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Abstract
The best way of treating end-stage renal disease is the transplantation of a donor

organ. However, the number of patients requiring a transplant exceeds the number
of available kidneys. Growing kidneys from induced pluripotent stem cells could help
to close the gap between organ demand and supply and could omit the need to take
immunosuppressants if the engineered kidneys were to be generated from the

patient’s own cells.

Kidney organoids from murine kidney cells are similar to embryonic kidneys but, with
traditional culture methods, the organoids, as well as the kidneys themselves, grow
rather flat and spread out, which does not represent the overall shape of a kidney
grown in vivo. Embedding kidney explants in type 1 collagen resulted in a more

spherical shape, but also in central necrosis, most likely caused by hypoxia.

Staining of the explants for endothelial markers revealed the presence of capillaries,
which remained immature. In some tissues, arterial differentiation is induced by
neurons. To analyse whether the renal arterial maturation is controlled by neurons,
developing kidneys were isolated and co-stained for vascular and neuronal markers.
The co-staining revealed that innervation occurs after formation of the smooth
muscle cell lining and during upregulation of calponin 1, which is involved in smooth

muscle cell contraction.

Several studies link vascular differentiation to mechanical stimuli caused by the onset
of blood flow. To detect whether connecting the kidneys to the vasculature of a host
would enhance vascular maturity, the explants were grafted onto the chick
chorioallantoic membrane. Injection of the chick vessels following isolation and
staining of the explant confirmed blood flow through the graft vessels. However,
vascular maturity was not improved as indicated by the lack of vascular smooth

muscle cells.

The use of fertilized eggs makes it difficult to influence the growth environment of

the explants. Isolating blood vessels and co-culturing them under perfusion with



embryonic kidneys in vitro would allow more control over available growth factors
and mechanical cues by adjusting the stiffness of the surrounding matrix as well the
flow rate through the blood vessels. For this purpose, | have designed a culture device
that allows the long-term perfusion of arteries and veins. Using this device, | have
demonstrated that isolated blood vessels respond to proangiogenic treatment by
forming sprouts. In co-cultures of the blood vessels with embryonic kidneys,
endothelial sprouts were seen between both tissues and appeared to form a
connection between the vessel and the explant, which sets the basis for the in vitro

vascularisation of kidney explants.

Vascularizing kidney explants can aid identifying methods to vascularize kidney
organoids in vitro. This is a critical step in renal tissue engineering as it would improve
organoid growth and enable testing their functionality in terms of blood filtration. A
functional vasculature will also be essential in generation transplantable renal tissue,

which could on day help to treat kidney disease.



Lay abstract
Kidneys are vital organs. They remove toxins from the blood, help to maintain bone

health and regulate the production of red blood cells which supply the body with
oxygen. Consequently, kidney disease can have huge implications for an individual’s
health. In the UK, one in 25 people will experience some sort of persistent kidney
problem. In severe cases, a kidney transplant from a donor is usually the best form
of treatment. However, there are not enough donor organs available. Recreating
kidneys from human cells could increase the amount of donor organs and drastically

reduce the waiting time for a transplant.

To date, scientists can create something like a miniature kidney. These “mini-kidneys”
show a lot of the features of an early embryonic kidney, but instead of a kidney bean-
like shape, they grow in a more disk-like shape. This growth form is shared with

embryonic kidneys when these are taken out of the embryo and grown in culture.

| attempted to recreate a more natural environment for embryonic kidneys to help
them to maintain their natural shape. To do this | have embedded the kidney in type-
1 collagen, a protein which is found in all organs and helps to hold cells of different
types together. When surrounded by collagen, the kidneys grew with a more
spherical shape. However, the cells in the centre of the sphere started to die, because

they were not supplied with enough oxygen.

In the body, oxygen is transported to cells via the blood stream. In culture, kidneys
do have blood vessels, but there is no blood flow, because they are not connected to
the heart. One way of getting blood flow into the kidneys is putting them inside a
fertilized chicken egg. During its development, the chicken embryo is covered with a
thin membrane that contains many blood vessels. Kidneys can be put on this
membrane, called “chorioallantoic membrane”, to connect them with the blood
stream of the chicken embryo. The kidneys that connected were kept alive, while
those that did not connect stopped growing. However, after looking at the blood

vessels of kidneys that connected to the chick embryo, | noticed that they looked very



abnormal compared to the ones that would normally develop if the kidney was left

inside the embryo, showing that the growth environment in the egg was not optimal.

A better way of controlling the growth environment would be to take a single or pair
of blood vessels and connect them to a pump system to keep a flow through the
vessels. The blood vessels could then connect with kidneys and supply them with
nutrients. To do so, | have developed an apparatus that can be used to let blood

vessels grow outside the body.

In the future, this might help to improve the growth of natural and artificially created
kidneys to a size suitable for transplantation and thereby reduce the waiting time for

a kidney transplant.
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Chapter 1 - Introduction

1.1 Project Aim and Outline

Kidney cell-derived renal organoids display a high degree of anatomical similarity to
cultured embryonic kidneys (Mills et al., 2017). However, like kidney explants, they
grow rather flat and spread out, which does not represent the natural shape of a

kidney (Ganeva et al., 2011; Mills et al., 2017; Sebinger et al., 2010).

In this thesis, | aim to induce a more three-dimensional growth of kidney explants by
embedding them in an extracellular matrix. In the first results chapter, | analyse
whether embedding the explants in type 1 collagen can induce three-dimensional

growth and whether it affects the morphology of kidney explants (Chapter 3).

Three-dimensional culture systems often result in the formation of a gradient of
oxygen and nutrients from the periphery to the centre (Glicklis et al., 2004;
McMurtrey, 2016; Sakaguchi et al., 2013). In situ, oxygen and nutrients are supplied
via the circulatory system. Therefore, | further aim to confirm the presence of blood
vessels within kidney explants as described previously (Munro et al., 2017) and

determine the maturity of forming blood vessels (Chapter 3).

Subsequently, | examine different factors that potentially contribute to vascular
maturation. At first, | test the hypothesis that neuron-derived signals are necessary
for renal vascular maturation in situ (Chapter 4). Subsequently, | graft kidney explants
onto the chick chorioallantoic membrane, to investigate whether the connection to

the circulatory system of a host would affect their vascular maturity (Chapter 5).



Lastly, | aimed to construct a device for the ex vivo culture of adult and embryonic
blood vessels and determined its potential use in vascularizing kidney explants in

vitro (Chapter 6).

1.2 Kidney anatomy and function

1.2.1 Anatomy of the kidney

Human kidneys weigh about 115-175 g and are located on either side of the midline,
between the levels of vertebra T12 and vertebra L3, the right kidney lying slightly
lower than the left one. They are covered by a fibrous capsule consisting of
extracellular matrix components. In a frontally sectioned kidney (Figure 1-1), two

main regions are visible; the outer cortex, and inner medullary region (Saxén, 1987).

The medullary region contains 10 to 18 triangular renal pyramids separated by renal
columns (Saxén, 1987). These pyramids are connected to the minor calyces, which
fuse to the major calyx. The major calyx connects via the renal pelvis to the ureter

(Saxén, 1987).

Renal vein Major Calyx
Renal Mi
arte Inor
i Calyces
Renal Medulla
nerve (Pyramid)
Renal Cortex
Pelvis
Ureter Fibrous Capsule

Figure 1-1: lllustration of renal gross anatomy (reproduced with modifications from
OpenStax, 2016)



The kidneys are vascularized by the renal artery and vein (Bowman, 1842; Saxén,
1987). The renal artery ramifies into segmental arteries (Bowman, 1842; Saxén,
1987). The segmental arteries branch into the interlobular arteries which run
between the pyramids of the medulla (Bowman, 1842; Saxén, 1987). From the
interlobular arteries branch the arcuate arteries, which in turn branch into cortical
radiate arteries and afferent arterioles (Bowman, 1842; Saxén, 1987). The afferent
arterioles enter the glomeruli of the nephrons, which lie in the cortical region of the
kidney (Bowman, 1842; Saxén, 1987). Blood vessels leaving the glomeruli are named
efferent arterioles and branch into the peritubular capillaries (Bowman, 1842; Saxén,
1987). From there, the blood exits the kidney via the interlobular vein then the

arcuate vein, segmental vein and renal vein (Bowman, 1842; Saxén, 1987).

The blood flow is, in part, controlled by the renal nerves which run alongside the renal

artery and vein (Saxén, 1987).

1.2.2 Renal blood filtration

The main function of the kidney is to remove toxins and metabolic waste products
from the blood (Bowman, 1842). This occurs within the Bowman’s capsule, a cup-like
structure connected to the proximal tubules of the nephron (Bowman, 1842). Blood
enters the Bowman’s capsule via the afferent arteriole which ramifies to form the
glomerulus, a dense capillary network that is structurally supported by a stalk-like
aggregate of mesangial cells (Bowman, 1842; Sakai and Kriz, 1987). The glomerular
capillaries are structurally adapted to support the removal of toxins while
maintaining important nutrients within the blood. A coating of the heavily
fenestrated capillaries with negatively charged glycoproteins helps to retain certain
molecules, such as albumin, within the blood vessels (Dane et al., 2013; Hjalmarsson
et al., 2004). This is further supported by the adsorption of plasma molecules in the
glycocalyx leading to the formation of a 200 nm thick endothelial surface layer, which

is essential for the filtration of the blood (Hjalmarsson et al., 2004).



The endothelium is basally surrounded by the glomerular basement membrane
(GBM), which separates it from a layer of podocytes. Consisting of a network of highly
organized fibrils that form pores of about 10 nm size, the GBM represents the second
layer of the glomerular filtration system (Hironaka et al., 1993). Defects of the GBM
formation result in proteinuria and haematuria underlining its importance in
retaining essential blood components (Alport, 1927; Yoshikawa et al., 1981). In vitro
experiments with isolated GBM preparations indicate that it acts as a size- rather than

charge-specific filtration barrier (Bolton et al., 1998).

Podocytes are specialized cells which form interdigiting foot-like processes around
the glomerular capillaries. They are connected via specialized adherens junctions,
the slit diaphragms (Farquhar et al., 1961; Reiser et al., 2000). Slit diaphragms form
pores by self-repulsion of the negatively charged sialoprotein, podocalyxin
(Kerjaschki et al., 1984; Takeda et al., 2000). They play a crucial role in the size and
charge permselectivity of the glomerular filtration barrier as defects of one of the
core structural proteins such as nephrin, podocin and Neph1 result in glomerular

filtration impairment (Boute et al., 2000; Donoviel et al., 2001; Kestila et al., 1998).

Small uncharged molecules can pass through the glomerular filtration barrier and are
collected as primary urine in the Bowman’s space, a lumen between the podocytes
and the parietal epithelial cells that form the outer layer of the glomerulus (Chang et

al., 1975; Rennke and Venkatachalam, 1977).

The Bowman’s capsule is connected to the proximal convoluted tubule of the
nephron where most of the water and nutrients are reabsorbed (reviewed by
Curthoys and Moe, 2014). The proximal tubule connects to the loop of Henle that
descends in the medullary region which displays a gradient of increasing tissue

osmolarity from cortex to core (Henle, 1862; Knepper, 1982).

The salinity of the medulla plays an important role in concentrating the primary urine
via a countercurrent system (Figure 1-2) (Dantzler et al., 2011; Kuhn, 1959). While

upper proportion of the descending Loop of Henle expresses Aquaporin 1 and is



highly permeable to water, the lower part as well as the ascending Loop of Henle are
impermeable to water and expresses the chloride channel C1C-K1 (CLCKNA) (Dantzler
et al., 2011; Rocha and Kokko, 1973). According to the urine concentration model of
Dantzler et al., water is withdrawn from the proximal part of the descending loop of
Henle due to the salinity of the surrounding system (Dantzler et al., 2011; Kuhn,
1959). This leads to an increased salt concentration in the distal descending loop of
Henle (Dantzler et al., 2011; Kuhn, 1959). A subset of Loops of Henle display a wide
bend region which is closely wrapped around the collecting duct in the inner medulla
(Dantzler et al., 2011). Between the bend region of the Loops of Henle and the
collecting ducts a microdomain, called the ‘interstitial nodal space’ (INS), is formed.
The loops of Henle secrete NaCl into the INS which causes water to be drawn from
the collecting duct resulting in an increase of the osmolarity in the collecting duct
(Dantzler et al., 2011). The water permeability of the collecting duct is regulated by
arginine-vasopressin (Sands et al., 1987). The concentrated solute from the INS is
partially absorbed by ascending blood vessels (Dantzler et al., 2011). The ascending
blood vessels run in parallel to the collecting duct making contact via microvilli and
thereby establish a countercurrent system in which water is withdrawn from the
collecting duct and absorbed by the ascending blood vessels resulting in the
osmolarity decreasing in the collecting duct and increasing in the ascending blood
vessel (Dantzler et al., 2011). While still needing experimental validation, Dantzler's
model computes a urine osmolarity similar to the one observed in vivo and highlights
the importance of the special arrangement of nephrons, collecting ducts and blood

vessels.
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Figure 1-2: lllustration of urine concentration mechanism. The primary urine is collected in
the Bowman’s space. Water is withdrawn from the proximal part of the descending loop of
Henle (LoH) due to salinity of the surrounding tissue. Sodium chloride is pumped out the
distal part of the descending loop of Henle as well as from the ascending loop of Henle, which
leads to increased salinity of the surrounding tissue. The high osmolarity of the stroma leads
to water absorption from the collecting duct which further concentrated the urine. The water
is taken up by the ascending vasa recta.



1.2.3 Other functions of the kidney

Kidneys fulfil several other functions, in addition to filtering blood. One of them is the
control of local and systemic blood pressure. The glomerular filtration rate is affected
by blood pressure changes within the renal circulation (Tobian et al., 1964). To
maintain an optimal filtration rate, it is therefore critical that the blood flow can be
regulated within the kidney independently of the systemic blood pressure. This is
achieved by two main mechanisms; the myogenic response and the
tubuloglomerular feedback (reviewed by Burke et al., 2014). The myogenic response
describes the intrinsic ability of blood vessels to influence the blood pressure by
constricting or dilating (Burke et al., 2014). The tubuloglomerular feedback is based
on an increase of sodium uptake by the distal tubule (Burke et al., 2014). In response
to elevated blood pressure and therefore accelerated urine flow the sodium uptake
in the predistal segments of the nephron is reduced which leads to higher salinity of
the urine in the distal tubule (Burke et al., 2014). This increase leads to elevated levels
of intracellular calcium which stimulates the release of ATP. The extracellular ATP is
converted to adenosine which activates the adenosine 1A receptor leading to
constriction of the afferent arteriole and thereby reduction the blood flow through

the nephron (Burke et al., 2014).

The kidneys can also influence the systemic blood pressure (Goldblatt et al., 1934).
The systemic blood pressure is regulated via the renin-angiotensin system which is
reviewed in detail elsewhere (Te Riet et al., 2015). Briefly summarized, low blood
pressure or high blood osmolarity stimulate the juxtaglomerular cells on the afferent
arteriole to secrete renin into the blood system (Kohlstaedt and Page, 1940; Taugner
et al., 1979; Young and Rostorfer, 1973). The circulating renin then cleaves
angiotensinogen, which is released mainly by the liver, to angiotensin | (Braun-
Menendez et al., 1940; Page and Helmer, 1940). Angiotensin | can be converted to
angiotensin Il by the angiotensin converting enzyme (ACE) which is abundantly

expressed on the vascular endothelial cells (Dorer et al., 1975; Skeggs et al., 1954).



Angiotensin Il then stimulates the constriction of the vascular smooth muscle cells,
enhances the cardiac contractibility and increases thirst to promote water uptake
resulting in an increase of blood pressure (Baker et al., 1984; Johnson et al., 1981;

Skeggs et al., 1954).

Additionally, the kidneys sense the oxygen level of the blood and release
erythropoietin in response to reduced levels of oxygen (Jacobson et al., 1957; Pan et
al., 2011). Erythropoietin then stimulates the formation of red blood cells in the bone

marrow to improve oxygenation of the blood (Jacobson et al., 1956).

The kidneys also play an important role in the vitamin D3 synthesis by the conversion
of 25-hydroxyvitamin D3 to 1,25-dihydroxyvitamin D3 (Fraser and Kodicek, 1970;
Gray et al., 1971; Shultz et al.,, 1983). Additionally, the kidneys are involved in
regulating the calcium, magnesium and phosphate concentration in the blood (Levin
et al., 2007). An impairment of kidney function can therefore lead to osteodystrophy,
hyperparathyroidism, arterial or urinary calcification (Almquist et al., 2020; Moe et

al., 2006; Palit and Kendrick, 2014).

Given the variety of functions the kidneys fulfil, it is not surprising that patients with
impairment or complete loss of renal function require intensive monitoring and
treatment (Eknoyan et al., 2013). A kidney transplant is generally the best treatment
for patients with end stage renal disease (Wolfe et al., 1999). However, the number
of patients requiring a transplant (4745 at the end of the financial year 2017/2018 in
the UK) exceeds the number of available donor organs (3596 at the end of the
financial year 2017/2018, 28 % were living donors), which results in a median waiting

time of 2.1 years (Pankhurst et al., 2019).

Engineered kidneys from induced pluripotent stem cells could bridge the gap
between organ demand and supply. The generation of a protocol to generate renal
tissue requires an understanding of the developmental processes during kidney

morphogenesis.



1.3 Overview of kidney development

1.3.2 Ureteric bud (UB) induction and branching

In mice, metanephric kidney development starts around embryonic day (E) 10 by
clustering of Ret-positive cells within the Wolffian duct (WD) (Chi et al., 2009). The
cells in the metanephric mesenchyme (MM) secrete Glial cell-derived neurotrophic
factor (GDNF), a Ret ligand, which induces budding of the WD (Moore et al., 1996;
Pichel et al., 1996; Sainio et al., 1997). During budding, the Ret positive cells form a
tip region while Ret negative cells form the trunk of the ureteric bud (UB) (Chi et al.,
2009; Costantini and Shakya, 2006). Ectopic budding of the WD is prevented by bone
morphogenic protein 4 (BMP4) (Michos et al., 2007). Ectopic budding is further
prevented by separation of the MM from the WD in a SLIT2/ROBO2 dependent
matter (Wainwright et al., 2015). The tailbud-derived periwolffian mesenchyme
(PWM) occupies the space between the MM and WD and prevents branching by

secretion of BMP4 (Brenner-Anantharam et al., 2007).

Stimulated by GDNF and Gremlinl, the UB elongates and bifurcates to form a T-
shaped structure at E11.5 (Figure 1-3) (Michos et al., 2004; Sainio et al., 1997). The
UB undergoes several rounds of branching to form a dense network of collecting
ducts reaching about 1300 tips after 11 generations of branching at E16.5 (Short et
al., 2014). The collision of the collecting ducts is prevented by secretion and sensing

of BMP7 (Davies et al., 2014).

The branching rate decreases with formation of the renal pelvis (Short et al., 2014).
With the onset of pelvic development, the collecting duct tree undergoes extensive
remodelling. While newly formed branches have an angle of about 100° , the angle
of the earlier branch generations decreases over time (Short et al., 2014). The change
of the branch angle is caused by shortening of early branch generations via node

retraction (Lindstrom et al., 2015a).



Ectopic branching of the trunk is prevented by BMP4 (Cain et al., 2005; Michos et al.,
2007; Miyazaki et al., 2000). BMP4 also regulates the elongation of the ureteric trunk
and induces the differentiation of the ureter (Cain et al., 2005; Mamo et al., 2017,

Mills et al., 2017; Miyazaki et al., 2000; Miyazaki et al., 2003).
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Figure 1-3: Ureteric bud induction and initial branch cycles. At E10.5 Ret positive cells of the
ureteric bud form a cluster and proliferate in response to Glial cell-derived neurotrophic
factor (GDNF), resulting in the formation of a bud. Around E11.5 the metanephric
mesenchyme (MM) is separated from the Wolffian duct via the periwolffian mesenchyme
(PWM). The ureteric bud has elongated and branched into a T-shaped structure. Ret positive
cells cluster at the tips of the ureteric bud. GDNF induces the tip cells to proliferate and
thereby forming additional branches. Branching of the stalk is prevented by BMP4 signalling.
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1.3.3 Nephron development

The metanephric mesenchyme contains two main populations of cells — Six2+
nephron progenitors and FoxD1+ stromal progenitors which originate from a
common progenitor population (Naiman et al., 2017). The nephron progenitor cells
(NPCs) arrange in characteristic cap-like structures around the collecting duct tips.
The formation of these NPC-caps is controlled by the FoxD1 positive stromal cells
(Hum et al., 2014). This process is likely mediated by the Hippo pathway members
Fat4 and Dch1, which are expressed in the stroma and cap mesenchyme respectively
(Mao et al., 2015). The survival of NPCs is regulated by BMP7, and members of the
fibroblast growth factor (FGF) family (Brown et al., 2011; Dudley et al., 1999).

Nephrons are induced by ureteric bud derived Wnt9b, which leads to condensation
of the NPCs (Carroll et al., 2005). The peritubular aggregate then forms the polarized
renal vesicle (Carroll et al., 2005). The renal vesicles transition into a S-shaped stage
(Potter, 1972). The distal region of the S-shaped body fuses with the collecting duct,
while the proximal region forms the glomerulus (Cho et al., 1998; Georgas et al.,
2009). The medial proportion of the nephron extends into the medullary region of
the kidney to form the loop of Henle (Figure 1-4) (Cho et al., 1998). The pattering of
the developing nephron in proximal, medial and distal region is achieved by a

gradient of canonical Wnt signalling (Figure 1-4B) (Lindstrom et al., 2015b).
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Figure 1-4: Nephron development. A: stages of nephron development. The nephron
development begins with the condensation of nephron progenitor cells in response to
Wnt9b. The condensated cells undergo MET and form the renal vesicle, which then forms
the comma-shaped body. The comma-shaped nephron develops into the s-shaped nephron

which fuses with the stalk of the collecting ducts. Subsequently the medial segment of the s-

shaped nephrons extents into medullary region of the kidney to form the Loop of Henle. The
distal region of the nephrons matures into the glomerulus. B: patterning of the nephron is
induced by a gradient of canonical Wnt signalling. C: segments of the mature nephron.
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1.5.2 Renal vascular development

The vasculature is critical for the growth and function of the kidneys. This paragraph
is intended to give a brief overview on vascular development in general and about
the vascularization of the kidney. A more detailed review on vascular development

in general has been published by Udan et al.(2013).

In the embryo, the first blood vessels form via a process called vasculogenesis (Drake
and Fleming, 2000). Vasculogenesis describes the de novo formation of blood vessels
from vascular progenitors called angioblasts (His, 1900). In mice, clusters of
TAL1+/Flk1+ angioblasts can be observed at E6.5 in the extraembryonic region and
around E7.0 within the embryo (Drake and Fleming, 2000). At E7.3, two angioblast
populations extend bilaterally along the midline (Drake and Fleming, 2000). The
angioblasts arrange in cords connected by junctions (Figure 1-5A) (Strilic et al., 2009).
Then the endothelial cords polarize to form an apical surface at the interface
between two cells (Strilic et al., 2009). CD34-Sialomucins are transferred to the apical
membrane where they cause the repulsion of the apical membranes of the two
endothelial cells creating a small space between both cells (Strilic et al., 2009). The
lumen is then extended by non-muscular-Myosin Il, resulting in the formation of
luminized aortae (Strilic et al., 2009). The two aortae fuse to form the dorsal aorta
(Coffin and Poole, 1988). Subsequently, the lateral vascular networks are formed and

anastomose with the dorsal aorta (Drake and Fleming, 2000).

The vascular network extends via sprouting and splitting of the initial vessels, a
process called angiogenesis (Burri and Djonov, 2002). Splitting, or “intussusceptive”,
angiogenesis describes the longitudinal fission of a vessel by involution of the contra-
lateral endothelia to create an intra-luminal tissue pillar resulting in the formation of
a second lumen within the vessel (Figure 1-5B) (Burri and Djonov, 2002). Splitting
angiogenesis is mainly regulated by haemodynamic forces (Clark and Clark, 1940;
Djonov et al., 2002). Studies in chick kidneys suggest that splitting angiogenesis is the

predominant form of angiogenesis in later stages of development, while sprouting
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angiogenesis (Figure 1-5C) (hereafter referred to as angiogenesis) dominates earlier

stages of development (Makanya et al., 2005).
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Figure 1-5: blood vessel development. A: Process of vasculogenesis: Endothelial precursor
cells arrange in cords. Subsequently a lumen is formed by apical deposition of repulsive CD34
sialomucins. B: intussusceptive angiogenesis: The apical membrane of a blood vessel extends
into the lumen towards the contralateral side. Once both sides meet the vessel separates
longitudinal into two vessels. C: sprouting angiogenesis. One cell of the endothelial cell wall
specifies into a tip cell. The tip cell senses pro-angiogenic signals and induces the adjacent
stalk cells to proliferate which leads to formation of a blood vessel sprout.
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Angiogenesis occurs in response to a proangiogenic stimulus such as vascular
endothelial growth factor (VEGF)-A. It is initiated by detachment of the pericytes
from the vessel wall (Benjamin et al., 1998). The endothelial basal membrane is
proteolytically degraded resulting in exposure of the endothelial cell layer to the
surrounding tissue (Ausprunk and Folkman, 1977; Chang et al., 2009; Schoefl, 1963).
One of the endothelial cells differentiates into a tip cell which senses VEGF-A
(Gerhardt et al., 2003). VEGF-A induces the expression of DIl4 in the tip cells which
turns the neighbouring cells into stalk cells that proliferate in order to elongate the
sprouting vessel (Gerhardt et al., 2003; Hellstrom et al., 2007). During maturation of
the nascent vessels the pericytes are recruited followed by smooth muscle cells

(Benjamin et al., 1998).

Angiogenesis is the dominant process during the vascularization of the kidney (Munro
et al., 2017). During branching of the ureteric bud into a T-shape, blood vessels
sprouting from the common iliac arteries form a ring structure around the ureteric
stalk (Munro et al., 2017) (Figure 1-6A). While the kidneys migrate cranially, new
vascular connections with the dorsal aorta are formed and previous ones degenerate
(Isogai et al., 2010). After splitting of the cap mesenchyme around day 12 of
development, the vessels migrate within the forming metanephric interstitium while
avoiding cap mesenchyme and staying in close proximity to the collecting duct
(Munro et al., 2017) (Figure 1-6B). With the onset of nephron development, the
endothelia form a plexus around the newly formed renal vesicles (Daniel et al.,
2018) . During the transition into the S-shaped stage, the endothelia migrate into the
cleft and form a dense network around the distal end of the nephron (Daniel et al.,

2018) (Figure 1-6C).

The migration of endothelia into the nephron is induced by expression of VEGF-A
from podocytes which form a layer of cuboidal cells within the vascular cleft (Eremina

et al., 2003; Vaughan and Quaggin, 2008). During vascularization the podocyte layer
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segregates from the proximal tubules to form the glomerulus (Vaughan and Quaggin,
2008). The endothelia within the glomerulus proliferate to form a dense capillary
network and form lumen under control of Transforming growth factor B (TGFB) which

induces apoptosis of the lumen-occupying endothelial cells (Fierlbeck et al., 2003).

The early renal blood vessels at E11.5 were found to carry erythrocytes which could
indicate that they are connected to the circulatory system, though they may also be
formed by haemovasculogenesis (Munro et al., 2017). Prior studies, using fluorescent
dyes to visualize the blood flow, confirmed perfusion of the major renal blood vessels

at E13.5 but not in earlier kidneys (Rymer et al., 2014; Rymer and Sims-Lucas, 2015).

Around day E13.5, a tree of large-diameter blood vessels becomes visible, which
express the arterial marker connexin-40 (Daniel et al., 2018) (Figure 1-6D). Daniel et
al detected venous blood vessels aligning with arteries in “artery-vein doublets”
based on their morphology starting from E14.5. Within the next day of development,
a smooth muscular lining forms around the renal arteries (Hurtado et al., 2015).
Smooth muscle cells differentiate from Foxd1+ stromal progenitors, by decreased
expression of Pbx1 and subsequently migrate towards the blood vessel to form the

smooth muscle cell lining of the renal arteries (Hurtado et al., 2015).
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Figure 1-6: renal vascular development. A: Blood vessels enter the kidney along the collecting
duct. B: Formation of the vascular plexus during ureteric branching and splitting of the cap
mesenchyme. C: The blood vessels grow around a comma-shaped nephron. After transition
to the s-shaped stage, the blood vessels grow in the vascular cleft. D: A hierarchical vascular
network forms between E13.0 and E14.5. The arteries contain a smooth muscle cell lining at
E14.5. lllustration inspired by works of Munro et al., (2017) and Daniel et al., (2018)

1.4 Kidney organoids

1.4.1 Kidney cultures and generation of kidney organoids from renal

progenitors

Embryonic kidney explants can mature to a certain degree in culture. Early kidney

explant cultures were performed by using a matrix from clotted fowl serum as growth
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substrate (Bentley, 1936). Later on, it was found that kidneys develop well when
cultured on a permeable filter placed on a metal grid (Grobstein, 1956; Saxén, 1987,
Trowell, 1954). This culture method, also referred to as Trowel culture (Figure 1-7),
allows the kidney to branch and for early stage nephrons to form (Saxén, 1987).
However more mature nephrons containing Loops of Henle are rarely observed in
this method (Sebinger et al., 2010). A higher degree of maturity can be achieved by
culturing the kidney explants on glass with a thin coat of medium, a method called

low-volume culture (Sebinger et al., 2010).

metal grid

filter

kidney

Figure 1-7: Trowel culture method. The kidney explant is cultured on a filter which is placed
on a metal grid to keep it at the air liquid interface.

Embryonic kidneys were used to create the first kidney organoids (Figure 1-8). By
dissociation and reaggregation of the explants it was shown that kidney cells can self-
organize into kidney-like structures, such as short collecting duct fragments,
surrounded by nephron progenitors and nephrons (Figure 1-8A) (Unbekandt and
Davies, 2010). The isolation of one of the collecting duct fragments from either an
embryonic kidney or a reaggregated kidney organoid following recombination with
isolated metanephric mesenchyme leads to the formation of a kidney organoid
containing a single collecting duct network (Figure 1-8B and C) (Ganeva et al., 2011).
The realism of these kidney organoids can be further improved by providing a local
stimulus using BMP4 (Mills et al., 2017). BMP4 inhibits branching and induces the
differentiation into a urothelium (Michos et al., 2007). Therefore a local stimulus of

BMP4 supresses branching and results in the formation of an asymmetric kidney
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organoid containing a branched collecting duct network on one side and a uroplakin-
positive unbranched structure on the other side, very similar to an embryonic kidney

explant (Figure 1-8D) (Mills et al., 2017).
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Figure 1-8: types of embryonic kidney derived organoids. A: Dissociation and reaggregation
of an embryonic kidney produces an organoid that contains disconnected branches of
ureteric buds (green) surrounded by metanephric mesenchyme (grey). B: combining the tip
of the ureteric bud (UB) from a kidney with metanephric mesenchyme (MM) results in an
organoid containing a continues collecting duct network (green) surrounded by MM (grey).
C: An organoid with a continues collecting duct network may also be generate by isolating a
ureteric bud (UB) fragment from a reaggregated organoid, as described in A, and combining
it with metanephric mesenchyme (MM). D: The realism of the organoid produced as
illustrated in B and C can be improved by placing a bead soaked in bone morphogenic protein
4 (BMP4) near one of the branches of the collecting duct (green). The targeted branch will
stop branching and express uroplakin, mimicking the ureter of a kidney. Illustration inspired
by Mills et al. 2017
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1.4.2 Kidney organoids from ES and iPS cell lines

Kidney organoids from murine renal progenitors display a great degree of similarity
to early embryonic kidneys, which makes them a valuable model to study kidney
development and disease. However, their use for regenerative medicine and drug
testing is limited due to potential species differences between mouse and human.
The use of human embryonic kidneys would circumvent problems occurring through
species differences but is limited by availability of human fetal material. An
alternative could be the generation of kidney organoids from reprogrammed induced

pluripotent stem cells (iPSCs).

While adult kidneys are complex organs that comprise of over 20 cell types, the
majority of these cells originate from three progenitor populations present in early
embryonic kidneys: Gata3+ ureteric bud cells, Six2+ nephron progenitors and Meis1+
stromal progenitors (Park et al., 2018). There are several protocols that can generate
kidney organoids containing cells from all three compartments in varying proportions
including protocols for large scale production of organoids (Kumar et al., 2019;
Takasato et al., 2016; Takasato et al., 2015). While these organoids display some
microscale structural realism such as pattered nephron segments, they lack the
macroscale anatomy of a kidney consisting of a single, asymmetric collecting duct

network (Kumar et al., 2019; Takasato et al., 2016; Takasato et al., 2015).

One way of introducing a macroscale anatomic realism would be to separately
generate ureteric buds, stromal progenitor and nephron progenitors following
recombination of these cellular compartments. Ureteric buds have been previously
generated from mouse embryonic stem cells and human iPSCs (Taguchi and
Nishinakamura, 2017). Recombination of these ureteric buds with sorted nephron
progenitors and stromal progenitors resulted in the formation of a single branched
collecting duct network similar to Ganeva-type organoids (Figure 1-8D) (Taguchi and
Nishinakamura, 2017). There are also protocols that generate nephron progenitors

from human iPSCs with 80 to 90 % specificity or to selectively propagate and thereby
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enrich nephron progenitors in culture (Brown et al., 2015; Li et al., 2016; Morizane
and Bonventre, 2017; Tanigawa et al., 2016). However, there is currently no protocol
to selectively induce or propagate stromal progenitor cells. Additional limitations for
the generation of organoids from iPS cells are currently the abundance of non-renal
off-target cells, commonly referred to as “off-target cells” and the variability of
differentiation efficiency between runs (Phipson et al., 2019; Wu et al., 2018). These
challenges will need to be addressed in order to generate organotypic iPSC-derived

kidney organoids.

A major limitation for the medical use of kidney organoids is the lack of a perfusable
vasculature as main function of the kidney is to filter blood. Without proper
vascularization it would be difficult to tell how efficient the kidney organoids filter
blood, and therefore it would be challenging to estimate whether they would be
suitable for transplantation. There would also be practical concerns, since without
blood vessels the organoid cannot be connected to the patient’s vasculature. While
a transplanted non-vascularized organoid may be able to connect to the patient’s
vasculature after implantation (van den Berg et al., 2018), there would be little
control over where it connects and how the vasculature develops. Additionally, it is
unlikely that non-vascularized organoids could grow to a sufficient size for
transplantation, as the diffusion of oxygen and nutrients within 3D tissues is limited

(McMurtrey, 2016).

The presence of a functional vasculature could also aid in using renal organoids for
drug testing as using perfused, vascularized kidney organoids for nephrotoxicity tests
has potential advantages compared to non-vascularized organoids. Firstly, perfusion
of drugs rather than adding them to the medium, could give a more realistic readout
about nephrotoxicity, because only the cells that would naturally be in contact with
the drug would be exposed to it. In contrast, when adding a drug to the medium all
peripheral cells, including the ones that would normally not be exposed, for example
the stromal cells, would be in contact with the drug, which could lead to false positive

nephrotoxicity results. Additionally, perfusing the drug could give a better indication
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how effectively it is filtered out by the organoid, since it would be primarily in contact

with the glomerular cells, where the filtration occurs.

To date, the generation of anatomically realistic iPSC derived organoids is limited by
above factors. Murine embryonic kidney-derived organoids (Figure 1-8), do not share
all limitations of iPSC derived organoids, but they do lack a functional vascular system
and do not represent the natural shape of their tissue of origin, as they grow rather
flat. These limitations also apply to embryonic kidneys cultured in vitro. Using kidney
explants as a model, | aim to induce a more natural three-dimensional growth by
embedding the explants in type | collagen and to enhance the maturity of their

vascular system.
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Chapter 2 — Methods

2.1 Chapter 3 and 4 methods

2.1.1 Animals

Tissue and embryos were obtained from pregnant CD-1 females which were culled
by a staff member of the Bioresearch & Veterinary Service (University of Edinburgh)
using a method listed under the Schedule 1 of the UK Animals Scientific Procedures

Act 1986.

2.1.2 Kidney dissection and culture

Embryos were removed from the uterine using two scalpel blades. All further steps
were performed using 25G needles (Fisher Scientific). The embryos were decapitated
and cut between dorsal superior limb buds and ventral inferior limb buds.
Subsequently, the dorsal part was cut sagittally along the spine. The embryo was
arranged with the ventral side facing the bottom. The dorsal tissue was flipped over
the limb bud exposing the kidney on the medial side. The kidney was removed from
the embryo by cutting along the sagittal axis. The dissected kidneys were cultured at
37 °Cand 5 % CO; on Transwell plates (0.4 um pore polyester, Scientific Laboratory
Supplies, 3450) with 1.5 ml kidney culture medium (KCM, Minimum essential Eagle
Medium (MEM, Merck M5650) supplemented with 10 % foetal bovine serum (FBS,
Biosera) and 1 % Penicillin/Streptomycin (Thermo Fisher) or embedded in 1 mg/ml

type 1 collagen (Corning).
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For the three-dimensional culture of kidneys, type 1 rat tail collagen (Corning) was
diluted in MEM (Merck, M5650) to a final concentration 1 mg/ml in a volume of
300 pl/well of a 24 well plate. The pH of the collagen dilution was adjusted by
addition of 100 ul 0.1 N NaOH for each ml of collagen. After polymerization for a
minimum of 15 min at 37 °C the kidney explants were added on top of the collagen
and unless otherwise specified overlaid with additional 300 pl collagen solution (1
mg/ml). If necessary, kidney explants were dispersed immediately using dissection
needles. After polymerization for 15 - 30 min, the collagen was overlaid with 600 pl

of KCM.

2.1.3 3D plasticity assay

E11.5 kidney explants were isolated and cultured on a Transwell. After 3 or 6 days of
culture the explants were gently scraped from the Transwell using a 25G dissection
needle. Then the explants were embedded into type 1 collagen and cultured for
additional 3 days. Subsequently the explants were removed from the collagen using

dissection needles and fixed with paraformaldehyde (PFA, Merck).

1.2.4 Generation of reaggregated and organotypic organoids

Reaggregated kidney organoids were produced as described previously (Unbekandt
and Davies, 2010). In brief, eight to ten E11.5 kidneys were incubated for 3 min in
1x trypsin-EDTA (Merck, T4174). Then the trypsinised kidneys were transferred into
KCM and dissociated with a pipette. The single cell suspension was passed through a
cell strainer (40 um pore size, VWR, 734-0002) and aggregated by centrifugation for
3 min at 3000 rounds per minute (rpm) (equivalent to 800 times relative centrifugal
force (rcf)). The aggregate was transferred onto a polycarbonate membrane
(Millipore, TMTP02500) and cultured for one to seven days in KCM at 37 °Cand 5%
CO..
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Organotypic kidney organoids were generated by recombination of a single ureteric
bud from a one-day cultured reaggregated organoid with the mesenchyme of eight
to ten E11.5 kidneys as described previously (Ganeva et al., 2011). After culture
overnight at 37 °C and 5 % CO, on polycarbonate filters, the organotypic organoids
were transferred onto 1 mg/ml type | collagen. To prevent detachment of the
organotypic organoids, they were overlaid with 1 mg/ml type 1 collagen prior to

addition of KCM.

2.1.5 Standard immunofluorescent staining

Embedded kidneys were removed from the collagen using 25G dissection needles.
Transwell-cultured kidneys were fixed on the Transwell membrane. The kidneys were
fixed in 100 % prechilled methanol (Fisher Scientific) for a minimum of 30 min at -20
°C. The methanol was removed and the samples were washed three times with
phosphate-buffered saline (PBS) at room temperature (RT). Non-specific binding was
prevented by 30 min incubation in blocking buffer (3 % donkey serum, 10 % dimethyl
sulfoxide (DMSO), 0.2 % Triton-X-100 in PBS, prepared from tablets, Merck, P4417).
The primary antibodies (see Appendix Table A 1) were diluted 1:200 in blocking
buffer and incubated over night at 4 °C. Unbound primary antibodies were removed
by three washes with PBS. The secondary antibodies (see Appendix Table A 2) were
diluted 1:200 in blocking buffer and incubated 2 h at RT or overnight at 4 °C If
indicated Topro-3 (Thermo Fisher) was diluted 1:4000 and incubated with the
secondary antibodies. After three washes with PBS Transwell-cultured kidneys were
mounted on glass slides using VectaShield (Vector Laboratories). Collagen-cultured

kidneys were transferred to an 18 well uSlide (ibidi) for imaging.

To evaluate specificity of the secondary antibodies in isolated E13.5 kidneys,
Transwell-cultured kidneys and collagen-cultured kidneys were stained with the

secondary antibody only (Appendix, Figure A 1 to Figure A 6).
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2.1.6 Immunofluorescence staining with PFA prefixation

Kidneys were fixed with 4 % PFA (in PBS, pH adjusted to 7.2 using NaOH) for 30 min
to 4 h (depending on the tissue volume) and permeabilized by dehydration in steps
(20%, 40%, 60%, 80% and 100% methanol). Subsequently, autofluorescence was
bleached by 15 min incubation in 5 % hydrogen peroxide. The kidneys were
rehydrated in steps and washed three times with PBS. Subsequently, the samples
were incubated for 30 min to 4 h in permeabilization buffer (20 % DMSO, 300 mM
glycine and 0.2 % Triton-x-100 in PBS). After permeabilization the kidneys were

blocked and stained as described above.

2.1.7 Ethyl cinnamate clearing

Stained samples were dehydrated through graded alcohols (20%, 40%, 60%, 80%,
100% methanol). Subsequently the samples were transferred into 100 % ethyl
cinnamate and incubated until transparency (adapted from Klingberg et al., 2017).
Samples may be stored in ethyl cinnamate in a tightly sealed polypropylene or glass
tube for up to a week at RT. During storage, care was taken to avoid exposing the
samples to light. Samples should not be stored in polystyrene containers, as those
are dissolved by ethyl cinnamate. Prior to imaging, the cleared samples were

transferred to an 18-well pSlide (ibidi) and imaged in 20 ul ethyl cinnamate.

2.1.8 Detection of Hypoxia

E11.5 kidney explants were cultured for 30 h either on a Transwell or embedded in
1 mg/ml type 1 collagen as described in section 2.1.2 Kidney dissection and culture.
Subsequently half of the Transwell-cultured kidneys were used as a positive control
and treated with KCM containing 400 uM CoCl,; to mimic hypoxia by induction of

hypoxia-inducible factor 1a (Hifla) (Chachami et al., 2004). In collagen-cultured
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kidneys the volume of culture medium was equal to the volume of collagen. Under
the assumption of the collagen as 100 % liquid, the explants were treated with KCM
containing 800 uM CoCl,, yielding in a final concentration of 400 uM. After 16 h of
treatment kidney explants were fixed and stained for Hifla as described in section

2.1.6 Immunofluorescence staining with PFA prefixation.

2.1.9 Microscopy and image processing

Images were taken using the Zeiss LSM800 or Nikon A1R confocal microscope. When
intensity between samples was compared, the microscope settings were kept
constant between samples within the same culture group but adjusted between
Transwell and collagen-cultured samples. For experiments in which brightness did

not contribute to the result, minor adjustments were taken to avoid overexposure.

Images were processed using Imagel) Version 1.51n. The images were processed
differently depending on whether the relevant information was purely reliant on the

localization of the stained structures or on the staining intensity.

Where the images contained purely structural information that did not rely on the
staining intensity, the brightness and contrast were adjusted to optimize visibility of
the stained compartments. In some of these images “salt-and-pepper” noise was
removed using a median filter with a radius of 2 pixel. This filter measures the
brightness of each pixel within the set radius and sets the brightness of the central
pixel to the median value. More diffuse background signal, such as shading, was
removed using the “subtract background” function of Imagel. The function, which is
based on the “rolling ball” algorithm (Sternberg, 1983), was used with a radius of 50
pixel. If the signal intensity was relevant to the result, the brightness and contrast
were adjusted for better visualization. The settings were then kept constant between
control and treated samples. Any intensity measurements were performed on raw

images.
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2.1.10 Explant size and volume measurement

Explant dimensions were measured using FlJI (Schneider et al., 2012). To measure
the maximum diameter, the optical sections of the whole kidney explants were
merged in a maximum z-projection image. Subsequently, a circle was drawn around
the explant to measure the maximum diameter. The thickness was measured within
the orthogonal (yz) view using the line tool. For volume measurement the outline of
the explants was traced using the freehand selection tool. Subsequently, any outside
signal was removed using the “clear outside” function and a threshold was applied
to segment the stained kidneys from the background. The threshold was kept
constant between images from the same dataset. The volume measurement was

performed using a published macro (Villani, 2018).

2.1.11 Nephron quantification

Nephrons were quantified using the ‘surface’ tool in Imaris Version 6.2. The surface
tool enables the extraction of a 3D structures by rendering a surface along the stained
structures and detecting their connections and edges. It also provides the number
and measurements of the structures found and therefore can be used for counting.
Settings were adjusted for each image individually due to different intensity and
background between samples. The precision of the automated quantification was
determined for one dataset by manual count. The difference between automated
guantification and manual count was about 5 %. For the quantification of the total
number of nephrons the data from three independent experiments with 4 kidneys
from each experiment in each culture group was pooled (total N = 12). Ass1 positive
nephrons were quantified from one dataset containing 4 explants for each culture

condition.
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2.1.12 Statistical analysis used in Chapter 3

The calculation of confidence intervals was performed using SciPy (Virtanen et al.,
2020). Variances were compared using a F-test. The normal distribution for all
datasets was verified using a Shapiro-Wilk test. All but one dataset tested positive for
normal distribution. In the dataset which tested negative for normal distribution, the
Transwell-cultured kidney displayed a significantly reduced nephron number, as
determined using a Grubbs outlier test (p < 0.01). Exclusion of this kidney from the
Shapiro-Wilk test resulted in a positive normality test. The outlier was not excluded

for subsequent analysis.

The statistical significance was determined using a two-tailed Student’s t-test for
independent samples in cases in which variances were similar or by using Welch’s t-
test in case which the variances displayed a statistically significant difference. For the
dataset where normal distribution was affected by the presence of an outlier, the
statistical significance, determined using Welch’s t-test, was confirmed using a

Kruskal-Wallis test.

2.2 Chapter 5 methods

2.2.1 Kidney culture and treatments

E11.5 kidneys were isolated and cultured on top of 50 ul type 1 collagen as described
before (2.1.2 Kidney dissection and culture) in a 96 well plate. For the induction of
Vegfa expression, the kidney explants were cultured in 100 pl low serum KCM (LS-
KCM, MEM (Merck) supplemented with 1.5% FBS (Biosera) and 1x
penicillin/streptomycin (Gibco)). To induce VEGF expression the kidney explants were
treated for either 24 h or 72 h, as indicated, with 100 ul LS-KCM containing the

indicated concentrations of progesterone (Merck) and Insulin-like growth factor 1
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(IGF1, Biolegend) (Neubauer et al., 2009; Slomiany and Rosenzweig, 2004; Swiatek-
De Lange et al., 2007).

2.2.2 Immunostaining

Immunostaining was performed as described in chapter 3 methods (2.1.6
Immunofluorescence staining with PFA prefixation). For grafted kidneys that were
injected with fluorescent dyes and kidney organoids the bleaching step was omitted

to prevent bleaching of the fluorescent dye.

2.2.3 RNA isolation, primer design and rtPCR

E11.5 kidneys were cultured for 2 days in LS-KCM and treated for additional 24h with
the indicated VEGF inducers (see 2.2.1 Kidney culture and treatments). The RNA was
isolated using an RNA easy mini extraction kit (Qiagen) according to the
manufacturer’s instructions. For the cDNA synthesis, 100 ng RNA were diluted in 14
ul of water. After addition of 1 ul (50 ng) prediluted oligo d(T) primer (Promega,
C110A), the samples were heated to 70 °C for 5 min and cooled on ice to break
secondary structures. After addition of 10 pl master mix (Table 2-1), the samples
were incubated for 1 h at 42 °C. The reaction was inactivated by heating the samples

to 95 °C for 5 min.

Table 2-1: reverse transcription master mix

Reagent Promega catalogue Volume
number (ul/sample)

RNAsin ribonuclease inhibitor N251A 0.625

M-MLV RT buffer M531A 5

M-MLV reverse transcriptase  M170A 1

dNTPs U144A 1.25

water From Qiagen RNAeasy kit ~ 2.125
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Primers were designed to bind across an exon-exon junction to prevent the
amplification of genomic DNA. The specificity of the primers was tested in silico using
the “pubmed primer blast” (Ye et al., 2012). All selected primers resulted in a single
amplicon of the expected size (Figure 2-1), which was determined by gel
electrophoresis after amplification with GoTaq Green (Promega, for experimental
details see Appendix Table A 3 and Table A 4). The annealing temperature was
predicted using the “NEB tm calculator” (NEB, 2016). Thereby the primers were
chosen to have a predicted annealing temperature of 56 to 58 C. The selected primers
were evaluated using “primerstats” (Stothard, 2004). The primer efficiency for each

primer pair (Table 2-2) was determined by using serial dilutions of RNA.

500 bp
400 bp

300 bp 300 bp

200 bp

100 bp
Amplicon Actb Hsp90ab1 panVegf Vegfe,
Predicted size 122 267 166 156

Figure 2-1: Observed amplicon length matches predicted amplicon length
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Table 2-2: primer sequences for realtime PCR

Primer sequence

B-actin fwd GCCACCAGTTCGCCATGGAT
B-actin rev GCCCACGATGGAGGGGAATACA
Hsp90ab1 fwd CACCCTCTATTTGGAGAAGGAAC
Hsp90ab1 rev CCATACTCCTCCTGCGTGAT
VEGFA164 fwd CCAGAAAATCACTGTGAGCCTT
VEGFA164 rev CCTTGGCTTGTCACATCTGC
panVEGFA fwd GCCAAGGCGCGCAAGAGA
panVEGFA rev GCCTGGGACCACTTGGCA

Prior to rtPCR, the cDNA was diluted 1:2 (for VEGF164 expression) to 1:4 (for panVEGF
expression). The different dilutions were chosen based on the estimated difference

of expression.

For the rtPCR, 2 pl of the diluted cDNA were combined with 5 pl 2x PowerUp Sybr
Green Master Mix (Invitrogen) and 0.2 ul of each primer. Each sample was used in
technical triplicates. The expression was analysed using the AACt method (Livak and
Schmittgen, 2001). Therefore, the Ct values of both housekeeping genes (Actb and
Hsp90ab1) were averaged. Subsequently, the difference between Vegfiss/panVegf
(ACt) for each sample was calculated. The average ACt value of the control samples
was used to calculate the AACt value of each sample, including the control samples

themselves.

2.2.4 CAM grafting

The grafting experiments were conducted based on advice from Patricia Prado similar

to the procedure published by (Garreta et al., 2019).
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Hy-line wild-type chicken eggs were obtained from the National Avian Research
Facility. The eggs were maintained at 37 °C and 60 % humidity. After one day of
culture, 4 ml of albumin was extracted from each egg using a syringe with a 21G
needle. On day six of culture, a window was cut in the shell of the eggs and sealed
with transparent tape. Prior to grafting on day seven, a small injury in the
chorioallantoic membrane (CAM) was made using a wide orifice pipette tip (Starlab,
E1011-8400). E11.5 kidneys, cultured for either 24 h or 72 h on type 1 collagen, were
placed on the site of injury. After 3 additional days of culture, the CAM containing the
grafted kidneys was cut out and fixed with PFA. For some samples, the CAM
vasculature was injected with 10 pl dextran-FITC (1 mg/ml, Merck) or Donkey-anti-
Mouse AlexaFluor594 conjugated antibody to visualize the blood flow through the

kidney prior to extraction.

2.2.5 Calculation of confidence intervals of the difference of the

proportion of grafted kidneys

The 95% confidence interval (Cl) for the difference between the proportion of grafted
kidneys with preculture in grafting and control medium was calculated as described

previously (Gardner and Altman, 1986) using the following equation:

Cl = <£_£> + 1_96\/g(t9t3_ g) +C(tc_c)

ty te g t3
g: number of successful grafts of kidneys precultured in grafting medium
te: total number of kidneys, precultured in grafting medium, that were detected

on CAM after in ovo incubation*
c number of successful grafts precultured in control medium
te: total number of kidneys, precultured in control medium, that were detected

on CAM after in ovo incubation*
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*Kidneys that could not be detected on the CAM after in ovo incubation (less than

5 %) were excluded from the analysis.

2.3 Chapter 6 methods

General comment on perfusion rates:

Initial perfusion experiments were performed using a Biorad Econo Peristaltic Pump
perfusion pump. The flow rate delivered by a peristaltic pump is not only affected by
the speed of the pump but also by the diameter of the tubing and therefore requires
calibration. The Econo pump offered a pre-calibrated mode for the chosen tubing
diameter (0.8 mm) which was used to set the flow rate. The pump was later replaced
with a Gilson Minipulse 3 peristaltic pump. As this pump did not have the option to
automatically adjust the flow rate to the tubing diameter, it was manually calibrated.
For the calibration, the flow rate of this pump was measured once for each type of
tubing (F1825101 and 10256022 from Gilson) used, by running the pump three times
for 10 minutes at a setting of ‘1’. During each of the 10-minute cycles the medium
was collected to measure the total volume. This volume was used to calculate the
setting required to achieve indicated flow rates. However, due to the working
mechanism of this pump and minor differences as well as tearing of the tubing the
actual flow rate may have been different from the indicated flow rate. An individual
adjustment of the flow rate was not feasible because several cultures were run

simultaneously and therefore could only be run with constant settings.

2.3.1 Initial bioreactor assembly

Silicone caps (1 cm diameter, Universal Biologicals) were used as a makeshift
bioreactor. Two glass capillaries (inner diameter (ID): 0.10 mm, outer diameter (OD):
0.17 mm, CM Scientific, CV1017) were on opposing sides of the silicone cap. The
capillaries were either inserted into 270 um LDPE tubing (VWR) or a 15 ml
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polypropylene tube (recycled antibody container from Novus) which functioned as
medium reservoir. The glass capillaries were attached using epoxy glue (Figure 2-2).
To increase stability the reactor was fixed on a standard microscope glass slide using
autoclave tape. Sterilization was performed using 70% ethanol. Water based black

ink (Tiger Stationery) was used to visualize the flow of liquid.

A B

medium reservoir

medium
glass capillaries reservoir

N\

TH - '\
silicone cap N
glass slide

silicone cap

glaés slide

Figure 2-2: lllustration of the flow through bioreactor designs. A: connection of growth
chamber to reservoir via outflow tubing. B: direct coupling of growth chamber to reservoir
via glass capillary. Red arrows indicate direction of flow.

2.3.2 Bioreactor design, manufacture, and assembly:

The short-term perfusion bioreactor was designed using “FreeCad”. The body was 3D
printed using ABS plastic (University of Edinburgh, School of Engineering). The surface
of the print was sealed by acetone vapour treatment. To enable visualization of the
blood vessels, two coverslips were inserted into the bottom of the culture chambers
and fixed using aquarium-grade silicone glue. Chambers and reservoir were sealed
using silicone O-rings and tied with M2 screws. For the mounting of blood vessels,
“MicroFil” tubing (WPI) was inserted into the culture chambers and sealed using
aquarium glue (Aqua Mate, Everbuild Everflex). After assembly, the bioreactor was

soaked overnight in 70% ethanol and subsequently dried for 24h.
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For long-term perfusions, the initial reactor design was revised, and two additional
reactors were manufactured by Reinhard Tarnick (Schenkenddbern, Germany) using
a custom build Computer numerical control (CNC) machine. RT also provided a
custom build pressure control unit, which enables the measurement of the pressure

on two sites and the control of the main pump (Minipulse 3, Gilson).

The bioreactor parts were sterilized by soaking in 5 % hydrogen peroxide (acrylic
model) or by autoclaving (polycarbonate model). Subsequently, Microfil needles
(World Precision Instruments) of appropriate diameter (34G for embryonic aorta,
28G for adult aorta and 20G for adult vena cava), were inserted into the perfusion
channels and fixed using aquarium grade silicone glue. The Microfil needles were
mounted into silicone tubing (1 mm ID, 2 mm OD obtained from Fisher Scientific or
Altec, supplier was changed due to limited availability) using epoxy glue (Araldite
5 min epoxy). After assembly, the bioreactor was left at RT over night to allow the

glue to harden.

At the end of the experiment the bioreactor was rinsed with autoclaved water. In
case of contamination the bioreactor was incubated overnight in 5 % Dettol and
subsequently rinsed several times with autoclaved water, before being left to dry at
RT. After drying the Microfil needles were removed by pulling and disposed of and

any residues of the silicone glue were scraped out.
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2.3.3 Characterization of piezoelectric pump-derived flow

The piezoelectric pumps (Dolomite MicroFluidcs, 3200138) were controlled by a high-
voltage function generator, which was kindly custom build by Reinhard Tarnick
(Schenkendtbern, Germany). The characterization of the flow provided by the
piezoelectric pump was carried out with filtered water. Water was chosen for the
calibration for health and safety regulations because it was done outside a laboratory
setting while the building was closed for non-essential work. While there is a 41 %
difference in viscosity between culture medium and water (preprint by Poon, 2020),
its effect on the flow rate is likely to be negligible compared to the influence of other
factors such as backpressure caused by elevation of the outflow tubing compared to
the location of the pump. Initially, the flow rate was intended to be measured using
the Mitos Flow Rate Sensor (Dolomite Microfluidics, 3200097). However due to the
high pulsation of the flow it was not possible to use this sensor to determine a flow
rate. Instead, the sensor was used to detect backflow in the absence or presence of
check valves, which was identified as negative flow rate. The check valves that were
evaluated were a Masterflex Inert In-line female check valve (Cole-Parmer, WZ-
01355-24) and a One-way luer check valve, SAN with silicone diaphragm (Cole-
Parmer, WZ-30505-92).

The flow rate in relation to frequency and voltage was determined by measuring the
volume with a glass cylinder. As flow rates per minute were low, the volume was
measured after running the pump for 10 to 15 minutes and then dividing the volume
by the time. The pressure was measured using a custom-built unit, which was also
provided by Reinhard Tarnick (Schenkendébern, Germany). All measurements were

carried out in triplicates.
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2.3.4 Isolation of blood vessels

Tissue, including embryos was obtained from CD-1 mice after the animals were culled
by a member of the Bioresearch and Veterinary Services (University of Edinburgh)
using a method listed under the Schedule 1 of the UK Animals Scientific Procedures

Act 1986.

Embryonic aortas (E14.5) where isolated in prechilled (4 °C) MEM. The ventral torso
was opened using microdissection scissors. After partial removal of the ribs a 25G
needle was inserted above the heart and internal organs were resected by gently
scraping along the spine. Subsequently internal organs, with exception of the heart
were cut from the aorta. The heart was used to mark the cranial end of the aorta and

removed immediately before mounting of the vessel on the perfusion bioreactor.

Adult blood vessels were isolated from midpregnant CD1 mice (P12 +/- 0.75) or age-
matched littermates. After sterilization of the carcass with 70% ethanol, the
abdomen was opened with a midline incision. Subsequently, the uterine horn
containing embryos was removed and placed in a tube of ice-cold PBS for other
experiments. After removal of the uterine horn the intestines were gently pushed to
the left side of the animal and the connective tissue was pulled away from the aorta
and vena cava. The aorta and vena cava were separated from each other caudally to
the renal arteries. For the culture of separated vessels, the separation of aorta and
vena cava was performed until the point where the aorta branches into the iliac
arteries. For experiments in which aorta and vena cava were cultured in direct
contact, both vessels were separated in a short region right below the renal arteries
and in a short region cranially to the iliac arteries but not between these two sections.
After separation aorta and vena cava were isolated by cutting through the iliac artery
and vein and through the aorta and vena cava just below the branch point of the
renal arteries. The isolated blood vessels were transferred into KCM and any
connective tissue was removed using forceps. After cleaning of the vessels, they were

transferred into the bioreactor and mounted proximally with a double surgical tie
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using size 10 polyamide 6 suture (Ethilon). The branch into the iliac arteries was used
to identify the distal end. After mounting of the proximal end, the iliac arteries were
trimmed of and the distal end of the aorta and vena cava were mounted using a

surgical tie using the same suture.

2.3.5 Characterization of angiogenic potential

Adult blood vessels were isolated as described above. The isolated blood vessels were
cut into fragments of approximately 1 mm length and embedded in a matrix of 1
mg/ml type 1 collagen (Masson et al., 2002). The vessels were cultured in KCM
supplemented with 20 ng/ml VEGF (BioLegend) and 5 ng/ml FGF2 (BioLegend) (Rohan
et al., 2000; Zhu et al., 2003). The medium was replaced every 2 days. On day 7 of

the culture, the vessels were imaged using the Leica MSV269.

To compare the angiogenesis in perfused and unperfused blood vessels, two adult
mouse aortas were isolated and mounted in the dual channel bioreactor. One of the
blood vessels was perfused with MEM (Merck) supplemented with 10 % FBS (Biosera)
and 1 % antibiotic-antimycotic (Gibco) while the other one was left unperfused
mounted on sealed tubing. Angiogenesis in the culture chamber was stimulated by
adding perfusion medium supplemented with VEGF (20 ng/ml, Biolegend) and FGF2
(5 ng/ml, Biolegend). The blood vessels were imaged after 8 days of culture. The

experiment was performed 3 times.

2.3.6 Assessment of vascular leakage

To identify potential leakage, embryonic and adult aortas, isolated as described in
section 2.3.4 Isolation of blood vessels, were mounted on MicroFil needles (World
Precision Instruments) with a double surgical tie using size 10 sutures (Figure 2-3).

After a short perfusion with PBS to remove residual blood cells, the vessels were
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perfused with 50 % water-based black ink (Tiger Stationery) in PBS using a flow rate

of approximately 50 pl/min for adult or 5 ul/min for embryonic aortas until leakage

was observed or for a minimum of 10 min.

A glass capillaries B

blood vessel

silicone cap

Figure 2-3: mounting of blood vessels. A: lllustration of a mounted blood vessel. Red arrows

indicate direction of flow. B: image of a mounted E13.5 aorta

2.3.7 Perfusion culture of blood vessels

After mounting of the blood vessels within the culture chamber, the vessels were

surrounded by 1.5 ml type | collagen (1 mg/ml) unless stated otherwise. The collagen

was left to polymerize for 1 —2 h at 37 °C. Subsequently the collagen was overlaid

with 1 ml of the chamber medium containing the indicated growth factors (suppliers

listed in Table 2-3) and the culture chamber was closed.

Table 2-3: list of growth factors used for blood vessel culture.

growth factor

PDGF-BB

VEGF164

FGF2

HGF

D-erythro Sphingosine-1-phosphate (S1P)
Phorbol 12-myristate 13-acetate (PMA)
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supplier
Biolegend
Biolegend
Biolegend
Biolegend
Abcam

Abcam

catalogue number
558804

583104

579604

771601

ab141748
ab120297



After closure of the culture chamber, adult blood vessels were perfused with a flow
rate of about 50 pl/min. Embryonic blood vessels were perfused with the conditions
stated in the results section. Unless otherwise specified, the chamber medium was
changed every other day while the perfusion medium was changed after 7 days if the
total culture period exceeded 10 days. The exact medium composition can be found
in Table 2-4.

Table 2-4: culture conditions for perfused blood vessels. All media contained 1x Antibiotic-
Antimycotic. NA: not applicable, MEM: minimum essential eagle medium, FBS: fetal bovine
serum, VEGF: vascular endothelial growth factor, FGF2: fibroblast growth factor 2, PDGF-BB:

platelet-derived growth factor B homodimer, S1P: sphingosine-1-phostphate PMA: Phorbol
12-myristate 13-acetate, HGF: hepatocyte growth factor

Figure perf-u5|on perfl_xsmn chamber medium
settings medium
MEM, 10 % FBS, 50 ng/ml VEGF, 50 ng/ml FGF2,
6-9A IEECE] R 50 ng/ml PDGF-BB, 1 mM S1P, 2 ug/ml PMA
Kk
6-9B ;J;'O r\'/o"l"g'Hz MEM, 10 % FBS, 50 ng/ml VEGF, 50 ng/ml FGF2, 50 ng/ml
’ PDGF-BB, 1 mM S1P, 2 | PMA
6-9C 10 ul/min GF-BB, 1 mM S1P, 2 ug/m
6-11A 10 ul/min MEM, 10% FBS, 20 ng/ml VEGF, 5 ng/ml FGF2
Daily
6118 ;”;';E‘::ﬁg MEM, 10 % FBS, 50 ng/ml VEGF, 50 ng/ml FGF2, 50 ng/ml
20mmie,  PDGFBB, 1mM S1P,2 ug/mi PMA
50 mmHg
6-13
014 unperfused  NA MEM, 10 % FBS, 20 mg/ml VEGF, 5 ng/ml FG2
6-15 MEM, 1.5% FBS, 20 mg/ml VEGF, 5 ng/ml FG2
6-17A MEM, 1.5%  MEM, 1.5% FBS, 20 mg/ml VEGF, 5 ng/ml FG2
FBS
6-17B Promocell EGM, 20 ng/ml VEGF, 5 ng/ml FGF2
6-17C MEM, 10 % FBS, 50 ng/ml VEGF, 50 ng/ml FGF2, 50 ng/ml
6-18A PDGF-BB, 1 mM S1P, 2 ug/ml PMA
6-18B-F 50 ul/min MEM, 10 % FBS, 50 ng/ml VEGF, 50 ng/ml FGF2,
6-19A-D 50 ng/ml PDGF-BB, 1 mM S1P, 2 ug/ml PMA
MEM, 10 % FBS, 50 ng/ml VEGF, 50 ng/ml FGF2,
MEM, 10 %
6-19E 50 ng/ml PDGF-BB, 1 mM S1P, 2 ug/ml PMA, 50
FBS,
ng/ml HGF
6.19F MEM, 10 % FBS, 50 ng/ml VEGF, 50 ng/ml FGF2,
6-20 50 ng/ml PDGF-BB, 1 mM S1P, 2 ug/ml PMA,

50% MS-5 conditioned medium
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For the co-culture of embryonic blood vessels with embryonic kidneys the blood
vessels were pre-cultured for the indicated time. Subsequently, the medium was
aspirated and freshly isolated kidneys were placed nearby the embryonic aorta by
making an incision into the collagen using a 25G dissection needle and placing the
kidney into the formed pocked. This was done to prevent the kidneys from moving

when the chamber medium was added.

For the co-culture of adult blood vessels and embryonic kidneys the blood vessels
were pre-cultured for 7 days while the kidneys were precultured for 3 days. Prior to
addition to the blood vessel culture the kidneys were pre-soaked in KCM containing
10 ug/ml VEGF (Biolegend) for 2.5 h, as soaking in VEGF has been previously shown
to increase the grafting efficiency of kidney organoids in vivo (Xinaris et al., 2012).
After soaking in VEGF, the kidneys were washed twice with KCM and the chamber
medium was aspirated from the blood vessel culture. The kidneys were placed near
the vessels by creating a pocket in the collagen as described above. After addition of
the kidneys, 1 ml of co-culture medium (MEM supplemented with 10 % FBS, 1x
Antibiotic-Antimycotic, 50 ng/ml PDGF-BB and 50 ng/ml HGF) was added into the
culture chamber and the vessels were cultured for further 3 days. On the second day
of the co-culture, 10 pl of IsolectinB4 conjugated with AlexaFluor594 was added to
the culture chamber to visualize the blood vessels. The dye was incubated overnight

until termination of the experiment on day 3 of co-culture.

2.3.8 Culture of MS-5 mouse bone marrow stromal cells and generation

of conditioned medium

MS-5 cells (obtained from DSMZ-German Collection of Microorganisms and Cell
Cultures GmbH, ACC 441), a murine bone marrow stromal cell line, were maintained
in aMEM (Thermo Fisher, 22571020) supplemented with 10 % heat inactivated horse
serum (Thermo Fisher, 26050070), 1x sodium pyruvate (Thermo Fisher, 11360070)

and 1 % Penicillin/Streptomycin (Gibco). The cells were passaged every other day in

42



a ratio of 1:3 for up to 10 passages considering the vial of cells obtained from the

DSMZ as passage “0”.

For the generation of conditioned medium, the cells were grown to confluence in
normal growth medium. Once confluence was reached the cells were washed once
with PBS and cultured for 3 days in growth medium with a reduced serum
concentration of 0.1 %. After conditioning for 3 days, the conditioned medium was
harvested, filtered through 0.45 um syringe filter (Merck, CLS431225-50EA) and

stored in 5 ml aliquots at -20 °C for up to 1 month or at -80 °C for long term.
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Chapter 3 - Three-dimensional growth of
embryonic kidneys in type 1 collagen

3.1 Introduction

3.1.1 Induction of three-dimensional growth

Kidney explants are traditionally cultured on filters or glass, which results in a flat
morphology quite different from their in vivo growth (Ekblom et al., 1994; Falk et al.,
1996; Sebinger et al., 2013).

In general, a more three-dimensional growth can be achieved in two ways, either by
(a) culturing cells or tissue in suspension using hanging drops or a surface that does
not allow their attachment, or (b) by embedding the cells in a matrix. At the beginning
of the 20th century, Harrison et al. (1907) developed the hanging drop method which
enables the three-dimensional culture of cell aggregates. The hanging drop method
is rarely used today, because it is relatively labour intensive, changing medium can
be difficult and imaging of the tissues within the drops is challenging due to the light
scattering at the curved drop surface. However, the underlying basic principle of
stimulating the cells to aggregate by culturing them under non-adhesive conditions,
nowadays mostly by using more convenient low-attachment plates, has become a
popular culture method for a variety of organoids including kidney organoids (Li et
al., 2016; Morizane and Bonventre, 2017; Taguchi and Nishinakamura, 2017; Yuri et
al., 2017).
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A previous study reported a poor growth of kidney explants in hanging drop culture
methods (Sebinger et al., 2010). An alternative method to induce three-dimensional
growth is the embedding of cells or tissue fragments into a matrix. The first studies,
in 1929, used a clotted mixture of embryo extract and plasma to support the growth
and shape maintenance of avian limb buds (Fell and Robison, 1929). The method was
later also applied to kidney explants where it resulted in an increased thickness of
the explant but did not reproduce the shape of in situ grown kidneys (Bentley, 1936).
Today a variety of natural and synthetic 3D matrices is available, but most commonly
used is Matrigel an extract from Engelbrech-Holm-Swarm sarcoma (reviewed by Fang
and Eglen, 2017). Matrigel contains mainly laminin and type IV collagen, but also
various growth factors (Kleinman et al., 1982; Vukicevic et al., 1992). While it is
possible to purchase growth factor-reduced Matrigel, this would not be completely
free of growth factors. Additionally, the ratio between components could vary
between batches, which could impact reproducibility of results. Type | collagen,
mostly isolate from either bovine skin or rat tails, serves as a more chemically defined
natural polymer, it is usually advertised with a purity of 90 % with a specified
concentration, and has been shown to promote the growth of kidney explants when

applied as a thin coat on polymer films (Sebinger et al., 2013).

Organoids may also be cultured in synthetic hydrogels. However, the use of synthetic
hydrogels may require extensive optimization of their mechanical and biochemical
properties (Gjorevski et al., 2016). Synthetic hydrogels may require the addition of

adhesion peptides to allow the cells to bind to the matrix (Gjorevski et al., 2016).

When embedding kidneys in an extracellular matrix only the outer layer, which is
composed of mesenchymal cells, would be exposed to the matrix. Cells bind to the
extracellular matrix via Integrins, which are heterodimeric complexes consisting of an
a and a B subunit (Barczyk et al., 2010). There are at least 11 integrins expressed
within the kidney with some of them having a large impact on kidney development

(Appendix, Table A 5).
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The renal mesenchyme expresses the collagen binding integrin a1p1, the fibronectin
receptor integrin a4p1 and integrin a881 which binds to fibronectin, vitronectin and
nephronectin (Barczyk et al., 2010; Muller et al., 1997; Rahilly and Fleming, 1992). |
did not find any record of fibronectin, vitronectin or nephronectin being used
individually as a 3D environment, but did find references of them being used as a thin
coating or added to type | collagen or fibrin gels to study their effect of cell and organ
growth (Arai et al., 2017; Sebinger et al., 2013; Trujillo et al., 2020). Since there is no
record of these compounds being used individually as 3D matrix, it is not clear
whether they would form a gel suitable for explant culture. Therefore, | did not

consider using them for initial experiments.

In contrast, collagens are widely used individually to culture cells and tissues in 3D,
whereby type 1 collagen is the most abundantly used type (Nocera et al., 2018). Type
|'is, together with type Ill, the most abundant type of collagen expressed during early
kidney development, while type IV is the predominant type of collagen in later stages
(Ekblom et al., 1981). Due to its frequent use and abundant expression in early
developmental stages of the kidney, | decided to use type | collagen to induce a three-

dimensional growth of kidney explant.
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3.2 Results

3.2.1 Type-1 collagen supports three-dimensional growth

In cell lines and organoids, 3D growth has been previously acquired by embedding
the cells in a 3D matrix (Broutier et al., 2016; Gjorevski et al., 2016; Hisha et al., 2013).
By embedding the kidneys in an ECM, adhesion sites are provided all around the
kidney. To test whether this is sufficient to induce 3D growth of murine kidney
explants, | have isolated kidneys from embryonic day (E) 11.5 and embedded the
explants in a matrix of type 1 collagen. The explants were cultured for 7 days prior to

analysis.

Collagen-cultured explants grew in a more spherical shape than Transwell-cultured
kidneys (Figure 3-1). To determine the size of the explants, | stained the kidneys for
stromal cells which are, second to nephron progenitors, the predominant cell type in
the peripheral kidney region (Hum et al., 2014). While the outer layer of collagen-
cultured explants stained positive for the stromal markers Meis1/2/3 (Hum et al.,
2014), Transwell-cultured explants were usually surrounded by a single layer of cells,
which did not stain positive for Meis1/2/3, or for other renal markers used in later
experiments. Therefore, this cell-layer was not considered part of the explant when

measuring the dimensions of the kidneys.

In Transwell-cultured kidneys the diameter of the explants was measured parallel to
the membrane and the thickness was measured perpendicular to the membrane of
the Transwell. In collagen-cultured kidneys the x-y plane during imaging was
considered as the diameter, while extend of the explant along the z-axis was

measured as thickness.

Collagen-cultured kidneys had a thickness of 280 um (+ 30 um, N = 9) compared to a
thickness of 120 um (+ 30 um, N = 9) of Transwell-cultured kidneys (Figure 3-1B).
However, Transwell-cultured explants had a larger maximum diameter of 1900 um

(+ 600 um) than collagen cultured explants whose maximum diameters were 500 um
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(£ 30 um) on average, which is about a quarter of the diameters of Transwell-cultured

kidneys (Figure 3-1B).

Explants cultured in collagen for 7 days had a smaller volume of 0.033 mm?3 (+ 0.007
mm?3) compared to Transwell-cultured kidneys which had a volume of 0.285 mm?
(£ 0.113 mm3) (Figure 3-1B). When comparing the volume of Transwell- and collage-
cultured explants, it has to be considered that the TO-PRO-3, the nuclear dye which
was used to quantify the explant dimensions, displayed non-specific binding to the
Transwell membrane. The thickness of the membrane is about 10 um, which is
approximately 10 % of the explant thickness. Assuming a disc-like shape of the

explant the actual thickness could be about 10 % lower than the measured one.
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Figure 3-1: Kidney explants grow more three-dimensional when cultured in type 1 collagen.
A: front and side views of kidney explants cultured for 7 days on a Transwell (TW) or
embedded in type 1 collage (T1C) stained for Meis1/2/3 (yellow) and Topro3 (blue). T1C
cultured explants show increased thickness but decreased lateral growth compared to TW
cultured explants. Scale bars: 100 um. B: Quantification of explant volume, maximum explant
thickness and maximum explant diameter. Error bars represent standard deviation. *** p <
0.001 according Welch’s t-test, N=9
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3.2.2 3D shape can be acquired after Transwell culture, but collecting

duct morphology is affected

For some experiments, the flat growth of kidney explants is an advantage. One
example is the generation of asymmetric kidney organoids. This requires the
application of a local stimulus of BMP4 to induce the differentiation of a single
collecting duct into an unbranched uroplakin-expressing urothelium (Mills et al.,

2017).

Applying a local stimulus of BMP4 would be much more difficult in a 3D culture
system, because the beads used in 2D experiments are difficult to place in a 3D
culture and might move during the culture period. Therefore, | wanted to determine
whether 3D growth could be reacquired after several days of 2D culture. For this
purpose, murine kidney explants, isolated from E11.5 embryos were cultured on a
Transwell for 3 or 6 days (Figure 3-2A) and subsequently embedded into type 1
collagen for further 3 days of culture. After fixation, the explants were stained for the
collecting duct marker gata3 (Harding et al., 2011) and with the nuclear dye
TO-PRO-3.

The collagen-cultured explants adopted a spherical shape (Figure 3-2A’). However,
the collecting ducts did not display the typical tree-like morphology of a kidney.

Instead, the peripheral region appeared to have folded into the centre. (Figure 3-2B).
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Figure 3-2: Plasticity of 3D growth. A: Kidney explants reacquired 3d growth when embedded
into type | collagen (T1C) after culture on a Transwell (TW). Kidney explants were cultured
for 3 or 6 days on a TW before embedding into T1C (A’) for further 3 day of culture. Top row:
front and side views of Transwell-cultured kidneys. Bottom row: front and side vied after
embedding in T1C. Explants were stained with TO-PRO-3 (blue) and the collecting duct
marker Gata3 (grey). Scale bars: 100 um. B: 3D rendering of Gata3 staining shows folding of
collecting duct system after acquisition of 3D shape. Scale bar 100 um.

3.2.2 3D culture results in more realistic gross morphology compared to

2D culture

After confirming that a more three-dimensional growth of the kidney explants was
possible by embedding kidneys into type 1 collagen, | next aimed to determine
whether the 3D culture affected the morphology of the kidney explants. Kidney
explants cultured traditionally in 2D acquire several characteristics of kidneys grown
in vivo. The ureteric bud undergoes several branching cycles to form a tree-like ductal

network (Figure 3-2A). Nephron progenitor cells form clusters around the collecting
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duct tips before they differentiate into nephrons. The stromal cells surround the

nephron progenitor caps and collecting ducts.

To identify whether 3D cultured explants display the same morphological
characteristics, the explants were cultured for 7 days either on a Transwell, as a 2D-
control, or embedded into collagen. Subsequently the explants were fixed and

stained for collecting duct, nephron progenitor, nephron and stromal markers.

No gross morphological defects were detected in collagen-cultured explants. Staining
with the collecting duct marker revealed that both culture methods allowed
branching of the ureteric bud (Figure 3-3A and B). Due to the three-dimensionality
of collagen-cultured explants counting of the collecting duct tips was rather difficult.
Since later experiments identified several limitations of the collagen culture method,

| did not spend time on optimizing the staining and image processing for tip counting.

In Transwell as well as collagen-cultured explants, Six2-positive nephron progenitors
arranged in cell clusters around the collecting duct tips (Figure 3-3A’). As in natural
kidneys, the nephron progenitor clusters were surrounded by Meis1-positive stromal

cells (Figure 3-3A’) (Hilliard et al.).

Both culture methods allowed the formation of nephrons as indicated by the
detection of Jagged 1, which is a marker for the medial region of the nephron (Liu et
al., 2013), and Wilms’-Tumour 1 (WT1), a marker for the proximal region in early
nephrons and the glomerular podocytes in more mature nephrons (Harding et al.,
2011; Pritchard-Jones et al., 1990), staining. Comma and S-shaped nephrons were
frequently observed in both culture methods. Post-S-stage nephrons, defined by the
presence of the Loop of Henle, were identified in Transwell-cultured explants, but
not in collagen-cultured explants. Due to the high cell density and the lower signal in
the core of collagen-cultured kidneys an identification of post-S-stage nephrons was
difficult in collagen-cultured kidneys. Therefore, it was not possible to draw robust
conclusions about differences in nephron maturity between both culture methods

solely based on shape-based identification.
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Figure 3-3: morphology of Transwell- and collagen-cultured explants. Gata3 staining (grey) of
TW (A) and collagen (B) cultured explants shows branched network of collecting ducts. Scale
bars 200 um. The collecting duct tips of TW (A’) and collagen (B’) cultured explants are
capped with Six2 positive (magenta) nephron progenitors which are surrounded by Meisl
positive (green) stromal progenitor. Scale bars 50 um Comma shaped (c) and S-shaped (s)
nephrons were detected in TW cultures (A”) as well as collagen (B”) cultured explants as
indicated by Jagged 1 (yellow) and WT1 (blue) staining. Scale bars 50 um Mature nephrons

(m) were only identified in TW cultured explants.

53



3.2.3 3D culture leads to a reduced number of nephrons and fewer

mature nephrons

After confirming that nephrogenesis is possible in 3D-cultured samples, | next aimed
to quantify the number of forming nephrons, because nephrons are essential for the
function of the kidney and low nephron numbers have been associated with renal
pathologies (reviewed by Bertram et al., 2011). To evaluate whether the culture of
kidney explants in collagen affects the number of nephrons, kidney explants were
cultured for 7 days and stained for the nephron marker Jaggedl. Subsequently, the
nephrons were counted using Imaris (see 2.1.11 Nephron quantification). The
nephron count revealed that explants cultured in collagen developed half the
number of nephrons (34.7 £10.3, N = 12) compared to Transwell-cultured kidneys
(70.8 +15.8, N = 12), a difference which was statistically significant (p < 0.001)

according to the Student’s t-test. (Figure 3-4 A and B).

To determine whether the reduced number of nephrons is associated with a reduced
number of progenitor cells, the explants were stained for the nephron progenitor
marker Six2. However, the staining showed a high background in most of the
samples. Therefore, quantification was not possible.
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Figure 3-4: 3D culture affects nephron development. A: Kidney explants were cultured on
Transwells (TW) or in collagen (T1C) for 7 days prior to staining for Jagged1 (magenta), Six2
(white) and Topro3. Scale bar: 100 um. B: Quantification of the nephron number revealed a
lower number of nephrons in collagen-cultured samples. Error bars display standard
deviation. N = 12 p < 0.001, Student’s t-test
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The shape-based identification of mature nephrons is difficult in 3D samples.
Therefore, a marker expressed only in mature nephrons was required. Fortunately,
Sarah Finnie, at the time a PhD student at QMRI, was interested in the expression of
Argininosuccinate synthase 1 (Assl) during kidney development. The staining of
isolated kidneys of various ages revealed that Assl is absent from early stages of
kidney development but appears in the convoluted tubules of mature nephrons after
E14.5 indicating that it is expressed in later stages of nephron development (Figure
3-5A). The staining of Transwell-cultured kidney confirmed the absence of Assl in
comma and S-shaped bodies. In contrast, Ass1 was highly expressed in the proximal
tubules of Loop of Henle containing nephrons and can therefore be used as a marker

for nephron maturity (Figure 3-5B).

The staining of cultured kidneys with Assl indicates post-S-stage nephrons form in
kidneys cultured on Transwells as well as in those embedded in collagen (Figure
3-5C). To identify the percentage of Assl-positive nephrons, the total number of
nephrons was quantified based on Jagged1 staining and compared to the number of
Assl expressing nephrons. The percentage of Assl-positive nephrons was 62.5 % (£
24.8, N = 4) in Transwell-cultured kidneys and 30.6 % (+9.9, N = 4) in collagen-
cultured kidneys, a difference which was statistically significant according to the

Student’s t-test (p < 0.05) (Figure 3-5D).
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Figure 3-5: 3D-cultured explants contain fewer mature nephrons. A: staining of kidneys from
E14.5, E15.5 and E16.5 shows Ass1 (red) expression in convoluted tubules. The explants were
co-stained with gata3 (white) and TO-PRO-3 (blue). Scale bars: 200 um). B: Staining of
Transwell-culture explants with E-cadherin (grey), Jagged 1 (blue) and Ass1 (magenta) shows
that Assl is absent from comma and s-shaped nephrons but expressed highly in mature
nephrons. C: Staining of Transwell (TW) and collagen (T1C) cultured explants with E-cadherin
(grey), Jagged 1 (magenta) and Ass1 (green). D: Quantification of Assl positive nephrons
revealed that collagen-cultured explants develop fewer mature nephrons. N = 4, p < 0.05,
Student’s t-test, Error bars display standard deviation.
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3.2.4 3D-cultured explants display central cell death

A measurement of the fluorescence signal intensity of TO-PRO-3-stained explants
through the central plane (Figure 3-6A) shows a decrease of the signal from periphery
to the centre (Figure 3-6B). Even though the kidney explants have been cleared, a
minor signal loss could be expected due to limited light penetration as well as
scattering from subcellular components. Additionally, collagen-cultured explants
appeared to show a lower cell density in the centre. Due to the limited resolution of
the images and the weak staining in the centre, a manual count of the nuclei
appeared difficult and would potentially be biased as weakly stained nuclei would be
more difficult to see. Therefore, | used the “Find Maxima” function of Imagel to count
the cells. While this will not give an accurate count, it does give an unbiased
approximation and seemed therefore more suitable. The detection of maxima
revealed that the number of cells in the centre was reduced by 11 % compared to the
cell density in the periphery (Figure 3-6C). A possible explanation for this is the death
of the cells within the explant core, as central necrosis has been observed in other

3D culture systems (Glicklis et al., 2004; McMurtrey, 2016; Sakaguchi et al., 2013).

To test this hypothesis, explants were cultured for either 3, 4 or 5 days on Transwells
or embedded in type 1 collagen, followed by staining for the apoptosis marker
cleaved caspase 3 (Gown and Willingham, 2002). Transwell-cultured explants
displayed few apoptotic cells after three days of culture. On day four, more cells
appeared to stain positive. After five days of culture, the fraction of apoptotic cells

was visibly lower compared to day four of culture (Figure 3-6).

In contrast, collagen-cultured explants displayed a progressive increase in the
percentage of apoptotic cells. A direct comparison of the percentage of apoptotic
cells between collagen and Transwell-cultured explants was not possible on
wholemount samples. The reason for this is that quantification of the stained
structures requires an intensity threshold to distinguish between signal and

background. Transwell- and collagen-cultured kidney have different optical
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parameters, such as absorption and scattering of the light, due to their different
thicknesses. As a consequence, they cannot be imaged with the same setting and be
processed with the same threshold. As the quantification of dead cells was strongly
affected even by minor adjustments of the threshold, it was not possible to compare

the volume of dead cells between Transwell- and collagen-cultured kidneys.

The distribution of apoptotic cells differed in Transwell and collagen-cultured
explants. In Transwell-cultured explants, dying cells were detected throughout the
explant and appeared to be mostly interstitial cells, which were identified by the local
density and arrangement of cell-nuclei. Within collagen-cultured explants, apoptotic
cells concentrated in the core region of the explant, while few caspase-positive cells
were detected in the periphery of the explant. Due to the higher cell density of
collagen-cultured explants, it was not possible to identify whether cell death was

concentrated to a certain cell type (Figure 3-6).

Apoptosis is a normal process during kidney development (Coles et al., 1993; Kim et
al., 1996). However, the high number and concentration of dying cells in the core
region of collagen-cultured explants differs largely from the in vivo situation, where
apoptosis is observed mostly in the nephrogenic zone and does not exceed 3.2 %

(Coles et al., 1993).

A determination of the apoptotic index of collagen-cultured kidneys was not possible
in wholemount samples, because it would require imaging with a greater
magnification, which was not possible due to the limited working distance of
available objectives. One possibility to determine the apoptotic index of cultured
kidney explants would be sectioning of the explant prior to staining. However, this
process is relatively time consuming and even without quantification it was obvious
that the percentage of apoptotic cells was far above 3 %. Therefore, | did not spend

time on sectioning and determining the exact percentage of apoptotic cells.
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Figure 3-6: Explants cultured in type 1 collagen display central cell death. A: Central plane of
a kidney explant stained with TO-PRO-3 shows signal decline from periphery to centre (white
line). B: intensity profiles of 5 explants measured through a central plane using line tool in
Imagel (Schneider et al., 2012). Curves were smoothed using a 5-point rolling average. C:
Number of nuclei identified per ROl in the centre and periphery of the explant. * p <0.05,
paired t-test, error bars display standard deviation, N = 12. D: Kidney explants that were
cultured for 3, 4 or 5 day on Transwells (TWs) or in collagen (T1C). After culture period, the
explants were stained for cleaved caspase 3 (red) and Topro3 (blue). Scale bar 100 um.
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3.2.5 Collagen-cultured explants show a hypoxic zone after 5 days of

culture

A possible cause for the death of cells in the centre of collagen-cultured explants
could be hypoxia. Oxygen regulates the degradation of the ubiquitously expressed
transcription factor Hypoxia-induced-factor 1a (Hifla) (Ke and Costa, 2006). When
oxygen levels drop, the degradation is less effective and Hifla accumulates within

the cells (Ke and Costa, 2006).

To identify whether the cells in the core of collagen-cultured explants die due to
hypoxia, cultured kidney explants were stained for Hifla. For better visualization of
small differences in fluorescence intensity the FlJl “Gem” pseudo colour scale has

been used (Figure 3-7A).

To verify the specificity of the antibody, kidney explants were cultured on a Transwell
for two days followed by an additional day of culture either in the absence or the
presence of 400 uM CoCl,. CoCl; enhances the translation of Hifla and can therefore
induces the accumulation of Hifla (Chachami et al., 2004). Explants cultured without
CoCl; stained weakly for Hif1a, while explants treated with CoCl, displayed elevated
levels of Hifla (Figure 3-7B and C).

In untreated 5-day collagen-cultured explants, Hifla was detected throughout the
explant. However, an upregulation was found in the medial region of the explant
about 80 um from the periphery. The ring-like hypoxic zone extended for
approximately 50 um into the centre of the explant. The core of the explant stained
weakly for Hifla, potentially due to advanced stages of cell death within the core

(Figure 3-7D).

Collagen-cultured explants treated with CoCl, displayed a much higher expression of
Hifla compared to untreated explants. In contrast to the untreated samples, the

expression was highest in the periphery of the explant (Figure 3-7E).
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Figure 3-7: Detection of Hypoxia in cultured kidneys. A: FlJI “gem” colour scale used to
visualize expression. B: Kidney explant cultured for 3 days on a Transwell following staining
for Hifla. C: Transwell-cultured explant displaying increased levels of Hifla after treatment
with 400 uM CoCl,. Scale bar 200 um D: Kidney explant cultured for 5 days in collagen
showing a moderate increase of Hifla expression in the medial region. E: Collagen-cultured
kidney explant treated with 400 uM CoCl, to reduce Hifla degradation. Scale bar 100 um
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3.2.6 Culture of kidney explants in type 1 collagen allows glomerular

vascularization

The previous experiments showed that the cells within the core of the explant die
and that hypoxia, indicated by increased levels of Hifla, could be one of the reasons
for this. In vivo, oxygen, and nutrients, are transported via the circulatory system. The
development of blood vessels within the kidney explants could therefore have an

effect on nutrient distribution.

Previous studies have established the presence of endothelial cells within
reaggregated embryonic and iPSC-derived kidney organoids under standard culture
methods (Munro et al., 2017; Takasato et al., 2016). To determine whether the
culture in type 1 collagen had an effect on vascular development in vitro, | cultured
kidney explants and organotypic organoids for 7 days in type | collagen following

staining for vascular markers.

Similarly to in vivo grown kidneys, the CD31-expressing endothelia in the explants
avoided the Six2-positive cap mesenchyme (Figure 3-8A). However, in Transwell-
cultured kidneys a ring of blood vessels was often seen surrounding the explant.
Similarly, in collagen-cultured explants blood vessels were occasionally seen to cover

the cap mesenchyme.

Interestingly kidney explants grown in type | collagen contained a small subset of
vascularized glomeruli, which were never detected in Transwell-cultured kidneys

(Figure 3-8B).

To detect whether the blood vessels could mature in vitro, | stained the cultured
explants for CD31 and smooth muscle actin. In E14.5 kidneys, smooth muscle actin
positive cells were arranged around the major blood vessels. In contrast, cultured
E11.5 kidneys developed a layer of smooth muscle actin positive cells around the
outside of the explant. There was no preferential alignment of smooth muscle cells

and endothelial cells (Figure 3-8C).
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Figure 3-8: vascular development in vivo and in vitro. E14.5 kidneys, 7-day Transwell (TW)-
cultured E11.5 kidneys and 7-day type | collagen (T1C)-cultured E11.5 kidneys were stained
for renal and vascular markers. A: Staining for Six2 (green), E-cadherin (magenta) and CD31
(grey) shows blood vessels arranged around the cap mesenchyme. B: Staining with
Podocalyxin (grey) and CD31 (red) was used to identify vascularised glomeruli. Vascularised
glomeruli were seen in E14.5 kidneys and collagen-cultured kidneys but not in Transwell-
cultured kidneys. C: Staining for smooth muscle actin (yellow) and CD31 (blue) reveals
recruitment of smooth muscle cells around major blood vessels in E14.5 kidneys but not in
cultured E11.5 kidneys. Scale bars: 100 um
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After identifying that kidney explants contain vascularized glomeruli when cultured
for 7 days in type | collagen, | wanted to determine whether this was also the case
for kidney organoids. Further | wanted to characterize the how closely the in vitro
forming vasculature resembles the in vivo situation in terms of the arrangement
around the cap mesenchyme. For this purpose, | generated mouse kidney organoids
as described previously (Ganeva et al., 2011), but on the first day of culture these

organoids were transferred into type | collagen and cultured for a further 6 days.

To identify whether reaggregation would affect the localization of blood vessels
around the cap mesenchyme, the organoids were stained for Six2, CD31 and
E-cadherin. The staining revealed the avoidance of the cap mesenchyme by
endothelial cells but also showed that blood vessels in the organoids, similar to
explant cultures, occasionally grew cortically around the cap mesenchyme (Figure

3-9A).

After co-staining of CD31 and Podocalyxin it was confirmed that collagen-cultured

organoids contain a subset of vascularized glomeruli (Figure 3-9B).

Lastly, | stained the organoids for smooth muscle actin and E-cadherin to identify
whether smooth muscle cells were present within the organoids. The staining
showed that smooth muscle cells were present but that these did not localize around
the blood vessels (Figure 3-9C), indicating that the vascular plexus of kidney

organoids does not mature into arteries.
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Figure 3-9: Vasculature in Ganeva-organoid. A: Staining of a Ganeva-organoid with Six2
(green), E-cadherin (magenta) and CD31 (grey) shows that the endothelial cells avoid the cap
mesenchyme. B: Co-staining of CD31 (red) with Podocalyxin (grey) was used to visualize
vascularized glomeruli in Ganeva-organoids. C: Staining for blood vessels (CD31, blue) and
smooth muscle cells (smooth muscle actin, yellow) confirms the presence smooth muscle
cells and their lack of perivascular alignment. Scale bars: 100 um

Taken together these results underline the similarity of organotypic kidney organoids
and kidney explants. They further demonstrate that culture in type | collagen, in
contrast to the traditional culture at the air-liquid-interface, enabled endothelial cells
to invade the glomeruli and therefore led to a higher degree of maturity. However,
there was no sign of arterial maturation as demonstrated by the lack of smooth

muscle cell recruitment.
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3.3 Discussion

Type | collagen allowed the three-dimensional growth of kidney explants but had
some negative effect on the kidney growth, with the explants exhibiting a reduced
overall growth, reduced number of nephrons and fewer mature nephrons compared

to traditional 2D culture.

Previous studies of different culture methods for kidney explants linked nephron
maturity to surface tension applied from the substrate (Sebinger et al., 2010). Kidneys
grown on glass, a very stiff and adhesive surface, developed nephrons with a higher
degree of maturity compared to explants cultured on a polycarbonate filter (Sebinger
et al., 2010). When embedded in an extracellular matrix, the explants would either
be compressed or have to degrade the matrix in order to be able to grow. Therefore,
it can be assumed that the kidney explants grown in type 1 collagen are facing
compression rather than tensile forces, which might inhibit the nephrons from
maturing. A possible way of applying a tension force would be the culture of the
embedded explants in stretch chambers (Tokuyama et al., 2015; Tondon and Kaunas,

2014).

The reduced overall growth stands in contrast to a previous study where E12 mouse
kidneys displayed no significant difference of total cell mass after 7 days of culture
on a filter or in collagen (Rosines et al., 2010). The staining background on the
Transwell membrane could account for a fraction of the measured volume of
Transwell-cultured kidneys. However, given that the average maximum diameter of
Transwell-cultured explants was about 1900 um and the filter membrane has a
thickness of 10 um, the Transwell membrane would only account for 0.000597 mm?3
which is less than the observed volume difference of 0.252 mm? between Transwell
and collagen-cultured kidneys. Rosines et al. (2010) measured an about 6 times larger
volume of collagen-cultured kidneys, which could be explained by their use of a
different age since E12 explants are larger than E11.5 explants from the beginning.

However, their measured volume of Transwell-cultured kidneys was only about half
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of what | measured, a difference that can be explained by different measurement
methods. While Rosines et al. (2010) computed the volume based on diameter
measurement and the assumption of an ellipsoid shape, | quantified the volume

based on TO-PRO-3 staining using a published FlJI macro (Villani, 2018).

Rosines et al. (2010) further noticed a more realistic branch pattern in explants
cultured in type IV collagen compared to type | collagen. Unfortunately, | have not
been aware of the study until recently, therefore | did not attempt to culture kidney
explants in type IV collagen. The addition of collagen IV could be of interest for
studying the branching of isolated ureteric buds. Collagen IV might also improve the
growth of renal explants; however, it is unlikely to improve the limited of oxygen and

nutrient perfusion, which resulted in central necrosis of the explants.

The central necrosis was detected by staining for the apoptosis marker cleaved
caspase 3. Apoptosis occurs naturally during kidney development, mostly within the
nephrogenic zone, with a percentage of apoptotic cells around 2.7% and to a lesser
extent in the proximal and distal papilla (Coles et al., 1993). However, the distribution
of apoptotic cells in type 1 collagen-cultured kidney explants does not reflect the in
vivo situation and is therefore highly unlikely to represent a normal developmental
process. A more likely cause for the cell death is the limited diffusion of oxygen, which
was evidenced by increased levels of the hypoxia marker Hifla. Hypoxia, alongside
limited nutrient diffusion, has also been identified to cause cell death in other three-
dimensional culture systems (Glicklis et al., 2004; McMurtrey, 2016; Sakaguchi et al.,
2013).

There are different strategies to improve the diffusion of oxygen and nutrients within
three-dimensional tissues. Some groups decided to seed cells in scaffolds to decrease
the density of the tissue and improve diffusion (Ahn et al., 2010; Li et al., 2012; Loh
and Choong, 2013; Xu et al., 2018). While this may improve the diffusion rate it could
also impact the anatomy of kidney organoids. Other groups cultured organoids under

flow: for example, in rotation bioreactor (DiStefano et al., 2018; Homan et al., 2019).
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While this will lead to some improvement of oxygen and nutrient diffusion the
availability in the core will still be limited due to consumption of oxygen in the

peripheral region (DiStefano et al., 2018; Homan et al., 2019; McMurtrey, 2016).

Within vertebrate species oxygen and nutrients are distributed via the circulatory
system, whereby the distance of a cell from the nearest capillary does usually not
exceed a few hundred micrometres (Krogh, 1919; Pittman, 2011; Pries and Secomb,
2014). In agreement with previous studies (Loughna et al., 1997; Munro et al., 2017)
the presence of blood vessels has been confirmed in kidney explants and organoids.
Culture in type | collagen allowed the vascularization of glomeruli in culture, which
represents an improvement compared to previous culture methods. A previous study
linked glomerular maturity to the stiffness of the culture matrix (Garreta et al., 2015;
Munro et al., 2017), which could explain the presence of vascularized glomeruli in
collagen- but not Transwell-cultured kidneys. However, even with the presence of
vascular glomeruli the overall vascular network remained immature as indicated by

the lack of arterial maturation.

In this chapter, | improved the 3D growth of kidney explants and organoids by
embedding them in type 1 collagen which led to a more natural shape of the explants
and organoids. The 3D culture method further enabled the vascularization of
glomeruli which can be interpreted as an enhancement of nephron maturity.
However, the vascular maturity was limited as evidenced by the lack of arterial

smooth muscle cell recruitment.

In some tissues, such as the skin, arterial differentiation is regulated by neuron-
derived signals (Li et al., 2013; Mukouyama et al., 2005). In the next chapter, |
therefore aim to characterize a potential involvement of the renal neurons during
arterial differentiation in the kidney by determining the timing of smooth muscle cell

recruitment and innervation of the developing kidney.
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Chapter 4 - Development of renal vascular
smooth muscle cells in vivo and in vitro

4.1 Introduction

In the previous chapter, | showed that kidney explants adopt three-dimensional
growth when embedded in type | collagen. The 3D culture preserved key
morphological characteristics, such as branching of the collecting duct network, but
also let to central necrosis most likely due to limited diffusion of oxygen and
nutrients. Since oxygen and nutrients are distributed via the circulatory system in
vivo, | studied the forming vasculature in kidney explants in more detail. In agreement
with previous studies (Munro et al., 2017), endothelial cells were present and
arranged primarily around the cap mesenchyme. | further showed that culture in type
| collagen, in contrast to the traditional method, allowed the vascularisation of the
glomeruli of cultured kidneys as well as reaggregated kidney organoids. While this
represents an improvement of the vascular realism of kidney organoids, the blood
vessels appeared to remain immature as indicated by the lack of arterial smooth

muscle cell recruitment.

To address the lack of arterial maturation in kidney explants, this chapter will focus
on the timing of smooth muscle cell recruitment in vivo and on the potential
involvement of renal neurons, as neurons have been demonstrated to regulate
arterial differentiation in other tissues (see 4.1.1. Arterial differentiation). This will
give information whether renal neurons are required for arterial differentiation in
vivo, which could indicate that neuronal signals could drive arterial differentiation in

vitro.
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4.1.1. Arterial differentiation

The specification of endothelial cells into arteries and veins occurs early in
development (E9.0) (Wang et al., 1998). The venous marker EphB4 and its artery-
specific ligand ephrin-B2 are already expressed in the first primitive blood vessels that

form de novo by vasculogenesis (Wang et al., 1998).

A number of factors have been found to be involved in regulating arterio-venous
differentiation. It has been showed that Hedgehog signalling is required to form the
first intraembryonic artery, the dorsal aorta (Williams et al.,, 2010). During
subsequent development, arterial differentiation is induced by Notch signalling,
which most likely acts as a downstream mediator of sonic hedgehog (Lawson et al.,

2001).

While the arterio-venous identity is acquired early in development, endothelial cells
can adapt to a new environment and transdifferentiate in order to integrate into
blood vessels of the opposing vascular type (Moyon et al., 2001). However,
transplanted endothelial cells tend to integrate predominantly into blood vessels of
the same type (Moyon et al., 2001). Transplantation experiments of quail-derived
endothelial cells into 2-day old chick embryos revealed that the percentage of arterial
cells that integrated into venous blood vessels drastically decreased post innervation
of the arteries (Pardanaud et al., 2016). It has further been shown that adrenergic
signalling induces the upregulation of arterial markers indicating that neuron-derived
signals can influence vascular identity (Pardanaud et al., 2016). In mice, neurons
control the differentiation of blood vessels into arteries in the developing skin via

VEGF secretion (Li et al., 2013; Mukouyama et al., 2005).

Taken together, the involvement of neuronal signals in arterial differentiation in the
skin, the loss of arterio-venous plasticity of arterial cells post-innervation (Moyon et
al., 2001) as well as the upregulation of arterial markers in cultured endothelial cells

after treatment with adrenergic compounds (Pardanaud et al., 2016) suggest that
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neurons could play an important role in driving arterial differentiation in other tissues

such as the kidney.

In human kidneys, innervation starts about two weeks after formation of the
definitive renal artery and during formation of the renal vein indicating that neurons
are not involved in the differentiation of renal arteries (Mompeo et al., 2019). The
formation of renal innervation in the developing mouse kidney has, to my knowledge,

not yet been described.

In this chapter, | aim to examine the hypothesis that renal neurons control vascular
smooth muscle cell recruitments in the kidney, by characterizing the timing of arterial

smooth muscle cell recruitment and renal innervation.
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4.2 Results

4.2.1 Maturation of murine renal arteries occurs between E13.5 and

E14.5

While kidney explants do contain endothelial cells and smooth muscle cells, the
smooth muscle cells do not arrange around the blood vessels, indicating that arterial
maturation does not occur in cultured kidneys (Figure 3-8). Previous studies dated
the appearance of smooth muscle cells in the kidney to E13.5 and the localization of
smooth muscle cells around the blood vessels to E15.5 (Hurtado et al., 2015). Hurtado
et al. (2015) used a FoxD1 linage-tracing mouse line (originated from a B6;129
background) for their study of smooth muscle cell development. Since different
mouse strains can display some variability in the timing of development (Miyake et
al., 1997), | first aimed to confirm the timing of smooth muscle cell differentiation in
wildtype CD1 mice, which are very suitable for developmental studies, because of
their large litter size. To characterize the timing of smooth muscle cell development
in CD1 mice, | isolated the kidneys of E13.5 (N = 9, from two different females) and
E14.5 (N = 6, from two different females) embryos and stained them for smooth
muscle actin and CD31. The E13.5 embryos of one of the females used for this
experiment appeared less mature than typically observed, for example the
separation of digits was not as prominent. This could have been caused by a mistake
in setting up the timed mating, but could also be a natural phenomenon as
differences of the developmental stage of murine embryos from the same litter are
relatively common and have been described before (Yamamura, 1969). To
adequately describe the developmental age of the embryos, they were
comparatively staged based on previously described characteristics (Theiler, 1989).
To keep labelling consistent between experiments the kidneys were relabelled as

E12.75 and E13.0 instead, instead of using the Theiler stage.
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E12.75 kidneys did not stain for smooth muscle actin. The renal blood vessels
displayed clear differences in diameter, indicating that a hierarchical vascular

network was formed (Figure 4-1A).

E13.0 kidneys contained individual smooth muscle cells that mostly, but not
exclusively, localized in the peripheral region of the kidney. There was no preferential

association of smooth muscle cells with blood vessels (Figure 4-1B).

In E13.5 and E14.5 kidneys, the smooth muscle cells were arranged around large-

diameter blood vessels as well as around the ureter (Figure 4-1C and D).

Figure 4-1: Smooth muscle cell development of the kidney in vivo. The kidneys have been
isolated at E12.75 (A, N=1), E13.0 (B, N=1), E13.5 (C, N = 7) and E14.5 (D, N = 6) and were
stained for smooth muscle actin (yellow) and CD31 (blue). Smooth muscle cells were visible
around the ureter (u) and interlobular arteries (ila) in E13.5 and E14.5 kidneys. Scale bars:
200 um.
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4.2.2 The smooth muscle cell marker Calponinl is expressed later than

smooth muscle actin and Transgelin

In agreement with previous studies (Hurtado et al., 2015), | found that smooth
muscle actin-positive cells appear and are recruited to the blood vessels between
E13.0 and E14.5. In order to characterize the temporal correlation between smooth
muscle cell recruitment and innervation, it has to be ensured that the markers used
are expressed early during development. Therefore, | wanted to confirm when other
smooth muscle cell markers are expressed compared to smooth muscle actin. Two
markers that are reported to be expressed during smooth muscle cell development
are Transgelin and Calponin 1. Transgelin, also known as Sm22aq, is expressed early
during development and is hypothesized to have a regulatory function on smooth
muscle cell contractility (Xu et al., 2003; Zeidan et al., 2004). Calponin 1 has been
shown to regulate smooth muscle cell contractility and is expressed nearly
synchronously with Transgelin but after smooth muscle actin in chick embryos

(Duband et al., 1993; Winder et al.).

To identify in which sequence these markers were expressed during renal
development, E13.5 (N = 2) and E14.5 kidneys (N = 2) were co-stained for smooth

muscle actin, Calponinl and Transgelin.

The staining revealed that smooth muscle actin and Transgelin overlapped in artery-
shaped structures. Throughout the kidney there were a small number of cells that
stained positive for both markers but also cells that expressed either smooth muscle
actin or Transgelin but not both. Calponin-1 was expressed in the artery-shaped
structures near the ureter, but did not extend as much along them as smooth muscle
actin and Transgelin (Figure 4-2A). The Calponin-1 staining showed some speckled
staining throughout the kidney. Due to the small size and even distribution of these

speckles this was identified as background in the form of ‘Salt-and-Pepper’ noise.

E14.5 kidneys displayed a strong Calponin-1 expression in the ureter and a weaker

expression in the vessel-shaped-structures. In contrast, smooth muscle actin was

74



expressed weakly in the ureter but showed a strong staining of the vessel-shaped-
structures, whereas Transgelin appeared to be expressed with similar intensity in
both ureteral and vascular smooth muscle cells. Some branches of the vessels
showed no detectable expression of Calponin-1 but visible expression of smooth
muscle actin and Trangelin (Figure 4-2B). Transgelin and Calponin-1 were found in

spherical structures that did not express smooth muscle actin.

Figure 4-2: Expression of smooth muscle cell markers in the developing kidney. E13.5 (A) and
E14.5 (B) kidneys were stained for smooth muscle actin (green), Transgelin (red) and
Calponin-1 (blue). U: ureter, ila: interlobular arteries. Scale bars: 200 um, N = 2
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4.2.3 Arterial smooth muscle cell lining is lost in cultured murine E14.5

kidneys

The expression of smooth muscle cell markers seen in embryonic kidneys contrasts
with the demonstration that, while smooth muscle cells develop in cultured mouse
kidney explants, they do not align along the blood vessels (Figure 3-8). Kidneys
isolated from E14.5 embryos consistently showed the presence of a smooth muscle
cell lining around large-diameter blood vessels (Figure 4-1). To see whether arteries
formed in vivo would maintain the smooth muscle cell lining in vitro, | isolated the
kidneys of E14.5 embryos and cultured them on a Transwell for 8 to 32 h.
Subsequently the explants were stained for the endothelial marker CD31 and the
smooth muscle cell markers Calponin 1 and smooth muscle actin. Transgelin was not
included because it was also detected in spherical structures, potentially glomeruli,
where no smooth muscle cells were expected. Therefore, Transgelin expression

might be less specific to smooth muscle cells.

After 8 h of culture all explants (5/5) stained positive for vascular smooth muscle

actin and Calponin 1 (Figure 4-3A).

After 16 h of culture 5/5 explants showed expression of smooth muscle actin around
the blood vessels and 3/5 explants contained blood vessels that stained positive for

calponin 1 (Figure 4-3B).

After 24 h of culture 3/4 explants contained blood vessels that stained positive for
smooth muscle actin and 2/4 explants stained positive for vascular Calponin 1. As
well as being around the ureter, Calponin 1 and smooth muscle actin positive cells

were detected in the peripheral cell layer of the explants (Figure 4-3C).

After 32 h of culture 2/4 explants exhibited a weak staining for smooth muscle actin
around the blood vessels and none of the explants had blood vessels that stained
positive for Calponin 1. The expression of smooth muscle actin and Calponin 1 in the

peripheral cell layer persisted. While in 8 h-cultured samples, some blood vessels had
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a larger diameter than others, which can be interpreted as evidence of a hierarchical

vascular network, this was no longer visible in samples cultured for 32 h (Figure 4-3D).

Within the ureter the expression of smooth muscle actin and Calponin 1 persisted for

the entire culture period in all explants, so acted as a positive control.

Figure 4-3: Arterial smooth muscle cell lining is lost in culture. E14.5 kidneys were cultured
for8 h (A,N=5),16 h(B,N=5),24 h(C,N=4)and 32 h (D, N =4). subsequently the kidneys
were stained for smooth muscle actin (yellow), Calponin-1 (magenta) and CD31 (blue).
Smooth muscle cells remain visible around the ureter (u), but are sequentially lost around

the arteries (arrows). Scale bars: 100 um.
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4.2.4 Innervation of the mouse kidney occurs after recruitment of smooth

muscle actin positive cells

Renal explant cultures fail to develop and maintain arteries lined with smooth muscle
cells. In other tissues, such as the skin, the differentiation of arteries and recruitment
of smooth muscle cells is regulated by neuron-derived signals. To identify whether
neuronal signals might be involved in renal arterial maturation, | stained E13.5 (N =
3) and E14.5 kidneys (N = 3) for smooth muscle actin and the neuronal marker Tuj1l

and the vascular marker CD31.

As shown in the earlier experiments the majority of smooth muscle cells align around
the blood vessels in E13.5 kidney. Most E13.5 kidneys showed no staining for Tuj1. In
a one of E13.5 kidneys Tujl expressing axons were seen around the ureter but not

along the blood vessels of the kidney (Figure 4-4A).

In E14.5 kidneys the Tujl positive axons wrapped around the smooth muscle cell
layer of the major arteries (Figure 4-4B). As Tujl is expressed early during neuronal
differentiation (Memberg and Hall, 1995), this indicates that the innervation of the
kidney occurs after the recruitment of the smooth muscle cells. This strongly suggests
that neuron derived signals are not required for the initial formation of the smooth

muscle cell lining.
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Figure 4-4: Innervation of the developing kidney. To determine the time-point of the
innervation of the kidney E13.5 (A) and E14.5 (B) kidneys were stained for the neuronal
marker Tujl (magenta), smooth muscle actin (yellow) and CD31 (blue). At E13.5 neurons
were seen around the ureter (u) but not within the kidney. At E14.5, neurons were seen
around the ureter and along the interlobular arteries (ila). Scale bars: 200 um. N =3
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4.2.5 Neurons develop in cultured murine kidneys, but do not grow

exclusively in close proximity to smooth muscle cells

The staining of in vivo maturing kidney revealed a close proximity between renal
neurons and smooth muscle cells. The neurons invaded the kidney following the
formation of the smooth muscle cell lining on major blood vessels. In other tissues,
for example the lung, neurons follow smooth muscle cell derived signals such as

brain-derived neurotrophic factor (Radzikinas et al., 2011).

As demonstrated earlier (Figure 3-8) smooth muscle cells develop in cultured kidney
explants. To investigate whether neurons would form in cultured kidney and align
closely with the smooth muscle cells, | stained 7-day cultured kidney explants
cultured in type 1 collagen for smooth muscle actin and Tujl. Consistent with
previous studies (Karavanov et al., 1995; Sariola et al., 1988) neurons developed in

the majority, 7 out of 8, of cultured kidneys (Figure 4-5).

The neurons were not exclusively seen in areas with a high density of smooth muscle
cells. In turn, smooth muscle cells occupied large areas of the explants that did not
contain any neurons. There was no sign of an artery-like arrangement of smooth
muscle cells and no sign of any area which was particularly densely populated with
smooth muscle cells and neurons. This suggests that neither cell type depends on
direct contact with the other for its growth and that their presence is not sufficient

for the formation of a hierarchical arterial network (Figure 4-5A).

While the neurons in some sections of the kidneys aligned with the blood vessels,

they did not exclusively grow in proximity to endothelial cells (Figure 4-5B).

In vivo, renal neurons expressed the dopaminergic lineage marker tyrosine
hydroxylase (Figure 4-5C). Interestingly some neurons formed dense, node-like
aggregates of which a subset stained positive for tyrosine hydroxylase indicating the

differentiation of the neurons into the dopaminergic linage can occur in explant

80



cultures (Figure 4-5A). Notably tyrosine hydroxylase was rarely seen in the axonal

structures.

Figure 4-5: Differentiation of neurons in cultured E11.5 kidneys. E11.5 kidneys cultured for 7
days and stained for smooth muscle actin (yellow), Tuj1 (magenta) and Tyrosine hydroxylase
(cyan, arrow). N = 5 B: Staining of cultured neurons for Tujl (red), CD31 (blue) and laminin
(grey). N = 3. C: Staining of E14.5 kidney for Tuj1 (red), CD31 (blue) and Tyrosine hydroxylase
(green) shows differentiation if intrarenal neurons (dashed arrow) into dopaminergic lineage,
while neurons around the ureter (u) remain negative for tyrosine hydroxylase. N = 3. Scale
bars 100 um
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4.2.4 A subset of blood vessel-aligned neurons of murine E14.5 kidneys

appears to undergo apoptosis in culture

The previous experiments showed that both neurons and smooth muscle cells
develop in culture but the smooth muscle cells fail to align along the renal blood
vessels. | also showed that the already formed smooth muscle cell lining in E14.5
kidneys could not be maintained in culture. This raised the question of whether blood
vessel associated neurons would also undergo apoptosis in culture. To identify if and
when neurons in kidney explants would die, | isolated E14.5 kidneys and cultured
them for 8 to 32 h followed by staining them for Tuj1, CD31 and smooth muscle actin

(N = 3 per time point).

After 8 h of culture, the usually continuous Tujl staining appeared as fragmented
lines, indicating fragmentation and cell death of the neurons (Figure 4-6A). These
fragmented neurons were seen at all time points. Interestingly, while all 8 h-cultured
kidneys showed fragmented neurons, some of the longer cultured explants also

contained healthy-looking, continuously stained neurons (Figure 4-6).

One explanation for this is that the initially present blood vessel-associated neurons
die but simultaneously new ones are also formed in culture. However, this hypothesis
could only be tested by live imaging, which was not possible because, despite several
attempts, | could not source kidneys from transgenic mice expressing a fluorophore

within neurons for live imaging.
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Figure 4-6: Progressive loss of neurons and vascular smooth muscle cells in cultured E14.5
kidneys. E14.5 kidneys have been isolated and cultured on a Transwell for 8 h (A), 16 h (B),
24 h (C) and 32 h (D). Subsequently the kidneys have been stained for smooth muscle actin
(yellow), Tujl (magenta) and CD31 (blue). Smooth muscle cells remains along the ureter (u)
but were but not alon the arteries. Neurons appear fragmented (arrows). Scale bars: 200 pm.
N=3
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4.3 Discussion

This chapter gives an important insight into vascular smooth muscle cells in the
developing kidney. The staining for the smooth muscle cell markers Transgelin,
Calponin-1 and smooth muscle actin revealed that, at at the analyzed stages (E13.5
and E14.5), vascular smooth muscle cells display different relative expression levels
of these markers to each other compared to ureteric smooth muscle cells. This
heterogenicity of smooth muscle cell types could have important implications for
renal engineering. Within the kidney, vascular smooth muscle cells are required to
regulate the blood flow, which is essential to prevent damage to the nephrons and
to ensure an optimal filtration (Bidani Anil and Griffin Karen, 2004; Hashimoto and
Ito, 2015), while the main function of the ureteric smooth muscle cells is to actively
transport urine from the kidney to the badder, a process that requieres cordinated
contraction along the proximal-distal axis of the ureter (Lang et al., 2002). Engineered
kidneys would most likely need to reflect the heterogenicy of smooth muscle cells
found in vivo in order to function efficiently. The differential expression ratio of
smooth muscle actin to calponin-1 could be used as a first step in characterizing
smooth muscle cells in engineered kidneys. However, further experiments, for
example single-cell transcriptomics, will be requiered to identify how many smooth

muscle cell subtypes are found within the kidney and how they can be distiguished.

The main aim of this chapter was to characterize a potential involvement of neurons
during arterial differentiation in the kidney. Neurons have been previously shown to
drive the differentiation of arteries in the limb skin and to regulate arterio-venous
plasticity during avian development (Li et al., 2013; Mukouyama et al., 2005;
Pardanaud et al., 2016). In the adult kidney, the renal neurons are closely aligned
with the arteries (Marfurt and Echtenkamp, 1991), hinting that one of the tissues

depends on the other for its growth.

If neurons were responsible for driving arterial differentiation, they would invade the

kidney prior to the formation of the arterial smooth muscle cell lining. However, the
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experiments in this chapter demonstrated that the smooth muscle cell recruitment
occurs prior to the innervation of the kidney. Therefore, the initiation of arterial
differentiation cannot depend on neuronal signals. This suggests that neurons are
dispensable for the initial development of a hierachial vascular network. As adult
kidneys can function to some degree after at least partial denervation of the renal
artery (Sanders et al., 2017), the role of neurons might be neglactable for generating

fuctional blood-filtering kidney organoids.

Under culture conditions, neurons as well as smooth muscle cells developed but did
not appear exclusively in close proximity, indicating that neither cell type depends on
direct contact with the other for its growth. Since all kidney explants examined
contained smooth muscle cells but 1/8 explants did not contain any neurons, it can
be assumed that smooth muscle cells do not require any neuron-derived secreted
factors for their growth. A small proportion of the neurons in cultured E11.5 kidney
expressed tyrosine hydroxylase a marker for dopaminergic neurons. In vivo, tyrosine
hydroxylase was detected in the neurons growing along the interlobular arteries, but
not in the neurons forming around the ureter (Figure 4-5C), suggesting that ureteric
neurons differentiate eihter at a later stage or into a different lineage. In rabbit
kidneys, the ureteric neurons express acetylcholine esterase, a marker for adreneric
neurons (Gosling and Dixon, 1971), which suggests that the ureteric neurons in mice
may also differentiate into a different lineage. Since one function of neurons is to
control smooth muscle cell contraction (Gosling and Waas, 1971; Sata et al., 2018), a
differentiation into different lineages could be necessary to communicate with the

different subpopulations of smooth muscle cells.

Interestingly, the neurons and smooth muscle cells associated with the arteries of
isolated E14.5 kidneys were lost within 32 h of culture. The survival of these cell types
in cultured E11.5 explants suggests that loss of artery-associated smooth muscle cells
and neurons is not caused by the culture conditions themselves. However, more
differentiated neurons and smooth muscle cells might require other factors for their

survival than more immature smooth muscle and neuronal cells and therefore might
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not surive in culture. Neurons commonly depend on targed derived signals for their
survival (Hamburger and Levi-Montalcini, 1949). Therefore, the death of neurons
might be caused by the loss of input signals from the vascular smooth muscle cells.
The loss of smooth muscle cells could be due to a change of the endothelial cell
metabolism in culture. In vivo, the recruitment of vascular smooth muscle cells is
regulated by heamodynamic forces (Padget et al., 2019). Therefore the lack of blood
flow in cultured kidneys might cause the loss of the vascular smooth muscle cells

around the blood vessels.

The results above refute the hypothesis that the arterial smooth muscle cell
recruitment is initiated by neuronal signals. Therefore, neurons may be dispensible
for mimicking early developmental stages of vascular development in kidney
organoids. However, there appears to be an essential factor missing in cultured
kidneys that allows the endothelial cells to differentiate into arteries and recruit
smooth muscle cells as well as to maintain already present periarterial smooth

musscle cells in cultured E14.5 kidneys.

A likely explanation for the loss of artery-associated smooth muscle cells is the lack
of blood flow. Therefore, my next aim was to initiate a flow through the kidney

explants by connecting them to the vasculature of a host.
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Chapter 5 - Graft-based vascularization of
kidney explants

5.1 Introduction

The embedding of kidney explants in type | collagen results in a more three-
dimensional growth compared to traditional culture methods but causes central
necrosis most likely due to limited oxygen and nutrient perfusion (Chapter 3). In vivo,
this is prevented by the transport of oxygen and nutrients via the blood system. While
blood vessels were present within kidney explants, they remained immature as
indicated by the lack of smooth muscle cell recruitment (Figure 3-7). The smooth
muscle cell recruitment to the renal arteries is not initiated by neuronal signals as
neurons invade the kidney after the vascular smooth muscle cell wall is formed
(Figure 4-4). Therefore, other factors, not present in cultured kidney explants, are

required for the vascular maturation in the kidney.

Blood flow has been shown to play a critical role during vascular development
(Padget et al., 2019). Connecting kidney organoids, or explants to the circulatory

system of a host, might therefore increase vascular maturation.
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5.1.1 Strategies to vascularise organoids

Several studies show the potential of renal organoids to connect to the vasculature
of a host (Low et al., 2019; van den Berg et al., 2018; Xinaris et al., 2012). In some
studies the organoids were soaked in VEGF prior to transplantation to enhance the
vascularization of kidney organoids (Xinaris et al.,, 2012). Other groups co-
transplanted the organoids with VEGF-soaked rods or aggregated endothelial cells

(Sharmin et al., 2016).

The vascularisation of organoids may also be accelerated by pre-treatments with
proangiogenic factors upstream of VEGF. Chai et al. (2018) treated periosteum-
derived mesenchymal stem cells with low dosages of Cobalt chloride (Chai et al.,
2018). Cobalt chloride stimulates the translation of Hifla, a regulator of VEGF
expression (Chachami et al., 2004). Pre-treatment of periosteum-derived
mesenchymal stem cells with Cobalt chloride supported the vascularisation of the

cell aggregate after transplantation (Chai et al., 2018).

An improved vascularization after induction of VEGF expression or direct soaking in
VEGF is not surprising given that VEGF is one of the main stimulators of angiogenesis.
In humans, at least seven variants of VEGF are generated by alternative splicing or
proteolytic cleaving (Figure 5-1). The most abundant in humans are VEGF121, VEGF165
and VEGFigg (Tischer et al., 1991). The equivalent murine proteins are one amino acid
shorter (Shima et al., 1996). The alternative splicing occurs in the heparin-binding
domain resulting in VEGF120 having no heparin- binding domain, VEGF164 having one
and VEGFiggs having two heparin binding domains (Ruhrberg et al., 2002).
Consequentially, VEGF120 is highly diffusible while VEGF164 has an intermediate and
VEGF1ss a short diffusion range (Ruhrberg et al., 2002). While mice expression either
only VEGF120 or only VEGF1ss show severe developmental defects, mice expressing
solely VEGF164 appear healthy, indicating that VEGF1e4 is the main regulating isoform
of cardiovascular development (Carmeliet et al., 1999; Mattot et al., 2002; Stalmans

et al., 2003; Stalmans et al., 2002).

88



= 1 H2=3H4=5H6al6b—= 7 —8algh-

Vegfigg i1 213]4]5]|eal 7 8alghl
Vegf154 | 1 ‘ 2.3/4|57 83-
Vegdfi, 1 2 3]4]5 [8algBl

Figure 5-1: Splice variants of Vegf

While grafting kidney explants or organoids into a mammalian host, which may be
facilitated by upregulation of Vegf expression, could introduce a blood flow through
the renal capillary plexus and thereby improve the supplementation with oxygen and
nutrients, it would require the use of animals and therefore raises ethical concerns.
The transplantation into a host would also make the kidneys less accessible and
therefore more difficult to observe their development post-transplantation.
Additionally, implanting into a mammalian host may only be successful in
immunocompromised animals or might require the use of immune system supressing

drugs.

An alternative to mammalian host implantation could be the grafting of kidney
explants onto the chick chorioallantoic membrane (CAM). The CAM is a highly
vascularized and easy accessible extraembryonic membrane (Nowak-Sliwinska et al.,
2014). It starts to develop around day 3 of incubation and reaches its full size around
day 10 of incubation after rapid exponential growth (Nowak-Sliwinska et al., 2014).
Since chick embryos do not become fully immunocompetent until day 18 of
incubation (Janse and Jeurissen, 1991), no administration of immunosuppressants is

required when using the CAM to graft tissues.

Kidney organoids and explants have been previously vascularized by engraftment on
the CAM (Garreta et al., 2019; Loughna et al., 1997). After 5 days of culture, blood

flow was visible within the grafted organoids and the blood vessels reached the
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glomerulus (Garreta et al., 2019). However, the anatomical realism of the vascular

plexus in grafted kidneys has not been analysed in dept.

Hypothesizing that blood flow is essential for the arterial differentiation of renal
blood vessels, | aimed to introduce flow through the kidneys explants by engrafting
them onto the chick CAM. | further aimed to characterize the realism of the forming
vascular plexus in order to evaluate this method for its potential to generate

anatomically realistic vascularized kidney organoids.
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5.2 Results

5.2.1 Murine kidneys can be vascularised by engraftment onto the chick

CAM, but with low efficiency

While cultured embryonic kidneys do contain endothelial cells, the majority of
glomeruli remain avascular (Sariola et al., 1983). Additionally, their vascular plexus
appears to remain immature, since there is no sign of formation of a smooth muscle

cell lining.

The lack of vascular maturity in vitro is likely caused by the lack of blood flow as
embryos with a reduced heart rate show an impairment of vascular maturation
(Padget et al., 2019). To provide a flow of blood, | placed 3-day cultured E11.5 kidney
explants onto the chick CAM (Garreta et al., 2019). After incubation of the eggs for
an additional three days, the majority of explants were visible as white discs on top
of the CAM without any visible blood vessels (Figure 5-2A). About 21 % (N = 42) of
the kidneys displayed an at least two-times increase in size and seemed to have
sunken into the CAM where they appeared to have connected to the host vasculature
(Figure 5-2B). Kidneys with an obvious increase in size as well as visible blood vessels
growing in and around them were considered as successfully grafted, while kidneys

appearing as white disc-like structures were considered as not grafted.
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Figure 5-2: grafting efficiency of kidneys is low. A kidney explant which did not engraft into
the CAM within 3 days. B: engrafted kidney explant. Scale bars: 500 um C: Quantification of
grafted kidneys. The bar shows the percentage of grafted kidneys calculated from the pooled
data of 4 independent experiments. The error bar displays the standard deviation of the
grafting efficiency across the 4 experiments.
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5.2.2 Pre-treatment of murine kidney explants with VEGF inducers did not

increase grafting efficiency

The grafting efficacy of embryonic kidneys onto the chick CAM was low with only
about 1 in 5 kidneys connecting to the host vasculature. Some studies state that the
vascularization of kidney organoids by implantation requires pre-soaking them in
VEGF or co-transplantation of HUVECS while others report successful engraftment of

kidney organoids without prior treatment (Sharmin et al., 2016; Xinaris et al., 2012).

Soaking the kidney explant in VEGF, however, could potentially direct blood vessels
into compartments that usually remain avascular such as the cap mesenchyme and
therefore affect the anatomical realism of the forming vasculature. In vivo, VEGF is
expressed by the collecting ducts (Simon et al., 1995). To induce the expression of
Vegf within the collecting duct compartment, | treated E11.5 kidney explants with
the known Vegf inducers progesterone and Insulin-like growth factor 1 (IGF-1),
whose receptors are expressed specifically in the collecting duct compartment
(Harding et al., 2011; McMahon et al., 2008). For the induction of Vegf expression,
the kidney explants were cultured for 2 days and subsequently treated for 24h with
5 uM, 10 uM or 50 uM of progesterone and 10 nM, 50 nM or 100 nM IGF-1. Following
this, RNA was extracted and analysed for expression of total Vegf, and Vegfiss as the

main pro-angiogenic isoform.

Treatment with neither progesterone nor IGF-1 alone resulted in a significant
increase of the expression of total Vegf or Vegfiss. Combined treatment with 5 uM
progesterone and 100 nM IGF-1 (hereafter referred to as 'grafting medium') resulted

in a 50% increase of Vegf (Figure 5-3A) as well as Vegfiss expression (Figure 5-3B).
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Figure 5-3: Expression of Vegf and Vegfiss after treatment with IGF-1 and progesterone.A:
Expression of Vegf, normalized to the averaged expression of Actb and Hsp90ab1, after
treatment with indicated dosages of progesterone and IGF-1 individually resulted in an
apparent increase of Vegf expression, which was not statistically significant. The combination
of 5 uM progesterone and 100 nM IGF-1 (grafting medium) resulted in a significant
upregulation of Vegf (unpaired Student’s t-test, p < 0.01, N = 6, data from 2 independent
experiments, error bars display standard deviation). B: Expression of Vegfiss isoform after
treatment with either progesterone or IGF-1 did not result in an increased expression of
Vegfisa expression. However, Vegfiss was significantly upregulated by the combined
treatment with 5 uM progesterone and 100 nM IGF-1 (Student’s t-test, p < 0.01, N = 6, data
from 2 independent experiments, error bars display standard deviation).
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To test whether the induction of VEGF would increase the grafting efficiency, kidney
explants were cultured for 24 h in either grafting or control medium. After treatment,
the kidney explants were placed on the CAM and cultured in ovo for an additional 3
days (Figure 5-4A). Kidney explants cultured in control medium grafted with an
efficiency of 8 % (2/25). Explants cultured in the grafting medium grafted with a
comparable efficiency of 11 % (4/36) (Cl: -0.12, 0.18) (Figure 5-4B).

For kidneys cultured in the control medium, the grafting efficiency of 8 % was lower
compared to the 21 % from the previous experiments (Figure 5-2), however, this

difference was not statistically significant (Cl: -0.03, 0.30).

For RNA sampling, the kidney explants were cultured for 2 days prior to the treatment
period of 24 h. To test whether the lack of an effect of the grafting medium was due
to a reduction of the culture time the experiment was repeated with a pre-grafting
culture period of 72 h, and then the kidneys were cultured for 2 days in control
medium following 24 h in grafting medium (Figure 5-4A). After extending the pre-
culture time for kidneys in the grafting medium a grafting efficiency of 9 % (3/34) was
reached which was comparable to the 11 % that were obtained with a pre-culture
time of 24 h (Figure 5-4B). The grafting medium had no visible effect on the grafting
efficiency for kidneys cultured 72 h prior to grafting (Cl: -0.28, 0.03) (Figure 5-4B).

In summary, there were no statistically significant differences between any of the

culture conditions.
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Figure 5-4: Induction of Vegf expression did not improve grafting efficiency. A: illustration of
grafting procedure. B: Bars represent the grafting efficiency in % after pooling the data from
different experiments. Error bars display standard deviation of the percentage of grafted
kidneys between different experiments. Sample sizes: 24 h grafting: N = 36, data pooled from
3independent experiments, 72 h control: N = 42, data from 4 independent experiments, 72 h
grafting: N = 34, data from 4 independent experiments
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5.2.3 Grafted explants display limited blood vessel maturation and

morphological abnormalities

In vivo kidneys become vascularized by a single artery which enters the kidney near
the ureter and ramifies to follow the collecting duct branches (Bowman, 1842).
Following the onset of blood flow the segmental arteries, the arteries that are
branched from the renal artery and further ramify into the interlobular arteries,
recruit smooth muscle cells and the glomeruli become vascularized (Bowman, 1842;
Hurtado et al., 2015). To determine whether the vasculature in grafted kidneys would
mature to form a hierarchical network and vascularized glomeruli, the grafts were

fixed and stained for renal and endothelial markers.

In contrast to in vivo-grown kidneys, which are vascularized by a single artery and
vein originating from the aorta, kidneys grafted onto the CAM were invaded by
multiple blood vessels entering from different sites (Figure 5-5A). To confirm blood
flow through the grafts, the chick vasculature was injected with either Dextran-FITC,
Tomato lectin conjugated with DyLight 594, or Donkey-anti-mouse AlexaFluor594
secondary antibody prior to removal and fixation of the graft. Injection with Dextran-
FITC indicated flow through the grafted kidney in ovo (Figure 5-5A). However, the
signal was lost after the staining process. The conjugated tomato lectin was visible
within the blood vessels but also stained the proximal tubules (data not shown), most
probably because the lectin was washed away during the staining and then bound to
the proximal tubules. The injected secondary antibody was detectable after co-
staining with CD31 and it indicated blood flow mainly through the peripheral vessels

of the graft (Figure 5-5B).

To determine the maturity of the vascular network within grafts, | stained the kidneys
for the smooth muscle cell marker Calponin 1 and with the vascular marker CD31
(Miano and Olson, 1996). The staining revealed that smooth muscle cells developed
around the ureter, which served as a positive control for the antibody, but the

smooth muscle cells did not arrange around the blood vessels (Figure 5-5C). The
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staining also showed that the CD31 antibody used for these experiments detected
the mouse endothelial cells within the grafted kidney, but not the chick endothelial
cells of the CAM, as the arteries of the CAM could be identified by Calponin-1 staining
but did not stain with the CD31 antibody used (Figure 5-5C). While | tried using two
other antibodies to detect endothelial cells in the CAM (anti-VE-cadherin (abcam,
ab33168) and anti-CD31 (abcam, ab7388)) those antibodies displayed a high
background which made it difficult to distinguish between blood vessels and other

tissues (data not shown)

Co-staining of the grafted kidneys with CD31 and one of the glomerular markers, WT1
(not shown) and Podocalyxin showed that a small subset (2/12) of glomeruli
contained blood vessels, but the majority remained avascular (Figure 5-5D).
However, since the CD31 antibody used for this staining displayed specificity to
murine endothelial cells, it can not be ruled out that avascular appearing glomeruli

were vascularized by galline endothelial cells.

To analyse the overall morphology of the grafted kidneys, two of the grafts were
stained for the collecting duct marker E-cadherin, the nephron progenitor marker
Six2 and the endothelial marker CD31. The staining showed that, similarly to in vivo
grown kidneys, the collecting ducts formed a branched network with clusters of
nephron progenitor cells around the tips and the blood vessels avoided the region of
the cap mesenchyme. However, one of the explants displayed a cluster of nephron

progenitor cells within the medullary region (Figure 5-5E).

In vivo, the cortical vasculature grows within the interstitium around the nephron
progenitor caps but does not grow cortical to them (Munro et al., 2017). In contrast,
all explants developed excess vasculature cortical to the nephron progenitor caps,
which formed a dense capillary network not present in in situ maturing kidneys

(Figure 5-5F).
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Figure 5-5: morphology of grafted kidneys. A: A grafted kidney was injected with Dextran-
FITC (red) via a chorioallantoic membrane (CAM) vessel to visualize blood flow within the
graft. B: A grafted kidney was injected with Donkey-anti-mouse AlexaFluor594 (cyan)
antibody via a CAM blood vessel. Subsequent staining of the graft with CD31 (red) shows
blood flow mainly through the peripheral vessels of the graft. C: Staining of a grafted kidney
with CD31 (red) and Calponinl (green) shows smooth muscle development around the ureter
(u) but not around the blood vessels. The staining also revealed that the used CD31 antibody
was specific to murine endothelial cells as the arteries of the CAM (arrow) stained for
Calponin-1 but not with the used CD31 antibody. D: vascularized (arrow) and non-
vascularized glomerulus of a grafted kidney stained with Podocalyxin (white) and CD31 (red).
E: single plane of a grafted kidney shows aberrant localization of nephron progenitor cells
(Six2, green, arrow) in the medullary region of the explant (Co-stained with CD31, red and E-
cadherin blue). F: maximum projection of a grafted kidney stained with E-cadherin (blue),
Six2 (green) and CD31 (red) shows development of excess vasculature around the explant.

Scale bars 100 pm.
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5.2.4 Grafting medium had no obvious effect on branching, nephron

progenitor arrangement or blood vessel morphology

Some of the grafts previously cultured in the grafting medium showed an aberrant
localization of nephron progenitor cells. To identify whether these might have been
caused by compounds within the grafting medium, a subset of kidney explants was
excluded from grafting and was instead cultured for three additional days, the time
period they would have been cultured in ovo, in either the grafting or control

medium. Subsequently, the explants were stained for CD31, Six2 and E-cadherin.

Neither kidney explants cultured within the control nor in the grafting medium
displayed an aberrant localization of cap mesenchyme. The endothelial cells were
mostly confined to the stromal area between the cap mesenchyme, however
occasionally blood vessels were visible growing cortical to the nephron progenitor

caps (Figure 5-6).

Figure 5-6: Kidney explants cultured in grafting medium did not display dysmorphologies
observed in grafted kidneys. Kidney explants were cultured in control (A) or grafting medium
(B) for 6 days followed by staining of Six2 (green), CD31 (red) and E-cadherin (blue). Scale
bars: 100 um
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5.3 Discussion

Kidney explants and reaggregated kidney organoids have been shown previously to
contain blood vessels (Munro et al., 2017). However, the blood vessels remained

immature as indicated by the lack of vascular smooth muscle cells (Chapter 3).

| hypothesized that introducing flow through the kidneys by grafting them onto the
chick CAM would improve vascular maturity. The kidneys did connect to the CAM
vasculature albeit with a low efficiency which was not increased through stimulation
of Vegf expression. Hypothetically, it might be possible to improve the grafting
efficiency with a further increase of Vegf expression or by soaking the explants in
recombinant VEGF as done previously prior to implantation of kidney explants into

rat hosts (Xinaris et al., 2012).

The low efficiency of this assay makes subsequent analysis difficult as only a small
number of grafted kidneys can be obtained for downstream assays such as the
characterization of the anatomical realism of the graft vasculature. Within the kidney
blood vessels, nephrons and collecting ducts need to be arranged in a precise special
manner in order to achieve an optimal filtration of blood and concentration of urine
(Dantzler et al., 2011). This arrangement could not be reproduced by grafting kidney
explants onto the chick CAM, as the grafted kidney displayed several vascular
abnormalities. Most prominently the chick blood vessels entered the explants at
multiple random locations instead at a single point near the ureter. Secondly, an
abnormally dense capillary network was formed around the grafts by murine

endothelial cells.

Additionally, one of the grafts showed an aberrant localization of nephron progenitor
cells in the medullary region. None of the cultured non-grafted kidneys displayed any
aberrant localization of cap mesenchyme, indicating that the mis-localization of

nephron progenitors was caused by the grafting environment.
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The majority (10/12) of glomeruli of the grafted kidneys did not contain any blood
vessels of murine origin (Figure 5-5D) as they did not stain with a mouse specific CD31
antibody. Previous grafting experiments demonstrated that the majority of glomeruli
were vascularized by cells originating from the host rather than the graft vasculature
(Ekblom et al., 1982; Sariola et al., 1983; Sariola et al., 1984a; Sariola et al., 1984b).
Therefore, there is a possibility that some glomeruli had been vascularised by blood
vessels originating from the chick CAM. Despite multiple attempts there was no
antibody found that stained chick endothelial cells with sufficient specificity, as all
tested antibodies showed high background in samples of the chick CAM, making it

not possible to discriminate between endothelial cells and other cell types.

It has been shown previously that haemodynamic forces caused by blood flow are
essential for the maturation of blood vessels (Padget et al., 2019). Injection of the
host vasculature with a fluorescent labelled antibody following staining of the grafted
kidneys for murine CD31 confirmed the perfusion of the graft vasculature. However,
there was no indication of the formation of a smooth muscle cell lining around the
graft vessels, indicating that perfusion of the graft by the host circulation is not
sufficient to enhance vascular maturity. A reason for this could be differences in the
haemodynamic profile of the two species. While some aspects of the circulation such
as heart rate and stroke volume can be easily compared between embryonic mice
and embryonic chicks (Keller et al., 1996), the forces in individual blood vessels vary
depending on local geometry and velocity (Zhou et al., 2014) making it difficult to

compare the blood flow of the embryonic kidney to the chick CAM.

Taken together these results demonstrate that the CAM grafting assay neither
enabled the formation of a realistic renal vasculature nor improved vascular maturity
of the existing capillary plexus. The differences between the vasculature formed in
grafts to the one formed in situ could be caused by a variety of factors such as
differenced in flow dynamics, circulating growth factors or extracellular matrix

properties. These factors would be difficult to control in ovo.
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Mammalian hosts could potentially offer a more suitable growth environment for
murine and human tissues. Mice and rats have been previously used as hosts for the
transplantation of embryonic kidneys and kidney organoids. Most studies agree that
the transplantation into murine hosts improves the glomerular vascularization and
maturity compared to in vitro grown organoids (Murakami et al., 2019; Nam et al.,
2019; van den Berg et al., 2018). It has also been shown that organotypic kidney
organoids transplanted into murine hosts displayed expressed the arterial marker
Cx40, indicating a higher degree of vascular maturity (Murakami et al., 2019). This
suggests that transplanting kidneys or kidney organoids into murine hosts could
improve the vasculature of the graft compared to engraftment onto the chick CAM.
However, it was noted that the vasculature of transplanted kidney organoids did not
completely recapitulate the pattern seen in kidneys developing in situ (Murakami et

al., 2019).

Similar to in ovo cultures, there are several factors, such as the haemodynamic profile
of the blood flow or circulating growth factors, that are difficult to control in vivo and
could impact the forming vasculature. An in vitro system to vascularize kidneys and
organoids would allow a tighter control over the growth environment as well as
facilitate the observation of the growth and forming vasculature. A potential way of
vascularizing kidneys in vitro would be to co-culture them with isolated perfused
blood vessels. In the next chapter | will therefore focus on the optimization of the
culture of perfused mouse blood vessels in vitro and their potential as a vascular

source to improve kidney explant growth.
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Chapter 6 - Establishment of an ex vivo
perfusion culture for whole mouse blood
vessels as vascular source for embryonic
kidney explants

6.1 Introduction

Kidney explants display limited vascular maturation in culture. In vivo, vascular
remodelling and maturation are largely controlled by haemodynamic factors
However, the vascular maturation of kidney organoids by engraftment on the CAM
was limited, despite flow being detected through the peripheral blood vessels. This
could be caused by a range of factors such as unfavourable growth conditions or the
lack of certain growth factors or differences in the haemodynamic profile of the

species.

6.1.1 Mechanical forces requlating vascular develooment and

remodelling

The heart of an adult mouse beats with a frequency of about 7 Hz (Kreissl et al., 2006).
During each heart beat, a volume of 45 pl is pushed into the arterial network (Kreiss|
et al., 2006). While the blood moves within the blood vessels it exerts different types

of mechanical strain on the endothelium — circumferential stretch perpendicular to
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the direction of flow and shear stress tangential to the endothelium (Chien, 1976;

Murray, 1926).

These mechanical forces play important roles during development of the vascular
system. During angiogenesis, the pressure caused by flow can trigger lumen
formation in angiogenic sprouts (Bazigou et al., 2011). Exposure of the endothelium
to linear flow reduces proliferation and induces alignment of the endothelial cells
along the direction of flow (Akimoto et al., 2000; Levesque and Nerem, 1985). Flow
has been shown to regulate arterial and venous differentiation of the chick yolk sac
vasculature (le Noble et al., 2004). Additionally, local changes of the flow pattern play
important roles during valve formation in the venous and lymphatic systems as well

as within the heart (Bazigou et al., 2011; Heckel et al., 2015; Sabine et al., 2012).

Shear stress and circumferential stress depend largely on vessel diameter and the
velocity of blood flow (Chien, 1976; Murray, 1926). In response to high shear stress
vessels tend to enlarge (Kuo et al., 1990; Smiesko and Johnson, 1993). According to
Bernoulli’s principle (a higher velocity of a fluid results in a decreased static pressure),
the increased diameter will result in a slower flow and therefore greater static
pressure acting on the vessel wall and therefore increased circumferential stress
(Bernoulli, 1738; Bernoulli and Flierl, 1965). The increased circumferential stress
often induces a thickening of the vessel wall (Wolinsky, 1970). The sensing
mechanism for mechanical stress is complex and beyond the scope of this thesis but

has been recently reviewed by Fels & Kushe-Vihrog (2020).

In kidneys grown in vivo, differences in arterial diameter and the recruitment of
smooth muscle cells to form the blood vessel wall can be observed after the onset of
blood flow (Daniel et al., 2018). Renal explant cultures lack blood flow and show no
formation of a smooth muscle cell wall (Figure 3-8). Inducing a flow through renal
explants by engraftment onto the CAM was not sufficient to stimulate vascular
smooth muscle cell recruitment (Figure 5-5). One reason for this could be differences

between the haemodynamic profile of the galline and murine blood flow (Keller et
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al., 1996). A tighter control over the flow would only be possible with an in vitro

system.

Studies with cardiac cell sheets show two possible mechanisms for implementing a
perfused vascular network with a controlled flow rate in vitro. One possibility is to
stimulate the endothelial cells in the cardiac cell sheet to form a vessel along perfused
collagen channels and thereby connect the microvascular plexus to a perfusion pump
(Sakaguchi et al., 2013). Alternatively, the cardiac cell sheets can be grafted onto a
perfused isolated vascular bed (Sekine et al., 2013). After addition of endothelial
cells, the microvascular plexus can connect to the perfused vessels of the vascular
bed (Sekine et al., 2013). A similar approach could be used to vascularize kidney
organoids but requires the establishment of a perfusion culture system for blood

vessels.

6.1.2 Vascular perfusion culture systems

Native and engineered blood vessels have been previously cultured under flow. In
simpler systems this was done by mounting the blood vessels onto two needles which
were directly connected to a pump system to create a closed loop (Lysyy et al., 2020;
Yamagishi et al., 2014). This single loop design was extended by Zhang et al., who
implemented a second perfusion loop to exchange the medium in the abluminal
space (Zhang et al., 2009). The majority of culture systems are however based on the

basic single loop design.

A more complex flow system was implemented by Surowiec et al who used a 3-
chamber approach (Surowiec et al., 2000). In this design the medium was aspirated
from the lower reservoir chamber using a peristaltic pump and pumped into a
compliance chamber to dampen the pulsations from the pump system. This may be
preferred even though the blood flow is also considered pulsatile, because the

frequency of the pulsations of the peristaltic pump is unlikely to match the one of the
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blood flow. Peristaltic pumps also frequently display some degree of back flow, which
is not present in arteries. The compliance chamber was directly connected with the
growth chamber where the blood vessels was mounted onto stainless steel needles.
Their system further allowed the control of the intraluminal pressure through a pinch
valve which was inserted between the distal end of the blood vessel and the reservoir
chamber (Surowiec et al., 2000). The use of a pinch valve to control the intraluminal
pressure was also implemented by Prim et al. (2018). However, their study did not
mention the use of a compliance chamber to dampen the pulsations from the

peristaltic pump (Prim et al., 2018).

Peristaltic pumps are the most widely used pump system (Lysyy et al., 2020; Prim et
al., 2018; Surowiec et al., 2000). They might be preferred over other pump system
because they are widely available and can deliver a large range of flow rates. Very
few whole-blood vessel culture systems use different pump systems for example
centrifugal pumps (Yamagishi et al., 2014). Some studies use a combination of pump
systems (Moore et al., 1994; Webb et al., 2007). Moore et al. combined a peristaltic
pump with a diaphragm pump to create a 1 Hz pulsatile flow. Webb et al. used a
slightly different approach to implement a flow with adjustable pulse rate. They used
a peristaltic pump to aspirate the medium from a reservoir and pump it into a
compliance chamber which was connected to pressurized air (Webb et al., 2007). By
regulating the air flow into the compliance chamber a pulsatile flow of medium was
created (Webb et al., 2007). A third method of creating a controlled pulsatile flow
was used by Diamantourus et al., who combined a centrifugal pump with a voice-coil
actuator. In this system, the centrifugal pump provides a steady flow which is turned
into a pulsatile flow through the actuator, a piston that presses onto a silicone

membrane (Diamantouros et al., 2013).

The culture system used by Diamantourus et al. further contained a range of
monitoring devices such as oxygen and carbon dioxide sensors, a flow meter,
pressure sensor and a pH meter (Diamantouros et al., 2013), which makes it a rather

complex and expensive system that would be challenging to replicate. Most of the
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analysed studies did not monitor medium pH, oxygen and carbon dioxide
concentrations, however, they did take measures to ensure gas exchange, either
through including syringe filters or the use of gas-permeable materials for tubing and

growth chambers (Surowiec et al., 2000; Yamagishi et al., 2014).

The systems described above were designed for either engineered, human or porcine
blood vessels, which were larger than the blood vessels found in mice. They were also
not built with the aim to induce angiogenesis and co-culture the blood vessels with
other tissues. In this chapter | aim to design a perfusion system that is suitable for
murine blood vessels and allows the co-culture of one or two vessels with embryonic

kidneys.
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6.2 Results

6.2.1 Characterization of liquid flow through an improvised bioreactor

Kidney explants cultured in 3D systems, display central necrosis and elevated levels
of the hypoxia marker Hifla (Figure 3-6 and Figure 3-7). In vivo, oxygen and nutrients
are transported into the tissue via the blood flow. In vitro, an efficient delivery of
oxygen and nutrients may be achieved by co-culturing a tissue with perfused blood
vessels, as this had been previously used to enhance the survival of 3D-grown cardiac
cell sheets (Sekine et al., 2013). A similar approach, the co-culture of kidneys explants
with perfused blood vessels (Figure 6-1) could potentially enhance oxygen and

nutrient delivery and thereby prevent the central necrosis.

\ 4 \ 4 \ 4
stimulate jF graft gF(
angiogenesis )y kideys

Figure 6-1: lllustration of the in vitro attempt to vascularize kidneys. A blood vessel is
mounted on two needles (blue) which are connected to a pump system (tubing and pump
not shown). The vessels are surrounded by an extracellular matrix allowing angiogenesis,
such as type | collagen and overlayed with medium containing pro-angiogenic growth factors.
After the blood vessels displays angiogenic sprouting, kidney explants are placed next to it
so that the forming sprouts can connect with the microvascular plexus of the kidney and
thereby allow flow from the perfused blood vessel through the kidney explant. The details of
the experimental approach, such as flow rate and media compositions will be discussed in
the following sections.

As a first step to establish a co-culture system with flow-carrying blood vessels, |
focussed on the assembly of a perfusion culture system for ex-vivo blood vessels (see
2.3.1 Initial bioreactor assembly). For this purpose, | built a series of perfusion

bioreactors using the issues identified by one design to optimize the subsequent one

until | found a design which was suitable for long-term use.
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A long-term perfusion without excessive consumption of liquid requires a closed loop
between the reservoir and culture chamber in order to recycle the used medium. Any
blockage of a closed loop could result in the build-up of excessive pressure inside the
blood vessel and affect its viability. Additionally, leakage from the blood vessels could
disrupt the loop if the leaked medium was not redirected to the reservoir by some
means. Several assembly variants were evaluated in the absence of a blood vessel, to
simulate potential leakage from the vessel. The flow of liquid was visualized by adding
black ink to the culture chamber and plain water to the reservoir. The experiments
were performed with a flow rate of 50 ul/min, which was previously used for the
perfusion culture of rat blood vessels (Sekine et al., 2013). The liquid was aspirated
from a reservoir holding approximately 20 ml liquid and pumped through fine bore
tubing with an inner diameter of 380 um. Glass capillaries with an inner diameter of
100 um were connected to the fine bore tubing using epoxy glue and inserted at

opposing ends into the reservoir.

When using an open reservoir, liquid was pumped into the open culture chamber.
Unsurprisingly, there was no visible flow from the culture chamber back to the

reservoir, which led to overflow in the culture chamber (Figure 6-2).

A B C

medium reservoir

culture chamber

glass capillaries

medium

reservoir
glass capillaries
AN

glass slide

silicone cap N
glass slide culture chamber

Figure 6-2: A closed loop with equal inflow and outflow cannot be generated using an open
reservoir. A: illustration of the open perfusion circuit: The liquid is aspirated from an open
reservoir and pumped into the culture chamber. B: image of the perfusion circuit. C: image
of a culture chamber, no flow is observed from the culture chamber to the reservoir. Red
arrows indicate direction of flow
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Closing the reservoir initiated a short flow from the culture chamber towards the
reservoir (Figure 6-3A and B). However, the liquid did not reach the reservoir,
indicating that the aspiration of liquid from the reservoir did not sufficiently reduce
the atmospheric pressure to draw back the liquid from the culture chamber. Priming,
the removal of air from the outflow tubing, could potentially support the flow of
liquid from the culture chamber to the reservoir, by removing air locks. Air locks can
block the flow as a part or all of the kinetic energy is used to compress the air instead
of moving the liquid (Jordan, 1984). To fill the outflow tubing with liquid, the pressure
inside the closed reservoir was decreased below atmospheric pressure with a syringe
which led to a flow from the culture vessel to the reservoir (Figure 6-3C and D).
However, the pressure reduction was not sufficient to avoid overflowing of the
culture chamber, as the amount of liquid being pumped in the culture chamber
exceeded the amount of liquid returned to the reservoir. While this may not
represent an issue in a closed system with a blood vessel, a partial blockage of the
outflow due to high resistance in the path could lead to tissue damage as a
consequence of an increased pressure within the blood vessel. Additionally, blood
vessels could display leakage which would result in an overflow if the culture
chamber was left open or in the build-up of pressure inside the culture chamber if it

was closed and not otherwise connected to the reservoir.

Hypothesizing that the resistance of outflow tubing impedes the recycling of liquid, |
next removed the outflow tubing by directly coupling the culture chamber to the
medium reservoir via a glass capillary (Figure 6-4A). This leads to shortening of the
distance between culture chamber and reservoir and therefore to reduced friction
within the flow path. Additionally, the smaller inner diameter of the glass capillary
(100 pm) compared to the tubing diameter (380 um) would lead to enhanced

capillary action and thereby promote the flow through the smaller capillary.
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Figure 6-3: A closed reservoir in combination with pressure reduction in the reservoir enables
a flow from the culture chamber to the reservoir. When the liquid is aspirated from a closed
reservoir and pumped into the culture chamber (A) there is no complete recycling flow
between the culture chamber and the reservoir (B). When reducing the pressure inside the
reservoir using a syringe (C) a flow from the culture chamber to the reservoir is observed (D).

No flow was visible after directly connecting the culture chamber and medium
reservoir with a glass capillary when using a closed reservoir (Figure 6-4B). However,
after applying a partial vacuum in the reservoir using a syringe, a flow of liquid from
the culture chamber to the reservoir was visible (Figure 6-4C). After removal of the
outflow tubing the syringe only had to be aspirated to a volume of about 3 ml while
with the outflow tubing the syringe had to be aspirated to 10 ml in order to drive the
flow from the culture chamber back to the reservoir. This indicates that the required

aspiration force was lower after removal of the outflow tubing.
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Figure 6-4: Removal of the outflow tubing is not sufficient to enable the flow from the culture
vessel to the reservoir. When the liquid is aspirated from a closed reservoir and pumped into
a culture chamber directly linked to the reservoir with a capillary (A) no flow between the
culture vessel and the reservoir is observed (B and B’). After reducing the pressure inside the
reservoir using a syringe (C), a flow from the culture vessel into the reservoir is visible (C’).
Red arrows indicate direction of flow. The above results indicate that controlling the pressure
inside the reservoir is critical to drive a flow from the culture chamber back to the reservoir.
Further it has been shown that a short distance between the culture chamber and the
reservoir limited the risk of overflow in the culture chamber.

6.2.2 Initial bioreactor design

Based on these observations, a customized bioreactor (Figure 6-5) was designed
using “FreeCAD” software (Riegel et al., 2001) and was then 3D printed by the School
of Engineering. The bioreactor contained two circular culture chambers and a shared
reservoir. A channel was drilled through the culture chambers, connecting them to
the reservoir. Within this channel, MicroFil needles were mounted for attaching the
blood vessels. The MicroFil needles replaced the glass capillaries used in earlier
experiments as they were more flexible and unlikely to break during mounting of the
blood vessels. Both culture chambers were designed to be expanded with a cylinder
that could be screwed on top of the chamber. The expandable culture chamber
design was chosen to facilitate the attachment of the blood vessels as the perfusion
needles can be inserted near the top of the lower chamber while the upper chamber

part would provide the necessary room to add medium on top of the blood vessels.
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The reservoir would hold a volume of approximately 15 ml. The lid of the reservoir
contained two ports, one for measuring the pressure inside the reservoir and the

other one for applying a vacuum either with a syringe or a pump.

tightening screws

medium port

reservoir top
chamber vacuum pump port
extension

pressure sensor port

reservoir

MicroFil needles culture chamber

Figure 6-5: initial bioreactor design. The medium is aspirated from a reservoir and pumped
into the culture chambers via a MicroFil needle (light blue). A second MicroFil needle
connects the culture chambers to the reservoir. A blood vessel (red) can be mounted on both
capillary tubes. The culture chambers can be extended vertically to allow the addition of
medium on top of the mounted blood vessels. The chamber extension as well as the top of
the reservoir can be sealed with an O-ring (not shown) and several screws (dark blue).
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6.2.5 3D printed bioreactor is too porous for long term perfusion

While the 3D print could be used for short-term perfusion, the material appeared to
be very porous, resulting in diffusion of the medium inside the reactor walls (Figure
6-6A). In order to smoothen the surface, the 3D print was incubated in an acetone
vapour chamber for several hours to melt the surface and close the pores (Garg et
al., 2015). After acetone treatment, the surface was visibly smoother (Figure 6-6B)

but the overall shape of the print was affected and diffusion of the liquid in the

material was still observed during subsequent use.

Figure 6-6: The material of the 3D-printed bioreactor is highly porous. A: The medium was
soaking into 3D-printed material (indicated by arrows). B: untreated and acetone treated
material. Prior to acetone treatment the surface appears coarse. After incubation in acetone
vapour the surface appears smooth and reflective. Arrow indicates damage caused by
acetone treatment.
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6.2.3 Single channel acrylic bioreactor

Due to the porosity of the 3D-printed bioreactor, a second bioreactor was
manufactured from acrylic by computer numerical control (CNC) cutting. Prior to
manufacturing of the second bioreactor the initial design was revised. Similar to the
previous model this design contained two culture chambers connected to a single
shared reservoir. Each chamber contained a single channel to mount the perfusion

needles, hence one vessel can be cultured per chamber (Figure 6-7).

Measurement of the perfusion pressure appeared to be imprecise due to the
Bernoulli effect - a reduction of the static pressure (the feature that was measured),
due to an increase of the velocity, which could not be measured with the sensor type
used. Therefore, the port for the pressure sensor was removed and instead an
overflow channel that connected the chamber extension with the reservoir was
inserted, to direct any potential leakage from the mounted blood vessel back to the
reservoir. Further a tubing holder was included to prevent stretching of the vessels

during movement of the bioreactor.

Since acrylic is sensitive to ethanol, the reactor was sterilized by soaking in 5%
hydrogen peroxide. However, the peroxide treatment induced rapid corrosion of

brass inserts and connecting screws.

During subsequent use, | also noticed that the design with two culture chambers
connected to a shared reservoir was impractical for several reasons. Firstly, in case
of a contamination occurring within one culture chamber it would spread to the
second chamber. Secondly, the two blood vessels would have to be mounted on the
same day as otherwise the second culture chamber would have to be sealed in order

to prevent medium from leaking out and could therefore not be used.
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Figure 6-7: single channel perfusion reactor.. This perfusion bioreactor contained two culture
chambers connected to a shared reservoir. A channel was drilled through each chamber to
allow the insertion of MicroFil needles, which were used to mount one blood vessel in each
chamber. After mounting of the blood vessel an extension piece can be screwed on top of
each culture chamber. This chamber extension allows room to add culture medium on top
the blood vessel. It was designed removable to facilitate the mounting of the blood vessel.
The culture chambers and reservoir can be sealed air-tight with a lid and silicone gasket. The
front of the bioreactor contained two tubing holders where the tubing connected to the
MicroFil needles was fixed in place to prevent any movement of the needles during handling
of the bioreactor.

6.2.4 Dual channel polycarbonate bioreactor

As the two-chamber design appeared impractical during use, the design was revised
to have a single growth chamber connected to a reservoir (Figure 6-8A). This
modification also resulted in a smaller reservoir leading to a reduced medium
consumption and overall smaller size of the bioreactor, which meant that less
material needed for each individual bioreactor. As a consequence, two single-
chamber bioreactors could be run individually using nearly the same resources as one
dual chamber bioreactor. By using several bioreactors in parallel the risk of cross-
contamination was eliminated. To further reduce the contamination risk, the

bioreactor material was changed to polycarbonate, which is easier to sterilize than
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acrylic. Polycarbonate was considered more suitable due to its heat stability which
allows sterilization by autoclaving, its resistance to ethanol and higher CO;
permeability. Repeated autoclaving had no visible effect on the material.
Polycarbonate was chosen over more heat-stable materials, such as polysulfone, due
to its higher clarity (Figure 6-8B). In order to enable the perfusion of 2 vessels, an
artery and a vein, within the same chamber, the revised design contained two

channels running parallel 1 mm apart.

During parallel perfusion of two blood vessels, the liquid was aspirated from the
reservoir and pumped through the blood vessels mounted in the culture chamber
back into the reservoir (Figure 6-8C). The two-channel design still allowed the
perfusion of one individual blood vessel as the second channel could be sealed with

silicone glue.

A tightening screws Reservoir

top

chamber
extension

reservoir

culture chamber

MicroFil needles

Figure 6-8: double channel perfusion reactor. A: Draft of the bioreactor. This design
contained a single culture chamber connected to a reservoir. Two channels were drilled
parallelly leading through the culture chamber into the reservoir. Microfil needles were
inserted into the channels for mounting the blood vessels into the culture chamber. A
chamber extension was screwed on top of the culture chamber to allow room for adding
culture medium. The chamber extension and reservoir were connected with a channel that
allowed in case of leakage from the blood vessel to redirect medium back from the chamber
extension into the reservoir. A lid and silicone gasket allowed an air-tight seal of the culture
chamber and reservoir. The front of the bioreactor contained a tubing holder were the tubing
connected to the MicroFil needles was fixed in place to prevent any movement of the needles
during handling of the bioreactor. B: manufactured bioreactor. C: Parallel perfusion of two
blood vessels. The arrows indicate the direction of flow from the reservoir through the blood
vessels back into the reservoir.
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6.2.5 Comparison of pump systems for the culture of embryonic aortas

For initial flow characterization experiments, the “Econo” peristaltic pump from
Biorad was used as one was already present in the laboratory. This pump was
replaced with the peristaltic pump “Minipulse 3” from Gilson which, in contrast to
the Econo pump, allowed simultaneous perfusion of up to eight cultures by vertical
staggering of up to 8 tubes. Peristaltic pumps move the liquid by squeezing a tube
with a circulating wheel. This results in a pulsatile flow. The disadvantages of the
system are that there is a certain degree of backflow and that the flow rate can be

difficult to adjust as it will depend on how tightly the tube is compressed.

As an alternative to the peristaltic pump several piezoelectric pumps were
purchased. A piezoelectric pump is a form of diaphragm pump. Two ports, one entry
and one exit port, are covered via membrane. The membrane is induced to swing
away from the ports by an electric current, resulting in the liquid being drawn into
the pump. When the membrane swings back, the liquid is pushed out of the exit port.
The extent to which the membrane bends, and therefore the volume of liquid
transferred per pulse, is controlled via the amplitude of the electric current, while the
interval between pulses is controlled by the frequency. This allows production of a
pulsatile flow with high frequency and low stroke volumes. In theory these pumps
can closely mimic the blood flow of a mouse with a frequency of about 7 Hz and low

stroke volume of 45 ul (Kreissl et al., 2006).

To see the effect of flow on the in vitro growth of embryonic blood vessels, E14.5
aortas were isolated and either cultured in the absence of flow or mounted in a
perfusion reactor, which was connected to either of the pump systems (see 2.3.7
Perfusion culture of blood vessels). E14.5 blood vessels were considered a suitable
age for this experiment for several reasons. Firstly, they would have already formed
a thin smooth muscle cell lining and would therefore be less fragile than younger
vessels. Secondly, E14.5 marks the age when a permanent connection between the

kidney and the dorsal aorta is formed in vivo (Hurtado et al., 2015; Nishimura et al.,
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2016) therefore using this age would mimic the in vivo situation as close as possible.
The vessels were attached to the MicroFil needles by suturing them with a double
surgical tie. After 3 days of culture in the presence of the proangiogenic factors
identified in section (6.2.13 Sprouting of perfused blood vessels in different media),
the blood vessels were imaged using a Leica MSV269 microscope. Dr. Vrushali Patil
kindly evaluated the sprouting of cultured blood vessels in blind-coded samples using

a scale ranging from 0 (no sprouting) to 3 (extensive sprouting).

Embryonic (E14.5) aortas showed visible morphological differences when cultured
unperfused or with either of the pump systems. In all (4/4) unperfused aortas, the
lumen collapsed and was no longer visible. In response to proangiogenic treatment
the unperfused vessels showed extensive sprouting which was rated with a score of

3.0 (Figure 6-9A).

When flow was induced by a piezoelectric pump, driven by a potential of 170 V peak
to peak/60 V root mean square (Vims) at 10 Hz, the lumen was small but clearly visible
in 2 out of 4 samples. Regrettably, | did not determine the flow rate at the time |
conducted this experiment and due to rapid wear of the piezoelectric pump as well
as its sensitivity to minor changes in the flow path, such as different lumen diameters
of the blood vessels, measurements taken at later experiments cannot be used to
estimate the flow rate of earlier ones. Sprouting was substantially reduced compared

to unperfused aortas and scored with 1.75 (Figure 6-9B).

In all (3/3) aortas perfused with the peristaltic pump at a setting of about 10 pl per
minute, the lumen remained open and the vascular wall appeared more defined.
However, within the perfused section of the blood vessel the response to
proangiogenic stimulation was rated 1.0 and very limited compared to unperfused

aortas or aortas perfused with piezoelectric pumps (Figure 6-9C).
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Figure 6-9: Unperfused and perfused E14.5 aortas after 3 days of culture. A, A’: unperfused

aorta showing intensive sprouting but no visible lumen. B, B’: aorta perfused with
piezoelectric pump displayed reduced sprouting and a visible lumen (highlighted as dashed
line in B’). C, C’: Aorta perfused with peristaltic pump had a larger lumen (highlighted with
dashed line in C’) but sprouting within the perfused section of the vessel was vastly reduced.
Scale bars 200 um, N =3

6.2.6 Characterization of flow provided by piezoelectric pumps

Dorsal aortas perfused with piezoelectric pumps showed a good compromise
between sprouting and lumen maintenance. Therefore, | wanted to determine the

properties of the flow provided by piezoelectric pumps.

Firstly, | measured the relationship between voltage frequency and output pressure.
At frequencies between 10 HZ to 30 Hz the output pressure increased proportionally

to the voltage reaching 120 mmHg at 60 Vims (Figure 6-10A).

To measure the flow rate, | intended to use a flow rate sensor, but this turned out to

be not suitable due to the pulsation of the flow (Figure 6-10B). However, the flow
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rate sensor could be used to visualize the backflow as this showed up as negative

flow rates (Figure 6-10B-E, highlighted in red).

While backflow plays important roles in heart and lymphatic valve development
(Heckel et al., 2015; Sabine et al., 2012), it does not usually occur in arteries and
therefore may induce unwanted cell behaviour. To prevent the backflow, | ordered
two different types of check valves. Type 1, a check valve with silicone diaphragm,

had a minor reducing effect on the backflow (Figure 6-10C)

Type 2, an in-line check valve, nearly eliminated the backflow (Figure 6-10D) but also
greatly reduced the flow rate which was visible after adjusting the y-axis (Figure
6-10E). To determine how large the effect of the valves on the flow rate was, | ran
the same pump three times with each valve and determined the volume using a
precision scale. The type 1 valve slightly reduced the flow rate from 140 pl/min to
110 pl/min. When using the type 2 valve the flow rate with the same settings was
only 3 pl/min. (Figure 6-10F) | concluded that neither valve was suitable to effectively

reduce backflow and permit a sufficient flow rate.

Since the sensor could not be used to determine the flow rate, | measured the volume
after 10 minutes of perfusion using a measuring cylinder. While the flow rate
increased with higher voltage, its relationship with the voltage was less linear than

the one between the output pressure and voltage (Figure 6-10G).
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Figure 6-10: Characterization of flow pattern derived from piezoelectric pump. A:
relationship between frequency, rms voltage, and output pressure. B-E. Measurement of
flow rate using a sensor in absence (B) or presence of either a type 1 (C) or type 2 (D-E) check
valve. F: Measurement of the flow rate without and with either check valve using a precision
scale. G: Correlation between voltage and flow rate. All measurements were taken in
triplicates. Error bars display standard deviation.
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6.2.7 Co-culture of embryonic blood vessels with embryonic kidney

explants

An initial co-culture experiment (N=1) combining the embryonic aorta and an E11.5
kidney showed sprouting blood vessels connecting the kidney and the aorta which

appeared to form a connection (Figure 6-11A).

In an attempt to increase the number of connections forming, several changes to the
culture conditions were made. Firstly, the medium was supplemented with higher
concentrations of VEGF (50 ng/ml) and FGF2 (50 ng/ml) and additional proangiogenic
growth factors (PDGF, S1P and PMA). The medium composition was identified as
suitable in perfusion experiments executed in parallel with adult blood vessels (see

6.2.13 Sprouting of perfused blood vessels in different media)

The peristaltic pump was replaced with a piezoelectric pump because previous
experiments showed that aortas would sprout more when perfused with a

piezoelectric pump (Figure 6-9).

Lastly, the voltage was adjusted for the first 3 days of culture to produce an increasing
output pressure between 30 mmHg to 50 mmHg, mimicking the increasing blood
pressure that would occur in vivo. An increasing pressure was chosen because the
vascular blood pressure increases over time (Le et al., 2012). The pressure values
were higher than those determined for late embryonic development by Kovacs et al.

because no flow was visible at a lower setting.

On day 3 of culture, an embryonic kidney was added next to the perfused aorta and
both tissues were co-cultured for two additional days. After the culture period, a
dense network of cells was seen between the kidney and the aorta; a subset of these
cells stained positive for Isolectin B4, indicating the presence of endothelial cells or
macrophages (Munro et al., 2019). Due to the density of the network, it was difficult
to identify individual vessel-like structures. Therefore, it is not clear whether a

connection between the kidney and the vessel was formed. One way of detecting a
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connection between the vessel and the kidney would be to perfuse the vessel with a
dye. However, due to the leakiness of embryonic blood vessels (Figure 6-11C) this
would not have resulted in a conclusive result as there would be no proof of whether
the dye reached the kidney via the blood vessel or was leaking out of the blood vessel

to be taken up by the kidney from the surrounding medium.

Figure 6-11: Co-culture of embryonic aorta with embryonic kidney. A: An E14.5 dorsal aorta
(da) was perfused using a piezoelectric pump and cultured in presence of 20 ng/ml VEGF and
5 ng/ml FGF2. After 24h of co-culture with a kidney explant (k) a connection was formed
between the embryonic kidney and the aorta. Staining with Isolectin B4 (red) indicated that
the connecting cells are endothelial cells. Scale bar: 200 um B: An E14.5 aorta was perfused
using a piezoelectric pump and cultured in presence of VEGF (50 ng/ml), FGF2 (50 ng/ml),
PDGF (50 ng/ml), S1P (1 mM) and PMA (2 pug/ml). The aorta was cultured for 3 days with
increasing pressure (30 mmHg on day 1, 40 mmHg on day 2 and 50 mmHg on day 3) prior to
addition of E11.5 kidney explants (k). After 2 days of co-culture a dense network of sprouting
cells was visible between the kidneys and the aorta. A large proportion of cells stained
positive for Isolectin B4 (red) Scale bar: 200 um C: Perfusion of embryonic aorta with black
ink reveals leakage. Scale bar: 500 um.

The voltage setting required to reach the desired output pressure varied between
pumps (Figure A 7) as well as between different repeats using the same pump,
indicating a rapid decline of the functionality of piezoelectric pumps. Therefore, all

further experiment were executed using the “Minipulse 3” peristaltic pump
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6.2.8 Assessment of vascular leakage in adult aortas

Determining whether there is flow between the kidney and the co-cultured blood
vessel is critical in evaluating the success of the co-culture system in terms of
vascularizing kidneys and promoting 3D growth. The largest vessel in the embryo is
the dorsal aorta. However, the embryonic aorta had many site branches that were
too small to ligate at the age used (E14.5) and a less defined smooth muscle cell layer
which made it more difficult to isolate it without causing damage. As a consequence,
all embryonic aortas examined showed visible leakage. In contrast adult blood vessels
have a mature vessel wall and major blood vessels such as the aorta have visible side
branches. Therefore, | considered adult blood vessels would be less likely to display
leakage. To facilitate the identification of leakage, | perfused the adult blood vessels
with 50 % black ink in PBS. Leakage of the adult aorta was observed in 1/3 samples
(Figure 6-12), and most likely caused by damaging the blood vessel during the

isolation from the mouse.

7”

A 7

Figure 6-12: leakage recording of the abdominal aorta. The blood vessels were fixed to
MicroFil needles using size 10 suture and perfused with 50% black ink at a flow rate of
50 pl/min. A: Detection of vascular leakage by perfusion with 50% ink. B: A subset of samples
showed no visible leakage within 30 min of perfusion
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6.2.9 Characterization of in vitro angiogenic potential of adult murine

blood vessels

In contrast to embryonic aortas, adult ones rarely showed leakage, which is beneficial
for co-culture experiments with kidneys as it allows flow through potentially forming
connections to be visualized. The formation of connecting sprouting vessels would
require the perfused blood vessel to undergo angiogenesis. To identify the response
of adult mouse blood vessels to proangiogenic stimulation, | isolated several blood
vessels and compared them in terms of their ability to sprout in vitro (hereafter

referred to as “angiogenic capacity”).

In order to reduce the number of animals used, the vessels were isolated from mid-
pregnant mice (P12 +/- 0.75), as their embryos were required for other experiments.
After embedding in 1 mg/ml type 1 collagen, the blood vessels were cultured for 7
days in kidney culture medium (KCM) supplemented with 20 ng/ml VEGF and 5 ng/ml
FGF2 which had been shown to induce angiogenesis in an aortic ring assay (Rohan et

al., 2000; Zhu et al., 2003).

After 7 days of culture, the blood vessels were imaged (Figure 6-13) and sprouting
was scored on a scale from 0 (no sprouting) to 3 (extensive sprouting). Among the
arteries the aorta showed the highest sprouting with an average score of 2.2 (N = 13).
The femoral and uterine arteries showed a considerably lower sprouting with average
scores of 0.2 (N =12) and 0.6 (N = 15) respectively. Due to the much lower sprouting
compared to the aorta, the uterine and femoral arteries were excluded from further

analysis.

Of the analysed veins the femoral vein showed the lowest angiogenic capacity with a
score of 0.4 (N = 10). The uterine vein and vena cava displayed a high angiogenic

capacity with sprouting scores of 2.9 (N = 15) and 2.5 (N =13) respectively.

All blood vessels were isolated from mid-pregnant mice as their embryos were

needed for other experiments. To identify whether the high angiogenic capacity of
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the uterine vein was caused by the pregnancy, | next determined whether the
sprouting of blood vessels from non-pregnant females was comparable to those of

blood vessels isolated from pregnant mice.
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Figure 6-13: comparison of in vitro angiogenesis of different blood vesselsfrom midterm
pregnant CD1. After 7 days of culture sprouting is observed in cultured aortic rings as well as
all cultured veins (data from 3 independent experiments with a minimum of 3 rings per

vessel). Scale bar 100 um.

6.2.10 Pregnancy leads to enhanced in vitro angiogenesis of the uterine

vein but not aorta

While using blood vessels from pregnant females is convenient for vascularising
embryonic organs, the use of non-pregnant mice as a vascular source may seem more
suited when no embryos are needed. To evaluate whether the blood vessels from
non-pregnant mice show the same angiogenic capacity, | next isolated blood vessels

from pregnant and non-pregnant littermates.
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Aortas isolated from pregnant (N = 3) as well as non-pregnant females (N = 3) showed
a consistently reduced sprouting compared to previous experiments, with no visible
difference caused by the state of pregnancy (Figure 6-14). The difference to earlier
experiments might have been caused by batch-to-batch variability in the activity of

VEGF and FGF2 which were used to induce angiogenesis.

After 5 days of culture sprouting was observed in the uterine vein of pregnant but
not of non-pregnant mice (Figure 6-14A). After 7 days of culture, no sprouts were
observed in the uterine vein of non-pregnant females while the uterine veins of
pregnant females showed extensive sprouting (Figure 6-14B). Additionally, the
uterine vein was difficult to isolate and often got visibly damaged during the process.
Due to the dependency on pregnancy for the uterine veins to undergo sprouting in
vitro, which would inconvenient when no embryonic tissue was needed, and the

difficulty isolating them, | decided not to proceed with this blood vessel.
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Figure 6-14: in vitro angiogenesis of blood vessels from pregnant and non-pregnant mice. A:
after 5 days of culture the uterine vein of pregnant mice shows angiogenesis. B: After 7 days
of culture extensive sprouting is observed in uterine vein cultures of pregnant but not non-
pregnant mice. The aorta showed little sprouting in cultures of pregnant as well as non-
pregnant mice. Scale bars: 200 um. Data from 3 independent experiments.
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6.2.11 Evaluation of sprouting capacity of individual perfused aortas

Previous experiments showed that adult mouse aortas can be perfused without
displaying major leakage (Figure 6-12) and respond to proangiogenic stimulation
when cultured without flow (Figure 6-14). To see whether the perfusion of aortas had
an effect on angiogenesis, | mounted two aortas within the same culture chamber.
One of the blood vessels was perfused with a rate of approximately 50 ul/min while
the other blood vessel was cultured without perfusion. Angiogenesis was stimulated
by supplementing the medium in the culture chamber with VEGF (20 ng/ml) and FGF2
(5 ng/ml) (Rohan et al., 2000; Zhu et al., 2003). After 8 days few sprouting blood
vessels were visible around both blood vessels. The perfusion had no visible effect on
the angiogenic response (Figure 6-15). Minor differences could not be detected
because the imaging quality within the chamber was insufficient to perform a
guantification of forming sprouts and removal of the blood vessels from the chamber

caused damage to the sprouting vessels.

Figure 6-15: Perfusion had not visible effect on angiogenic sprouting. Culture of an
unperfused (left) and perfused (right) aorta for 8 days. Scale bar 500 um, N = 3
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6.2.12 antiparallel perfusion of aorta and vena cava

The previous experiments showed that adult aortas can be perfused without
exhibiting major leakage and are able to respond to proangiogenic stimulation, which
is essential for forming a perfused capillary bed. However, to obtain a closed loop it
is likely that two blood vessels, for example an artery and a vein, would be required
to sufficiently mimic the in vivo situation. The two-channel bioreactor can be used to
mount two blood vessels. However, in vivo, the flow through arteries and veins goes
in the opposite direction. To mimic the antiparallel flow through both blood vessels,
some modifications had to be made. Firstly, a secondary reservoir was introduced.
From this secondary reservoir the liquid was aspirated and through the first blood
vessel, the aorta, into the main reservoir. Due to the airtight seal of the main
reservoir, the pressure rises and drives the liquid back through the second blood
vessel, the vena cava, into the secondary reservoir (Figure 6-16). The antiparallel
perfusion also required sealing of the overflow channel to ensure that a pressure rise
occurred only in the reservoir and not in the culture chamber. An advantage of the
antiparallel perfusion is that it ensured the same amount of liquid passing through
both blood vessels. In contrast, during parallel perfusion the flow of liquid would be
affected by the diameter of the blood vessels, therefore a larger amount of liquid

would pass through blood vessels with a larger diameter.

In theory, it would also be possible to connect both reservoirs via a secondary pump
and thereby regulate the venous flow independently from the arterial flow (Figure A
8). However, this would have had complicated the experimental design and required
several additional pressure sensors and pumps. Since previous studies surgically
created an arteriovenous fistula, a connection between an artery and a vein, to
vascularize tissues (Dong et al., 2012; Wong et al., 2019), | did not consider it

necessary to regulate the venous flow separately from the arterial flow at this stage.
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Figure 6-16: Antiparallel perfusion: The medium is aspirated from the secondary reservoir
and pumped though the artery into the main reservoir. The resulting pressure increase in the
main reservoir drives the medium through the vein back into the secondary reservoir.

6.2.13 Sprouting of perfused blood vessels in different media

While angiogenesis was observed in perfused blood vessel cultures, the number and
length of sprouting blood vessels were low. Therefore, | tested different media to see
whether angiogenesis could be enhanced in culture. To compare the growth in
different media aorta and vena cava were isolated from mid-pregnant mice without
separating both blood vessels from each other. After 14 days of culture, the blood
vessels were imaged and angiogenesis was qualitatively assessed. Initial experiments
were performed by perfusion of the blood vessels with MEM containing 1.5 % FBS
(‘base medium’). Angiogenesis was induced by addition of VEGF (20 ng/ml) and FGF2
(5 ng/ml) to base medium the culture chamber, but not to the perfusion medium.

After 14 days of culture, limited angiogenesis was visible (Figure 6-17A).

Subsequently, the medium in the culture chamber was replaced with Promocell
Endothelial Growth Medium (EGM). In one preliminary experiment no sprouting of
the blood vessels was visible. Since the EGM was composed to be used for human

cells and might not work as well on murine cells, | decided to supplement it with
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murine VEGF (20 ng/ml) and FGF2 (5 ng/ml) which stimulated angiogenesis in
previous experiments. The perfusion medium was not changed. Angiogenesis was

not visibly improved by using EGM (Figure 6-17B).

In my next attempt to enhance angiogenesis, the FBS concentration was increased to
10 %. To promote angiogenesis, the medium was further supplemented with VEGF
(50 ng/ml), FGF2 (50 ng/ml), PDGF-BB (50 ng/ml), sphingosine 1 phosphate (S1P, 1
mM) and PMA (2 ug/ml), a combination which hereafter is referred to as VFPSP
medium. As described earlier, PDGF-BB was added to promote pericyte growth and
vessel maturation (Stratman et al., 2010; Tomkowicz et al., 2010) while S1P and PMA
had been shown to promote VEGF induced-angiogenesis of HUVECs seeded in a
microfluidics chip (van Duinen et al., 2019). The VFPSP medium was used as perfusion
and growth chamber medium. Blood vessels cultured with this medium composition

displayed an increased angiogenic capacity (Figure 6-17C).

Figure 6-17: adult mouse aorta (a) and vena cava (vc) cultured in different media after 14
days of culture. The blood vessels were cultured without separating the aorta from the vena
cava. A: Sprouting in blood vessels perfused with MEM supplemented with 1.5 % FBS. To
induce angiogenesis the blood vessels in the culture chamber were overlaid with perfusion
medium supplemented with VEGF (20 ng/ml) and FGF2 (5 ng/ml). B: Sprouting in blood
vessels perfused with MEM containing 1.5 % FBS. To stimulate angiogenesis, Promocell
medium supplemented with additional VEGF (20 ng/ml) and FGF2 (5 ng/ml) was added to
the culture chamber. C: Blood vessels were perfused with MEM containing 10 % FBS, VEGF
(50 ng/ml), FGF2 (50 ng/ml), PDGF-BB (50 ng/ml), S1IP (1 mM) and PMA (2 ug/ml).
Angiogenesis was induced with the same medium. Scale bars: 500 um.
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6.2.14 Effect of removal of growth factors from perfusion medium

The adult blood vessel displayed an increased angiogenic response when cultured in
the VFPSP medium, compared to other media. However, for the perfusion of blood
vessels a rather large volume of 20-30 ml was required and consequentially larger
quantities of costly growth factors are needed to maintain the cultures. To reduce
the experimental costs, | tested whether a similar growth could be achieved with a

perfusion medium only contained 10 % FBS, hereafter referred to as base medium.

The first culture which was perfused with the base medium showed growth that was
not reduced from that seen in blood vessels perfused with the complete VFPSP
medium (Figure 6-18A and B). However, the following cultures displayed nearly no
angiogenic response (Figure 6-18C). Between these two experiments, | ordered a
new set of growth factors, which might have been less efficient in stimulating
angiogenesis. Since the perfusion experiments are time consuming and only a limited
number can be run in parallel, | decided to modify the culture conditions rather than

testing each growth factor individually.

Using antiparallel perfusion, the aorta and vena cava can be cultured either after
separation of the aorta from the vena cava (Figure 6-18D, F) or without separation
from each other (non-separated) (Figure 6-18A-C, E). When culturing both blood
vessels with separation, longer angiogenic sprouts were visible in the space between
both blood vessels compared to cultures in which the blood vessels were not
separated from each other (Figure 6-18D). However, the dissection to separate the
aorta from the vena cava was more difficult that isolating non-separated blood
vessels together and therefore more likely to induce damage to the blood vessels
resulting in subsequent leakage. This was detected by perfusion of dextran-FITC. In
all (3/3) separated but only 1/3 non-separated blood vessel cultures, leakage was

observed (Figure 6-18E and F).
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Figure 6-18: Removal of growth factors from perfusion medium while maintaining them in
the chamber medium resulted in initially comparable angiogenesis. A: adult aorta (a) and
vena cava (vc) were perfused with complete VFPSP medium. B: Aorta and vena cava were
perfused with the base medium while the complete VFPSP medium was added to the growth
chamber. C: Repeat of the perfusion experiment with the base medium after ordering a new
set of growth factors. Angiogenesis was reduced compared to the previous experiment. D:
separation of the aorta and vena cava resulted in visibly increased sprouting. E: Perfusion of
unseparated aorta and vena cava with dextran-FITC revealed no leakage from the blood
vessels. E: When separated blood vessels were perfused with dextran-FITC, leakage was
observed from the vena cava. Scale bars: 500 um
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Due to the lack of leakage, leaving the blood vessels unseparated would be
advantageous for determining whether the angiogenic sprout carried flow as there
would be no background caused by dye leaking out. However, since the separated
blood vessels displayed a stronger angiogenic response, they appear to be more
suitable for optimizing the culture conditions in terms of maximizing angiogenic
growth. Therefore, | decided to carry out further optimization experiments using

separated blood vessels.

6.2.15 Further optimization of culture conditions

To test whether the angiogenesis in cultured mouse blood vessels could be further
enhanced, | varied the extracellular matrix and medium composition of the blood
vessel cultures. Overall, the differences observed were minor. The bioreactor used
for these experiments had a 3 mm-thick, unpolished polycarbonate bottom which
caused scattering of the light and therefore poor image quality. Due to the limited
resolution of the images and the variable distance between the blood vessels it did
not seem sensible to carry out any automated quantifications. In addition, the cells
grew too densely to carry out a manual count or measurement of the forming

sprouts. Therefore, angiogenesis could only be qualitatively assessed.

During sprouting, the blood vessel sprouts have to degrade the surrounding matrix
in order to gain space for their growth. To test whether lower concentrations of
collagen would facilitate the matrix degradation and enhance the growth, |
embedded them in 1 mg/ml, 0.75 mg/ml and 0.5 mg/ml type | collagen. Reducing the
collagen concentration from 1 mg/ml (Figure 6-19A) to 0.75 mg/ml (Figure 6-19B)
appeared to improve angiogenesis slightly. Using an even lower concentration of
0.5 mg/ml had no beneficial effects on the sprouting capacity (Figure 6-19C). | also
noted that collagen gels at this concentration did not polymerize evenly and were

frequently covered with a liquid layer.
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In an aortic ring assay, the addition of type IV collagen had been previously shown to
increase sprout diameter and length compared type | collagen alone (Bonanno et al.,
2000). The addition of 100 pg/ml collagen type IV to 1 mg/ml collagen type | seemed
to slightly decrease the area covered by angiogenic sprouts, but also appeared to

increase the diameter of individual sprouts (Figure 6-19D and D’).

In parallel to different extracellular matrix compositions, | tested additional medium
supplements. Hepatocyte growth factor (HGF) has been previously shown to
promote angiogenesis at a concentration of 25 ng/ml (Ding et al., 2003). The addition

of HGF had no visible beneficial effect on angiogenesis (Figure 6-19E).

Angiogenesis may also be increased by the addition of MS-5 conditioned medium as
MS-5 cells, a murine bone marrow stromal cell line, secrete a range of pro-angiogenic
factors (Zhou et al.,, 2012). In addition to adding MS-5 conditioned medium, |
increased the VEGF concentration to 100 ng/ml to reduce the impact of the batch-
to-batch variability in the growth factor activity. The concentration of FGF2 was not
increased as it had been previously shown to effectively induce angiogenesis at much
lower concentrations (Pepper et al., 1992) and also induces the proliferation of other
cell types such as fibroblasts (Tsuji et al., 2009; Yu et al., 2012) and therefore could
potentially induce the overgrowth of other cell types. The concentration of PDGF-BB
had not been increased because in addition to several studies that describe the
proangiogenic effect of PDGF-BB (Brogi et al., 1994; Nauck et al., 1998) there are
others that report an anti-angiogenic effect (Greenberg et al., 2008; Tang et al.,

2016).

While adding MS-5 conditioned medium and increasing the VEGF concentration
appeared to increase the overall area covered by sprouting cells, it was difficult to

see individual vessel-like structures (Figure 6-19F).
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Figure 6-19: Modifications of medium and extracellular matrix to enhance angiogenesis. A:
Aorta (a) and vena cava (vc) were embedded in 1 mg/ml type | collagen and cultured in VFPSP
medium. A’: forming sprouts at higher magnification. B: Reduction of the collagen
concentration to 0.75 mg/ml appeared to slightly enhance angiogenesis. C: Reduction of the
collagen concentration to 0.5 mg/ml did not improve angiogenesis. D: Addition of 100 pg/ml
collagen type IV to 1 mg/ml collagen type | appeared to decrease the area covered by forming
sprouts but seemed to slightly increase diameter of forming sprouts (D’). E: Addition of HGF
(50 pug/ml) had no visible effect on angiogenesis. F: After increasing the VEGF concentration
to 100 ng/ml and adding MS-5 conditioned medium a dense cellular sheet formed between
both blood vessels. It was not possible to detect individual vessel-like structures (F’). A-F:
scale bar 500 um, A’, D’, F’: scale bar. 200 um
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6.2.16 Co-culture of adult blood vessels and embryonic kidneys

All culture conditions tested in the previous experiment supported angiogenesis to
some degree with minor differences (Figure 6-19). To test whether angiogenic
sprouts originating from the adult blood vessels could connect with embryonic
kidneys, | co-cultured the aorta and vena cava with E11.5 kidneys. The two blood
vessels were precultured in VFPSP medium as chamber medium for 7 days. In parallel
the kidneys were precultured for 3 days in KCM. The pre-culture period of 3 days was
chosen because kidney precultured for this time had a higher probability of grafting
onto the chick CAM compared to kidneys cultured for a shorter time (Chapter 5). On
the day of grafting the kidneys were soaked in VEGF (10 ug/ml) for 2.5 h, because
soaking kidneys in VEGF has been shown to improve vascularization after
transplantation into murine hosts (Xinaris et al., 2012). After washing the kidneys
twice with KCM they were placed into a small incision in the collagen in the space
between the aorta and vena cava. The chamber medium was replaced with MEM
containing 10 % FBS, 50 ng/ml PDGF-BB and 50 ng/ml HGF. PDGF-BB was added to
promote the growth of pericytes which are required for the stabilization of
angiogenic sprouts (Stratman et al., 2010). HGF has been previously shown to
promote smooth muscle cell recruitment (Kobayashi et al., 2006) and was also added

to increase stability and maturity of the angiogenic sprouts.

On day 2 of the co-culture, Isolectin B4 was added to the chamber medium to stain
the endothelial cells, and albumin-FITC (1 mg/ml) was added to the perfusion
chamber to visualize the medium flow and determine wither the angiogenic sprouts
were perfused. After 3 days of co-culture, Isolectin B4-positive vessel-like structures
were seen between the kidneys and the blood vessels (Figure 6-20). The albumin-
FITC had leaked out of the blood vessels and stained the collagen (data not shown).
Therefore, it was not possible to determine whether there was any flow between the

perfused blood vessels and the kidney.
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Figure 6-20: Co-culture of adult aorta and vena cava with embryonic kidney. The aorta (not

visible) and vena cava (vc) were cultured for 7 days in VFPSP medium with increased VEGF
concentration (100 ng/ml). Subsequently E11.5 kidneys (k) that had been precultured for 3
days in KCM were added to the blood vessels culture. After 2 additional days of culture
Isolectin B4 (red) was added to the culture chamber and incubated overnight. On the
following days angiogenic sprouts between the kidneys and the aorta were visible. Scale bar:
200 pm
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6.3 Discussion

In this Chapter, | described the establishment of a perfusion culture system for
primary blood vessels. This system is different from commercially available culture
systems as it allows the antiparallel perfusion of arteries and veins, similar to blood
flow in vivo. Additionally, the cultured vessels are easily accessible and can therefore
be co-cultured with other tissues such as kidney explants. Therefore, this culture
system has the potential to be used for vascularizing organ explants or organoids in

vitro.

6.3.1 Inducing angiogenesis in vitro

Using cultured primary blood vessels for the in vitro vascularization of other tissues
requires angiogenic stimulation to induce the blood vessels to form sprouting
capillaries that connect with the other tissue. Angiogenesis is a well-studied process
and can be induced by a range of chemicals and growth factors ((reviewed by Marech

et al., 2016), see table Table 6-1).

In agreement with earlier angiogenesis studies (Jaquet et al., 2002; Zhu et al., 2003),
addition of solely VEGF and FGF2 resulted in the formation of angiogenic sprouts,
although sprouting was limited in adult blood vessels. Similar to a previous
microfluidic study (van Duinen et al., 2019), the addition of PMA and S1P greatly
enhanced sprouting. S1P was added because it had been previously shown to
promote angiogenesis by facilitating the invasion of collagen matrices (Bayless et al.,
2009). According to the authors PMA was added to promote lumen formation in the
absence of pericytes. PMA promotes lumen formation by stimulating the secretion
of Weibel-Palade Body components such as Angiopoietin-2 (Ang-2) which is essential

for lumen formation through activation of the receptor Tie-2 (Francis et al., 2021)
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Table 6-1: Selection of pro-angiogenic factors

growth factor
Angiopoietin 1

Angiopoietin 2

FGF2

Heparin-binding
EGF
HGF

IGF-1

Interleukin-8
MCP-1
PDGF-BB

PMA

S1pP
Tryptase

Tumour necrosis
factor TNF
VEGF-A
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actions

activation of Tie2 receptor resulting in angiogenic sprouting in vitro, in vivo required for
vascular remodelling

inhibition of Tie2, in vivo expressed at sites of vascular remodelling, in vitro induces sprout

formation and promoted pericyte detachment

activation of FGFR1 and in rare case FGFR2, often autocrine, induces EC proliferation and

supports cell migration via ECM degradation through promotion of MMP secretion
enhances endothelial migration in tube formation by increasing expression of eNOS and
through PI-3K and MAPK pathways, stimulates pericyte recruitment

induces EC proliferation after binding to MET receptor, mediates Ang-1 induces smooth
muscle cell recruitment

promotes proliferation and migration of ECs as well as tube formation via PI-3K in
presence of D-glucose, induces VEGF expression

activates CXCR2 receptor leading to enhanced EC proliferation and migration
chemotactic attraction of endothelial cells mediated by CCR2 receptor

binding to PDGF-R, can induce expression of VEGF and FGF in smooth muscle cells,
smooth muscle cell recruitment to blood vessels

induced tube formation in HUVECs, action mediated by PKC which activates SPK which
phosphorylates sphingosine to S1P

increases invasion of collagen matrices via integrina2p1 signalling

secreted by mast cells, induce angiogenesis in CAM assay, activates PAR-2 receptor on
endothelial cells

induces VEGF independent angiogenesis through Etk or BMX activation

binding to VEGF tyrosine kinase receptors in endothelial cells, promotes EC proliferation
and migration, essential for vascular development in vivo

reference

(Koblizek et al., 1998; Suri et
al., 1996)

(Brudno et al., 2013;
Maisonpierre et al., 1997)
(reviewed by Presta et al.,
2005)

(Mehta and Besner, 2007;
Stratman et al., 2010)

(Ding et al., 2003; Kobayashi et
al., 2006)

(Shigematsu et al.; Slomiany
and Rosenzweig, 2004)
(Heidemann et al., 2003)
(Salcedo et al., 2000)

(Brogi et al., 1994)

(Taylor et al., 2006)

(Bayless et al., 2009)

(Itoh et al., 2005; Ribatti et al.,
2011)

(Zzhang et al., 2003)

(Neufeld et al., 1999)



In my cultures the addition S1P and PMA, along with other growth factors, greatly
increased angiogenesis but there was no sign of lumen formation, as perfused
albumin-FITC could not be detected in the angiogenic sprouts. Assuming that PMA is
critical for the lumen formation, it could possibly be improved by increasing the
concentration of PMA, which was described ambiguously as 2 ng/ml in the results
section and 2 ug/mlin the methods section within the article published by van Duinen
et al. (2019). A similar study which showed lumen formation in endothelial cells
seeded in a microfluidics device by Nguyen et al. (2013) used a concentration of
75 ng/ml, which is much higher than the 2 ng/ml that | used in my experiments.
Interestingly, Nguyen et al. (2013) observed the sprouting of single cells in cultures
that contain S1P and no PMA and the collective migration of cells forming larger
sprouts in cultures that contained only PMA (Nguyen et al., 2013). The sprouting |
observed appeared more like individual cells, which is another indicator that the

concentration of PMA might have been too low.

In addition to VEGF, FGF2, PMA and S1P, Nguyen et al. (2013) further supplemented
their media with HGF and monocyte chemotactic protein-1 (MCP-1) and found that
a combination of MCP-1, S1P and PMA was most beneficial for the induction of
angiogenesis (Nguyen et al., 2013). MCP-1 is a chemokine that enhances endothelial
cell migration and has be shown to induce angiogenesis in the CAM assay (Salcedo et
al., 2000). The addition of MCP-1 could potentially enhance angiogenesis in blood

vessel cultures.

The expression of MCP-1 can also be induced by treatment with angiopoietin-1
(Ang-1) (Aplin et al., 2010). Ang-1 had also been shown to induce the sprouting of
endothelial cells in vitro and plays and important role in vascular remodelling in vivo,
which is evidenced by a reduced number of large blood vessels and less distinct size
differences between small and large blood vessels (Koblizek et al., 1998; Suri et al.,
1996). Paradoxically, Ang-2 which, in contrast to Ang-1, acts as an antagonist of their
receptor (Tie-2) has also been shown to be pro-angiogenic in vitro (Brudno et al.,

2013). While Ang-2 only was weakly proangiogenic when used alone, it greatly
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enhanced the pro-angiogenic effects of VEGF treatment, in the study conducted by
Brudno et al. (2013). As the pro-angiogenic effect of Ang-2 was inhibited by addition
of Ang-1 (Brudno et al., 2013), potentially through competition for the Tie2 receptor

(Maisonpierre et al., 1997), both compounds should not be used simultaneously.

Brudno et al. (2013) suggested the sequential use of VEGF and Ang-2 to induce
angiogenesis followed by treatment with PDGF-BB and Ang-1 to stabilize the forming
sprouts. A phased experimental design consisting of a sprouting phase followed by
the grafting of the kidney and a vascular maturation phase appears to be a sensible
approach for future experiments. Due to the large number of growth factors involved
in angiogenesis, an extensive optimization may be required to induce a sufficient

growth of cultured blood vessels.

Another possibility to induce angiogenesis would be to culture the blood vessels
under hypoxic conditions. Hypoxia leads to an accumulation of hypoxia induced
transcription factors such as Hifla, which is degraded in the presence of oxygen (Ke
and Costa, 2006). Hifla has been shown to induce angiogenesis in vivo and in vitro
(Humar et al., 2002; Nakamura-Ishizu et al., 2012; Toffoli et al., 2009). The effect of
hypoxia on angiogenesis was not evaluated in this work, because it requires
specialized equipment which is usually not build to accommodate perfusion cultures
and therefore would have had to be custom build. Additionally, previous studies
suggest that reducing the surrounding oxygen concentration from 21 % to 5 % has
negative effects on renal explant growth as it results in reduced size, reduced

branching and a lower number of glomeruli (Rymer et al., 2014; Schley et al., 2015).

6.3.2 In vitro models of angiogenesis need to consider the effect of

smooth muscle cells on vascular sprouting.

One difficulty with the optimization of the angiogenesis medium using perfused

blood vessels is the low throughput of this method. Traditionally, the most frequently
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used methods to identify the angiogenic potential of compounds are the tube
formation assay, bead assay and the aortic ring assay. During a tube formation assay,
an endothelial cell line, such as HUVEC, are seeded on an extracellular matrix- coated
dish and treated with the compound of interest (Akiyama et al., 2014; Frontini et al.,
2011; Kubota et al., 1988). If the cells arrange in tubules, this compound is classified
as “pro-angiogenic”. However, other cell types such as Madin-Darby Canine Kidney
(MDCK) cells (Hellmuth et al., 2008) also form a tubular networks in response to
certain growth factors. Therefore, the tube formation assay might not be very
specific. An alternative approach id the bead assay during which beads coated with
endothelial cells are placed in an extracellular matrix (Nehls and Drenckhahn, 1995).
Upon proangiogenic stimulation the endothelial cells start to form sprouts from the
bead (Nehls and Drenckhahn, 1995). The bead assay facilitates quantification of
angiogenesis compared to the tube formation assay since the length of the sprouts
originating from the beads can be easily measured therefore minor differences in the
amplitude of a proangiogenic response can be easier detected in the bead assay

compared to the tube-formation assay (Carpentier et al., 2020).

In an aortic ring assay a blood vessel, in most cases the aorta, hence the name, is
isolated and cut into rings. These rings are then placed on top or embedded in an
extracellular matrix replacement such as collagen or Matrigel and treated with the
compound of interest and observed for the formation of sprouting capillaries (Nicosia
and Ottinetti, 1990; Nicosia et al., 1982). In contrast to the previously mentioned in
vitro assays, the aortic ring assays allows the interaction between different cell types,
since the aortic rings contain apart from endothelial cells also smooth muscle cells,
fibroblasts and adventitial inflammatory cells. The interplay between these cell types
can affect angiogenesis. For example, adventitial macrophages have been shown to
be essential in mediating injury-induces angiogenesis in the aortic ring assay (Gelati
et al., 2008) and fibroblasts have been shown to stabilize the forming microvessels

(Villaschi and Nicosia, 1994).
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There is a major difference between these assays and the angiogenic stimulation of
the perfused blood vessels. In the traditional assays the endothelial cells are directly
exposed to the compound. In contrast, when mounted in the perfusion bioreactor
only the vessel wall is exposed to the surrounding proangiogenic factors. Therefore,
some compounds, which had been identified as proangiogenic using traditional
methods, might not work for perfused blood vessels. Adding the growth factors to
the perfusate, where they would be in direct contact with the endothelium, could
potentially improve angiogenesis. However, a previous study showed that in the
ischemic hind limb model an intramuscular administration of VEGF resulted in a
better restoration of blood flow compared to intravenous administration of VEGF
(Lee et al., 2014) suggesting that VEGF might be less efficient when added to the

perfusate.

A model that more closely resembles the in vivo situation to study angiogenesis is the
chick chorioallantoic membrane (CAM) which contains a dense, hierarchical network
of blood vessels (Nowak-Sliwinska et al., 2014). There are two major factors that need
to be taken into consideration when comparing the CAM model to perfused blood
vessel cultures. Firstly, factors that induce angiogenesis in the chick might not have
the same effect on mouse blood vessels or might only act in a pro-angiogenic way in
combination with factors that are already present in the CAM, but not in cultures of
murine blood vessels. Secondly, the CAM consist mostly of microcapillaries with very
thin vessel walls (Nowak-Sliwinska et al., 2014), meaning that the endothelial cells
are more exposed to compounds added to the CAM than they would be if they were
surrounded by a thicker smooth muscle cell coat as in a mature mouse blood vessels.
While the CAM assay gives a good representation of angiogenesis during
development, it might not be as helpful in identifying factors to induce angiogenesis

a mature murine blood vessel which is coated with a thick smooth muscle cell layer.

There are some studies that focus on the interplay between smooth muscle cells and
endothelial cells. Smooth muscle cells have been shown to secrete pro-angiogenic

factors as smooth muscle cell-conditioned medium induced tube formation in
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cultured endothelial cells (Kuzuya et al., 1995). One study showed an upregulation of
pro-angiogenic factors (VEGF, PDGF-AA, PDGF-BB, TGFB, but downregulated FGF2) in
smooth muscle cells when these were co-cultured with a layer of endothelial cells. In
these experiments a confluent layer of smooth muscle cells was overlayed with a
sheet of endothelial cells. The endothelial cells were directly exposed to the medium.
The methods section of that paper was unclear about whether control cultures were
also layered. Therefore, differences could potentially be caused by reduced medium

exposure (Heydarkhan-Hagvall et al., 2003).

The secretion of proangiogenic factors can be increased through TGFB and PMA,
which have been shown to enhance the expression of the pro-angiogenic factors
VEGF and FGF2 in smooth muscle cells (Brogi et al., 1994; Winkles and Gay, 1991). In
contrast other pro-angiogenic factors such as S1P have been shown to inhibit
angiogenesis in co-cultures of smooth muscle cells and endothelial cells by
stimulating the secretion of the angiogenesis inhibiting protein TIMP-2 in smooth

muscle cells (Mascall et al., 2012).

There are conflicting results about the effect of PDGF-BB on angiogenesis in the
presence of smooth muscle cells. While some studies suggest that the treatment with
PDGF-BB promotes angiogenesis by increasing the expression of VEGF and FGF (Brogi
et al., 1994; Nauck et al., 1998), another found that treatment with PDGF-BB inhibits
the secretion of several pro-angiogenic factors from smooth muscle cells (Tang et al.,
2016). In the study by Tang et al. VEGF and FGF2 expression were not determined,
therefore it does not necessarily contradict the earlier experiments by Brogi et al. and
Nauck et al. who confirmed the enhanced secretion of VEGF and FGF but did not
assess whether this would enhance angiogenesis. In the CAM assay, PDGF-BB
treatment alone has been shown to promote angiogenesis, but in combination with
VEGF suppresses angiogenesis (Greenberg et al.,, 2008). Therefore, an increased
expression of VEGF from the smooth muscle cells in response to PDGF-BB does not
necessarily lead to enhanced endothelial cell proliferation and migration. Based on

this information, the addition of PDGF-BB might not be beneficial for the initiation of
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angiogenesis. However, due to its involvement in smooth muscle cell recruitment
(Hellstrom et al., 1999; Lindahl et al., 1997), PDGF-BB could play an important role in
enhancing the maturity of forming sprouts which will be discussed below (6.3.3

Overcoming limited vascular maturation in vitro).

Tang et al. (2016) noticed that smooth muscle cells could transdifferentiate into a
pro-angiogenic phenotype when treated with cyclopentenyl cytosine. This trans-
differentiation, which is mediated through activation of the adenosine receptors Al
and A2a, leads to upregulation of the pro-angiogenic CXCL1 and downregulation of
the anti-angiogenic endostatin. Using several compounds that target different
receptors in parallel may induce a stronger angiogenic response than using
compounds that target the same receptor of work either upstream or downstream
of one another. Therefore, cyclopentenyl cysteine could be a strong candidate to be

used in addition to more traditional pro-angiogenic factors.

There is evidence that the pro-angiogenic effect of smooth muscle cells is also
mediated by the Tweak receptor (TweakR), which can be induced by several pro-
angiogenic growth factors such as PMA, Ang-2 and FGF2 (Wiley et al., 2001).
Determining the expression of TweakR in smooth muscle cell cultures after treatment
with a pro-angiogenic compound might be a useful intermediate step in determining

growth factors that induce angiogenesis in a smooth muscle cell-dependent way.

6.3.3 Overcoming limited vascular maturation in vitro

When the adult aorta and vena cava were co-cultured in the presence of pro-
angiogenic growth factors, an endothelial network was visible between the blood
vessels. However, there was no evidence of a medium flow as the added albumin-
FITC could not be detected within the capillaries. One reason for this could be that
the sprouting of individual cells dominated over the formation of a continuous

network, an effect which might be prevented with an optimization of the surrounding
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medium. The visible capillaries were most likely formed from vasa vasorum, a
network of microvessels which delivers nutrients to the vessel wall of major blood
vessels such as the aorta (Heistad et al., 1981). Therefore, it is possible that the
capillaries were not able to connect to the endothelium of the major blood vessels.
This could be facilitated by partial enzymatic degradation of the extracellular matrix
of the vessel wall, which is assumed to be a critical step during angiogenesis (Stetler-
Stevenson, 1999). An upregulation of the matrix-metalloproteinase 9 (MMP9), which
is involved in pathological weakening of the vessels wall during an aortic aneurism,
could be achieved by treatment of the vessels with Tumour necrosis factor a (TNFa)
(Ramella et al., 2017; Xiao et al., 2011). The permeability of the vessel wall may also
be increased by elevating the levels of nitric oxide (NO) through activation of the
endothelial NO synthase (eNOS) (Fukumura et al., 2001). This could be achieved by
increasing the flow rate (Lam et al.,, 2006) and by addition of heparin-binding
epidermal growth factor-like growth factor (HB-EGF) to the perfusate (Mehta et al.,
2008).

Another reason for the lack of flow through the capillary plexus could be a limited
maturation of the blood vessels, meaning a failure to recruit pericytes and smooth
muscle cells which are essential in order to stabilize the vessel (Hellstrom et al., 1999;
Lindahl et al., 1997). In vivo, pericytes and smooth muscle cells are recruited through
PDGF-BB which is secreted from the endothelial cells and binds to the PDGF-R[ on
the pericytes (Hellstrom et al., 1999; Lindahl et al., 1997). The co-expression of PDGF-
BB and VEGF in a precise localization and fixed ratio have been shown to play an
important role in the formation of eumorphic vascular networks that permit the flow
of blood (Banfi et al., 2012). While PDGF-BB is undoubtedly an important factor for
vascular maturation, adding it to the culture medium could possibly interfere with
the recruitments of pericytes to the endothelial cells, as it would distribute
everywhere rather than form a gradient that directs the pericytes to the endothelial

cells. Therefore, it may be more beneficial to induce PDGF-BB expression within the
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endothelial cells. VEGF had been shown to induce the expression of PDGF-BB in

HUVECS (Arkonac et al., 1998; Reinmuth et al., 2004).

However, the activation of the VEGF-receptor 2 (VEGF-R2) trough VEGF has also been
shown to inhibit PDGF-RB-signalling in vascular smooth muscle cells (Greenberg et
al., 2008) and therefore could impair the vascular maturation. This could possibly be
compensated by addition of FGF9, which has been shown to enhance PDGF-Rf3
expression in vascular smooth muscle cells and to increase smooth muscle cell
recruitment in a tissue implant model in vivo (Frontini et al., 2011). Additionally, VEGF
could be added to the perfusion medium rather than the surrounding medium, which

would deliver it specifically to the endothelial cells.

Arterial maturation could also be improved by treatment with Ang-1. Ang-1 is a
strong candidate for improving smooth muscle cell recruitment as it has been shown
to induce at least three different growth factors, MCP-1, Heparin-binding EGF and
HGF, which are each involved in smooth muscle cell recruitment (Aplin et al., 2010;

livanainen et al., 2003; Kobayashi et al., 2006).

6.3.4 Summary of recommended future experimental design

The cultured blood vessels were able to respond to angiogenic stimulation and in co-
cultures with embryonic kidneys sprouts that seemingly connect the kidney and the
blood vessels were visible. However, there was no evidence of a flow of medium
through the renal vascular capillaries. The reasons for the lack of flow could be the
formation of a discontinuous vascular network caused by the sprouting of individual
cells rather than collective cell migration and a limited maturation of the forming
capillaries. There are several factors that could enhance the maturation of the
forming capillary plexus. However, some of these may impede endothelial cell
sprouting and migration. This could be prevented by using a phased approach

consisting of an initial sprouting phase followed by a maturation phase (Figure 6-21).
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Thereby the composition of the medium would be varied between both phases in
order to maximize vessel growth during the initial phase and to promote vessel

maturation during the second phase.

To allow the initial sprouting of the blood vessels, endothelial cell proliferation and
migration, as well as the detachment of mural cells and the degradation of the
surrounding matrix, should be supported. To support endothelial cell proliferation,
VEGF and FGF2 (Pepper et al., 1992) should be added. Cyclopentenyl cytosine could
induce the expression of additional proangiogenic growth factors within the smooth
muscle cells (Tang et al., 2016). The endothelial cell migration could be enhanced by
addition of MCP-1 (Salcedo et al., 2000). S1P and PMA should be added as they play
important roles in the ECM degradation and thereby the invasion of collagen gels
(Bayless et al., 2009; Nguyen et al., 2013). Lastly, Ang-2 has been shown to promote
pericyte detachment (Brudno et al., 2013) which is also an essential step to allow

sprouting of the blood vessels.

Once the forming capillary plexus appears to form a continuous network between
the aorta and vena cava, the maturation phase should be initiated. The expression of
the smooth muscle cell chemoattractant PDGF-BB in the endothelial cells could be
enhanced by adding VEGF to the perfusion medium (Arkonac et al., 1998; Reinmuth
et al., 2004). Its respective receptor PDGF-RB could be upregulated in the smooth
muscle cells through addition of FGF9 to the surrounding medium (Frontini et al.,
2011). The smooth muscle cell recruitment could further be supported by addition of

Ang-1 (Aplin et al., 2010; livanainen et al., 2003; Kobayashi et al., 2006).

It further has to be determined when would be the ideal time point for grafting a
kidney, or kidney organoid. One possibility would be to graft the kidney in-between
the sprouting and maturation phase (Figure 6-21A). Another option would be to add
the kidney after the maturation phase and possibly insert a second sprouting phase
to establish a connection between the capillary network and the renal vascular plexus

followed by a second maturation phase (Figure 6-21B). The first option has the
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advantage that fewer phases are needed. However, depending how long the
maturation phase takes, it might take too long to establish a flow through the grafted
kidney leading to advanced stages of central necrosis within the kidney. Additionally,
the onset of flow might induce a remodelling of the capillary plexus (Chapman, 1918;
Murray, 1926; Thoma, 1893) which could lead to losing the connection between the
renal vascular network and the co-cultured blood vessels. Taking these points into
account, it appears more promising to graft the kidney after a flow through the

capillary plexus is established.

A Sprouting phase I\ Wash-out phase  Grafting phase Maturation phase
‘ |
Base medium + Base medium Base medium +
Surroundin VEGF, FGF2, Graft soaked i;1 Ang-1
e & Ang-2, MCP-1 Base medium VEGE orio FGF-9
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|

Figure 6-21: Proposed future experimental design. Vascular growth may be improved by a
sequential treatment with different growth factors. The initial phase would be focus on
promoting sprouting angiogenesis and pericyte detachment (“sprouting phase”). This phase
could either be followed by a wash out phase to remove residual growth factors which could
affect the growth of the kidney and the grafting phase during which a kidney soaked in VEGF
would be placed near the blood vessels (A). To direct the angiogenic sprouts towards the
VEGF-soaked kidney, no further growth factors would be added during that phase. After
vascular sprouts are appearing to connect with the kidneys a maturation phase would follow.
The aim of this phase would be to promote pericyte and smooth muscle cell recruitments
and thereby allow perfusion of the pro-angiogenic sprouts. An alternative design would be
to include a second maturation phase directly after the initial sprouting phase and prior to
grafting of the kidney (B). The advantage of this design is that the presence of flow could be
determined without the need of grafting the kidney first. This would facilitate the
optimization of the sprouting and maturation media in absence of a kidney.
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Limitations of the perfusion system and experimental design

There are several limitations of the experimental design to be noted. One of these
limitations is the unphysiological flow profile. While the aortic blood flow is highly
pulsatile, the frequency and amplitude of the pulsatile flow originating from the
peristaltic pump do not match those of the blood flow found in vivo. A more realistic
pulsation pattern could be achieved by firstly removing the pulsations of the
peristaltic pump using a flow dampener and subsequently use an actuator to create
a new pulsatile flow with the frequency of the aortic flow of about 6 Hz

(Diamantouros et al., 2013; Tovar Perez et al., 2021).

In contrast the aortic flow, the venous blood flow is less pulsatile (Crouch et al., 2020).
While it can be assumed that the reservoir between the aorta and the vena cava acts
to some degree as a flow dampener due the presence of compressible air, the degree
to which the flow is dampened needs to be verified. It would be further advisable to
use computational fluid dynamics to model which reservoir size would be required
to reduce the pulsations sufficiently. It may also be required to replace the solid

reservoir lid with a flexible membrane.

An additional variation from the physiological flow parameters is the flow rate, which
was substantially lower than the in vivo flow rate of 2.6 ml/min (Crouch et al., 2020).
The lower flow rate was chosen under the assumption that perfusing the vessel at a
lower rate would impose less strain on the vessels wall and therefore could result a
reduction of smooth muscle cell layers (Thoma, 1893) which may aid angiogenesis.
The initial rate of 50 pl/min was considered suitable as a starting value because it was
used in a published study aiming to induce angiogenesis in vitro using similar sized
blood vessels (Sakaguchi et al.,, 2013). In future work the flow rate should be
optimized to initially allow sprouting of the blood vessels and subsequently gradually
raised to physiological values to mechanically condition the vessels and make them

suitable for transplantation.
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The flow within the vessel is also affected by the size of the needles leading to and
from the blood vessels. The smaller diameter of the needles compared to the tubing
will result in an increase of the flow velocity and a decrease of the pressure. The
reduction of the pressure is dependent on the flow rate (Q), viscosity of the fluid (u),
length (L) and radius (R) of the needles and can be calculated using Poiseuille’s

equation (eq. (1)) (Sutera and Skalak, 1993).
LQ
Ap =8u—g €Y

In the present experimental design the needle length would be a variable parameter
and its importance needs to be taken into account for future experiment. Since the
blood vessel is mounted on two needles, one at the entrance and one at the exit, the
influence of the needle length and diameter may be limited by cutting entrance and
exit needles to the same length. According to the concept of electronic-hydraulic
analogy this situation would be comparable to a potential divider where the two
needles would act as identical resistors. This implies that the pressure is an analogue
of the voltage and within the blood vessel would be at half of the output pressure of

the pump system (Robbins, 2021).

The needles do not only affect the pressure within the blood vessels they also
influence the turbulence of the flow entering the vessel. To mount the vessels onto
the needles, the needles had to have a diameter smaller than that of the blood
vessels. However, if the diameter of the needle lumen is substantially smaller than
the blood vessel the vorticity of the flow will be increased due to the sudden
enlargement of the flow path . The average inner diameter of the mouse aortas was
about 360 um, therefore the chosen MicroFil needles with an outer diameter of 350
pum and an inner diameter of 250 um appeared to be the most suitable option
available. However, there was some variation in the aortic lumen size between blood
vessels, therefore, the needle size should have ideally been adjusted based on the

lumen diameter of each individual blood vessel. This was not possible with this
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system because the needles had to be mounted into the bioreactor on the day before
isolation of the blood vessels to allow the silicone sealant that was used for mounting

to polymerize.

Another issue with mounting the blood vessels onto the needles is that the terminal
ends of the vessel that overlap with the needles are not perfused. This could affect
the growth of the blood vessel as the cells from the unperfused section may secrete
factors that impact the growth of the blood vessel, especially if a large section of the
vessel is not exposed to the flow of medium. A preferred method would be to end-
to-end anastomose the blood vessels. With larger vessels that could for example be
done by suturing the vessel end-to-end to a soft tubing. However, this would be
challenging to do with murine blood vessels due to their small size. A potential
alternative could be to use a magnetic compression device as described in a recent
study by Lu et al. (2020). During this procedure the end of the blood vessels is passed
through a magnetic ring and rivet-like ring and everted onto the cylindrical structure
of the rivet-like ring. Subsequently, a second magnetic ring are placed over the
everted blood vessel to allow magnetic attraction between both vessels (Lu et al.,
2020). The now magnetized ends of the blood vessel could then be used to mount

the vessels onto metallic perfusion needles.

Perhaps it would also be feasible to construct a metallic perfusion channel with an
aperture that can be used to adjust the inner diameter of the flow channel to the
lumen diameter of the blood vessel. This option would also enable to culture two
blood vessels within a fixed distance. With the current system the distance between
both blood vessels cultured separately from each other varied considerably. The
difference in distance could affect the growth of angiogenic sprout as this may
involve the exchange of paracrine signals between both blood vessels. Placing both
vessels closer to each other would results in a higher concentration of signalling
molecules reaching the opposite blood vessels. The difference in distance occurs
through the process of manually inserting and gluing the needles into the bioreactor.

If the installation of a metal perfusion channel with aperture is not possible, this could
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be prevented in two different ways. One possibility would be to choose autoclavable
needles that do not have to be exchanged after each use and therefore would have
to be adjusted only once to a fixed distance. The disadvantage of having permanently
mounted perfusion needles would be that the needle size was no longer adjustable
which can impact the flow within the blood vessels if the size of the vessel changes.
Alternatively, instead of gluing the needles into the bioreactors, ferrules could be
used to mount them. Preparing ferrules with different inner diameters would allow
the use of different needle sizes. This would further remove the need to let the
silicone polymerize overnight and therefore enable adjusting the needle size after
isolation of the blood vessels based on the dimensions of the blood vessel. However,
it would have to be established whether the ferrules can provide a tight enough seal

to prevent leakage.

There are some limitations arising from the complexity of the experimental design.
For example, the use of two different blood vessels, the aorta and vena cava, leads
to an increased biological variability. The system was designed to accommodate an
artery and a vein because the aim was to reconstruct a capillary network between
both vessels with a directional flow from the artery through newly-forming capillaries
into the vein. The larger cross-sectional area of the vena cava compared to the aorta
would result in a lower resistance in the vein and thereby allow the liquid to flow
from the aorta through newly forming capillaries into the vein. When using two same-
sized blood vessels, the resistance would still be slightly lower in the second vessel
further down the flow path due to the pressure loss caused by friction, but the
difference would be less pronounced, which may make it more difficult to establish
a directional flow through a capillary bed from one vessel to the other. Another
reason for choosing the vena cava as a second vessel was the thinner smooth muscle
cell wall, which may facilitate angiogenesis through a more efficient detachment of
smooth-muscle cells which is the initial step during sprouting (Stetler-Stevenson,
1999). This theory was supported by a study on angiogenesis of an artificially created

arterio-venous fistula where the majority of newly forming vessels originated from
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the venous side (Wong et al., 2019). Conducting the experiment with two veins would
not have been feasible, because the veins are more difficult to isolate and therefore
less likely to get damaged and become leaky. Extensive leakage within the growth
chamber would have resulted in a pressure rise which would in turn compress the

veins and block the outflow of the growth chamber.

Additional variability was introduced in the co-culture experiments of the embryonic
kidneys with adult and embryonic blood vessels as the number of co-cultured
explants varied between experiments. Further the explants were placed manually
with a variable distance to the blood vessels. The variation in number and distance
could affected the growth of the kidneys as well the blood vessels. A higher number
of explants could lead to an accumulation of growth factors secreted by the kidneys
which could either have positive or negative effects on the forming vasculature.
Placing the explants closed to the blood vessels would also result in a higher

concentration of factors secreted by the kidney affecting the blood vessels.

The co-culture experiment could further be improved by using transgenic tissue that
expresses a fluorescent marker. When using wild-type tissue, it is not possible to tell
from where the sprouting vessels originate and whether they connect with sprouts
coming from the other tissue. By using fluorescent kidney tissue, it would be possible
to identify sprouts originating from the kidney and to identify whether these connect

with angiogenic sprouts from the blood vessel.

The establishment of a functional, flow carrying vascular system is a critical step in
growing healthy three-dimensional kidney explants. This chapter explored the
possibility of establishing flow through kidney explants by using a co-culture system
with perfused blood vessels. While still requiring extensive optimization, the device
developed in this chapter sets the basis for an accessible long-term culture of blood
vessels and thereby establishes a new model system to study vascular function and

growth under the influence of flow in vitro.
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Chapter 7 — Discussion

The aim of this thesis was to improve renal explant growth by inducing a more
physiological, three-dimensional shape. This was achieved by embedding the
explants in type | collagen. However, the explants displayed central necrosis, most
likely due to a limited diffusion of oxygen and nutrients. In vivo, oxygen and nutrients
are transported via the circulatory system. In agreement with previous studies,
kidney organoids were shown to contain endothelial cells which formed an immature
capillary network. To test the hypothesis that blood flow was needed in order to
induce the maturation of the explant vasculature, | grafted kidneys onto the chick
CAM. However, the establishment of flow in the grafted kidneys, which was
confirmed by injection with a fluorescent antibody, was not sufficient to enhance the
maturity of the renal vasculature, suggesting that the growth environment provided
by the CAM was not suitable for the vascular maturation of the graft. In order to
establish a more controlled environment, | aimed to optimize the in vitro culture
conditions for isolated blood vessels which could potentially be used as a source for
vascularizing kidney explants. When the explants were co-cultured with perfused
primary blood vessels under proangiogenic stimulation, vascular sprouts were
detected between the kidney and the blood vessels appearing to have formed a
connection between both tissues. However, there was no evidence of flow through
the renal plexus and further experiments are needed to determine whether the

evidenced connection is formed by a continuous endothelium.



7.1 Enhancement of oxygen and nutrient diffusion without

vascularization

The 3D growth of kidney explants is limited by the diffusion of oxygen. One possibility
to increase the availability of oxygen in the core of 3D-cultured explants would be to
increase its concentration in the culture environment. However, kidney explants are
already cultured at higher oxygen levels than in vivo (Simon and Keith, 2008; Tsuji et
al., 2014) and further increasing the oxygen concentration could result in excessive
oxidative stress in the periphery of the explant. Additionally, oxygen is highly

flammable and therefore represents a fire hazard in high concentrations.

The availability of oxygen may also be enhanced by culturing kidney explants under
flow (Barisam et al., 2018; Sharifi et al., 2019). In a recent study, kidney organoids
were cultured within a millifluidic chip and subjected to flow shear stress (Homan et
al., 2019). The culture under flow shear stress led to enhanced endothelial cell
growth and the peripheral vessels were shown to take up fluorescent beads from the
perfusion medium (Homan et al., 2019). However, the authors did not analyse cell
death or hypoxia within the core of the organoids. Therefore, it cannot be concluded
whether the culture under flow improved nutrient availability within the core.
Additionally, the organoids used in this study did not represent the overall
architecture of a kidney with a single collecting duct tree and a ureter, which makes

it difficult to estimate the realism of the forming vasculature.

7.2 Limitations of implantation-based vascularization

Kidney explants and organoids have previously been vascularized by implantation
into murine hosts or grafting on the chick chorioallantoic membrane (Ekblom et al.,
1982; Hyink et al., 1996; Loughna et al., 1997). However, there is limited control over

the development of kidney organoids after implantation. In chapter 5, | have shown
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that grafting of kidney explants onto the chick chorioallantoic membrane leads to
abnormal vascular development and an aberrant localization of nephron progenitor

cells in at least one of the grafts.

Some aspects of the abnormal vascular development could perhaps be prevented by
pre-treatment of the kidney explants. For example, coating the one side of the
explant (or organoid) in anti-angiogenic factors may prevent the ingrowth of blood
vessels from this side. Other aspects, such as the lack of vascular smooth muscle cell
recruitment, may be solved by choosing a different, closer related host species to rule
out that the limited vascular maturity is caused by differences in the haemodynamic
profile or species differences of circulation growth factors. A previous study showed
the expression of the arterial marker Cx40 in kidney organoids transplanted into mice
(Murakami et al., 2019), which indicated a higher degree of vascular maturity.
Whether the maturation of the vascular network in kidney organoids transplanted
into murine hosts would be sufficient to induce smooth muscle cell recruitment

remains to be identified.

However, even if a realistic vasculature were formed in implanted kidney organoids,
the use of host animals for human regenerative medicine would still be problematic
for various reasons. Firstly, it raises ethical concerns by causing pain and suffering to
the host animal during implantation and removal of the organoid. Secondly, the
implantation of human organoids into postnatal animal hosts would either require
specialized breeds that are not immunocompetent or the administration of immune
system suppressing drugs, to prevent rejection of the implant. Lastly, it is likely that
the implanted organoids would contain at least some host derived cells (Murakami
et al., 2019; Sariola et al., 1984b) resulting in chimeric organs which could increase

the risk of rejection when transplanted into humans.
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7.3 Alternative strategies for in vitro vascularization

Vascularizing kidney explants in vitro has several advantages compared to
implantation-based experiments. The culture environment allows control over
circulating growth factors as well as over mechanical properties of the surrounding

matrix and flow dynamics.

While co-culturing kidney explants with perfused primary blood vessels is one
possible method, there are other approaches to vascularize tissues in vitro (Figure
7-1). Cardiac cell sheets have been previously vascularized by culturing them on a
block of collagen, that contained microchannels through which medium containing
proangiogenic factors was perfused (Sakaguchi et al, 2013). The perfused
proangiogenic factors stimulated endothelial cells from the cardiac cell sheet to
migrate towards the channel and form a vessel-like structure around it. This led to
connection of the cardiac cell sheet with the perfusion medium, allowing the cardiac
tissue to grow to greater thickness (Sakaguchi et al., 2013) (Figure 7-1). As kidney
explants and organoids contain endothelial cells (Munro et al., 2017; Takasato et al.,
2015), this approach could also be used to vascularize renal organoids. | did try to
replicate these experiments by creating a perfusable channel within the collagen in
the bioreactor. However, when perfusing the channel with black ink, the ink quickly
distributed within the entire culture chamber instead of remaining within the channel
(Appendix, Figure A 9). It should be noted that in my replication attempt the size of
the channels as well as the overall geometry of the bioreactor was different to the
parameters used by Sakaguch et al. (2013) because | did not have the necessary
resources to precisely reproduce their work. With further optimization it may be

possible to use their approach for vascularizing renal tissue.

Another possibility to create a flow through the organoids could be to culture within
microfluid chips that contain a network of endothelial cells (Figure 7-1). This
approach has been used to vascularize human lung fibroblast spheroids and

successfully prevented necrosis in the core of the spheroids (Nashimoto et al., 2017).
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Figure 7-1: Overview of vascularization methods. One way of vascularizing kidneys would be
the transplantation into a host. Alternatively, culturing the kidneys in a collagen gel that
contains channels which are perfused with proangiogenic growth factory might stimulate the
endothelial cells to migrate towards and anastomose with the channels to allow flow from
the channel through the kidney. A slightly different approach would be to co-culture kidneys
with endothelial cells on a microfluidics chip. Lastly, the kidneys could potentially be
vascularized by co-culture with isolated perfused blood vessels.

The use of commercially available endothelial cells seeded within microfluids chips
might reduce the variability between experiments. Compared to endothelial cell
lines, the ability of freshly isolated blood vessels to undergo angiogenesis depends
on a range of factors such as age and strain of the mouse used (Rohan et al., 2000;
Zhu et al., 2003) as well as varying degrees of damage to the blood vessel during
isolation or differences in the amount of connective tissue surrounding the vessel.
The advantage of using whole isolated blood vessels is that they contain, aside from
endothelial cells, also other vascular cells such as pericytes and smooth muscle cells
which play an important role during vascular maturation (Teichert et al., 2017) and
by regulating mechanical strength and patency of the blood vessels (Bacakova et al.,

2018; Hamilton et al., 2010). The use of a complete blood vessel also has practical
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advantages because it could be directly ligated to the host vasculature. In contrast, a
rather immature endothelium formed in a microfluidics chip may be difficult to

harvest and to transplant.

7.4 Future work

7.4.1 Potential applicability of co-culture with primary blood vessels to

vascularize iPSC-derived organoids

In this work, | used embryonic murine kidney explants to detect whether these would
become vascularized when co-cultured with adult murine blood vessels. However,
while vascularized embryonic mouse kidneys may be able to offer interesting insights
into kidney development, their use for medical applications such as drug testing or
regenerative medicine would be limited due to differences between mice and

humans.

Human iPSC-derived kidney organoids on the other hand, have great potential to
detect nephrotoxicity during drug discovery and to be used in regenerative medicine.
To date, several protocols exist that induce differentiation of iPSCs into a variety of
kidney cells including the three populations that give rise to the majority of renal cell
types — ureteric bud cells, nephron progenitors and stromal progenitors (Low et al.,
2019; Przepiorski et al., 2018; Takasato et al., 2015). These organoids share some
morphological characteristics, such as patterning of the nephrons in proximal, medial
and distal segments, with natural kidneys, but they lack the overall structure of a
kidney with a single collecting duct network and a ureter (Low et al., 2019). In order
to be used for transplantation, the kidney organoids would require a more

organotypic anatomy and a perfusable vascular system.
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Several research groups have confirmed the presence of endothelial cells within iPSC-
derived kidney organoids (Takasato et al., 2015; van den Berg et al., 2018).
Additionally, endothelial cells, for example HUVECs, may be added to dissociated
organoids in order to integrate upon reaggregation, similar to a previously published

“self-condensation”-approach (Takahashi et al., 2018).

One major difference between kidney explants and iPSC-derived organoids is the
overall anatomic realism. Since non-organotypic kidney organoids can be
vascularized by implantation (Garreta et al., 2019; Low et al., 2019; Xinaris et al.,
2012), the lack of overall anatomical realism, meaning the lack of a single, asymmetric
collecting duct network, is unlikely to prevent vascularization in vitro by co-culture
with primary blood vessels. However, without any macroscopic anatomic realism, the
functionality of the kidney organoids may be impaired as for optimal filtration and
urine concentration a precise arrangement of collecting ducts, blood vessels and

nephrons is required (Dantzler et al., 2011).

A more organotypic organoid could potentially be achieved, by sorting and
recombining ureteric bud cells, nephron progenitors and stromal progenitors. It has
been shown previously that combining engineered ureteric buds and nephron
progenitors from mouse iPSC with primary stromal progenitors resulted in an
organoid that contained a single, branched collecting duct network (Taguchi and
Nishinakamura, 2017). A similar approach may be applicable to generate

anatomically more realistic human kidney organoids.

One limitation of this approach is the lack of a ureter. In vivo, blood vessels enter the
kidney near the ureter and subsequently ramify to follow the branched collecting
duct network (Munro et al., 2017). Therefore, the absence of a ureter could
potentially affect the arrangement of the forming vasculature. The development of
the ureter is regulated by the expression of BMP4 within the periureteric
mesenchyme (Brenner-Anantharam et al.,, 2007; Cain et al., 2005). A localized

application of BMP4 coated sepharose beads resulted in the formation of an
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asymmetric collecting duct tree with an unbranched, uroplakin expressing
urothelium-like structure in renal cell-derived organoids (Mills et al., 2017). Using a
localized stimulus of BMP4 could on reconstituted organoids from sorted iPSC-
derived renal cells could potentially generate human organotypic kidney organoids,

which then could be vascularized by co-culturing with primary blood vessels.

One complication of this approach is the timing of BMP4 treatment. Mills et al. (2017)
treated the kidney organoids for 5 days during which the organoids were cultured on
a Transwell. However, kidney explants cultured for several days on a Transwell,
displayed an aberrant arrangement of the collecting duct network when
subsequently embedded in type 1 collagen (Chapter 3). Therefore, the treatment
with BMP4 would either have to be done for a shorter time period, which may not
be sufficient to induce urothelial differentiation, or a local BMP4 stimulus would have
to be applied to the organoids after embedding in type 1 collagen. Given that BMP4
can act proangiogenic (Rezzola et al., 2019), embedding the organoids nearby a
perfused blood vessel may be the preferred approach as it could also facilitate the

vascularization of the blood vessel.

7.4.2 Engineering of blood vessels

The co-culture of embryonic kidneys with adult murine blood vessels showed
evidence of a vascular connection being formed between the vessel and the kidney
(Chapter 6). While the use of murine blood vessels to vascularize human kidney
organoids could work in theory, it raises similar concerns to the ones occurring when
vascularizing kidney organoids by implantation into a host animal (see section 7.2
Limitations of implantation-based vascularization). The isolation of a human
peripheral blood vessel is possible in principle, but it would represent an invasive

procedure connected with risks for the blood vessel donor.
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A better option would be to engineer blood vessels with iPSC-derived vascular cells.
Endothelial cells have been reported to identified in kidney organoids differentiated
from iPSCs (Takasato et al., 2015). Since the generation of organotypic organoids
requires sorting of renal cell populations it may be convenient to also sort out
endothelial cells from the organoids to engineer blood vessels. Alternatively, human
iPSCs can be directed to efficiently differentiate into vascular organoids containing
endothelial cells (34 %) and pericytes (64 %) (Wimmer et al., 2019). Human iPSCs
have also been differentiated into contractile vascular smooth muscle cells that
secrete basement membrane components such as elastin, collagen type | and Il as

well as fibronectin, which play important roles in vascular elasticity (Eoh et al., 2017).

There are different strategies to combine vascular cells to form a blood vessel. One
way of obtaining a multi-layered spherical engineered vessel is to seed fibroblasts
and smooth muscle cells in two compartments next to each other and culture them
until a dense cell sheet is formed and a thick layer of extracellular matrix is deposited.
Subsequently, the sheet can be detached and rolled on a rod to form a layer of
smooth muscle cells surrounded by a layer of fibroblasts (Gauvin et al., 2010) (Figure
7-2A). This method may also be used to create a 3D extracellular matrix scaffold for
seeding endothelial cells. For this purpose, fibroblasts are cultured for several weeks
to form a dense cell sheet and secrete extracellular matrix compounds. Subsequently,
the fibroblast sheet is rolled on a stainless steal rod and cultured for a minimum of
10 weeks. By dehydration an acellular scaffold is obtained, which can be populated

with vascular cells (L'Heureux et al., 2006).

There are various other, less time-consuming methods for creating cylindrical
scaffolds such as electrospinning (Ju et al., 2017; Zhang et al., 2008), moulding (Roh
et al., 2008) or sewing from sheets (Niklason et al., 2001; Niklason et al., 1999). These
cylindrical casts can then be populated by sequential seeding of fibroblasts, smooth
muscle cells and endothelial cells to create an engineered blood vessel (Figure 7-2B).
Electrospun poly(e-caprolactone) (PCL)/collagen scaffolds populated with smooth

muscle cells and endothelial cells displayed a vessel-like morphology with elongated
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endothelial cells and limited contractility in vitro (Ju et al., 2017). After implantation
into the carotid artery of sheep, these grafts remained patent and displayed no signs
of forming aneurisms or dilation during the 6-month observation period (Ju et al.,
2017). Additionally, contractility of the grafts was greatly improved, reaching

physiological levels, 6 months after implantation (Ju et al., 2017).

A: cell sheet-based vascular engineering

/-4

B: cast-based vascular engineering

P-0-0-0-1

@ endothelial cell <= smooth muscle cell & fibroblast

Figure 7-2: Methods to engineer blood vesselsFor the sheet-based method smooth muscle
cells and pericytes are seeded next to each other and grown until a confluent cell sheet is
formed. The sheet is then rolled onto a rod. After removal of the rod, endothelial cells are
seeded inside the tube resulting in a three-layered engineered blood vessel. The cast-based
method differs slightly. Instead of rolling a cell sheet onto a rod vascular cells are seeded
sequentially starting with fibroblasts followed by smooth muscle cells and endothelial cells
inside a tube-shaped cast. After removal of the cast a three-layered engineered blood vessel
is left.

An efficient contractility of the renal artery is required to regulate the blood flow
within the kidney and thereby optimize renal filtration and prevent damage to the
kidney (Chang et al., 2015). Therefore, it will be necessary to optimize the culture
conditions for engineered blood vessels to obtain near physiological contractility,

when using them to vascularize kidney organoids for future transplantation. It also
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remains an open question whether engineered blood vessels with a dense smooth
muscle cell layer can respond to pro-angiogenic stimulation in order to form

capillaries sprouting and connecting with co-cultured kidney organoids.

7.5 Final remarks

In this thesis, | have shown that isolated and perfused blood vessels respond to
proangiogenic stimulation. The presence of angiogenic sprouts between the blood
vessel and the kidney suggest that the formation of a connection between both
tissues is formed. However further experiments are required to establish whether
the endothelium of the sprouts between the kidney and blood vessel is continuous
and whether a lumen allowing flow is formed. Further modification of this culture
method may improve the maturity of forming endothelial sprouts to allowing a flow
between the perfused vessel and the kidney explant. This could lead to improved 3D

growth of kidney explants.

In the future, this method may enable in vitro vascularization of kidney organoids,
which could improve their growth in culture as well as enable the determination of

their filtration efficiency.
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Appendix
List of abbreviations

Ang-1
Ang-2
Assl
ATP
BMP
CAM
cl
CNC
CoCl;
DMSO

ECM
EDTA

EGM
eNOS
ES
FBS
FGF
FITC

GBM

GDNF

HGF

Hifla

ID
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Angiopoietin-1
Angiopoietin-2
Argininosuccinate synthase 1
adenosine triphosphate
bone morphogenic protein
chorioallantoic membrane
confidence interval
Computer numerical control
cobalt chloride

Dimethyl sulfoxide
embryonic day

extracellular matrix

Ethylenediaminetetraacetic
acid

endothelial growth medium
endothelial NO synthase
embryonic stem cell

foetal bovine serum
fibroblast growth factor

Fluorescein isothiocyanate

glomerular basement
membrane

Glial cell-derived
neurotrophic factor

Hepatocyte growth factor
Hypoxia-induced-factor 1a
inner diameter

inner diameter

IGF
INS
iPSC
KCM

LoH

MCP
MCP-

MEM

MM
NaCl
NO
NPC
oD
oD

PBS

PDGF

PFA

PMA

PMW
rms
rpm
RT

RT
S1P
TiC

insulin-like growth factor
interstitial nodal space
induced pluripotent stem cell
kidney culture medium

loop of Henle

monocyte chemotactic
protein

monocyte chemotactic
protein-1

Minimum essential Eagle
Medium

metanephric mesenchyme
sodium chloride

nitric oxide

nephron progenitor cell
outer diameter

outer diameter

phosphate buffered saline

Platelet-derived growth
factor

paraformaldehyde

Phorbol 12-myristate 13-
acetate

periwolffian mesenchyme
root mean square

round per minute

room temperature

room temperature
Sphingosine-1-phosphate

type 1 collagen



Tujl tubulin

TW Transwell

uB ureteric bud

List of antibodies

neuron-specific class Il beta-

VEGF

factor
WD Wolffian duct
WT1 Wilm’s Tumour 1

Table A 1: List of primary antibodies. All antibodies were used in a 1:200 dilution

Antibody

Assl

Calponin 1

CD31

cleaved caspase 3
E-cadherin

Gata3

Hifla

Jagged 1
Meis1/2/3
Podocalyxin

Six2

smooth muscle actin

smooth muscle actin

smooth muscle actin-FITC

Transgelin
Tuj1
Tyrosine hydroxylase

WT1
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species raised
rabbit
rabbit
goat
rabbit
mouse
goat
rabbit
goat
mouse
rat
rabbit
goat
rabbit
mouse
sheep
mouse
rabbit
rabbit

catalogue number (supplier)
ab170952 (abcam)
ab46794 (abcam
AF3628 (R&D)

9661s (cell signalling)
610182 (BD)

AF2605 (R&D)
ab179483 (abcam)
AF599 (R&D)

39796 (active motif)
MAB1556 (R&D)
11562-1-AP (proteintec)
nb300-978 (Novus)
ABT1487 (Merck)
A7607 (Merck)
AF7886-SP (R&D)
801201 (Biolegend)
AB152 (Merck)

ab89901 (abcam)

vascular endothelial growth



Table A 2: List of secondary antibodies. All antibodies were used in a 1:200 dilution

Antibody

Donkey-anti-mouse AlexaFluor488
Donkey-anti-rabbit-AlexaFluor555
Donkey-anti-rabbit-AlexaFluor594
Chicken-anti-rat-AlexaFluor594
Donkey-anti-goat-AlexaFluor647
Donkey-anti-mouse-AlexaFluor555
Donkey-anti-mouse-AlexaFluor647
Donkey-anti-rabbit-AlexaFluor488
Donkey-anti-rabbit-AlexaFluor647
Donkey-anti-goat-AlexaFluor488

Donkey-anti-sheep-AlexaFluor594

Supplemental Methods

catalogue number (supplier)
A21202 (Thermo Fisher)
A31572 (Thermo Fisher)
A21207 (Thermo Fisher)
A21471 (Thermo Fisher)
A21447 (Thermo Fisher)
A31570 (Thermo Fisher)
A31571 (Thermo Fisher)
A21206 (Thermo Fisher)
A31573 (Thermo Fisher)
A11055 (Thermo Fisher)
A11016 (Thermo Fisher)

Table A 3: GoTaq Green PCR reaction Mix to validate amplicon size

GoTaq Green PCR Mix

volume per sample in pl

5x Green GoTaq Reaction buffer (Promega, M7911) 5

forward primer (Invitrogen)
reverse primer (Invitrogen)
template cDNA

dNTPs (Promega, U144A)

GoTaq G2 Polymerase (Promega, M7841

dH,0
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0.5

0.25

15.25



Table A 4: GoTaqg Green PCR Program

temperature duration repeats
(min:sec)
95 °C 2:00 x1
95 °C 0:15
60 °C 0:30 x3
72°C 0:20
72°C 5:00 x1
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Supporting information

Table A 5: Integrin expression in the kidney

Integrin subunit
al (a1B1)
a2 (a2B1)
a3 (a3p1)
a4 (adB1)

o6 (a6B1, a6p6)

a8 (a8p1)

av (avpl, avp3,
avp4, avp5, avpe)

B1 (alpl, avpl)

B3 (avB3)
b4 (avp4)

B5 (avp5)
6 (avp6)
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Expression

nephron, glomerulus,
metanephric mesenchyme

nephron, glomerulus, collecting

duct

nephron, glomerulus, collecting

duct, endothelium
metanephric mesenchyme

nephron, collecting ducts,
glomerulus, endothelium
metanephric mesenchyme
glomerulus, collecting duct,
nephron, endothelium

abundant

glomerular endothelium
collecting duct (not in adult)

glomerulus

nephron, collecting duct,
glomerulus

renal defects

no morphological or functional
abnormalities

aberrant podocyte morphology,
mild proteinuria

defects in podocyte development,
reduced branching

unknown, knockout is embryonic
lethal

decreased tubulogenesis in vitro,
but no morphological effect in vivo
renal agenesis

decreased branching in vitro, but
no morphological changes in vivo
branching and nephron
development defects

unknown

reduced branching in vitro

unknown

reduced branching in vitro, no
morphological defects in vivo

references

(H. Gardner et al., 1996; Korhonen et al.,
1990; Rahilly & Fleming, 1992)

(Girgert et al., 2010; Korhonen et al., 1990;
Rahilly & Fleming, 1992)

(Korhonen et al., 1990; Kreidberg et al.,
1996; Rahilly & Fleming, 1992)

(Rahilly & Fleming, 1992;J. T. Yang et al.,
1995)

(Falk et al., 1996; Georges-Labouesse et al.,
1996)

(Humbert et al., 2014; Muller et al., 1997)

(Bader et al., 1998; Wada et al., 1996)

(Rahilly & Fleming, 1992; Xi Zhang et al.,
2009)

(Rahilly & Fleming, 1992; Wada et al., 1996)
(zent et al., 2001)
(Wada et al., 1996)

(Arend et al., 2000; Wada et al., 1996)



Supporting data

Secondary antibody controls:

E14.5 kidney TW T1C

A

AFA88

AF555

AF594

AF647

Figure A 1: Examples of exposure controls. Samples of uncultured (A, D, G, J), Transwell-
cultured (B, E, H, K) and collagen-cultured kidneys (C, F, I, J) were stained with primary and
secondary antibodies and used to set the exposure for the channels AlexaFluor488 (A-C),
AlexaFluor555 (D-F), AlexaFluor594 (G-1) and AlexaFluor647 (J-K) to image the secondary only
antibody controls. Scale bars: 200 um
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E14.5 kidney TW T1C

Figure A 2: Secondary-only control: Donkey-anti-mouse secondary antibodies. The antibodies
with the conjugates AlexaFluor488 (A-C), AlexaFluor555 (D-F) and AlexaFluor647 (G-I) were
tested on an E13.5 kidney (A, D, G), Transwell-cultured kidneys (B, E, H) and kidneys cultured

in type 1 collagen (C, F, 1). Scale bars: 200 um

E14.5 kidney T™W T1C
A

AF594

Figure A 3: Secondary-only control: Chicken-anti-rat-AlexaFluor594 antibody. The antibody
was tested on an E13.5 kidney (A), a Transwell-cultured kidney (B) and a kidney cultured in

type 1 collagen (C). Scale bars: 200 um
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E14.5 kidney

- ...
E F
AF555
G H
AF594

AF647

Figure A 4: Secondary-only control: Donkey-anti-rabbit secondary antibodies. The antibodies
with the conjugates AlexaFluor488 (A-C), AlexaFluor555 (D-F), AlexaFluor594 (G-l) and
AlexaFluor647 (J) were tested on an E13.5 kidney (A, D, G, J), Transwell-cultured kidneys (B,
E, H) and kidneys cultured in type 1 collagen (C, F, I). Scale bars: 200 um
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E14.5 kidney

- ...
F
AF647

Figure A 5: Secondary-only control: Donkey-anti-goat secondary antibodies. The antibodies
with the conjugates AlexaFluor488 (A-C) and AlexaFluor647 (D-F) were tested on an E13.5
kidney (A, D), Transwell-cultured kidneys (B, E) and kidneys cultured in type 1 collagen (C, F).
Scale bars: 200 um

Figure A 6: Secondary-only control: Donkey-anti-sheep-AlexaFluor594 antibody. The
antibody was tested on an E14.5 kidney. Scale bar: 200 um
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Supporting data for vascular perfusion experiments:
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Figure A 7: differences of the output pressure between pumps of the same type at the same
voltage. The output pressure of two pumps of the same type was measured and plotted
against the voltage. All measurements were done in triplicates. The error bars display the
standard deviation.
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Figure A 8: experimental design to separate venous from arterial flow. A: schematic of the
design. Medium is aspirated from the main reservoir and pumped through the artery into
the secondary reservoir, leading to a pressure increase within the secondary reservoir. The
increasing pressure drives the liquid through the vein back into the main reservoir. To lower
the venous flow, a bypass pump, controlled by a pressure sensor, transfers part of the liquid
from the secondary reservoir to the main reservoir. B: image of the experimental design.
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Channel perfusion results

Figure A 9: perfusion of ink through channel in type 1 collagen. Images were taken after 0
min (A) 10 min (B) and 40 min (C)

List of conference presentations:

International Cell Culture Under Flow Meeting (February 18-19, 2020). Dual

chamber design for accessible, bidirectional perfusion of whole blood vessels

Scottish Cardiovascular Forum (February 1, 2020). Development of a bi-directional

perfusion bioreactor for accessible culture of primary blood vessels
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