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Abstract

During kidney development the emergence of complex multicellular shapes such as the
nephron (the functional unit of the kidney) rely on spatiotemporally coordinated
developmental programs. These involve gene regulatory networks, signaling pathways
and mechanical forces, that work in concert to shape and form the nephron(s). The
generation of kidney organoids from human pluripotent stem cells now represent an
unprecedented experimental set up to study these processes. Here we discuss the
potential applications of kidney organoids to advance our knowledge of how
mechanical forces and cell fate specification spatiotemporally interact to orchestrate
nephron patterning and morphogenesis in humans. Progress in innovative techniques for
quantifying and perturbing these processes in a controlled manner will be crucial. A
mechanistic understanding of the multicellular dynamic processes occurring during

nephrogenesis will pave the way to unveil new mechanisms of human kidney disease.
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1. Introduction

The morphogenetic mechanisms of vertebrate kidney development have been studied
for almost a century now. Early studies using mice and avian embryonic Kidneys
showed that ex vivo dissociation and reaggregation of embryonic kidneys resulted in the
formation of proper renal epithelial tubules surrounded by stroma-like cells when
cultured in vitro [1]. These pioneering studies were followed by Clifford Grobstein’s
investigations, who established the fundamentals of mouse kidney organ culture. By
recombining the isolated components of day 11 mouse embryonic kidneys (E 11.0),
those studies described that inductive signaling events between the metanephric
mesenchyme (MM) and the ureteric bud (UB) epithelium were necessary for the
formation of epithelial nephrons in mammals [2]. Importantly, those observations
provided for the first time an ex vivo culture platform for studying kidney organogenesis
[2], also supporting the hypothesis that MM and UB components secreted molecules
reciprocally stimulated each other. This idea was further developed by Lauri Saxén and
colleagues (1987) who discovered that isolated mouse MM was competent to respond to
inductive signals from several embryonic tissues (i.e. the embryonic spinal cord) giving
rise to the formation of proper renal epithelial tubules [3]. Overall, these and other early
studies [4, 5] set the foundation for the current understanding of kidney development

(Box 1) [6-8].



In parallel with all these findings, the need to develop culture platforms sustaining ex
vivo organ culture advanced together with the generation of genetic mouse models that
were key for the identification of genes and signaling pathways determinant for the
induction of nephrogenesis in mice [8-10] (Figure 1A). Although accumulative
knowledge from these studies have provided a significant mechanistic understanding for
mammalian kidney organogenesis, still many questions remain on how these
developmental processes (i.e. nephron epithelization and segmentation) are coordinated
to shape the human kidney. In this regard, the pioneering studies of Edith Potter over six
decades ago described the anatomy of human renal tract development [11]. Nowadays,
the field has been able to investigate human embryonic kidney samples using single-cell
RNA-sequencing (SCRNA seq) to start performing a thorough characterization of the
multiple cell types encountered in the human kidney as well as the proportion of
specific cell populations with respect to the others [12—16]. Importantly, these works
have started to shed light on differences between human and mouse kidneys [16]. In the
same manner intense research has been dedicated towards the isolation of nephron
progenitor cells (NPCs) from both mouse and human embryonic kidneys in an attempt
to identify proper culture conditions for their in vitro expansion while preserving their
multipotent potential [17-19]. However, access to human NPCs from embryonic
kidneys is still not affordable for many laboratories and rises important ethical concerns.
Alternatively, human pluripotent stem cells (hPSCs) - both hESCs [20] and human
induced pluripotent stem cells (hiPSCs) [21]- have represented an ideal cell source to
start exploring the possibility to generate NPC-like cells in the Petri dish. Profiting from
the inherent properties of hPSCs numerous research groups have worked on identifying
cell culture conditions that support the generation of renal progenitor cells including

intermediate mesoderm progenitors (IM), NPCs, MM and UB [22, 23]. Indeed, it has



been remarkable how these pioneering works made use of optimized versions of the
Grobstein assay to assess the differentiation potential of the hPSCs-renal derivatives in
vitro and ex vivo. As an early example, Xia and colleagues re-aggregated hPSC-derived
UB-committed progenitor cells with dissociated kidney cells from E11.5 mouse kidneys
resulting in the generation of chimeric kidney organoids [24]. Further understanding of
the biochemical cues guiding hPSCs towards the renal lineage together with the
application of 3D organ culture techniques have led to the definition of procedures to
generate kidney organoids from hPSCs (Figure 1B) [23, 25, 26].

These methodologies have been assessed using different hPSC cell lines and by
different laboratories around the world demonstrating that the generated kidney
organoids transcriptionally match the human fetal kidney of the first or second trimester
of gestation [27—29]. Moreover, a side-by-side comparison of different procedures for
the generation of kidney organoids from hPSCs by scRNA seq demonstrated a high
level of congruence in the relative proportions of nephron, stromal, and endothelial cell
types and in the expression of key cell type markers between organoid and human fetal

datasets [27, 30-34].

All in all, these findings highlight the relevance of kidney organoids as an in vitro
model system to understand the spatiotemporal regulation of human nephrogenesis [35].
Major kidney organoid limitations, including the lack of maturity and organized
vasculature, among others, are expected to be solved in the future through the
application of engineering techniques (i.e. microfabrication techniques, microfluidics,
3D bioprinting, among others) [36]. Importantly, bioengineering approaches have
already been proved promising for creating controlled tissue geometries, applying of

fluid flow and producing high-throughput organoid platforms for drug screening which



now can be exploited to externally control kidney organoid generation and

differentiation (Figure 1C).

2. Studying human nephrogenesis with hPSC-derived kidney organoids

Nephron induction and epithelization

During embryonic development, the MM comprises NPCs and stromal progenitors that
give rise to nephron structures from the glomerulus to the distal tubule. In this process
the mesenchymal cells convert into highly organized epithelia under the influence of
signals from the UB. In turn, the MM induces the UB to extend and branch. The
morphological sequence of this conversion includes the formation of a corona (or cap)
of mesenchymal cells surrounding the tips of the UB followed by the development of
pre-tubular aggregates (PTASs), which evolve into epithelial vesicles. These polarized
spheres, also called renal vesicles (RVs) arise via a hollowing process and constitute the
preliminary forms of the segmented nephron(s). At this stage progenitor stromal cells
are interspersed with vascular progenitors surrounding the cap mesenchyme. To date
our comprehension of these processes have largely relayed on histological and
morphological criteria and the expression of marker molecules orchestrating MM

conversion into polarized epithelia.

Interestingly, early polarity during renal morphogenesis can already be demonstrated at
the coronal cell stage when the MM at the tip of the UB reveal a columnar appearance.
At this moment, the epithelial structures appear de novo during mesenchyme to
epithelial transition (MET). This differs from most epithelia in the developing embryo
(including airway, most of the urogenital system, exocrine glands, pancreas), which

arise by the branching or the folding of pre-existing epithelial sheets or tubules, rather



than from non-epithelial cells [37]. Thus, renal morphogenesis represents a unique
experimental scenario to identify the sequence of polarization in mammalian epithelia.
In this regard, nephron formation from RVs is driven by elongation to form a primordial
tubule(s) called Comma-shape bodies (CSB) that develop into S-shape bodies (SSB)
which then fuse with the tip of adjacent UB tubules forming a continuous lumen
(Figure 2A). The SSB subsequently undergoes extensive morphogenesis to form the
epithelial portion of the nephron from the glomerulus to the distal tubule, whereas the
UB gives rise to the collecting duct system. Collectively, kidney epithelia arise during
development from both the UB and CM through at least two cellular processes
including budding and hollowing [38]. In this complex and coordinated processes the
lumen from the UB arises from a pre-existing lumen whereas in nascent nephron(s) the
lumen arises de novo during MET [39, 40]. Importantly, these disparate tubule types
then undergo a unique process of tubular (and consequently luminal) fusion. The
mechanisms that regulate the lumen interconnection between these two epithelial tissues

are yet to be fully understood [41].

Given the central role of the UB in kidney organogenesis, it is widely stated that defects
in UB and collecting duct development can lead to malformation of the kidney, low
nephrons numbers at birth, and congenital anomalies of kidney and urinary tract
(CAKUT) [42, 43]. Now, the possibility to develop kidney organoids form hPSCs opens
an unprecedented experimental setting to decipher early stages of nephron induction and
epithelization in the human setting. However, a better understanding of kidney
branching morphogenesis is needed for in vitro efforts toward rebuilding the human
embryonic kidney. While early studies on the generation of hPSCs-kidney organoids
lead to the derivation of 3D culture systems merely composed of nephron-like structures

lacking a proper UB interconnected system [28, 29, 44-46], current accumulative



efforts are guided towards the generation of nephron-containing kidney organoids also
presenting distal nephron epithelium and UB. Recently, pioneering studies have proved
the possibility of generating distal nephron-like cells which upon culture and conversion
into ureteric epithelial tip-like cultures and re-aggregation with hPSCs-NPCs can give
rise to hybrid organoids for further studies in disease modeling [47]. Interestingly, the
work from Zeng and colleagues has now shown the possibility to generate expandable,
3D branching UB organoid culture models from hPSCs which differentiated into
principal and intercalated cells adopting spatial assemblies reflective of the adult
kidney’s collecting system [48]. Moreover, in their hands the authors also demonstrate
that aggregating 3D-cultured NPCs with UB organoids in vitro results in a reiterative
process of branching morphogenesis and nephron induction, similar to kidney

development [48].

Since kidney organoid systems allow for a direct access to human kidney developing
tissue, manipulations can be studied in real-time and time-lapse modes. Thus, it is
expected that soon the field will be able to refine more kidney organoid culture systems
to further understand how imbalances in tissue-scale (nephron) morphogenetic process
during the in vitro development and self-organization of human kidney organoids can
be related to CAKUT manifestation in vitro. At the same time, many of the 40
established monogenic causes of human CAKUT have been initially identified as
candidate genes from observations in mouse models of CAKUT and subsequently
screened for their prevalence in human disease cohorts [42]. However, the insights from
mouse models do not always directly translate to human genetics. Explanations for this
discrepancy include potential species-specific differences in kidney and urinary tract
development, alterations in the required gene dosage, functional compensation by

redundant genes, incomplete penetrance, among others [49]. In this regard, the



transcription factor PAX2 which is essential for MET of NPC and UB lineage
development in mice causes renal coloboma syndrome when mutated in humans.
Interestingly, when PAX2-null human NPCs were generated from human iPSCs via
transcription activator-like effector nucleases (TALENS), PAX2 was shown to be
dispensable for NPCs generation from human iPSCs [50]. This early example by the
Nishinakamura laboratory highlights the potential use of kidney organoid technology to
unveil the precise role and expression patterns of genes driving nephron induction and
epithelization. In the future, it will be interesting to continue exploiting kidney organoid
technology and genome editing tools to assess how the different components of
epithelial polarity appear in these model systems and how these processes are related to
kidney development and disease. A recent example stands in the early study from the Li
laboratory employing the CRISPR/Cas9 system to knock out (KO) Ret/RET in mouse
and human UB organoids to dissect the critical role of GDNF signaling to maintain the
UB progenitor cells and stimulate UB branching morphogenesis in hPSCs derived UB
organoids [48]. In this manner, the authors demonstrated the critical role of RET KO in
the arrest of branching morphogenesis in both mouse and human UB organoids, while
differences in the expression of progenitor markers in these model systems suggest that
species-specific regulatory network downstream of Ret/RET are responsible for the UB
progenitor fate, consistent with previous observations of convergent and divergent

mechanisms of nephrogenesis between mouse and human [51, 52].

Nephron patterning and segmentation

The morphological transformations occurring during the process of nephrogenesis are
tightly controlled by specific patterns of gene expression and signaling pathways. The
RV stage is characterized by the acquisition of proximal to distal polarized domains, the

distal domain being adjacent to the UB tip. Next, in the SSB stage an additional medial



domain becomes evident in between the proximal and distal areas. This process of
regionalization, so-called nephron patterning, is essential for proper specification of the

different nephron fate segments (Figure 2A).

Studies performed in the mouse have shown that the acquisition of proximal-distal
polarity requires Rho-kinase signaling [53], whereas Wnt/p-catenin and Notch signaling
pathways are key for driving nephron patterning and segmentation [54]. For example, in
coordination with the Notch signaling pathway, WT1 directs the specification of the
podocyte fate by antagonizing PAX2. At the same time, HNF1b guides proximal and
medial fate commitment by regulating Notch ligand expression whereas medial and
distal fates are regulated by BRN1 [6]. Importantly, we and others have recently found
that these same signaling pathways also guide nephron formation in hPSCs-derived
kidney organoids through self-organization and self-patterning events (Figure 2B) [28,
55]. Alongside these findings, a recent study by the Nishinakamura group showed that
modulation of the Wnt signaling pathway during hPSC-derived kidney organoid

generation promoted selective podocyte induction in high yields [56].

Nonetheless, the full comprehension of the genetic programs that guide nephron
segmentation and differentiation in the human context is yet sparse, partially due to the
limited access and further culture of human embryonic kidney cells. Interestingly, a
recent study by the McMahon laboratory has developed an approach to unveil spatial
organization, diversity, and gene expression profiles during human nephron patterning
from NPCs towards SSB stage. The authors performed confocal analysis and single cell
RNAseq of human kidney samples from 14 to 17 weeks of gestation, and they related
transcriptomic data to the developing nephron anatomy. With this approach authors

could also predict cell-type specific functional gene networks [15]. The possibility to



spatiotemporally resolve the human nephrogenic program will provide new insights in

kidney development and disease.

During nephron patterning and morphogenesis, multicellular behaviors (i.e. cell
polarity, proliferation, morphological changes, cell rearrangements, among others) are
coordinated across space and time allowing the emergence of complex and organized
structures. This is possible thanks to numerous molecular and mechanical cues which
guide proper cell-to-cell and cell-to-ECM interactions via feedback mechanisms. In this
regard, renal epithelial tubulogenesis is thought to occur thanks to polarization of
epithelial cells along apical-basal and planar polarized axes [53]. Moreover, cell force
generation within the cells and from the extracellular matrix (ECM) may act guiding
cell polarization during the shaping of the nephron. While apical-basal cellular polarity
is critical for de novo lumen formation in the early nephron [39], the planar cell polarity
(PCP) pathway has a known role in kidney tubule elongation through convergent
extension [57, 58]. However, these mechanisms are yet to be fully dissected in the
human context. In the same manner, these processes involve a tight control over the
generation of local internal forces and the dynamics of the ECM stiffness and viscosity,
allowing the development of complex tissue shapes through deformation, local growth,
and remodelling [59]. Changes in ECM composition and distribution over time also
regulate diverse cellular processes including cell shape, cell motility, cell growth and
the establishment of cell polarity [59, 60]. Nonetheless, how nephron formation and
folding occurs with respect to changes in ECM remains elusive. In this regard, our
recent findings show that tightly controlling cell-cell and cell-ECM interactions can be
exploited as a new approach to generate higher-grade kidney organoids [28].
Furthermore, the derivation of hPSCs-NPCs in soft substrates mirroring the embryonic

milieu resulted in similar results leading to the generation of hPSCs-kidney organoids in



which nephron-like structures were generated in higher amounts and in shorter time

compared to control conditions (i.e., plastic) [28].

3. Future perspectives

Feedback interactions between cellular polarity, mechanical forces and cell fate
specification are known to drive tissue morphogenesis. However, how these processes
are coordinated during nephron patterning and morphogenesis remains unknown [59].
In this regard, hPSC-derived kidney organoids may represent an affordable model
system for studying such dynamic processes in the human context. To this end, the
combination of advanced imaging techniques together with hPSC reporter lines for the
expression of key marker genes [61-63] and/or reporter systems for tracking of single
cells and their progeny in an unbiased manner [64] will be crucial to monitor cellular
behaviors at high spatiotemporal resolution. Additionally, techniques for spatiotemporal
perturbation of relevant genetic, biochemical and mechanical effectors will be key to
systematically test the interaction between these parameters [41, 68]. Furthermore,
techniques to measure cell and tissue mechanics including traction force microscopy,
optical tweezers and atomic force microscopy, among others are now being adapted to
quantify cell generated forces during organoid development [65-67]. All this
information can be further integrated to computational models for prediction of

multicellular behaviours [68-71].
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BOX 1. Kidney development

The mammalian kidney development is characterized by the formation of three
successive pair of kidneys, the pronephros, mesonephros, and metanephros. The
pronephros are rudimentary structures that are temporary, whereas the mesonephros
contain primitive nephrons that further degenerate and are incorporated into the
developing genital system. The metanephros, located at the most caudal region of the
nephric duct will constitute the permanent kidney, so called metanephric kidney. In
humans the metanephric kidney develops at 5 weeks of gestation and becomes

functional at the end of the first trimester [72, 73].

The mammalian kidney develops from the intermediate mesoderm (IM), an embryonic
mesoderm region that is located between the lateral and paraxial mesoderm(s). In
humans the IM appears soon after gastrulation and primitive streak (PS) induction by
embryonic day (E) 22 (~E 8.0 in mice). The IM further specifies into two different
embryonic tissues: the ureteric bud (UB) and the metanephric mesenchyme (MM).
Reciprocal inductive interactions between the UB and MM will further give rise to the
collecting duct (CD) system and the nephrons, respectively [2]. The UB extends into the
MM and branches repeatedly to give rise to the collecting duct (CD) system, whereas
the MM specifies into the renal stroma and the cap mesenchyme (CM). The CM
undergoes mesenchymal to epithelial transition (MET) to generate epithelial vesicles,
also called renal vesicles (RVs), that further develop into nephrons through patterning
and segmentation (nephron induction). After birth the mammalian kidney is
characterized by high cellular complexity with more than 30 different cell types,

including epithelial, endothelial, and stromal components [74]



References

10.

11.

12.

13.

14*.

MOSCONA A, MOSCONA H (1952) The dissociation and aggregation of cells from
organ rudiments of the early chick embryo. Journal of anatomy 86:287-301.

GROBSTEIN C (1956) Trans-filter induction of tubules in mouse metanephrogenic
mesenchyme. Experimental cell research 10:424—440.

Saxén L, Sariola H (1987) Early organogenesis of the kidney. Pediatric nephrology
(Berlin, Germany) 1:385-392.

Trowell OA (1954) A modified technique for organ culture in vitro. Experimental Cell
Research 6:246-248.

Avner ED, Jaffe R, Temple T, et al (1983) Development of renal basement membrane
glycoproteins in metanephric organ culture. Laboratory Investigation 48(3):263-8.

Costantini F, Kopan R (2010) Patterning a complex organ: Branching morphogenesis
and nephron segmentation in kidney development. Developmental Cell 18:698-712.

Little MH, McMahon AP (2012) Mammalian kidney development: Principles, progress,
and projections. Cold Spring Harbor Perspectives in Biology 4:3.

McMahon AP (2016) Development of the Mammalian Kidney. In: Current Topics in
Developmental Biology

Unbekandt M, Davies JA (2010) Dissociation of embryonic kidneys followed by
reaggregation allows the formation of renal tissues. Kidney international 77:407-416.

Junttila S, Saarela U, Halt K, et al (2015) Functional genetic targeting of embryonic
kidney progenitor cells ex vivo. Journal of the American Society of Nephrology: JASN
26:1126-1137.

Osathanondh V, Potter El (1963) Development Of Human Kidney As Shown By
Microdissection. lii. Formation And Interrelationship Of Collecting Tubules And
Nephrons. Archives of pathology 76:290-302.

Menon R, Otto EA, Kokoruda A, et al (2018) Single-cell analysis of progenitor cell
dynamics and lineage specification in the human fetal kidney. Development (Cambridge)
145(16):dev164038.

Hochane M, van den Berg PR, Fan X, et al (2019) Single-cell transcriptomics reveals
gene expression dynamics of human fetal kidney development. PLoS Biology 17(2):
e3000152.

Tran T, Lindstrom NO, Ransick A, et al (2019) In Vivo Developmental Trajectories of
Human Podocyte Inform In Vitro Differentiation of Pluripotent Stem Cell-Derived
Podocytes. Developmental Cell 50(1):102-116.€6.

* This work examines human podocyte development by performing scRNA-seq on
human fetal kidneys. Transcriptional signatures during differentiation of functional
podocytes from progenitors are identified. Of note, organoid-generated podocytes
derived from hPSCs show similar transcriptional profiles that become improved when
transplanted into mice. These data will help understand human podocyte development
regulatory mechanisms paving the way to improve hPSC-kidney organoid maturation.



15%*,

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

Lindstrdm N, Sealfon R, Chen X, et al (2020) Spatial Transcriptional Mapping of the
Human Nephrogenic Program. BioRxiv https://doi.org/10.1101/2020.04.27.060749.

** This paper provides three-dimensional protein maps on anatomical models of the
human nephrogenic program. Single cell RNA sequencing identified novel progenitor
states identified by sScRNA seq are spatially mapped to the nephron anatomy. This
information will pave the way towards understanding nephron patterning and
segmentation in the human context.

Lindstrdm NO, Tran T, Guo J, et al (2018) Conserved and divergent molecular and
anatomic features of human and mouse nephron patterning. Journal of the American
Society of Nephrology 29(3):825-840.

Brown AC, Muthukrishnan SD, Oxburgh L (2015) A Synthetic Niche for Nephron
Progenitor Cells. Developmental Cell 34:229-241.

Tanigawa S, Taguchi A, Sharma N, et al (2016) Selective In Vitro Propagation of
Nephron Progenitors Derived from Embryos and Pluripotent Stem Cells. Cell Reports
15:801-813.

Li Z, Araoka T, Wu J, et al (2016) 3D Culture Supports Long-Term Expansion of Mouse
and Human Nephrogenic Progenitors. Cell Stem Cell 19:516-529.

Thomson J a, Itskovitz-Eldor J, Shapiro SS, et al (1998) Embryonic stem cell lines
derived from human blastocysts. Science (New York, NY) 282:1145-1147.

Takahashi K, Tanabe K, Ohnuki M, et al (2007) Induction of pluripotent stem cells from
adult human fibroblasts by defined factors. Cell 131:861-72.

Garreta E, Gonzalez F, Montserrat N (2018) Studying Kidney Disease Using Tissue and
Genome Engineering in Human Pluripotent Stem Cells. Nephron 138:48-59.

Nishinakamura R (2019) Human kidney organoids: progress and remaining challenges.
Nature Reviews Nephrology 15(10):613-624.

Xia Y, Nivet E, Sancho-Martinez I, et al (2013) Directed differentiation of human
pluripotent cells to ureteric bud kidney progenitor-like cells. Nature Cell Biology
15:1507-1515.

Morizane R, Bonventre J v. (2017) Kidney Organoids: A Translational Journey. Trends
in Molecular Medicine 23:246-263.

Little MH, Combes AN (2019) Kidney organoids: Accurate models or fortunate
accidents. Genes and Development 33(19-20):1319-1345.

Subramanian A, Sidhom EH, Emani M, Vernon K, Sahakian N, Zhou Y K-A, M, Slyper
M, Waldman J, Dionne D, Nguyen LT, Weins A MJ, Rosenblatt-Rosen O, Regev A GA
(2019) Single cell census of human kidney organoids shows reproducibility and
diminished off-target cells after transplantation. Nat Commun 10:5462.

Garreta E, Prado P, Tarantino C, et al (2019) Fine tuning the extracellular environment
accelerates the derivation of kidney organoids from human pluripotent stem cells. Nature
Materials 18(4):397-405.

Takasato M, Er PX, Chiu HS, Maier B, Baillie GJ, Ferguson C PR, Wolvetang EJ, Roost
MS, Chuva de Sousa Lopes SM LMH (2015) Kidney organoids from human iPS cells
contain multiple lineages and model human nephrogenesis. Nature 526:564-8.


https://doi.org/10.1101/2020.04.27.060749

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Wu H, Uchimura K, Donnelly EL, et al (2018) Comparative Analysis and Refinement of
Human PSC-Derived Kidney Organoid Differentiation with Single-Cell
Transcriptomics. Cell Stem Cell 23:869-881.e8.

Combes AN, Zappia L, Er PX, et al (2019) Single-cell analysis reveals congruence
between kidney organoids and human fetal kidney. Genome Medicine 11(1):3.

Harder JL, Menon R, Otto EA, et al (2019) Organoid single cell profiling identifies a
transcriptional signature of glomerular disease. JCI Insight 4(1):e122697.

Dhillon P, Park J, Hurtado del Pozo C, et al (2021) The Nuclear Receptor ESRRA
Protects from Kidney Disease by Coupling Metabolism and Differentiation. Cell
Metabolism 33(2):379-394.€8.

Monteil V, Kwon H, Prado P, et al (2020) Inhibition of SARS-CoV-2 Infections in
Engineered Human Tissues Using Clinical-Grade Soluble Human ACE2. Cell
181(4):905-913.e7.

Little MH, Combes AN (2019) Kidney organoids: Accurate models or fortunate
accidents. Genes and Development 33:1319-1345.

Garreta E, Kamm RD, Chuva de Sousa Lopes SM, et al (2021) Rethinking organoid
technology through bioengineering. Nature Materials 20(2):145-155.

Nelson CM (2016) On buckling morphogenesis. Journal of Biomechanical Engineering
138(2):021005.

Marciano DK (2017) A holey pursuit: lumen formation in the developing kidney.
Pediatric Nephrology 32(1):7-20.

Yang Z, Zimmerman S, Brakeman PR, et al (2013) De novo lumen formation and
elongation in the developing nephron: A central role for afadin in apical polarity.
Development (Cambridge) 140(8):1774-84.

Gao L, Yang Z, Hiremath C, et al (2017) Afadin orients cell division to position the
tubule lumen in developing renal tubules. Development (Cambridge) 144(19):3511-
3520.

Georgas K, Rumballe B, Valerius MT, et al (2009) Analysis of early nephron patterning
reveals a role for distal RV proliferation in fusion to the ureteric tip via a cap
mesenchyme-derived connecting segment. Developmental Biology 332(2):273-86.

Nicolaou N, Renkema KY, Bongers EMHF, et al (2015) Genetic, environmental, and
epigenetic factors involved in CAKUT. Nature Reviews Nephrology 11:720-731.

Schedl A (2007) Renal abnormalities and their developmental origin. Nature Reviews
Genetics 8(10):791-802.

Morizane R, Lam AQ, Freedman BS, Kishi S, Valerius MT BJV (2015) Nephron
organoids derived from human pluripotent stem cells model kidney development and
injury. Nature biotechnology 33:1193-1200.

Freedman BS, Brooks CR, Lam AQ, Fu H, Morizane R, Agrawal V, Saad AF LM,
Hughes MR, Werff RV, Peters DT, Lu J, Baccei A, Siedlecki AM VM, Musunuru K,
McNagny KM, Steinman TI, Zhou J, Lerou PH BJ (2015) Modelling kidney disease
with CRISPR-mutant kidney organoids derived from human pluripotent epiblast
spheroids. Nature communications 6:8715.



46.

47*.

48**,

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

Taguchi A, Nishinakamura R (2017) Higher-Order Kidney Organogenesis from
Pluripotent Stem Cells. Cell Stem Cell 21:730-746.€6.

Howden SE, Wilson SB, Groenewegen E, et al (2021) Plasticity of distal nephron
epithelia from human kidney organoids enables the induction of ureteric tip and stalk.
Cell Stem Cell 28(4):671-684.¢6.

* This paper shows that distal nephron-like epithelia in hPSC-derived kidney organoids
can be induced into a ureteric epithelial tip identity that can be expanded in defined
culture conditions. Using this new procedure, authors show that organoids with loss-of-
function mutations in PKHD1 can model autosomal recessive polycystic kidney disease.

Zeng Z, Huang B, Parvez RK, et al (2021) Generation of patterned kidney organoids that
recapitulate the adult kidney collecting duct system from expandable ureteric bud
progenitors. Nature Communications 12(1):3641.

**This paper develops a novel procedure for the generation of 3D branching UB
organoids from primary UB progenitors from mouse and human fetal kidneys, or from
hPSCs. Notably, they used CRISPR/Cas9 genome editing system to remove RET
activity in mouse and human UB organoids, showing that mutated organoids can model
congenital anomalies of kidney and urinary tract (CAKUT).

van de Hoek G, Nicolaou N, Giles RH, et al (2015) Functional models for congenital
anomalies of the kidney and urinary tract. Nephron 129:62—67.

Kaku Y, Taguchi A, Tanigawa S, et al (2017) PAX2 is dispensable for in vitro nephron
formation from human induced pluripotent stem cells. Scientific Reports 7(1):4554.

Lindstrdm NO, Guo J, Kim AD, et al (2018) Conserved and divergent features of
mesenchymal progenitor cell types within the cortical nephrogenic niche of the human
and mouse kidney. Journal of the American Society of Nephrology 29(3):806-824.

Lindstrdm NO, McMahon JA, Guo J, et al (2018) Conserved and Divergent Features of
Human and Mouse Kidney Organogenesis. Journal of the American Society of
Nephrology 29(3):785-805.

Lindstrom NO, Hohenstein P, Davies JA (2013) Nephrons require Rho-kinase for
proximal-distal polarity development. Scientific Reports 3:2692.

Lindstrom NO, Lawrence ML, Burn SF, et al (2014) Integrated p-catenin, BMP, PTEN,
and Notch signalling patterns the nephron. eLife 3:e04000.

Low JH, Li P, Chew EGY, et al (2019) Generation of Human PSC-Derived Kidney
Organoids with Patterned Nephron Segments and a De Novo Vascular Network. Cell
Stem Cell 25:373-387.€9.

Yoshimura Y, Taguchi A, Tanigawa S, et al (2019) Manipulation of nephron-patterning
signals enables selective induction of podocytes from human pluripotent stem cells.
Journal of the American Society of Nephrology 30(2):304-321.

Kunimoto K, Bayly RD, Vladar EK, et al (2017) Disruption of Core Planar Cell Polarity
Signaling Regulates Renal Tubule Morphogenesis but Is Not Cystogenic. Current
Biology 27(20):3120-3131.e4.

Lienkamp SS, Liu K, Karner CM, et al (2012) Vertebrate kidney tubules elongate using
a planar cell polarity-dependent, rosette-based mechanism of convergent extension.
Nature Genetics 44(12):1382-7.



59.

60.

61.

62.

63.

64.

65.

66™*.

67.

68**.

69.

70*.

Chan CJ, Heisenberg CP, Hiiragi T (2017) Coordination of Morphogenesis and Cell-Fate
Specification in Development. Current Biology 27:R1024-R1035.

Kim HY, Nelson CM (2012) Extracellular matrix and cytoskeletal dynamics during
branching morphogenesis. Organogenesis 8:56-64.

Howden SE, Vanslambrouck JM, Wilson SB, et al (2019) Reporter- based fate mapping
in human kidney organoids confirms nephron lineage relationships and reveals
synchronous nephron formation. EMBO reports 20(4):e47483.

Vanslambrouck JM, Wilson SB, Tan KS, et al (2019) A toolbox to characterize human
induced pluripotent stem cell-derived kidney cell types and organoids. Journal of the
American Society of Nephrology 30(10):1811-1823.

Hale LJ, Howden SE, Phipson B, et al (2018) 3D organoid-derived human glomeruli for
personalised podocyte disease modelling and drug screening. Nature Communications
9(1):5167.

El-Nachef D, Shi K, Beussman KM, et al (2020) A Rainbow Reporter Tracks Single
Cells and Reveals Heterogeneous Cellular Dynamics among Pluripotent Stem Cells and
Their Differentiated Derivatives. Stem Cell Reports 15(1):226-241.

Polacheck WJ, Chen CS (2016) Measuring cell-generated forces: A guide to the
available tools. Nature Methods 13(5):415-23.

Pérez-Gonzélez C, Ceada G, Greco F, et al (2021) Mechanical compartmentalization of
the intestinal organoid enables crypt folding and collective cell migration. Nature Cell
Biology. https://doi.org/10.1038/s41556-021-00699-6.

** In this paper, by using traction force microscopy, authors map three-dimensional
cellular forces in mouse intestinal organoids cultured in 2D, providing new insights onto
the cellular processes that pattern the intestinal epithelium.

Li Y, Chen M, Hu J, et al (2021) Volumetric Compression Induces Intracellular
Crowding to Control Intestinal Organoid Growth via Wnt/B-Catenin Signaling. Cell
Stem Cell 28(1):170-172.

Wang S, Matsumoto K, Lish SR, et al (2021) Budding epithelial morphogenesis driven
by cell-matrix versus cell-cell adhesion. Cell. S0092-8674(21)00632-2.

** In this paper, authors identify mechanisms driving budding morphogenesis in the
mouse embryonic salivary gland by performing live organ imaging at single cell
resolution and scRNA seq, showing that this process is driven by strong cell-matrix and
weak cell-cell adhesions.

Dahl-Jensen S, Grapin-Botton A (2017) The physics of organoids: A biophysical
approach to understanding organogenesis. Development (Cambridge) 144(6):946-951.

Yang Q, Xue S-L, Chan CJ, et al (2021) Cell fate coordinates mechano-osmotic forces in
intestinal crypt formation. Nature Cell Biology. https://doi.org/10.1038/s41556-021-
00700-2.

*In this work authors develop a 3D biophysical model to computationally screen
different mechanical scenarios during crypt-villus patterning and morphogenesis in
mouse intestinal organoids. By live imaging and the application of distinct mechanical
cues to the model system, they find that actomyosin-driven crypt apical contraction and
villus basal tension are coordinated with lumen volume reduction to shape the crypt.


https://doi.org/10.1038/s41556-021-00700-2
https://doi.org/10.1038/s41556-021-00700-2

71*.

72.

73.

74.

Rozman J, Krajnc M, Ziherl P (2020) Collective cell mechanics of epithelial shells with
organoid-like morphologies. Nature Communications 11(1):3805.

*This paper provides a computational model, based on 3D surface tension-based vertex
model, that reproduces characteristic shapes (i.e., branched, budded, invaginated
structures) that can be observed in epithelial organoids.

Dressler GR (2006) The cellular basis of kidney development. Annual review of cell and
developmental biology 22:509-529.

Rimoin DL, Pyeritz RE, Korf B (2013) Emery and Rimoin’s principles and practice of
medical genetics.

Park J, Shrestha R, Qiu C, et al (2018) Single-cell transcriptomics of the mouse kidney
reveals potential cellular targets of kidney disease. Science (New York, NY) 360:758—
763.



Figure Captions

Figure 1. In vitro 3D model systems for studying kidney development. A, Ex vivo
mouse kidney models. a) Bright field image of a whole embryonic kidney rudiment
under organotypic culture. b) Confocal image of a whole embryonic kidney rudiment
for the expression of the nephron marker Jagged1 and the UB marker cytokeratin-8
(CK8). Optimized versions of the Grobstein assay have allowed the generation of: c)
mouse UB reaggregates in 3D culture showing branching capacity, and d) mouse
kidney reaggregates alike to the normal mouse embryonic kidneys. Confocal image of a
mouse Kidney reaggregate for the expression of the nephron marker WT1 and the UB
marker GATAZ. Scale bars, 100 um. B, hPSC-derived kidney organoid models. €)
Confocal image of a chimeric kidney organoid composed by reaggregation of E11.5
mouse kidney cells and NPCs derived from hPSCs following our recent methodology
[28]. PAX8 demarks nascent nephron-like structures and human nuclear antigen
(HuNu) stains for cells of human origin. PAX8+Hunu+ cells integrate into nascent
nephron structures forming a chimeric kidney organoid. Scale bar, 250 um. f) Higher
magnification of e). g) Bright field image and h) immunofluorescence analysis of a
hPSC-derived kidney organoid generated by our recent methodology [28]. The presence
of segmented nephron-like structures is shown by the expression of PODXL and WT1
in the glomerular compartment, and E-cadherin (ECAD) in the distal tubule
compartment. Scale bar, 50 um. C, Next-generation bioengineered hPSC-derived
kidney organoid models. Bioengineering approaches may help produce enhanced
kidney organoids. i) and j) hPSC-derived kidney organoids of controlled size can be
produced using microfabricated wells. Scale bar, 50 um. k) Microfluidic devices can be
used to provide fluid flow, which may be relevant for kidney organoid vascularization.

Scale bar, 1 cm. I) hPSC-derived kidney organoid under fluid flow. Scale bar, 50 um.



m) Decellularization technology allows fabrication of decellularized human kidney
matrices (AECM). Confocal image of human kidney dECM showing preservation of
major ECM components including collagen-I (in green), laminin (in red) and elastin (in
magenta). Scale bar, 50 um. n) 3D bioprinting can precisely deposit biomaterials and
cells to create defined architectures, as in 0). Scale bar, 1 cm. In the future kidney
dECM-derived can be combined with hPSC-derived renal cells for bioprinting of kidney

analogues.

Figure 2. Understanding nephron patterning and morphogenesis using hPSC-
derived kidney organoids. A, Schematic depicting nephron induction and patterning.
Nephron progenitor cells undergo mesenchyme to epithelial transition to form the renal
vesicle. This early epithelial structure acquires proximal to distal polarity and further
morphologically progress towards the comma-shape body and the S-shape body.
Expected proximal, medial and distal region marker genes are indicated. B, hPSC-
derived kidney organoids recapitulate nephron development. hPSC-kidney organoids
have been generated following our recent methodology [28]. Representative
hematoxylin and eosin images of hPSC-kidney organoids during renal vesicle
emergence (day 8), elongation (day 10) and differentiation into nephron-like structures
(day 16). Immunofluorescence analysis of consecutive kidney organoid sections for the
expression of the proximal (WT1), medial (JAG1) and distal (E-cadherin; ECAD)

segment fates. Scale bars, 50 pum.
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This is a very informative review that spans the history of kidney development from the
early days of ex vivo rudiment culture to the present day, including the elegant 2020
transcriptional mapping study of the developing human nephron by the McMahon group.
The review is very clearly written and sets out what is known about kidney development,
but also highlights what is still unknown. I think the review would be particularly useful
to newcomers to the field.

My only minor criticism would be to undertake a careful proof-read as there are a number
of small grammatical errors. For example, on the first page of the Introductions, instead
of "By in vitro recombining the isolated components mouse embryonic kidneys at day 11
during embryonic development (E 11.0)...." it would be better to write as "By recombining
the isolated components of day 11 mouse embryonic kidneys in vitro..."

There are a few other such instances.

Authors: We thank the reviewer for his/her positive evaluation of the manuscript. We
have carefully performed proof-reading of the text and corrected the grammar errors and
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Highlights

Current understanding of human nephron morphogenetic programs is limited
Tissue mechanics and cell fate specification may act in concert to shape the
nephron

hPSC-derived kidney organoids can be used to study nephron induction and
patterning

Technologies to measure multicellular behaviors will be crucial to uncover key
principles of nephron emergence

Resulting discoveries will help unveil new mechanisms of human kidney disease



