2, and upon FGF9 treatment, these cells differentiated 
into PAX8+LHX1+ renal vesicle cells (Fig. 3). The induction 
efficiency for differentiation of the intermediate mesoderm 
into nephron progenitor cell populations was higher than that 
reported in previous studies. On day 21 after differentiation, 
renal vesicle-like clusters formed nephron-like structures 
with LTL+CDH2+ proximal tubules, NPHS1+ podocalyxin 
(PODXL)+ podocytes, CDH1+UMOD+ loops of Henle, and 
CDH1+ POU-homeodomain transcription factor Pou3f3+ Bar-
ren BRN1+ distal tubules. Transmission electron microscopy 
analyses of these organoids revealed ultrastructures including 

Fig. 3.  Comparison of human kidney organoid differentiation protocols. This diagram summarizes the protocols used for kidney organoid 
differentiation, including the higher-order methodology. Each stage of the differentiation protocols is depicted, along with the inducing 
factors, concentrations, and treatment durations. For each protocol presented, the authors and publication details are provided in a box. 
BMP4, bone morphogenetic protein 4; Fgf 2,9, fibroblast growth factor 2,9; CHIR, CHIR 99021, Wnt agonist; Hr, hour; GF, growth factor; Y, 
Y27632, a selective p160 ROCK inhibitor; RA, retinoic acid; LDN, LDN193189, a BMP inhibitor; Gdnf, glial cell-derived neurotrophic fac-
tor; CXCR4, C0X0C chemokine receptor type 4; KIT, tyrosine-protein kinase;  iNP, induced nephron progenitor; iUB, induced ureteric bud; 
BMS, BMS493, RA receptor agonist; Shh, Sonic Hedgehog; ROBO2, roundabout guidance receptor 2; PDGFRA, platelet-derived growth 
factor receptor alpha; iSP, induced stromal progenitor. 
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the primary and secondary foot processes of podocytes, brush 
border-like structures of proximal tubular cells, microvilli, and 
epithelial tight junctions [23,27–29]. 

Furthermore, Taguchi et al. [26] reported the induction of 
early-stage nephron structures by reaggregating the fractionated 
Osr1+ integrin alpha 8 (Itga8)+ Pdgfra− metanephric precursor 
cell populations. These aggregates were co-cultured with mouse 
embryonic spinal cord or stimulated with Wnt4 (Fig. 3). The re-
sulting structures contained CDH1+CDH6+_tubular segments 
and WT1+NPHS1+ podocytes. However, these kidney organ-
oids were identified as immature structures that still expressed 
nephron progenitor cell markers such as SALL and PAX2. This 
was attributed to the use of mouse spinal cord in the process. 
Additionally, the growth factors employed in this protocol were 
poorly defined for the same reason [30]. 

The kidney organoid protocols mentioned earlier are primar-
ily concentrated on inducing the posterior intermediate me-
soderm. Although numerous protocols utilizing CHIR can be 
used to effectively differentiate PSC-derived nephron progeni-
tor cells, the absence of vascular networks results in inadequate 
nephron maturation, as well as the lack of ureteric buds and 
stromal cell populations. 

Manipulation of kidney organoid-derived 
PSCs for maturation 

Although previous protocols have successfully established neph-
ron progenitor organoids, the replication of mature glomerular 
structures and renal function remains a challenge. To generate 
more mature kidney organoids, including the glomerular filtra-
tion barrier and slit diaphragm, a vascular environment is neces-
sary [31]. PSC-derived kidney organoids were transplanted into 
the subcapsular spaces of mouse kidneys, where they underwent 
neovascularization to form the glomerular basement membrane, 
fenestrated endothelial cells, and podocyte foot processes. 
Furthermore, in vivo imaging has demonstrated connections 
between functional glomerular perfusion and conventional vas-
cular networks [30,32,33]. 

Effective manipulation of mature nephron progenitor cell 
populations or podocyte organoids has been proposed. These 
organoids exhibit morphological and functional features, such 
as primary and foot processes. A protocol has been developed 
to activate Wnt-induced podocytes derived from human and 
mouse PSCs, which express key markers of mature podocytes, 
including synaptopodin, nephrin, podocin, WT1, and actinin-4. 
Additionally, the induced podocytes demonstrated cytoskeletal 
rearrangement in response to angiotensin II, and drug uptake 

was confirmed. The Bonventre group published a study on 
kidney organoids derived from genome-edited iPSCs using 
CRISPR/Cas9 knockout technology. In these PODXL-defi-
cient kidney organoids, podocyte-like cells displayed nephron 
defects, including an almost complete absence of microvilli. 
This study also showcased disease modeling of cystogenesis in 
hPSC-derived kidney organoids using biallelic truncating mu-
tations in polycystic kidney disease (PKD) gene 1 (PKD1) or 
PKD2 [34–37]. 

The derivation of the anterior intermediate mesoderm gives 
rise to ureteric bud progenitor cell populations, which form a 
distinct lineage of kidney organoids. The duration of CHIR 
treatment for anterior intermediate mesoderm induction (ap-
proximately 24 hours) is shorter than that for posterior inter-
mediate mesoderm induction, directing the iPSCs toward the 
ureteric bud lineage. Ureteric bud organoids exhibit branching 
morphogenesis and a mature collecting duct system. The iso-
lated T-shaped ureteric bud, derived from PSCs, expresses Pro-
to-oncogene Tyrosine-protein Kinase Receptor (RET). RET is 
well known for its involvement in the development of ureteric 
progenitor cells and in expandable branching morphogenesis. 
The ureteric bud organoid was found to express key regulators 
of ureteric progenitor cells, including RET, ETS translocation 
variant 5 (Etv5), SRY-box transcription factor 9, and ureteric 
bud lineage markers such as Gata3, Pax2, keratin type II cy-
toskeletal 8 (Krt8), and Cdh1. The transcriptome profiles of 
ureteric bud organoids, encompassing primary ureteral bud and 
trunk populations, were analyzed using RNA sequencing to 
confirm their differentiation potential [38–40]. 

Published approaches to kidney organoids have successfully 
established appropriate induction protocols for various renal 
cell types, which express markers and undergo structural pat-
terning during kidney development. These approaches have 
also demonstrated the ultrastructural and functional features of 
the kidney. Single-cell RNA sequencing of kidney organoids, 
employing reporter-based mapping and barcode sequencing, 
has revealed broad similarities in genetic screening data be-
tween induced kidney organoids and human fetal kidneys. 
Genetic defects associated with renal disease can be identified 
through the genetic profiling of kidney organoids, taking into 
account relevant developmental and functional aspects [41–
46]. 

Generation of higher-order kidney 
organoid structures 

The previously described approaches generated nephron pro-
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genitor or ureteric bud cell populations for each renal lineage. 
In contrast, Taguchi et al. reported the generation of high-

er-order kidney organoids using lineage-tracing methods in 
mice. The authors analyzed detailed information regarding gene 
expression during mouse fetal kidney development from em-
bryonic day 7.5 to 11.5. This approach, employing well-defined 
growth factor concentrations and suggested treatment durations, 
resulted in the induction of ureteric and metanephric mesenchy-
mal lineages, respectively. A high concentration of CHIR was 
used to induce the metanephric mesoderm, while detailed reg-
ulation involving retinoic acid, Wnt, and FGF/ GDNF induced 
ureteric bud-like cells; this was followed by the maturation of 
Wolffian duct progenitor cells. The C-X-C chemokine receptor 
type 4 (Cxcr4)-/tyrosine-protein kinase (Kit)-positive cell pop-
ulations were sorted and reaggregated, forming ureteric bud-like 
structures that expressed ureteric markers, such as Wnt11, RET, 
Sox9, and cytokeratin 8 (CK8). After inducing ureteric buds 
and metanephric mesenchyme lineages, respectively, the ureter-
ic bud and metanephric mesenchyme reaggregated with stromal 
progenitor populations expressing platelet-derived growth fac-
tor receptor alpha (Pdgfra), which dissociated from the mouse 
kidney on embryonic day 11.5 (Fig. 3). These reconstituted 
kidney organoids improved the branching morphogenesis of 
the ureteric bud lineage and expressed typical markers, such as 
Sox9 at the ureteric tips with Gata3 and calbindin 1 (Calb1) in 
the ureteric epithelium. Reassembled higher-order organoids 
also mimic the physiological interactions and structural features 
of human embryonic kidneys [26,47]. 

The stromal progenitor cell population differentiates into var-
ious types of interstitial cells, making it crucial to construct the 
stroma between the ureteric bud-derived epithelial parenchyma 
and nephron progenitors. However, due to the nature of kidney 
organoids, the protocols used in previous studies are insufficient 
for generating stromal progenitor populations without a vascu-
larization environment. Little and colleagues reported that kid-
ney organoids contained PDGFRA-positive stromal cell popula-
tions, such as early mesangial cells, as well as myeloid ecotropic 
viral insertion site 1 (Meis1)-positive renal interstitial cells [27]. 
Furthermore, other studies have proposed a co-culture method 
to enhance glomeruli under vasculature conditioning for stro-
mal cell induction [48–50]. 

Recently, the Nishinakamura group developed a protocol to 
generate organotypic “higher-order” kidney organoid structures 
using PSC-derived renal stromal cell populations. They estab-
lished dorsoventral patterning of stromal progenitors in the 
posterior intermediate mesoderm using roundabout guidance 
receptor 2 (ROBO2) and PDGFRA. The sorted stromal progen-

itor cell populations were then reaggregated with induced ure-
teric bud and nephron progenitor populations (Fig. 3). These 
higher-order organotypic kidney organoids exhibited a more 
comprehensive structure, characterized by increased ureteric 
bud branching and stromal cell formation. In comparison to 
previously reported kidney organoids, the generated kidney ru-
diments displayed a more intricate glomerular structure due to 
the presence of various stromal cell types surrounding the glom-
eruli. Following transplantation into immunodeficient mice, 
transcriptome profiles were employed to identify each stromal 
subpopulation, including cortical and medullary stroma, me-
sangial, renin, and smooth muscle cells [51]. 

Kidney tubuloids derived from adult stem 
cells 

Both ESC- and iPSC-derived kidney organoids possess the ben-
efit of exhibiting the intricate and organotypic characteristics 
of the human kidney. Typically, kidney organoids derived from 
PSCs require 2 to 3 months for complete differentiation. How-
ever, they cannot undergo expansion and exhibit inadequate re-
production. To produce kidney organoids of consistent quality, 
it is essential to consider factors such as the pluripotency states 
of PSCs, variations in passage at the initial stage, cell viability, 
and the handling expertise of different researchers. 

ASC-derived kidney tubuloids resemble adult kidney tubules, 
which have a 3D tubular epithelial structure. They are derived 
from adult kidney tissues or urine samples. Given that they have 
tubular structures without glomeruli, they are referred to as “tu-
buloids.” ASCs in kidney tissues and urinary samples are already 
fully specified to the kidney tubule and can form a cystic, highly 
polarized epithelial structure within 7 to 14 days. The protocol 
for ASC-derived tubuloids is relatively simple compared to 
that for kidney organoids derived from PSCs. A well-defined 
differentiation medium consists of growth factors and R-spon-
din–conditioned media, with or without Wnt3a stimulation. 
Tubuloids maintain genetic stability during long-term culture, 
as karyotyping reveals a normal number of chromosomes. 
Moreover, fully differentiated tubuloids can be expanded and 
cryopreserved. In the tubuloids, immunostaining and sequenc-
ing data confirm the renal tubular nature and epithelial structure 
of the kidney, including the proximal and distal tubules, loop of 
Henle, and collecting duct epithelium. These tubuloids exhibit 
transporter activity in a leak-tight formation and a polarized 
structure in an organ-on-a-chip format. Patient-derived tubu-
loids are suitable for genome editing and can be employed to 
model diseases such as hereditary tubulopathies and childhood 
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kidney tumors. Additionally, the tubuloid platform can be uti-
lized for drug uptake transporter assays and the assessment of 
treatment effectiveness [52–54]. 

Disease modeling using kidney organoids 
and tubuloids 

Kidney organoids and tubuloids have been utilized in disease 
modeling to demonstrate renal glomerular and tubular abnor-
malities. Additionally, kidney organoids have been employed to 
investigate the function of target genes during kidney develop-
ment and disease pathogenesis. As mentioned in the section on 
podocyte-like organoids, CRISPR/Cas9-mediated knockout 
of PODXL, which encodes the podocyte protein, results in de-
fective junctional organization in PODXL−/− kidney organoid 
podocytes [36]. Moreover, intraflagellar transport protein 140 
(IFT140)-mutated organoids were generated using iPSCs from 
patients with nephronophthisis (NPHP)-related ciliopathy 
(-RC). The gene-edited proband organoids exhibited shorter, 
club-shaped primary cilia and abnormal polarity in the renal 
tubular epithelium. Furthermore, IFT140 gene-corrected organ-
oids were rescued and displayed a normal distribution of IFT 
components [55]. Little and colleagues proposed that kidney 
organoids are suitable for podocytopathy modeling because 
their podocyte-specific gene expression and polarized protein 
localization are similar to those in conditionally immortalized 
human podocyte cell lines [56]. A mutation of NPHS1, which 
encodes nephrin, was found to cause glomerular podocyte 
abnormalities and slit diaphragm deficits in a kidney organoid 
model. Organoids derived from patients with nephrotic syn-
drome were also studied for abnormal slit diaphragm formation 
and mislocalization of the mutant nephrin protein [57]. 

Previous research on PKD modeling using kidney organ-
oids demonstrated that the removal of the associated proteins 
polycystin-1 and -2 led to autosomal dominant PKD (ADPK-
D)-induced cyst formation in the tubular segment. However, 
the efficiency of cyst formation was low, with only 6% of the 
total kidney organoids affected [36]. In suspension culture in 
which adhesive force had been eliminated to promote more ef-
fective cystogenesis, 75% of the PKD−/− organoids treated with 
forskolin and 8-Br-cAMP developed cysts that were 10 times 
larger than those in adherent cultures [58]. Additionally, a study 
investigating the therapeutic effectiveness of tolvaptan, a selec-
tive vasopressin-2 receptor antagonist, and CFTR inhibitor 172 
on ADPKD patient-derived kidney organoids indicated the po-
tential for developing therapeutic drug targets based on kidney 
organoid disease models [59]. 

In vitro drug screening using kidney organoid 
models 

Renal drug transporters are found in the basolateral and apical 
membranes of proximal renal tubules. These transporters are re-
sponsible for the reabsorption and secretion of drug molecules 
[60]. Previous in vitro studies have utilized primary human renal 
proximal tubule cells and immortalized kidney cells to assess 
drug-induced nephrotoxicity. In conjunction with refining ma-
ture kidney organoid differentiation protocols, researchers have 
conducted nephrotoxicity studies on various drug responses 
using the kidney organoid platform. 

The proximal tubule within the glomeruli of kidney organoids 
has been observed to display functional characteristics, such as 
megalin-dependent, cubilin-mediated endocytosis. Addition-
ally, the dextran uptake assay has been employed in numerous 
studies to investigate the functional properties of differentiated 
kidney organoids [27,29,36,41,49,61,62]. 

Nephrotoxicants, including various anticancer drugs and 
antibiotics such as gentamicin and cisplatin, have been assessed 
for drug-induced renal toxicity using a kidney organoid model. 
Renal injury markers, including neutrophil gelatinase-associ-
atedlipocalin (NGAL) lipocalin and kidney injury molecule 1 
(KIM-1), have been found to be upregulated in cases of kidney 
damage. Treatment with nephrotoxicants resulted in the deteri-
oration of differentiated kidney-like structures and an increase 
in KIM-1 expression or γ-histone 2AX staining (γH2AX) in 
glomerulus-like formations [27,29,36]. A range of drugs, en-
compassing tubular (gentamicin, citrinin, cisplatin, rifampicin, 
acetaminophen, and ethylene glycol) and glomerular (puromy-
cin and doxorubicin) targets, have been evaluated using kidney 
organoids [62,63]. 

In one study, the efficacy of a drug was evaluated using 
two-dimensional and 3D kidney organoids, as well as on a larger 
scale in 96-well plates. Exposure to doxorubicin led to the loss 
of BFP2 signaling and fragmentation of glomerular structures 
in MAF bZIP transcription factor B (MAFB)-BFP2 glomerular 
organoids grown in 96-well plates. Additionally, the expression 
of the apoptosis marker caspase-3 increased, while the MABF-
BFP2 level and glomerular size decreased [56]. 

Using kidney organoids, a high-throughput screening (HTS) 
platform can be employed to conduct multidimensional phe-
notypic analyses for optimizing differentiation protocols. 
Freedman and colleagues demonstrated that the HTS platform 
could be used to assess the differentiation efficiency of kidney 
organoids in 96- and 384-well formats. This platform showcased 
the miniaturization and automation of human kidney organoid 
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differentiation. Although it was a relatively simple step, employ-
ing a high concentration of CHIR at 60 hours, the automated in-
duction method generated nephron-like structures with a single 
organoid in each well. Utilizing this HTS platform, quantitative 
evaluations of a wide range of CHIR concentrations were con-
ducted, and the relationship between the inducer and differenti-
ation induction efficiency was examined [46].  

Conclusion and perspectives 

In recent years, progress has been made in developing protocols 
for kidney organoids derived from PSCs and ASCs. These es-
tablished protocols have successfully generated complex, mul-
ticellular kidney-like structures with renal functions. Single-cell 
sequencing analyses have shown that the induced kidney or-
ganoids possess a profile similar to that of human fetal kidneys. 
Kidney organoid generation protocols involve the differentia-
tion of metanephric mesenchymal and ureteric bud lineages, as 
well as more advanced protocols for inducing heterogeneous 
stromal cell populations. These kidney organoids are utilized to 
study renal pathogenesis and kidney organogenesis. The recent 
rapid advancements in the field of renal organoids have led to 
the development of mature and complex kidney organoids, 
which contribute to our understanding of renal disease patho-
genesis and have potential applications in disease modeling. 
Furthermore, kidney organoid platforms can be employed for 
nephrotoxicity and drug efficacy testing, which may help reduce 
the need for and use of experimental animals [64]. Overall, ad-
vances in kidney organoid induction technology, along with the 
diverse range of applications mentioned above, are expected to 
drive scientific progress and open up possibilities for transplant-
able organ applications. 
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