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Summary:

The formation of three-dimensional kidney tissue (organoids) from human pluripotent stem cell
lines provides a valuable tool to examine kidney function in an in vitro model and could be

used for regenerative medicine approaches. Kidney organoids have the potential to model kidney
diseases and congenital defects, be used for drug development, and to further our understanding
of acute kidney injury, fibrosis, and chronic kidney disease. In this review, we examine the current
stage of pluripotent stem cell-derived kidney organoid technology, challenges, shortcomings, and
regenerative potential of kidney organoids in the future.
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The etiology of kidney disease is multifactorial, but the outcomes are usually a progressive
decline in kidney function. It can arise from genetic abnormalities such as polycystic kidney
disease (PKD), can be acquired as a result of ingestion of nephrotoxic drugs causing acute
kidney injury (AKI), or can be a consequence of other conditions such as diabetes and
hypertension, which are the leading causes of chronic kidney disease (CKD).! Irrespective
of the foundations for kidney disease, it can become chronic and eventually progress

toward end-stage renal disease (ESRD), requiring life-long renal replacement therapy. The
prevalence of kidney disease is increasing worldwide, with more than 10% of the population
estimated to suffer from CKD.1 Prognosis for patients with CKD and ESRD is poor

because kidneys have a very limited capacity to regenerate. The only treatments available for
patients who progress from CKD to ESRD are dialysis and transplantation, but there are an
insufficient number of kidneys to meet the current and growing demand.2 As such, there is
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an urgent need to develop new therapies and treatments. This can be achieved only through
understanding the diverse mechanisms by which kidney disease arises at both the cellular
and molecular levels to develop targeted therapies.

Cellular reprogramming technology developed by Takahashi and Yamanaka in 2006 has
revolutionized the field of stem cell research.3 This technology reprograms somatic cells
such as fibroblasts into an embryonic stem cell-like state using ectopic expression of
specific pluripotency genes (eg, SOX2, KLF4, c-MYC, NANOG, and OCT4). The resulting
reprogrammed cells, called induced pluripotent stem cells (iPSCs), have the potential to
differentiate into any mature cell type, as well as self-renew. When iPSCs are made from
individuals with genetic diseases, the resulting lines provide an unlimited source of diseased
human tissue. Although these disease iPSCs can be compared directly with healthy control
iPSCs to better understand the pathogenesis of the disease, this often is problematic because
of the wide phenotypic variation seen between genetically unrelated but nevertheless healthy
iPSC lines. However, the recent development of gene editing technologies such as the
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 system has
largely overcome this issue, as in many cases the patient-specific iPSC lines can be corrected
genetically to create isogenic control lines to compare against (Tables 1 and 2).

The ability of iPSCs to differentiate into all cell types in the body has been exploited
recently to generate organoids—small three-dimensional masses of multicellular tissue that
approximate mini-organs.* Organoid protocols have been developed for many organ systems
by modulating growth factors and cell culture conditions including brain,? intestine,® heart,”
pancreas,® lung,® and liver.10 Development of organoid models has bridged the gap between
two-dimensional cell lines and in vivo models allowing researchers to study more complex
biological functions, providing a basis for translational research. For instance, intestinal
organoids have been used to study microbial interactions,1? while brain organoids have been
used to study Zika virus infections!? to understand the pathogenic mechanisms and facilitate
development of targeted therapies.

In recent years, a number of groups have developed protocols to coax iPSCs into

kidney organoids (Fig. 1).13-18 These methods generate fetal-stage nephrons with primitive
glomeruli, tubules segmented into proximal and distal segments, and stromal populations
(Fig. 2). In the case of the Taguchi and Nishinakamural® protocol, a ureteric bud/collecting
duct also is generated; however, the presence of a collecting system in the other methods is
less clear. Together, these protocols have provided a way to study human kidney tissue

in a dish, thus opening up a host of new research avenues to explore. For instance,

kidney organoids can be used to understand how different kidney diseases manifest and
consequently dissect specific disease pathways from the very early stages of disease
development. They also can provide opportunities for the discovery of novel disease-specific
biomarkers, potentially allowing early detection of at-risk patients or with early signs of
kidney disease. In contrast to mouse and cell line models, iPSCs and organoids provide

a biologically relevant model to study drug toxicity, allowing for high-throughput, high-
content analysis in a human context.19
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Here, we review how iPSC technology and the use of kidney organoids has advanced
our understanding of kidney diseases and how it can be used in the future for potential
treatments.

MODELING PKD

PKD is a slow-developing disease characterized by accumulation of fluid-filled cysts in

the kidney.20 Defects in the primary cilia (a cellular mechanosensory organelle) of the
tubular epithelial cells lead to fluid build-up and a progressive decline in kidney function,
eventually leading to renal failure.? In the case of PKD, a number of disease-causing
mutations have been identified. Heterozygous mutations in PKDZ1 or PKDZ2encoding for
polycystin proteins (PC1 and PC2) are responsible for the autosomal-dominant form of
PKD. Autosomal-recessive PKD is characterized by the presence of biallelic mutations

in PKHD1, encoding a receptor-like protein called fibrocystin/polyductin. All three PKD
proteins form a receptor complex on the cilium where they are thought to play a role

in calcium and mechanistic target of rapamycin signaling and maintenance of cellular
proliferation.21-23 Use of mice and in vitro cell-line models to study PKD has helped

to elucidate how specific pathways are perturbed, leading to cyst formation. However,

these models do not fully recapitulate the development and progression of cysts in human
beings.23 For instance, mice heterozygous for Pkd1 or Pkd2 show a milder form of cyst
formation in comparison with a double-heterozygote Pkd 1~/ Pkd2"!~, which is inconsistent
with the dominant phenotype seen for human PKD1 or PKD2.23 Use of iPSCs derived from
human PKD patients would provide a complementary model to animal models and cell lines.

The first disease-specific iPSC line to model kidney disease was developed by Freedman

et al?l in 2013 and came from individuals with PKDI mutations associated with autosomal-
dominant PKD. The reprogrammed patient iPSCs showed a significant reduction in PC2
protein on ciliary shafts. Differentiation of the PKD-iPSCs into hepatoblasts and epithelial
cells showed that PC2 was mislocalized to the plasma membrane instead of the cilium, but
this could be corrected by overexpression of PC1. This study showed that PC1 plays a role
in localizing PC2 to the cilium and highlighted the utility of using iPSCs to further elucidate
specific disease mechanisms.

This group went on to develop a protocol to generate kidney organoids from iPSCs and

used CRISPR/Cas9 gene editing to generate PKDI and PKDZ2knockout lines. Kidney
organoids from the knockout PKD-iPSCs developed fluid-filled cysts after extended culture,
in comparison with the unedited isogenic controls. Although the frequency of cyst formation
was low and a disease mechanism still needs to be clarified, this study showed that kidney
organoids can be used as a functional model to study genetic kidney diseases.13 A follow-up
study by Cruz et al?* in 2017 extended this work by defining the modulators of cyst
formation in the kidney organoids. They described a model in which cyst formation is driven
by hyperproliferation of tubule cells and showed that PC1 regulates tubule architecture

by interacting with the extracellular matrix. Furthermore, knocking down PC2 with small
interfering RNA showed that it was necessary for correct localization of ACZI in human cells.
Taken together, these studies confirmed prior observations that PC1 and PC2 interact and are
dependent on each other for correct expression, function, and localization to the cilium.25-28
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In a recent report from 2019, Low et al?® used autosomal-recessive PKD (ARPKD)
patient-derived iPSCs containing compound heterozygous mutations to model cystogenesis
in kidney organoids. They corrected the mutations using CRISPR/Cas9 and performed a
comparative analysis with the isogenic control. As shown in previous studies, cyst formation
was present in the ARPKD organoids and dilation of the proximal tubule preceded the

distal tubule, which is consistent with the initiation of cyst formation in vivo. As proof of
principle, they used this model to test previously described therapeutic compounds, which
blocked cyst formation in the ARPKD organoids, proving that kidney organoids are a viable
model to screen potential PKD therapeutics.

CONGENITAL KIDNEY DISEASE MODELS

Kidney organoids are developmentally equivalent to a first trimester kidney based on their
RNA profiles derived from RNA sequencing analysis and immunohistologic comparison
with fetal human tissue.12:16 The current findings support kidney organoids as a fitting
model for congenital kidney defects and could be used to study early human kidney
development in vitro. Two recent studies have generated knockout iPSC lines for the
genes PAX2and HNFI1B, which are associated with congenital anomalies of the kidney
and urinary tract. In mice, Pax2is expressed during embryonic kidney development

in the intermediate mesoderm, ureteric bud, metanephric mesenchyme, and primitive
nephron.32:31 Nishinakamura’s3? laboratory generated PAX2-deficient iPSCs to determine
how loss of PAX2 contributes to autosomal-dominant renal coloboma syndrome, which
leads to underdeveloped kidneys and eventually ESRD. Despite many studies confirming
the role PAX2 plays in kidney development and disease manifestation in mice, little is
known about its function in human beings. To understand how PAX2expression affects
renal development at the earliest stages, PAX2-deficient iPSCs were differentiated into
metanephric mesenchyme (nephron progenitors) using their previously established protocol
(Fig. 1).17:32 Coculturing PAX2-deficient metanephric mesenchyme with the spinal cord
to induce nephrogenesis in vitro showed that deficiency of PAX2did not affect nephron
formation in contrast with what was observed when culturing metanephric mesenchyme
isolated from Pax2-deficient mice. This discrepancy may be the result of the protocol not
faithfully recapitulating in vivo nephrogenesis, such as lacking ureteric bud induction as
suggested by Kaku et al.32 Alternatively, loss of PAX2 may be compensated by PAXS,
which is closely related to PAX2 and is known from rodent and zebrafish studies to be
functionally redundant in certain contexts.33:34 Despite no overt nephrogenic phenotype
when PAX2-deficient iPSCs were converted into nephron progenitors, a role for PAX2

in directing the differentiation of the ureteric bud was found with a disruption in
mesenchymal-to-epithelial transition and reduced expression of the PAX2 target gene E£-
cadherin (CDH-1).18 1t would be interesting to determine the impact 24.X2mutations have
on interactions between ureteric bud and metanephric mesenchyme in this new culture
model because previous studies have shown that even heterozygous mutations resulted in
renal hypoplasia owing to a decrease in branching and consequently nephron induction.3°

Expression of HNF1Bis important for maintenance of the ureteric bud and patterning
of the nephron.36:37 Heterozygous mutations in human beings lead to the development of
renal cysts and diabetes syndrome, characterized by various kidney deformities such as
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hypoplastic cystic kidneys.38 The Davidson!® laboratory has generated knockout HNF1B
iPSCs and found that kidney organoids made from these iPSCs lack proximal tubules and
the thick ascending limb segment, but retain a GATA binding protein 3 (GATA3™) segment
that may represent a connecting segment or possibly a collecting duct-like population.
Podocyte clusters appear attached to this GATA3* segment, highly reminiscent of the
phenotype described in the mouse knockout model, and providing good evidence for
conserved functionality in HN/F1B between human beings and mouse.2:36:39 Another defect
described in HN/F1B mutant mice is a deficiency in branching of the ureteric tips.40 Because
a bona fide ureteric bud population has not been confirmed in the Przepiorski et al®
protocol, assessment of the role of HAVF1B in the human ureteric bud may be best pursued
by producing kidney organoids using the method described by Taguchi et al” in 2017 (Fig.
1). Based on their approach, early stage organoid ureteric bud progenitors can be isolated
and cultured separately in a Matrigel (Corning, Corning, NY) culture system. Alternatively,
HNF1B7~iPSCs could be differentiated directly into ureteric epithelium and cultured in
Matrigel 1841

GLOMERULAR-RELATED DISEASES

Glomeruli within the organoids are relatively immature and require culture in flow
chambers or transplantation in vivo to develop glomerular capillaries and more elaborate
foot processes.*2-46 Nevertheless, aspects of glomerular-related diseases still can be
studied because the podocytes in the organoids form rudimentary foot processes and slit
diaphragms,#246:47 in contrast to immortalized and primary podocytes.*® Hence, kidney
organoid-derived podocytes can provide valuable information about disease biology as
shown by recent studies. As proof of this principle, in 2015 Freedman et al3 generated
podocalyxin (PODXL) knockout iPSC lines using CRISPR/Cas9 and made the discovery
that PODXL™"~ organoids form podocytes with abnormal cell junctions with decreased
distance between adjacent podocytes and a reduction in microvilli.® Ultrastructural analysis
of Podx/'~ mice confirmed the presence of a similar phenotype*® and this new role for
PODXL in cell-to-cell adhesion is supported further by recent findings that mutations in
PODXL are associated with autosomal-dominant focal segmental glomerulosclerosis® and
congenital nephrotic syndrome in human beings.>!

NEPHRIN (encoded by NPHSI) is a major component of the slit-diaphragm and causes
congenital nephrotic syndrome when mutated. Taguchi et al'” made an iPSC line from an
individual carrying a point mutation in the NMPHSI gene and generated kidney organoids
using their protocol (Fig. 1).17 They found that, although foot processes still form in
NPHSI-deficient kidney organoids, NEPHRIN did not localize to the cell surface normally
and the formation of the slit-diaphragm was reduced significantly compared with corrected
organoids. In addition, they discovered that the mutation altered the phosphorylation

status of NEPHRIN and this was associated with a failure to recruit other slit-diaphragm
proteins.52 In a follow-up study, Yoshimura et al®3 refined their nephron progenitor
protocol in 201918 to generate a near-pure population of podocytes in vitro (induced
podocytes). In a global transcriptional analysis using RNA sequencing, comparison of
adult human podocytes and induced podocytes showed a high similarity in gene signatures
associated with slit diaphragm genes and podocyte transcription factors. Treatment of the
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induced podocytes with puromycin aminonucleoside, which is used to induce podocyte
injury in vivo, compromised expression of slit diaphragm proteins and reduced levels

of phosphorylated NEPHRIN similar to observations in animals.>® In 2018, Hale et al*’
also generated iPSCs from patients with congenital nephrotic syndrome carrying different
NPHSI mutations and generated kidney organoids. In this study, it was found that the
patient-derived podocytes were enlarged and had reduced protein levels of NEPHRIN

and PODOCIN in comparison with the control podocytes. Taken together, these studies
nicely show how podocyte-specific disease pathways and physiology can be modeled using
organoids.

In 2018, Harder et al>* generated a single-cell RNA sequencing data set from human kidney
organoids and compared it with a published data set from the developing human kidney.>>
This analysis showed the presence of two podocyte clusters in the organoid: an immature
cluster and a more mature cluster with higher NPHS1 expression. They then compared their
organoid data with microarray data from dissected glomeruli from individuals with CKD of
various etiologies and found a subset of genes common to the immature organoid podocyte
cluster and diseased glomeruli. They concluded that diseased podocytes showed an increase
in immature podocyte genes, suggesting that podocyte dedifferentiation may be a feature of
diseased glomeruli in CKD. These results show how human kidney organoids can be used to
shed new insights into the molecular basis of glomerular disease.

CHARACTERIZING AND VALIDATING NOVEL PATHOGENIC MUTATIONS

Kidney cells derived from iPSCs also can be used to test the pathogenicity of previously
uncharacterized DNA variants. For instance, in the study by Huang et al,>8 iPSC lines were
made from individuals from a family with autosomal-dominant PKD but no mutations in the
PKD1 and PKDZ genes. Genetic analysis showed a deletion in the 5” untranslated region of
the SAMSNI gene (a tumor-suppressor gene previously unlinked to PKD37-59) that reduced
expression of SAMSNI by 35%. This hypomorphic SAMSNI mutation compromised the
differentiation of iPSCs into kidney-like cells, raising the possibility that it contributes to
cystogenesis in PKD, although more work is needed to explore this.

In another study from the Little®0:62 |aboratory, cells from an individual with
nephronophthisis-related ciliopathy that carried a previously uncharacterized mutation in
IFT140were reprogrammed and corrected using CRISPR/Cas9 in a one-step protocol.
Kidney organoids generated from the proband iPSCs had abnormally shortened, club-shaped
cilia in the distal CDH1* tubule in comparison with corrected organoids. Transcriptome
profiling of the tubules isolated from these organoids showed disease mechanisms beyond
ciliary defects, such as changes in apicobasal cell polarity, proliferation, and cellular
junctions, similar to that observed in other types of nephronophthisis.89 The one-step
reprogramming/correction approach in this study is an interesting approach because it may
reduce variation between control and disease cell lines as a result of a common history in
handling and passaging. Taken together, disease-specific iPSCs and kidney organoids have
utility in functionally assessing DNA variants of unknown significance and may uncover
new pathogenic pathways as well as identify commonalities between disease subtypes.
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MODELING NEPHROTOXIC INJURY IN ORGANOIDS

Another potential application for kidney organoids is the modeling of AKI in response

to nephrotoxins. This was shown independently by the Bonventrel314 and Little labs6.62
by exposing kidney organoids to cisplatin and gentamicin (two drugs that cause AKI in

a clinical setting) and reporting an up-regulation of the proximal tubule injury marker
Hepatitis A virus cellular receptor 1 aka kidney injury molecule-113-14 as well as an
apoptotic responsel® in a dose-dependent manner. The specificity of this injury and whether
these nephrotoxins are the most optimal injury inducers remains to be explored in detail.
This system has the potential to discover new kidney injury biomarkers, an area of high
interest given that the current predictors of kidney injury suffer from a lack of specificity
and sensitivity.53 The recent observation that kidney organoids maintained in culture for
extended periods of time show signs of activated myofibroblasts and collagen deposition®
raises the possibility that the kidney organoid system also can be used as a model to study
mechanisms and biomarkers of fibrosis. This development would be important because both
CKD and repeated AKI lead to renal fibrosis with a progressive loss of kidney function.

In addition to tubular injury, a model of toxin-induced podocyte damage also has been
reported.?” In 2018, Hale et al*’ used a reporter line, MAFB-mTagBFP2, (Table 2) in

which podocytes become fluorescently labeled in kidney organoids. By using this reporter,
they show that doxorubicin (a chemotherapeutic drug that is toxic to podocytes) dose-
dependently reduces glomeruli fluorescence and diameter. At lower concentrations of drug
treatment, they noted the presence of apoptotic podocytes, providing a proof of principle that
kidney organoids can be used for toxicity screening.

Kidney organoids also lend themselves to drug development approaches. Although rodent
and cell line models have been successful at recapitulating and advancing our understanding
of kidney injury, they have not been as successful at predicting effectiveness in human
beings.84 Human kidney organoids thus could serve as a new screening tool for new
preclinical therapeutic candidates. For instance, Lemos et al% in 2018 identified MYC
proto-oncogene (MYC) as a potential therapeutic target of fibrosis in vivo and, as proof of
concept, treated kidney organoids with interleukin 18 to model fibrotic events. Treatment
of kidney organoids with a MY C inhibitor (+)-JQ1 attenuated proliferation of profibrotic
cells and reduced MYC accumulation, validating use of kidney organoids to study fibrosis
and screening for compounds to alleviate injury. Coupled with automated high-throughput
screening discussed by Czerniecki et al, 19 testing of hundreds of compounds for toxicity or
to mitigate injury could help expedite the screening process.

CHALLENGES IN CURRENT KIDNEY ORGANOID METHODS

Organoid Maturity and Vascularization

RNA sequencing analysis of kidney organoids has shown that kidney organoids are similar
to fetal human kidneys and follow similar developmental pathways.43:49:54.66.67 Although
this makes the organoid system suited for the study of kidney development and pediatric
renal disorders, the lack of maturation makes it more challenging to model adult human
diseases. At present, extended time in culture does not greatly improve organoid maturation.
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In fact, a comparison of the developmental trajectory of podocytes in human kidney
organoids generated by the Morizane et al'# protocol to podocytes in human beings showed
that organoid podocytes down-regulate their mature markers at later stages of culture. A
similar loss of podocyte markers, as well as markers of the proximal and distal tubule
segments, was observed in aged organoids generated by the Przepiorski et al'® protocol

in 2018. In addition, this group also found that CDH1* distal tubules in older organoids
were stained with lotus tetragonolobus lectin, traditionally used as a proximal tubule marker.
Colocalization of the two markers has not been observed in nephrons from mature human
kidney samples. This suggests that the distal tubule of kidney organoids may change its
identity over time and adds further evidence that long-term culture causes undesirable
changes in kidney organoid viability.58.69

One likely contributor to poor organoid maturation and the decline in viability over time is
a lack of adequate vasculature and perfusion. Although varying degrees of endothelial cell
numbers are seen in each protocol, there is in general a lack of a well-developed peritubular
capillary bed and glomerular capillary tufts. This overall lack of vasculature may lead to
limited oxygen and nutrient availability in the interior of the organoid once they reach a
certain size. Studies using cultured embryoid bodies of various sizes found that a radius

of 400 xm was associated with a more than 50% reduction in oxygen and growth factors

in the core compared with embryoid bodies with radii of 200 zm or less.”%-72 Different
groups have tackled this challenge in different ways. Several laboratories have shown that
transplantation of kidney organoids into immunocompromised mice leads to a recruitment
of an elaborate host-derived endothelial network with greater maturation of podocytes and
tubules.29.43.44.46.73.74 Replicating these effects in vitro remains a difficult task and simply
enhancing the endogenous organoid endothelial cell population using growth factors® or
small molecules?® does not lead to improved integration into the podocyte clusters. Instead,
it appears that fluid flow is an important factor and, when this is provided in specialized
fluidic chambers, the endogenous vascular network becomes more elaborate and endothelial
cells are stimulated to invade the podocyte clusters.#® Establishing flow in kidney organoid
cultures is rather laborious but, hopefully, with improvements in culturing technologies, this
can be incorporated without limiting the current ease of using this system.

Ureteric Epithelium

With the exception of the Taguchi and Nishinakamural8 protocol, kidney organoid protocols
that are derived from one progenitor pool do not convincingly generate a ureteric bud

(UB) or the subsequent collecting duct (CD) epithelium.86.:68.75 Some of the confusion

as to whether a collecting duct is formed in these organoids may lie with the fact that

there are very few markers of the UB and immature CD that are not expressed by the
connecting segment.”®77 Thus, epithelial structures that have been considered CD based on
markers such as GATA3 may in fact be connecting segments (Fig. 2). Alternatively, the
UBJ/CD epithelium may be forming in organoids, but are not mature enough to express
definitive markers such as W/T9B. By contrast, Nishinakamura and colleagues® solved the
UB/CD issue by modifying their protocol to induce a separate UB population from iPSCs
based on mouse development studies. By combining induced UB and induced nephron
progenitors, Taguchi and Nishinakamura!® were able to reconstruct the CD branching
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process, UB-nephron progenitor niches, and, consequently, generate fetal kidney structures
that more faithfully replicate what is seen in vivo.

Another cell population that has proven to be important in guiding the organization of
kidney development is the interstitium. Based on developmental and RNA sequencing
analysis, there are multiple stromal compartments in the kidney.5%:78.79 Even though

kidney organoids do contain stromal cells, 158580 most recent RNA sequencing data have
suggested that these populations are not fully representative of the native kidney.56 Taguchi
and Nishinakamural8 solved this problem as well by incorporating endogenous mouse
embryonic kidney interstitium with their induced mouse UB and nephron progenitors. They
found that the stromal cells were essential for enhancing branching morphogenesis of the
ureteric tree. Based on these observations it is likely that the other protocols, although easier
to use, will need to be optimized further to improve the functionality of their stromal cell
populations.

Variability and Off-Target Cell Populations

One of the major challenges in the kidney organoid field is the variability that arises not
only between different protocols but also between assays. Variation between the Takasato
et al80 (2015) and Morizane et al%? (2015) protocols has been examined by single-cell
RNA sequencing. It was found that the Morizane protocol was more enriched in podocytes
whereas, conversely, the Takasato et al80 protocol tended to generate more tubular cells.52:68
This variation in podocyte versus tubule enrichment may lie in the difference in timing

and concentration of CHIR99021 (Wnt agonist) and fibroblast growth factor 9 in the two
protocols (Fig. 1).16 Both protocols formed off-target populations, such as neuronal cells,
with these nonrenal cells comprising up to 20% of the total organoid cell population,
which expanded with extended culturing time. The neuronal cells could be suppressed by
the inclusion of a brain-derived neurotrophic factor-neurotrophin receptor tyrosine kinase 2
inhibitor, providing an additional way to optimize the protocols in which these off-target
cells are problematic.58

Another single-cell RNA sequencing study by Subramanian et al®” in 2019 examined the
reproducibility of kidney organoids generated by the Takasato89 and Morizane52 protocols
using four different iPSC lines at different passages and differentiation time points. Their
analysis showed that the major source of cellular variation in the organoids came from using
different iPSC lines, rather than between different clones of the same line. For example,

one of the iPSC lines tended to generate kidney organoids that were enriched in distal
tubular segments. There also were differences in the proportion of off-target cells between
organoids generated from different iPSC lines, with some containing less than 2% and others
upwards of 43% off-target cells, primarily neuronal 7 This suggests that different iPSC
lines may have propensities for certain cellular compartments. In 2019, Phipson et al8!
found that the major source of variation was between experimental batches rather than cell
lines, with main differences in nephron maturation, patterning, and proportions of on-target
versus off-target cells. Interestingly, implantation into immunocompromised mice reduced
the off-target population, suggesting that their growth is suppressed or that they cannot
survive when placed in an in vivo setting.81
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PERSPECTIVES

In this review, we have provided an overview of the current kidney organoid field and

how these organoids are being used in various ways to model diseases and injuries in
vitro. Although the kidney organoid field has made advances toward creating functional
nephron units, there are still many developmental steps that need to be improved before
obtaining a well-patterned mini-kidney. The use of single cell RNA sequencing data may
help to identify various missing factors that will be necessary for the cellular programming
of the progenitor populations, including stromal cells to recapitulate the normal kidney
environment.

Even with modifying protocols based on specific functional read-outs, there still remains the
challenge of incorporating vasculature. Creating a vascular network has been a significant
obstacle for the organoid field including liver, intestine, lung, and retina. In addition to

the methods outlined earlier, bioengineering fields continue to develop methods to improve
vascularization including scaffolds, fluidics, and polymers, which could be adapted to a
kidney organoid system. It is vital that the field continues to move forward with developing
new protocols to improve function and to develop new and innovative ways to generate

a reproducible microenvironment that reduces the heterogeneity of kidney organoids from
experiment to experiment.

In the short term, the utility of organoids may be most suited to functional readouts for
cellular, developmental, and genetic mechanisms, and screening for nephrotoxins (Fig. 3). If
the main goal is to use kidney organoids in cell replacement therapies and clinical trials, then
stringent quality controls need to be established and adopted by the community to reduce
variability and misinterpretation of data. This includes unifying protocols and developing a
more representative in vitro human kidney model. Toward this goal, the American Society
for Cell Biology has established a group to develop guidelines for researchers performing
organoid research to facilitate reproducible, transparent data and how to communicate the
findings more effectively to the public.82
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Figure 1.

Comparison of human Pluripotent Stem Cells-derived kidney organoid protocols. An
illustration highlighting the compounds used to differentiate PSCs toward a nephron
progenitor state, including their concentrations and window of use. Compounds used across
protocols are color coordinated. The cell types induced by each step of differentiation are
noted above the protocol timeline. Single NP population refers to protocols generating
organoids derived from nephron progenitors. NP and UB progenitor populations refers to
organoids generated by combining nephron and ureteric bud progenitors. Abbreviations:
Act, activin; BMP4, bone morphogenetic protein 4; CHIR, CHIR99021; CXCR4, C-X-C
chemokine receptor type 4; FGF, fibroblast growth factor; GDNF, glial cell line—derived
neurotrophic factor; GF, growth factor; KIT, mast/stem cell growth factor receptor Kit; LDN,
LDN193189 is a bone morphogenetic protein pathway inhibitor; NP, nephron progenitor;
RA, retinoic acid; SB431542, an activin/bone morphogenetic protein/transforming growth
factor-g pathway inhibitor; SIX2, SIX homeobox 2 italicized for transcripts, nonitalicized
for protein; WD, Wolffian duct; Y27632, a p160 ROCK inhibitor.
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Figure2.
Schematic of day 14 (D14) kidney (left) organoid nephrons expressing segment-specific

markers based on findings from Przepiorski et al® in comparison with the mature human
kidney (right). The glomerulus, expresses NPHS1 and WT1 in the podocytes, and PECAM1
in the endothelial cells. Segments 1 to 3 of the proximal tubule (S1, S2, S3) expressed

LRP2 and Lotus tetragonologus lectin. The thick ascending limb expressed SLC12A1

and UMOD. The loop of Henley was not present in the kidney organoids. The distal
convoluted tubule expressed UMOD, GATA3, and CALB1. The connecting tubule expressed
GATA3 and CALBL. The CD expressed CALB1 and GATA3. CDH1 expressed TAL to CD.
Abbreviations: CALB1, calbindin 1; CNT, connecting tubule; DCT; distal convoluted tubule;
Glom, glomerulus; LoH, loop of Henley; LRP2, LDL receptor related protein 2; LTL, Lotus
tetragonologus lectin; PECAML, platelet and endothelial cell adhesion molecule-1; PT,
proximal tubule; TAL, thick ascending limb; UMOD, uromodulin; WT1, Wilms’ tumor-1.
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Figure 3.
Kidney organoids in the short term can be used to study genetic disease modeling,

compound, and nephro-toxicity testing. Future prospective studies for kidney organoids
should transition into regenerative research. sgRNA, single guide RNA.
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