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Abstract

Chronic renal disease is a global health care burden that has a high mortality
rate. The only cure available is either life-long renal dialysis or to replace the
damaged organ using human donor kidneys which have significant issues
including availability and long-term rejection. Scientists have developed an
increasing interest in producing lab-grown kidneys and hope that they can, one
day, solve the organ transplantation problem. Recent techniques generate
renal tissue but contain no ureter, which is required before engineered kidneys
be of any use. In this thesis my aim was to engineer ES cell-derived ureters
that could be connected to these kidney organoids. Mouse ES cells were
differentiated into ureteric bud tissue using a stepwise protocol. ES cell-derived
engineered ureteric buds (eUBs) were grafted into isolated fetal mouse
kidneys in culture. The GFP-eUBs grafted into the cortex of embryonic kidneys
showed branching and encouraged nephron formation. If placed in the peri-
Wolffian mesenchyme, either attached to a kidney or independent, they
showed no branching but made multilayer, uroplakin-positive urothelium and
induced the mesenchyme to differentiate into a contractile smooth muscle.
These eUBs formed collecting ducts with a ureter when grafted between the
two kidney mesenchymes. Furthermore, the isolated ES cell-derived eUBs
could be encouraged to connect to the host kidneys in culture using a simple
mechanical technique (an incision in the wall of the host epithelium at the
engraftment site). The results also show that connection is possible in older
kidneys in culture, and those connected to ureters show rhythmic contractions.
This work introduces new possibilities for renal regeneration and tissue

engineering.






Lay Abstract

Chronic kidney disease is a serious health care problem worldwide. The only
available treatment is either renal dialysis or kidney transplantation. There is a
severe shortage in the numbers of available donors, which makes it difficult for
patients to get a replacement organ and many of them die while waiting. It is
necessary to find alternative treatment approaches using advances in
biomedical research. Production of stem cell-derived kidney organoids (mini-
organs) is one of the most recent promising techniques, but it is too early to
use them clinically. One of the problems confronting these lab-grown
organoids is the lack of a ureter, which is important for the kidney to excrete
urine. The aim of this thesis was to produce stem cell derived ureters and find
ways to connect them to kidneys. The work started by studying the influence
of different mesenchymal tissues on the fate of these stem cell-derived
structures using implantation techniques. The next phase of the work allowed
the production of ureter-like structures that can contract, using the periureteric
cells (cells adjacent to the ureter) of mouse kidneys and the engineered
ureteric buds (eUBs). The final phase of the work allowed these structures to
connect to the host kidneys, by introducing a cut into the epithelium of the host
kidney tubules. Experiments using older kidneys showed successful
connection, with the eUBs connected to ureters showing peristaltic-like
contractions. This work lays a foundation for future use of these engineered

structures in kidney regeneration and tissue engineering.
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1. Introduction Chapter

1.1 Overview

This chapter lays the foundation for the rest of the thesis. Here, | describe the
detailed anatomy and embryonic development of both kidney and ureter as
they share a developmental progenitor, the ureteric bud. It is crucial to
understand the developmental mechanisms and the key growth factors
underlying kidney and ureter development in vivo, in order to rebuild them in

vitro.

It is known that the adult kidney with a ureter is structurally complex and the
idea of producing it in vitro is challenging. For that, it is more realistic to
reproduce the simpler form, the embryonic kidney (Bohnenpoll & Kispert,
2014) and let it grow. In 2017, Taguchi and Nishinakamura tackled the issue
of reproducing an embryonic form of mouse kidney from ES cells, which greatly
resembles the natural organ anatomically but with no ureter. The main aim of
this thesis is to find a way to produce embryonic ureters from ES cells and to
connect them to kidneys. The last part of this chapter focuses on the lab-built
organs known as kidney organoids, and on the rapidly developing techniques

used to produce them.

1. 2 Anatomy of Kidney and ureter

1.2.1 Similarities and differences between mouse and human
kidney

Human and mouse kidneys are relatively similar regarding key growth factors
and genes that control their development, but there are some significant
differences in the anatomy, timing, and scale (Potter, 1972; Saxen,1987). In
both mouse and human, the excretory system consists of bilateral bean-
shaped kidneys, each connected to a ureter, which ends in a single bladder
and urethra located in the midline. The functions of the excretory system
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include control of blood pressure, osmoregulation, induction of red blood cells

(RBCs) formation, calcium reabsorption, toxin excretion and metabolism.

The functioning element of the kidney is the nephron, which consists of
glomerulus and tubules (Kriz & Koepsell, 1974). The nephron’s structure is
fairly similar in both species and formed of glomeruli, proximal convoluted
tubules (PT), loop of Henle (LOH) and distal convoluted tubules (DT), but they
vary in their number. In mice, up to 100,000 nephrons can be found per kidney,
while around one million nephrons are formed in human kidney (Bertram,
2001). In humans, nephron formation is completed before birth (Rayan et
al.,2018; Hinchliffe et al.,1991), while it continues two to three days after birth
In mouse (Saxen,1987).

Anatomically, the human kidney consists of many conical lobes (pyramids) that
end with papillae (where pyramids empty urine in minor calyces), while mouse
kidney consists only of a single lobe that ends with one papilla. The multi-
papillate human kidney contains from 7 to 9 papillae and takes more than 30
weeks to complete its development. The mouse uni-papillate kidney needs
around two weeks to develop (Kriz, & Kaissling, 1992).

Human and mouse kidneys are retroperitoneal in position and they are
surrounded by adipose tissue. Human kidneys are located in the area between
T12 (thoracic vertebrae) to L3 (lumbar vertebrae), with the left kidney lying
slightly higher than the right because of the presence of the liver in the right

hypochondrium (Frimann, 1961).

Male kidneys are larger than female kidneys in both mice and humans and
male rodents produce markedly concentrated urine with higher protein content
than humans (Gamble et al.,1943). In both species, the blood vessels, nerves
and lymphatics reach the kidney through the renal hilum which also contains
renal pelvis and calyces (Kriz, & Kaissling, 1992). The colour of the human
kidney is reddish-brown, and the surface is smooth but sometimes contains
remnants of the fetal lobulations in the form of surface indentations (Fig. 1.1).

Blood supply is similar in both species (Moffat, 1975).
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Figure 1.1 Gross anatomy of mouse and human kidneys (A) Mouse kidney. Small
uni-papillate kidney with smooth outer surface. The hilum contains renal vessels and
ureter. (B) Human kidney. Larger multi-papillate kidney with indented outer side.

1.2.2 Anatomy of the ureter

Ureters are tubular structures, three to four millimetres in diameter in humans,
that extend from the kidneys to the bladder. Their function is to transfer urine
from the renal pelvis to the urinary bladder to be stored and expelled
(Narath,1951). Ureters start at the renal pelvis which lies posterior to the renal
vein and artery in the hilum of the kidney (Pfeiffer, 1968). They run inferiorly in
the abdomen crossing over the psoas major muscle and end in the trigone of
the urinary bladder. In humans, each ureter has three bends along its length,
which are common sites for stone obstruction, one lies at the pelvi-ureteric
junction, one at the uretero-vesical junction and one at the level of the

crossover of the common iliac artery (Fourman & Moffat, 1971).

The human ureter is surgically divided into three segments according to its
blood supply, the upper segment supplied by the renal arteries, the common
iliac arteries supply the middle part, and the lower part receives blood from the

internal iliac artery. The innervation of the ureter is mainly sensory, carrying
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pain sensation, and provided by the ureteric nerve plexus which derives from
T12-L2 (Narath,1951).

1.3 Kidney development

The adult kidney is a sophisticated structure that contains at least 20 different
cell types (Bohnenpoll & Kispert, 2014). The glomeruli of nephrons filter the
blood to form urine under the effect of hydrostatic pressure allowing only small
molecules to pass, while the larger blood components such as cells are
retained. This filtrate passes through a series of tubules to recover useful
components. For instance, sugar, amino acids and around 60% of electrolytes
are retrieved in the proximal convoluted tubules, while water and some
electrolytes are reabsorbed in loop of Henle, distal tubules and collecting
ducts. The final filtrate passes from the collecting ducts to the renal pelvis,

ureter and subsequently to the bladder (Kriz & Koepsell, 1974).

In mammals, kidneys develop from the intermediate mesoderm as three
successive embryological pairs of kidneys which appear in cranial to caudal
sequence, pronephros, mesonephros and metanephros (Redempta & Gibley
1966). The next sections will describe the process of kidney development;
unless stated otherwise, all timings and gene abbreviations apply to mouse.

1.3.1 Gastrulation

To better understand the process of kidney development, it is sensible to start
looking at the very early stages of embryonic development which ultimately
lead to kidney formation-one of these key events is gastrulation. Gastrulation
is defined as the specification of the embryonic disc into three germ layers,
ectoderm, endoderm, and mesoderm. This stage is characterized by migration
of a large subset of epiblasts ventrally through a furrow on the posterior caudal
side of the embryo, called the primitive streak (Bellairs, 1986). Further, the
mesoderm is subdivided into three regions according to their location relative

to the neural tube. These regions are, from medial to lateral, the paraxial
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mesoderm which forms the bony skeleton, extremities muscles and the skin
dermis, the intermediate mesoderm which forms the kidneys, ureters and
gonads, and the lateral plate mesoderm, which forms the heart, endothelia,

body wall and the viscera (Saxen,1987).

1.3.2 Intermediate mesoderm development

Early in development, the expression of the transcription factor T box (TBXT)
or Brachyury is elevated in the cells destined to the mesodermal fate, while
low level expression present in cells of neural fate (Wilson and Beddington,
1997). At day E8-9 of embryonic development, expression of the transcription
factors Pax2, Pax8, Lhxl and Osrl indicate differentiation towards the

intermediate mesoderm (Marcotte et al., 2014).

One of the most important factors in specification of the mesoderm is bone
morphogenic protein (BMP) signalling (Koster, 1991; Smith, 1997). High levels
of BMP expression induce lateral plate mesoderm formation and low levels
induce paraxial mesoderm and somite formation, while intermediate levels
lead to intermediate mesoderm formation and expression of OSR1 and Pax2,
early intermediate mesoderm (IM) factors (James and Schultheiss, 2005). It is
also known that Activin A is essential for expression of the IM markers (Willems
& Leyns, 2008).

Factors including BMPs, GDFs and activin A, which are all members of TGF[3
superfamily, perform an important role in development and disease (Schier,
2003). These factors signal via type | and Il receptors serine/threonine kinases
and Smad family second messengers. BMP signals via type | receptors Alk 3,
6 then through Smad 1,5 and 8, while Activin A operates through type |
receptors Alk4, 5, 7 then Smad2,3 (Nishinakamura & Sakaguchi, 2014).

At earlier stages of renal development, Pax2 and Pax8 expression help the
specification of the intermediate mesoderm into nephric duct committed cells.

Another key factor at this stage which induces further specification and helps
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the extension of nephric duct is gata3 (Grote et al., 2006). Lhx1 expression is
important for the survival and further extension of the Wolffian duct to fuse with
the cloaca (Kreidberg, 1996).

1.3.3 Stages of kidney development
1.3.3.1 Pronephros

The pronephroi develop and function in lower vertebrates such as Xenopus
embryos and fish larva and are responsible for regulation of salt and water
reabsorption and blood pH (Agarwal & John, 1988). In Amniotes, the
pronephros is simple transitory structure, even though its function is not
evident, its formation is important for the development of the subsequent renal
stages. Pronephroi form at the level of the 5™ to the 8" somite at day E8 in
mouse (Bouchard et al., 2000), and around day 20-21 post-coitum in humans
(Woolf et al. 2003).

The pronephros consists of a nephrotome containing a cavity called a
nephrocoel which opens directly in the intra-embryonic coelom (Fig. 1.2). The
nephrotome wall gives rise to epithelial tubules which open in a duct called
pronephric duct (Fig. 1.2). The glomus is the filtration unit of the pronephros- it
is a vascularized structure that filters directly into the coelom. The pronephric
duct, the future Wolffian duct, terminates in the cloaca and the number of
tubules vary between species (Vize et al., 2003). It expresses similar genes
to those expressed in the later renal stages such as Pax2, WT1, Gata3, Lim1,
Six1 (Grote et al., 2006).
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Figure 1.2 Stages of mammalian kidney development. Image showing successive
development of embryonic kidney stages pronephros, mesonephros and metanephros.
Image modified from Mortiz et al., 2008.
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1.3.3.2 Mesonephros

The mesonephros is the second kidney to develop and lies caudal to the
pronephros. It starts at the level of 101" to 17" somite at day E9 in mice (Sainio
& Ahokas, 2003) and 25 days post-coitum in humans (Ludwig and Landmann,
2005). The mesenchyme of the nephrogenic cord aggregates and undergoes
MET (mesenchymal-epithelial transition) in order to form the renal vesicles
(Sainio & Ahokas, 2003). Subsequently, these vesicles further elongate and
form simple nephrons that connect directly to the WD. The mesonephros
consists of about 18 tubules in mice (Vetter and Gibley, 1966), and around 40
tubules in humans, which work transiently to excrete urine (Ludwig and
Landmann 2005). The mesonephros and Wolffian duct start to degenerate with
the onset of the metanephric development. They regress in females, and their
remnants are called epoophoron and paroophoron, while they persist in males
to form the testicular efferent tubules (epididymis, vas deferens and ejaculatory
duct). Mesonephroi express some genetic markers that are also involved in
the metanephric development such as Pax2, Osrl, Six1 and Wtl (Carroll et al.
2005).

1.3.3.3 Metanephros

In mammals, the metanephros is the permanent functioning form of the kidney,
which starts developing at day E10 in mice and around 30 days post coitum in
humans (Woolf et al., 2003). The caudal end of the mesonephric Wolffian duct
is induced to form a projecting epithelial tubule known as the ureteric bud (UB).
The UB elongates and its proximal end enters a mass of mesenchyme called
the metanephric mesenchyme (MM). Once invasion occurs, a series of
reciprocal interactions between the ureteric bud (UB) and the metanephric
mesenchyme (MM) takes place (Saxen and Sariola, 1987). The MM stimulates
the growth and branching of the proximal part of the UB to form collecting
ducts, calyces and renal pelvis, while the UB induces the survival and
differentiation of the MM to form nephrons. The distal part of the UB which

remains outside the MM forms the future ureter (Saxen and Sariola, 1987).
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1.3.4 Development of metanephric mesenchyme (MM)

The metanephric mesenchyme comprises two main cell populations, Six2+
cells and Foxdl+ cells (Oliver et al., 1995). Studies have showed that Six2+
cells are the progenitors of nephrons, while the Foxdl+ are stromal cell
progenitors (Kobayashi et al., 2008). Two factors are known to influence
nephron formation: signals from the ureteric bud and Foxd1l+ stromal cells
(Guillaume et al., 2009). Failure of UB formation leads to kidney agenesis,
while defects in the Foxdl cells lead to reduced sized kidneys with increased

population of undifferentiated cells (Das et al., 2013).

1.3.4.1 Nephron formation

In metanephric development, formation of the cap mesenchyme (CM) is the
earliest step in nephron formation and starts by the mesenchymal cells
condensation around the UB tips. The CM is formed of a layer of cells that
encloses the tips of the ramifying ureteric bud and is distinct from the
uninduced surrounding mesenchyme (Schmidt-Ott et al., 2007). These cells
characteristically express Pax2, Eyal, Six2, Wtl, Salll as well as GDNF and
BMP7. Their function is to provide cells for nephron differentiation. Survival of
these cells depends on the expression of multiple factors including members
of Wnt, FGF and BMP families (Schmidt-Ott et al., 2007). It is also believed
that BMP7 plays a role in sustaining the undifferentiated state of the cap

mesenchyme cells in order to maintain their survival (Dudley et al., 1999).

Further, under the effect of wnt9b expression by the UB, these mesenchymal
caps form pre-tubular aggregates (PTA) (Sariola, 2002). These PTAs express
Wnt4 which induces mesenchymal to epithelial transition and leads to renal
vesicles formation, which subsequently develop into comma-shaped then S-
shaped bodies. Later, those S-shaped bodies develop into mature nephrons
containing Bowman'’s capsule at its proximal end, proximal convoluted tubules,
and loop of Henle at the middle part, while the distal part forms the distal
convoluted tubules which become connected to the collecting duct tree (Kloth
et al., 1994).
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1.3.4.2 Formation of renal stroma

Renal stromal cells express the transcription factor Foxdl and are located
peripheral to the cap mesenchyme (Hatini et al., 1996). Later in development,
they arrange themselves around the branches of the ureteric bud and
nephrons to form kidney interstitium (Alcorn et al., 1999). Both cortical and
medullary stromal cells provide structural support to the surrounding collecting
ducts and nephrons and are important in regulating UB branching and nephron
differentiation (Cullen- McEwen et al., 2005).

Two important factors are produced in stromal cells in the renal cortex: the
transcription factor Foxdl and the RA synthesizing enzyme retinaldehyde
dehydrogenase-2 (Batourina et al., 2001). It is believed that the Foxd1l gene
plays a vital role in differentiation of nephrons and branching of the UB. RA is
an important signalling molecule connected to the cortical stromal cells. Tissue
distribution of RA is highly influenced by RA-synthesizing enzymes (Napoli
1999; Duester 2001). Retinaldehyde dehydrogenase-2 (Raldh2), secreted by
the cortical stromal cells, is important for RA synthesis and action
(Niederreither et al., 1996).

Studies have indicated that retinoic acid signalling is important for UB
branching, as it influences the UB tips’ expression of the GDNF receptor, Ret.
Whilst Ret is essential for the UB to grow and branch, it is also important for
stromal cell patterning (Schuchardt et al., 1996). This occurs via reciprocal
signalling between the cortical stroma and the UB (Batourina et al., 2001).
Cortical stroma expresses RA-dependant signals to stimulate the UB
branching, while UB produces Ret-dependant signals which control branching

and cortical stromal patterning (Das et al., 2013).

1.3.4.3 Development of the ureteric bud (UB)

The development of the ureteric bud depends on the development of the
Wolffian duct (WD) as its precursor. Pax2, Pax8 and Lim1 are important factors
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for successful Wolffian duct development, and failure of this process results in

failure in kidney development (Dressler et al., 1990).

The earliest detectable step of metanephric kidney development is the
emergence of the UB from the WD, which is strictly controlled by the
surrounding mesenchyme to allow only one bud formation and block any
ectopic budding. To ensure this, the interaction between two major TGF- 3
superfamily pathways is required, the BMP4 and the GDNF pathways.
Stimulation of UB budding is influenced by GDNF which can be detected in the
metanephric mesenchyme close to the site of UB emergence from the WD
(Hellmich et al., 1996). The Wolffian duct expresses GDNF receptor Ret and
the co-receptor Gfra1, and Ret expression becomes confined to the UB tips
after the first UB branching. Mice deficient in GDNF or its receptors show renal

agenesis (Sainio et al., 1997).

The ectopic UB budding from the WD is prohibited by the BMP4 expression
from the surrounding mesenchyme (Costantini and Shakya, 2006). At the site
of the UB emergence, the MM expresses gremlinl, which is a potent inhibitor
of BMP4 (Fig. 1.3) to allow the formation of the UB in the desired location
(Costantini and Shakya, 2006). The BMP4 expression can also be detected in
the mesenchyme surrounding the unbranched ureteric stalk where gremlin
expression is absent, which suggests the role of BMP4 in blocking the budding
and the role of gremlin in inducing it (Miyazaki et al., 2000).

The formation of the UB is stimulated by the activation of ERK (extracellular
signal-regulated  kinase), @PLC  (phospholipase C) and PI3K
(phosphatidylinositol 3-kinase) pathways and inhibited by the activation of
SMAD pathway. Activin A is a factor expressed by the nephric duct and works
through the SMAD activation to prevent UB budding (Woolf & Davies, 2013).
Collectively, the TGFB superfamily members BMP4 and Activin inhibit UB
emergence by binding to ALKs (Activin receptor-like kinases) and consequent
activation of SMAD pathway (Michos et al., 2007).
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GDNF and FGFs interact with the receptors Ret and FGFR2 on the nephric

duct epithelium, and activate PI3K, ERK and PLC pathways to induce ureteric
bud formation (Eswarakumar et al., 2005; Weering and Bos,1998). Factors
influencing Ret receptor expression include the nephric duct expression of
GATA3 and B-catenin (Grote et al.,, 2008; Michos, 2009) as well as RA
synthesis by the stromal cells (Rosselot et al., 2010).

Prevention of ectopic UB budding is also influenced by the expression of the
cytoplasmic protein sproutyl (Basson et al., 2005), the signalling between
ROBO2 and SLIT1 (Grieshammer et al., 2004) as well as the expression of
FOXC1, to prevent the extension of GDNF effect within the intermediate
mesoderm (Kume et al., 2000).
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Figure 1.3 Factors affecting UB budding from the WD. The small box shows
reciprocal signalling between the MM and the UB. Image modified from Woolf &

Davies, 2013.
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1.4 Ureter development

The mammalian ureter is simpler in structure than kidneys and comprises a
tube that transports urine unidirectionally from renal pelvis to the bladder
(Crelin, 1978). It is formed of two major tissue precursors (Fig. 1.4), the ureteric
epithelium, and the surrounding mesenchyme (Trowe et al.,, 2012). The
mesenchyme differentiates into an external fibroelastic layer called tunica
adventitia, an internal lamina propria, and a smooth muscle layer in between,
while the epithelium forms a multilayer specialized urothelium (Bohnenpoll et
al., 2017).

1.4.1 Development of the ureteric mesenchyme

In mice, the Wolffian duct (WD) reaches the urogenital sinus (the primordium
of the bladder and urethra) at day E9. The caudal part of the WD starts budding
at E10, forming the UB. At E11, the proximal part of the UB (the part nearest
its tips: kidney uses a definition of proximal and distal opposite to most
glandular organs) extends within and interacts with the metanephric
mesenchyme to branch and form a collecting duct network, while the distal
part of the UB outside the MM remains unbranched and differentiates into
ureter (Chisht et al., 2014). Mutual stimulating signals also occur between the
distal UB and the surrounding mesenchyme, resulting in urothelial

differentiation and smooth muscle formation (Schedl et al., 2007).

Using lineage tracing, it has been reported that mesenchyme surrounding the
distal and proximal parts of the developing UB have different origins. While the
MM originates from the posterior IM, the mesenchymal cells surrounding the
distal ureter are derived from an undifferentiated cell population in the most
caudal part of the embryo called tailbud (Brenner et al., 2007). Cell migration
Is important to establish this mesenchyme around the distal UB. The tailbud-
derived mesenchyme expresses high levels of BMP4 which is important for
ureteric differentiation and smooth muscle development (Miyazaki et al., 2003;
Airik et al., 2006).
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The mesenchyme that envelops the distal part of the ureteric bud expresses
the transcription factor TBX18, which is necessary for mesenchymal
proliferation and formation of smooth muscle (Airik et al., 2006). The peri-
ureteric mesenchyme remains undifferentiated from E11.5 to E15.5. At E16.5
the mesenchyme starts to differentiate to form 3 layers. The first layer is the
stromal cell layer which lies between the urothelium and the smooth muscle
layer and it is responsible for the elasticity of the ureteric tube. The second
layer is the smooth muscle which is arranged in longitudinal and transverse
directions. The outermost, loosely attached cells form the adventitial layer
(Airik and Kispert, 2007).

1.4.1.1 Development of the urothelium

Urothelium is a distinctive type of epithelium that covers the luminal side of the
ureter and bladder and acts as a barrier to prevent urine from being
reabsorbed. In mouse, it is formed of a single cuboidal cell layer of basal cells
separated from the lamina propria by a basement membrane, one or two layers
of intermediate cells that resemble basal cells in size and shape, and an apical
layer of superficial squamous cells (umbrella cells) that express uroplakin UPK
(Velardo 1981; Yu et al.,, 1990). All cells of the urothelium derive from a
common Pax2+Shh+ cell population in the ureteric bud stalk (Bohnenpoll et
al., 2017).

Previous studies on the bladder urothelium revealed that the urothelial cell
layers can be distinguished using three immunological markers: cytokeratin 5
(KRTY), the transcription factor P63 (ANP63) and the UPK (Bohnenpoll et al.,
2017). Basal layer cells express Krt5+ and NP63+, intermediate cells express
weak UPK+ and NP63+ but are KRT5-; of all the molecules mentioned in this
paragraph, superficial cells express only UPK (Shin et al., 2011). The first
marker to appear is p63 at E14.5 while both the superficial and basal cell

markers can be detected from E15.5 and E16.5, respectively. This suggests
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that the intermediate cells might be the main precursor of both basal and

superficial cells (Bohnenpoll et al., 2017).

Krtl5 is a transcript that can be found in cornea (Figueira et al., 2007),
oesophagus (Leube et al.,1988), uterine cervix (Smedts et al.,1993), and the
epidermis of the skin (Whitbread and Powell, 1998; Garza et al., 2011). In the
ureters of wild type mice, occasional basal cells co-expressing Np63 and Krt15
can be detected and P63 expression in urothelium is needed for Krtl5

expression (Tai et al., 2013).

In urothelial development, it was believed that basal cells were the source of
both the intermediate and superficial cells (Shin et al., 2011). In 2013, Ghandhi
and colleagues proposed the presence of a transient cell population called
progenitor P-cells which they claimed to be the source of both intermediate
and superficial cells, while intermediate cells are the superficial cell progenitors
in adult ureter regeneration (Fig. 1.5). The origin of the basal cells is still
unidentified (Ghandi et al., 2013).

Retinoids are strong inducers of urothelial differentiation (Mauney et al., 2010).
Defects in RA signalling result in failure of the P-cell formation and
subsequently loss of both intermediate and superficial cell layers in embryo,
and defective regeneration in adult ureter after injury (Ghandi et al., 2013).
Other studies have shown that some basal urothelial cells have stem cell
properties and can regenerate any cell type in the urothelium after injury. When
injury occurs, shh expression in basal cells increases, leading to increased
Whnt signalling from the stromal cells resulting in proliferation of both cell types
(Shin et al., 2011).
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Figure 1.4 Structure of embryonic and adult ureters. (A) Early developing ureter
consists of two layers, mesenchyme and urothelium. (B) Mature ureter contains outer
adventitia, inner lamina propria, and smooth muscle layer and a multilayer urothelium

contains basal, intermediate, and superficial cell layer.
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Figure 1.5 Possible origins of different urothelial cell types in embryonic and adult
ureters.

1.4.1.2 Uroplakins

The urothelium of the lower urinary tract is constantly exposed to urine as it
passes through. While urine contains toxic substances, the urothelium is
structurally adapted to protect the underlying tissue from the harmful effect of
these toxins (Hicks, 1965). It is characterized by the presence of a group of
urothelial-specific-integral-membrane proteins called UPKs which can be
found as plaques in the luminal side and as fusiform vesicles in the cytoplasm
of the superficial cells (Wu et al., 2009). These vesicles act as a reservoir to
maintain the UPK barrier, as well as playing a role in adjusting the surface area
during urothelial contraction or extension (Lewis & Moura, 1982; Hichs, 1965).
UPK covers the luminal surface of the renal pelvis, ureter, bladder, and urethra
(Hicks 1995; Porter and Bonneville,1963). It is also called asymmetric unit
membranes (AUMs) and does not exist in any other type of epithelium (Yu et
al., 1990).
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UPK is considered a substantial differentiation marker of urothelium which
plays a key role in its structure and function (Pauli et al., 1983; Hicks, 1975). It
consists of 4 major proteins which are known as UPK la, I b, Il and 11l (Yu et
al., 1990; Yu et al.,, 1994). UPKIIl is characterized by the presence of a
cytoplasmic tail which is believed to have a role in binding UPK plaques to the
underlying cytoskeleton (Wu et al., 1993). Disorganization of the UPK plaques
with loss of the water-tight property can be seen in the urothelium of mice
deficient in UPK3a or UPK2 (Jenkins and Woolf, 2007; Wu et al., 2009). BMP4
and TBx18 expression are important for the expression of UPK in mouse
ureters (Wu et al., 2009; Brenner et al., 2007). UPK expression in UB branches
can be induced by application of BMP4 to kidneys in culture, which suggests
that these branches can be induced to differentiate towards urothelium
(Brenner et al., 2007; Mills et al., 2017).

1.4.2 Ureteric smooth muscle development

The interaction that occurs between the epithelium of the ureteric stalk and the
surrounding mesenchyme is important for the development of both urothelium
and smooth muscle (Lye et al., 2010). The mesenchyme expresses PTCH1
receptors which interact with SHH, a growth factor produced by the UB
epithelium, to stimulate the mesenchymal proliferation (Yu et al.,, 2002).
Simultaneously, the mesenchyme expresses BMP4 which stimulates
urothelial differentiation and induces the mesenchyme itself to differentiate into

smooth muscle (Brenner et al., 2007).

This occurs due to activation of the SMAD pathway and upregulation of the
transcription factor TSHZ3. TSHZ3 is important for the activation of MYCOD
expression, a transcriptional activator, which is responsible for upregulating
the expression of actin and myosin within ureteric smooth muscle cells (Fig.
1.5) (Caubit et al., 2008). Mutations in SHH result in perturbed expression of
BMP4 in the peri-Wolffian mesenchyme, which leads to formation of an

abnormally thin layer of smooth muscle (Lye et al., 2010). Sox9 expression in
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the peri-ureteric mesenchyme is also important for ureteric smooth muscle
development (Airik et al., 2010).

At E16.5, ureters become completely enveloped by a smooth muscle layer
formed of bundles of contractile filaments strongly expressing smooth muscle
alpha actin (Santicioli and Maggi, 2000). Within a short time, these muscles
develop unidirectional peristaltic contractions starting from the renal pelvis and
propagating distally (Golenhofen and Hannappel, 1973).

1.4.2.1 Ureteric muscle contraction and function

The function of the kidney is the filtration of blood at the glomerulus to eliminate
toxins and waste products by producing urine. The excess fluid and solutes
are then transferred to the bladder by peristaltic movement of the smooth
muscle of the ureter (Barbuti and DiFrancesco, 2008; Biel et al., 2009). The
contractile electrical activity is initiated at the renal pelvis under the influence
of pacemaker cells (Bohnenpoll & Kispert, 2014).

Defective ureteric peristalsis is a common congenital anomaly, associated with
a wide range of renal pathologies such as urinary tract obstructions, kidney
damage due to reflux and persistent infections (Chevalier and Peters, 2003;
Becker & Baum, 2006).

In vitro-isolated-ureters have the ability to generate peristaltic contractions
independently, suggesting the presence of more than one pacemaker cell
population (Caubit et al., 2008).

1.4.2.2 Pacemakers

The primary pacemaker cells are a population of atypical spindle-shaped
smooth muscle cells, which express the receptor tyrosine kinase Kit. Kit -
positive-cells were detected in the proximal part of mouse ureter (Pezzone et

al., 2003) and in human ureter (Metzger et al., 2004). In mouse, Kit expression
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is upregulated in ureteric cells by day E15.5, before the onset of the peristaltic
contractions (David et al., 2005). In vitro-cultured E11.5 ureters develop
peristaltic contractions after 7 days in culture, and ureters cultured in the
presence of anti-Kit antibodies fail to develop contractions (David et al., 2005).
Immunohistochemical analysis revealed that the atypical smooth muscle cells
of the pacemaker have weak act2 expression, short cellular processes, fewer
contractile filaments, and the filaments they have are arranged in loosely
packed bundles (Gosling and Dixon, 1971; Lang et al., 2001). The distribution
of these cells coincides with the detected electrical activity (Constantinou et
al., 1978).

The renal pelvis expresses the hyperpolarization-activated cation channel
HCN3 which is believed to be responsible for induction of peristaltic
contractions in vivo and can also be detected in the pacemaker cells in the
heart and autorhythmic cells in the brain (Hurtado et al., 2010). Blocking this
channel causes loss of electrical activity at the PUJ and disturbance in smooth
muscle contraction (Hurtado et al., 2010). SHH Expression is important for the
expression of both HCN3 and KIT, and mutations in SHH lead to perturbation
of the SM contractions (Cain et al.,2011). Additionally, angiotensin and
calcineurin are found to be important factors in the ureteric pacemaker cells

development (Bohnenpoll & Kispert, 2014).

Sensory nerves and prostaglandins are believed to control the pacemaker
activity in the proximal portion of the ureter (Weiss et al., 2006). The sensory
axons in the ureter contain Calcitonin gene-related peptide (CGRP) which is
proposed to influence the pacemaker cells in the ureter (Maggi and Giulani,
1991). Other factors influencing the smooth muscle contractility are the

presence of adrenergic and cholinergic receptors (Cain et al., 2011).
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Figure 1.6 Role of SHH and Wnt in the regulation of the growth and
differentiation of urothelium. Image is modified from Bohnenpoll & Kispert, 2014.

1.5 Development of renal vasculature

Blood supply is essential for the survival of transplanted engineered structures
in vivo. Recent findings suggest that blood supply helps the maturation and
function of stem cell-derived organoids (Homan et al., 2019). For that reason,
understanding the process of vascularization is important for the future

success of engineered ureters.

The metanephric mesenchyme consists of two main cell populations, the
nephron progenitors NPs, and the stromal progenitors SPs. While the nephron
progenitors go through a process called mesenchymal to epithelial transition
(MET) in order to form nephrons, stromal cells migrate internally to form renal
supporting tissue. Studies have showed that stromal cells differentiate into
vascular smooth muscle cells (SMCs), pericytes and fibroblasts (Lopez and
Gomez, 2011; Dressler, 2006). Additional studies have showed that
endothelial progenitors (Sequeira-Lopez et al., 2015) and tissue macrophages

[Chapter Title] 27



[Thesis Title]

(Rae et al., 2007) can be detected in the stroma of early metanephros. Lineage
tracing experiments of Foxdl, an early stromal marker, have reported that the
perivascular endothelial cells including renin-secreting cells are derived from
cortical stroma (Kobayashi et al., 2014). It is also believed that the TBx18-
expressing mesenchymal cells contribute to the formation of muscular coat
around the ureter as well as medullary stroma (Bohnenpoll et al., 2013).
Expression of Tbx18 can be detected in stromal cell-derived vascular SM cells,

glomerular mesangial cells and pericytes (Xu et al., 2014).

1.6 Kidney organoids

Renal failure is a major health problem that causes suffering and premature
death (Steenkamp et al.,, 2011). Patients with chronic renal failure require
frequent haemodialysis as a life-saving procedure and kidney transplantation
is the only cure at least for some time, approximately 10-15 years, before the
organ gets rejected by the patient's immune system. Developing alternative
strategies to regenerate or replace damaged kidney tissues is urgently needed
(Little., 2019).

The main functions of the kidney are to eliminate toxins from the blood, control
blood pressure, pH and electrolyte balance, and the retention of valuable
compounds such as glucose and amino acids (Takasatu et al., 2014). Renal
failure is a common condition, and many factors can contribute to its high
prevalence including congenital abnormalities, renal toxic medications,
infections, and chronic diseases such as diabetes and hypertension. After
injury, the adult kidney has a limited ability to self-regenerate (Humphreys et
al., 2008) and nephrogenesis occurs only during development in humans,
consequently nephron loss is permanent. Congenital or acquired defects in
functioning nephrons are the main cause of kidney failure (Humphreys et al.,
2008).

The adult kidney is complex in structure and relatively large to be constructed

directly, therefore it is more realistic to engineer immature simpler forms and
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allow them to mature in vivo via transplantation into a living host, or in vitro

using advanced culture techniques (Davies & Chang, 2014).

New advances in stem cell biology have raised expectations to find new
therapeutic strategies to treat patients with chronic kidney disease (Morizane
et al., 2017). Recent studies have identified the key signals important for
kidney development and used that knowledge to recapitulate renal
developmental stages in vitro using stem cells (Taguchi & Nishinakamura,
2017).

Organoids are defined as 3D structures that form in culture plates in vitro and
resemble, to a certain extent, the natural organ structurally and functionally
(Morizane & Bonventre, 2017). Organoids can be classified according to their
cell sources into two main categories, primary tissue-derived organoids and
stem cell-derived organoids (Fatehullah et al., 2016). | think a third category
can be added to this classification, which is hybrid organoids that are formed
by mixing cells from primary tissue with other stem cells.

1.6.1 Embryonic tissue-derived kidney organoids

An early study about self-organization of murine renal progenitor cells by
Grobstein et al., 1952 showed that it is possible to form kidney structures in
vitro by recombining intact UB with MM (Grobestein et al.,1952). The formation
of kidney organoids from single cell suspension of dissociated embryonic
kidneys was not possible as the dissociation triggers cell apoptosis. In 2010,
Unbekandt and colleagues reported that pharmacological inhibition of Rho-
associated protein kinase (ROCK) blocks the dissociation-induced cell death
(apoptosis) in embryonic renal tissue, and therefore renal structures can grow
(Unbekandt et al., 2010). These organoids were the first to be made of
renogenic stem cells derived from enzymatically dissociated kidney rudiments
and expressed markers similar to the natural CD/ nephrons. However, the
Unbekandt organoids were anatomically disorganized, containing multiple
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islands of UB epithelial cells that organized themselves and grew into multiple
small branching trees surrounded by immature nephrons. In 2011, Ganeva
and colleagues introduced a modification to the Unbekandt organoids using
serial reaggregations to achieve a more realistic anatomical organization. A
single UB epithelial spheroid was isolated from Unbekandt cultures and
recombined with fresh MM. This has led to formation of renal organoids with a
single collecting duct that ramifies symmetrically and organizes nephron
formation around itself, but with no ureter. By applying asymmetric cues of
BMP4 signals to one branch of the CD in Ganeva organoids, a single

unbranched UPK-expressing urothelial tube was formed (Mills et al., 2017).

1.6.2 Pluripotent stem cells and kidney organoids

Pluripotent stem cells are characterized by infinite capability for self-renewal
and the ability to produce all cell types in the human body. They normally exist
transiently in the early blastocyst stage of the human embryo (Martin 1981;
Evans & Kaufman, 1981). This indefinite growing ability as well as pluripotency
have made them a great tool for studying development, disease pathogenesis,
drug screening and possibly formation of replacement tissues to treat patients
with incurable diseases such as spinal cord injuries (Thomson et al., 1998).
However, the utilization of human embryos as a source for these cells has
yielded enormous ethical debates that have led to restrictions over the
applications of these cells.

Induced pluripotent stem cells (iPSC) are adult reprogrammed cells that have
been manipulated to restore their pluripotency using the transfection of 4
genes Oct3/4, Sox2, Klf4 and c-Myc (Takahashi and Yamanaka, 2006). These
cells resemble embryonic stem cells in morphology, propagation, genetic
profile as well as the ability to form teratomas. Additionally, mouse iPS cells
can create adult chimeras, when transplanted into blastocysts (Wernig et al.,
2007). It is feasible to produce patient-derived pluripotent stem cells which is

important for effective stem cell application into clinical practice.
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Embryonic stem cells (ES) and iPS cells represent an important advance
towards formation of in vitro organoids. Several research groups worked to find
ways to differentiate these cells towards the renal fate. In 2014, Taguchi and
colleagues developed a stepwise method for in vitro differentiation of kidney
organoids from ES and iPS cells, that produces mainly nephron progenitors
(NPs). They reported that both MM and UB have distinct developmental
origins: although both derive from the IM, the UB develops from the anterior
IM, while the MM derives from the posterior IM. Other groups have published
protocols for inducing nephron progenitors from human ESCs and iPSCs (Mea
et al., 2013; Little et al., 2018; Morizane & Bonventre, 2017). Takasato and
colleagues have reported the differentiation of human kidney organoids using
a simple protocol carried over 3-4 weeks (Takasato et al., 2014). In 2015,
Morizane and colleagues have developed a similar protocol, that required a
shorter duration. More recently, Przepiorski et al. described a method for
organoid formation using a bioreactor that was relatively simple and low-cost
(Przepiorski et al., 2018). Although these protocols were different, they shared
common features: lack of the formation of ureteric bud tissue and the
organoids were formed mainly of nephron progenitors. An exception to this is
the Takasato protocol, which generated cells that express some UB markers.
These cells however, failed to show branching or maintain nephrogenic niches
(Naganuma & Nishinakamura, 2019).

In 2017, Taguchi and Nishinakamura developed a protocol for differentiation
of UB cells from mESCs and hiPSCs. This protocol was established
independently of their previous protocol for nephron progenitor induction,
based on their in vivo analysis. When mixing mESCs-derived iUB with iINPs in
the presence of ex-fetu stromal cells, they developed organoids that showed
higher-order anatomical organization, with a single collecting duct tree
connected to nephrons. However, neither protocols produced stromal cells
from the pluripotent progenitors, which is why ex-fetu stromal cells were
needed as it is thought they are required for effective renal organoid
development. While the Taguchi organoids derived from human cells have

failed to maintain nephrogenic niches, probably due to the lack of stromal cells,
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Takasato reported the induction of stromal-like cells (Takasato et al., 2015),
and Morizane showed that stromal cell proliferation occurs in organoids treated
with IL-1b (Morizane et al., 2015).

1.6.3 Generation of a single ureteric exit

All the currently existing models of renal organoids share one common
problem, which is lack of a ureter that extends outside the organoid. This
makes them unsuitable for transplantation as it hinders their excretory function
and will lead to failure of the graft due to hydronephrosis (Naganuma &
Nishinakamura, 2019).

1.7 Aims and approaches

In this thesis, | address the problem of the missing ureter by exploring methods
to engineer ureter tissue from ES cells. It is now well established that
mesenchymal signals play an important role in determining the fate of the UB
epithelium either into collecting duct or urothelium. However, this plasticity has
never been tested on UBs derived from ES cells. My starting hypothesis was
that the presence of this plasticity might be a way to achieve my aim to

engineer ureters from ES cells in vitro.

The aims of this work can be summarized as:

1. Reproducing the Taguchi and Nishinakamura protocol to differentiate
MESCs into UB-like structures and to further characterize the nature of
these ES cell-derived epithelial structures.

2. Investigating the ability of ES cell-derived UBs to take different fates -
either CDs or ureters - according to signals from surrounding

mesenchyme. This was done using series of grafting experiments in
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different parts of the embryonic kidney rudiments either into
metanephric mesenchyme or peri-Wolffian mesenchyme.

3. Engineering ureter-like structures using ES cell-derived UBs and peri-
ureteric mesenchyme.

4. Finding ways to connect these engineered structures to different parts

of the collecting duct system of foetal kidneys.

Chapter 2. Materials and Methods

2.1 Animals

Pregnant CD1 mice were sacrificed at day E11.5, and this was done by trained
UK Home Office license holders (BRR, Hugh Robson building, University of
Edinburgh) according to methods registered under schedule one of the UK
Animals (Scientific Procedures). After 11 days from finding the plug, the uterine
horn was dissected out and moved to a 10 cm petri-dish containing minimal
essential media (MEM). Using flame-sterilized blade and forceps, embryos
were extracted from the uterine horn, then decapitated using 25-gauge
hypodermic needles. A cut was made between the hind-limb and fore-limb and
the tail was removed. The caudal parts of the embryos were transferred to a
new petri-dish containing fresh MEM and a midline incision was made to cut
the embryo into two halves along the developing spinal cord. The metanephric
kidney was identified and extracted. Dissection to obtain the metanephric
kidney including the ureter and the adjacent Wolffian duct and peri-ureteric
mesenchyme, or just isolated mesenchyme, was performed according to the

experiment.
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2.2 Culture and maintenance of mESCs

2.2.1 Cell lines

The Hoxb7-GFP mESC line was obtained as a gift from Prof. Ryuchi
Nishinakamura (Kamamuto University). The E14 mESC line was obtained

from Prof. John Mason’s Lab.

2.2.2 Thawing of cells

A cryopreservation vial containing1x10° cells was first placed in a water bath
and shaken gently to thaw its frozen content. The contents of the vial were
then transferred to a tube contains 10 ml of warm mESC media and centrifuged
for 5 minutes. The supernatant was discarded, and cells were resuspended in
a fresh 2 ml of mMESC media containing 1000 units/ml Leukaemia inhibitory
factor (LIF). Plates were incubated at temperature 37 °C with 5% COz2. The
replacement of the culture medium with fresh medium containing LIF was

performed daily.

2.2.3 Coating plates with Gelatine

0.1% gelatine in PBS was left to warm up to room temperature prior to use. In
a stem cell culture hood and under sterile conditions, 1.5 ml of the pre-warmed
gelatine was added to each well of a 6-well plate suitable for cell culture. The
plates were left with lids on for at least 30 minutes at room temperature inside
the hood. After that, the gelatine solution was aspirated and discarded and the
media containing cells were added immediately to avoid the gelatine film

drying.
2.2.4 mESCs culture media
Cells were cultured in Glasgow minimal essential media GMEM (Sigma

G5154) fortified with 10% fetal bovine serum FBS, MEM-NEAA (1%, Gibco),

sodium pyruvate (1 mM, Gibco), GlutaMAX (1x, Gibco), B-mercaptoethanol
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(0.2 mM, Gibco), and leukaemia inhibitory factor (LIF, 1 U/pl, Santa Cruz sc-

4989).

2.2.5 Maintenance and Passaging of mESCs

After two to three days, after which the cells had achieved 70-80% confluence,
the old media were discarded, and cells were washed with sterile PBS and
incubated in 1 ml Accutase (Gibco) for 3 minutes. Cells were detached from
culture plate by gentle pipetting and transferred to a tube containing 4 ml fresh
MESC media. Cells were centrifuged for 5 minutes and the supernatant was
discarded. Cells were suspended in new media containing LIF and plated on

a gelatinized plate in a ratio 1:10.

2.2.6 Cryopreservation of mESCs

Cells were passaged as described before and suspended in fresh mESC
media containing 10% DMSO at a density of 1x10° cells/ml. They were then
transferred to cryopreservation tubes, 1 ml/vial, which were kept on ice and

stored in -80°C for 24 hours before being stored in liquid nitrogen.

2.3 eUB differentiation

2.3.1 Ureteric bud differentiation from mESCs using Taguchi
protocol

The Hoxb7-GFP mouse ES cell line was kindly provided by Professor Ryuichi
Nishinakamura’s laboratory, Kumamato University, Japan. The E14 cells were
kindly provided by professor John Mason’s laboratory. Cells were maintained

in MESC culture media, as described before.
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First, cells were dissociated from the culture plates using 1 ml/well Accutase
(Gibco), then re-aggregated at around 2,000 cells/well in 96-well, U-bottomed,
low binding plates (Greiner 650970) and cultured for 48hrs to form embryonic
bodies (EBs) in basal media consists of 75% Iscove’s modified Dulbecco’s
medium (Gibco 12440-046) and 25% Ham’s F12 (Gibco 11765-054), with 0.5
x N2 supplement (Gibco 17502-048), 0.5 x B27 (Gibco 12587-010), 0.5 x
penicillin/streptomycin, 0.05% BSA (Sigma), 2 mM L-glutamine (Life
Technologies), 0.5 mM ascorbic acid (Sigma), and 450uM 1-thioglycerol
(Sigma). After 48h, the basal medium was replaced by a fresh media contained
10 ng/ml human Activin A (R&D 338-AC) as step number 1. After 24hrs of step
1, the medium was replaced with medium contained 0.3 ng/ml human BMP4
(R&D 314-BP) and 10 uM CHIR99021 (TOCRIS 4423) as step number 2. After
36 hrs of step 2, the medium was replaced with basal medium contained 0.1
MM retinoic acid (RA; Sigma R-2625), 100 ng/ml human FGF9 (R&D 273-F9),
and 10 uM SB431542 (TOCRIS 1614) as step 3. After 24 hrs of step 3, the
medium was replaced with media containing 0.1 uM RA, 100 ng/ml human
FGF9, and 5 pM CHIR99021 in step 4. After 24 hrs of step 4, medium was
replaced with medium contained 10uM Y27632 (Stem Cell Technologies
72302), 0.1 uM RA, 1 uM CHIR99021, 5 ng/ml human FGF9, and 10% growth
factor reduced Matrigel (Corning 354230) as step 5. After 24 hrs of step 5,
media replaced by fresh medium contained 0.1 pM RA, 3uM CHIR99021, 5
ng/ml human FGF9, 1ng/ml GDNF (R&D 212-GD) and 10% growth factor
reduced Matrigel (Corning 354230) as step 6. After 24 hrs of step 6, media

was changed with the same medium in step6 with 2ng/ml GDNF (R&D 212-
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GD) and without FGF9 as step 7. After 24hrs of step 7, the cell spheroids

developed abundant ES cell-derived UB-like structures, which | refer to, in this

thesis, as engineered UBs (eUBs) (Fig. 2.1).

Stepl  Step2 Step3 Stepd  StepS  Step6  Step7
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mesoderm duct proginators

Figure 2.1 Schematic illustration of the steps of Taguchi protocol for eUB
differentiation.

2.3.2 Characterization of the mESCs derived eUBs

Characterization was done by testing the ability of the engineered UBs to
generate branching tree-like structures in 3D gel and by immunofluorescence
analysis of several UB markers and UB tip and stalk markers (RET, Sox9 and

binding of fluorescein-Dolicous Biflourus Agglutinin).

For RET staining, day 10 spheroids were fixed with 4%PFA, dissected and
individual eUBs were isolated, cleaned from the surrounding Matrigel, and
washed with PBS. The dissected eUBs were incubated with primary antibody
solution containing 5% PSA in PBS and 1:50 anti-RET (Santa Cruz SC-167)
for 2 hours at room temperature. The excess primary antibody was washed
away with PBS three times, 5 minutes each. After washing, the eUBs were

incubated with the secondary antibody solution containing 5% BSA in PBS and

[Chapter Title] 37



[Thesis Title]

1:100 of DAR 594 (Invitrogen 21207) for 2 hours at room temperature, and
later washed 3 times/15 min each. Finally, imaging was carried out using a
Zeiss epifluorescence microscope. Staining with DBA and for Sox9 was

performed using the methods described later in this chapter.

2.3.3 Isolation and Culture of UBs and eUBs in 3D Matrigel

The isolated E11.5 kidneys were collected and incubated for 3-5 minutes in 1x
trypsin EDTA at room temperature. To stop the enzymatic reaction, the
kidneys were transferred to a new dish containing Kidney culture media (KCM,;
MEM, 10% FBS and 1% Penicillin/streptomycin). The metanephric
mesenchyme (MM) was dissected out carefully and removed from the UBSs,
which were dissected to isolate single tips. The mESC-derived spheroids were
collected in a 60 mm petri dish and the radiating eUB tubules were dissected
one by one using fine needles. Both UBs and eUBs were suspended
independently in 20% Matrigel in DMEM/F12 (Thermofisher,12634010)
medium, supplemented with 10% FBS, 0.1 yM RA, 100 ng/ml human
Rspondinl (R&D 4645-RS), 1ng/ml human GDNF (R&D 212-GD), and 100
ng/ml mouse FGF1 (Pepro Tech 450-33A) in a low-binding -U bottom- 96 well
plate, one per well. A serum free medium has also been used which consists
of DMEM/F12, 1x N2 supplement (Gibco 17502-048), 1x B27 without vit A
(Gibco 12587-010), 1mM nicotinamide (Sigma) and 1x antibiotic antimycotic

(Gibco 15240-096).
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2.4 eUBs Grafting into cultured kidney rudiments

Kidneys were dissected and isolated from CD1 mouse embryos at day E11.5.
Kidney rudiments were cultured on 24 mm, 0.4 pm-pore membranes
(Transwells, Corning 3450) , air fluid interface, in kidney culture medium (KCM)
containing Minimum Eagle’s Medium (MEM; Sigma M5650) enriched with 10%
fetal bovine serum (FBS) and 1 % penicillin/streptomycin. The mESC-derived
eUBs were manually dissected from day 10 spheroids using sharp tungsten
needles, and implanted into different nephrogenic areas, the metanephric
mesenchyme (Fig. 2.2), the peri-Wolffian mesenchyme (Fig. 2.3) or in between
the two (Fig. 2.4). Grafting was performed to E11.5 fetal mouse kidneys in
culture as mentioned above, after making a hole in the mesenchyme with the
needle away from the epithelium. The grafted kidneys were cultured for 5 days
for the MM grafts and 9 days for the PWM grafts in KCM, medium change was

carried out every 48hrs.

Figure 2.2 lllustration showing the steps of engineered ureteric bud (eUB) grafting
into the metanephric mesenchyme (MM) of a host kidney.
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Figure 2.3 Illustration showing the steps of eUB grafting in the periwolffian
mesenchyme (PWM) of a host kidney.
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Figure 2.4 Illustration showing the steps of eUB grafting in between the MM and the
PWM of a host kidney.

2.5 eUBs connection to host kidneys in culture

To test the ability of the mESC-derived eUBs to connect to either CD /or ureter
of an E11.5 kidney, a single cut was made into either one branch of the ‘T’
inside an E11.5 host kidney in culture (Fig. 2.5), or into the shaft of the UB
stalk of a fetal E11.5 kidney rudiment (Fig. 2.6), using a sharp Tungsten
needles. Then an eUB (at which one end had been cut as a result of its
isolation from its parent spheroids) was grafted in contact with the site of the
cut in the natural collecting duct or ureteric bud stalk. Grafted kidneys were
cultured in KCM on 24mm Transwell inserts, and incubated at 37°C, in 5%

CO2. For connection to older kidneys, E11.5 kidneys were cultured on
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Transwells for 9 days, and E13.5 kidneys were cultured for 4 days, before

grafting took place.
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Figure 2.5 Illustration showing the steps of eUB connection to the CDs.
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Figure 2.6 Illustration showing the steps of eUB connection to the ureter.

2.6 Combination of eUB with PWM or MM

Before mesenchymal isolation, kidneys were incubated in 1x trypsin/ EDTA
(Sigma T4174), for 2 min at 37°C, then KCM was added to stop the enzymatic
reaction. The peri-Wolffian mesenchyme was isolated manually using sharp
Tungsten needles. The isolated mesenchyme was collected in a 500 ul
Eppendorf, and cells were dispersed by gentle pipetting. Around 150,000 cells

were resuspended in 150-200 pl KCM and centrifuged (3 min at 3000 g), in
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order to obtain a cell pellet. Pellets were transferred to low binding-U bottom-
96 well plates, one pellet/well. The eUBs were isolated from day 10 spheroids
as mentioned before and transferred to the mesenchymal cell pellets 1
eUB/well and incubated at 37°C and 5% COz2. After 24hrs, the eUB and the
mesenchyme had generated a compact spheroid, which was transferred a 24
mm, 0.4 ym-pore Transwell membrane (Corning 3450) containing 1.5 ml KCM.
The same described method was used to combine the isolated (MM) with
eUBs, and the formed spheroids were cultured for 5 days in kidney culture

media, with 50 ul KCM containing 10% Matrigel on top.
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Figure 2.7 lllustration showing the steps of eUB combination with MM cells.
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Figure 2.8 Illustration showing the steps of eUB combination with PWM cells.

2.7 Immunofluorescence

Sample fixation was performed using cold methanol which was stored in -
20°C, and samples were left to warm up in room temperature for 30 mins.
Then, samples were washed twice with phosphate buffer saline (PBS) and
blocking was performed using a staining buffer, consisting of 5 % bovine serum
albumin (BSA) in PBS, overnight at 4 °C. After blocking, samples were washed
with PBS and the primary antibodies diluted in staining buffer were added to
samples and left overnight at 4 °C. The excess primary antibody was washed
(3 x 5 min PBS), and the secondary antibodies solutions were added to the
samples and incubated for 24 hrs at 4 °C. Finally, the secondary antibodies
were washed (3 x 15 min PBS), then samples were placed on a glass slide in
a box drawn using a PAP pen (Z377821; Sigma) and mounted with Vectashield

(H-1000; Vector Laboratories).

For PKC, NP63 and Sox9 staining, 4% PFA was used to fix the samples for

30 minutes in room temperature. Blocking and permeabilization were
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performed using 5% BSA contains 0.2% Triton X-100 (sigma) for 24 hrs in 4°C.
The same blocking buffer was used to prepare the primary antibody solution

(Table 1).

2.8 Histological tissue sections

Sample fixation was performed as outlined before and wax-infused samples
were prepared by placing the tissue in a wax processor (Sakura VIP E300),
and tissue blocks were then embedded in paraffin. Using a Leica RM2245
microtome, 6 um tissue sections were obtained. Sections were then floated in
a warm water bath and mounted on + charged slides (Superfrost plus; Thermo
Fisher) and left to dry in a 37 °C oven for 24hrs. Dewaxing of the samples was
carried out by placing them in xylene for 30 mins. Then they were rehydrated
in gradually decreasing ethanol concentrations (100%, 90%, 70%, 5 mins
each), and then put under running tap water. For antigen retrieval, samples
were submerged in sodium citrate buffer (10 mM Sodium citrate, 0.05% Tween

20, pH 6.0) in a microwavable vessel and microwaved for 3 x 5 mins.

For immunofluorescence staining, slides were placed in a suitable container
filled with blocking buffer (5% BSA in PBS) and placed on a rocking shaker for
1 hr. They were then left to dry by standing them on tissue paper for 2 minutes.
200 pl of the primary antibody solution (antibody in 5 % BSA in PBS) was
prepared and added to the tissue on the slides. To ensure that the tissue on

the slide was completely covered with the antibody, a square was drawn
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around the tissue using fluid blocking PAP pen (Z377821; Sigma). Slides were

placed on a suitable humified container and incubated in 4°C overnight.

The unbound primary antibody was eliminated by placing the slides in a
container filled with PBS on a rocking shaker for 30 minutes, with the PBS

changed three times.

The secondary antibody solution containing 5%BSA in PBS was added to the
slides, 200 pl per slide. The slides were incubated in a suitable slide container
overnight in 4°C. The secondary antibody was washed by submerging the
slides in PBS on a rocking shaker for 30 minutes. Slides were mounted by
Vectashield mounting fluid (H-1000; Vector) and coverslips (631-0142; VWR)

were placed before imaging.

2.9 Imaging

Imaging was carried out using a Zeiss Axiovert epifluorescence microscope
(Axiovision software), and Ziess LSM800 confocal microscope. Bright field and
GFP images were taken on Leica upright dissection microscope (MSV269).
Live imaging was carried out using Nikon A1R FLIM confocal microscope.

Image and video preparation was performed using image j.

2.10 Statistics

For the categorical data (feature Yes/No), Calculation of 95% confidence
intervals was performed using the formula t= +1.96 [V (p (1 = p)n)] +1/2n,
where tis the 95% ClI, P is the positive proportion, and n is the total number of

samples examined (Bremer& Doerge, 2010).

[Chapter Title] 45



[Thesis Title]

Table 1 Antibody list

Antibody Host Supplier & catalogue Working dilution
Species number
Alpha-smooth Mouse Sigma 3777 1/100
muscle (FITC)
Alpha-smooth Goat Novus nb300-978 1/100
muscle actin
Calbindin D28k Mouse Sigma C9848 1/100
E-cadherin Mouse BD biosciences 610182 1/100
GATA3 Goat R&D AF2605 1/100
Jagged 1 Goat R&D AF599 1/100
Krts Rabbit Abcam ab24647 1/100
Krt8 Rat DSBH repository TROMA-1 1/100
(concentrate)
Krtl5 Rabbit Abcam Ab52816 1/100
Pax2 Rabbit Biolegend PRB-276P-200 1/100
Uroplakin Rabbit Gift from Tung-Tien Sun, New |1/500
York University
Uroplakin 111 Goat Santa Cruz sc15180 1/100
WT1 Rabbit Abcam ab89901 1/100
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Fluoricin Dolicous |Conjugated |Vector FL-1031 1/50
Bifluorus

Sox9 Rabbit Sigma AB5535 1/100
NP63 Rat Biolegend 699501 1/100
RET Rabbit Santacruz SC-167 1/50
Six2 Mouse Santacruz Sc377193 1/100
Podocalyxin Goat AF1556 (R&D) 1/100
Anti-PCK zeta Rabbit Abcam ab59364 1/100
Anti-Rabbit 594 Donkey Invitrogen 21207 1/100
Anti-Rabbit 488 Donkey Invitrogen 21206 1/100
Anti-Rabbit 647 Donkey Invitrogen A-31573 1/100
Anti-Goat 488 Donkey Invitrogen A-11055 1/100
Anti-Goat 594 Donkey Invitrogen A-11058 1/100
Anti-Goat 647 Donkey Invitrogen A-21447 1/100
Anti-mouse 488 Donkey Invitrogen 21202 1/100
Anti-mouse 594 Donkey Invitrogen 21203 1/100
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Anti-Rat 594 Chicken

Invitrogen A-21471 1/100

Anti-Rat 488 Donkey

Abcam Ab150153 1/100

Table 2 Media and reagents

LIF Santacruz cat# sc4989
Y27632 Stem Cell Technologies cat# 72302
h-BMP4 R&D cat#314-BP-010
h-FGF9 R&D cat# 273-F9-025

SB341542 TOCRIS cat#1614
CHIR99021 Tochris cat#4423

Retinoic acid

Sigma cat#R-2625

h-GDNF R&D cat# 212-GD-010
R-Spondinl R&D cat# 4645-RS

mFGF 1 Peprotech cat# 450-33A-50

Activin A R&D cat#338-AC-010

N2 supplement

Gibco cat#17502-048

B-27 without vit A (x50)

Gibco cat#12587-010

Na pyruvate-100mM

Gibco#11360-039

MEM NEAA (100x)

Gibco#11140-035

2- mercaptoethanol-50mM

Gibco#31350-010

Glutamax-100x

Gibco#35050-061

DPBS (1x)

Gibco#14190-094

MEM

Sigma# M5650

48

[Chapter Title]




[Thesis Title]

GMEM Sigma# G5154
IMDM [+ L-glutamine, + HEPS] Gibco#12440-046
F12 (1x) [+ L-glutamine] Gibco#11765-054
BSA (7.5%) Gibco# 15260-037
Advanced DMEM/F12 (1x) [+ NEAA, + Gibco#12634-010

Na pyruvate]

FBS Cat# FCS-SA, Batch# 71133
Hyclone Serum Fisher scientific SV30160.03
TrypLE Express Gibco cat#12604-021

Chapter 3. Differentiation of mESCs into ureteric buds

3.1 Introduction

It is well known that the cellular component of the metanephric kidney includes
three main progenitor cell types: the ureteric bud cells, the nephron progenitors
and the stromal progenitors which together form the metanephric
mesenchyme (Saxen and Sariola, 1987).

Recently, several research groups have published protocols aimed at
differentiating stem cells into renal progenitor lineages (Taguchi et al., 2014;
Takasato et al., 2015; Morizane et al.,, 2015). In 2015, Takasato and
colleagues reported the development of multiple kidney cell types
simultaneously using one protocol. They showed cells expressing UB markers
and others expressing NPs, stromal and even endothelial cell markers.
However, their UB cells failed to show branching or support a progenitor niche,
suggesting that these cells may be functionally immature (Taguchi &
Nishinakamura, 2017). Another group (Xia et al., 2013) have reported the
selective induction of UB, NPs, and stromal progenitors but the UB did not
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show branching or NP induction capacity. Lately, Taguchi and Nishinakamura
have developed a new approach aimed at producing kidney organoids that
show anatomical and physiological competence. Using advanced microarray
technigues and working backwards through developmental stages to study the
genetic molecular details of mouse metanephric development, they generated
a detailed protocol to produce UB-like structures that resemble, to some
extent, the natural UB structurally and functionally (Taguchi and
Nishinakamura, 2017).

Early in development, the intermediate mesoderm undergoes anterior
posterior patterning that determines the cells’ fate either into UB or NPs. The
UB cells differentiate from the T+ immature mesoderm, 1 day earlier than the
nephron progenitors which differentiate into posterior intermediate mesoderm
at E9.5 (Taguchi et al., 2014). Accordingly, Taguchi and colleagues succeeded
in obtaining both UB and NPs separately, by shortening or prolongation of the
epiblasts high Wnt exposure time respectively (Taguchi & Nishinakamura,
2017).

The Taguchi protocol to induce the UB from mESCs depends on the primitive
streak induction, then the intermediate mesoderm using activin A, BMP4 and
CHIR (Wnt agonist). As previously described, Taguchi and colleagues in 2014
found that the NP cells originate from the posterior intermediate mesoderm
(PIM), while the UB cells derive from the anterior intermediate mesoderm
(AIM). They suggested that the anterior intermediate mesoderm cells, the
source of UB cells, differentiate from the T+ immature mesoderm earlier than
the posterior intermediate mesoderm which remain in T+ immature state
longer, and commit to the NP fate later in development. Based on that,
shortening of the high Wnt exposure time to 1.5 days in the UB protocol instead

of 2.5 days helped the anterior intermediate mesoderm specification.

The small molecule SB431542 is a selective inhibitor of the Alk4/5/7 pathway
that supresses the phosphorylation of smad2. Suppression of smad2/3 using
SB431542 induces the anterior intermediate mesodermal markers (Schier,
2003). Also, the addition of retinoic acid and high FGF9 helps further

50 [Chapter Title]



[Thesis Title]

specification of the anterior intermediate mesoderm and formation of
committed Wolffian duct progenitors. Subsequent utilization of GDNF and the
rho kinase inhibitor (Y27632) at the last three steps of the differentiation
protocol help the maturation of the committed Wolffian duct progenitors to form

presumptive ureteric bud-like structures (Taguchi & Nishinakamura, 2017).

In metanephric kidney development, the UB go through iterative branching in
order to form the collecting duct tree. The ES cell-derived UBs resulting from
the Taguchi protocol, unlike those from any other protocol, showed extensive
branching abilities both in 3-dimensional gel culture and in combination with
metanephric mesenchymal as well as induction of nephron differentiation.

Based on that, | decided to use this protocol for the purpose of my project.

The aim of this chapter is to reproduce the Taguchi protocol to differentiate
MESCs into ureteric bud-like structures. This work includes characterization of
these structures by assessing their ability to form branching trees in 3D gel
supplemented with branch-inducing factors. It also includes testing the
expression of UB markers including markers specific for UB tips and stalks,
using immunofluorescence staining. The ES cell-derived ureteric bud-like
structures will be referred to, in this chapter and the following chapters, as
engineered UB (eUB).

3.2 Results

3.2.1 Engineering of ureteric bud-like structures from mESCs

To reproduce the Taguchi protocol for UB differentiation, the mESCs were
maintained, for a few days, on gelatine coated dishes using MESC
maintenance media. After reaching 80-90% confluence, cells were dissociated
and passaged using Accutase then counted, and suspended in the basal

differentiation media as described in detail in chapter 2.

To start the differentiation, around 2000 cells/well were used, optimized from

the Taguchi protocol (which used 1000 cells/well), for easier handling and
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visibility of the EBs during media change. Cells were inserted into 96 well low
-adherent U-bottom plates and incubated for 48hrs to allow cell aggregation
and formation of embryoid bodies (Fig. 3.1).

The Taguchi protocol is a seven-step protocol carried out over 10 days. By 2
days from the start of the protocol, Hoxb7-GFP mESCs had formed embryoid
bodies (Fig. 3.2A); these showed no Hoxb7-GFP fluorescence (Fig. 3.2B) as
expected, which indicated that cells were not yet differentiated.

Step 1 of the differentiation protocol began 48 hrs after seeding the cells in the
U-bottom low adherent plates by treating the embryoid bodies that had formed
in the plates with Activin A for 24hrs followed by CHIR and BMP4 treatment as
step 2, in order to induce primitive streak, then the intermediate mesoderm

fate.

According to the Taguchi & Nishinakamura protocol, the time window for the
induction of the anterior intermediate mesoderm needs to be limited strictly to
36hrs of CHIR treatment. Based on that, step 3 media containing RA, FGF9
and SB431542 were added after 36hrs-this combination was designed to
suppress the Smad 2/3 pathway. After 24 hrs, cells were treated with media
containing RA, FGF9 and CHIR as step 4 to help further specification of the
anterior intermediate mesoderm and formation of committed Wolffian duct
progenitors. After step 4, the spheroids were dissociated and FACS sorting
was done to isolate the CXCr4+, C-Kit+ cell population as in the Taguchi

protocol.

The cell sorting step required large number of spheroids to compensate for the
cell loss that occurs in the sorting process. Avoiding this step did not affect the
eUB formation at the end of the protocol (12 differentiation runs were
performed, 12 spheroids each: a total 144 spheroids all showed numerous
eUB projections). Subsequently, moving from step 4 to step 5 was performed
directly without FACS. The last three steps of the differentiation protocol help
the maturation of the committed Wolffian duct progenitors to form ureteric bud-

like structures aided by the addition of Matrigel. First, a combination of RA,
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FGF9, CHIR and Y27632 was used for cell treatment in step 5. After 24 hrs
GDNF was added to the same combination and media was changed as step
6. Finally, a combination of RA, GDNF and CHIR was added to the cells as
step 7 for 24hrs (Fig. 3.1).

Step5 Stept Step?

oo D2 D3 D4 D5.5 Do D7 D& DS D10
I A8hrs ! 24hrs ' 24hrs ' 36hrs ' 24 ' 24hars ‘ 24 ' 24 ‘ 24 I -
hars rs o rs o s
LIE- A0 B0.3 R R R ™ R ™ RF"
l l c10 SB10 c5 1 C3 c3
F100 F5 F3 G2
F100 l a1 J‘ CFP-eUBs
_b -

mESCs EBs Stepl  Step2 Step3 Stepd

o o T W

Figure 3.1 Diagrammatic illustration of the steps of eUB formation. The upper
panel shows timings of the cell’s treatment using the Taguchi protocol. The lower
panel shows the steps of the eUB formation.

By day 10 of the protocol, the cell aggregates had developed numerous
epithelial projections (Fig. 3.2C), many of which branched. These projections
resembled the early ureteric bud in shape, and expressed the UB marker,
Hoxb7-GFP (Fig. 3.2D) which is the first sign of successful UB differentiation.
Hoxb7 is one of the Hox gene family that is strongly expressed in the kidneys
and specifically in the ureteric bud and its derivatives throughout development
(Brunskill et al., 2008).

To characterize these projecting epithelial structures, the expression of several
immunological UB markers was assessed using immunofluorescence staining.
The ES cell-derived eUBs showed positive staining for UB markers that were
expressed in the natural UB, such as Cytokeratin 8, Calbindin D2sk, (Bouchard
et al. 2002) the UB epithelial markers Pan-cytokeratin, and E-cadherin

(Sakurai et al.,1997 ; Georgas et al., 2009), Pax2, a common IM marker that
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can be detected in Wolffian duct progenitors (Torres et al., 1995; Brophy et al.,
2001), and GATAS3, which can be detected in the nephric duct and its
derivatives (Grote et al., 2006), 3/3 samples were tested, suggesting

successful differentiation towards the UB fate (Fig. 3.3).

C BF/day10

D GFP/day10

Figure 3.2 Embryoid bodies and GFP-eUBs. (A) Bright field image showing an
embryoid body (EB), on day 2 of the Hoxb7-GFP mESC differentiation. (B) it
expresses no GFP after 48hrs of the start of the protocol. (C) Bright field image of
stem cell aggregates 10 days after induction of differentiation, showing UB-like
projections, and (D) expressing the UB marker Hoxb7-GFP. Scale bar=100um.
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Figure 3.3 ES cell-derived eUBs express various UB markers. (A-D)
Immunofluorescence images of day 10 spheroids stained for several UB markers, ES
cell derived eUB structures exhibited positive staining of the UB markers: keratin 8
(Krt8), GATAS, pan-cytokeratin (PCK), E-cadherin (Cdhl), Calbindin and Pax2.
Scale bar = 100um.
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3.2.2 The ES cell-derived eUBs branch in 3D gel

Branching morphogenesis is a crucial event in mammalian kidney
development as well as in other organs that develop epithelial networks, such
as prostate, pancreas and salivary glands. In mid-gestation mouse embryos,
the UB invades the MM, and undergoes several rounds of branching,
approximately 10-11 rounds to generate more than 1600 branches (Cebrian et
al., 2004).

Qiao and colleagues have reported that the natural UB epithelium, which forms
the collecting duct system and the upper part of the urinary tract, can undergo
iterative radial branching in vitro, when cultured in appropriate 3D extracellular
matrix, in absence of any mesenchymal cells (Qiao et al., 1999). This suggests
that the branching property is inherent in the UB epithelium. This branching
depends on the interaction between the epithelium and the surrounding
environment either by the presence of mesenchymal cells or by imitating the

signals derived from these cells in vitro.

The question here is, does the ES cell derived eUB have the same branching
capability? To test this, Hoxb7-GFP mESCs derived eUBs were dissected from
day 10 spheroids as described in detail in chapter 2. These eUBs were cultured
one-by-one in three-dimensional Matrigel (Fig. 3.4A), supplemented with
ramogenic factors; R-spondin, GDNF, retinoic acid and FGF1 (Taguchi and
Nishinakamura, 2017). The eUBs isolated from day 10 spheroids were
showing expression of UB marker Hoxb7-GFP (Fig. 3.4B).

These isolated epithelial projections (eUBs) underwent radial branching
morphogenesis (3 replicates each contained 4 eUBs all showing branching;
Fig. 3.4C, E, G). Their expression of Hoxb7-GFP was maintained in these
branching structures after 7 days of culture in branch-inducing gel culture (Fig.

3.4D, F, H), suggesting that these eUBs retain the ureteric bud character.

Collectively, ES cell-derived eUBs showed features comparable to the natural
UB including expression of UB markers as well as the branching

morphogenesis capability.
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Figure 3.4 GFP-eUBs produce branching trees in 3D gel culture. (A) Bright field
image of a single eUB isolated from day 10 spheroids, day 0. (B) GFP image of A
showing HoxB7-GFP expression. (C, E, G) The eUB branch and form tree-like
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structure after 7 days of culture in 3D gel supplemented with branching mixture. (D,
F, H) Showing the corresponding C,E,G continue to express Hoxb7-GFP. Scale
bar=200pm.

3.2.3 ES cell-derived eUBs express ureteric bud tip markers
but not the stalk marker

It is well established that the UB epithelium is formed of two parts; tip and stalk,
each of them having its specific markers. Tips are the active branching ends
of the UB which lie in the MM, while the stalk is the elongated part of the UB
that lies outside the MM (Kispert et al., 1996). To characterize the eUB
epithelium and whether it expresses tip markers, stalk markers or both, | tested

their expression.

Earlier work has shown that expression of the transcription factor Sox9 can be
detected in two places in the developing mouse kidney, the UB tips and the
peri-ureteric mesenchyme (Reginensi et al., 2011). Although a strong
expression of Sox9 in UB tips was maintained throughout the developmental
stages, only a transient expression could be detected in the mesenchyme that
surrounds the distal ureteric stalk around E12.5 (Kent et al., 1996; Airik et al.,

2010). Thus, | decided to use Sox9 as a marker for UB tips.

The eUBs were stained for the tip marker Sox9 and showed positive
expression along the whole structure, slightly stronger at the tips by eye, in 6/6
samples were tested (100%, C19%+8.3%; Fig. 3.5B, E).

Metanephric development starts with the UB that rises from the caudal part of
the WD and invades the MM. The UB induces the differentiation of MM into
nephrons and the MM signals back to induce UB branching and elongation.
This interaction depends mainly on GDNF signalling via its receptor tyrosine
kinase Ret and the co-receptor GFR-a. (Yu et al., 2004; Lechner and Dressler,
1997). Disruption of RET signalling can cause some forms of CAKUT such as
multicystic kidneys, kidney hypoplasia, kidney agenesis, and faulty ureteral

maturation (Enomoto et al., 2001; Schuchardt et al., 1994; Batourina et al.,
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2002). Based on that, | considered using Ret as another tip marker because it
is actively expressed in cells of the UB tips which interact with the GDNF
signalling from the MM to induce UB branching.

The eUBs were dissected and stained for the GDNF receptor RET (5/5
samples were tested, showing positive expression,100%, CI®5*+10%; Fig.3.6
A-C). Co expression of both Ret and sox9 along the whole length of the eUB
strongly suggests the tip nature of these epithelial structures-however testing

for stalk markers was necessary as the next step in the characterization.

Previous studies have showed that Dolichos Biflorus Agglutinin (DBA) is a
ureteric bud marker that binds to all parts of the UB epithelium except the
active branching tips that exhibit Sox9 and wntl1 expression (Michael et al.,
2007). Thus, | decided to use the DBA stain to test expression of the stalk

marker in eUBs.

Staining with the stalk marker Fluorescein Dolichos Biflorus Agglutinin could
not be detected (0/3 samples, 0%, CI®®*+17%), with no evidence of
differentiation to stalk (Fig. 3.5 C, F). Fig. 3.5G shows a metanephric kidney
rudiment which has been cultured for few days and stained at the same time
with DBA as a positive stain control. The figure shows the DBA stain is
exhibited by the collecting ducts indicating the effectiveness of the stain.
Taken together, these experiments show the eUB to have the character of UB
tips not UB stalk.
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Figure 3.5 eUBs express the tip marker Sox9 but not the stalk marker DBA. (A-
F) Show day 10 eUBs stained for CDH1 in (A, D), Sox9 in (B, E) and show positive
expression of both markers, while binding to the stalk marker DBA in (C, F) could not
be detected. (G) Is a cultured embryonic kidney stained with DBA as a positive
staining control. Scale bar=100um.
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Figure 3.6 ES cell-derived eUBs express the tip marker RET. (A-C) Show bright
field and immunofluorescence images of an eUB stained for the tip marker RET
showing positive expression. (D-F) are the corresponding secondary-only control.
Scale bar=100um.
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3.3 Discussion

The aim of this chapter was to replicate the Taguchi protocol for the
differentiation of mESCs into ureteric buds, and the results match those
published by Taguchi and Nishinakamura 2017, confirming that this protocol
can be reproduced.

The mESC-derived UB-like structures, the eUBs, showed features comparable
to those of natural UB, in the form of expression of UB markers as well as
undergoing repetitive branching morphogenesis when cultured in 3D gel
culture supplemented with branching media. The eUBs strongly expressed tip
markers Ret and Sox9, but did not bind the stalk-specific lectin, DBA.

According to the work performed by Clifford Grobstein, it was believed that
direct cell-cell contact between the epithelium and the mesenchyme is
essential for branching morphogenesis in most epithelial structures. However,
Qiao et al., 1999 reported the ability of the UB to branch independently and
form a tree-like structure in absence of direct contact with the metanephric
mesenchyme, using in vitro 3D culture system supplemented with a mixture of
growth factors and conditioned media derived from an immortalized cell line of
early metanephric mesenchyme cells. This has indicated that the branching
property is inherent to the UB itself and depends on its interaction with the

surrounding environmental signals.

Taguchi and Nishinakamura, 2017 have reported that mESC-derived eUBs
have a branching capability equivalent to the natural UB, using a branching
mixture that contains definitive factors with no need for cell line derived
conditioned media. The mixture they used contained GDNF, R-spondin 1 (Wnt
modulator), FGF1 and retinoic acid.

Studies have shown that retinoic acid signalling is essential for maintaining the
expression of Ret cells at the UB tip, which is important to induce branching
(Batourina et al., 2001; Mendelsohn et al., 1999). GDNF, which is expressed
by the condensing metanephric mesenchyme around the UB, also plays a vital
role in the process of UB branching, most likely because it stimulates the cells
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that characterize the UB tip to proliferate (Costantini and Shakya, 2006). UB
branching is initiated by the formation of GDNF-Ret complexes where GDNF
binds to UB tips that express the tyrosine kinase receptor Ret (Schuchardt et
al., 1994). Also, Canonical Wnt signalling is known to be involved in the UB
branching via the B-catenin pathway (Maretto et al., 2003). Additionally, some
studies have shown that adding FGFs to kidney cultures in vitro enhances the
ureteric bud growth and branching (Qiao et al., 1999).

Here, | have used the same published sequence of branch-inducing factors
created by Taguchi and Nishinakamura, 2017 via a modification of a previously
published method (Rosines et al., 2007). Unsurprisingly, the mESC-derived
eUBs showed extensive branching in 3D gel after 7 days in culture, as the
mixture contains most of the factors known to induce branching in vivo. It is
also noticeable that the eUB branching in 3-dimensional gel was taking a radial
shape, apparently because the branch inducing gel surrounded the eUB from
all directions. This resembles the branching pattern described by Rosines et
al., 2007.

It has been shown in previous reports that the ability to branch is not only
confined to the epithelial parts expressing tip markers, but similarly the stalk
can undergo branching if cultured in an environment that recapitulates the MM
signals, either by direct contact with MM or in 3D gel supplemented with
branching factors (Sweeney et al., 2008; Mills et al., 2017). For that reason,
further characterization of the eUBs was needed to determine the nature of

their epithelium either toward tip or stalk.

Dolichos biflorus agglutinin (DBA) is a well-known collecting duct marker for
developing kidneys in some mammalian species including mouse embryos
(Micheal et al., 2007). It is an a-N-acetyl-galactosamine-binding lectin (Imberty
et al.,, 1994). While DBA strongly stains the shafts of branching CDs, it does
not stain the tips of these branches (Micheal et al., 2007). The tips of actively
growing collecting duct branches are characterized by expression of the tip
markers Sox9, Ret and Wntll (Kent et al., 1996; Kispert et al., 1996). The
results | describe in this chapter are consistent with these previous studies.
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The mESC-derived eUBs show strong expression of Sox9 and Ret

transcription factors along the whole length of the structure, but there was no
evidence of expression of the stalk marker DBA, which suggests that the
epithelial nature of these structures is more towards the growing tips at least

at this developmental time point.
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Chapter 4. Engineering ureter-like structures from
MESC-derived eUBs

Data presented in this chapter has been published in Sallam et al., 2020

4.1 Introduction

Production of the basic type of renal organoid, from a cell suspension, began
in 2010 with the formation of the first renal organoids. These organoids were
made of mouse ex-fetu renogenic stem cells using disaggregation-

reaggregation techniqgue (Unbekandt & Davies, 2010).

These organoids produced foetal kidney structures that were realistic at small
scales, producing numerous independent collecting duct treelets with
nephrons forming nearby. However, they lacked the large-scale organization
of real foetal and adult kidneys where only one collecting duct tree exists
(Ganeva et al., 2011). A series of improvements to the technique, most of
which consisted of ways to generate large-scale order by breaking the
symmetry of the formed tissues, had improved the realism of these organoids.
Steps included organizing the organoid around one central collecting duct tree
(Ganeva et al., 2011) using serial reaggregations. This was done by isolating
one ureteric bud-type epithelial tubule from the Unbekandt culture and
recombining it with fresh MM, in order to form organoids with a single
branching collecting duct. Following this, the group developed techniques to
improve the maturation of these organoids to have cortex and medulla, and
loop of Henle (LoH), using the Sebinger culture technique (Davies & Chang,

2014). The next problem to be tackled was construction of a ureter.

Previous studies have shown that the type of mesenchyme controls the identity
of the underlying epithelium by sending signals that guide epithelial
differentiation (Sweeney et al., 2008; Bohnenpoll and Kispert, 2014). The MM
induces UB epithelium to branch and form collecting ducts, while the Thx18+
peri-ureteric mesenchyme promotes urothelial differentiation (Airik et al.,
2006). This indicates that each mesenchyme has its unique signalling

molecules that drive epithelial differentiation towards different fates (Brenner-
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Anantharam et al., 2007). One of these essential factors is BMP4, which is
abundantly expressed in the peri-Wolffian mesenchyme (Miyazaki et al., 2003;
Dunn et al., 1997). It has been reported that the BMP4 plays a key role in
urothelial differentiation as described in detail in chapter 1. Administration of
BMP4 to cultured kidneys causes reduced branching and induces the
collecting duct to express the urothelial specific marker UPK, which indicates
the role of BMP4 in reprogramming the CD epithelium towards urothelium
(Bohnenpoll and Kispert, 2014). Based on that, Mills and colleagues in 2017
reported that the local application of BMP4, using BMP4-loaded beads, to one
side of the early branched collecting ducts in the Ganeva organoid promotes
the duct to elongate, stop branching and to express UPK, which indicates its
urothelial differentiation. This broke the symmetry of these organoids and gave
them a morphology more like that of the normal kidneys, with one branched
collecting duct tree connected to a single urothelial exit tube. Nephrons in
these organoids showed some physiological functions (Lawrence et al., 2015).
They could also acquire vasculature when implanted in the subcapsular area
of adult rat hosts (Xinaris et al., 2012).

All the work described above was done using renogenic stem cells obtained
from mid-term mouse foetuses and was therefore rather far removed from any

human application.

In parallel, however, several research groups were publishing protocols to
allow the production of renal organoids utilizing mouse and human ES and iPS
cells (Taguchi et al., 2014; Takasato et al., 2015; Morizane et al., 2015;). These
organoids have tissues that are realistic models for immature kidneys, and
they can connect with host blood systems when implanted under the renal
capsule of adult mice (Van de berg et al., 2018). Similar to the 2010 ex-fetu
mouse organoids described earlier, these ES cell-derived organoids lacked

high-order anatomical organization.

In 2017, Taguchi and Nishinakamura partly addressed this issue by generating
an anatomically structured organoid derived in part from stem cells (ureteric

bud and nephron progenitor cells) and in part from ex-fetu mouse kidneys
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(stromal progenitor cells). The organization was comparable to that described
by Ganeva in 2011, in that it was organized around one collecting duct tree,
but without a pelvis or ureter to conduct urine away. Clearly, a ureter is required

if engineered kidney rudiments are to be useful clinically.

This chapter focuses on addressing the question of how to generate a ureter,
using the Taguchi and Nishinakamura, (2017) differentiation method along
with kidney culture and grafting techniques used by Mills et al.,, 2017.
Engineered ureteric buds (eUBs) were combined with different fetal
mesenchymes with or without host kidney to examine their plasticity. This
allowed the generation of ureter-like structures that mimic the micro-anatomy
of the fetal ureter by forming multiple epithelial cell layers and a smooth muscle
cell layer capable of producing spontaneous contractions. These results might
be a step forward toward improving the current organoid model by adding the

ureter.

4.2 Results

4.2.1 eUBs can differentiate into collecting duct-like epithelia
when transplanted into the MM of a host kidney

Building on previous work (Sweeney et al.,, 2008; Michos et al., 2007;
Bohnenpoll et al., 2013), Mills and colleagues reported that the fate of natural
UBs, to produce either collecting duct epithelium or ureter epithelium, is
controlled by the mesenchymal cells that surrounds it. This was demonstrated
by grafting natural ureteric bud into different sites of ex-fetu nephrogenic
regions in organ culture; these explanted ‘nephrogenic regions’ consisted of
the metanephros, its own ureter, a length of the Wolffian duct and the peri-
Wolffian mesenchyme that surrounded it. When engrafted in the metanephric
mesenchyme of the metanephric part of a ‘nephrogenic region’, a natural
ureteric bud grew and branched in a manner similar to a natural collecting duct

tree, as previously shown by Sweeney and colleagues. When engrafted in the
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peri-Wolffian mesenchyme, a natural ureteric bud became a non-branching

duct that expressed the ureteric marker, Uroplakin (UPK) (Mills et al., 2017).

| aimed to test the hypothesis that ES cell-derived eUBs demonstrate the same
capacity, using grafting experiments. Before grafting could be attempted, it
was necessary to find a GFP reporting cell line to allow the graft and host cells
to be distinguished and to allow any morphological changes to be observed,

after some time in culture.

In 1999, Srinivas and colleagues generated a strain of transgenic mice that
expresses GFP under control of the Hoxb7 promoter in their ureteric buds to
facilitate the visualization of living kidneys in culture. Hoxb7 is one of 13 Hox
genes that can be detected in the ureteric bud-its expression is confined to the
UB and its derivatives throughout the developmental stages (Brunskill et al.,
2008). The fluorescent protein is expressed in all the ureteric bud branches

during development, and later in adult kidney epithelium.

The Hoxb7-GFP mESCs line was generated using the blastocyst stage of
Hoxb7-GFP mice embryos (Taguchi & Nishinakamura, 2017). Cells were
obtained from Professor Nishinakamura’s lab and were thawed and cultured

according to the methods described in (Taguchi & Nishinakamura, 2017).

The Hoxb7-GFP eUBs were dissected from day 10 spheroids of the
differentiation protocol as described in detail in chapter 2. Day 10 spiky
spheroids were transferred from the U-bottom plates to a petri-dish where the
eUBs were dissected manually using sharp needles. E11.5 embryos were
dissected, and kidneys were extracted and incubated in KCM for 30 min in 37°
C and 5% CO:z2 to allow them to recover, as embryos were preserved in cold
PBS buffer. The Wolffian duct was not removed, to preserve the area of peri-

Wolffian mesenchyme for grafting.

The GFP-eUBs were then grafted into the metanephric mesenchyme of fetal
kidney in organ culture. This was done using the grafting technique described

in Mills et al., 2017, but by grafting eUBs instead of UBs, as shown in Fig. 4.1A.
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After grafting, the location of the eUB graft within the host kidney mesenchyme
was detected by GFP-fluorescence using a Leica inverted microscope and
morphological changes were visualized and imaged after 5 days of culture

using the same method.

The eUBs that were implanted in the metanephric mesenchyme (Fig. 4.1B)
grew and branched to produce structures that were typical of the immature
collecting ducts (Fig. 4.1C). These structures maintained the expression of the
UB marker Hoxb7-GFP and induced a nephrogenic response in the host MM
after 5 days in culture (10/10 samples branched, 100%, CI95% + 5%).

The branched eUBs as well as the host kidney collecting duct expressed the
epithelial marker Krt8 and their tips became surrounded by Six2-positive cells,
typical of cap mesenchyme (Georgas et al., 2009) that surrounds tips of natural
growing collecting duct in embryonic kidneys (3/3 samples tested 100%,
CI95% + 17%; Fig. 4.1D’). Early-stage nephrons, expressing the markers WT1
and Jagged 1, formed near the grafted eUBs (8/8 samples tested 100%,
Cl95% = 6%; Fig4. 2B, B’). Eventually, they connected to them as shown in
(Fig. 4.2D) where staining with the apical marker PKC shows that the lumen of

the graft is continuous with the surrounding nephrons.

In most examples of these grafts into metanephric mesenchyme, there was no
evidence of expression of the ureter marker UPK in the graft (Fig. 4.1D, D”),
although the host ureter did express it, so acted as a positive staining control
for the immunofluorescence. One out of six grafts examined did show weak
UPK expression, but this was in a disfigured kidney with no ureter and
apparently had a disorganized mesenchyme (Fig. 4.3 A, B). Across the

experiments, UPK expression rate was 17% (Clos% £ 39%).
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A

Figure 4.1 eUBs branched and induced nephrogenesis in MM of host kidneys in
culture. (A) Illustration shows eUB grafting in MM. (B) Bright-field image with GFP
channel showing GFP-eUB grafted into the host kidney MM at (B) day 0 of grafting,
and (C) after culture for 5 days. (D) Immunofluorescence stain of C, shows the eUB
placed in the MM, marked with an arrow (the image is rotated 90° because it was
captured on a different microscope); (D’) magnified image of D showing nephron
progenitor cells expressing SIX2+ surround the eUB tips, as those of the host UB
branches. (D’”) separate UPK channel of D, shows the expression of UPK in the host
ureter but no expression in the eUB graft. (eUB; engineered UB, U; natural ureter,
MM; metanephric mesenchyme,). Scale bar=100um.
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Figure 4.2 eUBs induced differentiation of MM into nephrons and connected to
them. (A) Bright-field image with GFP channel indicating the location of the grafted
GFP-eUB in the host MM (arrow). (B) Immunofluorescence image of A showing the
grafted eUB, expressing the epithelial marker Krt8, branched and induced WT1+,
Jagl+ expressing immature nephrons. (B’) A high magnification of the area marked
with a box in B (C) Bright field image with GFP channel showing another eUB placed
in the MM. (D) Immunofluorescence stain of C.(D’) Magnification of the boxed area
in D, showing the eUB stained for krt8 and the luminal marker PKC connected
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(arrows) to the surrounding nephrons expressing the nephron marker PODXL. CD;
collecting duct, PT; proximal tubules. N; Nephrons. Scale bar 100um.

Figure 4.3. One out of six eUB grafts expressed week UPK in a deformed kidney
with no ureter. (A) Bright-field image with GFP channel showing the location of
grafted GFP-eUB (arrow). (B) Immunofluorescence image of A showing the eUB graft
expressing week UPK (arrow), and UPK expression in a nearby duct of an odd-shaped
kidney with no ureter. (B’) Individual UPK channel for clarity, arrow points to the
graft.
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4.2.2 eUBs combined with isolated metanephric mesenchyme

Combining eUBs with pure metanephric mesenchyme that had been isolated
from E11.5 kidneys is illustrated in Fig. 4.4A. In an old study of self-
organization properties of kidney tissues, Clifford Grobstein isolated the tips of
UBs from E11.5 kidneys where all the surrounding mesenchyme was
removed. Further, he recombined these bare UBs with freshly isolated
metanephric mesenchyme. The UB tips branched to form tree-like structures,
and induced nephron differentiation (Grobstein et al.,1953). This suggested
that these mesenchymal cells were able to organize themselves and interact

with the UB after dissociation.

In the previous section, | showed that the mESC-derived eUBs were able to
differentiate into collecting ducts that showed branching and encouraged
nephron differentiation, when grafted into the MM of host kidney. In this
respect, they were similar to the natural UB. Is the MM mesenchyme alone
sufficient to induce eUBs differentiation into CDs, or are other paracrine signals
from the host kidney also required? To test this, | set some recombination

cultures where the eUBs combined with MM in absence of a host kidney.

The combination of eUBs and MM cells resulted in eUBs branching and
apparently induced nephrogenic response while maintaining a Hoxb7-GFP
expression (Fig. 4.4B). Immunofluorescence analysis of these combination
tissues showed that the branching collecting duct-like structures expressed the
epithelial marker Krt8 and induced the differentiation of nephron progenitors
within the mesenchyme into maturing nephrons expressing the podocyte
marker WT1 (Georgas et al., 2009) and the proximal tubular marker Jagl (Fig.
4.4C); this was seen in 3/3 examples tested (100%, CI95% + 17%). This
indicated that eUBs were capable of interacting with the metanephric
mesenchyme to form branching trees and induce nephron differentiation in
absence of a host kidney, comparable to the natural ureteric bud in the

Grobstein model.
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Figure 4.4 eUBs branched and induced nephrons when combined with isolated
MM. (A) Illustration shows the process of eUB combination with MM cells. (B)
Bright-field image with GFP channel showing the combination tissue of eUB with
MM, the GFP-eUB is showing branching and apparent nephrogenic reaction. (C)
Immunofluorescence stain of B shows the branching of eUB epithelium marked by the
expression of Krt8, and condensation of nephrons marked with the expression WT1+
and Jagl+ cells that surround and connect to the eUB branches. Scale bar =100um.
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4.2.3 eUBs differentiate into urothelium when transplanted
into the PWM of a host kidney

Metanephric kidney formation starts at E10, with the emergence of the UB from
the caudal part of the WD. The UB is the main origin of both CDs and ureter.
At E11, the proximal part of the UB extends into the MM and mutual interaction
occurs between the two (see chapterl for details) which results in formation of
the CD tree with nephrons (Schedl et al., 2007). The part that remains outside
the MM (the presumptive ureter) becomes surrounded by specialized TBx18+
mesenchymal cells. The interaction between the two results in the formation
of a specialized multilayer urothelium surrounded by a functioning smooth

muscle layer (Trowe et al., 2012).

As described in the previous section, the GFP-eUBs differentiate into collecting
duct-like structures when combined with MM with or without a host kidney.
Those eUB-derived collecting ducts are comparable with other components of
the natural CDs in forming branching trees that connect to nephrons. What will
happen if these eUBs were grafted into PWM instead? Will they differentiate
into urothelium? To investigate this, | set some grafting cultures where eUBs
were isolated from day 10 spheroids and grafted into the peri-Wolffian

mesenchyme of host E11.5 kidneys.

When the eUBs were grafted in the peri-Wolffian mesenchyme of a host kidney
(Fig. 4.5 A, B), they did not show branching or nephron induction (Fig. 4.5C).
Instead, they showed robust UPK expression, a characteristic urothelial
marker (Fig. 4.5 D, D’) in 12/12 examples tested (100%; Clos% £ 4%). In
addition to expressing UPK, eUBs implanted into the peri-Wolffian
mesenchyme acquired a layer of smooth muscle cells, which could be
visualized using an antibody against smooth muscle actin (Fig. 4.5D). This
suggests that the fate of the ES cell-derived eUBs is highly influenced by the

surrounding mesenchyme like the natural ureteric bud.
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A

Figure 4.5 Formation of ureter-like structures when eUBs were grafted into the
PWM of a host kidney. (A) Illustration shows the grafting steps (B) Bright-field
image with GFP channel indicating the location of the implanted GFP-eUB in the host
PWM, just after grafting, and (C) on day 7 of culture. (D) Immunofluorescence image
of the implanted eUB expressing the urothelial marker UPK, and the epithelial marker
KRTS8, and surrounded by a layer expressing smooth-muscle actin (ASMA) (D’) an
individual UPK channel, shows the expression of UPK in both the graft and the host
ureter. PWM; Peri-Wolffian mesenchyme, U; ureter. Scale bar =100um.
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4.2.4 eUBs grafted into the PWM show contractile activity

The smooth muscle coat enveloping the ureter and the renal pelvis is
responsible for peristaltic contractions which are unidirectional contractions
initiated at the renal pelvis, and propagate downwards (Gosling, 1970). The
function of these peristaltic waves is to move urine from the kidney to the
urinary bladder. The smooth muscle coat of the ureter consists of inner stroma,
muscle layer and outer adventitia which contains blood vessels and nerves
(Hicks, 1965).

It is known that the in vitro-cultured ureters develop peristaltic contractions
after 7 days in culture (Caubit et al., 2008). As | showed in the previous section,
eUBs grafted in the PWM develop a layer of smooth muscle cells that
surrounds the graft and can be detected by staining for SMA. Are these
structures able to develop contractile activity similar to the natural ureter? To
assess that, these grafted eUBs were observed for 7 days in culture using a
Leica inverted microscope and videos were recorded using a confocal

microscope.

After 7 days of culture, eUBs grafted in the PWM of E11.5 kidney rudiments
had formed ureter-like structures that started to display spontaneous
contractions. These contractions increased in frequency and amplitude with
more time in culture (particularly on day 9)- samples were filmed under time-
lapse (3/3 examples examined; 100%, CI95% + 17%; video 4.1). To analyse
the relation between the graft contractions and those of the host ureter, the
recorded videos were thoroughly examined and the times of the minimal
diameter (contraction peaks) of both the host and the graft were separately

recorded.

Fig. 4.6 shows the times of each individual contraction. In the host kidney
ureter, the average period of contraction in eight intervals between nine
contractions in the recorded video was 12s (SEM 0.8s). While the average
period of the graft in seven intervals between eight contractions was 15s (SEM

0.6) which is a little slower. No evident relationship could be detected between
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the timings as the contraction of the graft sometimes preceded and sometimes
followed the contraction of the host kidney ureter. Analysis was performed by

Prof. Jamie Davies.

No peristaltic movements were seen in the eUBs grafted into the metanephric
mesenchyme, while the host ureteric contractions were clearly observed and
worked as a positive control (0/3 samples tested and recorded using time
lapse,0%, CI°5% + 17%, video 4.2).

b. times of minimum diameter
¢ o o * o @ * o graft
= B B B B R BB host
0 20 40 60 80 100 120
time/s

Figure 4.6 Contractions of the grafted eUB vs the natural ureter. (A) shows a
starting frame of the video recording (video 4.1); the graft is detectable by the GFP
fluorescence in its ES-derived urothelial tissues, and the arrow indicates the place at
which contractions in the nearby natural ureter were timed (they passed this point as
waves from kidney to distal ureter). (B) shows the timings at which contractions
occurred, illustrated as dots on the same time scale. Timings for the host were 6.6,
16.5, 38.5, 50.6, 59.4, 71.5, 81.4, 93.5 and 102.3s, and for the graft, 4.4, 17.6, 29.7,
49.5, 63.8, 79.2, 94.6 and 110s. (Analysis performed by Prof. Jamie Davies for a
jointly authored paper).
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4.2.5 eUBs combined with PWM cells in the absence of
kidney

In ureteric development, studies have reported reciprocal communications
between the epithelium of the ureteric stalk and the adjoining mesenchyme
(reviewed in Woolf and Davies, 2013). The ureteric epithelium expresses SHH,
which is essential for the expression of the BMP4 signalling from the PWM
mesenchyme (Bohnenpoll et al., 2017). The mesenchyme expression of BMP4
induces urothelial differentiation (Jenkins and Woolf, 2007), as well as its own
differentiation into smooth muscle with the aid of epithelial signals (Wang and
Olson, 2004; Caubit et al., 2008). It is also reported that this urothelium to
mesenchymal interaction includes expression of Wnt7B and/or WNT9B, beta
catenin-mediated Wnt signalling molecules, from the stalk epithelium (Trowe
et al., 2012). Additionally, it is reported that retinoic acid signalling is essential
for the balanced differentiation of both urothelium and smooth muscles
.(Bohnenpoll et al., 2017).

The results of the grafting experiments described above showed that eUBs
can differentiate into contractile, UPK-expressing ureter-like structure when
cultured in the environment of the peri-Wolffian mesenchyme. The
experiments did not make clear, though, whether the peri-Wolffian
mesenchyme alone was sufficient to induce this, or whether influences from
the nearby kidney were also necessary. To test this, | combined ES cell-
derived eUBs with isolated fetal peri-Wolffian mesenchyme, with no other

tissues.

The ureter is made up of two main components: a multilayer urothelium and a
smooth muscle coat. Its function is to transfer urine, which contains potentially
harmful products, therefore the luminal side of the ureter is adapted to this by
a specialized water-resistant layer expressing the UPK protein, which is
characteristic for urothelial cells (Yu et al., 1994; Wu et al., 1990) (see chapter
1 for details). When eUBs were dissected and recombined with isolated peri-
Wolffian mesenchyme cells from mouse embryos as showed in Fig. 4.7A, the

eUBs remained unbranched and maintained GFP expression, driven by the
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Hoxb7 promoter (Fig. 4.7B). Immunofluorescence staining of the combined
tissues showed strong UPK expression in the adluminal space (Fig. 4.7C).
Furthermore, a smooth muscle actin-expressing layer formed around these
epithelia and could be detected by staining against the SMA (3/3 cases
examined, 100%, CI95% + 17%; Fig. 4.7C). These ureter-like structures

showed spontaneous rhythmic contractions after 7 days in culture (video 4.3).

Figure 4.7 Urothelial differentiation of eUBs when combined with isolated PWM.
(A) Hlustration shows the steps of the combination of eUBs and PWM cells (B) Bright-
field image with GFP channel showing a combined tissue of GFP-eUB with isolated
PWM (arrows). (C) Immunofluorescence image of the combination tissue showing
UPK expression in the luminal side and expression of KRT8 in the whole epithelium
and surrounded by a layer expressing smooth- muscle actin (ASMA). Scale
bar=100pm.

80 [Chapter Title]



[Thesis Title]

Urothelium consists of three distinct cell types; superficial, intermediate, and
basal cells, each with its own specific markers (Wu et al., 2009). Basal layer
cells express Krt5+ and NP63+, intermediate cells express weak UPK+ and
NP63+ but they do not express KRT5, while the superficial apical cells express
only UPK (Shin et al., 2011). To investigate the similarities between the tissue
produced by combination of the eUBs with the PWM and the natural ureter,
detection of different urothelial cell markers was performed using

immunofluorescence analysis.

Histological sections of the eUB-derived ureter-like structures showed an
organization similar to that of the of the natural ureter, with an inner layer of
uroplakin I+ cells, a marker specific to superficial cells. A strong expression
of the basal (B) cell marker Krt5 (Mysorekar et al., 2002; Wu et al., 1999;
Bohnenpoll et al., 2013) could be detected in the cells that lie between the
basement membrane and the superficial cell layer as shown in Fig. 4.8A, (3/3
examples examined; 100%, CI195% * 17%).

A lumen could be detected in some samples which sometimes appeared
collapsed and sometimes inflated (Fig. 4.8A, B). Occasional cells within the B
cells’ zone showed KRT15 expression, this could be seen in 5/5 examples
tested (100%, CI195% + 10%; Fig. 4.8B), as in natural ureter (Tai et al., 2013).
Cells expressing very weak UPK and KRT5- could be detected in some parts
in the zone dominated by the basal cells (Fig. 4.8A). A strong expression of
NP63 could be detected in them (4/4 samples were tested 100%, CI95% =+
12.5%; Fig. 4.8C), a pattern characteristic of intermediate (‘I') cells (Mysorekar
et al., 2002; Wu et al., 1999). Co-expression of Np63 and the basal cell marker
Krtl5 is detected in some cells in the urothelium of wild-type mice (Tai et al.,
2013). Fig. 4.8D shows similar co-expression in the ES-cell derived ureter-like
structures (3/3 samples tested, 100%, CI95% + 17%).

Collectively, these experiments indicate that the combination of the eUB and
PWM cells show characteristic similarity to the natural fetal ureter, including
expressing markers of different urothelial cells and the ability to organize the
mesenchyme to differentiate into smooth muscle cells with contractile activity.
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Figure 4.8 eUBs combined with PWM express various urothelial cell markers.
(A) Shows a section of a combined eUB with PWM expressing krt5 in basal cells (‘B”),
UPKIII in superficial (‘S’) cells, and krt5- intermediate (‘I’) cells in between the two.
(B) Krtl5 expression detected in some cells in the B cell layer; the rest express the
epithelial marker (Cdhl) (C) Showing the expression of NP63, intermediate cell
marker, and other cells expressing UPK. (D) Shows cells co-express the basal marker
krt15 and NP63 (arrow). Scale bar 100=pm.
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4.2.6 Ureter-like tissues, derived from the combined eUBs
and peri-Wolffian mesenchyme, display spontaneous
contractions

As described previously, the eUBs grafted in the PWM differentiate into ureter-
like compound ‘tissues’ containing UPK* urothelium and smooth muscle which
started to show rhythmic contractions after 7 days in culture. These
movements were strongly reminiscent of natural ureteric peristalsis. The
asynchronous contraction of the host ureter and the graft indicates that the
smooth muscle that developed around the graft contracts autonomously and

independently of the adjacent host ureter.

To confirm this, a combination of the eUB and isolated peri-Wolffian
mesenchyme without host kidney were filmed using time lapse. These
independent ureter-like structures have also showed spontaneous rhythmic
contractions (video 4.3), of period 11s (SEM 0.8s) in one recoded movie and
20s (SEM 0.7s) in another video as analysed by Prof. Jamie Davies and
depicted in Fig. 4.9A, B. This indicates the functionality of the smooth muscles
that developed around the graft as well as the presence of a pace-maker
activity. These pace-maker cells most probably are the atypical smooth muscle
cells which are normally present in the pelvis of the kidney and the proximal

ureter (Lang and Hashitani, 2019).

Thorough analysis of the recorded videos showed that there were very small
contractions that can be detected in between the large ones which together
produced a constant sequence, with periods 6.4s (SEM 0.4s) and 7.5s (SEM
0.5s). Using electrical measurements, previous studies have shown that the
electrical pace-maker activity of the ureteric smooth muscle cells operates at
frequency 2-4x of gross peristaltic contraction- this is because of the refractory
period that occurs in the smooth muscle contractions (Lang et al., 2010;
Burdyga & Wray, 2005); the small contractions that could be detected between
the large ones may reflect this underlying clock. Noticeably, there were no
small contractions detected in the eUBs grafted in the PWM of a host kidney,

probably because the tightly packed mesenchyme in these prevented the
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visibility of the small contractions.

The behaviour of PWM around a grafted eUB, enveloping it and producing a
smooth muscle layer, provides strong evidence of reciprocal inductive
signalling, from epithelium to mesenchyme, to form the ureter. The identity of
these signals remains unknown, although there is evidence for involvement of
Shh as a urothelium-secreted, muscle-promoting factor (Weiss et al., 2013).
The mechanisms that order the smooth muscle in a way that promotes

relatively organized peristaltic actions are also not fully understood.
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Figure 4.9 Contractions in eUBs combined with peri-Wolffian mesenchyme. (A)
and (B) show the timing of the small contractions, and of large contractions (red, these
large contractions being comparable to those in Fig. 4.6), in two examples. In (A)
contractions timings were 2, 8, 14, 21, 26, 33, 41, 47 and 52s and in (B) they were 5,
12,17, 25, 31, 41,51, 58, 64, 73, 78, 88s (blue shows small and large, red shows only
large contractions. (Analysis performed by Prof. Jamie Davies for a jointly authored

paper).
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4.2.7 eUB can differentiate into CDs and ureter at the same
time using grafting

Based on the above results, eUBs can differentiate into collecting ducts and/or
ureters when transplanted into the MM and PWM, respectively. This suggests
that there is a possibility of getting both CDs and a ureter from the same eUB,

similar to the natural UB.

While working on grafting, | have noticed that in one of the cultures, the eUB
was accidentally placed in the middle zone between the MM and the PWM.
The proximal part of the graft adjacent to the MM showed branching and
apparently formed nephrons, while the distal part which was close to the PWM
become slightly elongated and did not show branching (vid 4.4).To explore
that, | set some grafting cultures where the eUBs were intentionally placed in
the region between the MM and the PWM (in which, at the level of the renal
pelvis), and the same result was obtained (3/3 samples tested, 100%, CI95%
+ 17%; Fig. 4.10 A,C). The part set in the PWM showed positive UPK
expression and induced the differentiation of smooth muscle around it, which
could be detected using anti body against SMA (Fig. 4.10 B). The other end,
set in the MM showed branching, induced nephrons to form and to express the

nephron marker PODXL and connected to them.

Using the immunofluorescence stain for the apical marker PKC, the lumen
appeared continuous between the graft and the surrounding nephrons which
confirms their connection (Fig. 4.10 D, E). After 7 days in culture, the non-
branching end started to show rhythmic contractions while the branched end
did not (3/3 samples tested and recorded using Nikon microscope; 100%,
Cl95% + 17%; vid 4.5). This suggests that engineering kidney organoids with
ureters attached is possible but requires both types of mesenchyme to be
organized around the eUB in a fashion similar to the natural ureteric

mesenchyme.

[Chapter Title] 85



[Thesis Title]

BF/GEP

Figure 4.10 eUBs differentiate into both CDs and a ureter when grafted between
the MM and the PWM. (A) Bright field image with GFP channel showing the GFP-
eUB grafted between the MM and PWM showing branching from one side. (B)
Immunofluorescence stain of A, showing UPK expression in the unbranched side of
the grafted eUB and the host ureter, and cells expressing SMA around the graft and
the ureter (arrows). (C) Bright field image with GFP channel showing another GFP-
eUB grafted between the MM and PWM, showing branching from one side. (D)
Immunofluorescence stain of C showing PODXL expressing nephrons connected to
the krt8 positive eUB branches from one side, as the natural collecting ducts nearby.
(E) Magnification of the boxed area in D shows connection of the graft to nephrons
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(arrows). N; nephrons, DS; distal tubule, PT; proximal tubule, LOH; loop of Henle.
Scale bar=100um.

4.3 Discussion

This chapter describes an advance in techniques for generating tissues of the
excretory system, specifically ureter, from embryonic stem cells. The general
aim of producing renal and related tissues from stem cells is important for
several reasons. The production of simple kidney models (‘organoids’) has
already provided new insights into organ development, offered human-based
systems for the study of pathophysiology, and shown promise as a means of
screening potential drugs for efficacy and toxicity (Morizane et al., 2017).
Several research groups in the field are working toward the long-term aim of
engineering complete functional kidneys for transplant purposes (Morizane &
Bonventre, 2017; Taguchi & Nishinakamura, 2017). This might be a new
strategy to treat patients with chronic kidney disease (CKD), however these
techniqgues need to be transferred from mouse to human in order to be

clinically useful.

In this chapter, | have showed that mESC-derived eUBs are capable of
differentiating into either collecting ducts or ureter, the choice being governed
by surrounding mesenchyme. Moreover, | was able to generate ureter-like
structures in vitro from eUBs, by combining them with mouse fetus-derived
PWM cells. These tissues had similar epithelial characteristics to the fetal
ureter and included smooth muscle layers that showed spontaneous peristaltic

contractions which were a little slower than the natural ureter.

Studies using human cells have reported methods to induce human ES and
IPS cells to differentiate into urothelial cells (Osborn et al., 2014). However,
the structures produced lacked the three-dimensional shape and the smooth
muscle cell lining of ureters. Recently, Mullenders et al., published a paper
describing the generation of ureteric organoids derived from adult human

tissue and from bladder carcinoma (Mullenders et al., 2017). Their organoids
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formed cyst-like spheroids with a lumen but did not show mesenchymal
organization or smooth muscle formation and there was no evidence of
peristaltic contractions. The method | described here is distinctive in combining
the engineered UBs with fetal peri-Wolffian mesenchymal cells to produce
ureter-like structures with multilayer epithelium and a smooth muscle coat that

can show spontaneous contractions.

Using transplantation studies, Bohnenpoll and colleagues in 2013 showed that
the ureteric stalk (the epithelial part forms the presumptive ureter) when
transplanted into the MM, gives rise to a collecting duct like branching
epithelium. In 2017, Mills et al. performed the reverse experiment by
transplanting the ureteric bud tips (future collecting ducts) into the peri-ureteric
mesenchyme. The UB epithelium did not branch and expressed UPK which is
a unique urothelial marker. This indicates the plasticity of the UB epithelium to
take different fates in response to different types of mesenchymal signals. This
has not been tested before in the ES cell-derived eUBs and the grafting
experiments in this chapter confirm that eUBs have a plastic nature at least in

their early stages.

The plasticity of the engineered ureteric bud (eUB) structures to form either
collecting duct or ureter does provide some evidence that eUBs are realistic
analogues of natural UBs. Natural UBs have the same plasticity, differentiating
into collecting duct when grafted into metanephric mesenchyme (MM) and into
urothelium when grafted into PWM (Sweeney et al.,2007; Bohnenpoll et
al.,2013; Mills et al 2017). This plasticity also exists when the eUBs are
combined with a pure mesenchyme in absence of a host kidney which
suggests that the interaction is confined between the epithelium and the

mesenchyme.

The method of recombination of eUB epithelium with either MM or the PWM
that has been used in this chapter is similar to what has been described by
Taguchi and Nishinakamura, 2017 and described earlier by Grobstein, 1953.
Another model for exploring renal self-organization in culture was described
elsewhere (Unbekandt et al., 2010; Ganeva et al.,, 2011). The Ganeva
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organoids were similar to those of Grobstein with one exception; the UB cells
were enzymatically dissociated and cultured before the recombination, which
represents a suitable model for studying the formation of renal organoids from
single cell suspension. In this chapter, | have used the Grobstein system, as
the ES-cell derived eUBs are structurally comparable to the intact natural UB
at its early stages yet these eUBs were formed from stem cell suspensions in
the first place.

The eUBs in MM form branching trees connected to nephrons in a fashion
similar to the natural collecting ducts, while in PWM the eUBs form ureter-like
structures surrounded by a smooth muscle layer. Grafting the eUBs in between
the two mesenchymes formed mini kidney-like structures, with branching
collecting duct from one side and a single ureter-like from the other side, which
suggests the possibility of producing a whole kidney organoid with a ureter if

the anatomical arrangement of both MM and PWM was achieved.

Previous studies have shown that the ureteric epithelium expresses Shh,
which induces mesenchymal cell proliferation and expression of BMP4 (Yu et
al., 2002). BMP4 induces the mesenchyme itself to differentiate into smooth
muscle and promotes the urothelial development (Miyazaki et al., 2003).
Inhibition of Shh causes defective smooth muscle maturation and failure of the
stromal cell layer to develop (Yu et al., 2002). Moreover, BMP4 induces the
differentiation of the UB stalk into urothelium by inducing UPK expression at
the apical layer which plays a role in the urothelial water sealing mechanism
(Jenkins and Woolf, 2007). Additionally, Tshz-3 is known to be an essential
factor in ureteric smooth muscle development (Caubit et al., 2008). A defect in
Tshz-3 expression causes functional hydronephrosis without anatomical
obstruction due to absence of the contractile smooth muscle markers at the
renal pelvis. Tshz-3 defect causes a defect in the expression of the key smooth
muscle regulator MYCOD, while the expression of SHH and BMP4 were not
affected (Wang and Olson, 2004).

Ureter contractions are controlled by the action of the pacemaker cells which
lie mainly in the pelvi-ureteric junction PUJ (Gosling, 1970). In vitro-isolated
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ureters that were separated from their kidneys have the ability to generate
proximal to distal peristaltic waves independently (Caubit et al., 2008)
suggesting the presence of more than one pacemaker cell population. The
eUB grafted in PWM alone or in the presence of a host kidney also show

spontaneous contractions, which indicates that they develop pacemaker cells.

The eUBs combined with PWM in presence of a host kidney or in absence
develop contractions comparable to the natural ureter but a little slower,
probably because the non-tubular shape of these grafts might have affected

the efficiency of their contraction.

It should be noted that, while the urothelial components of the engineered
ureters were differentiated from mES cells, all the mesenchymal and smooth
muscle components arose from ex-fetu PWM cells. Production of all-ES-
derived ureters awaits the development of methods to differentiate ES cells
into PWM cells, to combine with the eUBs and induce the combined tissue to

elongate into a ureteric tube.
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Chapter 5. Connection of the ES cell-derived eUBs to
the host kidney CDs or ureter

Work in this chapter has been accepted for publication in Organogenesis
Journal, March 2021.

5.1 Introduction

Currently, kidney organoids provide excellent models for studying organ
development, disease pathogenesis, and for drug screening and, if they are
transplanted in vivo, these organoids acquire vasculature (Van de berg et al.,
2018; Xinaris et al., 2012). However, many challenges need to be overcome
for these organoids to be of any clinical use, including organoid size and
maturation, which cannot be improved by current culture techniques (Koning
et al.,2020).

Alternative methods are needed to accelerate the utilization of organoids, and
one of these might be using multiple organoids to replace parts of a damaged
kidney. This will depend on their ability to connect and integrate into the host

kidney tubular system and to drain the urine produced by them.

In this chapter, | demonstrate a modified grafting method that can provoke the
ES cell-derived eUBs to connect to the CD system and the ureter of a host
kidney. This was based on an observation during the optimisation of the
grafting technique described in the previous chapter, where some contact was

noticed between graft and host in rare samples.

Investigation of this revealed that introducing an incision in the host CD or
ureter at the site of grafting promotes connection between graft and host, and
it still differentiates according to the tissue surrounding it (the mesenchyme).
Immunofluorescence analysis of the connection site revealed that both the
eUB and the host share a continuous open lumen, which would be essential
for graft drainage. Furthermore, when connection was made to a ureter, the
graft showed synchronous contractions with host ureter. This was done using

immature host tissues as well as older kidneys in culture. These results might
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be a foundation for developing new methods that allow the use of ES cell-

derived organoids for kidney regeneration.

5.2 Results

5.2.1 Connection of ES cell-derived eUBs to host collecting
ducts

When eUBs were grafted into ex-fetu nephrogenic areas, as described before,
they generally remained independent of host UB-derived epithelium. When
developing the grafting technique, however, | noticed that this independence
seemed to be lost in occasional damaged samples, and that the graft
sometimes appeared to attach to a host ureteric bud-derived epithelium.
Therefore, | hypothesised that nicking of the host kidney epithelium might be

used to induce connection between graft and host.

To test this, | set some grafting cultures in which a deliberate cut was made in
the host epithelium with a sharp needle, just before the eUB was grafted
nearby. First, as described in the previous chapters, | used Hoxb7-GFP
MESCs to make the eUBs using the Taguchi protocol. GFP fluorescence of

the eUBs was essential to recognize graft from host.

At day 10 of the differentiation protocol, eUBs were manually dissected from
the main spheroids and grafted into the metanephric mesenchyme area of an
E11.5 kidney and cultured on Transwell inserts for 5 days (see chapter 2 for
details). With no injury performed, the graft remained separate from host
collecting ducts and showed branching and nephron formation as natural CDs
(Fig. 5.1). No connection was detected between eUB grafts and host (0/6

samples examined, 0%, CI9% +8.3%).

Interestingly, when no cut was made, the host collecting ducts seemed to avoid
contact with the graft either by ceasing their expansion (Fig. 5.1A-C) or tilting
their branches away from the graft forming odd-shaped trees (Fig. 5.1D, E).
This behaviour is in fact similar to what had been described in Davies et al.,
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2014 between two adjacent kidneys in culture. When two kidneys were
cultured close to each other, their branches appeared to avoid contact with
one another forming distorted trees. It is reported that molecular signals

including Bmp7 are responsible for this behaviour (Davies et al., 2014).
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Figure 5.1 Avoidance of contact between eUB grafts and CD branches of host
kidneys. (A-E) Show eUB grafts in the MM of host kidneys marked by yellow
asterisk* and the CDs of the host that face the grafts, avoiding contact by stopping
their expansion (arrow), or changing their branching direction (dotted lines). Scale
bar=100pm.
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When a cut was made in the host collecting duct system using a sharp needle
(as shown in Fig. 5.2A), and the eUB was grafted as close as possible to it,
contact being the intention, the grafted Hoxb7-GFP eUB made its own tree-
like duct system and, in approximately 50% of the experiments, this connected
with the host collecting duct tree (Fig. 5.2B, D). Connection was seen in 10/20

samples examined (50%; 95%CI +24%, the rest did not connect anywhere).

The eUBs connecting to host collecting ducts formed structures that showed
characteristics of CDs, including branching and nephron induction (Fig. 5.2B,
D), and as would be anticipated of collecting ducts, there was no expression
of the urothelial marker UPK (Fig. 5.2C). The eUB graft was capable of
inducing formation of nephrons that expressed the early nephron markers
WT1, and Jagl (Fig. 5.2E) that connected to it.

For further analysis of the connection between eUB and host UB-derived
tubules, time lapse video recordings were made using a confocal microscope.
Samples were filmed directly after grafting and recorded for 3 days (Video 5.1,
5.2). In these videos, the GFP-eUBs appeared to be interacting with the
surrounding metanephric mesenchyme, showed branching and apparently
induced a nephrogenic response. The part close to the host collecting duct
seemed to blend into the main CD tree and appeared as just another branch.
Some GFP cells seemed to extend into the natural host tubes, which suggests
integration of the graft into the kidney tubular system and some cell mobility
(Video 5.1, 5.2).

Compared with the repulsive behaviour that occurred between the graft and
the intact epithelial host tubules, the intentional incision made in the wall of the

host tubules appeared to have encouraged the connection.
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Figure 5.2 eUBs can connect to the CDs of host kidneys in culture. (A) Steps of
induction of eUB connection to mouse kidney CD. (B) Bright-field image with GFP
channel showing the GFP-eUB graft branched and connected to the CD system of the
host kidney. (C) Immunofluorescence image of the eUB (arrowed), connected to the
collecting duct tree and does not express UPK. (D) Combined BF and GFP image
showing GFP-eUB showing branching and connect to the CD system of a host kidney.
(E) Immunofluorescence stain of D, showing eUB branching and associated nephron
formation. (E”) Higher magnification image of E showing WT1+, Jagl+ nephrons
connect to the eUB-derived collecting duct subsystem. N; Nephron, CD; collecting
duct, PT; proximal tubule. Scale bar=100 pm.
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5.2.2 Connection of the eUBs to the host kidney ureter in
culture

In the previous chapter, | showed that ureteric buds engineered from ES cells
are capable of differentiating into ureter-like structures, when combined with
cells of the PWM, with or without host kidney. These structures expressed
markers characteristic of fetal urothelium and induced the differentiation of
smooth muscle cells around them. In most cases, the eUB remained separate

from host ureter and showed simultaneous contractions after 7 days in culture.

Having shown that the intentional damage of collecting duct epithelium can
induce the connection between the eUB graft and the host kidney, and this
subsequently will differentiate into a collecting duct-like branch, | asked
whether the same can happen when grafting is performed near to a ureter
instead. To test this, | set some grafting cultures in which the cut was made

into a host ureter before eUBs were grafted nearby (Fig. 5.3A).

Data from the previous chapter showed that the Hoxb7-GFP eUBs maintained
GFP expression throughout the culture either in MM or in PWM. This had
helped the connection to be clearly detectable between eUBs and ureter after
a few days in culture. Fig. 5.3B, D shows GFP-eUBs connect to the ureter
(13/20 samples showed connection to the host ureter; 65%), 95%Cl+ 22.5;

while the others did not connect anywhere).

Immunofluorescence analysis showed strong UPK expression in the graft site
as well as in the host ureter (Fig. 5.3C, E, E”). These eUBs acquired a coat of
smooth muscle cells, expressing smooth muscle actin (ASMA) as showed in
(Fig. 5.3E, E’).

In control samples, with no damage performed, no connections were seen (0/6
samples examined, 0%, CI9% + 8.3%) suggesting that the intentional damage

to the wall of the ureter encouraged its connection with the eUB gratft.

To investigate the connection further, | carried out time-lapse recording of the
connection process between eUB graft and host ureter (videos 5.1). This was
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done by placing the samples in a special chamber (37°C and 5%CO2) of the
Nikon microscope, directly after grafting, and events were recorded for 3 days

(as described before).

In the recordings, eUB grafts seem to interact with the surrounding
mesenchyme and as would be expected of a ureter, these grafts show slight
elongation with no branching. In addition, some GFP cells can be seen
extending into the main trunk of the host ureter, which suggests integration of

the graft into the ureteric tissue and cell mobility.
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Figure 5.3 eUBs connect to ureters of host kidneys in culture. (A) Steps of eUB
connection to mouse kidney ureter. (B) Bright field image with GFP channel showing
the GFP-eUB grafted and connected to the ureter (arrow) of a host kidney in culture.
(C) Magnified immunofluorescence image, showing the eUB connected to the host
ureter, and expressing UPK, (the graft is marked with an arrow, as in B). (D) Shows
another eUB graft connects to a host ureter (arrow). (E) Immunofluorescence image
of (D) shows the expression of Krt8, UPK and ASMA in both the graft and the host.
(E”) Individual ASMA channel of E, showing a smooth muscle layer surrounded the
host ureter and the connected graft (E’”) Isolated UPK channel shows the expression
of UPK in both the connected graft and the ureter. Scale bar =100um.
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5.2.3 eUBs share an open lumen with host CDs and ureteric
stalk

The kidney receives around 20% of the cardiac output and nephrons are
kidneys’ functional unit (Saxén and Sariola, 1987). The main function of the
nephron is to filter the plasma and excrete waste while recovering useful
substances such as glucose and amino acids (Stott et al., 1983; Wang et al.,
1993). Distal tubules, the final segment of nephrons, drain into collecting ducts
which converge to renal papillae that drain into the pelvis of the kidney and the
ureter (Sarin et al., 1990). For incorporated eUBs to function, they need to

share a continuous open lumen with the nearby host kidney.

For that, | needed to examine the site of connection between eUB grafts and
host epithelium, and whether they were connected to the host collecting duct

and / or the ureter or just attached with no common lumen.

To test that, | first tried to detect the lumen using ink injection in the kidney
tubules and see if the ink would flow through the whole CD system including
the connected graft. Initially, | started with normal cultured kidneys and used
micro-injection needles to introduce ink into the kidney tubular system. After
several attempts, this technique was found to be impractical, as conventional
culture allow kidneys to flatten out which apparently precludes fluid flow in its

tubules.

Alternatively, | decided to use immunofluorescence analysis to visualize the
boundaries of the lumen by staining for the apical marker of the epithelia using
antibody to the apical protein, anti-protein kinase C zeta (PKC-zeta). This
PKC-zeta is one of the PKC family that play a role in a range of cell functions
including cell growth and differentiation as well as membrane function (Sacktor
et al.,1993).

Confocal images showed that the luminal apical surface of cells form sheets
that ran along, not across, the tubules at the junction, meaning that the lumen
was continuous across the boundary between the eUB graft and host

collecting duct making a contiguous luminal space (Fig. 5.4 B, C). This was
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clear in 6/6 examples examined of eUBs connected to the host collecting duct
(100%, CI95% + 8.33%)).

The same method was used to detect the lumen in grafts connected to ureters
of host kidneys. In these samples, staining for the apical marker PKC showed
that the lumen was continuous along the boundary between the eUB graft and
host ureter in 5/5 examples examined (100%, CI95% + 10%; Fig. 5.4 E, F).
This suggests that these eUB grafts can make incision-induced connections
with host CDs and ureter that shows a clear patent lumen, which is vital for the

graft function.
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Figure 5.4 eUBs share open lumen with the CDs/or ureter connected to it. (A)
Bright field image with GFP channel showing eUB graft connected to the collecting
duct system of a cultured kidney and showed branching. (B) Immunofluorescence stain
of A showing continuous open lumen between the graft and the host collecting ducts,
can be detected by the apical domain protein kinase C (PKC), and the epithelial marker
Krt8. (C). Individual PKC channel, for clarity, arrows point to the connection site. (D)
Combined BF& GFP image of a GFP-eUB connected to the ureter of a cultured
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kidney, to reveal the graft position (E) Immunofluorescence stain of the apical marker
PKC and the Krt8 (epithelial marker) showing continuous open lumen between the
host ureter and the graft (arrows). (F) Magnified individual channel of PKC, for clarity,
arrows point to the connection site. Scale bar=100um.

5.2.4 eUBs connected to a host kidney ureter show
synchronous contractions

The function of the smooth muscle of the ureter is to push urine down to the
bladder (Kiviat et al.,1973). These contractions occur in the form of waves that
propagate from proximal to distal. Failure in this process causes functional
obstruction and subsequent back pressure-induced kidney injury (Mendelsohn
2004). Ureteric contractions are believed to be myogenic in origin and initiated
by a group of pace-maker cells that are similar to the pacemaker cells of the
gut and can be identified by c-kit expression (Santicioli and Maggi, 1998; David
et al., 2005).

Data from the previous chapter revealed that eUBs grafted in a host kidney
PWM showed spontaneous contractions. These contractions resembled the
contractions of the host ureter in terms of periodicity but were independent in
terms of phase and frequency. This suggests the presence of autonomous

pace-maker activity in the graft tissue.

This raised the question about the capability of the connected grafts to show
contractions and whether these contractions, if present, would operate

synchronously with the movements of the connected ureters.

To investigate this, | set up connection cultures where eUBs were induced to
connect to host ureter and time lapse video recordings were carried out after

7 days in culture using a confocal microscope (video 5.4).

When the eUBs were induced to connect to host kidney ureter, they showed
synchronous contractions (video 5.4). Thorough analysis of the recorded

videos showed that the GFP-graft contractions coincided with those in the part
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of the UB to which it had linked (Fig. 5.5). This behaviour was observed in 3/3
samples tested and filmed using time-lapse (100%, C195% + 17%).

B
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Figure 5.5 Contractions of eUB graft and connected host ureter. (A) shows the
first frame of the recorded video (video 3S); the connected graft can be distinguished
by the GFP fluorescence, and the arrows point to places at which contractions in the
GFP-graft and the adjacent ureter were timed. (B) Shows a graph that illustrates the
timings at which the contractions were observed, shown as red and blue dots on the
time scale. Synchronous contraction between the graft and the host could be detected,
and timings of the contractions was seen at 9.0, 14.0, 22.0, 32.0, 40.0, 49.0, 60.0, 67.0,
75,84.0 S.

5.2.5 eUBs can connect to older kidneys in culture, and those
connected to the ureter show contractions

The data from the previous section (5.2.2) showed that eUBs can be induced
to connect to CDs or ureters of host kidneys in culture by inflicting a small
incision in the adjacent host epithelium. However, these kidneys were
immature fetal kidneys at developmental age E11.5.

In this section | aimed to investigate if the eUBs can be encouraged to connect
to older kidneys in culture, or is this just an advantage of immature tissues.
This is essential for the possible future applications of using these grafts in

kidney regeneration.
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To test this, | set some connection experiments using older kidneys and started
with E11.5 kidneys cultured for 9 days, then grafting was performed in both
MM and PWM. The grafted eUBs showed connection to the CDs and the ureter
as showed in Fig. 5.6, (3/3 samples tested, 100%, CI95% + 17%). The
connection succeeded but, due to the prolonged time in culture, the condition
of the host kidneys made the interpretation of the eUB graft differentiation
difficult. Nevertheless, UPK expression could be detected in grafts connected
to the ureter (Fig. 5.6B, D). To overcome the problem of long culture times,
grafting was repeated using relatively older kidneys, E13.5 which were

cultured for an additional 4 days before grafting was attempted.

The eUBs grafted in the PWM showed connection, which was seen in 10/10
samples tested (100%, CI95% + 5%, Fig. 5.7A-C). The connected grafts
expressed UPK and acquired a layer of SMA expressing cells (Fig. 5.7A’-C’).

For more analysis of the connection, time lapse video recordings were
performed, and events were recorded for 3 days after grafting (video 5.5). GFP
grafts were placed in close contact with the site of the cut, and recordings show
that the tiny space between the graft and the ureter was being filled and cells
from the surrounding mesenchyme appeared to cover the graft from outside.
Later, the GFP-eUB grafts connected to host ureter and some GFP cells could

be observed incorporated into the ureteric tissue indicating cell mobility.

To investigate if these connected grafts could develop contractions, another
time lapse recording was performed after 7 days in culture (video 5.6). The
recordings revealed that the connected grafts showed rhythmic contractions
(10/10 samples tested and recorded using confocal microscope,100%, CI195%
+ 5%, video 5.6).
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Figure 5.6 eUBs connect to CDs and ureter of older kidneys in culture. (A) Bright
field image with GFP channel showing the position of the grafted GFP eUBS (yellow
arrows) one in the MM and another one in the PWM. (B) Immunofluorescence satin
of A shows connection of the eUB to the CDs (marked with the higher arrow) and
another one connected to the ureter (marked with the lower arrow). (C) Shows the eUB
graft connected to the CDs (arrow points to the graft). (D) Shows the eUB graft
connected to the ureter and shows UPK. (E) A separate SMA channel of D shows the
expression in both graft and host, some SM cells are seen around the graft (arrow).
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Figure 5.7 eUBs connect to ureters of older kidneys and show ureter
characteristics. A, B, C. Are bright field images with GFP channel showing GFP-
eUB (white arrows) connected to the ureter of older kidneys in culture. A’, B’, C’.
Immunofluorescence stain of A, B, C showing the connected grafts (arrows)
expressing urothelial marker UPK and epithelial marker krt8.
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To investigate the eUBs connection to the CDs of older kidneys, | set some
connection cultures where the eUBs were grafted in the MM after making a cut
in the host collecting duct nearby (E13.5 cultured for 4 days). Time lapse video
recordings were performed directly after grafting and lasted for three days
(video 5.7).

Early after grafting, it was possible to observe the GFP-eUBs and the videos
showed an apparent interaction between graft and host (10 samples were
tested and recorded using time lapse). After 5 days in culture, the eUB grafts
could not be detected and the MM appeared darker and possibly degenerating.
Fixing and staining those samples showed degeneration in the collecting ducts
probably because of the longer culture time. In vivo implantation might be a

good alternative because of the advantage of a blood supply.

5.3 Discussion

In the previous chapter, | showed that the mESCs-derived eUBs were capable
of differentiating into collecting ducts and/or ureters, according to the

surrounding mesenchyme.

A very interesting finding of these experiments was that the eUBs had made
connections to the epithelial tubules in some damaged samples. Further
testing revealed that deliberate injury to the host kidney could induce
connections to the graft. The graft differentiated according to the engraftment
site and these connections exhibited a continuous lumen between the graft
and the host.

The ability of eUBs to connect to existing epithelia of a kidney (collecting ducts,
pelvis or ureter depending on graft location) was an unexpected feature,
because this is not a feature of natural ureteric/ CD development. In fact,
studies have reported mutual repulsion between the adjacent branches of
collecting duct trees (Davies et al., 2014). In kidney development, the ureter

and collecting ducts develop by branching morphogenesis from the UB, with
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no need for any connection to be made. However, within the kidney, it is
necessary for the nephrons to make a connection between their distal pole and
the CD branch that provoked their development in the first place (Saxen,
1987). This indicates that ureteric epithelia may retain an inherent capacity to
make connections that produce open-lumen communications among the
tubules involved. However, the mechanisms of this are still not fully
understood.

| founded that damage (nicking) to the host collecting duct or ureter is essential
for connections to occur. It is worth noting that one end of the isolated eUB
had been cut as an unavoidable step in its isolation from its parent spheroid.
During grafting, there was no way to track which graft end is the one opposed
to the host cut, either the cut or the intact end, so it was random. The nearly
50% success rate of the connection is consistent with the idea that the
connection demands both apposed ends to be cut, though the data do not

prove this.

Regeneration of epithelial wounds occurs by two methods, either proliferation
of the undamaged cells or deposition of connective tissue and scar formation.
Regeneration is the process of complete restoration of damaged tissue, and
this depends on the type of tissue injured and the extent of damage; small
clean epithelial cuts tend to regenerate completely. If the injury is extensive or
for some reason the cells cannot proliferate effectively, the injured tissue tends
to close the gap by deposition of fiborous material which later results in scar
formation. Cell proliferation occurring in the process of tissue repair is
controlled by growth factors and signalling molecules secreted as a response
to tissue injury and lead to proliferation of cells of the injured tissue, vascular

endothelial cells and fibroblasts (Kumar et al., 2014).

There are various possible explanations why damage is required for the
connection to happen. A simple mechanical reason is that, if two intact tubes
met, they would do so basal surface-to-basal surface, and there would be no
apparent reason for their cells to exchange current neighbour relationships for
new neighbour relationships with cells of the other epithelium. Once there is a
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gap in one side of the host epithelium, cells at the edges of the gap will
proliferate to close that gap and make adhesions either with cells of the graft
or with the cells of their own kind across the gap, and this might raise the
chances of the connection between graft and host to occur, instead of host-

host healing.

There may be other reasons related to the production of signalling molecules.
It is known that contact between the UB-derived epithelium is prohibited by
their secreting and avoiding BMP7 (Davies et al., 2014). For example, if two
kidneys were cultured adjacent to each other, their growing collecting ducts
tend to avoid contact by tilting their branches away creating odd-shaped trees.
This was also noticeable in the samples where eUBs were grafted in the

metanephric mesenchyme without nicking the host CDs (Fig. 5.1).

In general, injuring the epithelium changes the production of signals
(Maddaluno et al., 2017). Altering the signalling environment might result in
increasing the probability of the connection to happen either by reduction in
the repulsive signals or through production of attractive signals; the exact
mechanism is unknown. Another possibility is that wound-derived signals
might have induced some sort of epithelium-to-mesenchymal transition, or at
least weakening of the remaining cell-cell adhesions in adjacent regions of the
graft. Whatever the mechanism of connection of the eUB graft and host
epithelium, the fact that a simple mechanical intervention can induce it to

happen raises an exciting new possibility for renal regeneration.

In general, researchers discuss three strategies for kidney regeneration; one
includes the induction of the endogenous repair through recruitment of natural
kidney stem cells (Hopkins et al., 2009). Another requires the integration of
exogenous cells, such as stem cells, into the damaged kidney tissue to repair
it (Sagrinati et al., 2008), and third one focuses on creating a whole new kidney
from stem cells for the purpose of transplantation (Naganuma &
Nishinakamura, 2019).
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The observation that ES cell-derived eUBs can connect and integrate into host
epithelia raises the interesting possibility of creating new tissues to replace
parts of damaged kidneys and grafting them in to connect to the CDs/ ureter
of the host organ. This requires the connections to be possible even in older
mature host kidneys. Data presented in this chapter demonstrated that the
connection is possible in older kidneys in culture at least at the time points
described. The next step would be to test the connection to adult kidneys,

perhaps through culturing adult kidney tissue slices.

The connection was successful in all samples in which eUBs were induced to
connect to older ureters, and all showed contractions after 7 days in culture. In
MM, connection could be detected in some samples, however the condition of
the MM interfered with the proper analysis of the connection. As known from
previous studies, maturation and function of renal tissue rely on their
vascularization and this is limited in static culture (Munro et al., 2017). It might
be worth performing further analysis for the connection using adult kidneys in

Vivo.

Collectively, eUB grafts can connect to younger as well as older kidneys in
culture, at least at the time points examined. This may open a new avenue in
kidney regeneration, by allowing replacement of parts of a damaged kidney
rather than replacement of the whole. This is not limited to kidney regeneration
but may also extend to other parts of the lower urinary system such as the
bladder and urethra, according to a recent study published by Joseph et al.,
2018 which describes an unexpected role of Wolffian duct progenitors in

bladder regeneration after injury.
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Chapter 6. DISCUSSION

This chapter is dedicated to discussing the current approaches in the field of
ureter engineering and potential applications of the work described in this

thesis on the future of urinary tissue engineering and regeneration.

6.1 Summary

This project aimed to improve the existing kidney organoid model that lacked
a single urinary exit, by adding a ureter. This is important, not only to improve
the anatomical realism of these organoids, but also to provide transplanted
organoids with a drainage pathway once they have been vascularized
(Naguama and Nishinakamura, 2019).

The kidney tubular system, including CDs and ureters, derives from single
epithelial outgrowth, the ureteric bud (reviewed by Saxen, 1987). Previous
studies reported that the fate of the natural ureteric bud is governed by signals
from the surrounding mesenchyme (Sweeney et la., 2008; Bohnenpoll et al.,
2013). The MM mesenchymal signals include GDNF as a key signalling
molecule that induces UB branching, while the peri-Wolffian mesenchyme
expresses BMP4, which is the main factor in the process of urothelial
differentiation (Michos et al., 2007; Costantini &Shakya, 2006). Using
engineered UBs derived from mESCs and mouse fetal mesenchymal cells, |
verified that eUBs possess the same plasticity as the natural UB.

The effect of the peri-Wolffian mesenchyme in urothelial development can be
mimicked by the addition of BMP4 (Miyazaki et al., 2000; Mills et al., 2017).
Based on that, | first tried to use the BMP4 bead strategy previously adopted
by Mills et al., 2017 to induce urothelium in renogenic cell-derived organoids,
in order to develop a ureter in Taguchi organoids. This method turned out to
be impractical in these organoids, as they grow in an extracellular matrix-like

gel which impedes the application of the beads.
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The Mills method induced urothelial differentiation in renal cell-derived
organoids, but these urothelial structures apparently did not develop smooth
muscles or show peristaltic contractions (Mills et al., 2017).

It is believed that ureter mesenchyme is needed for smooth muscle
development (Bohnenpoll et al., 2013). | therefore recruited host kidney
mesenchymal cells either metanephric mesenchyme, or peri-Wolffian
mesenchyme to differentiate the ES cell-derived eUBs toward a ureteric fate
or CD fate, using grafting. | took two approaches to connect these eUB-

derived CD/ureter-like tissues to host kidneys.

The first approach was to apply a micro-incision in the host tubular system at
the site of engraftment to enhance connection between graft and host. The
second approach was to build both CDs and ureter using the same eUB, by
grafting into a mid-point between the two kidney mesenchymes. The latter was

based on the results of grafting independent eUBs into MM or PWM.

Both methods produced ureter-like structures that showed spontaneous
contractions. While the incision-based strategy produced only ureteric tissue
that connected to the host ureter, it showed the possibility to work in older
kidneys. The second method produced both a collecting duct tree and a
contractile ureter-like structure in a realistic anatomical organization yet was
only possible when using fetal tissues. This might have been because the
signalling environment is thought to be different in older kidneys (Sweeney et
al., 2008). Nevertheless, this could be an effective strategy to generate kidney
organoids with a single urinary exit, first by developing protocols to differentiate
the ES cells into PWM, and then finding ways to arrange the two renal

mesenchymes in the correct developmental frame.

6.2 Clinical context of the work

The ureter is not a complicated structure like the kidney, yet it is by no means

simple. In addition to its multilayer urothelium, the ureteric wall consists of an

[Chapter Title] 113



[Thesis Title]

active contractile smooth muscle layer arranged in two directions, lined by
mucosa from the inside and adventitia from the outside (Bohnenpoll et
al.,2013).

There are several disorders where the ureter, bladder and urethra can be
damaged locally, for example in tumours, mechanical injury during
gynaecological and pelvic surgeries, infections, and congenital anomalies
(Tyritzis & Wiklund, 2015). These conditions need to be treated effectively to
prevent extensive damage of the affected organ and the negative effect on the

kidneys and other body organs.

Currently, physicians use reconstructive surgery to repair the damage and
restore the lost function using ‘autologous’ tissue, most commonly an intestinal
lobe (Gild et al.,, 2018). This is unsurprisingly associated with many
complications such as metabolic disturbances, urolithiasis, and malignancy,
particularly because these tissues are not prepared structurally to carry out the
urinary excretion function. Despite the complications, this remains the gold
standard method in treating urinary tract defects since no better option is
available. Using an original urological tissue is preferable to tissue substitution,
but the amount of redundant autologous urological tissue is very limited
(Zamani et al., 2018).

Another proposed strategy to treat urinary tract defects is the use of scaffolds,
which can be a natural decellularized tissue (Osman et al., 2004) or synthetic
(Kloskowski et al., 2014). This approach appeared promising in terms of the
size and the tubular shape of the tissue produced, but several post-operative
complications are frequently reported including tissue fibrosis and stricture,
obstruction, poor cellularization and renal hydronephrosis (Zamani., 2018).
Pre-seeded scaffolds offered better outcomes in terms of cellular functions but
similar complications such as obstruction, graft contracture, and
hydronephrosis have been reported (Xue et al., 2016; El-Hakim et al., 2005).
Engineering ureteric tissues, from patients own cells, and use it to replace the

damaged parts might be a better solution.
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6.3 Advantages and challenges

The distinctive microanatomical similarity and the functional contractility of the
engineered ureteric tissue produced in this project, as well as their ability to
connect and integrate into tissues of older kidneys, are favourable features
compared with previous trials in ureteric engineering that lacked the original
tissue resemblances and failed to show smooth muscle contractions (Xie et
al., 2000; Kloskowski et al., 2014; de Jonge P. et al., 2018). Nevertheless, the

fetal size and shape of these engineered tissues are still problematic.

Developing ways to increase the size of engineered tissues as well as their
elongation into a tube is required for the proper use of these structures for
repairing adult urinary tract defects. This could be either by transplanting them
in vivo for some time to allow them to grow and mature, or by finding ways to

grow them in vitro.

The connection and integration ability of the engineered tissue to older kidneys
yield the potential for other tissue engineering and tissue regeneration
applications not only for kidney and ureter but also for other urinary tissues
such as the bladder and urethra. This was based on a recent study published
by Joseph et al.,, 2018, which states that WD epithelial cells can support
bladder regeneration. This could be used to repair a damaged part directly by

implantation or indirectly as cellular component for a scaffold.

This method, however, was less successful in the metanephric mesenchymal
region in older kidney, because the prolonged time of culture in vitro is likely to
have affected the survival of both collecting ducts and eUB grafts. In vivo
implantation might be a better approach as the presence of blood supply may
be an advantage that could improve the survival and maturation of these grafts
(Homan et al., 2019). Once this has been achieved, these tissues made from
patient’s own iPS cells, could be used to replace parts of failed or resected

kidneys instead of replacing the whole organ.
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6.4 From mouse to human

Most of the current knowledge about kidney development and disease
pathophysiology was obtained from animal studies, however these models
have limitations. Although a lot of similarities to human tissue exist, there are
significant differences between the mouse, the most studied animal model,

and human genome (Pope et al., 2014; Yue et al., 2014).

Translating these techniques from mouse to human tissue is challenging
because of the practical and ethical reasons that precludes the use human
fetal material in such studies. Using human iPS cells to generate kidney
organoids is a good alternative but the human models have been less
successful than the mouse models (Little, 2019). This might be due to a lack
of the proper knowledge of the accurate human developmental cues,
nonetheless certain animal models may be quite informative (Taguchi and
Nishinakamura, 2017).

An old study about cell association performed by Moscana, 1956 proposed
that tissue specificity is stronger than the species differences. In other words,
he found that tissues of the same histological type tend to integrate with each
other when mixed, even if they are derived from different species, while mixing
cells from two different tissue types, they tend to sort out despite being from
the same animal. This had also been discussed by Steinberg in 1963 with his
differential adhesion theory, however the exact mechanism is still not fully
understood. Taking together the results of eUBs characterization, branching
abilities as well as their integration with host epithelia, there is a solid evidence
that the engineered eUBs derived from ES cells are the same tissue type as
the natural UB.

An interesting approach that might help to improve our understanding of the
human molecular signals and assess the differentiation status of human stem
cell-derived kidney organoids despite the absence of comparative human
tissue would be the formation of hybrid models. This could include testing the
integration between iPSc derived UBs and natural fetal mouse UB using
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reaggregation technique and explore the possibility of interaction between
human cell derived UBs and mouse fetal mesenchymal cells using grafting

technique.

6.5 Vascularization

The blood supply of kidneys and ureters arises from branches of the renal
arteries, common iliac and gonadal arteries (Hallgrimsson et al., 2003). One
disadvantage of the current organoids is their altered micro-physiological
environment due to the lack of blood supply which might change some cellular
characteristics (Homan et al., 2019).

Vascularization is essential not only for organoid survival in vivo, but also for
organoid tissue maturation and function (Homan et al., 2019). Previous studies
indicated that kidney organoids organized host-derived vascularization when
transplanted into adult rodents. This has been shown using renogenic cell-
derived organoids (Xinaris et al.,2012) and stem cell-derived organoids (van
de Berg et al., 2018). Vascularization results of organoid in vivo implantation
experiments are promising, yet more work is needed to incorporate
vasculature into these organoids which is necessary for their cellular

maturation and functional abilities.

The effect of vascularization on ES cell-derived kidney organoids with ureter
or on engineered ureters alone has not yet been explored. This could be done
by engrafting these organoids into the chorioallantoic membrane of developing

chicks, or by in vivo transplantation into an adult rodent.

6.6 Final remarks

Formation of kidney organoids that connect to a contractile ureter as a single
exit was the main aim of this thesis. | managed to generate ureter-like

structures using ES cell-derived eUBs and mouse fetal PWM cells. These
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eUBs could be induced to connect to host kidney in culture or form mini kidney
-like organoids with ureter, using different grafting techniques. However, this
could only be achieved using mouse fetal mesenchymal cells.

The next step would be to find ways to generate stem cell-derived peri-Wolffian
mesenchyme (iPWM) and arrange them anatomically along with induced
metanephric mesenchyme (iMM) around an engineered UB to attain an
entirely induced organoids (stem cell-derived), with a single urinary exit.
Additionally, testing the connection property using adult murine kidneys either
in vivo or in vitro Once this has been achieved, introducing vascularization

would be the next sensible step.

Finally, for this to be clinically valuable, more work is needed in order to tackle
the challenges stated above and to transfer these methods from mouse to
human. An additional experimental step using large animals is usually required

before going to human trials, particularly for new and high-risk techniques.
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Differentiation of a Contractile, Ureter-Like Tissue, from
Embryonic Stem Cell-Derived Ureteric Bud and Ex Fetu

Mesenchyme

May Sallam,"? Anwar A. Palakkan,’ Christopher G. Mills

Mona Elhendawi,’® Lorna Marson,* and Jamie A. Davies®'

"Deanery of Biomedical Science, University of Edinburgh, Edinburgh, UK

¥ Julia Tarnick,”

2Human Anatomy and Embryology Department, Faculty of Medicine, Mansoura University, Mansoura, Egypt

3Clinical Pathology Department, Faculty of Medicine, Mansoura University, Mansoura, Egypt
“Edinburgh Transplant Centre, Royal Infirmary of Edinburgh, Edinburgh, UK

ABSTRACT

Background There is intense interest in replacing kidneys from stem cells. It is now
possible to produce, from embryonic or induced pluripotent stem cells, kidney
organoids that represent immature kidneys and display some physiologic functions.
However, current techniques have not yet resulted in renal tissue with a ureter,
which would be needed for engineered kidneys to be clinically useful.

Methods We used a published sequence of growth factors and drugs to induce
mouse embryonic stem cells to differentiate into ureteric bud tissue. We charac-
terized isolated engineered ureteric buds differentiated from embryonic stem cells
in three-dimensional culture and grafted them into ex fetu mouse kidney
rudiments.

Results Engineered ureteric buds branched in three-dimensional culture and
expressed Hoxb7, a transcription factor that is part of a developmental regulatory
system and a ureteric bud marker. When grafted into the cortex of ex fetu kidney
rudiments, engineered ureteric buds branched and induced nephron formation;
when grafted into peri-Wolffian mesenchyme, still attached to a kidney rudiment
or in isolation, they did not branch but instead differentiated into multilayer ureter-
like epithelia displaying robust expression of the urothelial marker uroplakin. This
engineered ureteric bud tissue also organized the mesenchyme into smooth muscle
that spontaneously contracted, with a period a little slower than that of natural
ureteric peristalsis.

Conclusions Mouse embryonic stem cells can be differentiated into ureteric bud
cells. Grafting those UB-like structures into peri-Wolffian mesenchyme of cultured
kidney rudiments can induce production of urothelium and organize the mesen-
chyme to produce rhythmically contracting smooth muscle layers. This development
may represent a significant step toward the goal of renal regeneration.

JASN 31:2253-2262, 2020. doi: https://doi.org/10.1681/ASN.2019101075

The past decade has seen significant
advances toward the goal of generating
kidneys from various types of stem cell.
It is now possible to produce renal orga-
noids, representing immature kidneys

JASN 31: 2253-2262, 2020

and showing some physiologic func-
tions, from embryonic and induced plu-
ripotent cells of mouse and human.!-¢
So far, these organoids have not featured
a ureter. This report describes a technique

for differentiating mouse embryonic stem
(ES) cells into urothelium that can orga-
nize fetal peri-Wolffian mesenchyme
around it to produce contractile muscle
layers.

Our experiments rest on two bodies
of prior work. One is an effort to explore
the self-organizing properties of cells,
specifically renogenic stem cells from
young fetal mouse kidney rudiments. It
was shown in 2010 that these cells, dis-
aggregated then reaggregated, could in-
teract to produce what have since come
to be called renal organoids, containing
small collecting duct trees and imma-
ture nephrons.” A series of technical
advances,®-1° most of which break the
symmetry of the system to create large-
scale order, have improved the realism of
the tissues produced, resulting in orga-
noids with nephrons arranged around
a single collecting duct tree with a single
urothelial end.!°
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The other body of work aimed to pro-
duce kidneys from human induced plu-
ripotent stem (iPS) cells.!>!2 From early
application of sequences of signaling
molecules to differentiate mouse ES cells
into renal epithelia that could integrate
into developing kidneys,!? methods
were established to produce complete
renal organoids from human iPS and
ES cells*© that are able to connect with
host blood systems.!4 Like the 2010 ex
fetu mouse organoids, they lack proper
large-scale anatomic organization.
This issue has been partly addressed by
Taguchi and Nishinakamura in 2017,%
who generated the first anatomically
organized kidney organoid derived
mainly from mouse ES cells, with
some ex fetu material included. The or-
ganoids had a single collecting duct
tree, but no ureter.

Here, we report the results of com-
bining the Taguchi and Nishinakamura
differentiation techniques* with grafting
into ex fetu peri-Wolffian mesenchyme
to produce urothelial structures surroun-
ded by smooth muscle coats showing
spontaneous contractions.

METHODS

Animals

Mice mated overnight, and the morning
of vaginal plug discovery was considered
embryonic day (E) 0.25. Pregnant mice
were euthanized at E11.5 by trained UK
Home Office license holders, by meth-
ods listed in Schedule One of the UK
Animals (Scientific Procedures) Act.
Embryos were decapitated and dissected
to obtain “nephrogenic areas” (the meta-
nephros, ureter, nearby Wolffian duct,
and mesenchyme), or isolated metaneph-
roi, according to the experiment.

Induction of Ureteric Bud
Differentiation from Mesenchymal
ES Cells

A Hoxb7-GFP mouse ES cell line was a
gift from Professor Ryuichi Nishinaka-
mura’s laboratory (Kumamoto Univer-
sity, Kumamoto, Japan). Cells were
maintained in GMEM (G5154; Sigma)
supplemented with 10% FBS, GlutaMAX
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(1X, Gibco), MEM-NEAA (1X, Gibco),
sodium pyruvate (1 mM, Gibco),
B-mercaptoethanol (0.1 mM), and leu-
kemia inhibitory factor (sc-4989, LIF,
1 U/ul; Santa Cruz Biotechnology). The
mouse embryonic stem (mES) cell line was
differentiated into ureteric bud (UB) cells
using a slight modification of a method
previously described by Taguchi and Nish-
inakamura. Briefly, at 0 hours cells were
dissociated with Accutase (Gibco); reag-
gregated at 2000 cells/aggregate in
96-well, U-bottomed, low cell-binding
plates (650970; Greiner); and cultured
to form embryonic bodies (EBs). At
48 hours, the medium was replaced by
“base medium,” comprising 75% Iscove
modified Dulbecco medium (12440-046;
Gibco) and 25% Ham F12 (11765-054;
Gibco), with 0.5X N2 (17502—048; Gibco),
0.5X B27 (12587-010; Gibco), 0.5X
penicillin/streptomycin, 0.05% BSA
(Sigma), 2 mM L-glutamine (Life Tech-
nologies), 0.5 mM ascorbic acid (Sigma),
450 uM 1-thioglycerol (Sigma), with the
addition of 10 ng/ml human Activin A
(338-AC; R&D Systems) as step 1. At
72 hours (all times are from 0 hours),
the medium was changed for base me-
dium containing 0.3 ng/ml human
BMP4 (314-BP; R&D Systems) and
10 uM CHIR99021 (TOCRIS 4423) as
step 2. At 108 hours, the medium was
changed for base medium containing
0.1 uM retinoic acid (R-2625, RA;
Sigma), 100 ng/ml human FGF9
(273-F9; R&D Systems), and 10 uM
SB431542 (TOCRIS 1614) as step 3. At
132 hours, the medium was changed for
base medium containing 0.1 uM RA,
100 ng/ml human FGF9, and 5 uM
CHIR99021 as step 4. At 156 hours, the
medium was changed for base medium
containing 10 uM Y27632 (72302; Stem
Cell Technologies), 0.1 uM RA, 1 uM
CHIR99021, 5 ng/ml human FGF9, and
10% growth factor-reduced Matrigel
(354230; Corning) as step 5. At 180 hours,
3 wm CHIR99021 and 1 ng/ml GDNF
(212-GDj R&D Systems) were added to a
fresh change of the medium used from
156 hours, as step 6. At 204 hours, this
was changed to the same medium with
2 ng/ml GDNF and without FGF9, as
step 7. After 24 hours of step 7, the EBs

Significance Statement

Thereisintense interest in engineering new
kidneys from embryonic stem cells and in-
duced pluripotent stem cells as research
models, and perhaps eventually for clinical
transplant. Although protocols exist for
producing renal organoids from stem cells,
these organoids lack an essential compo-
nent, the ureter. The authors describe the
production of ureter-like tissue consisting
of embryonic stem cell-derived ureteric
buds that organize ex fetu mesenchyme
around it to form smooth muscle layers.
These muscles spontaneously contract with
a periodicity that is a little slower than that
of peristalsis in natural ureters. This work
represents a step toward developing or-
ganoids with a ureter, although inducing
the tissue to elongate into a tube and
connect it to the kidney is a remaining
challenge.

developed numerous ES cell-derived
UB-like radiating tubules, which we
refer to as engineered uteric buds
(eUBs) in this report.

For culture in Matrigel,* projecting
eUB tubules were isolated by manual
dissection from EBs produced using the
method described above, and were sus-
pended in 20% Matrigel in DMEM/F12
medium containing 10% FBS, 0.1 uM
RA, 100 ng/ml human Rspondinl (4645-
RS; R&D Systems), 2 ng/ml human
GDNF (212-GD; R&D Systems), and
100 ng/ml mouse FGF1 (450-33A; Pepro
Tech) in U-bottomed, low cell-binding
plates.

Grafting of eUBs into Cultured
Kidney Rudiments

E11.5 kidneys were isolated from CD1
mouse embryos, and the rudiments
were cultured on 24-mm, 0.4-pwm-pore
membranes (3450, Transwells; Corning)
in kidney culture medium (KCM) com-
prising Minimum Eagle Medium with
Earle salts (M5650, MEM; Sigma) with
10% FBS. Hoxb7-GFP eUBs were isolated
manually from day 10 (approximately
230 hours) EBs using sharpened tungsten
needles, and grafted into either the meta-
nephric mesenchyme (Figure 1A) or the
peri-Wolffian mesenchyme (Figure 3A)
of E11.5 embryonic kidneys in culture as
above. The kidneys and grafts were cultured

JASN 31: 2253-2262, 2020
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Figure 1. eUB branches and induced nephrogenesis in renal metanephric mesenchyme. (A) Steps of grafting eUB into MM. (B and C)
Combined bright-field and GFP fluorescence image of a HoxB7-GFP mES cell-derived eUB grafted into the MM of an E11.5 kidney at (B) O,
and (C) 5 days of culture. (D) Immunofluorescence of (C); the grafted eUB is indicated by the arrow (the sample has been rotated by 90°
because of the differences between microscopes); (D’) region of (D) showing the eUB tips surrounded by SIX2* nephron progenitor cells,

JASN 31: 2253-2262, 2020 Engineering Ureter Tissue 2255
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for 5 or 9 days in KCM, with the medium
being changed every 2 days.

Combination of eUB with
Peri-Wolffian Mesenchyme or
Metanephric Mesenchyme
Peri-Wolffian mesenchyme was isolated
by manual dissection from E11.5 neph-
rogenic areas using sharp tungsten nee-
dles, and dispersed by incubation in 1X
trypsin/EDTA (T4174; Sigma) at 37°C
for 2 minutes. Around 150,000 cells
were suspended in 150 ul KCM, and
centrifugation (3 minutes at 3000Xg)
was used to obtain a cell pellet. Pellets
were transferred to wells in 96-well,
low cell-binding, U-bottom plates. The
eUBs were dissected from day 10 orga-
noids, added to the mesenchymal cell
pellet at 1 eUB per well, and incubated
at 37°C and 5% CO,. After 24 hours, the
combination had formed a compact
spheroid, which was transferred to a
24-mm, 0.4 pm-pore Transwell mem-
brane (3450) in a well containing
1.5 ml KCM (Figure 4A). The same
method was used to combine eUB with
isolated metanephric mesenchyme
(Figure 2A), with the spheroids being
cultured in KCM for 5 days, with the ad-
dition of 50 ul KCM containing 10%
Matrigel on top.

Immunofluorescence

Samples were fixed by immersion in cold
methanol, and the immersed samples
were allowed to warm to room temper-
ature (19°C=*5°C) over 30 minutes.
They were washed with PBS and blocked
in staining buffer, comprising 5% BSA in
PBS, overnight at 4°C. For Krtl5 and
NP63 staining, samples were fixed in
4% PFA in PBS and blocked using 5%
BSA and 0.2% Triton X-100 (Sigma) in
PBS. After blocking, primary antibodies
(Supplemental Table 1) diluted in stain-
ing buffer were applied to samples at
4°C for 24 hours. Unbound primary

antibody was washed off in PBS (3X5
minutes), and secondary antibodies
(Supplemental Table 1) in staining
buffer were applied overnight at 4°C.
Samples were washed (3X 15 minutes
PBS) and mounted onto a slide using
Vectashield (H-1000; Vector Laboratories).

Paraffin Wax—-Embedded Tissue
Sectioning

Samples were fixed in methanol as
above, and were then placed in an auto-
matic wax processing machine (Sakura
VIP E300; Sakura). Wax-infused sam-
ples were embedded in paraffin wax
blocks, and 6-um sections were cut us-
ing a Leica RM2245 microtome. Sections
were floated out before mounting on
slides (Superfrost plus; Thermo Fisher
Scientific) and dried in a 37°C oven.
Samples were dewaxed in xylene (30
minutes), rehydrated in an ethanol se-
ries (100%, 90%, 70%, for 5 minutes
each), and then placed under running
water. Antigen retrieval was carried out
by microwaving the dewaxed slides in
sodium citrate buffer (10 mM sodium
citrate, 0.05% Tween 20, pH 6.0) for
3X 15 minutes. Immunohistochemical
staining was carried out as described
above.

Statistical Analyses

For categorical (feature present/absent)
data, 95% confidence intervals (95%
Cls) were calculated using the binomial
normal approximation interval, correc-
ted for small sample sizes, as =1.96

(p(1—p)in)]+1/2n.15

RESULTS AND DISCUSSION

Engineering of GFP-Labeled UBs
from mES Cells

We differentiated HoxB7-GFP mESC*16
to UB cells using the method of Taguchi
and Nishinakamura.# In agreement with

their findings, by day 2, mES cells formed
Hoxb7-GFP ™ EBs (Supplemental Figure 1,
Aand B). By day 10, they developed numer-
ous epithelial projections (Supplemental
Figure 1C) expressing the UB marker
HoxB7-GFP (Supplemental Figure 1D: six
runs, at least six EBs in each, all showing
these features). When isolated and cultured
in three-dimensional Matrigel supplemen-
ted with GDNE R-Spondinl, FGF1, and
retinoic acid,* the epithelial projections
branched in a manner similar to natu-
ral UBs in gel culture (Supplemental
Figure 1, F and G; three runs, four sam-
ples in each, all branching).!” Expres-
sion of HoxB7-GFP was maintained
(Supplemental Figure 1H), suggesting
retention of UB character, and the UB
markers Calbindin D,g, pan-cytokeratin,
Krt8, E-cadherin (Cdh1), Gata3, and Pax2
were present in all three samples tested
(Supplemental Figure 1, I-L). Further-
more, the epithelia expressed the GNDF
receptor c-Ret (Supplemental Figure 2,
A-D; all five samples) and the “tip” marker
Sox9 (Supplemental Figure 2, E and F;
all six samples). They did not, however,
bind the “stalk” maker Dolichos biflorus
agglutinin'® (Supplemental Figure 2, G
and H; zero out of three samples). There-
fore, the whole structure had the character
of ureteric tip, with no evidence of differ-
entiation to stalk. We refer to tubular struc-
tures as eUBs.

eUBs Differentiate into Collecting
Duct-Like Epithelial Trees in a
Metanephric Mesenchymal
Environment

Building on previous work,'*-21 Mills
and colleagues grafted isolated tips
or stalks of natural UBs into either
the metanephric mesenchyme or the
peri-Wolffian mesenchyme of cul-
tured kidney rudiments. They found
that differentiation of the UB frag-
ments was controlled by the iden-
tity of surrounding mesenchyme.

like those of the natural UB. (D) Image (D) with only the UPK channel, showing UPK expression in the host ureter but not the eUB graft. (E)
Immunofluorescence image of an eUB graft in MM showing eUB branching and induction of JAG1™ early nephrons. (E') Magnified image
of the boxed area in (E) showing the early nephrons (arrows) associated with the eUB. (E”') Combined bright-field and GFP image of (E)
showing the location of the GFP-eUB graft. Scale bar for all images, 100 um. CD, collecting duct; MM, metanephric mesenchyme;
N, nephron; PT, proximal tubule; U, natural ureter.
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Figure 2. eUBsbranch andinduce nephrons when placed into isolated metanephric mesenchyme. (A) Steps of recombination of eUB with
isolated MM cells. (B) Combined bright-field (BF) and GFP image of Hoxb7-GFP eUB recombined with MM, showing branching of the eUB,
survival of the MM, and induction of nephron differentiation. (C) Immunofluorescence showing the eUB epithelial branching (KRT8 ex-
pression), nephrogenic condensates (indicated by arrows and WT1 expression), and early nephrons expressing strong WT1 at their
glomerular poles and the proximal tubule marker JAG1, connecting to the eUB. Scale bar for all images, 100 um. MM, metanephric
mesenchyme; PWM, peri-Wolffian mesenchyme.

Importantly for our study, they found
that ureteric tips grafted into the peri-
Wolffian mesenchyme expressed the
urothelial marker, Uroplakin (UPK).10

We tested whether eUBs showed
the same plasticity, beginning with
grafting to the metanephric mesenchyme
(Figure 1A). Grafted eUBs (Figure 1B)
grew and branched to produce a tree
(Figure 1C: all ten branched; 100%,
95% CI, 95% to 100%). As well as ex-
pressing Hoxb7-GFP (Figure 1C) and
KRT8 (Figure 1D), they organized a

JASN 31: 2253-2262, 2020

nephrogenic response in the host
metanephric mesenchyme. Their tips
became surrounded by SIX2™ cap mes-
enchyme cells (Figure 1D; all three
samples tested, 100%, 95% CI, 83%
to 100%). Early-stage nephrons, with
WT1™" glomerular poles and JAG1Y
proximal tubules, formed near the
grafted eUBs and eventually connected
to them (Figure 1, E and E’; all eight
samples tested 100%, 95% CI, 94% to
100%). All but one graft into meta-
nephric mesenchyme were UPK™,

with the UPK™ host ureter acting as a
positive staining control (Figure 1D; five
out of six tested). The exception was in a
damaged host kidney that had lost its
own ureter and had a torn mesenchyme.
Across these experiments, UPK expres-
sion rate was therefore 17% (95% CI,
0% to 56%).

The host UB is not necessary for this
response. When eUBs were grafted into iso-
lated metanephric mesenchyme (Figure
2A), they still branched (Figure 2B) and in-
duced the differentiation of nephrons with
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Figure 3. mES cell-derived eUBs differentiate into ureter tissue when grafted into peri-Wolffian mesenchyme. (A) Steps of grafting eUB
into peri-Wolffian mesenchyme (PWM). (B) A combined bright-field (BF) and GFP image of a Hoxb7-GFP eUB grafted into PWM cells at the
time of grafting, and (C) 7 days later. (D) Immunofluorescence stain of an eUB grafted into PWM showing expression of UPK in the

2258 JASN JASN 31: 2253-2262, 2020



WT1" glomerular poles and Jagged-1"
proximal tubules (Figure 2C; all three
samples tested, 100%, 95% CI, 83% to
100%). Again, this observation con-
firms the prior work of Taguchi and
colleagues.

eUBs Differentiate into Ureter-Like
Epithelia in a Peri-Wolffian
Mesenchyme Environment

When grafted instead into the peri-
Wolffian mesenchyme of ex fetu kidney
rudiments (Figure 3A), eUBs did not
branch and did not induce nephrons, al-
though they retained Hoxb7-GFP ex-
pression (Figure 3, B and C). They now
showed robust expression of UPK
(Figure 3D; all 12 samples examined;
100%; 95% CI, 96% to 100%, a range
that does not overlap the 95% CI of
grafts into metanephric mesenchyme
described in the previous paragraph).
In addition to expressing UPK, they ac-
quired a smooth muscle layer expressing
a-smooth muscle actin (Figure 3, D
and E).

It is known that the ureteric stalk
epithelium and the mesenchyme that
surrounds it collaborate to produce a
ureter via reciprocal inductive signal-
ing. There is strong evidence that
epithelium-derived SHH signaling to
the mesenchyme is necessary for the
mesenchyme to express BMP4 as a re-
sult of an internal FOXF1-dependent
pathway and to become competent to
differentiate into muscle.?2 BMP4 from
the mesenchyme signals to the epithe-
lium to drive urothelial differentia-
tion,!0 whereas the epithelium signals
to the mesenchyme to drive smooth
muscle differentiation. This urothe-
lium-to-mesenchyme communication
involves B-catenin—mediated WNT sig-
naling, probably by WNT7B and/or
WNTIB, both present in the epithe-
lium.?3 In addition, retinoic acid signal-
ing is required for a correct balance of
differentiation in both compartments.24
Are local paracrine signals such as

these sufficient to drive urothelial eUB
differentiation, or are influences from
the kidney or natural ureter needed? Test-
ing this by combination of eUBs with iso-
lated ex fetu peri-Wolffian mesenchyme
(Figure 4A) again resulted in the eUBs
remaining unbranched (Figure 4B), acti-
vating UPK expression and gaining a
smooth muscle layer (Figure 4C; all three
cases examined, 100%, 95% CI, 83% to
100%). This argues that local interac-
tions between peri-Wolffian mesenchyme
and the eUB are sufficient to induce
differentiation.

When in the peri-Wolffian mesen-
chyme, either in the kidney or isolated,
the form of these grafts was fully or ob-
lately spherical, with no evidence of
elongation into a tube. Within the struc-
tures, the eUB-derived urothelium dif-
ferentiated to form the layered structure
similar to a natural ureter. At the core
were cells showing strong expression of
UPK (Figure 4, C and D), a classic su-
perficial (“S”) cell marker (UPKIII).?> In
some samples, there was evidence of a
lumen, albeit somewhat collapsed rather
than inflated (Figure 4D). Between the
superficial cells and the basement
membrane were cells showing strong
expression of KRT5 (Figure 4D; all
three samples), a classic basal (“B”)
cell marker.?°-27 Within the B cell
zone were occasional cells expressing
KRT15 (Figure 4E; all five samples), as
in natural ureter.?® In some places
along the least-basal parts of the zone
dominated by B cells were cells express-
ing no KRT5 and only very weak UPK
(Figure 4D), and expressing strong
NP63 (Figure 4F; all four samples), a
pattern characteristic of intermediate
(“I”) cells.25

Ureter-Like Tissues Made by
Combination of eUBs with
Peri-Wolffian Mesenchyme Show
Spontaneous Contractions

By 7 days after combination, the ureter-
like tissues formed by grafting eUBs into
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peri-Wolffian mesenchyme of host kid-
neys started to show rhythmic contrac-
tions. These became stronger and more
frequent by day 9 and were detectable in
all three of the samples filmed under
time lapse (100%, 95% CI, 83% to
100%; Supplemental Video 1). To assess
whether contractions of the graft were
synchronized with those of the host ure-
ter, this video was analyzed frame by
frame and the times of peak contraction
(minimum diameter) of the graft and
host were recorded separately. Times of
individual contractions are shown in
Supplemental Figure 3. The period of
contraction of the natural ureter, aver-
aged over eight intervals between nine
contractions in the recording, was 12
seconds (SEM 0.8 seconds), comparable
with that in vivo?®; the period of the
graft, averaged over seven intervals be-
tween its eight contractions, was slightly
slower at 15 seconds (SEM 0.6 seconds).
There was no obvious relationship be-
tween the timings, the graft sometimes
leading and sometimes lagging the host
(Supplemental Figure 3). No contractil-
ity was detected in any eUB grafted in the
metanephric mesenchyme.

The asynchronous contraction of
graft and host implies that the contrac-
tions of the muscles formed around the
graft are spontaneous and independent
of activity in the nearby natural ureter.
To verify this, we filmed combinations of
eUBs and pure peri-Wolffian mesen-
chyme with no host ureter present.
These still showed large spontaneous
rhythmic contractions (Supplemental
Figure 4, Supplemental Video 2), of pe-
riod 11 seconds (SEM 0.8 seconds) in
one video and 20 seconds (SEM 0.7 sec-
onds) in another. This indicates not only
that the muscles are functional, but that
at least some have the “pacemaker” ac-
tivity usually ascribed to atypical muscle
cells normally found at the proximal end
of the ureter or renal pelvis.3° Careful
observation showed that, between these
large contractions, there were very small

epithelium, KRT8 in the epithelial layers, and smooth muscle actin (ASMA) around the epithelium. (D) Separate UPK channel of D, for
clarity. (E-E") Shows a magnification of the boxed area in D, individual UPK channel in E. ASMA channel in (E’). (E”) Shows the combined
channels UPK, ASMA, and Krt8. MM, metanephric mesenchyme.
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Figure 4. Urothelial differentiation in pure peri-Wolffian mesenchyme. (A) Steps of recombination of Hoxb7-GFP-eUB with PWM cells. (B)
A combined bright-field (BF) and GFP image of a Hoxb7-GFP eUB recombined with PWM cells. (C) Immunofluorescence stain of an eUB
recombined with PWM cells showing expression of UPK in the adluminal epithelium, KRT8 in the urothelium as a whole, and smooth
muscle actin (ASMA) around the epithelium. (D) A 6-um section of an eUB combined with PWM shows UPKIIl expression in superficial ("S”)
cells, KRTS5 in basal (“B”) cells, and also the presence of KRTS5- intermediate (“1”) cells in the less basal zone of the area otherwise
dominated by B cells. (E) Krt15 is expressed by occasional cells in the B cell layer; the counterstain E-cadherin (Cdh1) marks all epithelial
cells of the eUB graft. (F) Cells expressing the intermediate cell marker NP63 (arrows) and others expressing UPK; the insert (F') shows the

UPK channel alone, for clarity. MM, metanephric mesenchyme; PWM, peri-Wolffian mesenchyme.

contractions that, with the large contrac- 7.5 seconds (SEM 0.5 seconds) in the pacemaker activity in ureter smooth
tions, formed a steady sequence with pe- same two videos. It is already known muscle cells runs at two to four times
riods 6.4 seconds (SEM 0.4 seconds) and  from electrical measurements that the frequency of gross peristaltic
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contraction because of the mechanism
of muscle contraction having a refrac-
tory period??; the small contractions
we observed between large ones may re-
flect this underlying clock. We did not
observe small contractions in either host
or grafted UBs in the whole-kidney sam-
ples described in the previous paragraph,
perhaps because the more closely packed
stroma in these prevented visible small
movements.

This is not the first report of differen-
tiation of ES and iPS cells into urothelial
cells, but previous examples®! lacked
three-dimensional structure, and both
these and those of Santos et al.3? lacked
smooth muscle. A recent publication by
Mullenders et al.33 described ureter or-
ganoids made from bladder cancers and
from adult human tissue. They adopted
a cyst-like shape with a lumen, but with
no organization of mesenchymal com-
ponents or muscle and no evidence of
contraction. Our approach is distinct in
combining ES-derived ureters with ex fetu
mesenchymal cells to generate multiple ep-
ithelial layers and smooth muscle coat that
contract spontaneously. Important future
goals are to develop techniques for differ-
entiating peri-Wolffian mesenchyme from
ES cells, and inducing the engineered tissue
to elongate into a proper tube.
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Supplemental Table 1. Antibodies used for im-
munofluorescence analysis.

Supplemental Video 1. A GFP-expressing eUB
grafted into the peri-Wolffian mesenchyme of an
intact nephrogenic zone, showing regular smooth
muscle contractions.

Supplemental Video 2. An eUB combined with
peri-Wolffian mesenchyme in the absence of an
associated kidney, also showing regular smooth
muscle contractions.

Supplemental Figure 1. Production of eUBs
from Hoxb7-GFP mES cells.

Supplemental Figure 2. ES cell-derived eUBs
show tip markers.

Supplemental Figure 3. Contraction in grafted
eUB-derived ureter-like tissue and in the natural
ureter.

Supplemental Figure 4. Contraction in eUB-
derived ureter-like tissue in isolated peri-Wolffian
mesenchyme.
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Supplementary Information

Table 1S Antibodies used for immunofluorescence analysis.

Video 1S A GFP-expressing eUB grafted into the peri-Wolffian mesenchyme of
an intact nephrogenic zone, showing regular smooth muscle
contractions.

Video 2S An eUB combined with peri-Wolffian mesenchyme in the absence of
an associated kidney, also showing regular smooth muscle
contractions.

Figure 1S Production of eUBs from Hoxb7-GFP mESC.

Figure 25 ES-cell derived eUBs show tip markers.

Figure 3S Contraction in grafted eUB-derived ureter-like tissue and in the

natural ureter.




Table 1S: antibodies and lectins used in this study.

Antibody Host Supplier & catalogue number Working dilution
Species
Alpha-Smooth Mouse Sigma 3777 1/100
Muscle (FITC
conjugate)
Alpha-Smooth Goat Novus nb300-978 1/100
muscle actin
Calbindin D28k Mouse Sigma C9848 1/100
Dolicous biflourus | Conjugated | Vector FL-1031 1/50
agglutinin
(fluoresceinated)
E-cadherin Mouse BD biosciences 610182 1/100
GATA3 Goat R&D AF2605 1/100
Jagged 1 Goat R&D AF599 1/100
Krt5 Rabbit Abcam ab24647 1/100
Krt8 Rat DSBH repository TROMA-1 1/100
Krt15 Rabbit Abcam Ab52816 1/100
NP63 Rat Biolegend 699501 1/100
Pax2 Rabbit Biolegend PRB-276P-200 1/100
RET Rabbit Santa cruz SC-167 1/50
Sox9 Rabbit Sigma AB5535 1/100
Uroplakin Rabbit Gift from Tung-Tien Sun, New 1/500
York University
Uroplakin IlI Goat Santa Cruz sc15180 1/100
WT1 Rabbit Abcam ab89901 1/100
Anti-Rabbit 594 Donkey Invitrogen 21207 1/100
Anti-Rabbit 488 Donkey Invitrogen 21206 1/100
Anti-Rabbit 647 Donkey Invitrogen A-31573 1/100
Anti-Goat 488 Donkey Invitrogen A-11055 1/100
Anti-Goat 594 Donkey Invitrogen A-11058 1/100
Anti-Goat 647 Donkey Invitrogen A-21447 1/100
Anti-mouse 488 Donkey Invitrogen 21202 1/100
Anti-mouse 594 Donkey Invitrogen 21203 1/100
Anti-Rat 594 Chicken Invitrogen A-21471 1/100
Anti-Rat 488 Donkey Abcam Ab150153 1/100




Figure 1S
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Figure 1S legend Production of eUBs from Hoxb7-GFP mESC. (A) Bright field image showing an
embryoid body (EB), on day 2 of the HoxB7-GFP mESC differentiation; (B) it expresses no GFP.

(C) Bright field image of an EBs 10 days after induction of differentiation, showing UB-like
projections, and (D) expressing HoxB7-GFP. (E-H) A single eUB bud isolated on day 10 and cultured
in 3D gel with ramogenic mixture at days (E) O, (F) 4, and (G) 7; it branches and (H) continues to
express GFP. (I-L) Immunofluorescence images of day 10 EBs expressing the UB markers Calbindin-
D28k, pan-cytokeratin (PCK), E-cadherin (Cdh1), Cytokeratin 8 (Krt8), GATA3 and Pax2; DAPI is used
as a nuclear stain. Scale bar = 100um.



Figure 2S
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Figure 2S legend: ES-cell derived eUBs express UB tip markers. (A, B) Show both bright field and
immunfluorescence images of an eUB stained for RET showing positive expression; . (C, D) are the
corresponding secondary-only control. (E-H) show day 10 eUBs stained for Sox9 (E), CDH1 (F), and

with DBA (G); H is a cultured embryonic kidney stained with DBA as a positive staining control.



Figure 3S: Contraction in grafted eUB-derived ureter-like tissue and in the natural ureter.
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Figure 3S legend: Contraction in grafted eUB-derived ureter-like tissue and in the natural ureter.
(a) shows a starting frame of the video recording (video 1S); the graft is identifiable by the GFP
fluorescence in its ES-derived urothelial tissues, and the arrow indicates the place at which
contractions in the nearby natural ureter were timed (they passed this point as waves from kidney
to distal ureter). (b) shows the timings at which contractions occurred, depicted as dots on the
same time-scale. The time-stamps on the recording incremented at intervals of 1.1s, which sets a
lower limit of resolution of the timings shown on the graph. Timings for the host were 6.6, 16.5,
38.5, 50.6, 59.4, 71.5, 81.4, 93.5 and 102.3s, and for the graft, 4.4, 17.6, 29.7, 49.5, 63.8, 79.2,
94.6 and 110s.



Figure 4S: Contraction in eUB-derived ureter-like tissue grafted into isolated peri-Wollffian
mesenchyme
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Figure 4S legend: Contraction in eUB-derived ureter-like tissue in isolated peri-Wolffian
mesenchyme. (a) and (b) show the timing of very small contractions (blue), and of large
contractions (red, these large contractions being comparable to those in Fig 3S), in two different
examples. In (a), timings of contractions were 2, 8, 14, 21, 26, 33, 41, 47 and 52s and in (b) they

were 5, 12, 17, 25, 31, 41, 51, 58, 64, 73, 78, 88s (colour code as in the charts).



