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Abstract
Despite a continuing increase in the number of patients suffering from chronic kidney disease, currently available treatments
for these patients, such as dialysis and kidney transplantation, are imperfect. The kidney is also a critical target organ vulnerable to the toxicity of various new drugs, and the lack of a reliable in vitro culture model imposes a severe limitation on
drug discovery. Although the development of induced pluripotent stem cells (iPSCs) revolutionized strategies in biomedical
fields, the complexity of the kidney imposed additional challenge to the application of this technology in kidney regeneration.
Nonetheless, the recent advancement in our understanding on the developmental origin of kidney progenitor cells and the
mechanisms of their reciprocal induction and self-organization has boosted research in kidney regeneration. Research since
then has demonstrated that kidney organoids derived from iPSCs can serve as a useful model for drug discovery and toxicity
screening, as well as for disease modeling, especially in combination with gene editing techniques. Moreover, attempts at
kidney organoid implantation in animals have suggested their potential as an alternative source of kidney transplantation.
In this review, we summarize recent progress on the generation of kidney organoids, as well as the obstacles that remain.
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Introduction
The kidney is a vital organ for the maintenance of our body
homeostasis, and the patients suffering from end stage kidney disease (ESRD) require renal replacement therapies.
However, currently available renal replacement therapies,
such as dialysis and kidney transplantation, are imperfect
due to poor quality of life, high cost, and donor shortage.
ESRD therefore remains a major health issue worldwide.
Since the kidney is also a critical organ participating in drug
metabolism and excretion, as well as a target organ vulnerable to various drug toxicities, the kidney has attracted attention from both healthcare and drug discovery fields.
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The establishment of induced pluripotent stem cells
(iPSCs) opened a new era of regenerative therapy and drug
discovery [1, 2] and led to various novel strategies for organ
and tissue regeneration, including the kidney [3–7]. However, because of the complexity of the kidney structure and
function, kidney regeneration has been especially challenging. With the demonstration that random aggregates of dispersed kidney progenitor cells can undergo self-organization
and develop into a more complex structure [8], kidney organoids have thus been considered to serve as a “seed structure” of human kidney that provides opportunity to study
human kidney development, disease modeling, drug screening, and eventually regenerative therapy [9–13]. This review
will focus on the recent progress of kidney organoids and
the remaining obstacles that need to be overcome before they
can be used for these applications.

Kidney progenitor cells and their
developmental origins
Understanding of the developmental process is crucial for
in vitro generation of organoids from iPSCs. The kidney is a
complex organ that consists of more than 20 different types
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of cells organized in an intricate three-dimensional structure,
so de novo assembly of a fully developed adult kidney is
beyond the capacity of our current technologies [14]. However, when we reflect on the development of all organs, they
all develop from a rather simple structure, which may give
us a more feasible starting point to assemble. The primordial kidney, called metanephros, consists of mainly three
lineages of progenitor cells, i.e., nephron progenitor cells
(NP), ureteric bud cells (UB) and stromal progenitor cells
(SP) (Fig. 1). The development of the metanephros begins
with the invasion of UB from the caudal end of the Wolffian/nephric duct into a neighboring region of mesenchymal
cells, known as metanephric mesenchymal cells (MM). MM
are a mixture of mainly NP and SP at embryonic day 10.5
(E10.5) in mouse. Upon UB invasion, NP start to aggregate
surrounding the tip of the invading UB, called cap mesenchyme (CM), while SP form an outer layer covering this
structure [15, 16] (Fig. 1). Thereafter, mutual interactions
among these three lineages of progenitor cells control their
self-renewal and differentiation, leading to the formation
of glomeruli and nephron tubules from NP, the collecting
system and ureter from UB, and the supportive interstitial
tissues from SP [17–20] (Fig. 2). While the origin of SP is
not yet fully elucidated, extensive investigations revealed
the developmental processes of NP and UB in detail. Until
recently, both NP and UB were thought to originate from the
same cell population derived from intermediate mesoderm
(IM). However, it was later shown that IM can be divided
into at least two distinct populations: anterior and posterior
IM, and that anterior IM gives rise to UB, whereas posterior
IM gives rise to NP [21] (Fig. 3).

Current status of kidney organoids
The advancement in our knowledge on kidney development helped to advance the preparation methods of both
kidney progenitor cells and kidney organoids [10, 21–26]
(Fig. 4). Following the developmental process, Taguchi
et al. have successfully induced NP from both mouse embryonic stem cells (mESCs) and human iPSCs (hiPSCs) [21].
When cocultured with spinal cord, the induced NP were
Fig. 1  Three progenitors of the
kidney and the typical image
of their topological positions
in mouse metanephros. The
reciprocal induction among
these three progenitors renders
the mechanism of the structural
self-organization. Nephron
progenitor cells (NP), ureteric
bud cells (UB) and stromal
progenitor cells (SP)
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Fig. 2  The nephron structure. Glomeruli consist of capillary network
and cells derived from NP and SP. Nephron tubules are also derived
from NP. The collecting system and ureter are from UB

shown to differentiate into series of epithelial cells, starting
from podocytes down to the distal tubules. Of note is that
both mouse and human share similar developmental cues
and steps, except for the difference in the duration of each
step. Takasato et al. [26] also generated a relatively simple
method for NP induction, while Morizane et al. [25] reported
a method to induce NP that requires a shorter induction
period. These NP were shown to further differentiate into
renal tubules in heterogeneous cell aggregates.
The induced proximal tubule like structures in these
organoids can reproduce selective nephrotoxicity of certain
drugs, indicating that they share some characteristics with
in vivo kidney [10, 25, 27, 28]. These results suggest the
potential of kidney organoids to serve as a patient-specific
in vitro model to test drug-induced nephrotoxicity, which
accounts for most cases of drug development failure in
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Fig. 3  Schematic summary of kidney development. Primitive streak
gives rise to IM, which is the origin of the kidney. Recent progress
demonstrated that IM can be divided into at least two distinct popu-

lations, anterior and posterior IM, and that anterior IM gives rise to
UB, whereas posterior IM gives rise to NP. The developmental origin
of SP remains not fully elucidated

clinical trials [29]. Kidney organoids derived from hiPSCs
have also been shown to serve as disease models. Researchers have demonstrated that organoids consisting of cells with
a mutation in a causative gene of a certain disease, such as
polycystic kidney disease (PKD), congenital nephrotic syndrome, podocytopathy and nephronophthisis (NPH), could
reproduce similar pathological condition in vitro [11–13,
30]. Thus, the combination of CRISPR-Cas9 gene editing
and kidney organoids generated from patient-derived hiPSCs
is becoming a powerful tool for kidney disease modeling and
drug screening.
Induction of UB has also been reported [10, 24, 31].
Takasato et al. modified their NP induction protocol and
generated GATA3 positive tubular structures in the induced
kidney organoids. This protocol enables simultaneous induction of multiple lineages of kidney progenitor cells and may
have an advantage in the applications for disease modeling
and drug screening [10]. One potential obstacle, however, is
the contamination of untargeted cells in the resulting organoids. Single-cell RNA sequencing revealed that these organoids contained non-kidney cell types, including neuronal
and muscle cells [32, 33]. Wu et al. performed time course
analyses of transcriptomes at the single-cell level during
the differentiation of these organoids and revealed specific
expressions of receptors and ligands in off-target cells. They
also demonstrated that inhibition of these pathways could

successfully deplete the related off-target cells in these organoids without affecting kidney differentiation [32]. These
continuing efforts could significantly improve the quality
of kidney organoids derived from such one-step induction
protocols. On the other hand, Taguchi et al. reported a direct
induction protocol specific for UB that enabled the generation of higher-order kidney organoids [24]. Despite the complexity of this induction protocol, it holds a clear advantage
of minimizing contamination by non-kidney-related cells.
Moreover, the induced UB underwent extensive branching
and mimicked the well-organized structure of kidney epithelia when combined with both NP induced from hiPSCs and
primary SP derived from mouse embryonic kidneys.

Setbacks and perspectives for in vitro
assembly of transplantable kidneys
Functional and structural immaturity is being recognized as
one of the limitations of kidney organoids. Transcriptomic
analysis revealed that kidney organoids are equivalent to the
first trimester of human [10] or E15.5 of mouse [24] embryonic kidney. The immaturity of kidney organoids could be
related to the lack of blood supply and the concomitant lack
of urinary flow.
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Fig. 4  Schematic summary of the current preparation methodologies
of kidney organoids and future challenges. Induction and expansion
protocols of SP are yet to be established. Random self-organization
of dispersed cells results in partial organization with discrete UB (a).

Controlled self-organization without (b) or with (c) preservation of
cell topology may recapitulate in vivo kidney development and the
structure

These defects may be solved by in vivo implantation.
Many kidney organoids contain vascular endothelial cells,
and taking the mechano-bioengineering approach, Homan
et al. [34] reported improved vascularization and maturation
of kidney organoids under flow using a microfluidic device.
However, vascularized glomeruli are rarely observed in vitro
[8, 10]. In previous reports, Rogers et al. [35] implanted
E15.5 rat metanephroi, which are equivalent to E13.5 in
mouse, onto the omentum of adult rat hosts, and observed
vascularization into glomeruli with urine production from
implanted metanephroi, while transplantation of developed
kidneys failed to exhibit this functionality. Other reports
have also demonstrated better integration and maturation
of metanephroi when obtained from earlier developmental stages [36, 37]. This could be related to the degree of
blood vessel development in the metanephroi. The embryonic mouse heart typically starts beating around E8.5 [38],
and although E14 metanephros in mouse was previously
considered avascular [39], Munro et al. [40] reported that
kidney vascularization began as early as E11 from peri-Wolffian vessels, which are connected to the circulation of the
embryo. The vascularization advances to the entire metanephros by E12.5 and forms vascular plexuses surrounding
CM and UB by E13.5. Daniel et al. [41] also observed the

onset of arteriovenous specification and renal arterial development at E13.5. Taken together, E13.5 metanephros, or
kidney organoids at the equivalent stage of maturity, may
be the latest developmental stage where implantation can
be performed without vascular anastomosis.
For successful implantation of kidney organoids, it is also
important to consider the relative contributions of intrinsic
and extrinsic endothelial cells to vascularization. In the case
of implantation of iPSCs-derived kidney organoids, the contribution of intrinsic endothelial cells was found to be limited [42, 43], while it was found to be dominant in implanted
intact metanephroi [44]. Xinaris et al. [45] implanted kidney
organoids from single-cell suspensions derived from E11.5
metanephroi and observed further maturation with vascularized glomeruli. Murakami et al. [9] reported implantation of
reconstituted aggregates of sorted embryonic kidney progenitors combined together with an intact E11.5 UB structure, and observed the formation of an arteriolar network
and glomerular capillaries. Interestingly, they found that
the CD31-/Flk1-fraction in the embryonic kidney contains
unidentified endothelial precursors that contribute to the
majority of the renal vasculature upon implantation. These
studies may suggest that the existing induction protocols for
kidney organoids fail to produce these unknown endothelial
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precursor cells. This unknown population seems to reside
in the SP fraction [9] and may be identical or overlap with
CD146 +/CD31-endothelial precursor cells that were found
to contribute to the vasculature development in vitro [46].
However, the origin of the SP population remains largely
unknown. Identification of the origin of this precursor cell
and establishment of an induction protocol from iPSCs will
facilitate the development of implantable kidney organoids.
The lack of a congruent urinary draining system is
another major defect of currently available kidney organoids.
Kidney organoids developed from dissociated metanephroi
or induced iPSCs result in disconnected UB structures [8,
10]. Once vascularized upon implantation, these organoids
may produce urine, but they soon suffer from hydronephrosis
due to the accumulation of urine that cannot be drained. To
circumvent this shortcoming, improved dissociation and reaggregation systems have been reported, where UB branching was induced from a single UB structure that resulted in
a higher-order structure capable of draining urine [47, 48].
A preliminary attempt has also been reported to induce a
uroplakin-positive ureter-like structure from the part of UB
exposed to BMP4 [49]. Nonetheless, reports thus far have
yet to demonstrate successful induction of a functional ureter from the UB structure of kidney organoids with enough
length to be connected to the host ureter when implanted
[9, 24, 49]. Toward this end, Hauser et al. [50] proposed a
method to generate a single tubule structure from dispersed
UB cells on a micro-patterned mold that showed response to
glial cell-derived neurotrophic growth factor (GDNF). However, the UB tube thus generated does not have peristaltic
function, as is required for the ureter to expel urine into
the urinary bladder. For this purpose, ureteric SP cells are
required. Therefore, preservation of topology of progenitors
in combination with proper tissue-engineering techniques is
necessary for further improvement.
Besides these qualitative defects, kidney organoids created with currently available methods also hold quantitative
shortage. It has been estimated that, with current technology, kidney organoids contain only up to ~ 100 nephrons, as
compared to up to ~ 1,000,000 nephrons in human kidneys
[51]. It might be enough for certain applications, such as
drug screening and disease modeling, but intensive scale-up
is clearly required before they can be used for organ replacement. Although optimization of organoid culture has also
been attempted [49, 52, 53], the procedure of transplantation
as a whole may need to be optimized to replace the function
of kidney.
Considering the need for scaling-up, the development of
efficient methods to induce and maintain the respective lineage of kidney progenitor cells is another important subject.
The available protocols to induce kidney progenitor cells
from iPSCs are often inefficient and costly. Improvement in
such protocols to better maintain and expand the progenitor
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cells should make the technology of kidney organoids more
affordable and accessible to those with different expertise.
Several groups have reported the maintenance and expansion
of NP using various signaling pathways, such as WNT-βcatenin, fibroblast growth factors (FGFs), and bone morphogenic proteins (BMPs) [54–57]. Li et al. [55] successfully
maintained NP derived from human embryos and hiPSCs for
more than 7 and 2 months, respectively, and demonstrated
their ability to differentiate into glomerular and tubular cells.
As for UB cells, Yuri et al. [58] reported the combination
of factors, including GDNF, FGF, WNT-b-catenin, retinoic
acid (RA), and Rho-associated kinase (ROCK) inhibitor,
to expand dispersed single UB cells derived from mouse
embryonic kidneys that retained the in vivo characteristics
of the original UB and were capable of reconstructing UBlike branching structures from a single UB cell. Regarding
SP, although the existence of differentiated SP is reported
in kidney organoids [10, 59], currently neither induction nor
expansion methods have been established yet. Due to their
heterogeneity and obscure developmental origin, establishing protocols for directed induction and expansion of SP
may not be straightforward; however, such protocols are certainly required for further refinement of kidney organoids,
especially within clinical applications. Further improvement
and/or establishment of efficient preparation methods of progenitors is required for more accessible and cost-effective
kidney organoid generation.
To tackle these obstacles, animal models such as rodents
are indispensable, but possible interspecies differences
should be carefully considered. Anatomically, for example,
a distinct lobed structure is observed in human kidneys but
not in mouse. In genetic regulations, some distinct differences were reported in the expressions of marker genes of
progenitor cells. Six1 continues to be expressed in human
NP and function together with Six2, but in contrast only Six2
plays a critical role in mouse NP [60]. Some transcription
factors that are expressed exclusively in mouse SP, such as
Foxd1, are expressed in both SP and NP in human [61].
These interspecies differences may undermine the direct
translation of the results between mouse and human, and
thus careful examinations would be necessary.

Summary
The discovery of hiPSCs and the accumulation of basic
developmental knowledge have brought enormous progress to the generation of kidney organoids. However, there
remain obstacles that need to be overcome, such as the lack
of vascularization and the lack of a draining system for urinary excretion. Also, methods for derivation and expansion
of SP remain to be developed. As discussed above, reconstitution of proper topology of progenitor cells that mimics the
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metanephros at early developmental stage is crucial to fill up
these deficiencies, and under current technologies, further
maturation can be achieved only by transplantation. These
limitations and obstacles are common issues in the development of both implantable artificial kidneys and in vitro
kidney models for disease and drug screening. It seems
inevitable that close and synergetic collaboration between
the fields of biology and engineering will be required for
successful generation of kidney organoids useful in medical
and pharmaceutical fields.

Bio-Design and Manufacturing (2020) 3:7–14

9.

10.

11.

Acknowledgements Funding was provided by Japan Society for the
Promotion of Science (Grant No. Grant-in-Aid for Research Activity
Start-up (19K23600) and the Chau-Li Foundation.

Compliance with ethical standards

12.

Conflict of interest The authors declare that there is no conflict of interest.
Ethical approval This study does not contain any studies with human
or animal subjects performed by any of the authors.
13.

References
1. Takahashi K, Yamanaka S (2006) Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures by
defined factors. Cell 126:663–676. https://doi.org/10.1016/j.
cell.2006.07.024
2. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda
K, Yamanaka S (2007) Induction of pluripotent stem cells from
adult human fibroblasts by defined factors. Cell 131:861–872.
https://doi.org/10.1016/j.cell.2007.11.019
3. Matsunari H, Nagashima H, Watanabe M, Umeyama K, Nakano
K, Nagaya M, Kobayashi T, Yamaguchi T, Sumazaki R, Herzenberg LA, Nakauchi H (2013) Blastocyst complementation generates exogenic pancreas in vivo in apancreatic cloned pigs. Proc
Natl Acad Sci USA 110:4557–4562. https://doi.org/10.1073/
pnas.1222902110
4. Usui J, Kobayashi T, Yamaguchi T, Knisely AS, Nishinakamura
R, Nakauchi H (2012) Generation of kidney from pluripotent stem
cells via blastocyst complementation. Am J Pathol 180:2417–
2426. https://doi.org/10.1016/j.ajpath.2012.03.007
5. Song JJ, Guyette J, Gilpin S, Gonzalez G, Vacanti JP, Ott HC
(2013) Regeneration and experimental orthotopic transplantation of a bioengineered kidney. Nat Med 19:646–651. https://doi.
org/10.1038/nm.3154
6. Yokote S, Matsunari H, Iwai S, Yamanaka S, Uchikura A, Fujimoto E, Matsumoto K, Nagashima H, Kobayashi E, Yokoo T
(2015) Urine excretion strategy for stem cell-generated embryonic
kidneys. Proc Natl Acad Sci USA 112:12980–12985. https://doi.
org/10.1073/pnas.1507803112
7. Oxburgh L, Carroll TJ, Cleaver O, Gossett DR, Hoshizaki DK,
Hubbell JA, Humphreys BD, Jain S, Jensen J, Kaplan DL, Kesselman C, Ketchum CJ, Little MH, McMahon AP, Shankland SJ,
Spence JR, Valerius MT, Wertheim JA, Wessely O, Zheng Y,
Drummond IA (2017) (Re)Building a Kidney. J Am Soc Nephrol
28:1370–1378. https://doi.org/10.1681/ASN.2016101077
8. Unbekandt M, Davies JA (2010) Dissociation of embryonic
kidneys followed by reaggregation allows the formation of

13

14.
15.

16.

17.

18.

19.
20.
21.

22.

renal tissues. Kidney Int 77:407–416. https://doi.org/10.1038/
ki.2009.482
Murakami Y, Naganuma H, Tanigawa S, Fujimori T, Eto M,
Nishinakamura R (2019) Reconstitution of the embryonic kidney
identifies a donor cell contribution to the renal vasculature upon
transplantation. Sci Rep 9:1172. https://doi.org/10.1038/s4159
8-018-37793-z
Takasato M, Er PX, Chiu HS, Maier B, Baillie GJ, Ferguson C,
Parton RG, Wolvetang EJ, Roost MS, de Sousa Chuva, Lopes
SM, Little MH (2015) Kidney organoids from human iPS cells
contain multiple lineages and model human nephrogenesis. Nature
526:564–568. https://doi.org/10.1038/nature15695
Freedman BS, Brooks CR, Lam AQ, Fu H, Morizane R, Agrawal
V, Saad AF, Li MK, Hughes MR, Werff RV, Peters DT, Lu J, Baccei A, Siedlecki AM, Valerius MT, Musunuru K, McNagny KM,
Steinman TI, Zhou J, Lerou PH, Bonventre JV (2015) Modelling
kidney disease with CRISPR-mutant kidney organoids derived
from human pluripotent epiblast spheroids. Nat Commun 6:1–13.
https://doi.org/10.1038/ncomms9715
Forbes TA, Howden SE, Lawlor K, Phipson B, Maksimovic J,
Hale L, Wilson S, Quinlan C, Ho G, Holman K, Bennetts B,
Crawford J, Trnka P, Oshlack A, Patel C, Mallett A, Simons C,
Little MH (2018) Patient-iPSC-derived kidney organoids show
functional validation of a ciliopathic renal phenotype and reveal
underlying pathogenetic mechanisms. Am J Hum Genet 102:816–
831. https://doi.org/10.1016/j.ajhg.2018.03.014
Tanigawa S, Islam M, Sharmin S, Naganuma H, Yoshimura Y,
Haque F, Era T, Nakazato H, Nakanishi K, Sakuma T, Yamamoto T, Kurihara H, Taguchi A, Nishinakamura R (2018) Organoids from nephrotic disease-derived iPSCs identify impaired
NEPHRIN localization and slit diaphragm formation in kidney
podocytes. Stem Cell Rep 11:727–740. https://doi.org/10.1016/j.
stemcr.2018.08.003
Hoenig MP, Zeidel ML (2014) Homeostasis, the milieu intérieur,
and the wisdom of the nephron. Clin J Am Soc Nephrol 9:1272–
1281. https://doi.org/10.2215/CJN.08860813
Little MH, McMahon AP (2012) Mammalian kidney development: principles, progress, and projections. Cold Spring Harb Perspect Biol 4:a008300. https://doi.org/10.1101/cshperspect.a0083
00
Costantini F, Kopan R (2010) Patterning a complex organ: branching morphogenesis and nephron segmentation in kidney development. Dev Cell 18:698–712. https://doi.org/10.1016/j.devce
l.2010.04.008
Rowan CJ, Sheybani-Deloui S, Rosenblum ND (2017) Origin and
function of the renal stroma in health and disease. Results Probl
Cell Differ 60:205–229. https: //doi.org/10.1007/978-3-319-51436
-9_8
Fanni D, Gerosa C, Vinci L, Ambu R, Dessì A, Eyken PV, Fanos
V, Faa G (2016) Interstitial stromal progenitors during kidney
development: here, there and everywhere. J Maternal-Fetal
Neonatal Med 29:3815–3820. https://doi.org/10.3109/14767
058.2016.1147553
Nagalakshmi VK, Yu J (2015) The ureteric bud epithelium:
morphogenesis and roles in metanephric kidney patterning. Mol
Reprod Dev 82:151–166. https://doi.org/10.1002/mrd.22462
Dressler GR (2009) Advances in early kidney specification, development and patterning. Development 136:3863–3874. https: //doi.
org/10.1242/dev.034876
Taguchi A, Kaku Y, Ohmori T, Sharmin S, Ogawa M, Sasaki
H, Nishinakamura R (2014) Redefining the in vivo origin of
metanephric nephron progenitors enables generation of complex
kidney structures from pluripotent stem cells. Cell Stem Cell
14:53–67. https://doi.org/10.1016/j.stem.2013.11.010
Araoka T, Mae S, Kurose Y, Uesugi M, Ohta A, Yamanaka S,
Osafune K (2014) Efficient and rapid induction of human iPSCs/

Bio-Design and Manufacturing (2020) 3:7–14

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

ESCs into nephrogenic intermediate mesoderm using small
molecule-based differentiation methods. PLoS ONE 9:e84881.
https://doi.org/10.1371/journal.pone.0084881
Mae S-I, Shono A, Shiota F, Yasuno T, Kajiwara M, GotodaNishimura N, Arai S, Sato-Otubo A, Toyoda T, Takahashi K,
Nakayama N, Cowan CA, Aoi T, Ogawa S, McMahon AP,
Yamanaka S, Osafune K (2013) Monitoring and robust induction of nephrogenic intermediate mesoderm from human pluripotent stem cells. Nat Commun 4:1367. https://doi.org/10.1038/
ncomms2378
Taguchi A, Nishinakamura R (2017) Higher-order kidney
organogenesis from pluripotent stem cells. Cell Stem Cell
21:730–746.e6. https://doi.org/10.1016/j.stem.2017.10.011
Morizane R, Lam AQ, Freedman BS, Kishi S, Valerius MT,
Bonventre JV (2015) Nephron organoids derived from human
pluripotent stem cells model kidney development and injury.
Nat Biotechnol 33:1193–1200. https://doi.org/10.1038/nbt.3392
Takasato M, Er PX, Becroft M, Vanslambrouck JM, Stanley
EG, Elefanty AG, Little MH (2014) Directing human embryonic stem cell differentiation towards a renal lineage generates
a self-organizing kidney. Nat Cell Biol 16:118–126. https://doi.
org/10.1038/ncb2894
Przepiorski A, Sander V, Tran T, Hollywood JA, Sorrenson B,
Shih J-H, Wolvetang EJ, McMahon AP, Holm TM, Davidson
AJ (2018) A simple bioreactor-based method to generate kidney
organoids from pluripotent stem cells. Stem Cell Rep 11:470–
484. https://doi.org/10.1016/j.stemcr.2018.06.018
Kandasamy K, Chuah JKC, Su R, Huang P, Eng KG, Xiong S,
Li Y, Chia CS, Loo L-H, Zink D (2015) Prediction of druginduced nephrotoxicity and injury mechanisms with human
induced pluripotent stem cell-derived cells and machine learning methods. Sci Rep 5:12337. https://doi.org/10.1038/srep1
2337
Uchino S, Kellum JA, Bellomo R, Doig GS, Morimatsu H,
Morgera S, Schetz M, Tan I, Bouman C, Macedo E, Gibney
N, Tolwani A, Ronco C, Beginning and Ending Supportive
Therapy for the Kidney (BEST Kidney) Investigators (2005)
Acute renal failure in critically ill patients: a multinational,
multicenter study. JAMA 294:813–818. https://doi.org/10.1001/
jama.294.7.813
Kim YK, Refaeli I, Brooks CR, Jing P, Gulieva RE, Hughes MR,
Cruz NM, Liu Y, Churchill AJ, Wang Y, Fu H, Pippin JW, Lin
LY, Shankland SJ, Vogl AW, McNagny KM, Freedman BS (2017)
Gene-edited human kidney organoids reveal mechanisms of disease in podocyte development. Stem Cells 35:2366–2378. https
://doi.org/10.1002/stem.2707
Xia Y, Nivet E, Sancho-Martinez I, Gallegos T, Suzuki K, Okamura D, Wu M-Z, Dubova I, Esteban CR, Montserrat N, Campistol JM, Izpisua Belmonte JC (2013) Directed differentiation of
human pluripotent cells to ureteric bud kidney progenitor-like
cells. Nat Cell Biol 15:1507–1515. https://doi.org/10.1038/ncb28
72
Wu H, Uchimura K, Donnelly EL, Kirita Y, Morris SA, Humphreys BD (2018) Comparative analysis and refinement of
human PSC-derived kidney organoid differentiation with singlecell transcriptomics. Cell Stem Cell 23:869–881.e8. https://doi.
org/10.1016/j.stem.2018.10.010
Combes AN, Zappia L, Er PX, Oshlack A, Little MH (2019)
Single-cell analysis reveals congruence between kidney organoids and human fetal kidney. Genome Med 11:3. https://doi.
org/10.1186/s13073-019-0615-0
Homan KA, Gupta N, Kroll KT, Kolesky DB, Skylar-Scott M,
Miyoshi T, Mau D, Valerius MT, Ferrante T, Bonventre JV, Lewis
JA, Morizane R (2019) Flow-enhanced vascularization and maturation of kidney organoids in vitro. Nat Methods 16:255–262.
https://doi.org/10.1038/s41592-019-0325-y

13
35. Rogers SA, Lowell JA, Hammerman NA, Hammerman MR (1998)
Transplantation of developing metanephroi into adult rats. Kidney
Int 54:27–37. https://doi.org/10.1046/j.1523-1755.1998.00971.x
36. Dekel B, Burakova T, Arditti FD, Reich-Zeliger S, Milstein O,
Aviel-Ronen S, Rechavi G, Friedman N, Kaminski N, Passwell
JH, Reisner Y (2003) Human and porcine early kidney precursors
as a new source for transplantation. Nat Med 9:53–60. https://doi.
org/10.1038/nm812
37. Kim S-S, Gwak S-J, Han J, Park HJ, Park MH, Song KW, Cho
SW, Rhee YH, Chung HM, Kim B-S (2007) Kidney tissue reconstruction by fetal kidney cell transplantation: effect of gestation
stage of fetal kidney cells. Stem Cells 25:1393–1401. https://doi.
org/10.1634/stemcells.2006-0183
38. Ji RP, Phoon CKL, Aristizábal O, McGrath KE, Palis J, Turnbull
DH (2003) Onset of cardiac function during early mouse embryogenesis coincides with entry of primitive erythroblasts into the
embryo proper. Circ Res 92:133–135. https://doi.org/10.1161/01.
res.0000056532.18710.c0
39. Tufro A, Norwood VF, Carey RM, Gomez RA (1999) Vascular
endothelial growth factor induces nephrogenesis and vasculogenesis. JASN 10:2125–2134
40. Munro DAD, Hohenstein P, Davies JA (2017) Cycles of vascular
plexus formation within the nephrogenic zone of the developing mouse kidney. Sci Rep 7:3273. https://doi.org/10.1038/s4159
8-017-03808-4
41. Daniel E, Azizoglu DB, Ryan AR, Walji TA, Chaney CP, Sutton
GI, Carroll TJ, Marciano DK, Cleaver O (2018) Spatiotemporal heterogeneity and patterning of developing renal blood vessels. Angiogenesis 21:617–634. https://doi.org/10.1007/s1045
6-018-9612-y
42. Sharmin S, Taguchi A, Kaku Y, Yoshimura Y, Ohmori T, Sakuma
T, Mukoyama M, Yamamoto T, Kurihara H, Nishinakamura R
(2016) Human induced pluripotent stem cell-derived podocytes
mature into vascularized glomeruli upon experimental transplantation. J Am Soc Nephrol 27:1778–1791. https://doi.org/10.1681/
ASN.2015010096
43. Bantounas I, Ranjzad P, Tengku F, Silajdžić E, Forster D, Asselin
M-C, Lewis P, Lennon R, Plagge A, Wang Q, Woolf AS, Kimber SJ (2018) Generation of functioning nephrons by implanting human pluripotent stem cell-derived kidney progenitors.
Stem Cell Rep 10:766–779. https: //doi.org/10.1016/j.stemc
r.2018.01.008
44. Hyink DP, Tucker DC, St John PL, Leardkamolkarn V, Accavitti
MA, Abrass CK, Abrahamson DR (1996) Endogenous origin of
glomerular endothelial and mesangial cells in grafts of embryonic
kidneys. Am J Physiol 270:F886–F899. https://doi.org/10.1152/
ajprenal.1996.270.5.F886
45. Xinaris C, Benedetti V, Rizzo P, Abbate M, Corna D, Azzollini N,
Conti S, Unbekandt M, Davies JA, Morigi M, Benigni A, Remuzzi
G (2012) In vivo maturation of functional renal organoids formed
from embryonic cell suspensions. J Am Soc Nephrol 23:1857–
1868. https://doi.org/10.1681/ASN.2012050505
46. Halt KJ, Pärssinen HE, Junttila SM, Saarela U, Sims-Lucas S,
Koivunen P, Myllyharju J, Quaggin S, Skovorodkin IN, Vainio
SJ (2016) CD146(+) cells are essential for kidney vasculature
development. Kidney Int 90:311–324. https://doi.org/10.1016/j.
kint.2016.02.021
47. Rosines E, Johkura K, Zhang X, Schmidt HJ, DeCambre M, Bush
KT, Nigam SK (2010) Constructing kidney-like tissues from
cells based on programs for organ development: toward a method
of in vitro tissue engineering of the kidney. Tissue Eng Part A
16:2441–2455. https://doi.org/10.1089/ten.tea.2009.0548
48. Ganeva V, Unbekandt M, Davies JA (2011) An improved kidney
dissociation and reaggregation culture system results in nephrons
arranged organotypically around a single collecting duct system.
Organogenesis 7:83–87. https://doi.org/10.4161/org.7.2.14881

13

14
49. Mills CG, Lawrence ML, Munro DAD, Elhendawi M, Mullins JJ,
Davies JA (2017) Asymmetric BMP4 signalling improves the realism of kidney organoids. Sci Rep 7:1–8. https://doi.org/10.1038/
s41598-017-14809-8
50. Hauser PV, Nishikawa M, Kimura H, Fujii T, Yanagawa N (2016)
Controlled tubulogenesis from dispersed ureteric bud-derived
cells using a micropatterned gel. J Tissue Eng Regen Med 10:762–
771. https://doi.org/10.1002/term.1871
51. Takasato M, Little MH (2015) The origin of the mammalian kidney: implications for recreating the kidney in vitro. Development
142:1937–1947. https://doi.org/10.1242/dev.104802
52. Nishikawa M, Kimura H, Yanagawa N, Hamon M, Hauser P, Zhao
L, Jo OD, Yanagawa N (2018) An optimal serum-free defined
condition for in vitro culture of kidney organoids. Biochem Biophys Res Commun 501:996–1002. https://doi.org/10.1016/j.
bbrc.2018.05.098
53. Kumar SV, Er PX, Lawlor KT, Motazedian A, Scurr M, Ghobrial I, Combes AN, Zappia L, Oshlack A, Stanley EG, Little
MH (2019) Kidney micro-organoids in suspension culture as a
scalable source of human pluripotent stem cell-derived kidney
cells. Development. https://doi.org/10.1242/dev.172361
54. Tanigawa S, Taguchi A, Sharma N, Perantoni AO, Nishinakamura R (2016) Selective in vitro propagation of nephron progenitors derived from embryos and pluripotent stem cells. Cell Rep
15:801–813. https://doi.org/10.1016/j.celrep.2016.03.076
55. Li Z, Araoka T, Wu J, Liao H-K, Li M, Lazo M, Zhou B, Sui
Y, Wu M-Z, Tamura I, Xia Y, Beyret E, Matsusaka T, Pastan I,
Rodriguez Esteban C, Guillen I, Guillen P, Campistol JM, Izpisua
Belmonte JC (2016) 3D culture supports long-term expansion
of mouse and human nephrogenic progenitors. Cell Stem Cell
19:516–529. https://doi.org/10.1016/j.stem.2016.07.016

13

Bio-Design and Manufacturing (2020) 3:7–14
56. Brown AC, Muthukrishnan SD, Oxburgh L (2015) A synthetic
niche for nephron progenitor cells. Dev Cell 34:229–241. https://
doi.org/10.1016/j.devcel.2015.06.021
57. Yuri S, Nishikawa M, Yanagawa N, Jo OD, Yanagawa N (2015)
Maintenance of mouse nephron progenitor cells in aggregates
with gamma-secretase inhibitor. PLoS ONE 10:e0129242. https
://doi.org/10.1371/journal.pone.0129242
58. Yuri S, Nishikawa M, Yanagawa N, Jo OD, Yanagawa N (2017)
In Vitro propagation and branching morphogenesis from single
ureteric bud cells. Stem Cell Reports 8:401–416. https://doi.
org/10.1016/j.stemcr.2016.12.011
59. Lemos DR, McMurdo M, Karaca G, Wilflingseder J, Leaf IA,
Gupta N, Miyoshi T, Susa K, Johnson BG, Soliman K, Wang
G, Morizane R, Bonventre JV, Duffield JS (2018) Interleukin-1β
activates a MYC-dependent metabolic switch in kidney stromal
cells necessary for progressive tubulointerstitial fibrosis. JASN
29:1690–1705. https://doi.org/10.1681/ASN.2017121283
60. O’Brien LL, Guo Q, Lee Y, Tran T, Benazet J-D, Whitney PH,
Valouev A, McMahon AP (2016) Differential regulation of
mouse and human nephron progenitors by the Six family of transcriptional regulators. Development 143:595–608. https://doi.
org/10.1242/dev.127175
61. Lindström NO, Guo J, Kim AD, Tran T, Guo Q, De Sena Brandine
G, Ransick A, Parvez RK, Thornton ME, Baskin L, Grubbs B,
McMahon JA, Smith AD, McMahon AP (2018) Conserved and
divergent features of mesenchymal progenitor cell types within
the cortical nephrogenic niche of the human and mouse kidney. J
Am Soc Nephrol 29:806–824. https: //doi.org/10.1681/ASN.20170
80890

