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Abstract



The isolation and generation of human pluripotent stem cells (hPSCs) has
allowed research in human organogenesis to excel, by allowing the reproduction
of the fundamental principles of tissue morphogenesis in vitro. Particularly in the
field of kidney development, cutting edge research has led to the successful
generation of kidney organoids from hPSCs by mimicking in vitro biochemical
renal inductive signals that occur during organogenesis. However, tissue
formation and morphogenesis don’t solely rely on biochemical and genetic
instructions they are also influenced by mechanical signals that drive migration,
differentiation, and growth within the forming organ, regulated through local
internal forces and dynamics of ECM stiffness and viscosity. While the key
morphogens and signalling pathways involved in kidhey morphogenesis have
been identified, the role of mechanical cues during kidney development and
formation of congenital anomalies of the kidneys and urinary tract (CAKUT) has
remained elusive.

This thesis describes the development of a high throughput system for 2D kidney
differentiation (namely RV emergence and nephron-Llike formation) on soft PDMS
substrates which allows the exposure of hPSCs-derived kidney progenitor cells
to physical constraints in the form of substrate rigidity and geometry, compatible
with traction force measurements. We have validated the system for supporting
RV emergence and nephron-like formation in 2D in the background of male ES[4]
and female CB40 kidney progenitor cells, as well as measured traction forces
exerted by kidney progenitors in wildtype and CAKUT-related phenotypes. We
found that wildtype kidney progenitors exert increasing traction forces as
differentiation progresses, while in the CAKUT-related backgrounds these forces
are diminished. We identified a correlation between extent of kidney
differentiation and exposure to increasing curvature of micropattern geometry.
In this regard, wildtype progenitors seeded on triangular geometries displayed
lower extent of differentiation (as described by immunofluorescence
expression) and higher traction forces compared to circle and square
counterparts. As such, our experimental pipeline and quantitative analysis have
set the bases for further experiments to mechanistically couple how RV
emergence and nephron differentiation is driven by changes in the expression of
specific renal markers and cell force generation.
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Introduction



The kidneys: anatomy and function
The kidney

The kidneys are vital excretory organs responsible for maintaining blood volume
and electrolyte composition, thus ensuring overall organism homeostasis
(Bertram et al.,, 2011). They achieve this through a highly vascularized
architecture facilitating efficient glomerular filtration of blood plasma. Selective
reabsorption of essential solutes and water occurs within the nephron tubules,
with waste products and excess water ultimately excreted as urine via the
ureter. This intricate process is tightly regulated by the renin-angiotensin-
aldosterone system (RAAS), ensuring precise control of blood pressure,
electrolyte balance, and acid-base equilibrium. Here, the kidneys also
contribute to the production of some of the hormones in RAAS, erythropoietin
andvitamin D3 (Davis etal., 1961; Sahay et al., 2012). Less known is the fact that
the kidneys are also the second organ after the heart in total number of
mitochondria and oxygen consumption (Pagliarini et al., 2008). This is
specifically important to produce ATP to fuel active transport of glucose and ions
from the bloodstream, further highlighting the irreplaceable importance of the
kidneys as an organ (Forbes, 2016).

Each human kidney (depending on ethnicity) harbours between one and one
point five million nephrons, the microscopic workhorses responsible for blood
filtration (Bertram et al., 2011). These intricate structures comprise two key
components: the renal corpuscle, where blood plasma undergoes ultrafiltration
at the glomerular filtration barrier, and the tubular epithelium, responsible for
selective reabsorption and secretion of solutes. Waste products and excess
water are then directed into a collecting duct network, ultimately eliminated via
the ureters.



Embryonic kidney development
Prior knowledge from kidney development in model organisms

The morphogenetic events leading to proper embryonic kidney development in
vertebrates have been widely studied with the use of mouse, xenopus, and avian
model organisms.

During mammalian embryonic kidney development, three precursor kidney
structures form. The first two, the pronephros and mesonephros, are temporary
but essential for early development. The pronephros is rudimentary, while the
mesonephros contains primitive nephrons that eventually degenerate and
contribute to the developing reproductive system. In humans, in the absence of
these structures, a condition called renal agenesis occurs, where kidneys fail to
develop altogether. In contrast, the third structure, the metanephros, persists
and differentiates into the permanent, functional adult kidney. It begins
development around five weeks of gestation and becomes functional by the end
of the first trimester (Reidy & Rosenblum, 2009; Romagnani et al., 2013).

Early commitment of the urinary system starts at the blastula stage of
embryonic development, from a primitive tissue termed the primitive streak (PS)
(Figure 1). Embryonic mouse experiments [reviewed in (Dressler, 2009; Halt &
Vainio, 2014)] have demonstrated that the posterior end of the PS further evolves
into the Intermediate Mesoderm (IM), that gives rise to all specialized cells of the
mature kidneys. It arises at embryonic day 8 in mice (E8) and is termed
“intermediate” due to its localization between axial and lateral plate
mesoderm’s of the developing embryo (Little & McMahon, 2012). Upon
polarization, the IM is segmented into the anterior IM (AIM) and posterior IM
(PIM). This event is crucial and sets the basis for the development of the two
main components of the developing kidney: the ureteric bud (UB), formed from
the Wolffian duct (epithelialized AIM) and the metanephric mesenchyme (MM),
formed from the PIM, around the UB as a cap-like structure. Pioneering
dissociation and reaggregation experiments in chick embryonic kidneys have
demonstrated the fundamental reciprocal inductive signalling events necessary
for proper kidney morphogenesis (Grobstein, 1956; Moscona & Moscona, 1952;
Saxen & Sariola, 1987). At embryonic day 12.5 (in the mouse), reciprocal



interactions between the UB and MM promote their co-development: the UB,
under the influence of GDNF produced by the MM, undergoes branching
morphogenesis, while the MM, influenced by canonical Wnt signalling from the
UB, undergoes mesenchymal-to-epithelial transition (MET). Isolated MM has
been shown to be responsive to inductive signals from several embryonic
tissues, such as the spinal cord, and ultimately contributing to the proper
formation of the renal epithelial tubules (Saxen & Sariola, 1987).

Upon activation of the Wnt pathway, nephron progenitor cells (NPCs) arising
from the MM undergo a series of structural changes. They first cluster together
to form pre-tubular aggregates (PTAs), which over time form a lumen and
become renal vesicles (RVs). These in turn polarize, elongate, and eventually
segment into different sections of the mature nephron (proximal, medial, and
distal segments) a process termed nephron patterning and segmentation
(Dressler, 2006; Khoshdel Rad et al., 2020; Lindstrom, Tran, et al., 2018).

Following birth, the mammalian kidney exhibits remarkable cellular diversity,
encompassing over 30 distinct cell types. These cell types can be broadly
categorized into epithelial cells, endothelial cells, and stromal cells, each
playing a specific role in kidney function, filtration, and hormone production.
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Figure 1. Urogenital system development in humans, resulting in the formation of the metanephric
mesenchyme and ureteric bud. Following the development and subsequent regression of the pronephros,
the mesonephros emerges caudally, giving rise to mesonephric tubules. These tubules, readily irrigated with
blood flow, temporally contribute to urine production and drainage into the nephric duct, ultimately reaching
the cloaca. The mesonephric structures eventually degenerate upon the formation of the metanephros,
which comprises the metanephric mesenchyme and ureteric bud. Taken with permission from: (Pahuja et
al., 2024)



Methods for ex vivo organ culture in kidney research

As research into kidney development progressed, the need for improved culture
methods for isolated organs (ex vivo organ culture) grew in parallel. It started
from Trowell in 1954, who introduced a novel method for ex vivo organ culture
using a metal grid and a cotton sheet to support the embryonic kidney at an air-
liguid interface (Trowell, 1954). Later, with the aims of studying the induction of
the metanephric mesenchyme, Grobstein slightly modified the methodology of
Trowell. He created a “sandwich type culture™ which included sandwiching an
inducer tissue, such as the spinal cord, in between two filters, on top of which
the uninduced mesenchyme would be placed (Grobstein, 1956). All of this was
then held on top of either a glass cloth or plexiglass ring, to create the same air-
liguid interface. Later, Saxen created a combined and simplified version of the
previous two, by culturing the uninduced mesenchyme and the spinal cord
separated by a filter, which laid directly on top of a metal grid in a culture dish
(Saxen, 1987). These methodologies opened doors to the possibilities of organ
culture by fine-tuning their environment and the cues received, which
significantly accelerated the field of kidney development (Rak-Raszewska et al.,
2015).

Genes identified to be important players during kidney development

The advancement in ex vivo organ culture coincided with the development of
genetically modified mice and other model organisms, which played a critical
role in identifying genes and signalling pathways essential for triggering
nephrogenesis (kidney formation) in mammals.

Studies comparing embryonic kidney development across various mammals
revealed a remarkable degree of similarity. Research by Lindstrom et al.
documented shared morphological features between mouse and human
embryonic and adult kidney tissues (Lindstrom, Tran, et al., 2018). This suggests
a strong conservation of tissue architecture across species at corresponding
gestational stages. This conservation extends to the basic layout of the nephron:
both mouse and human nephrons share a similar blueprint in terms of their
morphology and relative positioning within the kidney (Lindstrém, Tran, et al.,



2018). Additionally, immunocytochemistry studies have shown a high degree of
conservation in nephron patterning events across mammals including the
polarization of renal vesicles (early nephron structures), their segmentation into
proximal and distal parts, and their overall orientation within the developing
kidney.

The remarkable conservation of embryonic development across mammals has
allowed insights gained from animal models to be translated to human kidney
development (L. Cullen-McEwen et al.,, 2015). These studies have been
instrumental in elucidating the various stages of kidney morphogenesis and
identifying key sighalling pathways and genes governing this process. Notably,
the canonical Wnt pathway has been established as a crucial player in
nephrogenesis, as evidenced by research in various models (Carroll et al., 2005;
Lindstrom, Tran, et al., 2018).

Studies using targeted mutagenesis in mice have revealed a vast number of
genes critical for normal kidney development [reviewed in (Kuure et al., 2000)].
Most of these genes are indispensable for proper morphogenesis of the
metanephros. Notably, mutations that inactivate specific transcription factor
genes, such as Lim1 (Shawlot & Behringer, 1995), Pax2 (Favor et al., 1996; Torres
et al., 1995), WTT (Kreidberg et al., 1993), Hnf1a/b (Naylor et al., 2013) and Ret
(S. Jain, 2009), among others, result in the most severe kidney and urogenital
malformations, or cancer (WTT).

LHX1

LIM homeobox 1 (LHX1) is a transcription factor first identified in Xenopus Xlim-
1 to be important, during gastrulation, for establishing body patterning of the
developing embryo (Taira et al., 1992). Later on, expression of Xlim-1 has been
identified to be concentrated in the neural plate, the precursor of the central
nervous system, and the lateral plate mesoderm that develop into the pro- and
mesonephros (Taira et al., 1994). Interestingly, functional genetic studies have
demonstrated a critical role of Xlim-1 in kidney development: the expression of
a dominant negative form of this gene resulted in the lack of proximal tubules
(Chan et al., 2000), while the co-overexpression (with Pax8) resulted in kidney



enlargement and ectopic pronephric tubules (Carroll & Vize, 1999). Murine Lim-
1 depletion has been demonstrated to be lethal, however in some cases pups
developed lacking the head, kidneys and gonads (Shawlot & Behringer, 1995).
MM-specific ablation of Lim-7 in mice has resulted in a complete abolishment
of nephrogenesis, with mutant pups developing kidneys empty of nephrons
(Kobayashi et al., 2005). In humans, mutations in LHX7 have been registered in
women suffering from Mayer-Rokitansky-Kuster-Hauser syndrome (MRKH), a
disorder presenting uterus and vaginal aplasia (Cheroki et al., 2008). While these
cases validate that LHX7 plays a similar role in the development of the female
reproductive system across species, further investigation into its other potential
functions during human embryonic development is challenging. This difficulty
likely stems from the lethality associated with the loss of LHX1.

PAX2

Paired box gene 2 (PAX2) is a critical player in kidney development, expressed
throughout nephron differentiation (Torres et al., 1995). It has been identified to
be expressed starting from the development of the three precursor kidney
structures (pro-, meso- and metanephros) (Dressler et al., 1990). In mice, Pax2
is essential for the MM to transition into NPCs and for UB positioning and
outgrowth (Brophy et al., 2001). In the absence of Pax2, nephric ducts in mouse
embryonic kidneys are still able to form, however quickly degenerate resulting in
a renal agenesis, as observed in Pax2-deficient mice (Torres et al., 1995). In
humans, PAX2 frameshift mutations are associated with renal coloboma, a less
severe defect (Bower et al., 2012; Chang et al., 2022; Sanyanusin et al., 1995).
Mice models carrying identical Pax2 mutations (7Neu) to human patients with
renal coloboma, have demonstrated an increased apoptosis in the UB, resulting
in a reduction in UB branching and consequently lower total nephron numbers
in the developing kidneys (Favor et al., 1996). Such murine studies have pointed
to the functional role of Pax2 in both UB branching morphogenesis and nephron
patterning, validating its role as a key molecular regulator at different steps of
kidney development.



WT1

Wilm s Tumour 1 (WT1), first characterized in a case of nephroblastoma, a
childhood kidney cancer (Call et al., 1990), has been shown to play an important
role in embryonic kidney development (J. F. Armstrong et al., 1993). Early Wt1
murine models developed in the 90s demonstrated the important role of this
gene in different stages of kidney morphogenesis. Wt7 null mice developed
complete kidney and gonad agenesis and resulted in lethality of the pups at
E13.5 (Kreidberg et al., 1993). Later studies using silencing (siRNA) in E11.5 mice
kidney cultures have validated the role of Wt7 in MET and the formation of the
cap mesenchyme (Davies et al., 2004). Studies using conditional knockout of
Wt1 onlyinthe renal condensing mesenchyme in mice have furthervalidated the
importance of Wt7 for MET, since the resulting pups developed kidneys with
poor nephron formation, with an overall abundance of mesenchyme over
epithelial structures (Essafi et al., 2011). In humans, mutations in WT7 have
been associated with tumours in the kidney (Wilms Tumour) and renal
developmental abnormalities like Denys-Drash and Frasier syndromes. The
later syndromes typically present as glomerulosclerosis with predisposition for
Wilms Tumour (Drash et al., 1970; Frasier et al., 1964; Pelletier et al., 1991).

HNF1B

Hepatocyte nuclear factor 1-B (HNF1B) plays a vital role in nephrogenesis.
Studies in zebrafish lacking hnf1ba/b revealed its role in nephron patterning and
segmentation, as these embryos formed epithelial tubules but lacked markers
for distal and proximal segments (Naylor et al., 2013). Similar findings were
observed in mice and Xenopus, where disruption or overexpression of this gene
disrupted SSB patterning and segmentation (Naylor et al., 2013). Mutations in
HNF1B, along with PAX2 mutations, contribute to roughly 15% of human
congenital anomalies of the kidneys and urinary tract (CAKUT) (Nicolaou et al.,
2015).



RET

Mutations in the receptor tyrosine kinase RET gene are frequently associated
with congenital urinary anomalies like renal agenesis and aplasia (Chatterjee et
al., 2012). Studies using mutant mice with alterations along the GDNF-Gfra1-Ret
axis have shed light on Ret expression patterns throughout the kidney and lower
urinary tract (S. Jain, 2009). Ret plays a crucial role in early UB induction and
branching, and its absence leads to severe phenotypes like renal agenesis or
prenatal death. A study by Chatterjee et al. (2012) found that mutations in the
GDNF-RET signalling pathway occur in about 5% of CAKUT patients, and the
mutation type influences the severity of clinical presentation.

Disruption of kidney development can lead to CAKUT

Considering the established roles of the above-described genes in embryonic
kidney development, dysregulation of their expression or dosage is likely to
contribute to the pathogenesis of congenital kidney anomalies.



CAKUT - congenital anomalies of the kidneys and urinary tract

Congenital anomalies of the kidneys and urinary tract (CAKUT) is a broad term
encompassing a diverse range of congenital malformations of the kidney and
urinary system, with an estimated prevalence of 1 in 100 to 500 newborns
(Westland et al., 2021). The phenotypic spectrum of CAKUT anomalies is highly
heterogeneous, with aplasia, hypoplasia, dysplasia, agenesis, and ureteral
abnormalities being among the most observed presentations [reviewed in
(Schedl, 2007)]. Mutations in over twenty genes have been implicated in the
pathogenesis of both syndromic and non-syndromic CAKUT, potentially
explaining the varied clinical presentations of these congenital anomalies
(Nicolaou et al., 2015). Examples include key regulatory genes such as PAX2,
HNF1B, BMP7, RET, GATA3, SALL1, SIX5,and EYA1, allof which play crucialroles
in kidney development.

The development of mouse models harbouring genetic mutations that disrupt
kidney development, leading to phenotypes like renal aplasia, agenesis,
horseshoe kidneys, ureteral duplication, polycystic kidney disease, interstitial
fibrosis (scarring), hypertension, and diabetic nephropathy, has significantly
advanced our comprehension of the pathogenesis and underlying mechanisms
of congenital kidney anomalies [reviewed in detail in (Kuure & Sariola, 2018)].

While mouse models have been extremely useful in gaining an understanding of
embryonic kidney morphogenesis, it is important to note that models of CAKUT
in mice have so far been developed by a complete inactivation of genes, rather
than mimicking patient specific mutations.

In human patients, mutations associated with CAKUT are typically
heterozygous. Homozygous mutations in critical regulatory genes likely result in
severe developmental consequences, leading to early pregnancy loss
(miscarriage or abortion) rather than manifesting as a specific disease syndrome
or isolated organ defect. Similarly in mice, certain homozygous or heterozygous
mutations have caused either embryonic or postnatal lethality, making it
difficult to study the underlying pathophysiology (Stone et al., 2016).
Additionally, the presence of gene families in humans introduces the concept of
redundancy. Genes within a family might share similar functions, potentially

10



allowing remaining members to compensate for the loss of a single mutated
gene, for example members of the PAX gene family (Bouchard et al., 2002).
Furthermore, the possibility exists that additional genetic modifiers, involving
alterations in other genes, might be necessary for CAKUT to manifest.

Unfortunately, most CAKUT cases in patients are idiopathic, with the genetic
alteration sometimes causing different presentations (or non-symptomatic) in
members of the same family (Murugapoopathy & Gupta, 2020).

These limitations call for a better approach to phenocopy CAKUT anomalies in
humans by taking advantage of techniques, such as CRISPR/Cas9 gene editing
technology, to generate patient specific mutations.
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Animal models in kidney research: advances and challenges

Unveiling the intricate mechanisms of organ development requires a multi-
faceted approach. A combination of genetic techniques, like forward and reverse
genetics, to pinpoint the genes that orchestrate this process, together with
techniques like in situ hybridization and immunohistochemistry can help
understand gene expression and protein localization within developing embryos.

Allthese techniques take advantage of model organisms, from zebrafish to mice,
that, due to their rapid development and genetic similarities to humans’ ability
to have enhanced our understanding of embryonic organ development.

The following section will give an overview of different model organisms
historically utilized for studying embryonic kidney development and novel
techniques for studying the role of CAKUT associated genes.

Zebrafish (Danio Rerio)

The zebrafish (Danio rerio) has become a crucial vertebrate model organism for
investigating human biological processes. Several key features contribute to its
exceptional utility. First, zebrafish exhibit prolific breeding, generating offspring
ranging between 50 to 200 embryos that develop rapidly, reaching adulthood
within just 3 months. Additionally, zebrafish share a high degree of genetic
similarity with humans, possessing roughly 70% of all human genes and a
remarkable 82% of human disease-associated genes (Howe et al., 2013). This
genetic conservation extends to the presence of nearly all organ systems found
in humans. Furthermore, the transparent nature of zebrafish embryos during
their larval stage allows the direct visualization of biological processes within the
intact organism, using techniques like live cell imaging with fluorescent
reporters. This approach enables the study of these processes at high resolution,
encompassing cellular and even subcellular levels.

While adult zebrafish possess a mesonephric kidney, a more primitive structure
compared to the mammalian metanephric kidney, their larval stage offers a
valuable model for studying basic kidney function. During this period, the
zebrafish kidney exists in the form of a pronephros, an even simpler structure.
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This pronephros consists of two bilateral glomeruli connected to two pronephric
ducts. Remarkably, these ducts share a high degree of genetic and functional
similarity with their counterparts in the mammalian nephron (Wingert &
Davidson, 2008). For instance, the proximal segments of both the zebrafish
pronephric duct and the mammalian nephron express proteins like megalin and
slc4a4, pointing towards the tubule like nature of specific regions of the zebrafish
pronephros, once considered as the duct (Wingert & Davidson, 2008). The
remarkable conservation of proximodistal specialization across vertebrate
species in the pronephros challenges the traditional view of these structures as
"simple" nephrons in the zebrafish. This observation suggests a deeper level of
complexity within the pronephros, with evidence indicating that these early
excretory organs share many segmental characteristics with their more
advanced counterparts, the metanephric nephrons found in mammals.

The zebrafish pronephros has emerged as a popular model for investigating
genes and processes associated with various diseases. Notably, the field of
ciliopathies has particularly benefitted from utilizing the pronephros in zebrafish
larvae for gene validation (Ross et al., 2005). All cells lining the pronephric duct
possess motile cilia on their apical surfaces. The transparent nature of the
zebrafish allows researchers to readily observe cilia-related abnormalities, such
as renal cyst formation. However, a crucial distinction exists between zebrafish
and mammalian nephrons: all cilia in the zebrafish pronephros are motile 9+2
cilia, sometimes arranged in bundles, unlike the differentiated cilia found in
mammals (Zhu et al., 2021). This dissimilarity suggests that cyst formation in
zebrafish might primarily stem from impaired fluid movement rather than
disruptions in fluid flow sensing and signalling pathways, which are implicated
in human diseases like polycystic kidney disease (PKD) and nephronophthisis
(NPH) (Kramer-Zucker et al., 2005).

Frog (Xenopus Laevis)

The African clawed frog (Xenopus laevis) emerged as a prominent embryological
model organism in the early 20th century. This rise to prominence stemmed from
the pioneering work of UK zoologists who successfully established breeding
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protocols for xenopus in laboratory aquaria. A key advantage of the xenopus
model lies in the remarkable accessibility of its eggs and embryos. Females lay
large clutches containing thousands of eggs, each with a substantial diameter of
roughly 1 mm, facilitating microinjection directly into targeted cells within the
early embryo, even after several rounds of cell division. This capability is
particularly valuable for generating mosaic tissues, where different cell
populations within an organism possess distinct genetic compositions (Blum &
Ott, 2019).

Perhaps the most celebrated contribution of the xenopus model is the
groundbreaking nuclear transfer experiments of John Gurdon. This pioneering
research culminated in the cloning of the first-ever vertebrate organism - a frog
— achieved by transferring a nucleus from a differentiated somatic cell into a
denucleated fertilized egg (Gurdon et al., 1958). Since then, the xenopus has
proved itself as a versatile and valuable model organism for developmental
mechanisms including cell cycle regulation, expression of key developmental
genes and morphogen pathways (such as Wnt and BMP signalling) [reviewed in
detailin (Bier & De Robertis, 2015; Cruciat & Niehrs, 2013; De Robertis et al., 2000;
Philpott & Yew, 2008; Sha et al., 2003)].

Aremarkable degree of gene collinearity exists between the xenopus and human
genomes, signifying that long stretches of genes reside in the same relative
chromosomal order. This conservation extends to the identification of orthologs
—genes in different species that share a common evolutionary origin and similar
function. Significantly, a high percentage (79%) of human disease genes have a
verified ortholog in xenopus. This substantial overlap offers a powerful bridge
between human disease and developmental biology research (Hellsten et al.,
2010).

In regards to kidney diseases, the xenopus has been extensively used to model
and understand CAKUT-related gene mutations [reviewed in (Blackburn & Miller,
2019)]. For example, xenopus laevis have been used to generate loss-of function
mutations in pax family genes to study the specific role of pax2 and pax8 on
xenopus pronephros development(Buisson et al., 2015). As discussed earlier in
this thesis, Pax2 null mice have previously been shown to result in complete
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kidney agenesis (or renal hypoplasia in humans with heterozygous mutations)
(Torres et al., 1995).

While Pax2 and Pax8 have been shown to have redundant functions in mice
(Bouchard et al., 2002), in xenopus they are required at specific steps of
pronephros development (Buisson et al., 2015). In xenopus, the absence of pax8
leads to a complete lack of the pronephric tubule, while pax2 plays a more
important role towards the end of pronephric development, after the
establishment of the pronephric tubule anlage. Interestingly, the same study
found that pax8 is crucial for the expression of hnf1b and cell proliferation of
pronephric precursors via wnt/b-catenin signalling in the developing kidney field
of the xenopus (Buisson et al., 2015).

Xenopus has also emerged as a valuable model organism for investigating
genotype-phenotype relationships of mutations in the HNF1B gene, which has
been shown to exhibit a spectrum of CAKUT phenotypic presentations (Bohn et
al., 2003).

Two independent studies successfully employed different approaches in
Xenopus to model the phenotypic diversity associated with HNF71B mutations.
The first study utilized a heat-shock inducible Cre-loxP system to generate
transgenic xenopus lines expressing two distinct human HNF1B mutations — an
insertion and a deletion. The deletion mutation resulted in impaired pronephric
development, while the insertion mutation led to an enlarged pronephros.
Notably, both phenotypes primarily affected the proximal tubules (Sauert et al.,
2012).

The second study compared the effects of nine different human HNF1B
mutations, encompassing insertions/deletions (indels), missense mutations,
and nonsense mutations, by injecting mutant mRNA into xenopus embryos. Like
the observed variations in humans, these mutations induced distinct renal
disease phenotypes in Xenopus. Six of the mutations caused an enlargement of
the pronephric structures, while the remaining three resulted in reduced or
absent tubules and an anterior duct defect (Bohn et al., 2003).

The remarkable recapitulation of human kidney phenotypes in Xenopus offers a
powerful platform for establishing correlations between specific HNF1B
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mutations and patient phenotypes. This approach has the potential to
streamline the identification of pathogenic genetic variants and elucidate the
underlying mechanisms responsible for the variable expressivity observed in
patients with HNF1B mutations.

In humans, deletions within the chromosomal region 1712, a region spanning
two genes - HNF1B and LHX17 - have been associated CAKUT (Nagamani et al.,
2010). Given that LHX1 is animportant gene for many developmental processes,
mice embryos carrying KO mutations for this gene often result in prenatal
lethality. Interestingly, xenopus carrying homologous KO mutationsin lhx7 do not
result in embryonic lethality, rather only in kidney developmental disruptions
(DeLay et al., 2018).

Mouse (Mus Musculus)

The laboratory mouse (Mus musculus) serves as a remarkably powerful model
organism for biomedical research. Its short gestation period of approximately
three weeks, followed by a litter size of three to ten pups, facilitates rapid
generation of experimental cohorts. Additionally, the mouse boasts a lifespan of
roughly two to three years, allowing for longitudinal studies. A significant
advantage lies in the high degree of genetic conservation between humans and
mice, with a vast majority of human disease genes having functional
counterparts in the mouse genome. Furthermore, most established research
tools are accommodated for mouse studies. The availability of numerous
antibodies specific to mice, as well as the well-annotated mouse genome
enable comprehensive transcriptomic and proteomic investigations. Perhaps
the most compelling strength of the mouse model lies in the development of a
diverse array of innovative genetic technologies that enable the creation of
genetically modified mice, allowing researchers to dissect the function of
specific genes and their contribution to various disease processes.

In kidney development, the mouse has become an indispensable tool,
contributing to a vast body of publications and groundbreaking discoveries. This
stems primarily from the inherent complexity of the human kidney, which is
sufficiently replicated within a mammalian model system, such as the mouse.
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Consequently, the mouse allows researchers to investigate a broad spectrum of
genetic kidney diseases, encompassing developmental defects, glomerular
dysfunction, and tubular disorders.

In the context of CAKUT modelling, spatial and temporal expression patterns of
candidate genes during mouse kidney development can be effectively studied
using techniques like in situ hybridization, immunohistochemistry, and
transcriptomic analysis.

Furthermore, the availability of diverse Cre recombinase lines allows the
generation of conditional gene knockouts. This approach allows for the targeted
deletion of genes within specific renal cell types, not only during development
but also in adulthood. This capability provides unparalleled flexibility for
investigating gene function across different stages of life.

Despite a high degree of evolutionary conservation in the fundamental
processes of embryonic kidney development across mammals, subtle
variations exist at the molecular and anatomical levels between different
species (Lindstrom, Tran, et al., 2018; O’Brien et al., 2016). Indeed, comparative
studies between mouse and human nephrogenesis have some revealed
divergent features (O’Brien et al., 2016). For instance, only a small subset of
previously identified mouse "anchor genes" exhibit a conserved pattern of
expression in the developing human kidney (Lindstrom, Guo, et al.,, 2018).
Variations in nephron number are observed between mammalian species. While
measuring the absolute number of nephrons in any species remains technically
difficult, an estimate in mouse kidneys is around 12,000 nephrons, whereas
human kidneys, depending on the race, have an average of 1 million (Bertram et
al., 2011; L. A. Cullen-McEwen et al., 2003). This significant difference can be
attributed to two key factors: gestational length and the overall rate of
nephrogenesis. Compared to the extended gestation period of approximately 9
months in humans, mice undergo nephrogenesis within a considerably shorter
timeframe of 20 days. This disparity in gestational timing translates to a
prolonged window for nephron generation in humans, ultimately resultingin a far
greater number of nephrons (O’Brien & McMahon, 2014).
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Ethical concerns and limitations of human studies

While genetic studies in the zebrafish, frog and mouse have provided us with the
current fundamental knowledge on embryonic kidney development, studying
the mechanisms of human specific congenital anomalies has been proven more
difficult. While kidney development is a process remarkably conserved among
vertebrates (and even more so among mammals), species specific differences
still exist (specifically regarding disease onset), where in mice, for example,
heterozygous or homozygous CAKUT related mutations often lead to embryonic
or postnatal lethality. Moreover, the phenotypical manifestations in knock-out
animals for CAKUT related genes often result in interspecies differences, making
the translation of patient specific mutations more difficult (Khan et al., 2022).

On the other hand, investigating the intricacies of human kidney development
throughout gestation with human specific samples presents significant
challenges. These challenges stem from two primary factors: the limited
availability of human embryonic kidney samples and the complex ethical
considerations surrounding their origin.

In this regard, the advancements of human pluripotent stem cell (hPSCs) based
technologies are pushing the boundaries of our understanding of organogenesis
and disease progression in complex human organs, such as the kidneys.
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Pluripotent stem cells (PSCs)

Recent studies have described the isolation and culture conditions of nephron
progenitor cells (NPCs) from the mouse embryonic kidney as a source of
studying nephrogenesis in vitro (A. C. Brown et al., 2015). The isolation of similar
NPCs of human origin, on the other hand, is not affordable and raises important
ethical concerns. In this regard, there is a need for alternative human cell
sources with renal differentiation potential.

The development of human embryonic stem cells (hESCs) and induced
pluripotent stem cells (hiPSCs), collectively termed hPSCs (Takahashi et al.,
2007; Takahashi & Yamanaka, 2006; Thomson et al., 1998), has revolutionized
how scientists’ study human development and disease outside the human body.
Their ability to self-renew indefinitely while retaining pluripotency (the potential
to differentiate into all three embryonic germ layers) allows researchers to probe
the early stages of cell lineage specification and differentiation (Thomson et al.,
1998). This has led to the identification of specific cell culture conditions that
promote differentiation, now routinely used for developmental research (P. B.
Armstrong, 1989).

Initial hPSC differentiation studies focused on early lineage specification and
commitment in two-dimensional cultures (Laflamme et al., 2007). However,
groundbreaking work by (L. Yang et al., 2008) and (Chambers et al., 2009) utilized
embryoid bodies (EBs) as surrogates for studying differentiation and cell
specification along all three germ layers in the human embryo. This approach
paved the way for the explosion of the organoid field. The seminalwork of (Eiraku
et al., 2008) established the first self-patterned stratified cortical tissues by
plating EBs on coated surfaces in serum-free medium, marking the birth of the
modern organoid concept.

Organoids: mimicking organs in vitro

Organoids are three-dimensional (3D) cell cultures that resemble specific
organs (Lancaster & Knoblich, 2014). They comprise multiple cell types -
characteristic of the native organ, - recapitulating, to some extent, specific
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organ functions. /In vivo, different cell types arise from stem cells through lineage
commitment and cell sorting, leading to the spatial organization observed in
organs during development. In vitro, hPSC-derived cell types can self-organize
into organoids that partially mimic that organization and organ function.

State of the art in kidney organoids

Cutting-edge researchin the field has pushed the generation of kidney organoids
from hPSCs by mimicking the in vitro renal inductive signals that occur during
kidney organogenesis (Freedman et al., 2015; Garreta et al., 2019; Garreta, Moya-
Rull, et al., 2022; Garreta, Prado, et al., 2022; Taguchi & Nishinakamura, 2017; Xia
et al., 2014). These studies have identified specific morphogens and cytokines
that drive hPSC differentiation towards a renal lineage ex vivo (Morizane et al.,
2015; Taguchi & Nishinakamura, 2017; Takasato et al., 2014, 2015, 2016; Uchimura
et al., 2020; Xia et al., 2014). Procedures have been established to generate
organoids resembling separate components of the mammalian kidney (Figure
2), including nephron progenitor (NP), ureteric bud (UB), and even stromal
progenitor (SP) organoids (Palakkan et al., 2022; Tanigawa et al., 2022;
Vanslambrouck et al., 2022; Zeng et al., 2021).

While current state-of-the-art kidney organoids show remarkable resemblance
to first/second trimester human embryonic kidneys (Garreta et al., 2019), they
lack the higher order of anatomical organization needed for functional filtration
and reabsorption. Researchers are exploring specialized tissue culture
techniques, such as bioreactors for nephron development, patterned
substrates for collective duct development, and microfluidics for
vascularization, to drive organoid maturation and better mimic physiologically
relevant cues (Czerniecki et al., 2018; Homan et al., 2019; Przepiorski et al.,
2018a; Shi et al., 2023).
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Figure 2. Comparison of protocols for hPSC-derived kidney organoid differentiation. A schematic
detailing the compounds used for driving PSCs towards Metanephric Mesenchyme (MM) or Ureteric Bud
(UB) progenitor states. The cell types induced by each step of differentiation are denoted above in pink.
More specific details regarding the protocols can be found in the corresponding publications. Taken with
permission from: (Nauryzgaliyeva et al., 2023)

hPSC-derived organoids for modelling CAKUT

A significant strength of hPSC-based organoid systems lies in their amenability
to genetic manipulation. This enables researchers to create in vitro models of
genetic kidney diseases by introducing targeted alterations in the corresponding
genes. Patient-derived or gene-edited hPSCs have become valuable tools for
investigating adult kidney disorders such as chronic kidney disease (CKD) and
polycystic kidney diseases (PKD) (Karp et al., 2022; M. Liu et al., 2022). While
studies employing hPSC-derived organoids recapitulating the PKD genetic
background have proven instrumentalin modelling cyst formation (Freedman et
al., 2015) and drug response (Cruz et al., 2017; Tran et al., 2022), the relative
immaturity of these in vitro models hinders their application to diseases
manifesting adult-onset anomalies. In contrast, CAKUT, encompassing a
spectrum of congenital anomalies affecting the embryonic kidney and urinary
tract, presents itself as a highly suitable target for investigation using hPSC-
derived kidney organoids.

Kaku et al., have successfully generated PAX2 null kidney organoids from hPSCs
and demonstrated that PAX2 may not be necessary for human NP formation in
vitro. Their hPSC-derived PAX2-null cells could still become NPs and even form
epithelial structures resembling tubules and glomeruli. However, PAX2 appears
to be crucial for proper differentiation of parietal epithelial cells within the
glomeruli (Kaku et al., 2017).

Przepiorski et al., utilized human induced pluripotent stem cell (iPSC)-derived
kidney organoids to model HNF1B-related CAKUT. By generating biallelic
deletions in the HNF1B gene, they observed organoids lacking regions positive
for proximal and distal tubule markers, mirroring phenotypes seen in Hnf1b-
deficient mice (Przepiorski et al., 2018b).
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Zeng et al., successfully employed human PSC-derived UB organoids to model
congenital anomalies arising from RET mutations. Their RET-null organoids
failed to undergo branching and exhibited a phenotype resembling renal
agenesis, demonstrating the feasibility of modelling such diseases using in vitro
genetic editing and 3D culture (Zeng et al., 2021).

These studies highlight the potential of hPSC-derived kidney organoids for
investigating CAKUT pathogenesis. Further research focusing on other CAKUT-
associated genes and utilizing advanced techniques like single-cell RNA
sequencing will provide a deeper understanding of the complex interplay
between genetic factors and early kidney development. Although it should be
noted that given the architectural and structural complexity of any organ, re-
associating single-cell RNA-seq data back to its functional anatomy is not a
straightforward task. In this regard, recent studies employing microdissection
and cell dissociation strategies for scRNA-seq analysis have managed to
conserve certain structural features of the organization of the kidney, by
combining anatomy guided RNA sequencing, cell lineage tracing and in situ
expression (Ransick et al., 2019). Such studies allow an in-depth view into cell
diversity in the developing kidney, along with differences in sex and between
species, allin relation to the location and function within the organ.
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The role of mechanobiology in embryonic development

The field of developmental biology has traditionally focused on elucidating the
roles of morphogens and the intricate molecular pathways governing
embryogenesis and tissue formation. However, a growing body of evidence
suggests that these processes are not solely driven by biochemical and genetic
cues. Mechanical forces, both intrinsic and extrinsic, also play a significant role
in morphogenesis [reviewed in detail in (Goodwin & Nelson, 2021; Heisenberg &
Bellaiche, 2013)].

At the subcellular level, cells experience various biomechanical forces such as
actomyosin contractility, membrane tension during cell division or upon
exposure to stiff microenvironments (Colombo et al., 2003; Daley et al., 2011;
Krieg et al., 2008). Extracellularly, cells encounter forces such as compression
and extrusion during apoptosis and tissue remodelling (Eisenhoffer et al., 2012;
Y. Yang et al.,, 2000). These forces can also manifest at the tissue level,
exemplified by muscle fibre contractions (Harrington, 1979), and even at the
organismal level, as evident from the influence of gravity.

This recognition has led to a paradigm shift in developmental biology, with a
growing focus on how mechanical forces impact tissue development and
morphogenesis. Pioneering work in the 1980s and 1990s laid the groundwork for
this shift, proposing that tissue morphogenesis is a fundamentally
biomechanical process (Beloussov et al., 1994; Wolpert, 1981). These early
studies highlighted the interplay between biochemical and mechanical cues.
The physical properties of a local region can influence the distribution of
morphogen gradients, and conversely, cell movements can alter how tissues
respond to these molecular gradients.

In essence, the field is moving towards a more comprehensive understanding of
how both biochemical and biomechanical forces orchestrate the complex
processes of development.

Analogous to how biochemical signalling molecules initiate intracellular
cascades leading to gene expression changes, mechanical stimuli can trigger
similar signalling pathways within cells. This process is divided into two
fundamental steps - mechanosensing and mechanotransduction. Cells
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possess specialized membrane structures called cell adhesion complexes,
which bind to components of the surrounding extracellular matrix (ECM),
forming connections like cell-to-ECM and cell-to-celljunctions. These junctions
function as mechanosensors, transmitting forces exerted by the
microenvironment towards the nucleus (Elosegui-Artola et al., 2016, 2017b).
The received mechanical signals initiate a signalling cascade known as
mechanotransduction. This cascade translates the physical cues into
biochemical responses that influence various cellular processes, including
migration, differentiation, proliferation, and cell death [reviewed in detail in
(Kechagia et al., 2019)].

The ECM, a complex network of proteins and polysaccharides surrounding cells,
plays a critical role in mechanotransduction during embryo development and
organogenesis. Its composition, stiffness, and viscoelasticity (combining elastic
and viscous properties) all significantly influence stem cell fate and
differentiation [reviewed in detail in (Elosegui-Artola, 2021; Guilak et al., 2009)].
Indeed, the in utero embryonic microenvironment is rich in ECM proteins like
fibronectin, collagen, and laminin, and exhibits a highly viscoelastic nature
(stiffness ranging from 0.1 to 100 kPa) (Chaudhuri et al., 2020; Guilak et al., 2009;
Rozario & DeSimone, 2010). Studies have demonstrated that these specific
properties significantly impact the differentiation pathways of stem cells within
developing tissues.

The impact of the ECM on cell behaviour extends far beyond just providing
structural support. A prime example is the influence of ECM elasticity on lineage
specification of mesenchymal stem cells (MSCs). Studies have demonstrated
that soft matrices favour differentiation of these multipotent cells into
adipocytes (fat cells) while stiffer environments promote osteogenesis (bone
formation) from the same initial population (Engler et al., 2006; Guilak et al.,
2009; Huebsch et al., 2010). Similarly, vascular progenitors cultured on soft
matrices differentiate into endothelial cells, while stiffer environments guide
them towards a smooth muscle cell fate (Wong et al., 2019).

The composition and physical properties of the ECM are also crucial for tissue
homeostasis. For instance, mammary gland tissue requires a soft, laminin-rich
microenvironment to maintain its normal function (Alcaraz et al., 2008).
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Conversely, alterations in ECM stiffness and composition, often associated with
increased stiffness and changes in protein density, are linked to tumour growth
and metastasis (Bauer et al., 2020; Wullkopf et al., 2018). A compelling study
linked the stiffened adipose tissue microenvironment in obese mice,
characterized by an enrichment of myofibroblasts, to an increased malignant
potential of breast cancer cells, highlighting the role of ECM mechanics in
tumorigenesis (Ling et al., 2020; Seo et al., 2015). Recent research suggests that
beyond just stiffness, the viscoelasticity (combining elastic and viscous
properties) of the ECM plays a significant role in regulating cell fate decisions
(Chaudhuri et al., 2020; Elosegui-Artola et al., 2022). This property influences
not only individual cell behaviour but also collective behaviours like
spheroid/organoid growth and differentiation (Elosegui-Artola et al., 2022).

Fluid flow within the embryonic environment has also been shown to impact cell
behaviour [reviewed in (Freund et al., 2012)]. Studies have demonstrated its role
in establishing left-right asymmetry during organ development, regulating
vascularization, and sprouting, and maintaining normal kidney function (Nauli et
al., 2003; Song & Munn, 2011; Tanaka et al., 2005).

Exploring the role of mechanical cues in kidney development

As discussed above, microenvironmental cues from the surrounding
microenvironment encompassing both biophysical (ECM stiffness, fluid flow)
and biochemical factors ultimately influencing stem cell behaviour and
organization (Vining & Mooney, 2017). As in any other organ, the intricate
architecture of the kidney is built upon a complex network of extracellular matrix
(ECM) components, that are not simply passive scaffolding, but rather actively
contribute to kidney development and function, through mechanical support
and mediating signalling (Bulow & Boor, 2019). During kidney development, the
cell arrangement plays a crucial role in tubule formation and overall organ
function. This organization is initiated by cells attaching to their surrounds
through adhesion proteins. Some recent studies have demonstrated the effect
of matrix stiffness on tubule formation, giving rise to the possibility of using
material stiffness for guiding cell organization (Hamon et al., 2023).
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Homan et al. demonstrated that applying fluid flow to kidney organoids
enhanced vascularization and promoted the maturation of podocytes,
specialized kidney cells (Homan et al., 2019). Additionally, studies by Garreta et
al. and Ruiter et al. employed soft synthetic hydrogels to mimic the in-utero
environment. These soft matrices facilitated the maturation of kidney organoids
in vitro, highlighting the importance of mechanical stiffness in kidney
development (Garreta et al., 2019; Ruiter et al., 2022).

The mechanisms governing the intricate branching of the ureteric bud and the
subsequent organization of collecting tubules within the developing kidney have
emerged as a topic of intense research interest. While compelling evidence
demonstrates that morphogenetic signalling pathways play a key role in driving
UB branching into the metanephric mesenchyme, the precise mechanisms by
which biomechanical defects translate into CAKUT phenotypes remain elusive.
To address this knowledge gap, recent studies have begun to investigate the role
of tissue forces and the dynamic processes involved in tubule organization
within the geometrically constrained environment of the developing kidney bud
tips (Prahl, Viola, et al., 2023; Viola et al., 2022). Indeed, these studies offer a
compelling model that elucidates the packing of collecting duct tubules during
murine kidney development, encompassing both healthy scenarios and those
involving UB defects. While the critical influence of morphogenetic signalling
pathways on healthy kidney development is well-established, this work sheds
new light on the crucial role of tissue forces and their dynamic interplay in the
proper organization of these complex organs(Prahl, Viola, et al., 2023).

Recent work from Mederacke et. al., have demonstrated the effect of
geometrical confinement on morphogen up-concentration, necessary for the
development of renal vesicles from the MM (Mederacke et al., 2023). Through
computational modelling and mouse embryonic kidney explant experiments,
they address the question of precise RV positionality under the branching UB
and how certain geometrical confinements and angles contribute to an increase
in morphogen gradients promoting regional differentiation.

Mechanical forces also play a crucial role in adult kidney function. Choudhury
et al. explored the role of these forces in fluid transport across kidney tubule
cells. Their findings revealed differences in fluid movement and pressure
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gradients between healthy and diseased (autosomal dominant polycystic
kidney disease, ADPKD) cells, suggesting the importance of mechanical cuesin
both normal kidney function and disease states (Choudhury et al., 2022). Cruz
et al. investigated the microenvironment's influence on cyst formation in
ADPKD, a condition characterized by fluid-filled cysts in kidney tubules. Their
study revealed that the microenvironment within tubule organoids can
significantly influence cyst formation, suggesting a potential role for mechanical
factors in ADPKD progression (Cruz et al., 2017).

All these recent findings highlight the need for a more comprehensive research
model that integrates both signalling pathways and biomechanical forces for a
complete picture of kidney development and potential CAKUT pathogenesis.
They emphasize the crucial role of mechanical input from the environment and
the cell's ability to mechano-sense and translate these signals into cellular
responses, ultimately influencing healthy tissue development and disease
progression. Nowadays, current research continues to unravel the mechanisms
by which cells perceive and interpret mechanical cues to trigger genetic
responses (De Belly et al., 2022; Discher et al., 2005; Heisenberg & Bellaiche,
2013).
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Approaches to studying the mechanobiology of kidney
morphogenesis

While the influence of mechanical stimuli on cell fate decisions within simplified
2D in vitro environments is well-documented [see reviewed in (Mammoto et al.,
2012; Wagh et al., 2021)] (substrate stiffness, physical confinement, and fluid
flow), these findings may not directly translate to the complexities of living
tissues. In vivo, tissues are subjected to viscoelasticity, fluid flow, stresses and
pressures, properties that can significantly influence cellular behaviour (Cheng
et al., 2008; Geerligs et al.,, 2008; Safshekan et al.,, 2017). This intricate
environment comprises a multitude of cellular and extracellular components,
including the cytoskeleton, ECM proteins, membrane adhesion complexes, and
the cellular cortex. These elements collectively orchestrate a biomechanical
signalling pathway that dictates variable cellular responses across space and
time. Furthermore, the practical challenges of accessing and manipulating
developing organs and tissues in vivo significantly complicate the study of their
mechanical properties. While some studies utilize embryonic kidney explants,
the samples are almost always of mouse origin and span a limited
developmental timeframe. Consequently, measuring and probing the
mechanical environment of living human tissues remains a complex endeavour.

However, the emergence of organoid technologies offers a promising solution.
These 3D self-organizing structures can more closely mimic the complexities of
human embryonic organ development in a culture dish. This advancement
allows the investigation of the dynamic mechanical changes occurring during
early stages of organogenesis. By strategically combining organoid technology
with cutting-edge mechanobiology techniques, it becomes possible to explore
the mechanical properties of cells and tissues within a more controlled and
physiologically relevant environment. This powerful approach holds immense
potential to elucidate the critical role of mechanical forces in human organ
development and disease pathogenesis. The knowledge gained from such
studies can pave the way for the development of novel therapeutic strategies for
a wide range of diseases.

The following section will discuss in more detail several research methodologies
instrumental to studying the mechanobiology of human organoid development:
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1) bioengineering the microenvironment (exposure to synthetic and natural
hydrogels, micropatterning, microfluidics etc.), 2) application and
measurement of physical forces (micro-rheology, traction measurements,
optical tweezers, laser ablation etc.), and 3) genetic manipulation of key genes
in mechanosensing and mechanotransduction pathways (YAP/TAZ - HIPPO
pathway, WNT signalling pathway, SRF pathway).

Bioengineering the microenvironment

Mimicking the complex extraembryonic environment that surrounds and
influences developing organs is crucial for studying organogenesis in vitro.
Hydrogels, with their tuneable properties, offer a powerful tool for
bioengineering this niche. By encapsulating organoids within hydrogels with
varying stiffness, composition, and viscoelasticity, it is possible to re-create
environments that closely resemble the native tissues.

The discovery of Matrigel, a natural basement membrane extract derived from
mouse tumours (Orkin et al., 1977), revolutionized in vitro research, leading to a
surge in studies (Kibbey et al., 1992; Kubota et al., 1988). This ubiquitous ECM
surrogate has proven highly valuable in assays examining cell invasion,
angiogenesis, spheroid formation, and organoid growth (Barker et al., 2010;
Huch et al., 2013; Stange et al., 2013; W. Wang et al., 2017). However, the
limitations of Matrigel in translational research, particularly for organ disease
modelling and drug screening, are becoming increasingly apparent. Firstly, the
poorly defined composition and inherent cancerous origin of Matrigel raise
concerns about its suitability for these applications. Secondly, significant
batch-to-batch variability in Matrigel production can dramatically impact the
degree of organoid differentiation, hindering the reproducibility and
comparability of studies.

To address these limitations, the organoid research field has begun exploring the
development of well-defined, synthetic materials for generating organoid
models suitable for disease modelling and interrogation. This advancement has
led to the creation of substrates with tuneable properties, including stiffness,
elasticity, and protein composition.
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The next mini section will delve deeper into the use of both natural and synthetic
substrates for organoid generation and disease modelling applications,
exploring options such as decellularized ECM, natural ECM proteins, and
various synthetic hydrogels.

Natural hydrogels

Decellularized Extracellular Matrix (dECM) retains the intricate
architectural composition of native tissues, making it ideal for promoting
the long-term maturation of human pluripotent stem cell (hPSC)-derived
organoids in vitro [reviewed in (Garreta et al., 2017)]. Depending on the
de-cellularization method used, dECM-derived scaffolds can preserve
both the mechanical and biological properties of the original tissue. This
allows for cell attachment, migration, and differentiation of newly
introduced cells within the empty scaffold. This approach has been
successfully applied to various cell types derived from liver, intestine,
pancreas, and kidney (Batchelder et al., 2015; Guyette et al., 2014; Hong
et al., 2018; Orlando et al., 2013). However, utilizing dECM scaffolds
presents several challenges. These include variations in decellularization
protocols depending on the tissue source; difficulty in precisely
repopulating the dECM with the diverse cell types present in the native
tissue; the need for oxygen perfusion in thicker tissue formations; and
limited availability of human material, often relying on organ donation.

Naturally occurring ECM proteins like collagen and laminin can also be
used to generate scaffolds for tissue engineering [reviewed in (Glowacki
& Mizuno, 2008)]. Collagen scaffolds, typically composed of types |, Il,
and lll collagen, offer a specific biomechanical architecture that can
support cancer cell migration, metastasis, and the maintenance of
certain organoids (Dong & Lv, 2016; W. Han et al., 2016; Jee et al., 2019;
Kopanska et al., 2016; P. C. Wang, 2005). However, collagen-based
matrices often require additional support from co-cultured cells and
other ECM proteins for full tissue development (Y. Wang et al., 2016).

Another option is using natural polysaccharides like alginate, a cost-
effective, biocompatible, and tuneable substrate well-suited for
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biological applications [reviewed in (Cattelan et al., 2020; Chen et al,,
2020)]. Studies have demonstrated the use of various alginate
modifications to study the growth and development of brain, kidney,
lung, intestine, and pancreas organoids (Capeling et al., 2019; Cassel De
Camps et al., 2022; Geuens et al., 2021; H. Liu et al., 2020; Wilkinson et
al.,, 2018). However, like Matrigel, alginate is a biologically derived
material, leading to potential batch-to-batch variability (Fu et al., 2010).

Synthetic hydrogels

Synthetic polymers offer a compelling alternative to natural substrates,
enabling precise control over the mechanical, chemical, and structural
properties of the culture environment. By meticulously manipulating the
composition of these synthetic substrates, it is possible to effectively
mimic the viscoelasticity, porosity, and density of specific tissues. This
allows for the investigation of how mechanical and chemical cues
influence cell fate decisions.

One such material is polyethylene glycol (PEG), a non-toxic and
biocompatible polymer increasingly used in cell culture and for the
controlled release of biomolecules within in vitro tissues (Drury &
Mooney, 2003; Mellott et al., 2001) [see detailed review in (C. C. Lin &
Anseth, 2009)]. PEG's unique advantage lies in its high tunability. A
variety of cross-linkers and functional groups can be incorporated,
essentially creating a customizable "blank slate" for bioengineering
purposes. PEG hydrogels can encapsulate entire cell clusters or
organoids and have been shown to support a diverse range of cell types
in culture (Chaudhuri et al., 2016; Gjorevski et al., 2016; Lutolf et al.,
2003; Moon et al., 2010; Ng et al., 2017; Phelps et al., 2012).

Polyacrylamide (PAA) hydrogels offer another powerful tool. Their
stiffness can be precisely controlled across a wide range (0.2 kPa to 200
kPa) by adjusting the ratio of acrylamide to bis-acrylamide within the
formulation. In a landmark study (Pelham & Wang, 1997), PAA hydrogels
were used to demonstrate for the first time that substrate stiffness can
significantly impact cell adhesion, spreading, and migration. This finding
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paved the way for the widespread adoption of PAA and other synthetic
materials to investigate the role of stiffness as a mechanical cue in
directing cell fate decisions (Engler et al., 2006; Wen et al., 2014).

Polydimethylsiloxane (PDMS), initially developed for microfluidic
applications (Duffy et al., 1998), has emerged as a promising material for
cell culture in mechanobiology and bioengineering research (X. Q. Brown
et al., 2005; Chuah et al., 2015). Its tuneable stiffness, transparency,
minimal autofluorescence, and ease of use make it well-suited for
studying cell-biomaterial interactions and the effects of substrate
stiffness on cell fate (Mata et al., 2005). Notably, advancements in
surface chemistry activation techniques have enabled cell attachmentto
the originally hydrophobic PDMS surface.

The utilization of these versatile biocompatible materials, both natural and
synthetic, allows for a far more accurate representation of the in vivo tissue
microenvironment within in vitro culture conditions.

The impact of these engineered microenvironments on organoid development
can be assessed through a combination of qualitative and functional assays.
Qualitative evaluation focuses on the rate of organoid maturation, as evidenced
by the expression of specific markers using techniques like
immunofluorescence microscopy, histology, and gene expression analysis.
Additionally, the attainment of organ-specific functionalities can be assessed,
providing a more comprehensive understanding of how the engineered niche
influences organoid development and function.

Emerging evidence suggests that organoids exhibit a dynamic mechanical
response throughout their development, requiring distinct mechanical cues
fromthe surrounding extracellular matrix (ECM) at different stages. Forinstance,
studies have shown that intestinal stem cell expansion thrives in a stiff,
fibronectin-rich ECM, while their differentiation and subsequent formation of
intestinal organoids necessitate a softer laminin-decorated matrix (Broguiere et
al., 2018; Gjorevski et al., 2016). This highlights the stage-specific influence of
ECM stiffness and composition.
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Similarly, recent research demonstrates the benefits of encapsulating kidney
organoids derived from hPSCs within synthetic PEG-based hydrogels during
later differentiation stages. This approach has been shown to reduce unwanted
fibrosis and promote a further degree of maturation in these organoids (Geuens
etal., 2021; Ruiter et al., 2022). This dynamic mechano-responsiveness extends
beyond the kidney, with similar observations reported in brain organoids (Cassel
De Camps et al., 2022).

While encapsulating organoids within elastic hydrogels offers a strategy to
provide mechanically stimulating environments that mimic native tissues, a
significant drawback is their potential to restrict the physical expansion and
morphogenesis of the developing organoid (Ranga et al., 2016; H. Wang &
Heilshorn, 2015). To circumvent this limitation, researchers have explored
engineered PEG-based hydrogels with dynamic bond properties. These
hydrogels can rearrange their constituent bonds, allowing the surrounding
synthetic extracellular matrix (ECM) to adapt to the expanding organoid and
accommodate its morphogenesis (Chrisnandy et al., 2022). This dynamic
characteristic presents a significant advantage, enabling the engineered matrix
to more closely resemble the evolving mechanical environment experienced by
a developing organoid over time. Consequently, these PEG-based hydrogels
provide a more reliable culture system for studying the interplay between
mechanics and organ formation.

Using geometry and microfluidics to guide organoid morphogenesis

While substrate stiffness is a well-established factor influencing in vitro tissue
morphogenesis, recent studies highlight the additional influence of geometric
cues on tissue organization and differentiation. Pioneering work by Warmflash
et al. demonstrated that simple geometric confinement can induce self-
organization in hPSCs (Warmflash et al., 2014). Further research has explored
how these geometries establish focal points of cell adhesion tension, known to
guide mesoderm specification in hESCs (Muncie et al., 2020).

The impact of geometry extends beyond early developmental stages, influencing
morphogenesis past gastrulation in in vitro organoids. Curved geometries have
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been shown to enhance brain region specification in human cerebral organoids,
while controlled circular patterns promote cardiac beating in human cardiac
organoids (Ma et al., 2015; Sen et al., 2021).

Micropatterning techniques in 2D offer even greater control over tissue
morphogenesis. Karzbrun et al. elegantly demonstrated how precise control
over pattern size, shape, and 2D hPSC monolayer density can guide the process
of neural tube folding and lumenogenesis (Karzbrun et al., 2021). Similarly,
Gjorevski et al. engineered geometrically defined microwells to enable
controlled generation of intestinal crypts and villi from stem cells (Gjorevski et
al.,, 2022). These innovative approaches pave the way for a deeper
understanding of human synthetic morphogenesis in vitro.

Certain organs, like the brain and gut, undergo extensive tissue folding during
organogenesis. These processes are particularly captivating: epithelial
monolayers transform over time through buckling and folding, giving rise to
complex structures like the brain's gyri and the villi of the intestine [reviewed in
(Nelson, 2016)]. With the advent of organoid technology, researchers are now
effectively exploring the mechanical and physical stimuli guiding these events,
such as brain folding (Karzbrun et al., 2018). Similarly, microfluidic organ-on-a-
chip models offer a powerful approach to study the physical forces associated
with morphogenesis. By engineering microfluidic models that mimic specific
organs, it is possible to measure bending angles, bulging, deformations, and
flow rates during development [reviewed in (Polacheck et al., 2013)].

Measurement and application of mechanical forces

The influence of mechanical stimuli like stiffness, viscoelasticity, and fluid flow
on cell fate decisions has been extensively documented (Vining & Mooney,
2017). This understanding has fuelled the development of mechanobiology
techniquestoinvestigate the forces experienced and exerted by cells. Currently,
a diverse toolbox exists for these measurements, described in detail below and
in Table 1 [reviewed in (Campas, 2016; Polacheck & Chen, 2016; Roca-Cusachs
etal., 2017)].
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Many techniques in mechanobiology are based on direct measurements of
degrees of deformation of a elastic material of know mechanical properties.
Examples include traction force microscopy (TFM), micropillars,
microdroplets/micro-inserts, and cantilevers/atomic force microscopy (AFM)
(Dembo & Wang, 1999; Harris et al., 2012; Rajagopalan & Saif, 2011; Tan et al.,
2002; Zimmermann et al., 2000). These methods are applicable in vitro (most
commonly), ex vivo (AFM), and even in vivo (AFM, microdroplets) (Feroze et al.,
2015; Mongera et al., 2023; Moore et al., 1995).

Technique

Traction Force Microscopy

(2D & 3D TFM)

S T -

Cantilevers (AFM)

Micropillars

Droplets & Inserts

Principle of Action
Uses compliant elastic substrate and
fluorescent microbeads.
Cells seeded on top (2D) or embedded within
(3D) a hydrogel.
Cells exert forces that generate a deformation
in the hydrogel. Gel deformation allows the
generation of a displacement map.
Computational methods can be used to obtain
traction forces exerted by the cells.
Allows the application and quantitative
measurement of mechanical force on a
cell/tissue.
Based on the use of a calibrated cantilever with
known mechanical properties that can deflect
when in contact with a surface (for example
cells).
The displacement/bending of the cantilever can
be used to calculate the forces exerted by the
cell as well as determine the stiffness/rheology
of the tissue.
An array of cylindrical columns made of a
deformable elastic substrate with cells on top.
Depending on the stiffness of the pillars, cells
can exert forces that are able to deform these
pillars.
Mapping the deformations of the pillars and
comparing to their undeformed state, allows to
calculate the forces exerted by the cells.
Microdroplets of deformable compliant elastic
materials.
Can be used to evaluate the mechanical
properties of a tissue in vivo.

Citations
(Bergert et al.,
2016; Butler et
al., 2002; Dembo
& Wang, 1999; S.
J.Hanetal.,
2015; Trepat et
al., 2009)

(Badique et al.,
2013; Krieg et al.,
2008; Schillers et
al., 2017;
Taubenberger et
al., 2014)

(Rajagopalan &
Saif, 2011; Tan et
al., 2002)

(Mongera et al.,
2023; Traber et
al., 2019)
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e Canbeinjected into atissue of interest,
imaged, and compared to their undeformed
state, to gain a map of local tissue stresses.

Fluorescence Resonance e Used to study cellular forces like tension (Grashoff et al.,
Energy Transfer (FRET) between cell, and their surround ECM. 2010)
| e e Contain two fluorescent proteins (energy
L ! : L:Fm — acceptor and donor), linked by a tension
High Force

sensitive linker (spring).
e When aforce is applied to the linker, the
! IT| |y distance between the fluorophores changes,
| | resulting in a change in energy transfer. This
change can be recorded by fluorescence

Sensors lifetime imaging microscopy (FLIM) and
translated to tension measurements.
Micropipette aspiration e Involves a glass micropipette of 0.5-10um (Irianto et al.,
diameter to apply a controlled suction force to 2016; Maitre et
a single cell. al., 2015; von
e The suction force generates an indentation in Dassow et al.,
> the cellular membrane. 2010)

e The deformation of the membrane can be
measured through microscopy and can help
determine other mechanical properties of the
cell: elasticity, viscosity, and tension along the

membrane.
Laser ablation (LA) e Uses afocused laser beam to dissect/disrupt a (Kiehart et al.,
local tissue or cellular structures. 2000; Samarage
e Can be specifically targeted at mechanical etal., 2015)
= /5 components of the cell: focal adhesions,
— ‘_’; cytoskeletal components, intercellular
- . .
_;> junctions etc.
e The movement /deformation of tissues can be
used to infer whether the tissue before was in a
tense or compressed state, and to further
calculate the extent of these forces.
Optical Tweezers (OT) e Usesfocused laser beam to trap a microbead (Zhang & Liu,

that can be used to apply force to another 2008)
subject, such as a cell.

e Position of the laser beam can be manipulated

A to control the forces being exerted by the

trapped object.

e Resulting deformations on the cell membrane
can be measured: cell indentation, cell
stretching, and active rheology.

Table 1. Techniques to measure cellular and tissue level forces. Taken with permission from:(Nauryzgaliyeva et al.,
2023)
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Another approach uses techniques such as FRET tension-based sensors to
measure the tensile forces between cells and their surrounding environment
(Grashoff etal., 2010). These sensors can even detect forces at the nuclear level
(Andreu et al., 2022).

Techniques like micropipette aspiration and laser ablation have been used to
assess the mechanical properties of whole embryos (xenopus, zebrafish) during
early development (Chaigne et al., 2013; Maitre et al., 2015; von Dassow et al.,
2010). These methods have allowed the investigation of tissue viscoelasticity,
tension, and contractile forces maintaining the embryonic structure (Rauzi et
al., 2008; Samarage et al., 2015). While the mechanical properties of early
embryos have been extensively studied in animals, ethical considerations and
limited availability of human embryonic material make it challenging to
investigate these properties in humans. Culturing human embryos beyond day
14 of development is prohibited, hindering in vivo studies of mechanical forces
within developing human organs.

Traction force microscopy (TFM)

Traction force microscopy (TFM) using fluorescent microbeads embedded
within a hydrogel with defined elastic properties offers a powerful approach to
quantitatively assess the mechanical forces exerted by developing organoids
(Bergert et al., 2016). This 3D TFM technique, when applied to encapsulated
organoids, provides valuable insights into the directionality of tissue growth, the
stress and tension required to maintain their morphology, and the internal
pressures guiding their growth patterns (Ban et al., 2018; Broguiere et al., 2018;
Mulligan et al., 2019; Steinwachs et al., 2016). Interestingly, studies on epithelial
tissue morphogenesis suggest that 3D dimensionality may not always be
essential for guiding tissue growth and differentiation (Pérez-Gonzalez et al.,
2021). In 2D organoid systems, a simpler environment facilitates more reliable
cellular force measurements using 2.5D TFM, without compromising the
morphogenetic process [reviewed in (Matejci¢ & Trepat, 2023)].
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Alternatively, deformations on hydrogel-based microdroplets implanted within
organoids can be used to investigate the internal forces exerted by developing
cells. By analysing these deformations, it becomes possible to identify the local
forces generated by specific cell structures (Girardo et al., 2018). While primarily
employed for studying forces within developing embryos (Mongera et al., 2023;
Traber et al., 2019), this technique can be readily adapted to investigate local
forces within organoids during organogenesis. Furthermore, functionalization of
microbeads with cell-specific antibodies could enable targeted placement
within organoids, facilitating force measurements at specific structures.

It is important to acknowledge the limitations of these methods despite their
ability to provide a general overview of the forces acting on and within tissues.
Both 2D and 3D TFM often assume a linear elastic model for the surrounding
matrix, neglecting inelastic effects. This assumption can lead to inaccuracies,
particularly when calculating forces within large 3D tissue structures like
organoids, especially over extended timeframes involving significant ECM
remodelling by surrounding cells.

While the development of more precise force measurementtechniquesremains
a priority, current methods based on displacement measurements can still offer
valuable insights into the mechanics of tissue systems (Clark et al., 2022). In the
case of inelastic materials, where relaxation/trypsinization-based force
calculations are impractical, alternative approaches like monitoring tissue and
cell dynamics can still provide reliable data (Godeau et al., 2022; Yamaguchi et
al., 2022). The field of organoid mechanobiology remains young, with many
unexplored avenues for research. One promising area could involve the
quantification of load history, offering a deeper understanding of how
mechanical cues influence organoid development.

Bottom-up approach to investigate organoid morphogenesis and mechanics

While the introduction so far has focused on a top-down approach to studying
organoid mechanics (manipulating the environmentto elicit cellular responses),
a complementary approach, the bottom-up approach, offers valuable insights
as well. This method involves modulating key players within the
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mechanotransduction signalling pathway to understand how the activation of
mechanosensitive proteins and gene transcription influences tissue
morphogenesis (Mammoto et al., 2012).

The first responders to external mechanical stimuli are mechanosensitive
membrane proteins, such as the Piezo family of ion channels [reviewed in
(Ranade et al.,, 2015)]. Piezo1, a well-studied example, functions as a
mechanotransducer and has been implicated in vascular, neural, and bone
development (Li et al., 2019; Pathak et al., 2014; Ranade et al., 2014). In the
urinary system, Piezo proteins play a crucial role in sensing shear stress and wall
tension for proper filtration (Li et al., 2022). While the exact role of these proteins
in kidney development and disease remains to be explored (Dalghi et al., 2019),
their importance in the urinary tract is undeniable. The high sensitivity of these
membrane proteins makes them attractive candidates fortissue engineering. By
regulating them (e.g., through light-activated genetic manipulation), it might be
possible to control cellular responses even in the absence of mechanical
stimuli.

Further downstream in the mechanotransduction pathway lie
mechanosensitive transcription factors like YAP/TAZ, which initiate gene
activation in the nucleus to orchestrate the cellular response to mechanical
cues (Mosqueira et al., 2014; Piccolo et al., 2014). These factors are modulated
by both biochemical (Hippo signalling) and mechanical (ECM stiffness, shear
stress, stretching) signals, which determine their subcellular localization
(cytoplasm or nucleus) and subsequent activity (Aragona et al., 2013; Elosegui-
Artola et al., 2016).

In the context of the kidney, TAZ activity has been linked to cystogenesis in
polycystic kidney disease (PKD), highlighting the potential impact of
mechanotransduction during disease progression (Lee et al., 2020).
Interestingly, depletion of YAP in stem cells leads to a loss of pluripotency, while
its expression promotes stemness (Lian et al.,, 2010). Studies have
demonstrated that mechanical stimuli, such as substrate stiffness, can control
stem cell fate by regulating YAP localization through the stretching of
nucleopores (Andreu et al., 2021, 2022; Elosegui-Artola et al., 2017a; Mosqueira
et al., 2014; Musah et al., 2014; Totaro et al., 2017). These findings suggest that

40



directly regulating YAP/TAZ localization could effectively direct
mechanotransduction and ultimately cell fate, even without external
mechanical forces.

Understanding the mechanotransduction machinery offers a powerful bottom-
up approach to controlling morphogenetic events during development. Human
PSCs-derived organoids provide a valuable framework to investigate the
mechanical aspects of organ development where bioengineering
advancements can further facilitate these studies in a controlled and
reproducible manner.
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Objectives
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The general aim:

This thesis aimed to map RV emergence and nephron differentiation in human
kidney development. Towards this goal, we first developed a series of
differentiation procedures (kidney organoids in 3D and 2D) based on the use
genetically engineered hPSCs in combination with micropatterning techniques,
confocal and traction force microscopy analysis. This multifaceted approach
allowed us to start mechanistically coupling how RV emergence and nephron
differentiation is driven by changes in the expression of specific renal markers
and cell force generation.

The specific objectives of the thesis were:

1. To characterize RV emergence and nephron differentiation in hPSCs
through the development of different cell culture set ups (including 3D
and 2D) and the definition of several quantitative read outs, including:

a. The characterization of RV emergence and nephron like structure
differentiation in 3D hPSC-derived kidney organoids.

b. The definition of cell culture conditions sustaining for the
emergence of RV and the differentiation of nephron-like structures
on compliant substrates in 2D.

c. The definition of experimental conditions to externally control RV
emergence and nephron differentiation through the definition of
geometrical and mechanical constraints.

d. The measurement of traction forces during RV emergence and
nephron differentiation under the experimental set up achieved in
b-c.

2. To mechanistically couple how changes in renal markers expression
results in disturbances on RV emergence and nephron differentiation
through the development of different cell culture set ups (including 3D
and 2D) and the definition of several quantitative read outs, including:
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a. The application of cell culture conditions developed in Objective 1
for the differentiation of PAX2 KO and LHX1 KO hPSCs into RV and
nephron-like structures.

b. To quantitatively assess how geometrical constraints and rigidity
impact on RV emergence and differentiation into nephron-like
structures in PAX2 and LHX1 KO hPSCs through the determination
of changes in renal markers expression by confocal microscopy
analysis and mapping cell force generation.
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Materials and Methods
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Culture and maintenance of hPSCs
Origin of hPSC lines

The work in this thesis was performed using the ES[4] human embryonic stem
cellline (hESC) and the human induced pluripotent stem cell line CBiPS1sv-4F-
40 (CBiPSC) (Arellano-Viera et al., 2019). Both hESCs and hiPSCs were obtained
from the National Bank of Stem Cell Lines-BNLC (ISCIIl, Madrid). This work also
includes genome edited lines for PAX2 and LHX1 genes (knock out lines) which
are currently under characterization of ulterior registry at the BNLC.

Maintenance of hPSC lines

Both hESCs and CBiPSCs (human pluripotent stem cells, hPSCs) were
maintained in Essential 8 (E8) medium (Thermo Fisher Scientific, #A1517001)
supplemented with 1% Penicillin/Streptomycin (Pen/Strep) (10.000 U/ml,
Thermo Fisher Scientific, #15140122). hPSCs were grown in cell culture plates
previously coated with 5 pg/ml vitronectin (VTN) (Thermo Fisher Scientific,
#A14700) and kept at 37 °C and 5% CO.,. Cell passages was performed every 4-
6 days, at a confluency of 80%, with 0.5 mM EDTA (Thermo Fisher Scientific,
#15575-038) to avoid single-cell disaggregation. Briefly, cells were rinsed once
with 1X PBS (Thermo Fisher Scientific, #10010056) and further incubated with
0.5 mM EDTA solution for 3-5 min at 37°C. Afterwards, EDTA was aspirated, and
cells were recovered with a gentle flush of E8 media to detach the hPSCs into
small clusters. Cell clusters were then collected and diluted for passaging (at
ratios of 1:12t0 1:20, depending on the cell line). Finally, cells were seeded onto
a VTN-coated 6-well plate (Thermo Fisher Scientific, #140675), and maintained
until the next passage. When necessary, hPSCs were cryopreserved with 10%
DMSO (Sigma, D2650) in E8 media.

Genetically altered hPSC lines

A large proportion of the work in this thesis was performed using knockout (KO)
ES[4] hPSC lines previously generated in the Montserrat laboratory (Aspiroz,
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2021; Gimenez, 2021). Briefly, KO ES[4] hPSC lines were generated by making
use of an iC2 platform (Gimenez, 2021), which essentially consists of the ES[4]
F51 hPSC line integrated with a doxycycline inducible Cas9 expression cassette
into one AAVS1 allele through homologous recombination. PAX2 KO and LHX1
KO ES[4] F51 iC2 hPSC lines were generated by transfecting the ES[4] iC2 F51
hPSC lines with sgRNAs targeting relevant coding sequences of PAX2 and LHX1
genes, respectively. As such, Cas9was induced in these cell lines by doxycycline
treatment. After recovery cells were replated at single cell to establish clonal cell
lines. These lines were then screened for biallelic KO mutations at the target
genes of interest by target amplicon sequencing (miseq and CRISPResso
analysis) (https://doi.org/10.5281/zenodo0.6457752). The resulting successful
KO lines were then validated and characterized (Aspiroz, 2021; Gimenez, 2021).

Generation of kidney progenitors from hPSCs
Seeding hPSCs for differentiation

The differentiation of hPSCs towards kidney organoids in 3D was performed
following a previously published step-wise methodology (Garreta et al., 2019;
Garreta, Moya-Rull, et al., 2022; Garreta, Prado, et al., 2022; Monteil et al., 2020;
Selfa et al., 2021). Briefly, hPSC colonies at 80% confluency grown on VTN/E8
media were washed once with 1X PBS and incubated with 0.5mM EDTA for 3-5
mins, to allow dissociation of hPSCs colonies into cell clusters. After removal of
EDTA, cell clusters were resuspended in fresh E8 medium. Further, 100 pl of the
cell suspension was mixed with Accumax™ (Stem Cell Technologies, #07921) in
a 1:4 ratio and allowed to incubate at 37°C for dissociation into single cells. The
single cell suspension was then used to calculate an accurate cell
concentration, which was ultimately used to seed the cell clusters at a cell
density of 1 x 10° cells per well of a VTN coated 24-well plate. To allow an even
distribution of the cell clusters inside the wells, the 24-well plate was vigorously
shaken 2-3 times every 5 minutes after placing into the incubator. For the
following 1-3 days the cells are maintained in E8 media, which is refreshed daily,
until the cell clusters reach about 80% of confluency. From this moment on,
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hPSCs are considered ready to initiate differentiation towards the posterior
primitive streak (PPS) and intermediate mesoderm (IM).

Guiding hPSCs towards PPM and IM fate: DO of Differentiation

At DO of differentiation, the E8 medium in the 24 well plate was replaced by 500
pl/well of basal differentiation media (Advanced RPMI 1640 (Thermo Fisher
Scientific, #12633-012) supplemented with 1% GlutaMAX (200 mM, Thermo
Fisher Scientific, #35050-038) and 1% Pen/Strep). For the duration of 3 days
from day (D) DO until D2, the basal differentiation media is supplemented with 8
MM CHIR99021 (CHIR) (Sigma-Aldrich, #SML1046-5MG), to allow the hPSCs to
differentiate towards the PPS-related fate. At D3, the cells are driven towards the
IM-fate with the supplementation of 200 ng/ml FGF9 (Peprotech, #100-23B), 1
pg/ml heparin (Sigma-Aldrich, # H3149-10KU) and 10 ng/ml activin A (Sigma-
Aldrich, #338-AC-050) into the basal differentiation media.

Generation of 3D kidney organoids

At D4, 24 hours after the addition of 200 ng/ml FGF9, 1 pg/ml heparin and 10
ng/ml activin A into the basal differentiation media, the cells obtained a tight
monolayer morphology. As previously described in (Garreta et al., 2019; Garreta,
Moya-Rull, et al., 2022; Garreta, Prado, et al., 2022; Monteil et al., 2020; Selfa et
al., 2021), the cells at this stage are in a nephron progenitor cell (NPC) state.
From this point on, the basal differentiation media was refreshed, and the
monolayer was subjected to a CHIR pulse: 5 pM CHIR, 200 ng/ml FGF9 and 1
pg/ml heparin in basal differentiation medium for 1H at 37°C. Following this, the
monolayer was carefully rinsed with 1X PBS and incubated for 1 minute with
TrypLE Express Enzyme (Thermo Fisher Scientific, #12604021) to detach the
monolayer. The dissociated NPCs from each well of the 24 well plate were then
collected, counted, and resuspended in basal differentiation medium
supplemented with 200 ng/ml FGF9 and 1 pg/ml heparin to generate 3D
organoids. Here, the size of the organoid was determined based on the number
of cells (8 x 10 or 100 x 10 cells) resuspended in 100 pl of each well of a conical-
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bottom 96-well plate (Thermo Fisher Scientific, #249935), which was then
centrifuged at 300g for 3 min. From D6 onwards, the basal differentiation media
of the organoids was refreshed every 2 days and supplemented with growth
factors (200 ng/ml FGF9 and 1 pyg/ml heparin). From D11 onwards until D20 of
differentiation, the media was refreshed without the addition of growth factors.

Note: At D4 of differentiation, after the 1H CHIR pulse treatment, some of the
NPCs were frozen in basal differentiation medium supplemented with 10%
DMSO (Sigma, #D8418) and maintained in liquid nitrogen for long term storage.

Generation of PAA hydrogels

Glass bottom 35mm dishes (Mat-Tek, #P35G-0-20-C) were incubated with a
1:12:1 volume ratio mixture of Bind-silane (Sigma, #M6514), absolute ethanol
(PanReac, #131086.1214) and acetic acid (Sigma, #27225) for 10 min at room
temperature. Following incubation, the dishes were washed 2x with absolute
ethanol, after which 22.5 ul of PAA mixture (see table 1) was added on top of the
glass, and covered with a 18mm coverslip (Paul Marienfield, #0111580).
Following 1H of polymerization at room temperature, PBS was added, and the
coverslips were detached using a scalpel. For traction measurements 0.2 pm
far-red fluorescent carboxylate-modified microbeads were used (Invitrogen,
#C37480). The surface of the PAA gels was activated using Arylic Acid NHS
chemistry and incubated further with 100 pg/ml Fibronectin (Merck, #440159)
overnight.

Acrylamide % Bis-acrylamide % Beads % solid APS% TEMED %  Stiffness (kPa)
5 0.04 0.04 0.05 0.2 1
7.46 0.044 0.04 0.05 0.05 5

Table 1. PAA gel composition. Acrylamide (BioRad, #1610140), Bis-Acrylamide (BioRad, #1610142),
beads, Ammonium persulfate (APS, Sigma, #A3678), Tetramethylethylenediamine (TEMED, Sigma, #79281)
were mixed in the specified proportions and diluted in PBS.

Differentiation of kidney progenitors in 2.5D on PAA substrates
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Either fresh or frozen NPCs were resuspended in fresh basal differentiation
media with differentiation factors (200 ng/ml FGF9, 1 pg/ml heparin) at a
concentration of 4 x 10° cells / ml) and seeded as a drop of 200 pl onto the PAA
gels. The gels were then carefully placed into the incubator for 1-2H, to allow the
attachment of the cells. After the indicated time, each individual MatTek dish
was filled with 2 ml of media with factors and maintained untouched in the
incubator until day 6 of differentiation. Media was refreshed every two days and
supplemented with factors until day 11, after which no additional factors were
added.

Generation of PDMS gels
Soft PDMS preparation

Soft polydimethylsiloxane (PDMS) substrates of 3 and 18kPa were prepared by
mixing the two components of the DOWSIL™ CY 52-276 A&B Kit (Dow, #2624028
and #2624052). The ratio of components A to B would determine the bulk elastic
modulus of the PDMS substrate (see Table 2).

PDMS A/B mixing ratio (w/w) Bulk elastic modulus (kPa)
1:1 3
5:6 18.6

Table 2. PDMS substrate composition.

Briefly, the PDMS mixture of desired stiffness was vigorously mixed on ice and
further degassed under vacuum for 30 mins. Once the mixture was free of
bubbles, itwas spin-coated at a volume of 100 plonto clean pre-heated (at 65°C)
glass bottom dishes (MatTek, #P35G-0-20-C) for 90 seconds at 400 r.p.m. The
samples were further cured in an oven at 65°C overnight.

Regular (Stiff) PDMS substrates preparation

Stiff PDMS substrates were used to create large circular confinements (6 mm
diameter) for optimizing reagent usage during functionalization of the soft PDMS
substrates. First, a mixture of stiff PDMS was created by mixing two components
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of Sylgard™ - 184 Silicone Elastomer KIT (Dow Corning, #2401673921) at a ratio
of 10:1, degassing for 60 minutes and allowing polymerization on a flat 150mm
cell culture petri dish (TPP, #07177926 (93150)) in an oven at 65°C overnight.
Once cured, the PDMS was cutinto “donut™ shapes with an inner ring diameter
of 6 mm and outer ring diameter of 12.5 mm using two punchers. The resulting
donut stencils were carefully placed on top of soft PDMS coated MatTek dishes,
ready for functionalization.

Functionalization of PDMS substrates

The soft PDMS coated MatTek dishes were passivated with a 5% (3-aminopropil)
trietoxisilano (APTES) (Sigma Aldrich, #175560) in absolute ethanol (EtOH)
(Merck, #1009831011) for 3 mins and further washed 3x with absolute EtOH. The
samples were then washed once with Boric Buffer [5 mg/ml Boric acid (Merck,
#B1934), 3.8 mg/ml Sodium tetraborate (Merck, #221732)). For traction force
measurements, FluoSpheres with a diameter of 0.2 pm (Invitrogen, #F8807)
were diluted in Boric Buffer at a ratio of 1:40 and allowed to settle on top of the
passivated soft PDMS-coated MatTek dishes for 1H at room temperature (RT).
The PDMS substrates were then washed 3x with Boric Buffer and further
incubated with a 1% solution of Poly-L-Lysine (PLL) (Merck, #P2636) in Boric
Buffer for 1H at RT. Further, the PDMS substrates were washed 3x with 10mM
HEPES buffer at pH 8.24 (Merck, #H3375-25G) and incubated with 50 mg/ml
mMPEG-SVA (Laysan Bio, #MPEG-SVA-5000) diluted in the same buffer, for 1H at
RT. Finally, the samples were washed with 1xPBS and stored at 4°C until the
generation of micropatterns.

Generation of micropatterns with PRIMO

Micropatterns were created with the help of the PRIMO system (Alvéole) (Strale
etal., 2016a) mounted on aninverted microscope Nikon Eclipse Ti-2. Briefly, this
system relies on contactless and maskless photopatterning on substrates via
UV-mediated mPEG scission. The mPEG-SVA coated on top of the PDMS
substrate acts as an antifouling layer. Upon exposure to UV light, and in the
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presence of a photo initiator agent (PLPP) (Alvéole), the passivating properties of
the mPEG become weakened, hence exposing the PLL to the surface, which can
be further decorated with adhesion proteins to bind cells onto PEG-free motifs.

In the context of this work, 5x5 circular (300 pm in diameter), square (488 pm x
488 uym) and triangular (297 pm height x 475 um base) micropatterns, as well as
annotations were designed in Inkscape 1.2 (inkscape.org) and photopatterned
onto PLPP coated soft PDMS substrates using the Leonardo Software (Alvéole)
(Strale et al., 2016a). Once the UV exposure was finished, the gels were washed
Tx with 1X PBS, and incubated with 100 pg/ml Fibronectin (Merck, #440159) for
5 minutes. The samples were then washed 3x with 1X PBS and kept at 4°C until
NPC seeding.

Note: In the case of traction force microscopy experiments, a mix of 100 pg/ml
unlabelled fibronectin and 100 pg/ml fluorescent Fibronectin HilLyte488™
(Tebubio, #FNR02-A) in a ratio of 1:3, was used for pattern annotation purposes.

Differentiation of kidney progenitors in 2.5D on PDMS substrates

Either fresh or frozen NPCs were resuspended in fresh basal differentiation
media with differentiation factors (200 ng/ml FGF9, 1 pg/ml heparin) at a
concentration of 4 x 10° cells / ml) and seeded as a drop of 50 pl onto the
micropatterned PDMS substrates. The gels were then carefully placed into the
incubator for 15-30 minutes, to allow the attachment of the cells. After the
indicated time, the PDMS substrates were gently washed with fresh media with
a 1000 pl pipette, to reveal the attached cells on the surface of the
micropatterned substrates. Finally, each individual MatTek dish was filled with 2
ml of media with factors and maintained untouched in the incubator until day 6
of differentiation. Media was refreshed every two days and supplemented with
factors until day 11, after which no additional factors were added.
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TFM pipeline for kidney progenitors on PDMS substrates

In this thesis, traction force measurements were taken in a non-traditional
(reverse) method. Here, images of the relaxed state of fluorescent beads were
performed prior to cell seeding, allowing post TFM fixation of samples and their
further immunofluorescence staining for markers of interest (see below more
detailed information regarding TFM data analysis). Briefly, micropatterned soft
PDMS substrates decorated with fibronectin were incubated with cell culture
media for at least 1H before imaging (to ensure the same osmolarity conditions
of the PDMS substrates during TFM measurements). Confocal Z-stack images of
fluorescent fibronectin annotations were taken together with z-stack images of
the fluorescent microbeads, to ensure accurate pre-TFM and TFM image
correlation. Following this, the PDMS substrates were maintained in cell culture
media and kept in the incubator until NPC seeding. On the differentiation day of
interest, TFM images were obtained in the exact same manner as the pre-TFM
images: fluorescent fibronectin annotations + fluorescent microbeads channels
(see below for details regarding microscopy set-up + imaging conditions).
Following the TFM image acquisition, samples were fixed and kept until further
immunofluorescence staining (details follow below).

Immunofluorescence staining

In 3D kidney differentiation experiments, immunofluorescence (IF) staining was
performed on either whole (in toto) organoids, or in 5 to 10 pm sections. IF
staining on 2D kidney differentiation experiments were performed either in
combination with TFM measurement or as separate (IF) experiments.

3D kidney differentiation — Immunofluorescence staining in toto

In the 3D kidney differentiation experiments, IF staining was performed to study
and characterize the extent of kidney organoid differentiation by taking
advantage of protein expression at different stages of nephron development.
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Briefly, organoids were collected at different stages of differentiation (D9-D20)
and fixed overnight at 4°C with a 4% solution of paraformaldehyde (PFA) (1:4
dilution of 16% PFA, ANAME, #15710-S). the following day, the organoids were
washed thrice with 1X PBS and permeabilized with a blocking buffer (#1): 1X Tris
Buffer Saline (TBS) [10x TBS: 24 gr TRIZMA base (Sigma, #T6791) and 88 gr NaCl
(Sigma, # S7653) in 800 mL MiliQ H,0], 1% Triton X-100 (Sigma-Aldrich, #T8787)
and 6% donkey serum (Sigma-Aldrich, #S30-KC) for 24H at 4°C, under agitation.
The next day, organoids were incubated with the primary antibodies (see table 2)
of interest (diluted in blocking buffer #1) and incubated at room temperature for
2H followed by 72H incubation at 4°C. The organoids were then washed thrice
with blocking buffer #1 for periods of 1H each and incubated with secondary
antiobodies (see table 2) of interest (diluted in blocking buffer #1) for an
additional 2H at room temperature and 72H at 4°C. Finally, the organoids were
then washed 2x with blocking buffer #1 and 1x with 1X TBS and incubated with
4'6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) (Invitrogen, #D1306) at a
1:2500 dilution in 1X TBS for 60 minutes. The organoids were then placed on top
of a glass microscopy slide (Thermo Fisher Scientific, #J1800AMNZ), mounted
with 50 - 100 pl Fluoromount-G (Southern Biotech, #0100-01), sealed with a
round coverslip (Thermo Fisher Scientific, #CBAD00120RAC20MNZ#0) and kept
at 4°C untilimaging.

3D kidney differentiation — Immunofluorescence staining in sections

For a more detailed IF analysis, 100K and 8K 3D organoids were embedded in
paraffin and sectioned on a vibrotome to obtain slices ranging between 5 and 10
pm. These slices were further subjected to antigen retrieval in citrate buffer pH 6
and stained for Hematoxylin and Eosin (H&E). Images were captured using the
AF7000 Leica microscope. Sections of interest were further permeabilized with
a blocking buffer (#2): 1X TBS, 1% Triton X-100 and 3% donkey serum for 1H at
room temperature. For nephron structure analysis, lectins (see table 2) were
used to stain tubule-like structures. Here, an additional blocking step with
Streptavidin/Biotin blocking kit (SP-2002, Vector Labs) was used for 1H each at
room temperature, consecutively (with 1X TBS washes in between). Further,
primary antibodies of interest were diluted in a blocking buffer (#3) consisting of
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1X TBS, 1% Triton X-100, 1% Bovine Serum Albumin (BSA) (Sigma-Aldrich,
#A4503) and incubated for 2H at room temperature and overnight at 4°C. The
following day, the samples were washed with blocking buffer #3 thrice for
periods of 1H at room temperature, after which the secondary antibodies
(diluted in blocking buffer #3) were incubated for 2H at room temperature and
overnight at 4°C. Finally, the samples were washed thrice with 1XTBS for periods
of 1TH each at room temperature and incubated with DAPI at a 1:2500 dilution in
1X TBS for 30 minutes. The samples were further mounted with 50 pl
Fluoromount-G, sealed with a rectangular glass coverslip (VWR, #631-1335) and
kept at 4°C until imaging.

2.5D kidney differentiation — Immunofluorescence staining

For each timepoint (day 8-16), individual MatTek dishes with the 2.5D kidney
organoids were washed with sterile 1X PBS and fixed overnight at 4°C with 4%
PFA. The next day, the solution was rinsed away 3 times for 15 minutes each with
1X PBS.

The samples were further subjected to blocking and permeabilization overnight
at 4°C with blocking buffer (#1) consisting of 1X TBS, 1% Triton X-100 and 6%
donkey serum (further always used in 2D samples). The following day, samples
were incubated for an initial 2H at room temperature and further 72H at 4°C with
primary antibodies diluted in blocking buffer #1 (see Table 3 for antibodies used
in this work). Samples were further washed 3x with blocking buffer #1 for 1H
periods at room temperature, before adding secondary antibody solutions
(diluted in blocking buffer #1) for an additional initial 2H at room temperature
and further 72H at 4°C. Finally, the samples were washed 2x with blocking buffer
#3 for 1H periods, followed by a final TH wash with 1X TBS. The stained samples
were then mounted with 50 pyl Fluoromount-G and kept at 4°C until imaging.
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Primary and Secondary Antibodies

Primary Antibodies Host Dilution Cat#

PAX2 Goat 1:20 AF3364

WT1 Rabbit 1:100 MA5-32215
LHX1 Mouse 1:100 MAB2725
JAG1 Goat 1:200 AF599
E-CADHERIN Mouse 1:50 610181
B-CATENIN Mouse 1:50 610153
WGA - 1:100 b-1025

LTL - 1:200 B-1325
LAMININ Rabbit 1:50 L9393
CASPASE -3 Rabbit 1:100 9661S
Anti-GFP Chicken 1:250 GFP-1020
Secondary Antibodies Host Dilution Cat#
Anti-Goat IgG (H+L) Alexa Fluor Plus 405 Donkey 1:250 A48259
Anti-rabbit IgG Alexa fluor 488-conjugated Donkey 1:200 A21206

Anti Mouse Alexa Fluor 488-conjugated Donkey 1:200 A28175

Anti Goat Alexa Fluor 488-conjugated Donkey 1:200 705-545-147
Anti Chicken IgY CyTM2-conjugated Donkey 1:200 703-225-155
Anti-rabbit IgG Alexa fluor 555-conjugated Donkey 1:200 A11015

Anti Mouse Alexa Fluor 555-conjugated Donkey 1:200 A31570
Anti-Goat IgG Alexa Fluor 555-conjugated Donkey 1:200 A-21432
Anti Rabbit Alexa Fluor 647-conjugated Donkey 1:200 711-605-152
Anti-Mouse IgG Alexa Fluor 647-conjugated Donkey 1:200 715-605-151
Dylight 649 Streptavidin - 1:200 SA-5649

Table 3. Primary and Secondary Antibodies for Immunofluorescence staining.

Microscopy set-up and image acquisition

3D organoid (both in toto and sections) experiments were acquired using a laser-
scanning confocal microscope (LSM880. Carl Zeiss) at a resolution of 1024 x
1024 (pixel size = 0.2076 um) with bidirectional scanning. A Plan-Apo x10
(NA=0.45, dry, Ph1), x20 (NA=0.8, dry) and x40 (NA=1.2, Glycerol, DIC) objectives
were used. The Zeiss ZEN software was used to carry out acquisitions.
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2D organoid experiments were imaged using a Nikon TiE inverted microscope
with a spinning disk confocal unit (CSU-WD, Yokogawa) and a Zyla-4.2-CL10
sCMOS camera (Andor). A built-in temperature and CO, box (Life Imaging
Services), maintaining 37°C and 5% CO,, was used for live TFM experiments. All
images were acquired using a x20 objective (Nikon, Plan Apo, NA=0.75, Ph2, DM
WD1, Dry). The multidimensional image acquisition was operated by the open-
source software Micromanager ((Edelstein, Arthur et al., 2015), with custom
made scripts.

TFM analysis

In the context of this thesis, tractions forces exerted by NPCs during their
transition towards the nephron-like fate were measured by relying on the
displacement of fluorescent microbeads on the surface of an elastic substrate
(soft PDMS). Three-dimensional tractions were calculated as described
previously (Latorre et al., 2018). Confocal z-stack images of fluorescent
microbeads coated on the surface of soft PDMS substrates were taken in a
relaxed (before cell seeding) and deformed (during cell attachment) states with
a z-step of 0.2 um. From these two states, the displacement of the fluorescent
microbeads and the deformation of the gels were calculated by using a
homemade iterative 3D PIV software, with a square interrogation window size of
32 pixels and an overlap of 0.5. A Finite Element Method (FEM) solution was
implemented to compute 3D tractions from the 3D deformations of the soft
PDMS. Calculation of displacements and traction forces were carried out using
custom MATLAB scripts (Trepat et al., 2009).

Image analysis
Average IF intensity quantifications

Raw images were processed with Image J. Quantifications of average
fluorescence intensities were performed with custom made Image J macros.
Briefly, Z-stacks of individual images were projected as a sum of all pixel grey
values per each channel. These sum projection images were then added using
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the ImageCalculator tool (to ensure that the entire organoid is being taken), after
which the Autothresholding tool was used to generate binary masks of the 2D
organoid. This mask was then used as a guideline to calculate the average
fluorescence intensity of the organoid per channel (marker). In a similar manner,
a rectangle outside of the organoid mask was selected to calculate the average
fluorescence intensity of the background, making it possible to subtract the
background signal. Finally, all values were normalized to the number of slices
per Z-stack.

Inner vs Outer IF quantifications

Z-stack images of the first 100 um of cells (in contact with the surface of the gel)
were projected as a sum of all pixel grey values per each channel. These sum
projection images were then added using the ImageCalculator tool (to ensure
that the entire organoid is being taken), after which the Autothresholding tool
was used to generate binary masks of the 2D organoid. This mask was then used
together with the Geometry to Distance function of Image J, to create a distance
map of IF expression in relation to the center of the pattern. As such, a distance
threshold of 20-30% was defined from the edge of the pattern — to define the
inner and outer regions. Following this, the average fluorescence intensities
were measured per channel, per region. All values were then normalized to
number of slices per z-stack and to the background.

Statistical analysis

Traction maps and kymographs were generated in MATLAB. The remaining plots
were created in GraphPad Prism 10.1.0. All immunostaining images were
processed in Image J. All data are represented as the mean = s.d. Sample size (n)
and the number of independent repetitions is indicated in the figure captions. All
statistical analyses are indicated in the figure captions.
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Generation of hPSC-derived kidney organoids

In the context of this chapter, three pluripotent stem cell lines were used to
generate kidney organoids: ES[4] (male hESCs), CB40 (female hiPSCs) and
ES[4]-WT1-GFP (male hESCs).

The generation of kidney organoids was performed using a previously
established methodology (Figure 1A) (Garreta, Moya-Rull, et al., 2022; Garreta,
Prado, et al., 2022). Briefly, ES[4], CB40 and ES[4] - WT1 - GFP background
hPSCs (Figure 1B) were cultured in a monolayer until confluency and were
guided towards PPS induction by making use of an agonist of Wnt signalling —
CHIR for a duration of 3 days. The monolayers were then driven towards the IM
fate by exposing them to FGF9, Activin A and Heparin for 24 hours. At this stage
of differentiation Activin A (analogue of Retinoic Acid, RA) was used as a potent
inducer of the PIM, phenocopying earlier stages of embryogenesis when the
neuraltube secrets RA (Tanigawa et al., 2019; Wilson et al., 2003). Following this,
at day 4 (Days = D) of the differentiation protocol, the monolayers were
disintegrated into single cells, which were then subjected to either aggregation
in 3D or seeding on 2D surfaces (discussed in detail in the next section). From
this point onwards, the cultures (both 3D and 2D) were supplemented with FGF9
and Heparin (FGF9 to maintain the progenitor niche, and Heparin for aiding Wnt
signalling) until the appearance of renal vesicles (D11) (Barak et al., 2012; Binari
et al., 1997). Importantly, after the induction of RVs, the cultures were
maintained growth factor free, where in a cell autonomous process, the RV
driven cell populations further develop into multiple nephron-like structures that
were segmented into typical nephron components, including proximal tubules,
loop of Henle, distal tubules and glomeruli, as described previously (Garreta et
al., 2019; Garreta, Moya-Rull, et al., 2022; Garreta, Prado, et al., 2022).
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Results: Chapter 1
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Figure 1. Generation of hPSC derived kidney organoids. A) Stepwise methodology starting from a
monolayer culture of hPSCs, at DO induction of primitive streak (PS), at D3 induction of intermediate
mesoderm (IM). From D4 the culture is organotypic, induction of Nephron Progenitor Cells (NPCs),
induction of renal vesicles (RV) and nephrogenesis. B) Representative brightfield images of CB40, ES[4] and
ES[4]-WT1-GFP hPSCs at D-1 and D3 of culture.

In the interest of studying Nephron Progenitor Cells (NPC) differentiation into
nephron like structures in hPSC-derived kidney organoids, and to further dissect
early steps of patterning and segmentation (by assessing specific time frame
where this occurs in vitro), this chapter describes three distinct methodologies
used throughout the thesis (Figure 2). In the 3D free-floating kidney organoid
culture methodology, IM-driven cultures at D4 of differentiation (Figure 2A) are
dissociated into single cells and aggregated into 3D spheroids by centrifugation
in a non-adherent v-bottom 96 well plate (Figure 2B top schematic). This
methodology allows for the robust and high-throughput generation of organoids
of varying sizes [cell aggregation number, 8K (8x10%) — 100K (100x10°) (Dhillon et
al., 2021; Garreta et al., 2019; Garreta, Prado, et al., 2022; Monteil et al., 2020)]
and is convenient for performing many types of characterization analyses, such
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as immunofluorescence (IF) staining, protein extraction, and RNA analysis, due
to the easy availability of large numbers of samples (Figure 2C top panel).

A B C

RV induction Nephrogenesis

/Aggregate as 3D spheroids

|/

3D spheroids on a
Transwell system

Seed as a 2D monolayer

Figure 2. Different methodologies used to culture hPSC-derived kidney organoids. A) Representative
brightfield image of hPSC-derived IM cells at D4 of differentiation. B) Schematic representations of three
methodologies used for kidney differentiation: aggregated 3D spheroids cultured in a v-bottom 96 well plate
(top), 3D spheroids cultured on a trans-well insert in a 6 well plate (middle), 2D monolayer on a substrate in
a Mat-tek dish (bottom). C) Representative brightfield images of 3D kidney organoids (top), Trans-well
organoids (middle) and 2D differentiation (bottom).

Several studies have demonstrated improved extent of kidney organoid
differentiation (comprising segmented nephrons with endothelial and stromal
cells, transcriptionally similar to a human fatal kidney) upon culture on an air-
liguid interface, such as an insert trans-well system (Figure 2B middle
schematic) (Gupta et al., 2021; Taguchi et al., 2014; Takasato et al., 2015). To
utilize this system, at D4 of differentiation IM-derived cells were aggregated into
3D spheroids, similarly, to the 3D free-floating organoid methodology. Further, at
D6 of differentiation, individual organoids were carefully picked one by one and
placed onto the membrane of aninsert trans-well, where it can be in contact with
both the cell culture media and air. In the insert trans-well system, the 3D
organoids were flatter, making it easier to visualize RVs and more complex
structures by brightfield microscopy (Figure 2C middle panel). While the use of
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aninserttrans-well system is relatively low throughput (compared to the 3D free-
floating methodology), the resulting organoids can be easily characterized by IF,
protein, and RNA analysis.

While many studies have demonstrated the amenability of hPSCs to generating
3D kidney organoids (either free-floating or on insert trans-wells), not much has
been described regarding the 2D kidney differentiation potential of hPSCs
(Garreta et al., 2019; Morizane et al., 2015; Taguchi & Nishinakamura, 2017;
Takasato et al., 2016). Others have utilized non-3D approaches, such as
“sandwiching”™ hPSCs between two layers of Matrigel, to generate either
lumenized spheroids (in 3D) or monolayer colonies (in 2D) (Freedman et al.,
2015). However, the study of NPC transition onto RVs and subsequent nephron-
like structures has not yet been explored. In this regard, work in the Montserrat
laboratory has initiated the study of 2D kidney differentiation on tissue culture
plastic and compliant substrates (from NPC derivation to RV induction to
nephron like structures).

In 2D, hPSCs can differentiate into the kidney lineage as effectively as in the 3D
methodology (Garreta et al., unpublished). Similar to the previous two hPSC -
derived kidney culture approaches described above, the 2D methodology relies
on increased cell-cell contact at D4 of differentiation, therefore the dissociated
single IM-induced cells were seeded on to a 2D surface as a tight monolayer (for
example 800K on a single Mat-Tek dish) (Figure 2B and C middle panel). One
advantage of using a 2D methodology is the potential for mimicking the
mechanical properties of the extraembryonic environment by taking advantage
of compliant substrates. The substrates used in this thesis include
polyacrylamide (PAA) and polydimethylsiloxane (PDMS), both of which were
generated at stiffness values of 1-5kPa (similar to that of the embryo).
Furthermore, both these substrates allow the incorporation of fluorescent
microbeads on their surface, making it possible to obtain direct measurements
of traction forces exerted by cells/tissues onto the substrate (discussed in detail
further in the thesis).

The next sections of this chapter will describe characterization experiments
performed in these three distinct systems, each providing unique insights into
the process of NPC formation and differentiation into nephron-like structures in
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hPSC-derived kidney differentiation. From now onwards the cell cultures
resulting from the three systems will be referred to as: 3D organoids, trans-well
organoids and 2D differentiation, respectively.

Characterization of nephrogenesis in 3D kidney organoids

Mouse embryonic kidney samples have been a valuable tool for identifying the
key genes involved in the different steps of nephrogenesis, prior and after RV
emergence to nephron patterning and segmentation (schematic representation
in Figure 3).

RV CSB SSB Nephron

Figure 3. Schematic representation of nephrogenesis: renal vesicle (RV), comma shaped body (CSB), S-
shaped body (SSB) and nephron consisting of distal, medial, and proximal segments.

Previous studies have demonstrated the capacity of NPCs to self-organize in
vitro and form RV-like structures in 3D kidney organoids. These observations
have been extensively replicated among different laboratories, overall providing
a useful toolkit to monitor RV emergence. Initially in mouse embryonic tissue
samples, RVs have been characterized for the expression of markers such as
Whntd, Fgf8, Pax8, Lhx1, Brn1 (Kobayashi et al., 2005; Park et al., 2007). Further
proximal-distal specification and segmentation of the developing nephron has
been extensively studied and characterized by the Wnt/B-catenin and Notch
signalling pathways (Deacon et al., 2019; Heliot et al., 2013; Lindstrom et al.,
2013; Lindstrom et al., 2015; Park et al., 2007). Notch ligands such as Dll1, Jag1,
members of the Pax family — Pax2 and Pax8, Wt1, Hnflb, Cdh1, Cdh6 among
others, have all been previously described in the context of mouse nephron
patterning and segmentation. In the human kidney organoid context, these
studies have been extremely useful in validating the extent of kidney
differentiation by the use of markers WT1, PAX2, LHX1, E-CADHERIN, HNF1B -
at the renal vesicle stage; JAG7 - for medial segments / late RVs; SLC3A7, LTL -
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for proximal tubules; E-CADHERIN, UMOD -for loop of Henle; E-CADHERIN —for
distal tubules and PODXL, PODOCIN, NEPHRIN, NEPH1, WT1 - for glomeruli
(Garreta et al., 2019; Morizane et al., 2015; Taguchi & Nishinakamura, 2017;
Takasato et al., 2015, 2016).

3D kidney organoids derived from the ES[4] hPSC background express keys
markers such as PAX2, WT1 and E-CADHERIN from D12 (RV emergence) to D20
of differentiation in different structures over time (Figure 4A and B). At D12 of
differentiation, epithelialized lumen containing vesicles can be observed (in
both 100K and 8K organoids) by expression of PAX2 and WT1. At D14, WT1
expressing cells are observed in clusters resembling intermediate elongated
structures such as comma-shaped (CSB) and s-shaped bodies (SSB) (Figure 4B,
D14). At this time point, E-CADHERIN can be observed in emerging tubular like
structures (Figure 4A, D14). By D20, distal tubular structures demarked by E-
CADHERIN and PAX2 appear more elongated and bent. WT7 can be observed on
the outer edges of 100K organoids, demarking the emerging podocyte - like cells
(Figure 4A, D20). In 8K organoids WT17 can be observed in proximal tubule-like
structures (Figure 4B, D20).

Other markers such as JAG1 start their expression at the distal domain in pre-
tubular aggregates, where proximal recruitment of mesenchymal cell types is
still taking place over an extended period relative to the mouse kidney (Figure 5A,
D12 and D14). LAMININ in 3D kidney organoids highlights the basal membrane,
where at D12 of differentiation it surrounds individual RVs, and as differentiation
progresses, its expression becomes concentrated around larger, more elongated
structures (Figure 5B).
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Figure 4.3D Kidney organoids derived from ES[4] hPSCs. Immunofluorescence images of A) 100K
organoids and B) 8K organoids at D12, 14 and 20 of differentiation. Organoids stained for WT7 in green,
PAX2 in red and E-CADHERIN in magenta. Dark blue and light blue boxes contain magnification images.
White dashed lines indicate RVs (at D12), CSBs/SSBs (at D14) and nephron like tubular structures (at D20).
Scale bar 100pm.
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Figure 5. 3D Kidney organoids derived from ES[4] hPSCs. Immunofluorescence images of A) 100K
organoids and B) 8K organoids at D12, 14 and 20 of differentiation. Organoids stained for A) E-CADHERIN
in green, JAG1 inred, WT7 in magenta; B) LAMININ in green, PAX2 in red. Scale bar 100pm.
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Like most 3D spheroid systems, 3D kidney organoids, although containing
CD31+ cells, lack proper vascularization. In long term culture and, as a
consequence of cell number aggregation, they can in some instances develop a
necrotic core due to the lack of nutrient supply to the centre. In CB40 3D kidney
organoids this phenomenon was observed by immunofluorescence staining for
CASPASE-3 (Figure 6A). Upon closer examination, CASPASE-3 expression was
observed within PAX2 positive RVs at D15 of differentiation (Figure 6B), hinting at
a potential way by which RVs develop/increase their lumen. At D20, we see the
expression of CASPASE-3 lining the inner wall of PAX2 positive structures (Figure
6C). To further correlate the extent of differentiation and cell death in the system,
specific markers to distinguish the different cell types in the system such as WT17
for the podocyte-like cells, MEIS1 to demark the stromal cells, could provide a
better overview.
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Figure 6. 3D Kidney organoids derived from CB40 hiPSCs. Immunofluorescence images of 8K organoids
atA) D11, 15 and 20 of differentiation. Organoids stained for PAX2 in red and CASPASE-3 in yellow. Single z
slice representative image of B) D15 and C) D20 organoids, with orthogonal views (on the left and bottom).
Coloured boxes represent magnified images, white arrow heads pointing towards CASPASE-3 expression.
Asterix represent close up images taken from other Z-slices of the same organoid. Scale bar 100pum.

In the trans-well system organoids present a flatter morphology, allowing better
visualization of RV emergence by brightfield microscopy (Figure 7A). Embedding
organoids in agarose and subjecting them to sectioning allows for a more in-
depth histological and immunofluorescence analysis of nephron patterning
across closely related sections of the same organoid (Figure 7B). By taking
advantage of these techniques, it was possible to visualize key time points in
nephron patterning in trans-well organoids in the ES[4] - WT1 - GFP background
(Figure 7C). The ES[4] - WT1 — GFP hPSCs were previously generated in the
Montserrat laboratory and presented as a useful approach for monitoring first,
RV emergence (as demarked by WTT1), and then the progression throughout
differentiation until obtaining a WTT7 positive podocyte like cells fate. A variety of
other reporter hPSC lines have been previously described for CITED1, SIX2,
GATA3, MAFB, LRP2, HNF4A and have been useful in fate tracing and
understanding the role of different genes throughout development (Howden et
al., 2019; Vanslambrouck et al., 2019).

Haematoxylin and Eosin (H&E) stainings of trans-well kidney organoids between
D10 and D20 of differentiation carry notable similarities to human embryonic
kidney sections at 11 weeks of gestation (Figure 7C middle panel) (Faa et al.,
2012). Immunofluorescence expression of E-CADHERIN at D12 of differentiation
indicates the mesenchymal to epithelial transition ongoing in the developing
organoid, and from D14 to D20, E-CADHERIN (distal) and LTL (proximal)
expression can be observed in different segments of nephron like structures
(Figure 7C, bottom panel).

WT1 and PAX2 demark distinct populations as NPCs progress to RVs and
resulting nephron-like structures (Figure 8A). At D12 they are both expressed in
the RVs, at D14 polarization of expression can be observed in intermediate
structures and by D20 WTT7 gets localized towards glomerular and proximal
tubule like structures (Figure 7C bottom panel, Figure 8B), while PAX2 localizes
in distal tubular structures (Figure 8B).
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Figure 7. 3D kidney organoids cultured in a trans-well system. A) Schematic representation of the trans-well
insert. B) Schematic representation of methodology for embedding organoids in agarose, sectioning, and staining.
C) 3D kidney organoids derived from ES[4]-WT1-GFP hPSCs cultured in a trans-well insert. Brightfield images (top
panel) and Haematoxylin and Eosin (H&E) staining images of sectioned organoids (middle panel). Yellow arrows
indicate RVs at D10 and D12. Yellow dashed lines indicate SSB and tubular like structures at D14 and glomeruli at
D20.Immunofluorescence staining of sectioned organoids for WT7 in green, E-CADHERIN in red and LTL in magenta
(bottom panel). Scale bar 100pm.
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Figure 8. Sections of 3D kidney organoids cultured in a trans-well system. A) Schematic representation
of PAX2in red and WTT in green expression during nephron patterning. B) Sections of 3D kidney organoids
derived from ES[4]-WT1-GFP hPSCs cultured in a trans-well insert at D11,D14 and D20. Dark blue and light
blue boxes contain magnification images. White dashed lines indicate RVs (at D11), CSBs/SSBs (at D14)
and nephron like tubular structures and glomeruli (at D20). Scale bar 100pum.
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Differentiation of NPCs on 2D compliant substrates

Previous findings have demonstrated how exposure of hPSCs to soft substrates
can guide mesodermal commitment, while stiff matrices resulted in Wnt-
dependent inhibition of differentiation(Przybyla et al., 2016).

In terms of kidney differentiation, preliminary findings by Garreta et al (2019)
have demonstrated that short term exposure of hPSCs to a soft PAA hydrogel
(1kPa) prior to cell aggregation for 3D spheroids, resulted in accelerated kidney
organoid maturation, higher number of RVs, increased expression of late stage
nephron markers, in comparison to exposure to stiff PAA gel (60kPa) (Garreta et
al., 2019) . Indeed, conventional 2D substrates such as tissue culture plastic or
glass have a stiffness value of around 1GPa, which is far greater in magnitude
than the embryonic microenvironment (1kPa) (Kolahi et al., 2012).In the context
of this thesis, 2D differentiation of kidney organoids was explored on soft PAA
and PDMS substrates ranging between 1 and 5kPa of rigidity.

2D differentiation on Polyacrylamide (PAA) hydrogels

PAA hydrogels were polymerized on single Mat-Tek glass bottom dishes and
coated with fibronectin prior to NPC seeding at D4 of differentiation (Figure 9A).
The cell cultures were further guided through differentiation by the addition of
FGF9 and Heparin until D11 of differentiation, similar to the 3D culture system,
after which they were maintained growth factor free (Figure 9B).
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Figure 9. 2D differentiation on Polyacrylamide (PAA) gels. A) Schematic representation of steps for glass
surface activation, PAA polymerization, PAA surface activation, fibronectin coating and NPC seeding. B)
Schematic representation of 2D kidney differentiation on PAA gels.

NPCs of the ES[4]-WT1-GFP and CB40 backgrounds were differentiated on 1kPa
PAA and glass substrates (Figure 10A). At D7 of differentiation, monolayers
cultured on both types of substrates did not show obvious differences at
morphological level (i.e., overgrow, cell death, among others) as determined by
brightfield microscopy (Figure 10A). As expected morphological changes started
to be visible by brightfield microscopy at the time point of expected RV
emergence (D11/12) in the monolayers generated on 1kPa PAA compared to
glass substrates, especially in the ES[4]-WT1-GFP background (Figure 10B).
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Results: Chapter 1
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Figure 10. 2D differentiation of kidney progenitors on PAA gels. A) Brightfield images of ES[4]-WT1-GFP
and CB40 hPSC-derived kidney differentiation on 1kPa PAA and glass substrates over D7, D9 and D12/11 of
differentiation. B) Close-up maghnification brightfield images of RV emergence in the corresponding cell
lines. Yellow dashed lines indicate morphological changes observed in the monolayers.

Upon IF staining of ES[4]-WT1-GFP and CB40 2D differentiation cultures on soft
PAA (1kPa and 5kPa respectively) at timepoints of RV emergence (D11/12),
differences in RV structures and abundance could be observed, compared to
glass substrates (Figure 11). RV clusters expressing PAX2 and surrounded by an
outer layer of LAMININ could be observed in ES[4]-WT1-GFP 2D differentiation
on 1kPa PAA, which appeared larger than RV structures seen on glass (Figure
11A). Asimilar phenomenonwas observed in the CB40 background (Figure 11B).
Total RV number in 3D kidney organoids, derived from hPSCs cultured on either
1kPa or 60kPa PAA gels revealed a higher value in the softer condition, compared
to the stiff PAA, further supporting our findings (Garreta et al., 2019).
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Figure 11. Immunofluorescence staining of 2D differentiation of kidney progenitors on PAA gels. A)
ES[4]-WT1-GFP derived 2D kidney differentiation at D11 on 1kPa PAA (top) and glass (bottom). Staining for
LAMININ in green and PAX2 in red, scale bar 500pm (left images). Light blue boxes indicate magnified
images, scale bar 100pm (right images). B) CB40 derived 2D kidney differentiation at D12 on 5kPa PAA (top)
and glass (bottom). Staining for WT7 in green and PAX2 in red, scale bar 200pum (top) and 500pm (bottom).
Light blue boxes indicate magnified images, scale bar 100pum (right images).

At later stages, more complex nephron-like structures, such as proximal tubule
segments (as demarked by WTT), medial tubule segments (as demarked by
JAG1) and distal tubule segments (as demarked by E-CADHERIN) could be
observed in CB40 background cells on 1kPa PAA at D15 of differentiation (Figure
12A). Unfortunately, we observed that 2D kidney differentiation monolayers
tended to detach from the PAA substrates when maintained over long periods of
time. Unlike on PAA however, ES[4]-WT1-GFP 2D kidney differentiation could be
maintained on glass for up to 21 days (Figure 12B).
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Figure 12. Immunofluorescence staining of 2D differentiation of kidney progenitors on PAA gels and
glass at later stages. A) CB40 derived 2D kidney differentiation at D15 on 1kPa PAA gel. Staining for WT7 in
green, JAGT inred and E-CADHERIN in magenta scale bar 500pm. Light blue box indicates magnified image,
scale bar 100pm. B) ES[4]-WT1-GFP derived 2D kidney differentiation at D21 on glass. Staining for anti-GFP
in green, PAX2 in red and B-CATENIN in magenta, scale bar 500pum. Light blue boxes indicate magnified
images, scale bar 100pm.

A diverse array of in vivo processes, encompassing cell differentiation,
morphogenesis, and migration, are orchestrated by forces generated by the cells
themselves. Traction force microscopy (TFM) has emerged as a prominent
technique within the spectrum of methods used to assess cellular mechanics.
Standard TFM protocols rely on fiducial markers embedded within the
extracellular environment to quantify the deformations induced by cellular
forces. Traditionally, fluorescent microbeads served as these fiducial markers.
However, recent advancements highlight the advantages of employing
fluorescently labelled DNA structures. These DNA markers offer a diminished
size compared to beads and the potential for customization, enabling the
extraction of orthogonal information and the realization of switchable surface
functionalization for further analysis. (Juskowiak, 2011; Prahl, Porter, et al.,
2023). Here, we made use of the amenability of PAA hydrogels and incorporated
fluorescent microbeads for measuring displacements and inferring traction
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forces exerted by cells upon the gel (Figure 13A). Brightfield microscopy allowed
the visualization of emerging RVs and CSBs in ES[4]-WT1-GFP and CB40
background 2D kidney differentiation (Figure 13B), while confocal imaging of the
fluorescent enabled the measurement of traction forces surrounding such
structures on 1kPa PAA (Figure 13C). Briefly, to be able to infer traction forces
from the displacement field of fluorescent microbeads, we compare confocal z-
stack images of the beads in the presence of cells and the same regions after
trypsinization. This allows the comparison of bead displacement and by using
particle image velocimetry (PIV), the substrate deformations can be calculated.
Here, afinite element method is used to calculate traction fields (Figure 13C). As
such, it was possible to observe the displacements of beads in z (Figure 13C
middle panel) and the corresponding tractions indicating a pushing down force
on the substrate (Figure 13C right panel), in the region which correlated with a
vesicle like structure by brightfield microscopy (Figure 13C left panel). While
such preliminary force measurements could hint at some mechanical activity
around RV emergence, the technical difficulties of maintaining long term 2D
kidney differentiation on PAA gels and imaging multi-cell-layer structures by
brightfield microscopy resulted in a low throughput and reproducibility of such
experiments.
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Figure 13. Measuring traction forces in 2D kidney differentiation on Polyacrylamide (PAA) gels. A)
Schematic representation of steps for glass surface activation, PAA polymerization with fluorescent
microbeads, PAA surface activation, fibronectin coating and NPC seeding. B) Brightfield images of ES[4]-
WT1-GFP and CB40 derived 2D kidney differentiation at D10 and 11 on 1kPa PAA gels. Yellow dashed lines
indicate RVs and CSBs observable by brightfield microscopy, scale bar 50um. C) Preliminary traction
measurements of a RV identified by brightfield imaging (left panel), displacements in Z-axis (middle panel)
and normal tractions (right panel).

2D differentiation on Polydimethylsiloxane (PDMS) substrates

Like PAA, soft PDMS can also be fabricated to a stiffness value of 3kPa, while
maintaining its elasticity, making it a suitable candidate for 2D differentiation
and traction force measurements (Figure 14A) (Bergert et al., 2016). RV clusters
(demarked by PAX2 and WT1 expression) could be observed in CB40 2D kidney
differentiation cultures on 3kPa PDMS at D12 of differentiation (Figure 14B).
Higher levels of mRNA expression of LHX1, WT1, PAX2 and E-CADHERIN
(markers of early RVs and MET) were observed in CB40 kidney differentiation on
3kPa PDMS compared to conventional tissue culture plastic as detected by the
RT-gPCR (Figure 14C). This hints at the capability of soft substrates, such as 3kPa
PDMS at promoting NPC differentiation towards RV fate.
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Figure 14. 2D differentiation on Polydimethylsiloxane (PDMS) substrates. A) Schematic representation
of steps for PDMS polymerization, fibronectin coating and NPC seeding, followed by 2D kidney
differentiation on PDMS substrates. B) CB40 derived 2D kidney differentiation at D12 on 3kPa PDMS,
staining for WT1 in green and PAX2 inred, scale bar 500pm. Light blue box indicates magnified image, scale
bar 100pm. C) qPCR results of CB40 derived kidney differentiation in three conditions: cultured on tissue
culture plastic, cultured on 3kPa PDMS and cultured as 100K 3D spheroids. Expression of LHX1, WT1, PAX2
and E-CADHERIN at D12/11 of differentiation, n=3 technical replicates from 1 biological experiment.
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Presenting physical constraints onto 2D NPC differentiation

Unlike PAA gels, soft PDMS is compatible with photopatterning through the
technology from Alveole Lab (PRIMO) (Strale et al., 2016b). By taking advantage
of a passivating compound, photo-initiator agent, and UV illumination, 3kPa
PDMS substrates could be photopatterned into circles (300pum diameter),
squares and triangles of equal area coated with fibronectin (Figure 15A). NPC at
D4 of differentiation could then be seeded onto the photopatterned PDMS
substrates (Figure 15B and C).
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Figure 15. Micropatterning on PDMS substrates. A) Schematic representation of steps PRIMO
photopatterning: PDMS polymerization, PDMS surface activation, addition of fluorescent microbeads,
micropatterning via UV illumination, fibronectin coating and NPC seeding. B) Schematic representation of
top view of 2D kidney differentiation on micropatterned PDMS substrates. C) Brightfield microscopy images
at 4x maghnification of 2D kidney differentiation micropatterned onto circles, squares, and triangles. Pink,
yellow, and blue squares represent magnified images.

85



To further investigate the effect of physical constraints on 2D NPC differentiation
towards RVs and further nephron like structures, CB40 — derived NPCs were
seeded onto 3kPa PDMS substrates micropatterned with 300um diameter
circular geometries and observed by brightfield microscopy until D11 of
differentiation. RV emergence could be observed as early as D8 of
differentiation, and by D11 larger, elongated structures could be observed
(Figure 16). Immunofluorescence staining confirmed the presence of WT7 and
PAX2 expressing clusters at D8 of differentiation, and their evolution to
elongated tubular structures by D11 (Figure 17). Distal tubular-like structures
(demarked by E-CADHERIN) could be observed at D11 of differentiation on
micropatterned 3kPa PDMS substrates (Figure 17). Interestingly, relative
consistencies in the appearance and expression of WT1, PAX2 and E-CADHERIN
could be observed between the individual patterns of each time point. This
points to the self-organization capacity of NPCs and their amenability to be
guided to differentiation by geometry.

Top view

300 pm circles on 3kPa PDMS

Figure 16. 2D kidney differentiation on micropatterned 3kPa PDMS substrates. CB40-derived kidney
differentiation over D8, D9 and D11 of culture on 300pm diameter circles. White arrowheads point towards
emerging RVs at D8 and 9, and towards more complex structures at D11. Scale bar 100pm.
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Figure 17. Immunofluorescence images of 2D kidney differentiation on micropatterned 3kPa PDMS
substrates. CB40-derived kidney differentiation over D6, D8 and D11 of culture on 300pm diameter circles.
Staining for WT1 in green, PAX2 in red and E-CADHERIN in magenta. Light blue boxes indicate magnified
images. Scale bar 100pm.

The elastic nature of soft 3kPa PDMS and the presence of fluorescent
microbeads on the surface of the substrate allowed for traction measurements
to be performed in the micropattern confinement setting (Figure 18). To gain a
better resolution and visualization of the structures during 2D differentiation,
cells were labelled with Flipper TR — a membrane tension marker used here
simply for the purpose of fluorescence imaging (as demonstrated by the
Morizane lab for live imaging of kidney tubule like structures). The marker was
useful in visualizing the 2D micropatterned organoid as a whole and sometimes
in identifying rosette like structures within RVs (Figure 18A), while measuring
tractions in three dimensions (Figure 18B and C). However, the Flipper TR
membrane marker was non-specific, therefore could not provide accurate
information on cell identity during differentiation, nor could it allow for the
resolution of forces of specific structures / cell clusters.
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Figure 18. Traction force measurements on micropatterned 3kPa PDMS substrates. A) CB40 derived 2D
kidney differentiation stained with Flipper TR membrane tension marker at D6, D8 and D11. B) Traction
maps of Z tractions at D6, D8 and D11 of differentiation, blue and red indicate inward and outward forces,
yellow vectors represent tractions. C) schematic representation (left) of tangential (middle) and radial (right)
tractions in micropatterned circles on 3kPa PDMS substrates over D6, D8 and D11 of differentiation. Scale
bar 100pum.
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The traditional traction force microscopy approach (shown in Figure 18 and as
described earlier) relies on the calculation of displacements of fluorescent
microbeads between confocal images of a “stressed state” (when cells are
exerting forcing onto the gel) and a “relaxed state” (when cells are then
trypsinized and the gel is released to its original elastic state). This method,
therefore, relies on a live imaging marker or reporter that could demark the cells
of interest, to be able to correlate force measurements with cell identity.

In this thesis, a different approach to traction force microscopy was undertaken.
By taking advantage of the high-resolution micropatterning capabilities of
PRIMO, it was possible to create annotations for each micropatterned circle and
to label them with fluorescent fibronectin (Figure 19A and B). This quickly made
each 2D micropatterned kidney differentiation traceable and allowed the
imaging of the "relaxed state ™ of the gel prior to the seeding of the NPCs (Figure
19C, D and E). This adaptation no longer required the trypsinization of cells,
allowing us to fix them and perform immunofluorescence staining (see example
in Figure 19F). This approach has opened the possibility of directly correlating
traction measurements and cell cluster identity without requiring live fate
reporters (see representative example in Figure 19G).
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Figure 19. Annotated micropatterning on PDMS substrates. A) Schematic representation of steps of
PRIMO photopatterning: PDMS polymerization, PDMS surface activation, addition of fluorescent
microbeads, micropatterning via UV illumination, fluorescent fibronectin coating and NPC seeding. B)
Schematic representation of top view of 2D kidney differentiation on annotated micropatterned PDMS
substrates. C) Overview of annotations on 5x5 circular micropatterns. D) Example of fibronectin labelled
annotations, overlayed on top of IF image of 2D kidney differentiation (see E) labelled with PAX2 in blue and
B-CATENIN in RED. F) Immunofluorescence representation of stained micropatterned 2D kidney
differentiation, PAX2in green and B-CATENIN in white. G) Example of traction map of traction in Z overlayed
on top of IF image of 2D kidney differentiation (see F).
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2D micropatterned differentiation of wild type and CAKUT
knockout NPCs

The 2D micropatterning set-up described in Chapter 1 allowed us to start
monitoring the emergence and differentiation of RVs towards nephron like
structures and observing their response to the mechanical microenvironment
through different quantitative and qualitative approaches. To further assess the
potential role of mechanobiology in RV emergence and differentiation, we
exploited the true potential of hPSCs, which are their inherent differentiation
capacity and amenability towards genome editing. To this aim, hPSC lines
carrying knock-out mutations for genes important in kidney development (such
as PAX2 and LHXT7) were investigated [lines previously developed and
characterized in (Aspiroz, 2021; Gimenez, 2021)]. The Monserrat laboratory has
previously established and characterized the phenotypes of hPSC-derived
kidney organoids carrying mutations in PAX2 or LHX7 via CRISPR/Cas9
technology. The use of non-inducible Cas9 in hPSCs has given the possibility to
elucidate the role of a particular gene in both pluripotency and
differentiation(Aspiroz, 2021; Gimenez, 2021).

In both backgrounds, the hPSCs were able to correctly establish posterior
intermediate mesoderm (PIM) commitment. At the renal vesicle emergence
stage, NPCs of the PAX2 KO background were able to self-organize into renal
vesicles, which resulted in the correct formation of several glomerular like
structures. However, in the PAX2 KO background, a complete disruption of distal
tubulogenesis was observed (Aspiroz, 2021). In the background of LHX1 KO
NPCs, there was a complete disruption of RV formation at the RV stage, followed
by an abolition of nephrogenesis all together (Gimenez, 2021).

The data presented in this chapter come from 2D kidney differentiation
experiments in the 4 following cell lines: ES[4] (from now on termed ES[4] CTRL),
ES[4] F51 iC2 LHX1 KO clone E4 (from now on termed LHX1 KO), ES[4] F51 iC2
PAX2 CTRL clone C5 (from now on termed PAX2 CTRL) and ES[4] F51 iC2 PAX2
KO clone B5 (from now on termed PAX2 KO).
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Figure 20. 2D differentiation of ES[4] CTRL, LHX1 KO, PAX2 CTRL and PAX2 KO lines on 300 um circle
micropatterned 3kPa PDMS. A) Representative immunofluorescence staining images of D8, D10 and D16
samples. PAX2 in yellow, B-CATENIN in magenta. Scale bar 100 pm. Average fluorescence intensity
measurements of B) PAX2 and C) B-CATENIN, normalized by z slice and background intensity values.
Images and data represent N=3 biological experiments with 20-25 micropatterns per experiment, across all
celllines, except PAX2 CTRL (D8 and D10 data only from N=1 biological experiment). Statistical significance
was determined by a two-way ANOVA test: **** P < (0.0001, *** P <0.001, ** P<0.01, * P<0.05, ns > 0.05.
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ES[4] CTRL, LHX1 KO, PAX2 CTRL and PAX2 KO hPSCs were subjected to 2D
kidney differentiation following the different procedures established and
described in Chapter 1, with a particular focus on the use of soft (3kPa) PDMS
substrates micropatterned with 300 um diameter circles (Figure 20). To assess
mechanical properties of mesenchymal renal progenitor cells in the
establishment of RV (D8-D10) and the subsequent generation of nephron-like
structures (D14-D16), traction forces were measured on D8, 10 and 16 of
differentiation. Immunofluorescence microscopy was further used to correlate
potential changes in traction force generation with the expression and
localization of PAX2 and B-CATENIN at the indicated time points.

As described in the introduction, PAX2 is a key kidney developmental gene,
expressed throughout differentiation, playing a critical role in mesenchymal to
epithelial transition of NPCs, their further evolution into nephron like structures,
and the outgrowth of the ureteric bud (Brophy et al., 2001; Dressler et al., 1990;
Torres et al., 1995). Early kidney development involves the formation and caudal
extension of the nephric duct (Wolffian duct), followed by the subsequent
branching of the ureteric bud. Studies in Pax2 null mice reveal a disruption in the
epithelialintegrity of the nephric duct, potentially hindering the proper formation
of the ureteric bud. This compromised ureteric budding is hypothesized to be a
contributing factor to the kidneys agenesis observed in Pax2 null mice (Brophy
etal., 2001).

Interestingly, in the context of hPSC-derived kidney organoids, PAX2 has been
shown to be dispensable during nephron differentiation (Kaku et al., 2017).
Given these interesting previous in vivo and in vitro findings regarding PAX2
deficiencies, and the incidences of PAX2 associated CAKUT cases in humans,
we made use of PAX2 as a readout marker for our study.

At the same time, studies have demonstrated that MET of NPCs and induction of
renal vesicles is dependent on Wnt/B-catenin signalling. Genetic removal of 8-
catenin activity from the mesenchymal progenitors in mice resulted in a
blockade of RV emergence, while a genetic stabilization in the same progenitors
resulted in an ectopic expression of Fgf8, Pax8, Wnt4 (early inductive markers),
functionally replacing the need for Wnt9b and Whnt4 signalling form the ureteric
bud in vivo (Lindstrom et al., 2015; Park et al., 2007; Schmidt-Ott & Barasch,
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2008). At the same time, stabilization of B-catenin has been associated with an
expanded NPC population and arrested MET, resulting in the formation of Wilms
Tumour (WT) (Drake et al., 2020). Overall, canonical Wnt signalling (mediated by
B-catenin) is both necessary and sufficient for initiating and maintaining
inductive pathways during nephron differentiation. For these reasons, we also
made use of B-CATENIN as a readout marker for our study.

In wildtype hPSC-derived 2D kidney differentiation on micropatterned PDMS,
PAX2 is present throughout the entire nephrogenesis process, and B-CATENIN is
highly expressed in the apical sides of RVs and forming nephron like structures
(Figure 20A). In the two control cell lines PAX2 expression could be observed
starting from D8 of differentiation and at D10 lumen containing RVs were seen,
as demarked by PAX2 and rosette-like structures demarked by B-CATENIN
(Figure 20A). By D16, elongated tubular-like structures could be observed. In
LHX1 KO circles at D8 and 10 of differentiation, clusters of PAX2 positive cells
were observed along the edges of the patterns and reduced their expression by
D16 (Figure 20A). In PAX2 KO patterns, PAX2 expression was not observed, with
the exception of 1 experiment (data not shown), where it was observed at low
levels. In this regard, in vivo studies in mice and frog have demonstrated the
redundancy of proteins in the Pax (pax) family during kidney development
(Bouchard et al., 2002; Buisson et al., 2015). Indeed, in hPSC-derived kidney
organoids, PAX8 expression was identified in a subset of PAX2 positive cells
during the renal vesicle stage of differentiation (Kaku et al., 2017).
Immunofluorescence staining demonstrated the presence of PAX8 positive cells
within RVs in PAX2 mutant kidney organoids and supported speculations of the
compensatory mechanisms by which MET transition could still occur in the KO
conditions. Although not stained for in these experiments (Figure 20A), we
speculate thatin our system PAX8 protein cross reactivity with the antibody used
for PAX2 could explain the expressions observed in PAX2 KO hPSC-derived
differentiation (Figure 20B). B-CATENIN expression remained unchanged in all
cell lines and grew equally over time (Figure 20B).

Traction measurements were taken at D8, D10 and D16 in the four cell lines
(except for PAX2 CTRL D16). From traction maps, average strain energies were
calculated and compared among samples, indicating the total energy
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transferred by the cells on their underlying substrate (Figure 21). For comparative
analysis, a total of N=3 biological experiments (with n=15-25 technical
replicates per experiment) were used. At D8 strain energies were similar among
all samples, and the differences between control and KO cell lines were non-
significant (Figure 21A (top panel) and B). In the ES[4] CTRL background strain
energies were significantly increasing over time (by D10 and D16). Interestingly,
at D10 of differentiation, strain energies measured in the LHX1 KO background
were significantly lower compared to ES[4] CTRL D10, seemingly maintaining the
same levels as D8 samples (Figure 21B), overall highlighting that LHX1
expressing cells do have a role in RV emergence. Samples of the PAX2 KO
background, on the other hand, at D10 of differentiation demonstrated similar
levels of strain energy, being non-significantly different from PAX2 CTRL, overall
highlighting that indeed, PAX2 seems to be dispensable during RV formation
(Kaku et al., 2017). At D16 however, both LHX1 KO and PAX2 KO background
samples displayed equal levels of strain energies, significantly lower than in
ES[4] CTRL samples, overall suggesting that RV emergence and subsequent
differentiation into nephron like structures is indeed a mechanically active
process, in which LHX7 and PAX2 play a vital role.
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Figure 21. Measurement of traction forces in ES[4] CTRL, LHX1 KO, PAX2 CTRL and PAX2 KO lines on
300 um circle micropatterned 3kPa PDMS. A) Representative images of traction mapsinz across D8, D10
and D16 of differentiation. Yellow vectors represent components tangential to the substrate, and the colour
map represents vectors normal relative to the substrate. PAX2 in green can be seen underneath the maps.
B) Average strain energy measurements taken across 4 cells lines and 3 time points, from 3 biological
experiments with 20-25 technical replicates per experiment (except for LHX1 KO and PAX2 KO D16 — N=2
experiments, and PAX2 CTRL D8 & D10 -N=1 experiment). Statistical significance was determined by a two-
way ANOVA test: **** P < 0.0001, *** P<0.001, ** P <0.01, * P <0.05, ns > 0.05.

At closer observation of traction measurements at D10 of differentiation, we
noticed that there were rotational patterns present in the system, reminiscent of
vortices commonly observed in turbulent fluids. Indeed, such mesoscale cell
turbulences had been previously observed in other cell monolayer systems (S.
Z.Linetal., 2021).

To characterize vorticity, we computed the curl of traction fields as:

- - JT aT.
curl T'=V xT = -

v

dr Oy

Taking inspiration from research in active matter and nematics (Guillamat et al.,
2017), we made use of a mathematical criterion based on velocities and applied
it to the traction vector fields. Briefly, by using the Okubo-Weiss parameter,

OW = 0,T," + 0, T, * 05Ty,

on top of the rotations maps (Figure 22A).

we could identify the areas of vortices and plot them

Similar to the measurements of strain energies, mean traction curls displayed
no differences among samples at D8 of differentiation (Figure 22B). At D10,
however, significant differences were observed between the control and knock-
out samples: LHX1 KO and PAX2 KO derived samples displayed weaker curls
than their corresponding ES[4] CTRL and PAX2 CTRL samples. In the control
background, mean curls grew from D8 until D10, after which there were no
significant changes observed.

These results have suggested that RV emergence from hPSC-derived NPCs is a
mechanically active process. Moreover, in the background of CAKUT-related
mutations, mechanical forces arising in the system seem to be diminished, in
direct relation to extent and capability of renal differentiation.
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In 3D kidney organoids derived from the PAX2 KO background, RVs have been
shown to be present at D12 of differentiation (RV emergence stage in 3D) and by
D20 3D kidney organoids presented with few glomerular like structures and an
absence of LTL positive proximal tubule segments (Aspiroz, 2021). Traction force
measurements show that in terms of strain energies, PAX2 KO samples behave
similar to control differentiation at time points of RV emergence (D10 in this
system) and are reduced towards later stages of differentiation (Figure 21B).

In 3D kidney organoids of the LHX1 KO background, a complete abolition of
nephrogenesis has been previously described (Gimenez, 2021). Indeed, the
most drastic differences in total strain energy measurements in 2D, were also
observed between ES[4] CTRL and LHX1 KO backgrounds. This further supports
the idea that in the absence of nephrogenesis due to genetic aberrations, NPCs
cannot exert any forces, meaning that RV emergence and nephrogenesis are
mechanically active processes.

Moving forward, further experiments were conducted using only ES[4] CTRL and
LHX1 KO backgrounds.
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Figure 22. Measurement of rotational movements in ES[4] CTRL, LHX1 KO, PAX2 CTRL and PAX2 KO
lines on 300 um circle micropatterned 3kPa PDMS. A) Representative images of rotation maps across D8,
D10 and D16 of differentiation. Yellow vectors represent components tangential to the substrate, red
represents clockwise rotational movements, blue represents counterclockwise rotational movements.
PAX2in green can be seen underneath the maps. Pink highlighted regions represent vortices identified using
the Okubo-Weiss parameter. B) Mean traction curl measurements taken across 4 cells lines and 3 time
points, from 3 biological experiments with 20-25 technical replicates per experiment (except for LHX1 KO
and PAX2 KO D16 - N=2 experiments, and PAX2 CTRL D8 & D10 — N=1 and N=2 experiments, respectively).
Statistical significance was determined by a two-way ANOVA test: **** P < 0.0001, *** P < 0.001, ** P <
0.01, *P<0.05, ns>0.05
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Exploring 2D kidney differentiation in ES[4] CTRL and LHX1 KO
backgrounds on micropatterned 3kPa PDMS

Micropatterning by geometry allows a physical confinement of hPSCs cultured
on substrates that support their differentiation and maintenance (Warmflash et
al., 2014). Here, we further exploited this approach to externally modulate
spatial polarization of cell-cell and cell-matrix adhesions, which has been
previously shown to determine meso-endoderm differentiation patterns in
hPSCs (Deglincerti et al., 2016). Indeed, this approach has also allowed for the
mechanistic investigation of multiple hPSC-based developmental models
(Karzbrun et al., 2021; Kaylan et al., 2018; Martyn et al., 2018; Xue et al., 2018).

By establishing a simple and robust method through the generation of 25-30 2D
kidney differentiation micropatterns per sample, we aimed to establish an
experimental model to investigate mesoderm renal progenitor organization and
patterning during early steps of RV emergence and subsequent differentiation
into nephron-like structures. To this aim, we explored immunofluorescence
expression of key markers in RV emergence and differentiation, in the
backgrounds of ES[4] CTRL and LHX1 KO hPSC lines between D8 and D16 of
differentiation.

Overall, the 2D kidney differentiation set up on micropatterns of 3kPa PDMS
supported kidney differentiation of the NPCs until D16 of differentiation, which
will be discussed in detail further.

In the ES[4] background, from D8 until D10 of differentiation we observed the
mesenchymal to epithelial transition of NPCs towards RVs (demarked by the
expression of PAX2, WT1 and E-CADHERIN in Figure 23A). At D10 of
differentiation, we saw lumenized vesicle like structures, that by D14 of
differentiation committed towards nephron like structures, as demarked by the
expression of WT17 in the proximal tubule like segments and podocyte-like cells,
and PAX2 and E-CADHERIN distal expression in emerging distal tubule like
structures (Figure 23A). In general, from D8 until D16 of differentiation, we
observed anincrease in cell culture size (data not shown).
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Figure 23. ES[4] CTRL 2D kidney differentiation on 300 pm circles micropatterned on 3kPa PDMS. A)
Representative immunofluorescence images of at D8, D10 and D14 of differentiation. PAX2 in blue, WT7 in
green and E-CADHERIN inred. Scale bar 100 um. B) Average fluorescence intensity measurements of PAX2,
WT1 and E-CADHERIN, normalized by z slice and background intensity values. C) Representative
immunofluorescence images of at D10 and D16 of differentiation. JAG7 in blue, WT7 in green and WGA in
magenta. Scale bar 100 pm. D) Average fluorescence intensity measurements of JAGT and WGA,
normalized by z slice and background intensity values. Images and data represent N=1 biological
experiment with 15 micropatterns per experiment (B) and 10 micropatterns per experiment (D). Statistical
significance was determined by an ordinary one-way ANOVA test: **** P <(0.0001, *** P <0.001, **P<0.01,
* P <0.05, ns >0.05.
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When measuring the fluorescence intensity, we observed an increase in WT7
expression over time: from RVs to proximal tubules and podocytes (Figure 23B).
Similarly, we observed an increase of PAX2 between D8 and D10 of
differentiation: from RVs to becoming more distal. E-CADHERIN expression
indicated mesenchymal to epithelial transition by D8 of differentiation. Studies
have shown that E-Cadherin expression in mice, demarking the formation of
mature epithelia, only occurs after the fusion of the RV to the ureteric tip, which
occurs at late RV stages, after polarization. Then, as differentiation progresses,
it obtains a more distal fate, being expressed solely in the distal segments of the
nephron (Georgas et al., 2009). The increased expression of E-CADHERIN
observed in the ES[4] CTRL background could indicate a transition towards
mature epithelia over the course of differentiation (Figure 23B). Analysis of a
medial marker of differentiation, such as JAG7, showed a switch between
polarized RVs to segmented nephron like structures between D10 and D16 of
differentiation (Figure 23C and D). Wheat germ agglutin (WGA), used as a tubule
marker [as described previously in (Rizki-Safitri et al., 2022)], showed increased
expressions towards late stages of differentiation, indicating an increase in
tubule like structures (Figure 23C and D).

In the LHX1 KO background on the other hand, we observed an absence of RV
formation at D10 and an absence of the formation of segmented nephron like
structures, as demarked by WT7, JAGT and WGA (Figure 24A). We did not observe
noticeable growth in the size of the cultures over differentiation time (data not
shown). The average immunofluorescence intensity of the described markers
was maintained constant throughout the entire differentiation (and lower in
comparison to expressions seen in ES[4] CTRL background (see figure 23), with
the exception of an increase observed in WT7 and WGA expression by D16
(Figure 24B). Overall, this points to the cessation of RV emergence and
differentiation in the LHX1 KO background, supporting the phenotypes
previously observed in 3D kidney differentiation as well (Gimenez, 2021).
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Figure 24. LHX1 KO 2D kidney differentiation on 300 pm circles micropatterned on 3kPa PDMS. A)
Representative immunofluorescence images of at D8, D10 and D16 of differentiation. JAG7 in blue, WT7 in
green, LHX1 in red and WGA in magenta. Scale bar 100 pm. D) Average fluorescence intensity
measurements of WT7, JAGT and WGA, normalized by z slice and background intensity values. Images and
data represent N=1 biological experiment with 15 micropatterns per experiment. Statistical significance
was determined by an ordinary one-way ANOVA test: **** P < 0.0001, *** P<0.001, ** P<0.01, * P<0.05,
ns>0.05.
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Exploring the effect of geometry on 2D kidney differentiation in
ES[4] CTRL and LHX1 KO backgrounds

When cells are exposed to micropatterned ECM islands, they organize their focal
adhesions (FAs) and actin filaments to spread until the edges of the islands.
Studies have demonstrated, how depending on the size and curvature of the
geometry, the cytoskeletal organization of the cells can vary (Parker et al., 2002;
Thé et al., 2006; Versaevel et al., 2012). This in turn has been shown to regulate
stem cell fate decisions (Connelly et al., 2010).

Others have demonstrated the generation of tensile stresses at the edges of
geometries such as triangles, that in turn initiated BMP-mediated mesodermal
specification of ESCs cultured on 2D ECM islands (Muncie et al., 2020).

In this regard, we explored the effect of different geometrical constraints on 2D
kidney differentiation, for which we designed micropatterns of squares and
isosceles triangles of equal surface area to the original 300 um diameter circles.

We explored the expression of markers of RV emergence and differentiation, and
monitored the organization and location of expression of these markers among
the different patterns in ES[4] CTRL and LHX1 KO backgrounds.

2D kidney differentiation on square geometries

When NPCs of the ES[4] CTRL background were cultured on square
micropatterned 3kPa PDMS substrates, we observed changes in expression and
localization of markers such as LHX1, JAG1, WT1 and WGA over time (Figure
25A). At D8 of differentiation we observed single cells expressing LHX7, at D11 -
clustered expression of LHX7 and JAG7 and at D16 we observed the appearance
of podocyte-like structures expressing WT1 and tubular structures labelled with
WGA (Figure 25A). By D16 of differentiation the cell cultures grew taller and
outwards of the confined square geometry.

In the LHX1 KO background, while NPC organization into RVs could not be
observed, we observed cell clusters expressing WT7 at D8 (firstin the centre) and
D11 (around the edges of the pattern) of differentiation. At D16 we observed that
the cultures remained small and bound to the square geometry (Figure 25B).
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Upon quantification of the total immunofluorescence expression profiles,
interestingly, we saw differences between the two cell lines only at certain time
points (Figure 25C). LHX1 expression was different between the two cell lines at
D 10, 11 and 16 of differentiation, while WT7 seemed to display no difference at
the RV stages and higher expressions in the control background at D16, when
nephron-like structures were present (Figure 25C). In the mouse, WT1
expression has been identified in the proximal RVs and its absence has been
associated with an overgrowth of NPCs and arrested tubular and glomerular
differentiation (Drake et al., 2020; Georgas et al., 2009). At later stages of
development, WT7 has been associated with activating podocyte-specific genes
and promoting epithelial tubule maturation (Berry et al., 2015; Kann et al., 2015).
Indeed, in human iPSC-derived kidney organoids, time-controlled deletion of
WT1 has resulted in identification of its role in 1) exit from NPC state and
mesenchymal to epithelial transition, and 2) podocyte and tubular
differentiation (Waehle et al.,, 2021). Indeed, in ES[4] CTRL 2D kidney
differentiation, WTT positive podocyte like cells could be observed at D16 of
differentiation, validated by the increase observed in average
immunofluorescence intensity (Figure 25C). While there seems to be no
apparent difference in WTT average immunofluorescence intensities between
the wildtype and KO samples until D16, the main differences lie in the
localization of the markers. Between D8 and D11, a co-localization of RV specific
markers, such as JAG7 and LHX1 together with WT7 could be observed in the
ES[4] CTRL background, indicating exit from NPC state and MET towards RV like
structures (Figure 25A). In the LHX1 KO background on the other hand, such co-
localization could not be observed, indicating a failure of NPCs to undergo MET
(Figure 25B).

JAG1 expression was observed to be higher at D10 and D11 in the ES[4] CTRL
squares, again, pointing to absence of RV emergence and consequent failure to
undergo nephron segmentation in the LHX1 KO background. Interestingly, WGA
expression was not different among the two cell lines, except for D11, raising the
question of what structures (other than distal tubular segments of the nephron,
which seem to be absent in the LHX1 KO background) WGA is demarking.
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Figure 25. ES[4] CTRL and LHX1 KO 2D kidney differentiation on squares micropatterned on 3kPa
PDMS. Representative immunofluorescence images of at D8, D10 and D16 of differentiation of A) ES4 CTRL
and B) LHX2 KO backgrounds. JAG17 in blue, WT1 in green and LHX17 in red, WGA in magenta. Scale bar 100
pm. C) Average fluorescence intensity measurements of JAG7, WT1 and LHX1 and WGA, normalized by z
slice and background intensity values. Images and data represent N=1 biological experiment with 15
micropatterns per experiment. Statistical significance was determined by an ordinary one-way ANOVA test:
***% P <0.0001, *** P<0.001, ** P<0.01, * P < 0.05, ns > 0.05.

2D kidney differentiation on triangle geometries

When ES[4] CTRL and LHX1 KO background NPCs were seeded onto triangular
micropatterns, changes in expression and localization of JAG7, LHX1 and WT1
(like those observed in squares) were found over time (Figure 26A & B). Individual
cells expressing LHX7 were found in D8 ES[4] CTRL samples, and at D11 clusters
expressing LHX1, JAGT and WT1 were also identified. Similar to the observations
made in square geometries, the co-localization of the three RV associated
markers indicate correct NPC exit and MET occurring in the ES[4] CTRL
background on triangle geometries. By D16 the 2D cultures grew in height and
appeared to have a rounded morphology (Figure 26A).

On the contrary, the samples of LHX1 KO background did not appear to change
in size over time. WT7 and WGA expressions were sustained over time and had a
tendencyto localize alongthe edges (WTT7) and in the centre (WGA) of the pattern
(Figure 26B).

While no differences in the total immunofluorescence intensities of LHX7, WT1
and WGA between the two cell lines was observed, the organization of cells
expressing these markers was different among the two conditions (Figure 26C).
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Figure 26. ES[4] CTRL and LHX1 KO 2D kidney differentiation on triangles micropatterned on 3kPa
PDMS. Representative immunofluorescence images of at D8, D10 and D16 of differentiation of A) ES4 CTRL
and B) LHX2 KO backgrounds. JAG17 in blue, WT1 in green and LHX17 in red, WGA in magenta. Scale bar 100
pm. C) Average fluorescence intensity measurements of JAG7, WT1 and LHX1 and WGA, normalized by z
slice and background intensity values. Images and data represent N=1 biological experiment with 15
micropatterns per experiment. Statistical significance was determined by an ordinary one-way ANOVA test:
***% P <0.0001, *** P<0.001, ** P<0.01, * P < 0.05, ns > 0.05.

Effect of geometry on overall expression of RV emergence and differentiation
markers

We then explored whether there were differences in expression intensity
between cell cultures on different geometries.

In the ES[4] CTRL background, at D10 of differentiation (the timepoint of
expected RV emergence), we saw a general trend of decreasing expression of
LHX1, WT1 and JAG1 as the curvature of the geometry increase (i.e. circle >
square > triangle) (Figure 27A and B) (see supplementary material for statistical
analysis between geometries). This may indicate that higher curvature leads to
reduced RV emergence. At D14/16 of differentiation, we observe a similar trend
in the expression intensities of WT7 (podocyte-like cells), WGA (tubule like
structures), PAX2 (distal tubule like structures), E-CADHERIN (distal tubule like
structures) between circle and square geometries (Figure 27A and B). This may
indicate that higher curvature leads to reduced nephron like structure
differentiation. Unfortunately, D16 samples of ES[4] CTRL differentiation on
triangles were missing, however expression intensities of PAX2, WT1 and E-
CADHERIN intriangles at D14 were significantly higher than in squares, and non-
different from circular patterns (Figure 27B).

Inthe LHX1 KO background, no differences in expression of LHX1, WT1,JAG1 and
WGA were observed between different geometries. However, an overall trend
was observed between ES[4] CTRL and LHX1 KO samples, where the differences
between immunofluorescence intensities of markers in CTRL and KO samples
decreased with increasing geometry curvature, pointing to the possibility that
ECM island geometry can regulate 2D kidney differentiation.
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Figure 27. Comparison of average fluorescence intensities across different geometries in ES[4] CTRL
and LHX1 KO differentiations. A) Average fluorescence intensity measurements of JAG7, WT1 and LHX1
and WGA at D10 and D16 of differentiation in ES[4] CTRL (in green) and LHX1 KO (in purple) samples in
circle, square and triangle geometries. B) Average fluorescence intensity measurements of PAX2, WT1 and
E-CADHERIN at D8, D10 and D14 of differentiation in ES4 CTRL samples in circles (green), squares (light
green) and triangles (dark green). Normalized by z slice and background intensity values. Data represent
N=1 biological experiment with 15 micropatterns per experiment (A) and 10 micropatterns per experiment
(B). Statistical significance was determined by an ordinary one-way ANOVA test: **** P < 0.0001, *** P <
0.001, ** P<0.01, * P <0.05, ns > 0.05.
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Effect of geometry on the localization of expression markers of RV emergence
and nephron differentiation

Micropatterns have been shown to influence various cell behaviours, including
orientation, proliferation, migration and differentiation (Parker et al., 2002; Thé
et al., 2006; Versaevel et al., 2012). Here, we further aimed to assess whether
differentiating NPCs would adapt their morphology to match the shape of the
micropatterns, and if those changes would influence spreading and adhesion,
ultimately affecting renal differentiation (RV formation and subsequent nephron
like structure formation). Indeed, previous studies have shown that
micropatterns allow for dynamic changes in cell morphology and shape
dependent expression of differentiation markers (Muncie et al., 2020; Smith et
al., 2018). Our results indicate a possible geometry dependent localization of
cells undergoing differentiation towards the RV fate.

In LHX1 KO background kidney differentiation on squares (Figure25B) and on
triangles (Figure 26B), we observed a tendency of markers like WT17 to be
expressed in clusters along the edges of the pattern. To measure this, we divided
the geometries into inner and outer regions, and re-calculated the average
fluorescence intensities in the two regions (Figure 28 and 29).

Inthe ES[4] CTRL background in square geometries (Figure 28), we observed that
the expression of WT7 peaked in the inner region at D10 of differentiation
(togetherwith LHX7 and JAG1), which correlates with the appearance of RVs, and
then again peaked at D16, associated with proximal tubule and podocyte
development. This overall signifies that the square geometry sustains renal
differentiation. In the LHX1 KO background we could not observe any obvious
trend in expression of markers between inner and outer regions (Figure 28B).

Similar analysis was performed in the triangular geometries, however no clear
differences were observed between the ES[4] CTRL and LHX1 KO samples,
pointing to the fact that perhaps triangular geometries are not as efficient as
circles and squares in sustaining RV emergence (Figure 29).
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Figure 28. Inner and outer region fluorescence intensity measurements in square geometries. A)
Representative IF image of ES[4] CTRL and LHX1 KO D11 differentiation on square 3kPa PDMS
micropatterns, JAG17 in blue, WT1 in green, LHX1 in red, WGA in magenta. Scale bar 100 pm. Yellow square
represents outer region, white square represents inner region (calculated to be 20% smaller than the whole
region). B) Inner vs outer fluorescence intensity measurements of LHX7, JAG1, WT1 and JAG1 expression in
ES[4] CTRL (green) and LHX1 KO (purple) square samples. Darker lines indicate inner regions, lighter lines
indicate outer regions. Normalized by z slice, background intensity and area. Data represent N=1 biological
experiment with 10 micropatterns per experiment. Data points represented as mean +£SD
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Figure 29. Inner and outer region fluorescence intensity measurements in triangle geometries. A)
Representative IF image of ES[4] CTRL and LHX1 KO D11 differentiation on triangle 3kPa PDMS
micropatterns, JAG17 in blue, WT1 in green, LHX1 in red, WGA in magenta. Scale bar 100 pm. Yellow square
represents outer region, white square represents inner region (calculated to be 20% smaller than the whole
region). B) Inner vs outer fluorescence intensity measurements of LHX7, JAG1, WT1 and JAG1 expression in
ES[4] CTRL (green) and LHX1 KO (purple) square samples. Darker lines indicate inner regions, lighter lines
indicate outer regions. Normalized by z slice, background intensity and area. Data represent N=1 biological
experiment with 10 micropatterns per experiment. Data points represented as mean £SD.
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When comparing PAX2 expressions between circle, square and triangle samples
at D10 of differentiation, we observed a similar trend of PAX2 positive cells
localizing along the edges of the geometries in LHX1 KO samples, while in the
ES4 CTRL background they tended to be localized in the centre of the patterns
(Figure 30A). Indeed, quantification of inner vs outer fluorescence intensities
revealed increased inner intensities across all geometries in the ES[4] CTRL
samples compared to LHX1 KO. Interestingly, LHX1 KO NPCs seeded onto
square geometries seemed to have higher PAX2 expression in the outer region
compared to ES[4] CTRL NPCs on square micropatterns (Figure 30B). These
findings suggest that the PAX2 positive cell localization can be regulated by
geometry.
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Figure 30. Inner and outer region fluorescence intensity measurements across different geometries.
A) Representative IF image of ES[4] CTRL (upper panel) and LHX1 KO (lower panel) D10 differentiation on
circle, square and triangle 3kPa PDMS micropatterns, PAX2 in yellow and B-CATENIN in magenta. Scale bar
100 pm. Yellow lines represent outer region, white lines represent inner region (calculated to be 30%
smaller than the whole region). B) Inner vs outer fluorescence intensity measurements of PAX2 expression
in ES[4] CTRL (green) and LHX1 KO (purple) circle, square and triangle samples. Normalized by z slice,
background intensity and area. Data represent N=1 biological experiment with 5 micropatterns per
experiment. Data points represented as mean =SD. Statistical significance was determined by a one-way
ANOVA test: **** P <0.0001, *** P <0.001, ** P<0.01, * P<0.05, ns > 0.05.
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Measuring forces exerted by ES[4] CTRL and LHX1 KO NPCs on 3kPa PDMS of
circle, square and triangle geometries

Several studies have previously measured forces exerted by different cell types,
including ESCs, in colonies and on micropatterned ECM islands, and have
identified higher traction forces along the boundaries of clusters (l. Jain et al.,
2022; Nelson et al., 2005; Xue et al., 2018). Moreover, these regions of high
tractions been linked, by monolayer stress microscopy, to areas of high cell
adhesion tensions. Such tensions in turn have been shown experimentally to
regulate signalling pathways such as Wnt/B-catenin and Notch, ultimately
influencing ESC differentiation (l. Jain et al., 2022; Muncie et al., 2020).

Considering the important role that these pathways play in kidney development,
it is possible that cellular tensions generated by exposure of NPSCs to
geometries of varying curvatures could result in regions where signalling
molecules/morphogens could accumulate and therefore influence cell
organization and ultimately differentiation.

To further investigate these possibilities, we measured traction forces exerted by
NPCs of ES[4] CTRL and LHX1 KO backgrounds seeded onto 3kPa PDMS
substrates micropatterned with circle, square and triangle geometries.

Indeed, and as expected, in both cell lines, in all three geometries, we observe a
higher traction force in the boundaries of the micropatterns, as has been
previously described for other 2D micropatterned system (Figure 31A) (l. Jain et
al., 2022; Nelson et al., 2005; Xue et al., 2018).

We focused the measurements on D10 of differentiations, the time point at
which RVs are expected to be present in control differentiations.

We observed higher strain energies and traction curls being exerted in the ES[4]
CTRL background compared to LHX1 KO across all three geometries (Figure
31B). Interestingly, we observed a trend of increasing strain energies in relation
toincreasing geometry curvature (i.e. circle > square > triangle) in both cell lines.
Similarly, stronger traction curls were observed in the square and triangular
geometries, compared to the circles in the ES[4] CTRL background and observed
no (or minimal) differences in LHX1 KO (Figure 31B).
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Figure 31. Measurement of traction forces in ES[4] CTRL and LHX1 KO lines on circle, square and
triangle micropatterned 3kPa PDMS. A) Representative images of traction maps in z at D10 of
differentiation. Yellow vectors represent components tangential to the substrate, and the colour map
represents vectors normal relative to the substrate. PAX2 in green can be seen underneath the maps. B)
Average strain energy (left) and mean traction curl (right) measurements taken across 3 biological
experiments (in circles) and 1 biological experiment (in squares and triangles) with 20-25 technical
replicates per experiment. Statistical significance was determined by a one-way ANOVA test: **** P <
0.0001, *** P <0.001, ** P<0.01,*P<0.05, ns > 0.05.
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While most previous studies have associated differentiation with increased
tension stresses, we in general have observed the opposite. While NPCs seeded
onto triangular geometries seem to exert the highest overall traction forces, they
also seem to be the geometry that results in a lesser degree of differentiation
(using IF as a readout) in comparison to circular and square patterns. To further
correlate extent of differentiation, effect of geometry and cellular forces, RNA

analysis could provide a deeper insight into the different gene regulatory
mechanisms involved.
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Discussion
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Generating a 2D system for interrogating mechanics in 2D kidney
differentiation

Like in many biological systems, the development of the kidney relies on an
intricate interplay of fate commitment of different stem cell populations and
their shape and organization within the forming tissue. This is largely influenced
by both the genetic pre-disposition of the cells to be guided to a particular fate,
and by microenvironmental cues (including biophysical and biochemical
signals), to guide cell migration and re-organization (Vining and Mooney, 2017).
Indeed, like many other organs, the kidney is composed of a complex
architectural network of ECM components such as collagens (the main
structural scaffold), proteoglycans (responsible for the gel like structure and
hydration) and glycoproteins (laminin and fibronectin, that are crucial for cell
adhesion, migration, and signalling), that collectively form the basal membranes
and interstitial spaces. In fact, these components are more than just a scaffold,
they are crucial for providing mechanical support and for mediating a variety of
signalling pathways, such as TGFB/Smad signalling, Janus Kinase (JAK)/STAT
signalling, Wnt/B-catenin signalling, ERK1/2 signalling, RhoA/ROCK signalling
(Roskelley, Srebrow and Bissell, 1995; Bulow and Boor, 2019; Di et al., 2023;
Novoseletskaya, Evdokimov and Efimenko, 2023).

Nephron patterning is a very dynamic process, where cells could be re-arranging
as they commit to a particular fate. In the process of tubule formation, for
example, cell-cell, and cell-ECM adhesions play an important role, as the cells
are sensing their surroundings and using the input they receive to initiate lumen
formation, polarization, and elongation of tubules. Recent studies have
suggested that the stiffness of the surrounding ECM has an influence on renal
tubule cell differentiation and tubule formation, opening the possibilities of
using material stiffness to guide cell organization (Garreta et al., 2019; Love et
al., 2019; Hamon et al., 2023).

Indeed, control of material stiffness, in the past, has been shown to improve in
vitro 3D kidney organoid culture, where softer matrices enhanced maturation
andreducedfibrosis (Garreta et al., 2019; Geuens etal., 2021; Ruiteretal., 2022;
Nerger et al., 2024). Indeed, studies using hESCs cultured on soft PAA matrices
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have demonstrated that the stiffness of the surrounding matrix can modulate
Wnt/ B-catenin mediated mesodermal specification (Muncie et al., 2020;
Przybyla et al., 2016). In fact, B-catenin has been previously shown to be
mechanosensitive, where for the example, in the bone, it has been associated
with activation via mechanical loading (Farge, 2003; Hens et al., 2005; Ou &
Weaver, 2015). While the role of Wnt/B-catenin signalling in kidney
morphogenesis has been described (Carroll et al., 2005; Park et al., 2007), it is
notyet clear by which mechanisms softer matrices promote renal differentiation
(as observed in hPSC-derived NPCs), which mechanosensitive proteins are at
play, and how they correlate with the genetic program of kidney development.

Other studies in mice embryonic kidneys have discussed how the specific
geometry of the branching ureteric tree guides the development of the organ by
creating an up-concentration of morphogen gradients in certain regions (like
under the branch tip), which in turn regulates the positioning of the future
nephrons in the kidney (Mederacke et al., 2023). Similarly, the branching of the
ureteric bud has been shown to be regulated by specific geometric packing
phases, that control the interplay between the number of branches formed and
the physical constraint of organ size during development (Viola et al., 2022; Prahl
et al., 2023).

While such studies have provided very valuable insights into ureteric branching
and morphogen gradient movements in kidney development (specifically in the
mouse background), several gaps remain in understanding the morphogenesis
of human metanephric mesenchyme (MM) - derived progenitor differentiation
towards the mature nephron. Specifically, how renal vesicles (RV) form from the
MM progenitor population, how they generate a lumen that undergoes
elongation and polarization, and further patterning, from a mechanobiological
perspective, is largely unexplored.

One of the main reasons for this is the lack of a system that would allow for direct
interrogation of the human tissue at both biochemical and physical level, over
long periods of time that covers the extent of nephron formation. While 3D
kidney organoids have been a valuable alternative to human foetal tissue
samples, their three dimensionality poses as an extra difficulty in addressing
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questions regarding how the interplay of biochemical and genetic conditions
together with cell mechanics impacts on morphogenesis.

Indeed, in this regard, certain research models for translating 3D organoid
culture set ups into 2D systems (i.e. 2.5D culture) have been emerging (Tohyama
et al., 2017; Abugomaa et al., 2020; Pérez-Gonzalez et al., 2021).

In this thesis we aimed to map RV emergence and nephron differentiation in
human kidney development. Towards this goal, we first developed a series of
differentiation procedures (kidney organoids in 3D and 2D) based on the use
genetically engineered hPSC lines in combination with micropatterning
techniques, confocal and traction force microscopy analysis. This multifaceted
approach allowed us to start mechanistically coupling how RV emergence and
nephron differentiation is driven by changes in the expression of specific renal
markers and cell force generation.

We started by evaluating RV emergence and differentiation into nephron like
structures by making use of an established 3D kidney differentiation
methodology (Garreta et al., 2019; Garreta, Moya-Rull, et al., 2022; Garreta,
Prado, et al., 2022). By culturing kidney organoids (in free floating and Trans-well
inserts) from distinct backgrounds (ES[4] hPSCs - male and CB40 hiPSCs -
female) we could observe via immunofluorescence characterization, the key
time points of RV emergence (as demarked by expression of PAX2, JAG1, LHX1
and WTT) and their further evolution into segmented nephron like structures
containing distal (E-CADHERIN), medial (JAG1), proximal (LTL) tubules and
podocyte like cells (WT17). The kidney organoids developed following the Garreta
et al. protocol, have previously been shown to resemble embryonic kidneys of
the 2" trimester of human development. Moreover, the effect of the mechanical
micro-environment (in the form of substrate rigidity) on kidney organoids
differentiation was first explored in the same study. Here, the authors
demonstrated how exposure of hPSCs to a soft (1kPa) PAA gel for a period of 4
days prior to organoid assembly by micro-centrifugation, resulted in kidney
organoids developing RVs at an earlier timepoint and in higher numbers,
compared to exposure to stiff PAA (60kPa). In addition, the kidney organoids
developed from soft PAA gel exposure had developed more glomerular-like and
tubule-like structures by D20 of differentiation, as well as presented with higher
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MRNA expression of late-stage nephron markers such as NPHS1, SCNN1B
(Garreta et al., 2019). Building up on these preliminary findings, we worked on
identifying a culture set up that would allow long term 2D kidney differentiation
from the hPSC-derived NPCs stage and be compatible with traction force
measurements and confocal immunofluorescence analysis, as a quantitative
measure of cellular forces exerted and NPC differentiation extent.

Polyacrylamide gels have previously been established as a valuable substrate
for studying cell-cell and cell-ECM interactions in many systems studying
morphogenesis (Muncie et al., 2020; Pérez-Gonzalez et al., 2021; Jain et al.,
2022). While this opened many opportunities for interrogating the mechanics of
the ESC differentiation, liver, and intestinal epithelium (among other systems),
in the context of this thesis, PAA gels could not support long term culture
adhesion of hPSC-derived NPCs. Soft elastic PDMS, on the other hand, was able
to support prolonged kidney differentiation culture in the context of this thesis,
and has been shown to be compatible with traction force measurements [as
described previously in epithelial monolayers (Bergert et al., 2016)]. Indeed,
PDMS has been previously shown to support differentiation of cells into the
myogenic, cardiac, and neural lineages as well (Kim et al., 2008; Swierczek-
Lasek et al., 2019; Etezadi et al., 2022).

Importantly, PDMS, due to its mode of polymerization, is highly compatible with
high-resolution photopatterning via PRIMO, unlike PAA (Strale et al., 2016). This
was a significant advantage of the system we had been working with since it
added the possibility of simultaneously imposing two physical constraints
during kidney differentiation: rigidity and geometry. More importantly, the use of
a maskless photopatterning technique allowed for robust reproduction of
micropatterns and efficient passivation of undesired areas of the culture plate,
that are common technical limitations that are present when using other
patterning techniques such as microcontact printing (D’Arcangelo and
McGuigan, 2015).

Micropatterning techniques have been traditionally used to manipulate cell
adhesion patterns for studying cytoplasmic reorganization and cellular function
via the shape, spread, cell polarity and migration of cells on substrates (Roca-
Cusachs et al., 2008; Pitaval et al., 2010). In the context of stem cell
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differentiation, several important works have demonstrated how environmental
cues (such as physical constraints of geometries and rigidity) can influence cell
fate decisions (McBeath et al., 2004; Connelly et al., 2010; Warmflash et al.,
2014; Muncie et al., 2020; Britton et al., 2021; Karzbrun et al., 2021; Jain et al.,
2022).

Particularly remarkable work in terms of tissue morphogenesis on 2D
micropatterns has been the differentiation of the human neural tube by a
rectangular geometric constraint (Karzbrun et al., 2021). This work highlighted
the potential importance of neural ectoderm geometry in determining the
morphology along the anterior-posterior axis of the developing neural tube.

Regarding kidney morphogenesis, the effect of physical constraints on
differentiation, in the form of geometry, to our knowledge, has not yet been
explored. In this thesis, we aimed to externally guide NPC differentiation using
geometrical constraints to start mechanistically coupling how RV emergence
and nephron differentiation is driven by changes in the expression of specific
renal markers and cell force generation. In this regard, renal agenesis has been
registered in patients carrying mutations in ITGA8, coding for a8-integrin, which
is normally expressed on cells of the MM and mediate interactions with ECM
proteins expressed by epithelial cells of the ureteric bud (Humbert et al., 2014;
Marek et al., 2020). Considering that disturbances in cell-cell contact
interactions have been identified as drivers of disease, we aimed to impose
geometrical constraints on NPCs during differentiation, thereby modulating cell-
cell and cell-ECM contact to interrogate for external conditions that have been
hypothesized to account for CAKUT.

The high-resolution photopatterning via PRIMO on PDMS substrates has allowed
us to annotate micropatterns, to ultimately be able to correlate traction force
measurements during 2D kidney differentiation with cell identity markers via
post-fixation immunofluorescence staining. This gives the opportunity to
potentially explore any marker of interest, including markers for different stages
of nephron patterning, cell death, or proliferation.

In this manner, the experimental set up we had developed for studying 2D hPSC-
derived kidney development by imposing physical (geometric and rigidity)
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constraints could be beneficial for monitoring RV emergence and differentiation
into nephron-like structures and evaluating the effects of biochemical and
physical cues on kidney differentiation in an in vitro setting.

Using the 2D system for interrogating mechanics in 2D kidney
differentiation of ES[4] CTRL, PAX2 KO and LHX1 KO backgrounds

With the aim of monitoring RV emergence and nephron like differentiation in the
CAKUT background in vitro, we employed the experimental set-up to assess the
interplay between biochemical cues, genetics, and physical constraints of 2D
kidney differentiation in wildtype and knock-out lines for PAX2 and LHX1.

While CAKUT encompasses a wide variety of kidney and urinary tract
developmental anomalies, they have a complex aetiology, potentially spanning
disturbances in multiple important developmental genes. Only 10-15% of
CAKUT cases are explained by single gene pathogenic variances, whereas most
cases are a result of polygenic variances with environmental and epigenetic
influences (Nicolaou et al., 2015). Mutations in over twenty genes have been
identified as contributing factors in the development of CAKUT, potentially
explaining the spectrum of clinical presentations observed in this condition.
These mutations can manifest as either isolated kidney anomalies or can be
integrated within a broader syndrome encompassing additional clinical
features. Notably, several key regulatory genes, including PAX2, HNF1B, BMP?7,
RET, GATA3, SALL1, SIX5, and EYA1, have been implicated in CAKUT
pathogenesis due to their critical roles in normal kidney development (Ichikawa
et al., 2002; Nicolaou et al., 2015).

PAX2 in one of developmental genes with the most variances identified and
associated with various renal phenotypes in the spectrum of CAKUT (Sanyanusin
et al., 1995; Bower et al., 2012; Chang et al., 2022). Mutations in LHX17 on the
other hand, in humans have been associated mostly with congenital anomalies
of the reproductive tract, leading to Mayer-Rokitansky-Kuster-Hauser (MRKH)
syndrome (Ledig et al., 2012). However, studies in mouse and frog models have
demonstrated the important role of LHX7 (Lim1 and Xlim-71 in mouse and frog) in
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nephrogenesis, with KO mutations being associated with a complete absence of
nephrons (and lethality) (Chan, Takahashi and Asashima, 2000; Kobayashi et al.,
2005).

Moreover, genetic studies in mice have identified Pax2, Gata3 and Lim1 (LHX7 in
humans) as a core transcriptional network in kidney development that regulates
several key players in pro/mesonephros morphogenesis (Boualia et al., 2013).
These studies helped identify the genetically upstream localization of Pax2 in
relation to both Gata3 and Lim1, showing that Pax2 expression is independent of
Lhx1, however, Lhx1 expression in Wolffian ducts seems to require Pax2
(Bouchard et al., 2002; Kobayashi et al., 2005; Boualia et al., 2013).

In hPSC-derived PAX2 null kidney organoids, PAX2 has been shown to be
dispensable, resulting in successful NPC exit towards RV MET. Kaku et al., had
reported undisturbed further tubulogenesis and glomerulogenesis, with the only
remark in the columnar to squamous transition of glomerular parietal cells,
indicating the potential importance of PAX2 in the development of this cell type
(Kaku et al., 2017). Findings in the Montserrat laboratory, on the other hand,
demonstrated the formation of 3D kidney organoids with disrupted formation of
proximal tubular structures and disrupted glomerulogenesis (Aspiroz, 2021).
LHX1, onthe other hand, was demonstrated to be vital for NPC exit and MET, with
mutant kidney organoids resulting in abolished nephrogenesis all together
(Gimenez, 2021).

In this thesis, we utilized our experimental set-up to study the mechanical
responses of 2D kidney differentiation in normal (wildtype), disrupted (PAX2 KO)
and complete absence (LHX1KO) of nephrogenesis backgrounds.

Indeed, our traction forces measurements revealed an interesting trend of
decreasing traction forces, in relation to severity of genetic disruption of RV
emergence and nephron like structure differentiation. We observed that during
wildtype RV emergence and differentiation, the 2D cultures exert a certain
amount of forces that seem to be drastically reduced when RVs are not able to
form. Indeed, this points towards the fact that RV emergence and differentiation
are mechanically dynamic processes.
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It is important to note that in such 2D long term kidney differentiation, the
cultures grew into a multi-cell layer structure, becoming taller as differentiation
progresses. A limitation of the system was the difficulty to infer and dissect the
exact structures exerting forces, since TFM measurements in 2D are restricted
to the cells in contact with the surface of the gel. Given the fact that the TFM
measurements were taken at single static timepoints, inferring the mechanical
process by which RV form, lumenize and elongate over time, was not possible.

Despite these limitations, this methodology allowed us to monitor RV
emergence and differentiation in 2D by immunofluorescence microscopy, and
to gain an insight into the overall average traction forces of 2D kidney
differentiation in vitro, which to our knowledge has not yet been explored in the
field.

Further on, our traction force measurements revealed an interesting pattern of
rotations present in the 2D kidney differentiation system. Indeed, such
mesoscale such turbulences have been previously identified and described in
2D monolayers (Lin et al., 2021). We were curious to understand the magnitude
of the rotational forces observed in the 2D kidney differentiation and whether
they were correlated with the formation of renal vesicles.

To characterize the magnitude of rotations, we calculated average traction curls
in the different cell lines across three time points. We found that when RVs were
present in the system (D10) there was a tendency of increased average traction
curls (compared to when RVs were absent, i.e. at D8 of differentiation).
Interestingly, the PAX2 KO background displayed a lower magnitude of rotations
at D10, compared toits corresponding wildtype background (PAX2 CTRL). Atthis
stage of differentiation, the presence of RVsin the PAX2 KO background has been
previously demonstrated in 3D (Kaku et al., 2017; Aspiroz, 2021). While the
presence of RVs in the 2D kidney differentiation system are yet to be verified, this
raises the question of whether in fact something else may be contributing to the
formation of traction curls.

In order to identify the location of the curls, we employed the Okubo-Weiss
mathematical parameter in our system (Guillamat, Ignés-Mullol and Sagués,
2017). The parameter is defined by a mathematical formula (see in results

130



chapter 2), that gives a binary condition, when the area in which OW is negative,
there is a vortex, when it is positive, no vortex is present.

We wondered whether these vortices could be correlated with forming renal
vesicles, however some limitations of our current system did not allow us to
provide a concrete answer to this question yet.

First, the measurement of these curls was limited to the surface of the PDMS
substrate and to the cells that were in direct contact with it, whereas the
expression of PAX2 (as a marker for RVs) was often seen at higher levels of the
multi-cell layer structures. Inferring the effect of PAX2 positive cells through
several layers of intermediate cells onto the surface of the gel would not provide
accurate information. Here, further IF analysis would be required, to identify
other cell populations in 2D kidney differentiation. Alternatively, another
approach would be the incorporation of reporter cell lines for monitoring cell
fate, either by targeting specific loci or via an unbiased manner, such as the
confetti system, allowing multi-color lineage tracing (Cre-reporter) through time
(Snippert et al., 2010; Weissman & Pan, 2014).

Furthermore, the exact moment of RV emergence in the 2D kidney differentiation
has not yet been registered since the measurement taken thus far had been of
single specific time points. Here, a long-term traction force measurements taken
over the course of days between D8 and D10 of differentiation could allow for a
better overview of RV emergence. In this regard, it would be possible to use the
ES[4]-WT1-GFP cell line, as WT7 also demarks RV emergence and further is
expressed in glomeruli-like structures. The expression pattern of WTT7 increases
from RV emergence until the formation of podocytes in the 3D kidney organoid
system, allowing for live monitoring of kidney differentiation.

In the 2D kidney differentiation system, this cell line could provide a clearer
overview of RV emergence and help identify where traction curls stem from.

While we could not yet correlate renal vesicle formation with the vortices
observed in our system, a future exploration could involve the cells that are in
direct contact with the PDMS surface, that could be responsible for the
generation of such curls. It is not excluded that some mechanical effects could
be stemming from stromal cells that surround the renal structures. Indeed,
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stromal cells in renal development were first defined as the supportive
construction surround the nephrons and ureteric bud, giving rise to the ECM and
growth factors necessary for kidney development (Cullen-McEwen, Caruana
and Bertram, 2005). In 3D kidney organoids, populations of MEIS-1 positive
stromal cells have been previously identified (Garreta, Prado, et al., 2022). In the
2D kidney differentiation system, the use of a MEIS-1 reporter hPSC line
(developed in the Montserrat laboratory) could further help in the investigation
of the origin of traction vorticities observed.

The 2D micropatterning set up has further allowed us to monitor the effect of
geometry as a physical constraint on 2D kidney differentiation. While the effect
of geometry as a physical constraint on kidney morphogenesis has not yet been
explored, other studies have started demonstrating the power of geometrical
confinement on driving embryonic organization and differentiation (Warmflash
et al., 2014; Britton et al., 2021). It has been shown how embryonic stem cells
seeded on geometries, such as triangles generate tensile stresses at corners of
the geometry, that in turn, initiated BMP-mediated mesodermal specification
(Muncie et al., 2020). Such tensile stresses have been further correlated with
signalling in the Wnt/B-catenin and Notch signalling. pathways, both of which
are key in embryonic kidney development (Carroll et al., 2005; Park, Valerius and
McMahon, 2007; Lindstrom et al., 2015; Muncie et al., 2020; Jain et al., 2022).

While the results of our investigations were preliminary, we observed certain
geometry related differences in 2D kidney differentiation. When culturing 2D
kidney differentiation in the wildtype ES[4] CTRL background, all three
geometries were able to support the formation of renal vesicles and further
nephron like structures. We noticed however that immunofluorescence
expression of markers during RV emergence such as WT1, LHX7 and JAG1 were
higher in circle and square geometries in comparison to triangles. This hinted at
the potential effect of geometry curvature on extent of 2D kidney differentiation.

When compared with LHX1 KO backgrounds, we noticed a tendency, where the
difference in total fluorescence intensity of markers of differentiation between
the two cell lines would reduce, in relation to geometry curvature.
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Overall, in the LHX1 KO background, we noticed a tendency of WTT or PAX2
positive cells to cluster along the edges of the geometries. When analysing this
phenomenon by dividing the patterns into inner vs outer regions, we observed,
on square geometries, some preference of PAX2 positive cells to localize on the
outer region in LHX1 KO cultures compared with ES[4] CTRL cultures on the
same geometry. This points to the potential effect of curvature sensing by the
cells on their localization within the pattern. Indeed, in the scenario of genetic
disruption of nephron patterning, differentiating cells could be depending on
instructive cues from the surrounding environment, prompting them to organize
around areas of increased curvature/tension.

It should be noted that the analysis was performed considering approximately
50 pm in height of cells of the (100 pm) multi-cell layer from the surface of the
PDMS substrate, in attempt to only capture the effect of the geometry on marker
localization. Moreover, the definition of the outer region was decided by taking
between 20-30% distance from the edge of the pattern. Considering that these
are preliminary data, it is possible that the variability of the samples is too high,
requiring a larger n for gaining a better overview of the phenomenon. There is still
room for improvement of this methodology, perhaps by also considering the
total volume of the system instead of a projection of the first 50 um.

To evaluate if the localization of cells during kidney differentiation on 2D
micropatterns could be linked to tensile stresses of the monolayer [as has been
previously described in ESC differentiation to mesodermal fate (Muncie et al.,
2020)] we measured overall strain energies of the cell cultures via traction force
microscopy.

In the square and triangular geometries, we observed a higher tendency of
average strain energies and traction curls, than in circles, in both the wildtype
and knockout cell lines. While these findings are still very preliminary, we
observe a correlation between average strain energies in the geometries and
extent of 2D kidney differentiation in the wildtype background, as defined by IF
markers such as LHX1, WT1 and JAG1 at D10 of differentiation.

It seems that NPCs confined by triangular geometries seem to exert overall
higher strain energies, while sustaining less differentiation as compared to
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circular and square micropatterns. While the exact mechanisms by which this
may occur are notyet clear, we can speculate the effect of the sharper angles on
generating greater tensile stresses, that ultimately could influence morphogen
signalling during differentiation.

More and more studies are supporting the importance of mechanical sensingin
the embryonic kidney microenvironment (Weinbaum et al., 2010; Hamon et al.,
2023; Nerger et al., 2024), yet not much is known about the effects of physical
constraints such as rigidity and geometry on the transcriptomic landscape of
nephrogenesis. Previous RNA-seq analysis of hPSCs cultured on soft vs still PAA
matrices showed an increase in embryo and mesoderm related markers in the
soft milieu at the hPSCs-stage, and a downregulation of ECM and basement
membrane at the posterior primitive streak stage (Garreta et al., 2019). Future
work would include performing an RNA analysis over the time course of
nephrogenesis on different geometries and rigidities to investigate correlations
between genes of nephron patterning and cell adhesion, spreading, polarization
etc. in the background of wildtype, PAX2 KO and LHX1 KO human lines. Previous
single —cell RNA analysis (and re-analysis) of mouse embryonic kidneys at D18.5
of development has shown an enrichment of genes in cell adhesion, cadherin
expression, cortical cytoskeletal organization and actomyosin structure
organization in cells of pre-tubular aggregates (PTAs) and renal vesicles (RVs)
(Combes et al., 2019; Liu et al., 2024).

It is also important to note that here we have not explored the role of YAP as a
mechano-sensitive transcription factor, that is also involved in differentiation of
stem cells via the HIPPO pathway (Dupont et al., 2011; Piccolo, Dupont and
Cordenonsi, 2014; Elosegui-Artola et al., 2017; Totaro et al., 2017). Uncoupling
the role of YAP in morphogenesis of 2D kidney differentiation under the different
physical constraints could provide valuable information on the mechanosensing
and transduction during steps of nephrogenesis. Similarly, the mechanisms of
other mechanosensing proteins in kidney function, such as Piezo1, crucial for
sensing shear stress and wall tension for proper filtration, is largely unexplored,
while its importance in the urinary tract is undeniable (Dalghi et al., 2019; Li et
al., 2022).
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In summary, our 2D kidney differentiation system on PDMS substrates, with the
limitations discussed above, has provided us with some insights into the
interplay between biochemical signalling, genetics and cell mechanics of in vitro
human RV emergence and nephron differentiation. Our experimental pipeline
and quantitative analysis set the bases for further experiments to
mechanistically couple how RV emergence and nephron differentiation is driven
by changes in the expression of specific renal markers and cell force generation.
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Conclusions
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. We have developed a high-throughput system for 2D kidney
differentiation (namely RV emergence and nephron-like formation) on
soft PDMS substrates which allows the exposure of hPSCs-derived
kidney progenitor cells to physical constraints in the form of substrate
rigidity and geometry, and which is compatible with traction force
measurements.

. We have validated the system developed in this thesis in supporting RV
emergence and nephron-like formation in 2D in the background of male
ES[4]-, ES[4] PAX2 KO-, ES[4] LHX1 KO and female CB40 kidney progenitor
cells.

. Wild type ES[4] (ES4[4] CTRL)-kidney progenitor cells exert increasing
traction forces on 3kPa PDMS substrates over time.

ES4[4] CTRL kidney progenitor cells exert higher traction forces compared
to both PAX2 KO and LHX1 KO-derived kidney progenitor cells at the RV
(D10) and nephron-like (D16) stages of differentiation.

ES4[4] CTRL kidney progenitor cells exhibit higher vorticity of traction
fields compared to PAX2 KO and LHX1 KO counterparts at D10 and D16
of differentiation.

. Geometric confinements in the form of circles results in higher
expression of RV emergence and nephron differentiation markers in the
background of ES[4] CTRL NPCs, compared to squares and triangulars.

ES4[4] CTRL kidney progenitor cells exhibit higher traction forces and
vorticity on square and triangle patterns compared to circles.

. Our experimental pipeline and quantitative analysis set the bases for
further experiments to mechanistically couple how RV emergence and
nephron differentiation is driven by changes in the expression of specific
renal markers and cell force generation.
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Contributions to the thesis

The celllines ES[4] WT1 GFP, LHX1 KO, PAX2 CTRL and PAX2 KO were generated
by Carolina Tarantino and characterized by Lucia Selfa and Andres Marco. All
kidney differentiation experiments (both in 3D and 2D) presented in Chapter 1
were performed by Zarina Nauryzgaliyeva. Gaia Amato performed the qPCR
analysis of Figure 14C. The MATLAB codes for measuring traction forces were
developed by Manuel Gomez and adapted by Miquel Bosch. Codes for
measuring traction curls were developed by Miquel Bosch. All traction force
experiments of Chapter 2 were performed and analysed by Zarina
Nauryzgaliyeva. Image J macros for quantifying immunofluorescence intensities
(both total and inner vs outer) were developed by Andres Marco. Analysis of
images for chapter 2 was performed by Zarina Nauryzgaliyeva with the help of
Agnes Resto and Gaia Amato.

All along the project we received guidance, supervision, and support from Elena
Garreta, Nuria Montserrat and Xavier Trepat. The project was conceptualized by
Nuria Montserrat.
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