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Abstract

Kidney organoid technology has led to a renaissance in kidney developmental biology. The
complex underpinnings of mammalian kidney development have provided a framework for

the generation of kidney cells and tissues from human pluripotent stem cells. Termed kidney
organoids, these 3-dimensional structures contain kidney-specific cell types distributed similarly
to in vivo architecture. The adult human kidney forms from the reciprocal induction of two
disparate tissues, the metanephric mesenchyme (MM) and ureteric bud (UB), to form nephrons
and collecting ducts, respectively. Although nephrons and collecting ducts are derived from the
intermediate mesoderm (IM), their development deviates in time and space to impart distinctive
inductive signaling for which separate differentiation protocols are required. Here we summarize
the directed differentiation protocols which generate nephron kidney organoids and collecting duct
kidney organoids, making note of similarities as much as differences. We discuss limitations of
these present approaches and discuss future directions to improve kidney organoid technology,
including a greater understanding of anterior IM and its derivatives to enable an improved
differentiation protocol to collecting duct organoids for which historic and future developmental
biology studies will be instrumental.
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Introduction

Developmental biology has informed the derivation of human stem cell-derived cells

and tissues. Directed differentiation protocols, involving the sequential application of

small molecules and growth factors to mimic signals governing organogenesis, have been
deciphered to generate the major organs of the human body, including the kidney?. The
adult kidney develops from the reciprocal induction of the MM and UB. Derived from the
posterior intermediate mesoderm (pIM), the MM is a heterogenous populations of nephron
progenitor cells (NPCs), stromal progenitor cells (SPCs), and endothelial progenitor cells
(EPCs), which give rise to nephron structures and their surrounding interstitium. Derived
from the anterior intermediate mesoderm (alM), UB progenitor cells differentiate into the
branched collecting duct network that drains individual nephrons to the bladder via a solitary
ureter. Importantly, the formation of nephron structures is predicated upon inductive signals
from developing collecting duct, and vice versa, in a process termed reciprocal induction.
Given their disparate origins, separate directed differentiation protocols have been required
to generate nephron kidney organoids and collecting duct kidney organoids.

Historically, studies in kidney developmental biology have been enriched by knowledge of
congenital anomalies of the kidney and urinary tract (CAKUT), a group of quite common
genetic disorders often stemming from the malunion of the MM and UB. Mutations
involving growth factors and their receptors responsible for CAKUT has shed light on

the signaling pathways involved in the separate formation of the MM and UB, as well

as their reciprocal induction. Drawing from these studies, kidney organoids have been
generated from modulated Wnt, FGF, TGF-B/BMP, and RA signaling, as discussed in detail
below. Due to the cessation of nephrogenesis by birth in humans?, kidney development has
historically been of little clinical importance, in terms of mitigatable disease. However, the
advent of kidney organoids has re-invigorated kidney developmental biology, which should
be instrumental in improving organoid technology towards revolutionizing the fields of drug
development and regenerative medicine.

Intermediate mesoderm/kidney development

Three germ layer and primitive streak

Mammalian development begins with the union of male and female haploid gametes,
forming a single diploid pluripotent stem cell which undergoes iterative proliferation and
differentiation. After approximately 7 cell doublings, a blastula consists of a hollow spheroid
of ~128 (2"7) undifferentiated cells. The primitive streak forms in the caudal and mid-line
aspect of the blastula to determine the site of gastrulation, initiate germ layer formation,
and establish bilateral symmetry via cranial-caudal and midline-lateral body axes3. The
outer cell layer surrounding the primitive streak forms ectoderm destined to predominantly
become the integumentary and nervous systems. The inner cell layer that involutes through
and lines the primitive streak forms endoderm destined to primarily form the lining of the
digestive and respiratory systems, as well as the liver and pancreas. In a process termed
gastrulation, mesodermal progenitor cells involute through the primitive streak and migrate
cranially and laterally to form a middle layer sandwiched between an outer ectoderm and
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inner endoderm. The mesoderm gives rise to the musculoskeletal, circulatory, reproductive,
and urinary systems, including the mammalian kidney?.

Mesoderm differentiation

The kidney primordia arises from spatiotemporal patterning of the mesoderm. The cranial-
caudal axis of the mesoderm is temporally patterned based on the duration of gastrulation,
resulting in differing lengths of exposure to Wnt signaling in the primitive streak®. The
midline-lateral axis of the mesoderm is spatially patterned across the anterior-posterior axis
of the primitive streak, due to an increasing BMP4 gradient. Fate mapping in the mouse has
demonstrated that mesodermal progenitors involuting through the anterior primitive streak
become the paraxial mesoderm (PM), mid-primitive streak become intermediate mesoderm
(IM), and posterior primitive streak become lateral plate mesoderm (LPM)8. From a
signaling perspective, the duration of Wnt signaling and the degree of BMP signaling

are major determinants governing differentiation from pluripotency to mesodermal organ
primordial®. As the kidney arises from the anterior and posterior IM, it derives from
mesodermal progenitors involuting through a similar region of mid-primitive streak over
time (Figure 1a).

Kidney development: Disparate MM and UB development

The vertebrate kidney develops in structurally distinct stages, from a nonfunctional
pronephros to a rudimentary mesonephros, and ultimately to the metanephros, which
persists as the adult kidneyL. The functional stages contain nephron structures that interact
with the nephric duct for drainage to the cloaca, a common excretory chamber of the
urinary, digestive, and reproductive tracts prior to partitioning into the urogenital sinus

and the rectum!2, The nephric duct contributes to each nephric stage, as the pronephric
duct, mesonephric duct, and metanephric duct, also known as the ureteric bud (UB). The
pronephros and mesonephros are anterior IM derivatives, while the metanephros arises from
structures originating from both anterior IM (alM) and posterior IM (pIM)*. Studies in mice
have traced the origins of the metanephros to the reciprocal induction of the pIM-derived
metanephric mesenchyme (MM) and alM-derived UB13.14 (Figure 1b,c).

The MM is a heterogenous collection of nephron, stromal, and endothelial progenitor
cells. The contiguous epithelial compartments of the nephron, including podocytes of
glomeruli, their surrounding parietal epithelial cells, and proximal, loop of Henle, distal,
and connecting tubules, arise from SIX2*SALL1*CITED1*HOXD11*GDNF* nephron
progenitor cells (NPCs) that form pretubular aggregates in cap mesenchyme (CM)1°. The
CM is surrounded by FOXD1*MEIS1* stromal progenitor cells (SPCs) which give rise to
peritubular fibroblasts and perivascular cells, namely mesangial cells supporting glomerular
capillaries and pericytes supporting interstitial capillaries'6-17, These capillary beds and
their contributories are derived from FLK1*TIE2* endothelial progenitor cells (EPCs) that
infiltrate an avascular cap mesenchyme during the early stages of nephrogenesis!8:19,
Collectively, MM-derived NPCs, SPCs, and EPCs form the majority of the kidney

cortex, consisting of nephrons surrounded by supporting stroma and penetrating blood
vessels20, Following gastrulation, MM-fated cells receive TGF-B/BMP signaling21:22 and
FGF signaling?? to establish and maintain the NPC niche. As examples in mice, the BMP7
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knockout is a postnatal lethal mutation associated with markedly reduced nephron number?4,
from massive apoptosis of NPCs and early defects in nephrogenesis?®, and the FGF receptor
1/2 conditional knockout in the kidney primordia do not develop MM?26. Moreover, FGF9
and FGF20 signaling through these receptors has been shown to be necessary and sufficient
to maintain the stemness of the NPC niche?3,

The UB, or metanephric duct, generates the branched urinary collecting system of the
kidney, which initially develops as a solitary caudal outpouching of the common nephric
duct?’. The origin of the nephric duct, and its derivatives, from the alM suggests
development from early mid-primitive streak, with fate determined by relatively brief Wnt
and intermediate BMP4 signaling during gastrulation, as previously described. Following
gastrulation, the alM contributes to significantly more structures than the nephric duct alone,
including the pronephros, mesonephros, and gonadal structures from the Wolffian duct in
males and Mullerian duct in females28. A retinoic acid (RA) gradient patterns the anterior
to posterior axis of the developing IM, such that RA signaling is required for the formation
of the alM and its derivatives.29-31 The origins of the UB have been traced to alM-derived
RET*GFRAL™ cells, with these markers highly expressed in mesenchymal UB tip cells and
diminished in trailing epithelial UB stalk cells32. Of major consequence towards kidney
development, the nephric duct initially forms as a discontinuous tubular structure destined
to connect MM-derived nephrons with the cloaca, or primitive bladder. The initial stalk of
the UB connects to the developing bladder as the ureter, while UB tip cells undergo iterative
branching to form collecting ducts which drain individual nephrons during nephrogenesis.
Although there is variability, nephrogenesis ceases after forming approximately 1,000,000
nephrons by birth in humans and around 16,000 nephrons by the early postnatal period

in mice33. Genetic studies in mice have demonstrated that Wnt, Fgf, and Ret signaling is
required for branching morphogenesis of the ureteric bud to form the urinary collecting
system34,

Kidney development: Reciprocal induction of the MM and UB

The adult mammalian kidney, or metanephros, is generated by the reciprocal induction of
pIM-derived MM and alM-derived UB. In the mid-1950s, Clifford Grobstein developed
assays of kidney development to find that microdissected MM and UB in coculture are
necessary and sufficient to reconstitute kidney structures ex vivo, demonstrating that these
populations are sufficiently programed at this stage to drive kidney organogenesis3®. He
further demonstrated that MM separated from UB fails to undergo nephrogenesis, but that
UB could be replaced by a distal portion of the embryonic spinal cord to provide sufficient
signaling to induce nephrogenesis in MMS36. In fact, developing spinal cord was a stronger
inducer of MM than UB. In the decades since, multiple members of the Wnt, FGF, and TGF-
B/BMP signaling pathways are required for the reciprocal induction between the MM and
UB for proper kidney development. It was found that UB-derived Wnt expression is required
for mesenchymal-epithelial transition (MET) of the MM to form contiguous nephron
epithelial structures, as mice lacking Wnt4 activity fail to form pretubular cell aggregates!?.
Unsurprisingly, Wnt4 is highly expressed in the developing spinal cord3”. In addition

to Wnt-4, the UB maintains self-renewal of NPCs by providing Wnt9b and the TGF-p
superfamily member, Activin A, as differentiation factors for the MM15:38_ In turn, the MM
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produces factors which govern both UB budding and subsequent branching morphogenesis.
Disruption of budding of the UB from the nephric duct can result in renal agenesis, duplex
kidneys, and improper positioning of the ureter?’. As branching morphogenesis of the UB
is integral to nephrogenesis, defects have been associated with reduced nephron number3®,
BMP4 expressed by the MM signals through BMP type receptors in the nephric duct to
ensure a solitary UB develops, as heterozygotic Bmp4 knockout mice demonstrate hypo/
dysplastic kidneys with ectopic and accessory ureteral budding*C. FGF signaling also plays
arole in UB budding as Fgf10 mutant mice exhibit renal agenesis associated with absence
of the UB4L. Perhaps best described, the MM produces GDNF, which signals through its
receptor, RET, and coreceptor, GFRAL, in the UB to govern branching morphogenesis?’.
Gdnf expression in the mouse is regulated by expression of other NPC markers, Six242,
Sall143, and Eyal#4, reflecting its production by future nephron epithelia to signal to the
developing UB. Lack of Gdnf, Gfral, or Ret in mice is perinatally lethal due to bilateral
renal aplasia or agenesis*®. Due to a multitude of paracrine signaling, the UB buds and
infiltrates adjacent CM. Responsive aggregates of NPCs undergo MET and sequential
morphogenesis through comma-shaped and S-shaped bodies comprised of nephron epithelia,
patterned in a proximal to distal orientation 154648 The proximal portion develops into
clusters of podocytes surrounded by parietal epithelial cells of Bowman’s capsule. FLK1*
EPCs and FOXD1* SPCs invade the glomerular cleft of the S-shaped body to establish

the glomerular vascular pole and give rise to glomerular capillaries and mesangial cells,
respectively%:50, The connecting tubules of individual nephrons converge in a branched
collecting system derived from the UB, following reciprocal induction between the two
tissues outlined above®l,

Owing to the complexity of the union between the MM and UB in forming the adult kidney,
urinary tract anomalies are among the most common birth defects in humans, with estimated
occurrence as high as 1 in 250 live births. These heterogenous malformations are commonly
referred to as CAKUT®2. RET mutations have been reported to be found in 5-30% of
CAKUT patients, noting that varied Ret mutants in the mouse display a spectrum of urinary
tract defects similar to CAKUT in humans®3. More recently, whole-exome sequencing
applied to 232 familial cohorts manifesting CAKUT identified causative mutations in

30% of known or highly suspected monogenic CAKUT genes®*. Notably, no known or
suspected mutation was detected in more than 50% of the families, which illustrates our
ongoing knowledge gaps in human kidney development. Some of these gaps may be due to
inter-species differences. Recent studies have deciphered convergent and divergent features
between human and mouse kidney development, including progenitor niche organization,
kidney lobe formation, and the expression of cell type-defining markers®®. In such studies,
human kidney has been obtained from abortive embryonic tissue, permitting insights rather
than experimentation. Using mammalian kidney development as an archetype, protocols to
generated kidney cells and tissues from human pluripotent stem cells (hPSC) may enable
testable hypotheses in human kidney development. Towards this end, the determination

that MM is derived from the posterior IM, and UB from the anterior IM14, along with
characteristic marker expression, affords a roadmap for the specific induction of these

two kidney lineages. We will discuss the deciphered methods to efficiently induce MM-
derived nephron epithelia and UB-derived collecting duct epithelia from human pluripotent

Semin Cell Dev Biol. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupta and Morizane Page 6

stem cells, whose combination may represent the optimal method to developing human
kidney tissue ex vivo for developmental studies and translational applications towards drug
development and regenerative medicine.

In vitro differentiation of stem cells

Drawing from our knowledge of mammalian kidney development, multiple reproducible
methods have been deciphered which turn human pluripotent stem cells (hPSCs) into kidney
cells and tissues, termed kidney organoids®®. While there is some debate to its definition,

we accept Hans Clevers’ definition of an organoid as a 3-dimensional structure grown from
stem cells and consisting of organ-specific cell types that self-organizes through spatially
restricted lineage commitment®”. Such organoids exhibit high similarities with their in vivo
counterparts in terms of tissue morphology, cell types and content, and cellular proliferation
and differentiation®8.

Differentiation towards nephron kidney organoids

Many of the established protocols, and subsequent analysis, have been dedicated to the
generation of nephron kidney organoids. In elegantly designed experiments, Taguchi et

al performed microarrays on developing embryonic tissue to determine which signalling
pathways were active during the formation of the MM at key time points. They used

an Osr1-GFP reporter mouse, noting that Osr1 is one of the earliest IM markers and
persists in the renal precursor populations through MM®9:€0, to flow sort renal precursors
and perform re-aggregation assays informed by their microarray-based signalling pathway
analysis. This seminal work was the first to demonstrate the differential cell fate between
the alM and pIM outlined abovel4. They attributed their success in generating NPCs

from mouse and human PSCs to their backwards approach, first determining the factors
which induce NPCs from plM, then determining those governing pIM induction from late
primitive streak and late primitive streak induction from hPSCs. Rather than starting by
differentiating ESCs, their backwards approach was deemed necessary as reliable markers
and detection assays were best known for the MM stage. Moreover, the intermediate cell
types were often multipotent populations which may give rise to a variety of tissues, and
thus do not manifest specific markers towards the generation of MM24. In the end, or at the
start, OCT3/4*SOX2* hPSC spheroids were grown on suspension culture and administered
extended Whnt activation with the glycogen synthase kinase 3 (GSK-3) inhibitor, CHIR99021
(CHIR)®2, to form T*TBX6™ late primitive streak, which is destined to contribute to
posterior mesodermal structures. The medial-lateral axis of the mesoderm was directed
towards IM formation by concurrent treatment with BMP4. Addition of Activin and RA
induced WT1*HOXD11*OSR1* posterior IM (pIM). Next, FGF9 was added to support the
development of SIX2*SALL1*WT1* NPCs, with a reported induction efficiency of 62%.
While NPCs were generated from both mouse and human PSCs, co-culture with mouse
embryonic spinal cord was necessary to further differentiate them into proximal tubules,
distal tubules, and podocyte clustersl4,

The following year, Morizane et al published a differentiation protocol that generated
SIX2+*SALL1*WT1* NPCs with up to 90% efficiency by differentiation day 8-9%2. hPSCs
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were treated with an extended period of CHIR to mimic Wnt signaling and BMP4 activity
was modulated to induce T*TBX6™" late primitive streak. Next, Activin was applied to
induce OSR1*WT1*HOXD11* pIM, which further differentiated into SIX2*SALL1*WT1*
NPCs in response to FGF9. These NPCs were then transitioned to 3-dimensional suspension
culture by centrifugation in ultra-low adhesion plates. Then exposure to a CHIR pulse,
simulating UB-derived Whnt signaling, catalyzed MET in NPCs, which are subject to FGF9
to expand and maintain the stemness of the NPC niche23. After the CHIR pulse, and in

the presence of ongoing FGF9, NPCs differentiated into LAM1* renal vesicles by day

14 through a pre-tubular aggregate intermediate. In the absence of further factors, renal
vesicles self-patterned into nephron structures of sequentially connected structures that
included NPHS1*PODXL™* podocytes, LTL*CDH2* proximal tubules, CDH1*UMOD™ loop
of Henle, CDH1*UMOD" distal tubules, and CDH1*AQP2* connecting tubules®3, Both the
protocols of Taguchi and Morizane shared induction of late primitive streak with extended
Whnt and modulated BMP4 signaling, followed by induction of pIM with Activin A, and then
FGF9 was applied to induced MM which was subject to Wnt signaling using either CHIR or
embryonic spinal cord to catalyze MET.

Additional differentiation protocols, often predicated on maximal induction of PAX2" or
OSR1* IM cells as opposed to SIX2* NPCs, have generated nephron kidney organoids,

as well. 94-66_ After reporting the paradoxical simultaneous induction of alM-derived

UB and pIM-derived MM progenitors, based on non-specific ureteric epithelial markers
PAX2*GATA3* 67, Takasato et al demonstrated that varied duration of initial CHIR
treatment, prior to the addition of FGF9, was one of the critical factors for the differential
induction of alM-derived structures versus those of the pIM. Shorter duration Wnt signaling
induced LHX1*GATA3™" alM and longer duration induced HOXD11*EYAL* pIM. Along
with duration of Wnt signaling, they found that RA also controls the anterior-posterior
patterning of the IM with RA signaling promoting alM-derived UB markers. This anterior-
posterior RA gradient has been attributed to the inactivation of RA via CYP26B1 expression
in the posteriorly located primitive streak®8. Using this knowledge, they modified their
kidney differential protocol to favor MM induction to find that extended CHIR for 4

days, followed by FGF9 for 3 days co-induced ureteric epithelium and metanephric
mesenchyme. Despite reportedly containing both UB and MM progenitors, the MM required
a CHIR pulse (to simulate UB-derived WNT9b) to undergo MET and form segmented
nephrons containing 4 components: WT1* glomeruli, LTL*ECAD™ early proximal tubule,
GATA3LTL"ECAD" early distal tubule, and GATA3*ECAD™ collecting duct. However,
the Takasato protocol has been demonstrated to induce a significant neuronal lineage8?, for
which GATA3 is an important developmental marker’®. While GATA3 specificity for the UB
may be demonstrated by coupled expression with the non-neuronal marker, CDH1, and the
off-target neuronal population explained by batch-to-batch heterogeneity’?, GATA3 is not
specific to the UB and its derivatives but expressed in distal tubules in mammalian kidney
samples’2.

Notably, Freedman et al employed a sandwich Matrigel method to form cavitated
epiblast spheroids by transitioning hPSCs to adherent 3-dimensional culture. A
directed differentiation protocol based on one initially designed for cardiomyocyte
generation in 2-dimensional culture was employed. In a two-step protocol, epiblast
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spheroids were first subject to relatively short duration CHIR (1.5 days) followed

by extended B27-supplemented media to form tubular epithelial structures via MET.
Immunostaining confirmed the induction of nephron structures consisting of peripheral
PODXL*WT1*SYNPO* podocyte clusters which aggregated at the termini of LTL™*
proximal tubular structures in series with CDH1* loop of Henle/distal tubular structures’3.
Additionally, CD31*vWF™* endothelial cords arose within organoids to associate with
tubular structures and podocyte clusters suggestive of vascular structures.

The outlined differentiation protocols to nephron kidney organoids were published by
2015. In the years since, many groups have followed similar approaches to direct the
differentiation of hPSCs through intermediate stages of late primitive streak, pIM, and
MM to form contiguous nephron structures in 3-dimensional tissue%.74-76_ Many of these
studies were performed to characterize constituents and their maturity. Wu et al. performed
transcriptional profiling of the Morizane and Takasato protocols at the single cellular level,
comparing them against each other as well as similar datasets from 16-week gestation
human fetal kidney and 62-year old human adult kidney. Major findings included i) the
identification of at least 12 distinct kidney cell types in both protocols, ii) distal tubules

in both protocols expressed GATAZ3, iii) that nephron epithelia were more similar to fetal
kidney than adult at day 26 in both protocols, iv) the Morizane protocol induced more
mature podocytes, proximal tubules, and loop of Henle (based on reduced developmental
and higher differentiation marker expression), v) the Morizane protocol induced half

as many non-renal specific cell types (i.e. muscle, neurons) compared to the Takasato
protocol (11% vs 21%), vi) the neuronal population in Takasato organoids was reduced

by inhibiting the brain-derived neurotrophic factor (BDNF) pathway, and vii) Takasato
organoids demonstrated less differentiation across most cell types, lost the endothelial
cluster, and had emergence of a muscle cluster in extended culture to day 3459

Subsequent single cell transcriptomics of Morizane nephron kidney organoids from Tran

et al. supported the application of organoid-derived podocytes for glomerular filtration

and disease modeling. On subcapsular transplantation, organoid-derived podocytes recruited
host vasculature to enable further maturation’. Garreta et al progressed the transcriptional
profile of organoids to second trimester human fetal kidney by day 16 through cell-cell

and cell-matrix interactions facilitated by embedment in a soft hydrogel’8. Homan and
Gupta et al coupled organoid and organ-on-a-chip technologies to demonstrate fluidic shear
stress enhances the functional maturation and vascularization of nephron kidney organoids
from the Morizane protocol. Tubular maturation was demonstrated by increased polarization
and solute transporter expression, while glomerular maturation was evidenced by enhanced
podocyte foot processes, increased expression of slit diaphragm proteins, and formation

of vascularized glomeruli manifesting early glomerular basement membranes’’ Applying
single cell transcriptomics to a similar nephron organoid protocol, Low et al suggested

a divergent source of kidney vasculature between mouse and human, with a subset of
human NPCs as a source for FLK1* EPCs’® . Here it is worthwhile to note that increasing
differences have been identified between human and mouse kidney development33:78,

Lastly, nephron kidney organoids have been produced by direct reprogramming to NPCs
by Hiratsuka et al. An initial transcriptional factor combination of FIGLA, PITX2, ASCL1,
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and TFAP2C differentiated hPSCs into SIX2*SALL1* NPCs with 92% efficiency in 2 days.
Thereafter, a second set consisting of HNF1A, GATA3, GATAL, and EMX2 differentiated
the NPCs into PAX8*LHX1* pretubular aggregates in another 2 days. In extended 3-
dimensional culture, the pretubular aggregates stochastically differentiated into nephron
structures, whose global gene expression profile was similar to human adult kidney®.
Importantly, the authors chose to induce the multipotent NPC population in efforts to
generate the entirety of nephron epithelia. A second set of transcription factors was required
as a relatively pure population of NPCs lacked inductive signaling from other kidney
progenitor populations.

Taken together, the published protocols for the generation of nephron kidney organoids have
many commonalities. While it is easy to focus attention of the differences, most protocols
share i) extended Wnt signaling towards the induction of posterior mesoderm, ii) modulated
BMP4 activity (added BMP4, BMP4 inhibition, or BMP4 present in basal media) to pattern
to IM, iii) FGF9 addition to induce and maintain the NPC niche in the MM. Additionally,
Activin A was employed to induce pIM in the protocols which have yielded the highest
induction efficiency of SIX2* NPCs. Notably activin signaling activates Hoxd11, which
regulates the posterior specification of the metanephros. Since this finding, it has been
reported that SIX2* NPCs generated without Activin form alM-derived mesonephric kidney
organoids, with lower SIX2 induction (~34%) and absent HOXD11, while similarly induced
SIX2* NPCs generated with Activin formed pIM-derived metanephric kidney organoids
with greater SIX2 and HOXD11 induction®. Mesonephric kidney organoids were confirmed
to lack expression of two typical loop of Henle markers, UMOD and NKCC2, which

were present in the metanephric kidney organoids8?, as the mammalian mesonephros has
been reported to lack a loop of Henle82. As the mesonephric kidney ultimately degrades,
perhaps it is unsurprising that nephron kidney organoids generated without Activin lost
differentiation markers in extended culture®.

Differentiation towards collecting duct kidney organoids

While 2015 was an influential year for the development of nephron kidney organoids, the
time since has seen a dramatic degree of publications towards hPSC-derived collecting duct
kidney organoids. Yet one of the first demonstrations of directed differentiation to kidney
tissue of any sort was published in 2013, prior to the demonstration that MM originates
from the pIM and UB from the alM. Xia et al. published a two-step protocol over the
course of 4 days to generate hPSCs capable of differentiation into the renal lineage. In

the first step, mesodermal fate was induced by a combination of FGF2 and BMP4 for 2
days. Thereafter, RA and Activin A was applied for 2 days with the resultant hPSC-derived
cellular population(s) simultaneously expressed nephron lineage markers (S1X2, CITED1,
SALL1, GDNF) and collecting duct lineage markers (RET, GFRA1, HOXB7), suggesting
the stochastic differentiation of induced alM into both mesonephros and UB progenitors.
Termed UB progenitors, these cells were combined with E11.5 developing murine kidney
to mature into chimeric ureteric bud structures in 3-dimensional culture. Limitations of this
early work include the dependency on chimeric reaggregation to facilitate the maturation
of hPSC-derived cells past a progenitor cell state and a lack of in vitro branching of the
induced cells. Such chimeric tissue may have limited translation to human development and
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disease modeling, while being poorly suitable for regenerative medicine strategies, due to
Xenogenic contamination. Moreover, the presence of significant undefined factors derived
from the developing mouse kidney may limit reproducibility of the protocol. While their
methodology has not served as the foundation for ensuing studies of UB induction, there
were notable findings when viewed retrospectively. While performed prior to identifying
that disparate duration of Wnt signaling determines the anterior-posterior axis of the IM,
Xia’s finding of a shortened first step with modulated BMP4 activity is consistent with
early mid-primitive streak induction destined for alM fate. Meanwhile, use of RA in the
second step have been implicated in alM development, as previously described, and is

a common UB-inducing factor in the ensuing improved directed differentiation protocols
towards collecting duct epithelium83:84,

Employing a similar reverse induction approach to their protocol towards nephron
progenitor cells, Taguchi et al first identified factors which induce the maturation of primary
murine WD into UB through microarray analysis. Through reaggregation assays of flow
sorted primary murine WD, the combination of RA, Wnt signaling, and Fgf9 enriched
critical markers of UB maturation (namely Wnt9b, Hnflb, Pax2 and Emx2), while inducing
the UB tip cell marker, Ret. The addition of Gdnf was required to support Wnt11 expression,
which facilitated bud-like formation. Using similar methodology, they found that the same
factors at varying concentrations matured WD precursors into WD. In an ongoing backwards
approach, they sought to identify faithful markers of WD precursor cells. Interrogating in
vivo microarray data, Cxcr4 and Kit were identified as cell surface markers highly expressed
in WD precursors which permit FACS isolation. To maximize the induction of Cxcr4*/Kit*
WD progenitors from mESCs, they optimized their protocol for the induction of alM (as
opposed to pIM4) by reducing the duration of the initial mesoderm-inducing Wnt signaling
and finding that ongoing Wnt agonism, coupled to RA and FGF9 signaling, enhanced the
induction of alM markers. Additional major findings included i) Activin suppressed alM
induction (suggesting that Activin/Tgfb signaling is a primary driver that differentiates pIM
from alM), ii) addition or inhibition of BMP4 signaling suppressed alM (suggesting that

an optimal BMP4 concentration is required for alM induction), and iii) removal of Wnt
markedly reduced the Cxcr4*Kit* population (suggesting a crucial role for Wnt signaling
towards WD precursors). Flow-sorted Cxcr4*Kit* cells (35.6% induction efficiency) were
sequential matured from WD precursors to WD and induced UB (iUB) using factors
determined by the above backwards approach. iUB formed branched structures on extended
culture in defined media in the absence of nephron organoids. In coculture with primary
murine MM (including SPCs), an isolated bud from the iUB underwent dichotomous
branching with ureteric tips connecting to the distal end of MM-derived nephron structures.
Subsequent reaggregation assays between primary and induced populations demonstrated
that both SPCs and NPCs were required to induce sufficient UB branching. The necessity
of mouse primary stromal progenitors highlights a detrimental effect of cell purification

by flow-sorting; the restriction of progenitor populations required for kidney development
through multilineage induction. Adapting the differentiation protocol to hPSCs enabled the
formation of branched UB organoids in the absence of additional cell types. However,
coculture of flow-sorted human UB organoids with MM failed to undergo reciprocal
induction due to premature cessation of UB branching, likely due to the lack of human
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stromal progenitors8®. Perhaps the cause of incomplete branching could be discerned
from the use of primary human stromal progenitors, or their hPSC-derived equivalent, yet
improved induction of RET* UB tip cells concurrently with a SPCs population may be of
greatest benefit.

Mae et al had two relevant publications, from the Osafune lab, towards the generation of
early collecting duct kidney organoids. First they established a protocol to induce nephric
duct progenitor cells in 2-dimensions, which formed branched ureteric epithelial structures
in 3-dimensional culture8®. In a subsequent publication from the same group, their initial
protocol was modified, particularly adding RA to an extended protocol step to induce
nephric duct aggregates and removing off-target cells by pipetting. Importantly, the addition
of 2% Matrigel to the nephric duct aggregates induced polarized and luminal UB-like
structures with basal LAMININ and apical EZRIN expression. Resultant UB organoids
contained Cytokeratin-8 (CK8)* trunk domains capped by distinct RET™* tip domains, which
when microdissected led to expansion of UB tips with the reconstitution of UB organoids
through epidermal growth factor (EGF) and FGF1-induced branching morphogenesis.

As Wnt signaling maintains the UB tip niche8”, UB organoids were subject to Wnt
inhibition which promoted differentiation into AQP2™ tubular epithelia, termed collecting
duct progenitors, which manifest few markers of principal cells and lacked intercalated

cell markers in RNAseq. While promising, these results suggested immature collecting

duct organoids which lacked the segmentation into discrete units seen with nephron kidney
organoids derived from SIX2* NPCs88,

Rather than separately inducing MM and UB, Uchimura et al. combined hPSC-derived

alM and pIM with intentions of forming kidney organoids containing both nephron and
collecting duct elements. Treatment with circulating hormones important for collecting
duct function /n vivo induced segmentation of a tubular structure bearing markers of the
collecting duct. The Takasato protocol was employed to induce pIM®2 in parallel with a
modified Taguchi protocol to induce alM, both by day 78°. Monolayer cultures of alM and
pIM were mixed, subject to an exogenous CHIR pulse, and then cultured in FGF9, GDNF,
RA, and EGF until day 12. Following stochastic differentiation until day 26, CK8* branched
structures formed which required hormonal stimulation to further mature. Applying single
cellular transcriptomics to treated samples, aldosterone and arginine vasopressin drove

the segmentation and maturation of UB cells into principal and intercalated cells by
pseudotime trajectories, as well as the first demonstration of Urothelial cells present

in kidney organoids®. Their methodology deviates from kidney organogenesis, as the

alM and pIM develop into UB and MM separately with significant spatial deviations

prior to reciprocal induction. As the alM is a multipotent population that gives rise to
pronephros, mesonephros, male and female gonadal structures, and the nephric duct, the
hope would be that pIM would induce alM fated to preferential differentiate into nephric
duct. However, the requirement for both Wnt signaling (CHIR pulse) and GDNF, factors
produced by alM-derived UB and pIM-derived MM respectively, depicts a lack of reciprocal
induction. The result of generating alM and pIM separately, dissociating to single cell, and
aggregating the populations causes loss of polarity between the invading UB into the CM.
Additionally, a response to aldosterone and arginine vasopressin suggest the presence of the
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mineralocorticoid receptor and vasopressin receptors, neither of which are specific to the
kidney and are expressed in other mesodermal tissue%0:91,

Howden et al. demonstrated that the distal nephron epithelia of developing nephron
organoids harbor sufficient plasticity to be coaxed into ureteric epithelial fate. Isolated

distal nephron segments from organoids were cultured in ureteric epithelial media to form
induced ureteric stalks and tips. Separated UB tips could be expanded, serially passaged, and
recombined with NPCs to form combined nephron and collecting duct kidney organoids®2.
However, AQP2™ tubular structures in the distal nephron, which may be interpreted as
collecting duct, may be connecting tubules®2. Importantly, connections made by connecting
tubules may be interpreted as branching. It may be difficult to discern the connecting tubule
from collecting duct, as both express mineralocorticoid receptor-expressing principal cells%
and intercalated cells®4. Additionally, as ureteric epithelia are generated from the alM, it
remains unclear whether the distal nephron epithelia formed from pIM-derived MM would
maintain plasticity to adopt a connecting tubule or collecting duct phenotype.

More recently, Zeng et al. first identified culture conditions (FGF9, EGF,Y27632) which
supported the expansion and differentiation of primary UB progenitor cells isolated from
human fetal kidney, to guide the differentiation of hPSC-derived UB progenitors into
collecting duct kidney organoids. To generate hPSC-derived UB progenitors, they used

a dual reporter hPSC line for PAX2-mCherry and WNT11-GFP to test the ability of
existing differentiation protocols for generating PAX2*WNT11* UB progenitor cells. The
induction efficiency for UB progenitors in the above protocols by Taguchi et al, Xia et

al, and Mae et al was determined based on the induction of GFP* positivity reflecting
WNT11* expression. While WNT11 was expressed at the mRNA level in some of the
tested protocols8°:88, the authors reported limited induction of WNT11* based on GFP
positivity. Using the dual reporter line, they developed a novel 7-day directed differentiation
protocol to PAX2*SOX9*GATA3*PAX8*KIT*KRT8* alM cells, however, required flow
sorting of the 13.2% PAX2-mCherry* cells due to low induction efficiency. Purified PAX2*
cells were subject to the culture conditions that supported their initial testing in primary

UB progenitor cells. Subsequent WNT11* branched structures were induced at ~3 weeks,
with these UB organoids demonstrating expansion of UB tip cells®. To determine whether
their results extended to induced pluripotent stem cell lines, they employed a SOX9-GFP
hiPSC line, flow-sorted a 60.2% SOX9-GFP population on day 7, and subject to the

same culture conditions, yet WNT11 induction was not demonstrated. Importantly, they
report a protocol to induce a PAX2*SOX9*GATA3TPAX8*KIT*KRT8* population, yet the
induction efficiency for PAX2 in embryonic stem cells was discordant with SOX9 induction
in induced pluripotent stem cells, with unknown induction efficiency for cells collectively
bearing the 6 reported markers. The reciprocal induction of hPSC-derived UB organoids
with MM organoids remains a challenge, noting that the authors generated a RET knock-out
in this work.

Taken together, the published protocols for the generation of ureteric bud organoids share
many commonalities (Figure 2), particularly protocols derived work from the lab of
Nishinakamura in 2017. These include i) shortened Wnt signaling towards the induction

of anterior mesoderm, ii) addition of RA and Wnt agonists to simulate anterior mesodermal
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signaling, and iii) lack of Activin (shown to promote pIM differentiation). As suggested by
prior work, early steps of kidney differentiation to nephron kidney organoids is dependent
on fine-tuning BMP4 signaling®2. Similarly, a specific degree of BMP4 signaling appears
to provide optimal conditions to induce the UB organoids8®. Perhaps differing cell lines,
maintained in stem cell media of varying BMP4 activity, then subject to differentiation
media of varying BMP4, may need to be optimized for improved generation of UB
organoids.

Conclusion:

Kidney developmental studies have enabled the generation of hPSC-derived human kidney
ex vivo. Significant strides have been made to first develop, and further modify, protocols to
generate kidney organoids bearing nephron or collecting duct structures. Numerous groups
have published independent directed differentiation protocols to kidney which collectively
share similar sequential signaling pathway activation through intermediate cells bearing
characteristic markers. The utility of one organoid protocol over another is dependent on the
application.

Future milestones in progressing organoid technology include i) an efficient directed
differentiation protocol for UB progenitor cells, ii) improved resolution of alM and its
derivatives, iii) hPSC-derived MM and UB capable of reciprocal induction to form nephrons
interconnected via a unifying collecting duct, and iv) patterning of kidney tissue for
appropriate polarity/organization/function.

Many of the current protocols towards hPSC-derived UB organoids are often predicated
upon flow sorting®:9°, have failed to demonstrate reciprocal induction with MM85.88.89.95
and lack reported differentiation into principal and intercalated cells of the collecting
duct88:92, Despite significant efforts by international leaders in the field, a demonstration

of reciprocal induction between hPSC-derived MM and UB tissue remains elusive. Inductive
signals between the MM and UB would be required to model CAKUT, may progress the
maturation of kidney organoids beyond embryologic stages for translational purposes, and
may permit the scale of functional nephrons as an organ building block for regenerative
medicine.

As coculture of microdissected primary MM and UB sufficiently reconstitutes kidney ex
vivo3®, similar reciprocal induction between hPSC-derived MM and UB should be possible.
A notable major milestone was the demonstration such interaction between murine ESC-
derived tissues8. The initial differentiation to kidney from hPSCs may have performed
well in chimeric reaggregation with developing mouse kidney because it bore markers of
both nephron and collecting duct precursors®3, seemingly relying on reciprocal inductive
signals derived from the mouse. Current protocols that efficiently induce either human
nephron or ureteric organoids have not been shown to generate chimeric tissue when
combined with their murine counterparts. Perhaps this is due to developmental species
differences’8:96 or the need for improved protocols. As induction efficiency is predicated
upon tissue-specific markers, an improved understanding of markers that differentiate alM-
derived tissues (pronephros, mesonephros, nephric duct, male and female gonadal structures)
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would provide critical insight to improving UB organoid protocols, determine whether
nephron organoid protocols generate pronephros/mesonephros vs metanephros, and prevent
the prior misidentification of ureteric tissue based on non-specific markers. Importantly,
gonadal structures should default to the female gender even in male PSC lines, due to a
lack of Mullerian inhibitory hormone (MIH). Regardless of the gender of the hPSC line,
use of MIH and a lack of testosterone should limit male and female gonadal structures,
respectively. Given differences between mouse and human kidney development, tissue
specific markers of alM derivatives may best be identified in abortive human tissue.
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Figure 1. Diagrams of mammalian kidney development.
(a) A cranial-caudal axis in the primitive streak determines the laterality of gastrulating

mesoderm, PM = Paraxial Mesoderm, LP = Lateral Plate Mesoderm. Early primitive streak
forms anterior mesoderm while the late differentiates into posterior mesoderm.

(b) The ureteric bud (UB) originates from the anterior intermediate mesoderm (alM) and
develops as a caudal outpouching of the nephric duct to invade adjacent metanephric
mesenchyme (MM), which is derived from the posterior intermediate mesoderm (pIM).

(c) Branching UB stalks terminate in distinct clusters of UB tip cells which invade nephron
progenitor cells (NPCs) of the cap mesenchyme to initiate reciprocal induction.
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Figure 2. A developmental timeline diagram of in vitro differentiation of PSCs.
PSC: pluripotent stem cell. PS: primitive streak. IM: intermediate mesoderm. MM:

metanephric mesenchyme. WD: Wolffian duct. UB: ureteric bud. FGF: fibroblast growth
factor. RA: retinoic acid. ROCKi: ROCK inhibitor.
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