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A kidney organoid is a three-dimensional (3D) cellular aggregate grown from stem cells in vitro that undergoes self-
organization, recapitulating aspects of normal renal development to produce nephron structures that resemble the

native kidney organ. These miniature kidney-like structures can also be derived from primary patient cells and thus
provide simplified context to observe how mutations in kidney-disease-associated genes affect organogenesis and

physiological function.

kidney nephron organoid stem cell nephron progenitor

| 1. Introduction

Organoids are products of recent advances in stem cell biology and 3D tissue culture research, where miniaturized
structures that resemble human organs can be grown in vitro from stem cells . Generating these mini-organs
begins with the culturing of human embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), or tissue-
resident adult stem cells (ASCs), which, when exposed to the correct nutrients, growth factors, and instructive
signals, are induced to undergo self-organization and differentiation [&. The ability to recapitulate aspects of human
development in vitro marks a major milestone, as nearly all of the current understanding of embryogenesis has
been drawn from landmark studies conducted in animal models El. Not only does the study of human organoids
help address gaps in developmental biology knowledge related to species divergence, but it offers substantial
opportunities for disease modeling and preclinical studies . To this point, organoids derived from an individual’s
cells may offer a scalable system for personalized drug screening and show the potential to enhance cellular

therapies and tissue grafts 2.

The surge of interest in organoid research began about fifteen years ago when labs began reporting the ability to
grow ‘in a dish’ miniature versions of the mammalian eye [BIAEl the intestine 2% and the brain X, The sensation
has only expanded over time as researchers successfully created methods to grow organoids of the liver, stomach,

retina, prostate, lung, and kidney, among others [12113],

| 2. Ongoing Limitations in Renal Organoid Research

Traditional kidney organoid protocols begin with growing human iPSCs in a monolayer, or two-dimensional (2D)
culture, for 7 days to induce intermediate mesoderm by the addition of two main molecules: CHIR99201 and FGF9
(14115]16]  After a week of monolayer culture, the cells are dissociated, plated in 3D culture conditions, and

subjected to APEL media supplemented with FGF9 and heparin. Within the next few days, the cells will aggregate,
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self-organize, and undergo nephrogenesis (Figure 1, top panel). From day 12 on, the maturing kidney organoids
are subjected to media without FGF9 and heparin. This protocol produces ‘mini-kidneys’ that have up to several
hundred nephron-like structures with multiple cell lineages, including glomeruli, tubule segments (e.g., proximal,

loop of Henle, distal), and various stromal cells.

FSC-derived Kidney ODrganoid
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Figure 1. Schematic comparing human iPSC-derived and ASC-derived kidney organoid strategies. iPSC-derived
kidney organoid protocol (top) typically entails reprogramming patient fibroblasts (grey), induction of IM in
monolayer culture conditions and directed differentiation by timed addition of certain factors (green). This process
is relatively lengthy but more accurately recapitulates processes taking place during embryonic kidney
development. ASC-derived kidney organoid protocol (bottom), also termed ‘tubuloids,’ involves the isolation of
renal cells via biopsy or urine sample (purple). Upon processing, tubular fragments or urine-derived cells are
directly seeded into 3D culture conditions and treated with growth factors (green) to induce rapid differentiation of
nephron tubule structures. Resulting tubuloids constitute mature epithelium, can be passaged many times, but lack
certain kidney cell types. Both systems promote the 3D assembly of organoids by employing Matrigel-coated

transwell culture apparatuses.

In addition, kidney organoids that are termed ‘tubuloids’ can be produced easily and rapidly by culturing ASCs
obtained from a renal biopsy (Figure 1, bottom panel). By comparison, tubuloids lack glomeruli, endothelium, and

stroma but contain proximal, intermediate, and distal segments along with collecting ducts.

2.1. Technical Challenges of Reproducibility and Cellular Heterogeneity

Both kidney organoid protocols generate renal organoids that exhibit variations in cell type composition, as briefly
described. Interestingly, within a given experiment using any of the established protocols to grow renal organoids,
the renal organoids are highly similar. However, there is high technical variability or so-called ‘batch-to-batch’

variation between different experiments using the same protocol. This is thought to partly reflect differences in the
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groups of reagents used, such as growth factors. There are also variability differences based on the cell line source
and even from different stocks of the same cell line. Current protocols also can elicit different total percentages of
nephron segment populations, e.g., more tubular cells. Thus, it remains a challenge how to tailor conditions in the

right manner to create nephrons with the proper segment ratios.

2.2. Architectural Simplicity and Abnormal Nephrogenesis

Renal organoids display notable anatomical and compositional differences compared to the naturally developed
mammalian kidney. At birth, the final human kidney form encompasses from ~200,000 to upwards of 1-2 million
nephrons arranged in cortical and medullary zones, with each individual nephron being connected on one end to
the systemic vasculature and the other to a central, arborized collecting duct system 1118 The elaborate structure
of the human kidney develops over the course of approximately 200 days 2. In contrast, most kidney organoid

protocols occur over a 2—4-week time span.

For the most part, renal organoids have lacked a higher order/complex organization, with nephrons randomly
arranged and intermingled, sometimes with various overt malformations such as nephron-nephron connections and
branched nephrons. However, some protocols have been able to foster the cultivation of a clearly defined ureteric

bud/collecting duct-like structure (22,

2.3. Generation of Off-Target Cell Types, While Some Renal Cell Types Are Missing
Altogether

In addition to the heterogeneity of renal organoids, current methods produce nephrons and surrounding interstitium
with missing or underrepresented cell types. For example, macrophages and other immune cells are absent, as
well as mesangial cells within glomeruli 2415116l Renal organoids lack vasculature, which limits how much they
can grow in vitro. Further, they contain varying percentages of ‘off-target’ populations such as neurons, skeletal

muscle, satellite cells, and melanocytes, which expand over prolonged culture times [14115]16]

2.4. Renal Organoids Show Limited Lifespan and Lack Stem/Progenitor Self-
Renewal Characteristics

In addition to reduced nephron numbers, kidney organoids have a finite lifespan with limited nephrogenesis
capability. To date, the interval over which nephrogenesis occurs in these cultures is also quite limited. During the
culture process, there is a single bout of nephron formation but no ongoing rounds over time. The growth
conditions have not supported the emergence of the proper microenvironment for the lengthy survival and/or self-
renewal of NPCs. In part, this barrier likely exists because of differences in the stromal cell populations within
current renal organoids. In support of this notion, a recently reported induced stroma protocol with mouse ES cells
has supported the generation of more advanced higher-order organoids 29, Nevertheless, escalating nephron

numbers within culture remains an aspect to address.
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The limited culture longevity of realized renal organoids is also impacted by the absence of functional vasculature
in this setting. So far, the best methods to achieve vascularization have been to transplant the renal organoid into
another host system, such as a mouse, to co-culture on the chick chorioallantoic membrane or to culture under
sheer stress in a microfluidic device [211[221[23](24][25]26][27][28][29][30]  |nterestingly, transplanted human renal
organoids are vascularized through angiogenesis of murine host cells 2481 Suych organoids can undergo
successful blood perfusion and glomerular filtration [24131],

2.5. The Renal Organoid ‘Fetal State’—A Lack of Maturity in Renal Cell Types

Nephrons in renal organoids also exhibit features of an immature fetal state which has been likened to the first or
second-trimester human fetal kidney (221331341 and shows limited functional characteristics. For example, proximal
tubules produced via organoid culture express decreased levels of anionic, amino acid, and glucose transport
proteins, which are inherent for the physiological function of this nephron compartment. However, a recent report
has shown enhanced mature features by inhibition of Wnt signaling B4. Further, there has been remarkable
progress in achieving the recipe for cultivating the pattern formation and subsequent differentiation of some
structures and their composite lineages—such as the 3D glomeruli with podocytes and parietal epithelial cells that
form the Bowman’s capsule 3. Podocytes display hallmark differentiated features: ultrastructural traits such as
foot processes, gene expression characteristics such as collagen and laminin switching, and autonomous calcium

signaling [28132I861371[38] Though, as previously noted, mesangial cells are absent within in vitro conditions.

While kidney organoids are a simplified representation of the human kidney, many researchers continue to improve
these models by employing innovative technologies such as single-cell RNA sequencing and microbioreactors to
optimize differentiation protocols. In the following sections, researchers discuss how the application of several such

technologies has led to advancements in the kidney organoid model.
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