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Chronic kidney disease (CKD) and end stage renal disease (ESRD) are increasingly frequent and 
devastating conditions that have driven a surge in the need for kidney transplantation. A stark 
shortage of organs has fueled interest in generating viable replacement tissues ex vivo for 
transplantation. One promising approach has been self-organizing organoids, which mimic 
developmental processes and yield multicellular, organ-specific tissues. However, a recognized 
roadblock to this approach is that many organoid cell types fail to acquire full maturity and 
function. I comprehensively assessed the vasculature in two distinct kidney organoid models as 
well as in explanted embryonic kidneys. Using a variety of methods, my work shows that while 
organoids can develop a wide range of kidney cell types, as previously shown, endothelial cells 
(ECs) initially arise but then rapidly regress overtime in culture. Vasculature of cultured embryonic 
kidneys exhibit similar regression. By contrast, engraftment of kidney organoids under the kidney 
capsule results in the formation of a stable, perfused vasculature that integrates into the organoid. 
This work demonstrates that kidney organoids offer a promising model system to define the 
complexities of vascular-nephron interactions, but the establishment and maintenance of a vascular 
network present unique challenges when grown ex vivo. The future of the field necessitates the 
inclusion of flow and perhaps additional factors into in vitro culture methods. Future studies 
investigating endothelial heterogeneity in the developing kidney will aid in forwarding our mission 
of creating a functional organoid vasculature.   
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CHAPTER ONE 

Introduction 
 
Kidney disease patients need a solution 
 
Chronic kidney disease (CKD) affects millions of people in the United States. As obesity and Type 

II Diabetes rates increase, so does CKD. While it is not completely understood how diabetes causes 

CKD, diabetes results in blood vessel damage, including in the kidney. Therefore, vascular death 

in the nephrons results in ischemia and nephron damage. Kidney disease is complicated in multiple 

ways. Kidney damage often accumulates over time, but symptoms of kidney disease are often not 

noticed until the kidneys only have 10% of function left. It is not possible to heal the kidney, so 

the clinical focus is simply preventing further damage. By the time CKD is diagnosed, many 

patients are close to end stage renal disease (ESRD). Once CKD has progressed to ESRD, there is 

no cure except a kidney transplant. Severely diseased kidneys are unable to perform the important 

job of filtering blood to remove waste products and maintaining fluid, salt, and acid-base 

homeostasis (Guyton and Hall, 2006). 

Patients may be kept alive by dialysis, an external filtration system. However, this only 

replaces 10% of kidney function and extremely disruptive and time consuming. Additionally, 

while there is some effort to personalize dialysate composition, there is limited data on how this is 

best done, especially due to the large amounts of components. In practice, healthcare professionals 

often simply refer the manufacturer’s guidelines. However, this lack of personalization can have 

dangerous consequences for patients (McGill and Weiner, 2017). Lastly, dialysis does not replace 

the myriad of other important kidney functions, such as vitamin D, erythropoietin, and renin 

production. Erythropoietin is responsible for instructing the body to produce red blood cells, 

resulting in CKD and dialysis patients often becoming anemic, adding to the symptoms of fatigue. 
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Patients may be treated with iron supplements, erythropoiesis-stimulating agents (ESAs), or blood 

transfusions, depending on the severity of the disease (NIDDK). More complicated is renin, an 

enzyme produced by the juxtaglomerular cells in the kidney that controls blood pressure through 

the renin-angiotensin system. This feedback mechanism can increase blood pressure by two 

mechanisms: The fast response is the constriction of arterioles and the slow response is to reabsorb 

more water and salts to increase internal fluid pressure. Alternatively, the kidneys will excrete 

excess water and salts to decrease pressure when it is too high. This system allows blood pressure 

to be maintained despite varying levels of sodium intake in the diet. Blood pressure control is 

especially important in CKD patients because high blood pressure is a common comorbidity of 

CKD and if not under control, can cause further damage to the kidney. In fact, a frequent cause of 

hypertension in adults is caused by partial kidney dysfunction that causes an overproduction of 

renin by the damaged, ischemic portion of the kidney, causing the healthy kidney to retain water 

and salt, increasing blood pressure (Guyton and Hall, 2006).  

 The survival rate of dialysis is about 5 years. Many of these patients are on the waiting list 

for a kidney transplant, but they are competing with 100,000 patients every year for 30,000 

available kidneys. Many patients become too sick or even die before they are able to receive a life-

saving transplant. If a patient is fortunate enough to receive a kidney transplant, they are not free 

of their illness. Even if the kidney transplant is donated by a family member, the patient is required 

to take immunosuppressant to prevent rejection. Immunosuppressants make patients vulnerable to 

communicable disease as well as some cancers that the immune system would normally have kept 

under check. Even with immunosuppressants, rejection can happen at any time, and a transplanted 

kidney only has an average lifespan of 10 years, at which point the patient will require another 

transplant.  
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 Due to the limited treatments available and lack of transplants, a novel treatment is 

necessary. It may sound like science fiction; people have dreamed of the ability to have healthy 

organs available for sick patients. Biomedical scientists and are working together to make that a 

reality. Multiple schools of thought on how to tackle this problem exist, but the overall goal is the 

same: design a transplantable device that allows ESRD patients to live independent, healthy lives. 

For this to succeed, it is necessary that nephrologists, biologists, and bioengineers work together. 

One effort is an NIH-funded consortium, Re-Building a Kidney, where these experts are brought 

together to collaborate on reaching this goal. 

  
Are organoids the answer? 
 
In the search for a transplantable kidney, many have looked to organoids as the solution. Organoids 

are 3-dimensional, self-organizing structures that differentiate into the main cell types of an organ. 

They can be created by directed differentiation of pluripotent stem cells or from a specific tissue’s 

progenitors. Many organoid models exist, including liver, brain, intestine, and of course, kidneys. 

Organoids are an exciting new field in developmental biology and in personalized medicine. 

Unlike traditional cell culture, organoids allow scientists to culture complex tissues in vitro. 

Already organoids are excellent models to study disease and screen novel drugs. Enticingly, 

organoids can be grown from human induced pluripotent stem cells (iPSCs), meaning that tissue 

can be made from patients’ existing cells. This will allow the transplanted tissue to avoid the 

immune response and freeing patient of a lifetime of immunosuppressants. If the patient has a 

genetic disease, the cells can be edited using CRISPR/Cas9 to correct the error and create healthy 
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cells. Figure 1 demonstrates the goal of personalized medicine in kidney disease patients: iPSCs 

derived from patients will be used to generate an immune-matched kidney transplant.  

Despite the promising 

potential of organoids, the 

field is likely at least 20 years 

away from developing 

transplantable tissue. In order 

to turn organoids into 

transplantable organs, three 

things: organization, including plumbing; nephron maturity and specification; and scalability. The 

most significant reason organoids are not transplantable is that while organoids form the major 

structures of the kidney, they are disorganized, immature, and small. The disorganization means 

there is no inlet or outlet to the nephrons, required for the connection to the patient’s system. Once 

implanted, the tissue will quickly die from a lack of oxygen and nutrients if not connected to a 

perfused cardiovascular system. In fact, vascular dysfunction, namely renal artery stenosis, is a 

major cause of kidney transplant loss and patient death (Bruno et al., 2004). There is evidence of 

ingrowth of host vasculature into implanted organoids, but it would not be quick enough to fully 

vascularize a large organ. Additionally, the renal vasculature is highly patterned and functionally 

heterogeneous. For the kidney to function, the vasculature must form fenestrated capillary tufts in 

the glomeruli where affluent enters the nephron for filtration. The vasculature then leaves the 

glomerulus and forms the peritubular capillaries, which surround the cortical nephron, and vasa 

recta, which surround the loop of Henle. Peritubular capillaries are necessary for draining the 

nephron, absorbing secreted water and solutes. The lack of maturity in kidney organoids means 

Figure 1. Process of developing personalized, transplantable kidneys for 
patients with kidney disease. Created using Biorender.   
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that they are not functional. Kidney organoids have a similar transcriptomic profile of a second 

trimester embryonic kidney (Takasato et al., 2015). There is only evidence of rudimentary function 

on a cellular level of the proximal tubule epithelium, but no resorption by the vasculature. 

Additionally, as the kidney’s primary function is to filter blood, 25% of the heart’s output is 

pumped into the kidney from the renal artery, which is a direct offshoot of the aorta. The 

vasculature and nephrons must be developed enough to able to withstand the high pressure and 

volume of blood. Lastly, organoids are only 1-2 mm in diameter and contain less than one thousand 

nephrons, whereas an adult kidney contains about one million nephrons and is the size of a fist 

(Guyton and Hall, 2006; Takasato et al., 2015). In order to turn organoids into transplantable tissue, 

they will need to be much larger and properly vascularized. 

 
Mammalian kidney function and development 
 
The kidney is comprised of a branched network of filtration units called nephrons that aid in the 

removal of waste as well as maintain water and salt homeostasis. Nephrons are patterned epithelial 

structures, with specialized cells responsible for resorption and secretion of specific molecules 

(Fig. 2). Filtration starts at the glomerulus, where fluid from the circulatory system is pushed 

through holes, or fenestrae, in the capillary tuft. The fenestrae and podocyte foot processes work 

together to create a sieve, 

so that cells and large 

Figure 2. Diagrams of 
nephron, filtration (left) and 
vasculature (right). Filtrate 
flows from glomerulus 
through the proximal 
tubule, loop of Henle, distal 
tubule, to collecting duct. 
Peritubular vasculature aids 
in absorption of water and 
molecules secreted from the 
nephron.  Biorender.  
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molecular weight molecules such as antibodies stay in the blood, while sugars, salts, and metabolic 

waste is collected into the bowman’s capsule and flows into the proximal tubule, where a majority 

of filtration occurs (Guyton and Hall, 2006). The filtrate moves through the nephron where 

necessary molecules are reabsorbed back into the peritubular capillaries, while waste continues 

through to the collecting duct. The effluent drains into collecting ducts, which converge into the 

ureter and drain into the bladder where waste is expelled as urine.  

The human kidney has on average 1 million nephrons, although it varies greatly between 

individuals. Kidney development starts around week 5 of gestation and all nephrons are formed 

by birth. In the mouse, kidney development starts at embryonic day 11 (E11), continuing until 

around 4 days after birth (Zoetis and Hurtt, 2003).  

Kidney development begins from 

intermediate mesoderm that is located on 

either side of the somites. The anterior 

intermediate mesoderm cells undergo 

mesenchymal to epithelial transition (MET) 

to form the nephric duct (Obara-Ishihara et 

al., 1999). As development of the nephric 

duct continues caudally, three excretory 

organs are formed: pronephros, mesonephros, 

and metanephros. The pronephros and 

mesonephros are temporary, primitive 

structures. As the newer structure forms, the 

more primitive structure degrades, although ducts of the mesonephros do become a part of the 

Figure 3. Model of early kidney development in the 
embryo. Left: ureteric budding from the nephric duct 
into the metanephric mesenchyme. Middle: UB 
branches as NPCs are maintained at the UB tips. Right: 
NPCs cluster underneath the NPC cap and condense to 
form the peritubular aggregate where the cells undergo 
MET to creating the renal vesicle. The renal vesicle 
continues to differentiate to form the nephron.   
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male reproductive system. The metanephros, the permanent kidney, forms last. At around week 5 

in the human and day E11 in the mouse, the nephric duct protrudes into the surrounding 

mesenchyme, which is derived from the proximal intermediate mesoderm. The budding nephric 

duct forms the ureteric bud (UB), which undergoes branching by planar bifurcation to form the 

collecting duct network. The metanephric mesenchyme gives rise to stromal progenitor cells and 

nephron progenitor cells (NPCs), also called the cap mesenchyme because they are present at the 

UB tips, forming ‘caps.’ As the UB branches outwards, NPCs are maintained at the UB tips, 

creating a nephrogenic zone on the outer layer of the developing kidney (Fig. 3). NPCs condense 

under the tip and undergo MET to form nephrons, fusing with the UB to create the connected tree 

(Short and Smyth, 2006). The formation of nephrons from the cap mesenchyme through reciprocal 

signaling with the UB has been extensively studied. (Oxburgh et al., 2004; Little et al., 2012 

review.). However, there is still much to be learned about nephron development and maturation, 

particularly the roles played by vasculature and stroma. 

 
 

Vascular development 
 
Blood vessels develop in two ways: vasculogenesis and angiogenesis (Risau, 1997). During 

vasculogenesis, endothelial progenitors, or angioblasts, coalesce and form blood vessels de novo. 

Vasculogenesis occurs early in embryogenesis when angioblasts emerge from the mesoderm to 

form the aortae as two endothelial cords down the length of the embryo (Drake and Fleming, 

2000). Next, the cords undergo tubulogenesis, opening up to form lumenized blood vessels and 

allowing blood flow. During embryogenesis, many blood vessels are primarily formed through 

vasculogenesis. Once the cardiovascular system is established, angiogenesis takes over as the 

primary method of new vessel formation and vascular growth. Angiogenesis is the creation of new 
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blood vessels from existing, pre-formed vessels. Angiogenesis can be subdivided into sprouting 

angiogenesis and remodeling angiogenesis (Wilting and Christ, 1996). Vessels that develop by the 

former mechanism sprout from currently existing vessels, while blood vessels that develop via the 

latter mechanism arise by either splitting an existing vessel into two (intussusception) or by fusion 

with adjacent vessels (anastomosis). During sprouting angiogenesis, specialized distal endothelial 

cells (ECs) called tip cells extend out of a pre-existing vessel and form a new vascular branch 

under the influence of cues in the microenvironment. After blood vessels develop, they further 

differentiate into different types of vessels including arteries, veins, capillaries, and lymphatic 

vessels. Although the cardiovascular system is arguably one of the most important organ systems 

in our body, we are still discovering fundamental aspects of how cells come together to form these 

tubular networks, especially to form complex, individualized vascular beds. 

 The kidney is vascularized as soon as its development begins through angiogenesis. Here, 

capillaries are tightly wrapped around the UB and a plexus is surrounding, but not intercalated 

into, the metanephric mesenchyme (Munro et al., 2017; Daniel et al., 2018). As the kidney 

continues to develop, so does the vasculature. Capillaries are wrapped around the maturing renal 

vesicle and S-shaped body in a stereotyped manner and the nephron forms. At E13.5, vascular 

specification begins with the formation of arteries and veins. Like UB branching, arteries branch 

outwards to the periphery of the developing kidney (Daniel et al., 2018). Studying this relationship 

between renal blood vessels and the developing nephron as well as the process of renal vascular 

maturation will help us to develop vascularized organoids. 
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Necessity of flow for blood vessel differentiation and maintenance 
 
The requirement of blood flow for blood vessel maintenance has been known for decades. Shear 

stress induces many changes in ECs, influencing EC polarity, migration, proliferation, and 

apoptosis (Udan et al., 2013). Three well-characterized endothelial membrane proteins, platelet 

endothelial cell adhesion molecule-1 (PECAM-1), vascular endothelial cadherin (VE-

CAD), and vascular endothelial growth factor receptor 2 (VEGFR2) form a mechanosensory 

complex that is responsible for EC response to flow, with PECAM-1 acting as the direct 

sensor (Tzima et al., 2005).  The response of these proteins to shear stress results in the activation 

of multiple signaling cascades and pathways including ERK, SRK, AKT, NFkB, and PI3K 

(Tzima et al., 2005). 

Disruption of flow during development, or the inability of ECs to respond to flow, results 

in vascular remodeling defects (Lucitti et al., 2007; Udan et al., 2013). This remodeling in response 

to flow is necessary for arteriovenous specification and formation for the vascular hierarchy. 

Particularly notable since arteries, veins, and capillaries experience different types and velocities 

of flow (Noble et al., 2004; Udan et al., 2013).  A key element of vascular remodeling is controlled 

by flow: regression. Vascular regression is both a normal part of development, such as in the 

remodeling of the postnatal retinal vascular plexus, as well as a pathological response (Korn and 

Augustin, 2015). Whether pathological of developmental, regression is preempted by a 

cessation or blockage of flow followed by apoptosis of the downstream ECs (Meeson et al., 

1996). Therefore, not only is flow necessary for proper vascular development, it is also required 

for blood vessel maintenance.  
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Endothelial heterogeneity 
 
Blood vessels display a remarkable variety of large and small vessels, including arteries designed 

to withstand high blood pressure from the heart and veins that contain valves designed to help 

return de-oxygenated blood through the lungs. The larger vessels join at capillary beds, where most 

gas and nutrient exchange happens. In addition to arteriovenous differentiation, ECs are 

heterogeneous structurally and transcriptionally, both between and within tissues; these 

phenotypes play an important role in vascular function. For example, sinusoidal ECs in the liver 

regulate the immune response through their fenestrations and scavenger receptors; fenestrated ECs 

with their unique basement membrane allow blood filtration into the nephron through the 

glomerulus; and the ECs in the brain have extremely low permeability to create the protective 

blood-brain barrier. In the kidney, the vasa recta has a unique structure that creates a slow blood 

flow, maintaining the concentration gradient of the medulla (Guyton and Hall, 2006). 

As technology advances and single cell RNA-sequencing (scRNA-seq) studies have 

become commonplace, there has been an increased appreciation for transcriptional 

heterogeneity in all tissues and ECs are no exception (Marcu et al., 2018). As we learn more about 

endothelial heterogeneity in the developing and adult kidney, we can use this information to inform 

the creation of better, more tissue-specific organoids. The transcriptional profile of organoid ECs 

can indicate what vasculature organoids are able to produce—and what they aren’t. In the kidney, 

one study utilized scRNA-seq to identify blood vessel types in the mouse kidney both during 

embryogenesis and in the adult (Barry et al., 2019). However, despite this incredible progress, 

there is still an extensive amount unknown about not just EC heterogeneity, but its developmental 

and functional impact. A discussion of endothelial heterogeneity in the kidney continues in 

Chapter 4. 
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Angiocrine signaling 
 
One aspect of endothelial heterogeneity is in the cell-surface and secreted signaling molecules. 

There is growing evidence that endothelial cells produce angiocrine signals, diverse factors that 

influence neighboring cells, ranging from promoting stem cell maintenance to differentiation. For 

example, Rspondin3 expression in the central vein is necessary to both initially establish and 

maintain liver zonation (Rocha et al., 2015). In the developing brain, crosstalk between neural 

progenitor cells and ECs through the angiopoietin-Tie2 pathway induces TGFβ1 production by the 

ECs, which signals to the neural progenitors, promoting oligodendrocyte differentiation (Paredes 

et al., 2021). These studies show that blood vessels may be necessary to produce properly 

differentiated and patterned tissues in vitro. Additionally, crosstalk with ECs is also important in 

a tissue’s response to stress or injury (Dumas et al., 2020). In the lung, matrix metalloproteinase 

14 produced by ECs in to promote alveolarization after lung injury (Ding et al., 2011). 

Understanding how blood vessels respond to kidney injury and contribute to fibrosis could help 

discover ways to reduce scarring in improve healing. Angiocrine signaling has been investigated 

in many organs, but not yet in the kidney. We hypothesize that angiocrine signaling may be 

involved in nephron patterning, but further studies are necessary to determine if vasculature 

influences the developing kidney and if so, what signals are involved. 

  
 
Organoids and vascularization 

 
Takasato et al., 2015, published in Nature, was a landmark study, the first to show kidney 

organoids developed from human iPSCs (Takasato et al., 2015). There are multiple methods of 

kidney organoid generation, both from mouse embryonic kidney progenitors and pluripotent stem 
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cells. While there had been previous studies describing nephron progenitor differentiation in vitro, 

Takasato et al. was the first to show hiPSC-derived kidney organoids, not only with all expected 

cell types, but rudimentary proximal tubule function as well, as shown by dextran endocytosis by 

the proximal tubule. Prominent papers with methods for kidney organoid generation include 

Taguchi et al., 2014 (mESCs); Brown et al., 2015 (mouse embryonic kidney); Takasato et al., 2015 

(hiPSCs); Freedman et al., 2015; Morizane et al., 2015; Taguchi et al., 2017; Przepiorski et al., 

2018; Gupta et al., 2020 (hESCs and hiPSCs; Zeng et al., 2021 (mouse embryonic kidney; and 

Ryan et al., 2021 (hESCs and mouse embryonic kidney). Many of these methods share similarities 

and the ones in my paper Ryan et al., 2021 were derived from Takasato et al. (stem cell derived 

organoids), and Brown et al., 2015 (mouse embryonic nephrogenic zone cell organoids). Many of 

these protocols have overlapping growth factor and media components; we have found that the 

media additions can be distilled down to CHIR 99021 (Wnt agonist) and FGF9. 

Differentiation of PSCs to kidney organoids begins with Wnt signaling activation to induce 

mesoderm formation. These cells further differentiate into metanephric mesenchyme, splitting off 

into stromal and nephron progenitor cell fates. Wnt activation is followed by FGF9 to induce MET. 

From here, the cells self-organize into nephron-like structures including podocytes, proximal and 

distal tubules, and loop of Henle (Takasato et al., 2015). Originally, it was thought that through 

the organoid differentiation process, both nephrons and collecting duct developed. However, this 

is likely due to the misattribution of collecting duct to distal tubule (Howden et al., 2021). Since 

this was realized, a few methods have been created to specifically develop collecting duct 

organoids, which can be recombined with nephron organoids (Zeng et al., 2021). 

In addition to parenchyma, kidney organoids contain ECs and stroma. The exact origin of 

organoid angioblasts is unclear, but due to the proximity of lateral plate mesoderm and 
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intermediate mesoderm in the developing embryo, angioblasts are likely a non-targeted result of 

the differentiation process.  

Embryoid bodies (EBs), the precursor to tissue-specific organoids, are simply aggregates 

of PSCs allowed to spontaneously differentiate by removal of stem-maintaining factors such as 

LIF (mouse only) or feeder cells (Kurosawa 2007). When embryoid bodies form, the stem 

cells differentiate into the three germ layers: mesoderm, endoderm, and ectoderm. In the embryo, 

angioblasts first arise from the lateral plate mesoderm; EBs form blood vessels spontaneously 

without the addition of any growth factors (Wang et al., 1992; Gerecht-Nir et al., 2003). 

These models of early embryonic development can be used as tools to study the origin of 

ECs, vasculogenesis, and tissue-specification of ECs (Kim et al., 2008).   

As during embryogenesis, EB and organoid ECs mature over time in culture. EB ECs 

appear on day 3 of culture and continue to acquire expression of maturity EC genes, starting with 

VEGFR2, then going on to express CD31, Tie2, and then VE-Cad, followed by LVAP and 

CD34 (Vittet et al., 1996). This may also be seen morphologically, with ECs developing into 

vessel-like stages until around day 11 of culture.  However, it is debated whether EB and organoid 

vessels are able to reach a fully mature state even with angiogenesis-promoting growth factors. The 

maturation of vessels by gene expression has also been shown in kidney organoids and is improved 

by interstitial flow (Homan et al., 2018). The importance of vasculature is often unrecognized, 

including in organoids. It is not uncommon for pioneer organoid publications to omit mentions of 

ECs. Additionally, some organoid systems such as cerebral organoids, do not appear to yield 

vasculature at all (Lancaster et al., 2013). As discussed in chapter 4, some organoid protocols may 

require the addition of ECs due to the lack of endogenous ECs. While the differentiation of 
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organoids follows different developmental pathways, we can use our knowledge from other 

systems to understand, and promote, organoid vasculature. 

 
Perspective 

 
As a scientist, I am driven by the fundamental question, how do cells ‘know’ how to differentiate, 

migrate, and form complex tissues? The cardiovascular system is often viewed as an accessory 

organ—simply present to support tissue survival and maintenance. It is evident however, that the 

vasculature is not nearly that simple. Blood vessels form an active, complex, heterogeneous system 

that is critical for development, not simply to provide oxygen and nutrients. My goal was to 

understand how. Early on in my doctoral studies, I found that there was little literature available 

about the renal vasculature, outside of descriptive anatomy and some studies on glomerular 

vasculature. To begin to address this gap, we published Daniel et al., 2018, Spatiotemporal 

heterogeneity and patterning of developing renal blood vessels. This work established vascular 

patterning during renal development in the embryonic mouse. In order to take this work further, 

higher level RNA sequencing analysis is necessary. The ongoing study of vascular heterogeneity 

in the embryonic kidney is outlined in Chapter 4. 

 There is significant research establishing how the early nephron develops and is patterned. 

Additionally, the function and marker gene expression profile of the differentiated nephron 

segments is known. However, what exactly causes this patterning is not fully understood. 

Organoids offer an excellent model to study tissue differentiation outside the confines of traditional 

in vivo models. When studying vasculature in vivo, timing is essential. Disrupting blood vessels 

has an immediate effect on the growth and survival of the embryo. With the organoid system, it 

appeared that blood vessels could be de-coupled from their role as an oxygen and nutrient supply. 

In particular, I was interested in studying angiocrine signaling, signals produced by ECs that 
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influence neighboring cells. By studying organoids outside of the cardiovascular system, we 

removed signals from blood circulation such as oxygen and hormones that were not directly from 

ECs. 

 As shown in this thesis, particularly in Chapter 3, organoids were not the ideal tool for 

studying renal vasculature. Not only is the vasculature of organoids more sparse and less organized 

than in vivo, but I found that both embryonic kidney explants in ex vivo culture and organoids 

developed vasculature, but quickly lost it. Future work in organoids is best performed under 

hemodynamic flow. Methods for this will be discussed in Chapter 5. 
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CHAPTER TWO 
The state of current treatments and clinical studies for chronic kidney disease 

 
 
My graduate work focused on developmental biology, studying blood vessels in developing 

kidneys. The basis of my thesis is the hypothesis that blood vessels produce important cues that 

direct nephron development. These efforts in understanding kidney development in vivo and in 

vitro will hopefully lead to future innovation in culturing kidney tissue in the lab for use as 

transplantable tissue in patients 

with chronic kidney disease 

(CKD). For this project, I set off 

to learn about the clinical side of 

kidney disease in order to better 

understand patients’ needs. First, 

I completed an internship from 

fall 2020 to spring 2021, with Precision Research. This is a new company based in Dallas, Texas 

that acts as a liaison between clinical research sites and the pharmaceutical companies sponsoring 

the research. Precision was started by an MD who 

worked in industry as a medical science liaison in 

gastroenterology. Here, he realized the challenges 

that come with running clinical trials; he created 

Precision, a centrally integrated research network 

(CIRN) to remove the burden from sites so healthcare 

providers could focus on what matters—treating 

patients (Fig. 4). Throughout this internship, I learned 

Figure 4. Centrally Integrated Research Network streamlines the sponsor-
site relationship in clinical research trials. A) Standard model requires 
hundreds of sites, with poor communication and slow timing. B) CIRN is 
a carefully selected network of top research sites and sponsors. Supports 
sites for faster startup better site engagement. 

A B 

Figure 5. Activities necessary for running a 
clinical trial. Integrating these tasks helps 
streamline studies providing faster and more 
accurate results. CDA: confidential disclosure 
agreements, QA: quality assurance, QC: quality 
control 
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about the struggles of clinical trials and the immense amount of work and regulations involved in 

a successful trail (Fig. 5). Even after signing onto the study, many sites fail to recruit patients for 

studies. By streamlining this process, we can help patients, many who have run out of options, 

access novel medications more quickly. This also saves an enormous amount of time and money 

that is wasted setting up clinical trial sites with few enrollments, allowing drugs to come to market 

more quickly. My active contribution to Precision mainly consisted of aggregating information for 

the extensive documentation required for research sites. I also helped design pamphlets for the 

new neurology division of Precision to inform sponsors and potential sites, including the graphics 

in figures 4 and 5. During the internship, we had didactic sessions about the pharmaceutical 

industry and clinical trials where I gained insight into the clinical process from drug discovery to 

market launch. I also sat in on strategical calls with clinical research organizations and site 

initiation visits, learned how to identify suitable patients for studies, and attended guest lectures. 

Lastly, I completed a research project on multiple sclerosis, which culminated in a final 

presentation attended by medical science liaisons from top sponsors including Eli Lilly and 

Takeda.  

After completing the internship, I set off to complete this research project in order to better 

understand CKD. This report summarizes the causes and current treatments for CKD as well as 

ongoing clinical trials to find novel therapeutics. Much of this report is based on information 

provided by the National Kidney Foundation (NKF; kidney.org); Kidney Disease: Improving 

Global Outcomes (KDIGO) which was started by the NKF, and is now a separate entity; and the 

National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK)—part of the National 

Institute of Health (NIH)—including the United States Renal Data System (USRDS) report. These 
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non-profit and government organizations are fantastic sources for physicians, patients, and 

researchers who are interested in learning more about CKD.  

 

CKD causes, symptoms, and treatments 
 
Kidney disease affects roughly 1 in 7 American adults, with African Americans, Hispanics, Pacific 

Islanders, and seniors at an increased risk. Many people are not aware they have CKD until it 

becomes relatively severe due to the lack of symptoms in early stages, meaning patients could 

have kidney disease potentially for years before seeking treatment (NIDDK). Normally, kidneys 

function to filter blood and remove waste through the urine while keeping important proteins in 

the blood. When the filtration function does not work, patients may experience symptoms such as 

fatigue, swelling of the feet, frequent urination, and muscle cramping (kidney.org). The first test 

to assess kidney damage is likely a urinalysis for albumin. Albumin is a protein found in the blood 

that normally should be blocked from entering the urinary system by the kidney. However, if the 

kidney is damaged, this can cause albumin to slip through. Elevated levels of albumin in the urine, 

called albuminuria, is an indicator of kidney damage (kidney.org). The next step in diagnosing 

CKD is to determine how well the kidney is functioning and filtering the blood by analyzing blood 

creatinine levels. Creatinine is a protein waste product that results from muscle breakdown that is 

normally filtered out by the kidneys, therefore high levels of creatinine in the blood indicates 

problems with kidney function (kidney.org). Using creatinine levels and taking into account age, 

race, and sex, the estimated glomerular filtration rate (eGFR) may be calculated. Based on eGFR, 

the stage of CKD is determined. Patients in stage 1 of CKD have some kidney damage, but still 

have normal kidney function, with an eGFR of 90 or higher. The highest stage, stage 5, is kidney 

failure, with an eGFR of 15 or less. eGFR is calculated based on the blood creatinine levels 
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(kidney.org, NKF-KDIGO, NIDDK). As eGFR decreases, all-cause mortality increases (NKF-

KDIGO; Matsushita et al., 2010). 

There are various causes of CKD, including congenital defects in the kidney, inflammatory 

and autoimmune diseases such as lupus, polycystic kidney disease, as well as kidney damage that 

can occur from repeated urinary infections, kidney stones, or overuse of certain painkillers 

(kidney.org). However, the most common causes of CKD are diabetes and high blood pressure, 

present in about half of CKD patients (NIDDK). This is because both conditions can damage the 

blood vessels in the kidney. In fact, all CKD patients are considered at risk for cardiovascular 

disease, which is a significant mortality risk (NKF-KDIGO; Matsushita et al., 2010). Type II 

diabetes, high blood pressure, and obesity are common comorbidities in patients with CKD and 

put patients at greater risk of developing and progressing CKD. At present, there is no cure for 

CKD. The focus of clinicians is on preventing further damage to the kidneys and slowing down 

the progression of CKD by controlling blood pressure, diabetes, weight, and cholesterol through 

diet modifications and exercise (NKF-KDIGO). Medications targeting these conditions may be 

prescribed in addition to lifestyle changes. There are many blood pressure drugs on the market; 

two classes, angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers 

(ARBs), are commonly prescribed for CKD patients and have been shown to reduce kidney 

damage (NIDDK). Diuretics are often prescribed for kidney patients, although they can increase 

the risk for acute kidney injury (NKF-KDIGO). Statins, drugs that help control cholesterol, are 

some of the most highly prescribed medicines in the United States. Lastly, there are multiple drugs 

on the market now for patients with Type II diabetes, one of the leading causes of CKD. The oldest 

Type II diabetes drugs are sulfanoureas, such as glipizide, that induce insulin production by the 

pancreas (Betonico et al., 2016). Sodium-glucose co-transporter 2 (SGLT2) inhibitors such as 
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Jardiance (empagliflozin) and Farxiga (dapagliflozin) reduce blood sugar in patients by stopping 

glucose reabsorption in the proximal tubule and have been shown to slow the progression of CKD 

and reduce the risk of cardiovascular death (Zinman et al., 2015; Wanner et al., 2016; Tuttle et al., 

2021). Kerendia (finenerone) was recently Food and Drug Administration (FDA) approved for 

Type II diabetes-associated CKD patients (kerendiahcp.com, Filippatos et al., 2020). It is an oral, 

non-steroidal, selective mineralocorticoid receptor antagonist that inhibits inflammation and 

fibrosis and protects against progressive kidney and cardiovascular dysfunction (Grune et al., 

2018). In addition to disease modifying treatments, medications that target specific side effects of 

CKD, including anemia and swelling, can also help patients.  

Once CKD progresses to kidney failure, or end stage renal disease (ESRD), there is no cure 

except a kidney transplant. Renal filtration is supplemented through dialysis, or renal replacement 

therapy (RRT). There are two types, hemodialysis and peritoneal dialysis. With hemodialysis, the 

patient’s blood is cycled through a dialysis machine that filters the blood and returns it to the 

patient. This is a time-consuming endeavor that is usually performed at a dialysis center, about 

three times a week for four hours per session (kidney.org). Peritoneal dialysis is where a dialysate 

flows into the abdominal cavity through a catheter and is then drained after allowing time for waste 

product to exchange. This setup allows patients to undergo dialysis at home, but it is not a feasible 

option for everyone (kidney.org). While dialysis does filter the blood, there are many other 

functions of the kidney that it does replace. For instance, kidneys secrete erythropoietin which 

controls red blood cell production, leading to many patients on dialysis being anemic. Importantly, 

patients undergoing dialysis only have around a 50% 5-year survival rate. Kidney disease has an 

incredible impact on people’s quality of life and patients who progress to kidney failure have a 

drastically decreased lifespan. Dialysis is also an immense burden on the healthcare system, so it 



 21 

is essential to discover new treatments that can improve patients’ life and delay the progression to 

ESRD (USRDS).  

 

The need for new treatments and clinical trials 
 

Especially in the United States, rates of CKD are rising, highlighting the importance of finding a 

novel therapies (USRDS). I attended Kidney Week in 2019 (Washington, D.C.) and 2020 (virtual), 

an annual conference hosted by the American Society of Nephrology. This is a large meeting, 

attended by around 10,000 nephrology professionals, including physicians, academic scientists, 

and people in the pharmaceutical industry. It really stood out to me how much need there is for 

treatments for kidney disease. One speaker noted that with current treatments, many patients’ CKD 

still progresses. Many drugs are not directly targeting inflammation or fibrosis in the kidney, but 

only affecting blood pressure and diabetes control. Additionally, many clinical trials fail. For 

instance, Losartan, a blood pressure drug that is used in type II diabetes patients to reduce kidney 

strain was found to have no difference over placebo in preventing CKD. Even if a drug is found to 

be effective, it takes about 12 years of testing in clinical trials and over 800 million dollars before 

it will be widely available for patients (DiMasi et al., 2003). 

Clinical trials are necessary in order to prove the efficacy and safety of a drug or treatment 

for it to be approved by the FDA for public use. There are two main kinds of clinical studies: 

interventional and observational. Observational studies are not providing patients with an 

investigational treatment but can be studying the long-term effects or a mechanism of a drug that 

may be already FDA approved, or assessing different diagnostic methods. Interventional studies, 

or clinical trials, are what come to mind when thinking of clinical research: when a new treatment 

is being tested for safety and efficacy. Interventional studies can also be behavioral or dietary 
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additions or changes. There are about three times as many active interventional studies as 

observational. Observational studies are less risky and less expensive than interventional but are 

also not going to lead to a new treatment for patients. However, they are still extremely useful in 

order to understand how populations with different genetic backgrounds may present the disease 

or respond to treatments, as well as identify important diagnostic tools that could help patients 

begin the right treatment earlier.  

Studies of new treatments first start in the lab, where drugs are tested in cell culture and 

animal models in pre-clinical trials. If approved for human studies, they can be tested in a small 

group of healthy patients to assess drug safety and metabolism. Phase II and III test the drug in 

patients with a specific disease for the drug. Phase III is a larger study than phase II and either 

compares the drug to placebo or a standard treatment to determine if the new drug is better than 

existing therapies. These studies show that the drug is effective for managing the disease but do 

not result in an unacceptable number of side-effects. Even once a drug is approved, studies may 

continue in order to study the long-term effects or the mechanism of a drug. Although expensive 

and time-consuming, the extensive clinical trial process is necessary to ensure patients are only 

treated with effective and safe drugs. Additionally, one drug may be part of multiple clinical trials 

at once. A new trial must be undergone for every indication of a disease. For instance, the drug 

Esbriet (pirfenidone) is approved by the FDA to treat idiopathic pulmonary fibrosis. It is now part 

of a phase II clinical trial in order to assess its efficacy in delaying CKD progression. A new 

clinical trial must also be performed for different patient populations, i.e., adult vs. pediatric. 

According to ClinicalTrials.gov, a clinical trials database run by the NIH, there are 3716 studies 

involving kidney disease, and 1165 related to CKD that have been or are being done in the United 
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States (12 at UT Southwestern Medical Center). 224 of the CKD studies are either currently 

enrolling patients or are active (clinicaltrials.gov). 

 There are too many ongoing clinical trials to discuss here, but a list of 54 clinical trials may 

be found in Table 1, along with the trial number, drug or device being assessed, sponsor, phase, 

enrollment goals, timeline, and other indications. Many drugs undergoing trials are not directly 

treating CKD, but aimed at treating common side-effects such as hyperphosphatemia, vitamin D 

deficiency, and anemia. Some treatments are simple and cost-effective, such as sodium bicarbonate 

(baking soda) administration to treat acidosis. During my Mechanisms of Disease and 

Translational Science (MoDTS) clinical internship in 2017, I learned many patients were wary of 

“drugs” and preferred “natural” remedies and were more open to a mix of baking soda and water 

than something like an antacid pill.  

 Biologics such as monoclonal antibodies are more commonly used now and are highly 

effective for many immune-mediated diseases such as inflammatory bowel disease and psoriasis. 

Some studies of patients with immune-mediated diseases who are taking biologics such as anti-

TNF monoclonal antibodies had a lower risk of CKD progression, likely due to the anti-

inflammatory effects (Sumida et al., 2018). However, these treatments have not yet been 

investigated directly for CKD and there are not any biologics on the market yet, but studies are 

beginning to investigate some. In a similar vein, Clazakizumab, an anti-IL-6 monoclonal antibody 

is being investigated for kidney transplant patients in order to reduce rejection, particularly in 

patients who have rejected a previous kidney transplant. Clazakizumab may help remove donor 

specific HLA antibodies to desensitize the patients and prepare for the new transplant 

(clinicaltrials.gov). This could help transplanted kidneys last longer and prevent patients from 

requiring high dose immunosuppressants.  
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AstraZeneca is sponsoring a phase I study (NCT04365218) of monoclonal antibody 

MEDI8367. The antibody binds to human integrin β8 and inhibits its TGFβ activation to reduce 

kidney fibrosis (Marin et al., 2020). This study will have healthy patients and patients with CKD. 

There are over 50 primary outcomes, including adverse events and multiple blood and urine tests 

to ensure the safety and tolerability of the antibody (clinicaltrials.gov). A phase I study 

(NCT04699032) sponsored by VectivBio AG is investigating Apraglutide, a peptide glucagon-

like peptide 2 (GLP-2) analogue that acts as a GLP-2 receptor agonist. Since it promotes nutrient 

absorption and gut epithelium proliferation, this drug is also being investigated in short bowel 

system. It may have a beneficial effect on glucose metabolism and help protect against Type 2 

diabetes (Amato et al., 2016). 

 The last interesting treatment being investigated that I would like to focus on is stem cell 

treatment. A phase I study by the Mayo clinic (NCT03840343 and NCT04869761) is investigating 

infusion of adipose-derived mesenchymal stem cells for patients with diabetic CKD. The study is 

mostly focusing on safety, as the primary outcomes are the number of adverse events that patients 

experience. Researchers will also assess kidney function by eGFR to determine if patients stayed 

the same, improved, or worsened. This research is based on improvement shown in animal models 

by injecting cells or cell products (Hickson et al., 2021). Stem cell therapy is gaining in popularity, 

but currently, there are not enough human studies to show that systemically injecting stem cells 

into a patient will cure kidney disease. Further studies both in animals and humans will be required 

to determine efficacy and understand mechanisms behind stem cell therapy.  

 Throughout my experience with MoDTS, I learned what physicians and patients go through 

when battling an illness. Every patient is unique, and medications are not one size fits all. We must 

continue to search for alternative treatments that work better, are cost effective, and are readily 
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accepted by patients. This is especially true for CKD as it becomes increasingly prevalent. Many 

new therapies are currently being investigated. However, clinical trials are time-consuming and 

expensive, especially due to the regulatory requirements necessary to keep participants safe. 

Despite the cost, both basic research and clinical trials are integral to finding new treatments and 

potentially a cure for CKD, which could save millions of lives. 
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CHAPTER THREE 
Vascular deficiencies in renal organoids and ex vivo kidney organogenesis 

 
 
Introduction 
 
Current treatment strategies for end stage renal disease (ESRD) are largely refinements of 

approaches developed almost a century ago, including dialysis, supportive care, and whole kidney 

transplantation. For most patients, kidney transplantation is the best option; however, demand 

greatly surpasses the supply of available organs. For those who do ultimately receive a transplant, 

the average wait time for a kidney is 3–5 years and the threat of immunologic rejection is ever 

present (Nankivell and Alexander, 2010). Recent technological advances are providing hope for 

alternative sources of functional renal tissue. Current work in stem cell and regenerative medicine 

has the potential to provide a historic turning point in treatment possibilities and its success could 

provide treatment for millions of individuals with chronic kidney disease that will progress to 

ESRD. The last half-decade has witnessed rapid advances in stem cell technology for kidney tissue 

differentiation. Critical proof-of-principle generation of kidney tissue ‘in a dish’ provides viable 

new experimental approaches with potential for clinical application. Kidney tissue engineering and 

regeneration efforts have largely focused on epithelial and endothelial components, as these two 

cell types are responsible for much of renal filtration function. Beginning in 2015,several landmark 

studies established protocols to differentiate induced pluripotent stem cells (iPSCs) or embryonic 

stem cells (ESCs) into self-organizing organoids with the capacity to produce a wide range of 

kidney cell types (Morizane et al., 2015; Taguchi et al., 2014; Taguchi and Nishinakamura, 2015; 

Takasato et al., 2015, 2016a; Takasato and Little, 2017) Alternative techniques have also been 

explored, including decellularized kidney matrices and ‘organ-on-a-chip’ technologies. However, 

it has ultimately become clear that achieving conversion of ex vivo generated kidney tissue into 
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patient kidneys will require a full under-standing of how kidney tissue develops, specifically 

epithelial tubules and their closely-associated interstitium, which includes both blood vessels and 

stroma. These approaches that recapitulate normal kidney development hold  a  tangible  promise  

for  generating  functional replacement tissue. Despite these significant advances in tissue 

engineering and stem cell biology in the last decade, we have not yet achieved transplantable 

kidney tissue. In order to generate potentially functional replacement kidneys, the tissue must be 

scaled in size to fit the host and plumbed appropriately, allowing for blood filtration and urine 

excretion. One increasingly recognized obstacle in laboratory-created tissues, including organoids, 

is the difficulty of growing and maintaining a functional vasculature. Blood vessels are necessary 

for tissues to develop long-term and to achieve sizes beyond the limit of oxygen and nutrient 

diffusion. Lastly, growing evidence supports the necessity of vasculature in promoting 

differentiation and maturation of tissues, including the kidney (Rafii et al., 2016; Rocha et al., 

2015; Rymer et al., 2014; van den Berget al., 2018; Yao et al., 2017). In fact, numerous studies 

have recognized this importance and shown that mimicking flow can ameliorate organoid 

vascularization (Homan et al., 2019; Morizane and Bonventre, 2017; Zhang et al., 2017). Despite 

this progress, nascent organoid vasculature still falls short. Across published protocols, organoid 

blood vessels generated are immature and disorganized, and our understanding of their 

specification, formation, and dynamics is limited. The low and transient expression of endothelial 

genes in kidney organoids has been shown by qPCR, but the endothelial cells (ECs) themselves 

have not been analyzed throughout this process (Takasato et al., 2015). In addition, it is still unclear 

how kidney vasculature is specified in vivo, how its heterogeneity might impact kidney cell types, 

and the dynamics of EC growth during in vitro culture. As the existing analysis of organoid 

vasculature to date has been limited, a closer look at organoid blood vessels is warranted. In this 
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study, we assess the dynamics, maturity, and maintenance of blood vessels in renal organoids, 

cultured kidneys, and implanted organoids. Using organoids generated from either human 

embryonic stem cells (hESCs) or mouse embryo nephrogenic zone cells (NZCs), we explore 

vascular structures and their growth. We show that the vasculature in both types of organoids is 

transient and fundamentally defective. While epithelial kidney cell types display relatively normal 

specification and initial patterning, the vasculature largely fails to thrive. Organoid vessels display 

significantly lower density and complexity than equivalent normal midgestation kidney tissue and 

vessels largely fail to associate with kidney epithelium. Most significantly, organoid vessels 

regress over time in culture. To test whether vascular regression is precipitated by initial failure of 

EC specification during directed differentiation of hESCs, we examine vessels in cultured 

embryonic kidneys and NZC-derived organoids, both of which already contain ECs. We observe 

significant regression in all three systems, suggesting necessity of hemodynamic flow in vessel 

maintenance. When organoids are implanted under the kidney capsule of adult mice, however, 

they are vascularized by the host. Notably, implanted organoids display capillary tufts in the 

glomeruli. To identify differences between ECs in lab-generated kidney tissue versus normal 

embryonic kidney, we analyze publicly available single cell RNA sequencing (scRNA-seq) data 

comparing ECs in week 8–18 human embryonic kidneys to those in human ESC and iPSC kidney 

organoids (day 0–34). We find that early during culture, organoid ECs have a similar 

transcriptional signature to embryonic ECs, but progressively diverge over the course of culture. 

Self-organizing models of renal development, such as organoids, offer a promising tool for 

studying the kidney and for engineering replacement kidney tissue; however, our work underscores 

critical shortcomings of organoid vasculogenesis and demonstrates the importance of developing 

methods to promote, maintain, and properly identify blood vessels in cultured kidney tissues. 
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Results 

 
Kidney organoids generated from hESCs 
 
To investigate blood vessels in kidney organoids, we used a previously published protocol 

(Takasato et al., 2016b) as a basis for differentiating hESCs. In this method, we differentiated 

hESCs in monolayer before collecting and aggregating cells to form organoids (Fig. 6A). We 

optimized the protocol by modifying the CHIR treatment length during hESC differentiation to 

achieve a maximal quantity of endothelial cells (ECs) while still generating a significant portion 

of renal structures (Fig. 7A-H). As described in (Takasato et al., 2016a), the ratio between nephrons 

and collecting duct in the organoids may be controlled by altering the length of CHIR treatment 

vs. FGF9 during the 7-day differentiation step (day -7 to day 0). A longer treatment of CHIR during 

hESC differentiation—and a subsequently shorter FGF9 treatment—results in organoids with a 

higher ratio of nephrons. Additionally, each cell line must be optimized for CHIR concentration 

and length to account for any variability in response to treatments (personal communication). We 

tested 4μM, 6μM, and 8μM CHIR and we assessed the effects of CHIR/FGF9 switch at day -4 or 

-3. Optimal organoid formation occurred with 6μM conditions and are shown (Fig. 8A-H). A 4-

day 6μM CHIR treatment was selected as the standard method. After 7 days of hESC 

differentiation in monolayer (day-7 to day 0), we assessed differentiating cell types. E-cadherin 

(E-Cad)+ epithelium formed tubule-like structures (Fig. 6B’, arrows and 6C) surrounded by 

Meis1/2/3+ stromal cells and Six2+ nephron progenitor cells (NPCs) (Fig. 6B). Scattered VEGFR2+ 

angioblasts (with rare co-expression of Sox17, a marker of EC specification) were observed as 

well (Fig. 6D). Organoids were generated by collecting the mixed population of differentiated cells 

from monolayers and either pipetting droplets of approximately 100,000 cells onto filters or into 

ultra-low attachment 96-well plates in suspension (Fig. 7I). In the first instance, organoids were 
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cultured on Transwell filters at the air-liquid interface (ALI), in a manner similar to typical mouse 

kidney explant culture (Fig. 7I, left) (Takasato et al., 2016a). These organoids were large in 

diameter (~2 mm) and displayed a flat pancake-shaped appearance (Fig. 7J; Fig. 9A). By contrast, 

when cells were cultured in low attachment plates, they self-aggregated and developed as rounded 

clusters (diameter of about 1mm) submerged in media (Fig. 6E and Fig. 7I, right). The low-

attachment plate method with submerged organoids was chosen as it yielded more consistent 

organoids than Transwell organoids, as we found the latter more frequently and stochastically 

failed to form nephrons (Fig. 9B). Using the submerged organoid production method, we found 

that, as previously reported, self-organization into visible tubules could be observed after four days 

of culture (Fig. 6E) (Takasato et al., 2015). 

 

hESC-derived kidney organoids contain specialized epithelium and stromal cells  
 
We confirmed that hESC-derived kidney organoids produced the expected range of renal cell types 

in accordance with previous studies (Morizane et al., 2015; Takasato et al., 2015, 2016a). Using 

immunofluorescence, we showed that organoids developed NPCs, tubule epithelium, and stromal 

cells (Fig. 6F–H, Fig. 7A). Epithelial tubules stained for E-Cad; with a subset of Lotus 

Tetragonolobus Lectin (LTL)+ proximal tubules (Fig. 6F). However, in a deviation from normal 

kidney tissue, we found that LTL was not restricted to the apical surface of lumens as it is in vivo 

(Fig. 9F’). We also found scattered glomerulus-like structures of Podocalyxin (Podxl)+ podocytes 

(Fig. 6G). Between epithelial structures, we observed stromal cells identified by Meis1/2/3 (Fig. 

6H). Hence, the hESC-derived organoid protocol altered to increase EC production still generated 

most expected kidney cell types, similar to previously reported protocols, but with some deviations 

from normal kidneys. 
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Vascular density in hESC-derived kidney organoids is low 

We next examined the vascular structures in hESC-derived organoids at day 12, a stage previously 

reported to display staining for known endothelial markers (Takasato et al., 2014). 

Immunofluorescence for established EC markers CD31, Sox17, and VEGFR2 demonstrated the 

presence of positive cells at this stage (Fig. 8A–C). We found that Sox17was the most reliable 

marker of ECs in the organoids. Although most presumptive ECs were Sox17+CD31+ (Fig. 8C, 

yellow arrow), a subset were Sox17+CD31- (Fig. 8C, white arrows). As seen by the 3D view of the 

organoid (Fig. 8A, C) and in optical slices (Fig. 8B), ECs organized into thin, linear aggregates 

with some interconnections, suggesting a primitive plexus. Therefore, by both marker expression 

and morphology, these vascular structures resembled blood vessels. One striking and consistent 

observation, however, was that organoid vessels were distinctly sparse compared to kidneys in 

vivo. We compared the relative density by volume of vessels in normal embryonic kidneys to that 

in organoids and found that organoids had a significant reduction in ECs by whole mount 

immunofluorescent images (Fig. 8D–F). Despite selecting the most highly vascularized sections 

of the organoids for comparison, quantification showed hESC organoids contained less than 2% 

ECs by volume compared to more than an average of 20% for embryonic day 12.5 (E12.5), E13.5, 

and E14.5 kidneys (Fig. 8F). Together, these data showed that at day 12, the overall vascular mass 

in organoids was over 80% lower than in normal tissue. 

 
Blood vessels in hESC organoids lack both patterning and lumens 
 
We further analyzed organoid vessels to examine other aspects of renal vessels, including their 

physical association with kidney cell types, which is normally required for proper physiology. In 
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the mouse embryonic kidney, the developing renal epithelium is surrounded by a plexus of vessels 

(Fig. 8G) and the glomeruli consist of a complex capillary tuft enveloped by podocytes (Fig. 8H) 

(Daniel et al., 2018; Vaughan and Quaggin, 2008). By striking contrast, we found that kidney 

organoid vasculature was largely not associated or aligned with the epithelium (Fig. 8I) and 

organoid podocytes were not vascularized (Fig. 8J). Instead, we often observed a loose plexus of 

ECs extending throughout the organoid, but not surrounding epithelial structures, and only 

occasion-ally associating with podocytes (Fig. 8J, arrow). Altogether, the organoid vessels appear 

unstructured. Furthermore, we find that organoids have reduced vascularity and patterning, as 

measured by a reduced number of blood vessel branch points and fewer points of EC-epithelial 

contact (Fig. 9C-D). We further noted that most vascular structures in the organoids presented as 

either single cells or cords of single cells; most cords were not wider than an EC nucleus (Fig. 8B, 

K’’). We assessed presence of lumens in these cords and found few identifiable open spaces (Fig. 

8K’). In normal kidney tissue, capillary vessels express the sialomucin podocalyxin at their apical 

surface (Sawada et al., 1986), lining the lumen (Fig. 9E). This could be seen in some organoid 

vessels as well, although there was rarely clear apical localization (Fig. 9F-G). Finally, we assessed 

whether organoid vessels associated with mural cells, such as smooth muscle cells and pericytes.  

We carried out staining for PDGFRβ and smooth muscle Actin (SMA), and while we observed 

PDGFRβ cells, they marked much of the stroma and did not always associate with vascular 

structures. Additionally, some of the organoid epithelium was also PDGFRβ+ (Fig. 8L). Rarely, 

PDGFRβ+SMA+ pericytes were observed associated with a blood vessel (Fig. 9H, inset, white 

arrow). Not only were these cells sparse, but they were not observed afterday 9 of culture (data not 

shown). These observations point to pericytes largely missing from organoids. 
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Blood vessels in hESC-derived kidney organoids are transient 
 
We found that the vasculature in organoids displayed high variability in overall mass and pattern 

depending on when they were assayed. Hence, we speculated that their development might change 

over time in culture. To elucidate the dynamic process of vessel formation in organoids, we 

examined vascular structures at multiple timepoints during organoid formation. Prior to organoid 

aggregation, we observed the presence of scattered endothelial progenitors, or angioblasts, at day 

0. These cells were positive for known endothelial marker VEGFR2 (Fig. 6D). On day 3 after 

aggregation, Sox17+ ECs were scattered throughout the organoid, with some small CD31+ cords 

(data not shown). Over the course of culture and hESC differentiation, we found increasing 

numbers of identifiable ECs, peaking around day 6 (Fig. 10A-B, G-H, Q-R). By day 12, however, 

vascular structures were beginning to decline in number (Fig. 10E-F). By day 18, organoids 

displayed few cells that expressed endothelial markers, with CD31 staining being diffuse and 

punctate (Fig. 10E-F). Quantification of ECs at these stages demonstrate that EC numbers peak at 

days 6–9 and decline over time afterwards (Fig. 10G-H). Attempts to increase EC mass using 

VEGF increased vasculature but did not prevent regression (Fig. 10I-P). In fact, differentiated 

hESCs cultured in EGM-2 endothelial media (which includes VEGF) were unable to form 

nephrons and subsequently died, indicating that optimization of organoid culture specifically for 

ECs was sometimes detrimental to kidney cell types (data not shown). In contrast to the 

vasculature, Podxl (podocytes, Fig. 3S) and E-Cad (epithelium, Fig. 10V) levels increase or stay 

stable through day 15 of culture. The Six2+ nephron progenitors also decreased quickly (Fig. 10U). 

Interestingly, two markers of the stroma, Meis1 and Col3a1, show differential levels throughout 

time in culture, with Col3a1 increasing substantially (Fig. 10T). This indicates there may be an 

overgrowth of stroma in organoids (Fig. 11A-B). These data are consistent with published data  
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(Takasato et al., 2015). To determine how vessels were regressing, we examined cleaved caspase 

3 (CC3) staining in organoids at day 12. We observed significant cell death, particularly in the 

center of the organoid (Fig. 10W, 11C). The location of CC3 can be viewed by zoomed in virtual 

slices (Fig. 10X-Y, arrows). Most CC3 appears to be in the interstitium, some in ECs, and a minor 

amount in epithelium. These findings underscore that while ECS are present in kidney organoids, 

as reported in other studies, organoid vessels are generally sparse and transient, regressing 

relatively quickly over the course of culture. 

 

Kidney organoids can be generated from mouse nephrogenic zone cells 
 
After observing poor formation of vasculature in hESC-derived organoids, we reasoned that 

protocols designed to generate renal cell types may not be optimized to generate properly specified 

vascular precursors with the potential to differentiate properly. We hypothesized that blood vessels 

might develop better in organoids where ECs are sourced from tissue where kidney endothelium 

is already present. We therefore turned to an alternative method of organoid generation based on 

isolation and propagation of committed renal progenitors (Brown et al., 2015, 2019). In this 

method, we disaggregated actively proliferating cells from the cortex of the embryonic kidney, 

which contains ECs as well as nephron, ureteric bud, and stromal progenitor cells. As the cortex 

is the area of active nephrogenesis, it is referred to as the ‘nephrogenic zone’ and the cells collected 

from this region as nephrogenic zone cells (NZCs). Based on these methods, kidneys were isolated 

from mouse embryos at E17.5 and digested whole to release NZCs in the outer cortex (Fig. 12A). 

Only the most cortical cell layers, made up of nephron progenitor cells (NPCs), ureteric bud (UB) 

tips, ECs, and stromal cells, are released and isolated from the kidney using this technique (Fig. 

12B). The differentiation potential of isolated NZCs was assessed using reporter mice with lineage 
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tracer constructs in addition to immunofluorescence. Flk1-GFP was used to identify ECs; 

Hoxb7Cre; RYFP confirmed the UB lineage; Six2Cre; RYFP demonstrated the NPC lineage; and 

Foxd1Cre; RYFP marked the stromal progenitor cell lineage (11D-G). After digestion, NZCs were 

either aggregated immediately to form organoids by spotting approximately 500,000 cells onto a 

floating membrane or cultured on monolayer to expand the population (Fig. 12A). NZCs could be 

maintained and passaged up to two times as a heterogeneous population of kidney progenitor cells 

(Fig. 12A, C-D). Similar to differentiated hESCs plated in monolayers, NZCs formed clusters of 

epithelial cells (Hoxb7-CreYFP+ UB cells) surrounded by Six2+ NPCs and stromal cells (Foxd1-

CreYFP) (Fig. 12C and D). As previously reported (Daniel et al., 2018; Munro et al., 2017), 

although the NPCs in the developing kidney organize into cap-like structures, which are 

themselves predominantly avascular, they are surrounded by a thin layer of interstitium and ECs. 

Hence the isolated NZCs contain a small number of ECs that we detected using Flk1-GFP one day 

after plating (Fig. 11H). However, ECs experienced limited growth in monolayer and became 

increasingly difficult to identify, likely not surviving in culture (Fig. 11H-I). In fact, culture of 

human umbilical vein endothelial cells (HUVECs) in kidney organoid media resulted in cell death 

(data not shown). Therefore, to maximize ECs in NZC-derived organoids, we carried out organoid 

aggregation immediately after digestion and collection of NZCs. Like hESC-derived organoids, 

NZCs readily self-organized and differentiated into organoids, with tubule-like structures 

becoming visible in brightfield by day 4 (Fig. 12E). We next assessed the epithelial and stromal 

structures in NZC-derived organoids and found that NZC organoids contained ureteric and 

nephron epithelium, podocytes, and stromal cells (Fig. 12F–J). Whole mount immunofluorescence 

of NZC organoids showed a large number of E-Cad+ epithelial tubules and Podxl+ podocytes 

(Fig.12F). Sectioned organoids (Fig. 12G–J) showed Aqp1+ proximal tubule and descending loop 
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of Henle and NPHS1+ podocytes (Fig. 12G), LTL+ proximal tubule and Umod+ loop of Henle (Fig. 

12H), a stromal population throughout the organoid marked by the protein Meis1/2/3 (12I), and 

collecting duct marked by Aqp3 and pan-cytokeratin  (Fig. 12J), These findings demonstrate the 

ability of embryonic NZCs to form organoids with a range of kidney cell types. 

 

NZC-derived organoids contain intermediate ‘off-target’ vascular cell types 

To analyze organoid vasculature, we generated NZC organoids from the kidneys of Flk1-GFP 

reporter mice. Interestingly, however, we identified discrepancies between vascular cell type 

specific reporters and immunofluorescence. In particular, we observed relatively few Flk1-GFP+ 

ECs in NZC organoids. By contrast, although CD31 could be seen in EC cords, it was also patchy 

throughout large regions of the organoid (Fig. 14A). We investigated these cells further and found 

that NZC organoids contained two distinct populations of presumptive ECs; one located on the 

filter side and one at the ALI. ECs along the ALI were rare but often organized into cords (Fig. 

13A, yellow arrows), while those at the filter interface were abundant and disorganized (Fig. 13A, 

white arrows). Co-staining for the endothelial marker EMCN and the stromal marker Meis1/2/3 

demonstrated that these more abundant cells were positive for both stromal and EC markers, while 

the cells at the organoid ALI exclusively expressed EC markers (Fig. 13B). To trace the origins of 

these ‘endothelial’ cells in organoids, we used genetic lineage tracing. Surprisingly, we found that 

NZC organoids dis-played EC marker expression in cells that had originated from both stromal 

and NPC progenitors (Fig. 13C-D). Co-expression of stromal and EC markers led us to further 

investigate whether the double positive cells were due to aberrant expression of endothelial genes 

by stromal cells. We used the Foxd1Cre; RYFP/Terminator mouse to generate organoids derived 

solely from nephrogenic stromal cells (Fig. 13C) (Guo et al.,2013). This mouse contained a 
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transgenic diptheria toxin receptor (DTR) flanked by LoxP sites at the Rosa26 locus. Following 

Cre recombination in Foxd1-expressing stromal progenitors, the DTR was deleted and those cells 

were resistant to diptheria toxin (DT). Following isolation, NZCs in culture were treated with DT 

in vitro to kill all non-stromal cells, resulting in an organoid made exclusively from stromal-lineage 

cells. Unexpectedly, these ‘stroma only’ organoids contained CD31þcells that were derived from 

the stromal lineage (Fig. S4C). These cells resembled the filter-side CD31 and EMCN-expressing 

cells that we deemed to not be true ECs. Similarly, we observed that NPCs, normally fated to 

become epithelium, also inappropriately expressed stromal and endothelial markers in wildtype 

organoids, as demonstrated by triple positive cells (YFP+EMCN+Meis1/2/3+) in Six2Cre; 

RosaYFP traced organoids (Fig. 13D). In accordance with observations above, these triple positive 

cells localized to the filter region of the organoid and did not appear to form nephrons or EC cords. 

In addition to alternative progenitor lineages, cells in NZC organoids aberrantly co-expressed 

markers of multiple differentiated cell types. For instance, we observed organoid tubules that were 

double positive for cytokeratin, a marker of collecting duct, and LTL, a marker of proximal tubule 

(Fig. 13F). These two types of tubules normally originate from different cell lineages (UB and 

NPCs, respectively) and are not known to be co-expressed in any kidney cell types in vivo. We 

hypothesized that ectopic gene expression was an artifact of organoid culture. Therefore, we 

examined whether ectopic gene expression could also be observed in hESC organoids as well. 

Interestingly, immunofluorescence suggested that hESC organoids did not display an overlap in 

protein expression between ECs or NPCs and stromal markers (Fig. 13G-H). These data suggest 

that cells in organoids, particularly in NZCs, have relatively plastic identities or differentiation 

status. This underscores the importance of using multiple independent methods to validate cell 
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type authenticity, including multiple molecular markers, cell and tissue morphology, and 

functionality tests. 

 
Vasculature of NZC-derived organoids is scarce and deficient 
 
We further analyzed vasculature structures in NZC-derived organoids to establish whether initial 

inclusion of bona fide ECs would yield a more robust organoid vasculature (Fig. 14A). Like the 

vasculature in hESC-derived organoids, on rare occasions, larger vessels developed that contained 

partial lumens (Fig. 15A-C). However, most vessels presented as EC cords, with no distinguishable 

central luminal space. We visualized the lack of lumens using virtual section view (Fig. 14B, 

B0yellow arrow). In contrast to the EC cords of hESC organoids, some ECs did appear to polarize, 

suggesting an initial step towards lumen formation, as shown by the presence of Podxl and Icam2 

at the apical membrane between ECs (Fig. 14D, 15A). Most NZC organoid vascular structures, 

however, largely failed to invade the glomerulus or form a capillary tuft within the podocytes (Fig. 

14B, B’, white arrow). Beyond morphological abnormalities, we found that ECs in organoids were 

highly variable in other respects, including overall vascular mass. To address the issue of EC mass, 

we analyzed a large number of organoids and systematically measured the vascular content based 

on immunofluorescence expression of EC markers and expected morphology. Fig. 14E shows 

three day 7 NZC organoids from one experiment with vastly different vascularization levels. These 

were classified as Class I, II or III as indicated, from low to high vasculature, as well as a score of 

0 for no identifiable ECs. Over 200 NZC organoids were evaluated and scored, showing that NZC 

organoids were distributed across all four scores, with a skewing towards a score of 0 or 1 (Fig. 

14E’). In addition to variability, much like the hESC-derived organoids, NZC-derived organoids 

demonstrated substantial vascular regression over the course of their time in culture. The Flk1-

GFP reporter allowed us to track ECs over time within a single organoid (Fig. 14C). On day 1, the 
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day after NZC aggregation, single ECs could be identified as GFP+ punctae (day 1, arrows). These 

cells proliferated and elongated, forming cords by day 3. Shortly thereafter, however, the EC cords 

began to shrink, often leaving behind only a few ECs, or sometimes none at all (day 7, arrows). 

Cell death of NZC organoid vasculature is seen by CC3 immunofluorescence (Fig. 11J-K). These 

data not only highlight the high level of variability in NZC organoid ECs, but it underscores the 

overall low vascularity of the organoids. These findings suggest that the paucity of ECs observed 

in ESC derived organoids is not an effect of inappropriate reprogramming to an endothelial 

progenitor state but rather a consequence of culture conditions.  

 

Vasculature of explanted embryonic kidneys 

 

 Based on studies showing the dependence of vascular maintenance on shear stress from blood 

flow, both in vivo and in organoid culture (Langille and O'Donnell 1986; Meeson et al., 1996; 

Ando and Yamamoto, 2009; Homan et al., 2019; Korn and Augustin, 2015; Langille and 

O'Donnell, 1986; Meeson et al., 1996), we speculated that vessels in both hESC- and NZC-derived 

organoids were largely sparse and lacked lumens due to the absence of hemodynamic flow in 

culture. This idea has been tested in other settings, and experimental data suggests flow can 

potentiate kidney organoid vessels (Homan et al., 2019). To further examine this possibility, we 

explanted normal embryonic kidney tissues and cultured them on filters (Ihermann-Hella and 

Kuure, 2019; Rak-Raszewska et al., 2015) in the absence of flow. These organs have all the 

requisite progenitor cell types of the mature organ and also contain the proper 3D patterning, 

allowing us to directly test the impact of loss of blood flow on vascular maintenance. As expected, 

the vascularity of explanted E12.5 embryonic kidneys at the start of ex vivo culture was much 
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higher than that of either NZC or hESC organoids (Fig. 17C). However, over the 3–6 day course 

of culture, established blood vessels quickly regressed (Fig. 17A). A comparison of whole mount 

immunofluorescence of explanted kidneys with their age-matched embryonic kidneys (one day in 

vitro is roughly equal to half a day of in vivo development) showed that explanted kidneys at days 

3 and 6 had significantly less vasculature (Fig. 16A–D, 17C-G). However, NPCs were maintained 

and the UB continued to branch (Fig. 16A–D, 17F-G). Live imaging of Flk1-GFP in E12.5 kidney 

explants showed the dynamic nature of these vessels, including regression (Fig. 16E–F, 17A-B). 

Areas of vessels, and sometimes entire branches, were observed to fall apart around day 3 (Fig. 

16F, extended data video). Cleaved caspase 3 staining showed that ECs underwent programmed 

cell death to an extent not observed in normal embryonic kidney tissues (Fig. 16G–I). Additionally, 

there was increased death in the center of the explant in non-vascularized tissues, a phenomenon 

observed in organoids as well. To determine whether EC regression was due to a lack of necessary 

angiogenic signaling, we treated the explants with a high amount of VEGF (200 ng/ml) to promote 

EC growth. VEGF-treated explants did not exhibit differences in EC regression compared to 

controls (Fig. 16J and K). Together, these findings further suggest the possibility that blood flow 

is a key factor in the differentiation and maintenance of ex vivo blood vessels. 

 
 
Organoid implantation ameliorates vascularization 
 
Given that all kidney tissues, both from in vivo or in vitro sources, displayed regression of the 

vasculature upon culture, we asked whether providing flow would prevent loss of vascularity in 

organoids. Recent studies using bioengineered flow platforms show that providing flow improved 

maintenance of blood vessels (Homan et al., 2019). Engraftment of organoids under the kidney 

capsule of immunocompromised mice has been shown as an alternative method of introducing 
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flow (van den Berg et al., 2018). We thus carried out implantation of hiPSC-derived organoids 

under the kidney capsule, as previously shown (Gupta et al., 2019). Organoids were found to be 

well-vascularized 3 weeks after implantation, with a total organoid age of 30 days, well after we 

would expect the vasculature to have regressed (Fig. 18). The implanted organoids grow and 

expand in mass at the surface of the kidney (Fig. 18A and B). We found that CD31+ blood vessels 

populated both the organoid and the interface between the host and organoid (Fig. 18C). To 

determine whether the vessels were derived from the host or the graft, we stained for Human 

Nuclear Antigen (HuNu). Surprisingly, the vasculature in the organoid was negative for HuNu, 

demonstrating that it was entirely populated from invading host vasculature (Fig. 18D and E). In 

addition, injection of isolectin B4 (IB4), which binds to perfused ECs upon systemic vascular   

injection, showed that blood flowing from the host was indeed reaching and penetrating the 

organoid (Fig. 18E and F). Unlike in the non-implanted organoids, we observed structures 

resembling glomerular capillary tufts within clusters of podocytes in the implanted organoids. 

Additionally, these capillaries were IB4+, suggesting circulation from host to well-developed 

glomeruli was occurring in implanted organoids (Fig. 18G). These findings demonstrate that hPSC 

organoids have the capacity to form perfused, vascularized glomeruli, a major step in developing 

functional nephrons. However, this was not universal as we found a portion of unperfused vessels. 

While most vessels were EMCN+CD31+IB4+triple positive, EMCN-CD31+ vessels were left 

unperfused (Fig. 18H, arrow, Fig. 19D). Conversely, these organoids only contained EMCN-

CD31+ vasculature preceding implantation (Fig. 19C), demonstrating a difference in vessel 

maturation or identity upon perfusion. Therefore, further investigation into organoid vasculature 

heterogeneity and dynamics before and after engraftment will be of great interest to the field. 
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scRNA-seq of endothelial cells in organoids and human embryonic kidneys 
 
To perform a comprehensive comparison of the vasculature in human embryonic kidneys (eECs) 

and human ESC and iPSC organoids (oECs), we compiled and compared scRNA-seq data from 

multiple published sources. GEO accession information for these data sets can be found in Tables 

2 and 3 in the supplemental data. Uniform Manifold Approximation and Projection (UMAP) plots 

show the clustering of ECs in relation to the other cells in the embryonic kidneys (Fig. 21D) and 

organoids (Fig. 21A and C). First, we analyzed the percentage of ECs in the total cell population 

at each time point of organoid development (Fig. 20A-B). We discovered that there were two peaks 

where oECs were at their highest, at day 14 and day 25. It is important to note that these timepoints 

do not directly correspond with our protocol, for which the corresponding days would be day 7 

and day 18 respectively. This is due to the days including the monolayer differentiation step. The 

two EC peaks do not indicate a transient death and reemergence of vasculature in organoids. 

Instead, they likely represent differences in the lifecycles oECs in organoids derived from ESCs 

versus iPSCs; organoids derived from the two cell types appear to generate different amounts of 

ECs that peak at different times. We inferred this because the clusters do not completely overlap, 

as seen in the UMAP in Fig. 21B. In fact, iPSC organoid ECs show an individual cluster that does 

not contain hESC ECs at all, meaning that there is a level of transcriptional divergence between 

organoids of different cell sources. Regardless of these differences, however, all organoids 

analyzed still demonstrate the pattern we observed where ECs emerge, proliferate for a short 

period, then regress. Next, we assessed endothelial gene expression in the embryonic kidneys and 

PSC organoids. The heatmap in Fig. 20C illustrates this analysis. We find EC signature genes 

present in both eECs and oECs, including canonical endothelial genes such as EMCN, EGFL7, 

ANXA2, ARHGAP29, and COL41A.Surprisingly, we found an overall similarity of the eEC and 
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oEC populations, showing that despite our findings of vascular deficiencies in organoids, oECs 

are transcriptionally similar to normal kidney ECs at early stages. On the other hand, oECs from 

day 14organoids are more similar to the eECs than the oECs at later timepoints. This indicates that 

day 14 is both a peak in EC mass as well as in EC transcriptional similarity. Overall, there were 

not large differences be-tween eECs at the different time points during the 8–18 week gestational 

period observed, although some time points display differential clustering (Fig. S8F). Our previous 

work (Daniel et al., 2018) described endothelial heterogeneity during mouse renal development. 

These data demonstrate similar findings, that most ECs have a baseline expression of a number of 

pan-endothelial genes, while displaying distinct individual profiles. Multiple genes that encode 

ribosomal proteins such as RPS28 and RPL36 were identified in the eEC set. This indicates that 

the two sets of cells are so transcriptionally similar that housekeeping genes are being marked as 

upregulated. Interestingly, despite filtering out cells with high mitochondrial gene expression—

indicative of cellular stress—the most consistently expressed gene in the ECs was HSPB1. This 

could mean ECs are particularly sensitive to the stress induced by the cell extraction process 

(Adam et al., 2017; O'Flanagan et al., 2019). In addition, a significant number of differentially 

expressed canonical EC genes in the eECs were omitted from the heatmap analysis due to 

discrepancies in quality control for the oEC population. These include PLVAP, APLNR, CDH5, 

TIE1, VEGFR1 and VEGFR2 (Fig. 20D). Consequently, most of the genes included in the 

heatmap were not known to be EC-specific. This could further illustrate the insufficiencies of 

organoid vasculature, but further analysis will be necessary to determine this definitively. 

Altogether, the data support the observations that organoid vasculature first develops normally and 

begins to mature but then degrades over time. 
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Discussion 

 
 
In this study, we report in detail limitations of cultured kidney tissue blood vessel formation and 

maintenance. We analyze the vasculature generated using two distinct kidney organoid protocols–

–one which generates kidney cell types via directed differentiation of hESCs, and the other which 

isolates primary cells from the nephrogenic zone, including ECs, from developing mouse kidneys. 

In both cases, the endothelium is initially present and vascular cords form. However, in both 

protocols, we identify deviations from normal blood vessel development. First, organoid blood 

vessel morphology is abnormal in that vessels form few continuous lumens, indicating roadblocks 

in their functional differentiation. Second, organoid ECs can express non-endothelial markers (in 

NZC-derived organoids), such as stromal marker Meis1/2/3. This calls into question both their 

identity and our ability to recognize bona fide blood vessels without careful analysis of multiple 

markers. Third, while they are dynamic, similar to developing in vivo vessels, they are not stable, 

and we find that the vascular network in organoids inevitably regresses over time in culture. We 

propose that this is due to the absence of blood flow, as even cultures of intact embryonic kidneys 

exhibit this regression. Organoids implanted under the kidney capsule, by contrast, maintain 

complex vascular networks perfused by blood. Interestingly, these perfused organoid vessels are 

entirely derived from the host mouse vessels and display arteriovenous defects, as vessels 

associated with glomeruli stain for the venous marker (vessels entering and exiting the glomeruli 

are normally arterial). Lastly, transcriptomic analysis of ECs from hPSC organoids are relatively 

similar in gene expression to human embryonic kidney ECs early during their culture. It is likely 

that regression of organoid vessels over the course of culture exacerbates transcriptional 

differences observed at later stages. 
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While organoids have extraordinary potential for developmental biology studies and for 

personalized medicine, this study paints a cautionary tale regarding our ability to evaluate the 

vasculature of tissues generated ex vivo. Reliable blood vessel identification relies on a com- 

bination of standard vascular features, including multiple EC markers, vessel morphology, and 

patterning relative to other tissue structures. Although organoid ECs display some expected 

characteristics, we find that all three of these parameters are mostly abnormal in organoids. 

 

Vascular deficiencies and regression in kidney organoids 
 
We propose that in order for organoid systems to prove useful in therapeutic applications as 

functional ex vivo-grown tissue, they must contain blood vessels that are mature, perfused, and 

organized along the nephron. We show that organoid blood vessels display fundamental defects in 

both morphology and differentiation status. Despite source of origin or protocol used, organoid 

blood vessels regress over time in static culture significantly more rapidly than other organoid cell 

types. Therefore, methods have to be developed to further optimize, expand, and maintain blood 

vessels for them to perdure in culture, especially for the time it takes for a human kidney to develop 

in vivo (Hinchliffe et al., 1991; McMahon, 2016). In addition to limited vasculature, we find that 

NZC organoids have strikingly variable EC content. While hESC organoids were more consistent, 

they have noticeable batch variability, as noted in previous studies (Phipson et al., 2019). These 

are additional considerations that must be taken into account in organoid research and support the 

importance of large-batch analysis of scRNA-seq data that utilizes data from multiple datasets and 

labs. 

Our findings point to some critical limitations of kidney organoid vasculature, which may 

prove applicable across different fields of organoid studies. In fact, cerebral organoids do not 
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appear to contain ECs (Lancaster et al., 2013), although groups are trying to address this deficiency 

by adding exogenous ECs or expressing vascular transcription factors (Cakir et al., 2019; Shi et 

al., 2020a). Based on our findings, this could be due to the long culture times of these organoids 

of 75 days or more. Intestinal organoids, previously thought to not develop a significant 

vasculature as well, have recently been shown to contain a small population of ECs that arises and 

quickly disappears, similar to what we observe (Holloway et al., 2020; Spence et al., 2011). 

Previous studies in kidney organoids have also described the presence of varying amounts of 

vasculature. Some publications do not show any ECs, but most have at least a small amount of 

vasculature (Freedman et al., 2015; Kumar Gupta et al., 2020; Morizane et al., 2015; Takasato et 

al., 2015). 

The reason for the dearth of vasculature, and the key to solving it, have thus far been 

unknown. However, the improvement of organoid vascularization has been tackled by multiple 

labs using a variety of methods. For instance, there has been progress in creating vascularized 

cerebral organoids by the addition of HUVECs or ECs differentiated from iPSCs in addition to 

engraftment (Pham et al., 2018; Shi et al., 2020b). HUVECs expressing ectopic ETV2 have been 

shown to have a remarkable ability to adapt tissue-specific identity and form stable, perfusable 

vessels that can colonize organoids (Palikuqi et al., 2020). Another recent study found a notable 

improvement in human intestinal organoid vasculature presence and maintenance through specific 

growth factor addition (Holloway et al., 2020). One study demonstrated that VEGF addition to 

kidney organoids appeared to drastically increase the endothelial population by 

immunofluorescence, but transcriptionally these cells appeared in the stromal cluster, raising the 

possibility of parallels with our observations of off-target cell types in NZC organoids and the 

importance of multi-marker EC verification (Czerniecki et al., 2018). We found that the addition 
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of VEGF in static culture is not sufficient to block or reverse vascular regression in explants, 

although it may increase vasculature in the short term. 

Another tantalizing approach to address vascular deficiencies might involve hypoxia, a 

known inducer of angiogenesis. It is known that embryonic in vivo blood vessels initially undergo 

vasculogenesis under markedly hypoxic conditions. In our experiments, we note that submerged 

organoids tend to fare better than organoids grown at the air- liquid interface, suggesting that 

elevated oxygen levels present in standard cell culture incubators may suppress vessel growth. 

However, investigation into the effects of hypo- and hyperoxia in kidney explant culture have thus 

far not demonstrated a clear benefit (Loughna et al., 1998; Rymer et al., 2014). Future studies will 

be needed to investigate this line of inquiry. 

Together, our experiments highlight the complexities in blood vessel growth and 

maintenance in cultured tissues; the solution to improving ex vivo vasculature is therefore unlikely 

to rely on a single factor. In vivo, beyond hypoxia and VEGF signaling, there are many factors 

that regulate vascular stability, such as the ECM and factors provided by pericytes, and 

macrophages. In fact, we observed few pericytes (PDGFRβ, SMA anti- body) and could not detect 

macrophages (data not shown, NG2 or F4-80 antibody), suggesting these cell types do not 

differentiate in organoids. While we cannot rule out the possibility that disruption of the normal 

3D cellular environment of the kidney, likely inherent in any organoid model, might impact 

vascular maturation, we argue that kidney cell types self-organize relatively efficiently and cannot 

fully explain the vascular abnormalities observed. Additionally, these factors—ECM, pericytes, 

and macrophages—are already present in kidney explants, which still experience extensive 

vascular regression (Hoeffel et al., 2015). Therefore, we propose that hemodynamic flow is likely 

a prerequisite for maintaining vasculature in kidney organoids. Once a stable organoid vasculature 
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has been achieved, the field may focus on the other important aspects of endothelium in the kidney. 

These studies show that while organoids may have defective vasculature, we are already making 

progress toward understanding and improving vascularization of cultured kidney tissue. 

 

Implantation of organoids for perfusion 
 

Why are blood vessels in vitro generally fragile and unstable? Our study suggests that one 

possibility is that the absence of blood flow results in vessel regression. Blood vessels are known 

to be sensitive to changes in hemodynamic stress (Ando and Yamamoto, 2009), so we tested 

whether tissues cultured in the absence of flow would lose their vascularity. We show that hESC-

derived organoid vessels regress after about 12 days in culture. Similarly, despite containing ECs 

derived from an existing, functional vascular network, NZC-derived organoids experience an even 

more rapid loss of vessels in under a week. This may be due to the initially smaller number of ECs 

or perhaps the angioblasts produced through hESC differentiation are more resilient in culture than 

ECs from pre-formed vessels. To further test how acutely lack of blood flow impairs blood vessels, 

we challenged the established vasculature of embryonic kidneys explanted and cultured ex vivo 

and observed rapid regression and apoptotic cell death in static culture. Therefore, regardless of 

whether vessels formed de novo via vasculogenesis in organoids or via angiogenesis in embryonic 

kidneys, ECs regress in static culture. Our observations support recent studies that ameliorate 

organoid vasculature using microfluidics or engraftment (Homan et al., 2019; Kloth et al., 1993; 

Van den Berge et al., 2018). 

We show that organoid implantation under the kidney capsule resulted in higher levels of 

vascularization than expected at the comparable 30-day culture time. Remarkably, capillaries even 

invade into podocyte clusters and form perfused, glomeruli-like capillary tufts. Strikingly, all the 
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vasculature in the implanted organoid appeared to be primarily derived from the host. It was shown 

in a lymph-node engraftment model that this is progressive over 8 weeks (Kloth et al., 1993). In 

contrast, other studies have shown anastomosis of host and organoid vasculature (van den Berg et 

al., 2018). The real challenge ahead is to optimize transplantation efficiency and better understand 

the behavior and qualities of ECs in engrafted organoids and how to promote anastomosis with 

host vessels. Further analysis of the heterogeneity and maturity of vessels growing after 

implantation, as well as their arteriovenous differentiation, will be of particular interest to the fields 

of vascular biology and tissue engineering alike. Not only is vasculature maintained in the organoid 

upon implantation and perfusion, but organoids display improved maturation of epithelium 

(Homan et al., 2019; Kumar Gupta et al., 2020; van den Berg et al., 2018). Is this due to increased 

oxygenation, nutrient availability, signals from the ECs themselves, or a combination thereof? We 

hypothesize that ECs produce angiocrine signals that are important for kidney development and 

maturation, but this remains to be answered. 

 

 Blood vessel organization and patterning 
 

In addition to the challenge of maintaining ECs in cultured organoids, optimization of kidney 

vessel patterning and regional specialization will be needed. In our previous work (Daniel et al., 

2018), we described the spatial patterning of embryonic kidney vasculature. Recent studies further 

emphasize the striking heterogeneity of the vasculature along the differentiated nephron (Barry et 

al., 2019). While the full array of mechanisms that maintain the physical relationship between ECs 

and the developing nephron is not yet fully understood, it is likely that EC-nephron crosstalk has 

a role in ensuring proper differentiation of both tissues. This specificity is likely important for renal 

development and maintenance due to paracrine signals produced by ECs. Called ‘angiocrine 
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signaling,’ ECs have been observed to influence tissue growth, maintenance, and patterning in 

many tissues including the lung, brain, pancreas, and liver (Jakab and Augustin, 2020; Magenheim 

et al., 2011; Rafii et al., 2016; Rocha et al., 2015). Additionally, EC heterogeneity, both 

phenotypically and transcriptionally, is necessary for nephron function and adaptations to the 

environment and stress (Aird, 2007; Barry et al., 2019; Ding et al., 2011; Dumas et al., 2020; 

Garlanda and Dejana, 1997; Kumar Gupta et al., 2020; Molema and Aird, 2012; Nolan et al., 2013; 

Ottone et al., 2014). Although active angiocrine signals in the kidney have yet to be identified, 

there are indications that blood vessels are involved in NPC maintenance and disruption of 

vasculature through Sox17 and Sox18 deletion results in medullary hypoplasia (Matsui et al., 2006; 

Rymer et al., 2014). As shown in intestinal organoids (Holloway et al., 2020), scRNA-seq data 

can provide clues to receptor-ligand pathways active in ECs and surrounding cells. Future analysis 

will seek to identify pathways possibly altered in organoids. 

It is clear that nephron vasculature must be properly organized and differentiated into an 

arterial-capillary-venous system, as well as distinct renal EC types, to assure function of the kidney 

as a whole. However, even in the most highly vascularized organoids, the ECs are not uniformly 

distributed, have defective branching, and do not closely associate with nephrons or podocytes. In 

hESC organoids, we noticed heterogeneity in the vasculature that may be an indicator of a 

progression towards vascular maturity, with VEGFR2 marking angioblasts, the emergence of 

Sox17 expression indicating a slightly more mature EC (Matsui et al., 2006), then CD31 only 

appearing once cords begin to form. This is demonstrated by the VEGFR2+Sox17- ECs on 

monolayer on day 0, indicating that there are only immature angioblasts present. 3 days after 

aggregation, ECs are mostly CD31-Sox17+, but as the organoid develops, CD31+Sox17+ cords 

form. A similar hierarchy was described in Homanet al. (2019). Some organoid vessels also 
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demonstrated maturity by the presence of Podxl and the emergence of lumens. A deeper 

understanding of endothelial maturity, identity, and heterogeneity is possible via scRNA-seq data 

analysis, which promises to move this field forward. 

 

Evaluating organoid vasculature 
 

How similar or different are organoid vessels from in vivo kidney vessels? How can we recognize 

properly differentiated kidney ECs? Our scRNA-seq transcriptional analysis combining numerous 

datasets identifies striking similarity between organoid ECs and human embryonic kidney ECs. 

Therefore, while not entirely differentiated or patterned, organoid ECs show a potential to become 

functional kidney ECs. This is corroborated by a pseudotime analysis of scRNA-seq of day 10, 12, 

and 14-day organoids suggesting maturation of immature ECs into arterial and venous-like fates 

(Low et al., 2019). Notably, day 14 organoids are much more like the eECs, while the day 26 oECs 

have much lower similarity and EC gene expression in general. This further highlights our point 

that while vasculature may be present initially in organoids, it degrades both physically and 

transcriptionally. 

The investigation into organoid vasculature through scRNA-seq brings about the often 

debated subject—what defines an endothelial cell? How can we definitively identify an angioblast 

or an endothelial cell within an organoid or cultured kidney tissue? How can we conclusively 

determine whether it contributes to a functional blood vessel? We have shown that gene expression 

of a few canonical markers is not sufficient, yet it is a method universally relied upon. ScRNA-seq 

is a powerful tool that reveals insights into cell fate and differentiation beyond what can be learned 

through classic methods such as antibody staining or quantitative PCR. However, we show that 

transcriptional signatures, particularly in organoids, may not provide definitive identification of 
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bona fide ECs. Our study demonstrates that to validate blood vessels and other cell types, 

expression of multiple genes along with morphological features and ul- timately function must be 

assessed to properly recognize vessels within engineered tissues. 

We put forth that additional efforts will be required in future organoid studies to ensure that 

regionally specific, organotypic vasculature must differentiate in conjunction with their associated 

epithelia. The presence of ECs alone does not ensure functional engineered tissue vascularization. 

Further analysis, characterization, and understanding of organoid endothelium will be needed, and 

this may be facilitated using gene lists generated from scRNA-seq analysis. These types of efforts 

will likely provide needed insight into the successes and deficiencies of organoid vasculature and 

give direction for its advancement. 

 

 

The promise of organoids 
 

An explosion in organoid research has resulted in related publications increasing 10-fold within 

the last decade alone. With dozens of protocols developed for generating various tissue types, 

many of these studies still largely ignore the associated vasculature despite its central importance 

for organ survival and function. Additionally, our understanding of blood vessels and ECs 

themselves is experiencing a renaissance, particularly in the light of scRNA-seq which has 

provided new insights into organotypic EC heterogeneity. We propose that a more dedicated focus 

on the vasculature during organ development is essential and that directing more attention to blood 

vessels in organoid cultures and laboratory generated tissues will be crucial to achieving functional 

tissues for transplantation. 
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Our work highlights the importance of context during vessel formation and maintenance, 

both in vivo and in engineered tissues (Homan et al., 2019). Further work will be needed to 

generate regionally specific blood vessels, which we propose actively support epithelial 

development and the maintenance of a functional endothelial-epithelial association throughout the 

filtration process. While endothelial crosstalk has been implicated in the development and 

maintenance of multiple tissues (Cleaver and Melton, 2003), there is still much to be discovered 

in the 

kidney on that front. Bioinformatics and scRNA-seq data will provide more insight into the 

insufficiencies of organoid vasculature and provide candidate targets to try to support maturation 

and maintenance. 

In this study, we have systematically investigated blood vessels in kidney ex vivo model 

systems, uncovering underappreciated (or previously unevaluated) challenges in the use of 

organoids and cultured tis- sues with respect to their vasculature. Organoids ultimately have the 

capability to form tissue-specific, mature vasculature, but we must develop ways to overcome the 

vascular deficiencies in ex vivo kidney tissues we have described. Together, our investigation into 

organoid vasculature underscores the engineering challenges ahead and cautions the field to 

properly evaluate in vitro ECs, as they are particularly susceptible to misidentification, immaturity, 

and regression. 
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Figure legends 
 
Figure 6. hESC-derived kidney organoids display expected renal cell types. A) Schematic and timeline of human 
embryonic stem cell (hESC) kidney organoid protocol. H9 ESCs were cultured in TeSR-E6 with 6 μM CHIR, with a 
switch to 200 ng/ml Fgf9 at day −3. On day 0, the differentiated cells were aggregated and placed into an ultra-low 
attachment 96-well plate with 200 ng/ml FGF9 for 5 days before being switched to growth-factor free media. B-
D) Immunofluorescence of day 0 differentiated hESCs. 150 μm scale bars. B) Accumulations of cells with 
Meis1/2/3+ stroma surrounded by Six2+ NPCs. Cells in the middle forming tubule-like rings as seen 
by DAPI (arrows). C) Formation of E-Cad+ epithelial structures. D) VEGFR2+Sox17- angioblasts. E) Brightfield 
images of hESC organoids 2–7 days after aggregation. 0.5 mm scale bar. F-G) Immunofluorescence of day 12 hESC 
organoids demonstrating F) E-Cad+ epithelium and LTL+ proximal tubules and G) Podxl+ podocytes. H) Paraffin 
section of Meis1/2/3+ stroma. 100 μm scale bars. DAPI marks nuclei. N≥3 from at least 3 independent experiments. 
 
 
Fig. 7. hESC-derived kidney organoid culture platforms. A-H) Representative images of organoids 12 days after 
aggregation comparing results of CHIR timing optimization during differentiation days -7-0 and ALI/submerged 
culture conditions. Whole mount immunofluorescence of DAPI, Six2, Sox17, and CD31. A-D) blue line: CHIR/FGF9 
switch on day −4 of differentiation. E-H) red line: CHIR/FGF9 switch on day −3. A, B, G, and H cultured on 
Transwells at the ALI. C–F submerged in 96 well format. Sox17+CD31+ ECs and Six2+ NPCs. I) Diagram 
demonstrating the two organoid culture methods: Air-liquid interface (ALI) on a Transwell filter (left) and submerged 
in an ultra low-attachment 96 well plate (right). J) Cartoon showing the viewpoint of a filter-cultured organoid when 
examined through whole mount immunofluorescence and viewed from above (left) or sectioned (right). 
Representative immunofluorescence images were derived from n ≥ 3 organoids. 
 
Figure 8. hESC-derived organoid blood vessels are sparse and lack patterning. A) Whole mount 
immunofluorescence of a day 12 organoid demonstrating a network of CD31+ ECs. B) Virtual slice of 
Sox17+VEGFR2+ ECs. 100 μm scale, inset 10 μm scale. C) Whole mount immunofluorescence of CD31+Sox17+ ECs 
in a day 12 hESC organoid (yellow arrow). CD31-Sox17+ cells are indicated with white arrows. 100 μm scale. D-
F) Comparison of vascular volume by whole mount immunofluorescence staining of embryonic kidneys and hESC 
organoids. D) 3D view of an E13.5 mouse kidney stained with EMCN. 100μmscale. E) 3D view of an hESC organoid 
stained with CD31. 100 μm scale. F) A graph quantifying the percent volume of ECs in a whole mount image 
comparing 3 embryonic kidneys at E12.5, 13.5, and 14.5 with 9 organoids from 3 independent experiments. One-way 
ANOVA performed. ∗∗∗∗ adjusted p value < 0.0001. EC % volume is not significantly different between 
kidneys. G) E-Cad+ tubule surrounded by Flk-1 GFP + ECs in a E15.5 kidney. 10 μm scale. H) E15.5 glomerulus 
formed by a Flk-1 GFP+ capillary tuft surrounded by Podxl+ podocytes. 10 μm scale. I) Epithelial tubule (E-Cad, 
dotted line) is not surrounded by ECs (CD31) in the hESC organoid. 10 μm scale. J) ECs (CD31) did not invade hESC 
organoid glomerulus (Podxl). 10 μm scale. K) Immunofluorescence on a section of a day 12 hESC organoid stained 
for ECs with CD31. 100 μm scale. Yellow arrow (K′) points to a lumenized blood vessel. White arrow (K’‘) are cords 
without lumens. L) Immunofluorescence of a day 12 hESC organoid on section stained with CD31 and PDGFRβ. 
White arrow points to a single EC or EC cord surrounded by PDGFRβ+ cells. Yellow arrow points to a lumenized 
vessel without PDGFRβ coverage. 100 μm scale. DAPI marks nuclei. Representative immunofluorescence images 
were derived from n ≥3 organoids from at least 3 different experiments. 
 
Figure 9. hESC-derived organoid optimization. A) Brightfield microscopy images of hESC organoid 
differentiation at the ALI, days 1–7. B) Demonstration of the organoid variability when cultured at the ALI (rows 1 
and 3) compared to submerged in the 96 well format (rows 2 and 4). Rows 1 and 2 are on day 3; rows 3 and 4 are on 
day 6.0.5 mm scale bars. C) Quantification of contact points between ECs and E-Cad + epithelial structures by 
area. D) Branching index, quantification of blood vessel junction density, comparing 9 organoids from 3 experiments 
to 3 E15.5 kidneys. D-E) Unpaired Student's t-test was performed. ∗∗∗∗ adjusted p value < 
0.0001. E) Immunofluorescence of an E15.5 kidney showing Podxl in the apical surface of Flk1-GFP + capillaries. 
50 μm scale. F) Immunofluorescence of CD31+ blood vessels in an hESC organoid. G) Zoom into image in (F) with 
Podxl (G′) and CD31 (G’‘) channels separated. Some cords express Podxl on the apical membrane (yellow arrow) 
and some do not (white arrow). 50 μm scale. H) Immunofluorescence of an hESC organoid section stained with CD31, 
PDGFRβ, and SMA. Arrow points to PDGFRβ+SMA+ cell in contact with a CD31+ EC. 100 μm scale. Representative 
immunofluorescence images were derived from n ≥ 3 organoids from at least 2 different experiments. 
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Figure 10. hESC-derived organoid vasculature regresses in culture. A-F) Whole mount immunofluorescence 
of hESC organoids with CD31 and Sox17 on days 6–18. DAPI mark nuclei. 200 μm scale. Zoomed in areas are 
marked with a white box. G-H) Quantification of day 3–18 images by percent volume of CD31 (G) and Sox17+ nuclei 
(H). H–N) vasculature of VEGF-treated organoids by whole mount immunofluorescence (I-N) and quantified by 
percent volume of CD31 (O) and Sox17+ nuclei (P) compared to control treated data (G-H). Q-V) qPCR data of 6 
different organoid experiments (by color) showing relative gene expression relative to day 0 before aggregation to day 
15. Q) CD31, R) VEGFR2, S) Podxl, T) Meis1 and Col3a1 U) Six2, and V) E-Cad. W–Y) Cell death in organoids 
shown by cleaved caspase 3 (CC3), with CD31 and E-Cad. W) Whole mount immunofluorescence of a day 12 
organoid. 200 μm scale. X–Y) Selected virtual slices of regions of (W). Arrows point to cell-specific CC3. 30 μm 
scales. DAPI marks nuclei. Representative immunofluorescence images were derived from n ≥ 3 organoids from at 
least 2 different experiments. 
 
Figure 11. NZC organoids maintain epithelial and stromal cell types but suffer loss of ECs upon culture. A-
C) 3D view of a day 18 hESC organoids stained with DAPI, CD31, and E-Cad, (A and C) Meis1/2/3 (B), and 
Cleaved Caspase 3 (CC3) (C). 105 μm scales. D-G) Live images of NZC organoids expressing GFP: Hoxb7Cre; 
RYFP (ureteric bud lineage, D), Six2Cre; RYFP (NPC lineage, E), Foxd1Cre; RYFP (stromal progenitor 
cell lineage, F), and Flk1-GFP (ECs, G). H–I) Live images of NZCs isolated from Flk1-GFP+ embryos after 1 day 
(top row, H and H′, I and I′) and 3 days (bottom row, H’’ and H‴ and I’’ and I‴) of NZC culture on monolayer. 
100 μm scale. Color balance is adjusted for clarity. J) Whole mount immunofluorescence of an NZC organoid 2 days 
after aggregation stained with DAPI, Flk1-GFP, and CC3. 200 μm scale. J′ shows close up of a vessel with large 
amounts of CC3. 10 μm scale. K) Whole mount immunofluorescence of an NZC organoid 3 days after aggregation 
stained with DAPI, Flk1-GFP, and CC3. 100 μm scale. 
 
Figure 12. NZC-derived kidney organoid generation. A) Schematic and timeline of NZC-derived organoid 
protocol. A heterogeneous population of nephrogenic zone cells (NZCs), including stromal cells, nephron progenitor 
cells (NPCs), endothelial cells (ECs), and ureteric bud (UB) tip cells, are isolated from embryonic mouse kidneys. 
NZCs may be expanded on monolayer for up to 2 passages to increase the organoid yield or proceed directly to the 
aggregation step. Organoids are aggregated on a filter floating on APEL2 media then treated with a 1 h CHIR pulse 
before culture with 200 ng/ml FGF9 for 5 days before being switched to growth-factor free media. Mouse illustration 
from http://www.emouseatlas.org B) Immunofluorescence of an E17.5 mouse kidney with E-Cad+ UB, Six2+ NPCs, 
and CD31/EMCN + ECs. The nephrogenic zone is demarcated with a yellow dotted 
line. B′) After pancreatin and collagenase A digestion, the NPCs, ECs, and stromal cells of the nephrogenic zone are 
no longer present. C-D) Immunofluorescence showing the NZCs after monolayer culture. C) Foxd1Cre; YFP + 
stromal cells, Six2+ NPCs and D) Hoxb7Cre; YFP + UB cells. E) Brightfield images of NZC organoids 2–7 days after 
aggregation. F-J) Immunofluorescence of various kidney cell types present in NZC organoids. F) Whole mount 
immunofluorescence of an NZC organoid with E-Cad+ epithelium. 80 μm scale. G-J) Immunofluorescence of 
sectioned NZC organoids, oriented with the air-liquid interface on top displaying Aqp1+ proximal tubule and 
descending loop of Henle and NPHS1+ podocytes (G), LTL+ proximal tubule and Umod+ loop of Henle (H), Meis 
1/2/3+ stroma (I), and Aqp3+ and pan-cytokeratin+ UB (J). G-H 100 μm scale. DAPI marks nuclei. Representative 
immunofluorescence images shown in A-C were derived from n ≥ 3 organoids from at least 2 different litters. 
 
Figure 13. NZC organoid endothelial, stromal and epithelial cells express off-target markers. A-
F) Immunofluorescence on section of an NZC organoid. A) ECs are marked by CD31/EMCN, NPCs by Six2, 
epithelium by E-Cad, and nuclei by DAPI. Yellow arrowheads point to morphologically distinct ECs. White arrow 
points to CD31+EMCN+ cells on filter side of NZC organoid. 100 μm scale bar. N > 3 B) Stroma is marked by 
Meis1/2/3, ECs by EMCN, and nuclei by DAPI. 50 μm scale. N = 6 from two experiments B′) Zoom in of 
EMCN+Meis1/2/3- ECs on the air-liquid interface. 10 μm scale B”) Zoom in of Meis+EMCN+ cells on the filter side. 
10 μm scale C) Foxd1Cre;RYFP/terminator + DTA ‘stroma only’ NZC organoid. Stroma lineage is shown with YFP, ECs 
by CD31, and nuclei by DAPI. Arrows point to YFP+CD31+ cells. D) Six2Cre; RYFP NZC organoid, NPC lineage 
shown by YFP, ECs by CD31, and stroma by Meis1/2/3. Arrows point to triple positive cells. E) Stroma lineage is 
marked by Foxd1Cre; RYFP, epithelium by E-Cad, and nuclei by DAPI. YFP+E-Cad + cells marked with 
arrows. F) NZC organoid with LTL+ (Proximal tubule) and Cytokeratin (CK)+ tubules. Six2+ NPCs at the 
ALI. G) Immunofluorescence of a sectioned hESC organoid with CD31+Sox17+Meis1- ECs and Meis1+ stromal cells. 
100 μm scale. H) Immunofluorescence of a sectioned hESC organoid with Six2+Meis1/2/3- NPCs and Six2-

Meis1/2/3+ stromal cells. 50 μm scale. 
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Figure 14. NZC-derived kidney organoids develop sparse vasculature that regresses in culture. A-D) Whole 
mount immunofluorescence of NZC organoids. A) A small Flk1-GFP+CD31+ vascular plexus at the air-liquid 
interface. E-Cad+ epithelium and additional CD31+ cells are present. 80 μm scale. B) Flk1-GFP+ ECs and 
Podxl+ podocytes visualized by 3D and section view. White arrow: podocytes. Yellow arrow: Cross section view of 
an EC cord lacking a lumen. 20 μm scale. C) Live images of Flk1-GFP in NZC organoids from days 1–7. Yellow 
arrows point to ECs. D) Endothelial cord is formed by polarized ECs expressing Podxl at the apical surface. No open 
lumen is visible. E) Three NZC organoids varying levels of vascularization from a single experiment scored as I, II, 
and III by level of vasculature. 150 μm scale bar. E′) Graph of EC score quantification of 244 organoids. DAPI marks 
nuclei. Representative immunofluorescence images shown in A-C were derived from n = 3 organoids from at least 2 
different litters. 
 
Figure 15. NZC organoids display limited lumen formation. Whole mount immunofluorescence of NZC organoids 
showing A) A small Flk-1 GFP+Icam2+ vascular plexus, B) A large Flk1-GFP+Podxl+ vessel with micro lumens 
and C) A single Flk1-GFP+Podxl+ vessel on section view with a clear luminal space. 
 
Figure 16. Blood vessels of explanted embryonic kidneys regress in culture. A-B) Whole mount 
immunofluorescence of explanted E12.5 kidneys after 3 (A) and 6 (B) days of culture. ECs are marked by Flk1-
GFP, NPCs by Six2, and nephrons and ureteric bud by E-Cad. C-D) Whole mount immunofluorescence of C) E13.5 
kidney stained with CD31 and EMCN for ECs and D) an E15.5 kidney stained for Flk1-GFP ECs E-G) Explanted 
E12.5 kidney on glass for live imaging. E) Brightfield and Flk1-GFP after 1–3 days of culture. F) Live imaging of 
Flk1-GFP over 12 h. G-I) Whole mount immunofluorescence of Flk1-GFP+ ECs, Cleaved Caspase 
3 (CC3)+ apoptosing cells, and Phospho-histone H3 (pHH3)+ proliferating cells. J-K) Live images of explanted E12.5 
kidneys in brightfield and Flk1-GFP. J) Control and K) treated with 200 ng/ml VEGF. 100 μm scale 
bars. DAPI marks nuclei. Representative immunofluorescence images were derived from n = 3 explants. 
 
Figure 17. Blood vessels of explanted embryonic kidneys regress in culture. A-B) Live images of Flk1-GFP E12.5 
kidney explants over 6 (A) and 2 (B) days. C) Whole mount immunofluorescence of Flk1-GFP ECs in embryonic 
mouse kidneys at E12.5 plus E13.5 and E15.5 as seen in Fig. 6C and D. D-G) Whole mount immunofluorescence of 
explanted E12.5 kidneys after 3 (D-E) and 6 (F-G) days of culture. ECs are marked by Flk1-GFP, NPCs by Six2, and 
nephrons and ureteric bud by E-Cad. Representative immunofluorescence images were derived from n = 3 explants. 
 
Fig. 18. Implanted organoids display extensive vascularization. hiPSC organoids developed using methods 
from Kumar Gupta et al. (2020), 3 weeks after engraftment under the kidney capsule of NGS mice. A) Cluster of 
organoids under the kidney capsule after 3 weeks, arrow. 1 cm scale. B) Section of adult kidney showing growth of 
implanted organoids under the capsule, arrow. 2.5 mm scale. C) Mouse-specific antibody CD31+ vessels were visible 
at the interface between the host and organoid (dotted white line) 300 μm (C) and 50 μm (C′) 
scale. D) EMCN+ and E) CD31+ ECs in the organoid are HuNu−. F–H) Vessels display perfusion as per isolectin 
B4 (IB4) visible following injection into mouse host. G) IB4+ perfused capillary tuft in a Podxl+WT1+ glomerulus 
(arrow). H) Most perfused vessels are EMCN+CD31+ and non-perfused vessel (arrow) is EMCN−CD31+. D-H 50 μm 
scale. DAPI marks nuclei. Representative images shown here were derived from n = 6 NSG mice. 
 
Figure 19. Implanted organoids display extensive vascularization. hiPSC organoids developed using methods 
from Gupta et al. (2020). A) Whole mount CD31 immunofluorescence of an organoid on day 18 of 
differentiation. B) Immunofluorescence of an organoid showing interaction between CD31+ ECs and clusters of 
Podxl+ podocytes. C) Whole mount immunofluorescence of an organoid with EMCN−CD31+ ECs. D) Implanted 
organoid with perfused EMCN+CD31+ blood vessels and EMCN−CD31+ non-perfused vessels, arrows. Perfusion 
shown by IB4. 300 μm scale bars. Representative immunofluorescence images shown in A-C were derived from n = 
3 independent biological replicates. Representative images shown in D were derived from n = 6 NSG mice. 
 
Figure 20. scRNA-seq comparing ECs from organoids and embryonic kidneys. Analysis of scRNA-seq datasets 
of organoids and human embryonic kidney tissue from multiple publications. Organoids were differentiated using 
multiple protocols and ESC or PSC lines. Differentiation stages (days 0, 10, 12, 14, 16, 19, 21, 25, 26, 28, and 34 of 
organoid culture) do not correspond with methods used in precious figures. A) Histogram of EC percentage in 
organoid samples by day. B) UMAP of oECs color-coded by day. C) Heat map of 100 genes differentially expressed 
in eECs and oECs. Combines the top 50 genes differentially expressed in both eECs and OECs in comparison to other 
cells plus the top 25 genes highly expressed individually in eEC and oEC populations. Genes are grouped by cell 
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expression similarity. Left to right, cells are grouped by gene expression similarity. eECs are indicated in green, and 
oECs are grey, with color coding above referring to stage. D) Differentially expressed endothelial genes in eECs and 
oECs. 
 
Figure 21. scRNA-seq comparing ECs from organoids and embryonic kidneys. A) UMAP showing clustering of 
kidney hESC and hiPSC organoid ECs (oECs) against non-ECs. B) UMAP of kidney organoid EC cluster color-coded 
by cell source. hiPSCs, grey, hESCs, green. C) UMAP showing clustering of kidney hESC organoid ECs against non-
endothelial cells. D) UMAP showing clustering of embryonic kidney ECs (eECs) against non-ECs. E) Histogram 
showing the percentage of ECs in embryonic samples by gestational stage. F) UMAP of human embryonic kidney EC 
cluster, color-coded by gestational time point. 
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Future considerations  

CHAPTER FOUR 
 

 
ORGANOIDS REQUIRE A FUNCTIONAL VASCULATURE 

 
Vascularization of organoids increases maturity  

 
A vascular network is no doubt required for the function and survival of tissues. Additionally, it is 

now evident that vascularization of also increases tissue maturation. For instance, the addition of 

ECs to cerebral organoids results in neuronal action potentials (Cakir et al., 2019) and 

vascularization of kidney organoids leads to podocyte maturity and proximal tubule polarity and 

ciliation (van den Berg et al., 2018; Homan et al., 2018). The importance of vasculature in creating 

a mature tissue has been recognized, and protocols are being established in order to achieve 

vascularized tissue. Below, we discuss current methods for creating and maintaining organoid 

vasculature as well as evaluating their strengths and weaknesses.   

 
Methods for vascularization of organoids 
 
Vascularization through addition of endothelial cells 
 
Cerebral organoids are avascular (Lancaster et al., 2013); this may be due to the differentiation 

protocol not yielding to ECs or the regression of vasculature due to the long culture time of cerebral 

organoids. In order to overcome the lack of blood vessels, ECs have been added to the mixture of 

cells. Various forms of ECs have been added, including HUVECs and differentiated hESCs (Pham 

et al., 2018; Cakir et al., 2019; Shi et al., 2020). As discussed above, ECs are heterogeneous and 

tissue specific. Even in organoids, the endogenous vasculature has been shown to be 

transcriptionally similar to ECs in vivo. Therefore, it is inadvisable to use HUVECs or other EC 

lines to create vasculature in organoids because it will not match the tissue. Additionally, ECs lose 
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their unique properties once cultured (Lacorre et al., 2004; Israely et al., 2014). However, it has 

been shown that expression of endothelial transcription factor ETV-2 in ECs gives them the 

plasticity to adapt to a new environment (Palikuqi et al., 2020). ETV-2 expression, even transient, 

appears to revert ECs into an angiogenic state that allows them to form a network of stable vessels. 

In fact, overexpression of ETV-2 in hESCs is sufficient to differentiate into ECs (Cakir et al., 2019; 

Morita et al., 2015).   

 

In vitro flow studies 
 
Regression of vasculature has been noted in multiple organoid systems where organoids are 

cultured under static conditions (Takasato et al., 2015; Holloway et al., 2020; Ryan et al., 2021). 

Blood flow contributes two important functions: 1. Provides ECs and surrounding tissues with 

oxygen and nutrients while removing metabolic waste and 2. Exerts shear stress on the ECs, 

resulting in production of survival and differentiation signals. Hence, organoid vasculature 

regresses due to the lack of hemodynamic flow in standard culture conditions. In order to develop 

organoids with  a stable vasculature, hemodynamic flow must be provided. There are two ways of 

doing this: through in vitro fluidics systems and through implantation into a host animal. 

 
 
Microfluidics 
 
Adding hemodynamic flow to in vitro tissue can be done using microfluidics, engineered devices 

that produce the flow of liquid, colloquially known as ‘tissue on a chip.’ There are many variations 

of these tools, with their own specific objectives and advantages. A simple way to introduce flow 

into organoids is by orbital shaker or spinner flask bioreactor. This creates flow in a circular motion 

by moving all the fluid. While most studies focus on the hemodynamic flow within a vessel, even 
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interstitial flow induces sprouting of ECs (Song and Munn, 2011). Orbital shakers are a standard 

part of the Lancaster et al., 2013 protocol to prevent necrosis in cerebral organoids, although 

vasculature is not present. Przepiorski et al., 2019 uses a bioreactor to generate hiPSC-derived 

kidney organoids, but there does not appear to be a significant improvement in vasculature over 

other organoid culture systems.  

A ‘macrofluidics’ device applies shear stress 

to as many as 100 organoids at once (Homan et al., 

2018). Most of the flow is around and over the 

organoids, although some fluid moves through the 

vessels as well.  This method has only been used with 

kidney organoids, but it can likely be used with 

multiple types. We received the materials for the 

Homan et al., 2019 device through a collaboration 

with the Lewis Lab (Fig. 22). Of note, there is not yet 

clear evidence that the improvement of vasculature 

from this type of flow is due to an increase in 

oxygenation and nutrients or the physical effects of 

hemodynamic flow on the ECs. I have used this device 

to introduce flow onto both hESC organoids and 

kidney explants, but did not observe an improvement 

in vasculature. This could be due to differences in the pump used and flow settings or 

inconsistencies in the ‘gelbrin’ matrix when recreated in my hands. The published work is 

Figure 22. Macrofluidics flow chip and 
organoids. A) Flow chip, 1cm scale. B-C) 
Whole mount IF of organoids under control 
conditions (B) or under flow (C) days 6-12 at 
2.79 ml/min at 5 mbar pressure. Results are 
inconclusive. 150µm scale. 
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remarkably promising, so likely with further troubleshooting we will be able to recreate their 

success. 

Bioreactors may stabilize organoid vasculature, but in order to create a functional kidney 

tissue, the culture system will have a vasculature with an inlet and outlet. One such microfluidics 

chip was generated to create a de novo capillary bed with unidirectional flow through lumenized 

blood vessels (Moya et al., 2013). We hypothesized that this would be the perfect model to develop 

vascularized organoids. Not only could we create a de novo network of perfused vasculature in the 

organoid, but the inlet and outlet would allow us to test renal function 

Bioreactors may stabilize organoid vasculature, but in order to create a functional kidney 

tissue, the culture system will have a vasculature with an inlet and outlet. One such microfluidics 

chip was generated to create a de novo capillary bed with unidirectional flow through lumenized 

blood vessels (Moya et al., 2013; Wang et al., 2016). We hypothesized that this would be the 

perfect model to develop vascularized organoids. Not only could we create a de novo network of 

perfused vasculature in the organoid, but the inlet and outlet would allow us to test renal filtration. 

Through a collaboration with the Schmidtke Lab at UT Southwestern, we used the published 

design in order to develop a similar microfluidics chip (Fig. 23). Similar to the chip in figure 22, 

we encountered difficulties in recreating the published results. After 7 days of culture under flow, 

while we expected a capillary network, instead a PECAM+ monolayer of HUVECs had formed. 

We realized that once again, a significant amount of troubleshooting will be necessary in order to 

achieve the desired results, but it could be a significant step forward in organoids. 
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Implantation 

 

Many researchers have achieved 

organoid vascularization through 

implanting organoids into 

immunocompromised mice, 

allowing for host blood vessel 

invasion into the organoid. The 

most widely used method for 

implantation is under the kidney 

capsule of an adult mouse, due to 

the relative accessibility of the area 

and the capsule holding the implanted tissue in place. Within weeks, vasculature from the host 

invades into the organoid tissue implantation results in significant growth of the 

organoids and maturation of the tissue, including architecturally (Finkbeiner et al., 2015; Chen et 

al., 2018; van den Berg et al., 2018). Organoids implanted at earlier time points in culture have 

been shown to demonstrate better growth (Bantounas at al., 2018). Additionally, the presence of 

pre-implantation vasculature may increase the level of host invasion (Cakir et al., 2019). VEGF 

knockout mESCs implanted into nude mice do not form teratomas as readily as wildtype cells and 

have less vascularization, demonstrating the importance of endogenous VEGF in blood vessel 

recruitment after implantation (Ferrara et al., 1996).  

The vasculature resulting from implantation has been shown to have two results. Either the 

host vasculature anastomoses with the existing organoid vasculature present, creating hybrid 

Figure 23. Microfluidics chip. A) PDMS stamp designed by Kevin 
Lam using Wang et al., 2016 for reference. White arrows, media 
reservoir placement. White arrowhead, tissue chambers. Yellow 
arrowhead, cell port. 100µm height channels. 2mm scale. B) Side 
view of the chip with green water in reservoirs. C) Model of media 
and cells in the chip. HUVECs and human lung fibroblasts are seeded 
into the tissue chamber in a mixture of fibrinogen with 
polymerization activated by thrombin. Media (pink) is added to the 
top two reservoirs at a 3:1 ratio, which flows to the lower two 
reservoirs. This creates interstitial flow across the tissue chambers. 
D) View from beneath the microfluidics chip with green water in one 
reservoir, demonstrating flow. Leakage can be observed. E) IF of 
HUVECs and fibroblasts after 7 days. 100µm scale. 
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vessels, or the host vasculature entirely takes over the organoid, with the graft vasculature 

disappearing over time (van den Berg et al., 2018; Francipane et al., 2019). However, these 

phenomena are not necessarily mutually exclusive, and more studies on the dynamics between the 

host and graft ECs will shed light on this process. ECs migrate against the direction of 

flow; therefore, they may simply be diluted out by the host ECs (Sprague et al., 1997). 

Alternatively, deficiencies in organoid ECs not yet identified may result in them being out 

competed by host vessels if anastomosis, and therefore blood flow, is not quickly established.  

Drawbacks of implantation include the expense and difficulty of the 

technique. Immunocompromised mice are expensive to obtain and house.  This method also 

diminishes the in vitro advantages that organoids provide over in vivo models. Additionally, the 

surgery can result in an overgrowth of scar tissue, stroma, and other unwanted cell types such as 

cartilage (Przepiorski et al., 2019; Gupta et al., 2020). Most studies of implanted organoids focus 

on the successful experiments and appear to even zoom in on the healthy organoids and crop out 

fibrosis. 

 

 

 

Figure 24. Implanted organoids can cause fibrosis and transdifferentiation into chondrocytes after 
implantation. A) Model of implantation of kidney organoids into an immunocompromised mouse and resulting 
vascularization by the host. B) Image of a section of adult kidney 4 weeks after organoid transplant. C) H & E 
showing the interface between implanted organoids and host kidney. O: organoids, K: host kidney, A: adipose 
tissue, F: fibrosis, Ch: chondrocytes, T: tubules, G: glomerulus. 
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Imitating the effects of flow using Yoda-1 
 

Since it is clear from numerous studies that vasculature requires flow, but we had trouble with 

microfluidics, we decided to look into an alternative method to imitate flow. Piezo-1 is 

mechanosensory ion channel. It is necessary for endothelial response to flow and particularly 

important for vascular development and remodeling. In fact, the Piezo1 endothelial knockout is 

embryonic lethal (Renade et al., 2014). Yoda-1, a Piezo1 agonist, has been shown to activate Icam1 

and Vcam1 expression in a concentration-dependent manner, reaching similar levels as 5 dyn/cm2 

shear stress at 2 µM Yoda-1 (Davies et al., 2019). A Yoda-1 dose response experiment with hESC 

organoids is shown in Figure 25. At the highest dose used in Davies et al., 2019 of 2 µM Yoda-1, 

organoids displayed significantly more vasculature by PECAM+ percent area. Further experiments 

will be necessary in order to determine if Yoda-1 treatment expands the longevity of vasculature 

and how it affects the epithelium. 

 

Figure 25. Yoda-1 dose-response treatment of organoids. A-F) Whole mount IF of hESC organoids stained 
with DAPI and PECAM. G) Graph of percent PECAM by organoid area. Only 2 µM Yoda-1 has significantly 
more PECAM than controls.  
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Alternative pathways to promote blood vessel maturation and maintenance 
 
While considerable attention has been placed on the necessity of flow for vascular maintenance 

and maturation, the vasculature must be stabilized before flow can be established. Here we discuss 

signaling pathways that may be activated for this purpose. The addition of pro-angiogenic factors 

and pro-maintenance (anti-regression) are being assessed as a tool for increasing and maintaining 

vasculature before flow can be established. The addition of VEGF increases EC number in EBs, 

with a significant improvement using a growth factor (GF) ’cocktail’ that increased cell number 

overall in addition to a specific upregulation of ECs and hematopoietic cells. These 

GFs include VEGF, FGF2, IL-6, and EPO. There has been success in both increasing and 

maintaining the vasculature in intestinal organoids through the addition of VEGF, BMP4, 

and FGF2 (Holloway et al., 2020.)  VEGF signaling is necessary for vascular 

development. Organoids and embryoid bodies contain endogenous VEGF signaling; VEGF 

knockout mESCs fail to form any ECs or vascular-like structures in embryoid bodies (Ferrara et 

al., 1996). Additionally, endogenous VEGF expression is necessary for the association of ECs and 

epithelium, however addition of VEGF to the culture can disrupt this relationship (Homan et al., 

2018).  

Hypoxia, or low oxygen, is a well-known inducer of angiogenesis. Low oxygen levels 

induce hypoxia inducible factors (HIFs) which turn on a number of genes including angiogenic 

factors such as VEGF (Liu et al., 1995; Krock et al., 2011). This results in blood vessels sprouting 

into the hypoxic region to provide oxygen to the ischemic tissue (Shweiki et al., 1992). Hypoxia-

induced angiogenesis is integral to both physiological processes such as wound healing as well as 

pathological phenomena like tumorigenesis. In utero, the embryo experiences an environment that 

is around 3% oxygen. However, cell culture is performed at ambient oxygen levels of 20%. In fact, 
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standard cell culture should be referred to as ‘hyperoxia’ and 3-9% O2 as ‘normoxia’ or ‘physoxia’ 

since it is closer to physiological levels (Ivanovic, 2009; Carreau et al., 2011). I hypothesized that 

hypoxia would maintain organoid vascularization by induce angiogenesis. Additionally, I 

hypothesized that there would be more NPCs due to the lack of perfused vasculature in the NPC 

caps and evidence that oxygenation induces nephron differentiation (Rymer et al., 2014; Daniel et 

al., 2018). I tested the effects of hypoxia on organoids by culturing them in a hypoxia chamber at 

3% oxygen. The organoids shown in Figure 26 were cultured in 3% oxygen from days 5-9, around 

the peak of organoid vasculature. Strikingly, the hypoxia-treated organoids were much smaller. 

This is consistent with a study on the effect of oxygen levels in tumor spheroids, which were 

cultured in ultra low-attachment 96 well plates, same as our organoid system. They showed that 

the spheroids were smaller with less proliferation when cultured at 5% oxygen. Importantly, the 

spheroids in 5% oxygen did not have a necrotic core that was seen under the normoxia condition 

and in our kidney organoids (Gomes et al., 2016). Even more surprising, the organoids contained 

almost no Six2+ NPCs and had a completely different organization than organoids in standard 

culture. The hypoxia-treated organoids had a completely different organization, with E-Cad+ 

epithelium in the middle of the organoid, with mesenchyme and ECs on the outside. There did not 

appear to be an increase in vascularity of the hypoxia-treated organoids, but this experiment must 

be repeated in order to better understand the effect of low oxygen on kidney organoids. 

 

 
In vivo, many signals that are 

important for vessel stability and 

Figure 26. Organoids under hypoxia. A-B) 
Whole mount IF of day 9 hESC organoids with 
DAPI, PECAM, Six2, and E-Cad. A) Cultured 
under standard conditions and B) cultured under 
3% oxygen from day 5-9. 150 µm scale. 
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maintenance come from supportive cell types, pericytes and macrophages, as well as extracellular 

matrix (ECM). Pericytes are the cells that architecturally and environmentally support blood 

vessels. Not only do pericytes provide vessels with physical support and ECM, but they also create 

biochemical signals that stabilize vessels, and their recruitment is necessary for vessel maturation. 

EC-pericyte communicate in multiple ways including the Angiopoietin-Tie, VEGF-VEGR2, and 

TGFβ signaling, (Dickson et al., 1995; Armulik et al., 2005; Wakui et al., 2006; Chatterjee and 

Naik, 2012). Early vascular plexuses are initially formed ‘naked’ and require VEGF for 

maintenance (Alon et al., 1995). Once remodeling is finished, the vessels then recruit pericytes, 

marking VEGF-independent stability and maturation. Disruption of the EC-pericyte relationship 

results in aberrant remodeling of the capillary plexus, including regression and breaking of the 

vessels (Benjamin et al., 1998). Pericytes vary depending on vessel type, from the smooth muscle 

actin (SMA) tightly covering arteries to more spread out pericytes of the capillaries and 

veins. Pericytes are heterogeneous like ECs; notably, pericytes have disputed origins, and may 

differentiate from various sources, including mesenchyme and macrophages in a tissue-specific 

manner (Muller et al., 2008; Yamamoto et al., 2017; Yamakazi and Mukouyama, 2018).  In 

organoids, pericytes appear to develop along with ECs, as they are prominent in blood vessel 

organoids (Embryoid bodies contain a small amount of Desmin+ and α-SMA+, two types of 

pericytes. However, they are not closely associated with the CD31+ ECs. VEGF treatment 

increases the number of ECs and pericytes present while also increasing pericyte-EC 

association (Hagedorn et al., 2004).  

Macrophages are also essential for regulating angiogenesis, vascular regression, and 

anastomosis. In order to recreate the diverse population of cells in the brain, organoids have been 

made by combining precursors of the various cell types present, including 
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microglial/macrophage precursors and ECs in cerebral organoids, or Kupffer cells—specialized 

macrophages—and ECs in liver organoids (Schwartz et al., 2015; Rennert et al., 2015). Embryoid 

bodies produce CD34+CD35+ hematopoietic cells which can be induced to form mature 

macrophages through treatment with cytokines IL3, SCF and M-CSF (Wiles and Keller 1991; 

Subramanian et al., 2009).  

Blood vessel development and maintenance is complicated, requiring both physical signals 

from shear stress and biochemical signals provided by the surrounding pericytes, stroma, and 

parenchyma. Further, we are still working to understand even fundamental aspects of vascular 

biology. Therefore, recreating a healthy vasculature in vitro is a difficult challenge. Likely, one 

specific factor will not be enough to create a functional vasculature in organoids. Through trial 

and error, we can incorporate our extensive knowledge of blood vessels into the organoid system 

as we continue to learn more about blood vessel dynamics. 

 
Endothelial heterogeneity 

 
In order to create properly vascularized organoids, it is necessary to know what the vasculature 

should look like. Blood vessel anatomy in the adult kidney is well established, but we still have 

much to learn about transcriptional identity of the renal vasculature during development (Aird 

2007; Molema and Aird, 2012; Dumas et al., 2021. We previously assessed heterogeneity of ECs 

in mouse renal development by examining many known EC genes, helping us understand how the 

embryonic kidney is vascularized (Daniel et al., 2018). Many studies have added to our knowledge 

to EC heterogeneity, especially with the advancement of scRNA-seq (Barry et al., 2019; Dumas 

et al., 2020). Despite the growing number of published scRNA-seq studies, we noticed that many 
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lacked substantial in vivo validation of gene expression. We set off to aggregate various renal 

RNA-seq studies to compare the results and determine if 

they are consistent with each other and understand how 

in silico data represents in vivo, asking questions such as 

how many types of ECs are present in the kidney? Are 

we able to identify spatial heterogeneity or renal specific 

EC genes with scRNA-seq? Angiocrine signals? This 

knowledge will aid in our understanding of renal 

vasculature and potentially lead to genetic tools. Our 

idea was that assessing EC heterogeneity, especially 

over different stages could help us in multiple ways (Fig. 27). Genes expressed only during 

embryogenesis could be important molecular determinants of vascular and kidney development, 

including angiocrine signals. Genes expressed during later developmental stages and adulthood 

are likely genes important for endothelial function in renal filtration and resorption. Genes that are 

expressed in both embryonic and adult ECs but are only in renal ECs or regionally specific in the 

kidney could be used to create reporter or Cre lines to investigate specific vasculature.  

The analysis pipeline is shown in Figure 28. Lists of genes sorted by cluster from RNA-seq 

experiments are first assessed by Genepaint, a database of E14.5 embryo ISHs. We hypothesized 

that kidney ECs could 

be divided spatially 

into 5 zones: Cortical, 

outer medullary, inner 

medullary, arteries, 

Figure 27. Venn diagram of gene 
expression analysis in adult and 
embryonic kidneys. Genes expressed by 
ECs in both adult and embryonic kidneys 
may be potential candidates for developing 
transgenic reporters and knockouts to 
examine kidney or region-specific genes. 

Figure 28. Pipeline gene identification for EC heterogeneity analysis.  
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and glomeruli (Fig. 29). The genes that are present in the kidney and appear endothelial are then 

searched through other gene and protein expression databases, including GUDMAP (human 

embryonic kidney), Kidney Cell Explorer (adult kidney), Kidney Interactive Transcriptomics 

(adult mouse kidney), Betsholtz Brain Database (adult mouse brain and lung), and Tabula Muris 

(adult mouse kidney), Allen Brain Atlas (mouse embryo), Human Protein Atlas (adult human) 

(McMahon et al., 2008; Harding et al., 2008; He et al., 2018; Vanlandewijck et al., 2018). In order 

to identify priority genes, we created a scoring system, the Expression Index (EI). For each 

database, genes will be given a score based on expression level and specificity between 1-4. A 

score of 1 is given for expression in ECs only in kidney or in a specific kidney region, 2 for 

expression in ECs and other cells, 3 for genes not expressed in kidney ECs, kidney but in ECs in 

other tissues/organs, and a score of 4 for genes that are not expressed in ECs or have ubiquitous 

expression. The average of these scores is the EI, and lower scored genes are prioritized for further 

study and validation. The selected genes will be analyzed by fluorescent in situ hybridization 

(FISH) on E18.5 kidneys. While validating scRNA-seq data through many databases is time 

consuming, it is still less time consuming than performing FISH in the lab, and this extensive 

corroboration has shown itself to be crucial. Many genes that are identified as highly expressed 

through sequencing end up not being EC-specific, or in ECs at all. Figure 29 shows genes identified 

as ECs specific to a kidney region by Genepaint, but through GUDMAP, it was shown that they 

are likely not endothelial. If we had continued with FISH validation simply based on the Genepaint 

ISH, we would likely have wasted our time. 

I am currently setting up an experiment in order to perform single nuclear RNA sequencing 

(sNuc-seq).  One issue we have encountered when analyzing published scRNA-seq data is that the 

number of ECs is low, since only around 2% of cells are ECs. With such few cells, it is more 



 88 

difficult to remove noise and extrapolate biologically meaningful information. Additionally, ECs 

are tightly wrapped by mural cells in vivo, so when performing traditional scRNA-seq, ECs are 

often accompanied by fragments of mural cells, convoluting the data. Therefore, we determined 

that by isolating nuclei, we could avoid this problem. Using a Flk-1::H2B-YFP reporter mouse, 

we are isolating nuclei from E18.5 mouse kidneys and collecting the YFP+ EC nuclei with 

Fluorescence-activated cell sorting (FACS) with assistance from the UT Southwestern FACS  core 

(Fraser et al., 2005; Habib et al., 2017). 10x RNA sequencing will then be performed by the 

McDermott Center Sequencing Core.  

The goal is that by combining published scRNA-seq data with our planned sNuc-seq will 

have an abundance of genes to analyze. Ideally, we will be able to create a map of kidney 

vasculature gene expression as well as identify interesting candidates for future studies of kidney 

blood vessel development. 
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Figure 29. Endothelial gene expression in embryonic kidney by zone. A) PECAM1 expression in an E14.5 
mouse embryo kidney (A’). B) Five zones of kidney vasculature. C) GUDMAP tSNE of acRNA-seq clustering, ECs 
circled. D-M) Genepaint image of ISH and gene expression overlay on tSNE. Images from Genepaint and 
GUDMAP 



 90 

CHAPTER FIVE 
CONCLUSIONS 

 
 
Necessity for in vitro kidney tissue 

 
Millions of people in the United States have some form of chronic kidney disease and numbers are 

rising due to obesity and type 2 diabetes. CKD treatment focuses on controlling weight, blood 

pressure, and diabetes both through both lifestyle changes and drugs. While these methods have 

been shown to be effective in delaying CKD onset, it is not a cure, and lost kidney function cannot 

be repaired. When patients reach kidney failure, they rely on dialysis unless they are able to receive 

a kidney transplant. Unfortunately, the number of available kidney transplants is unable to support 

the number of patients in need. Transplants also come with the risk of rejection and require 

constant immunosuppression, which comes with its own risks. Clinical trials are ongoing to search 

for CKD treatments, but the efficacy is yet to be determined. While new treatments such as stem 

cell transplants are enticing, we do not know enough to determine how, or if, they work. 

  To combat the lack of transplantable kidneys and the complications that come with donor 

transplants, we have set out to find an alternative. With the surge in stem cell technology in recent 

years, it has become a feasible goal to develop transplantable kidneys from patients’ own cells. 

Through a relatively simple process, we are able to turn human iPSCs into rudimentary kidney 

tissue. With further research, we hope to turn organoids into mature, functional, transplantable 

tissue.  

 

The challenges of organoid culture 
 

 Despite immense progress in less than a decade, many challenges exist in the organoid field. As 

shown in this thesis, there is a particularly evident problem with organoid vasculature, particularly 



 91 

its maintenance and maturity. While not as egregious as the changes in vasculature, we also noted 

regression of epithelium and an expansion of the stroma by day 18. Preventing the degradation of 

organoid tissue  

With many methods generated to form organoids, it is unclear what makes the ‘best’ 

organoid. Additionally, there is significant variability between organoids, particularly for different 

batches and even the same cells can drift over time (Phipson et al., 2019). Compounding on this 

problem, there is no certified list of attributes that are agreed upon by the field to decisively 

determine if an organoid is a ‘success.’ Currently, the best estimation available is by gene 

expression of hallmark genes through antibody staining, RNA sequencing, or qPCR. Continuation 

of basic developmental biology studies, like our investigation into renal endothelial heterogeneity, 

are integral to establishing landmarks and goals for achieving implantable renal tissue. 

  

The future of the field 
 

The future of field requires a fluidic system with an inlet and outlet for vasculature and collecting 

duct drainage. Not only is this necessary for growth and function of the cultured kidneys, but flow 

is required for a healthy vascular system. Once flow is properly established, this will allow us to 

scale-up the organoid culture system and reduce aberrant stroma expansion and organoid quality 

degradation. Only then will we be able to achieve an artificial kidney that is large enough to hand 

the filtration requirements for an adult. 
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CHAPTER SIX 
MATERIALS AND METHODS 

 
 
 
Mice and embryo handling  

Experiments were performed in accordance with protocols approved by the UT Southwestern 

Medical Center IACUC. For each experiment, female mice of 7–8 weeks of age were crossed with 

a male of 9–10 weeks of age. Plugs were checked and the embryos were collected at the desired 

time points for further analysis. Noon of the day on which the mating plug was observed was 

designated embryonic day (E) 0.5. Flk1-GFP endothelial reporter mice were acquired from Dr. Eli 

Keshet (available from Jackson Laboratory Kdrtm2.1Jrt/J, stock number 017006), (Takaha- shi et 

al., 1996). These mice were created by knocking in the eGFP cassette into the first exon of Kdr. 

The homozygous mice are embryonic lethal and are maintained as heterozygotes in a CD1 

background. In addition, the following mice were used in the studies described: Foxd1- Cre (MGI 

Cat# 4437923, RRID:MGI:4437922 (Humphreys et al., 2010)), Six2Cre (MGI Cat# 3848504, 

RRID:MGI:3848504 (Kobayashi et al., 2008),), Hoxb7Cre (IMSR Cat# JAX:004692, 

RRID:IMSR_JAX:004692 (Yu et al., 2002)), Rosa26 YFP (IMSR Cat# JAX:006148, RRI- 

D:IMSR_JAX:006148 (Srinivas et al., 2001)), and the RosaDTRflox or terminator mouse was 

kindly provided by Lloyd Cantley (Guo et al., 2013).  

 

Generation of human ESC organoids  

The methods used were adapted from previously published protocols (Takasato et al., 2015, 

2016a). H9 ESCs were generously provided by Dr. Jenny Hsieh and Dr. Vanesa Nieto-Estevez at 

University of Texas at San Antonio. Cells were validated free of mycoplasma with a Universal 

Mycoplasma Detection Kit (ATCC, 30–1012K). H9 ESCs were cultured on Matrigel-coated plates 
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in mTeSR plus (STEMCELL, 05825) with 10 μM Rock inhibitor Y-27632 (ATCC) for the first 

24 h of growth to limit cell death. For differentiation, ESCs were split at 1:12 ratio and cultured 

for 24 h in mTeSR plus and Rock inhibitor. The next day, day 7, the media was replaced with 

TeSR-E6 (STEMCELL, 05946) with 6 μM CHIR 99021 (R&D, 4423). Media was changed daily 

or every other day. On day 3, the media was replaced with TeSR-E6 with 200 ng/ml FGF9 (R&D, 

273-F9-025). On day 0, the cells were collected using TrypLE Express (ThermoFisher, 12604013). 

Cells were distributed into an Ultra-Low Attachment 96 well U bottom plate (Corning, CLS7007-

24 EA) with approximately 100,000 cells per well in TeSR-E6 with 200 ng/ml FGF9. Media was 

changed every 2–3 days. On day 5, FGF9 was no longer added. Organoids were also made by 

spotting 100,000 cells in 1 μl onto a 2.4 cm Transwell filter, which required a 1 h 6 μM CHIR 

pulse. (Unlike filter organoids, we found that submerged organoids did not require a CHIR pulse 

to differentiate. Additionally, the submerged format limited user error by accidental flooding of 

the Transwell which caused the organoids to die. Lastly, the 96 well plate format provided a more 

efficient use of media than Transwell filters in a 6-well plate (200 μl media per organoid vs. >300 

μl per organoid) plus the additional media that was required for the 1 h CHIR pulse after 

aggregation.  

 

Generation of mouse NZC derived kidney organoids  

Nephrogenic zone cells (NZCs) were isolated using the protocol from Brown et al. (Brown et al. 

(2015). Briefly, kidneys were dissected from embryonic day 17.5 (E17.5) mice in PBS. Kidneys 

were cleaned and capsules were carefully removed ensuring no damage to the kidneys. The 

kidneys were combined and washed in HBSS (Gibco, 14175) on a nutator (Fisher Scientific, 260 

100F) at 37 C for 2 min. HBSS was removed and the kidneys were carefully submersed in a filtered 
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0.1% collagenase A (Roche, 11,088,793 001)/0.5% porcine pancreatin (Sigma, P1625) solution in 

PBS without calcium or magnesium (Corning, 20–031 CV). The kidneys were incubated in the 

collagenase/pancreatin enzyme digest on a nutator at 37 C for 10 min. The enzyme was inactivated 

using 125 μl of fetal bovine serum (FBS). While avoiding contact with the kidneys, the supernatant 

was removed and centrifuged at 2000 RPM for 5 min using a microcentrifuge (Eppendorf 

Centrifuge 5415 D). The supernatant was discarded and the cell pellet was resuspended in 1 ml of 

AutoMacs buffer (Miltenyi Biotec, 130-091-221) and passed through a 30 μm pre-separation filter 

(Miltenyi Biotec, 130-041-407) that was previously  primed with 4 ml of AutoMacs buffer. The 

filter was immediately washed with 500 μl of AutoMacs buffer and cells were counted from the 

resulting filtrate. If cells were to be plated in monolayer, cells were seeded onto a tissue culture 

plate pre-coated in 25% Matrigel (Fisher Scientific, 08-774-553)/DMEM F12 (Gibco, 11,320,033) 

at a cell density of be- tween 5000 and 25,000 cells per cm2 similar to the method used by Brown 

et al. (Brown et al. (2015). Cells were cultured in APEL2 (STEMCELL, 05270) with 1% 

Penicillin-Streptomycin supplemented with 200 ng/ml FGF9 (R&D, 273-F9-025) and 10 μM Rock 

inhibitor Y27632 (Millipore, 688001). Media was changed every two days and the cells were 

passaged when after reaching 70% confluency using TrypLE dissociation solution (Life 

Technologies, 12,563,029). Cells can be maintained in monolayer no more than two passages.  

If the collected NZCs were to be aggregated into organoids, cells were resuspended in 

AutoMacs buffer at a concentration of 500,000 cells/2 μl, accounting for the volume of the cells. 

2 μl of the cell solution was carefully pipetted onto a Nuclepore Track-Etch Membrane (Whatman, 

#110409) which was floating in 1 ml APEL 2 (StemCell, 05270) with 1% Penicillin-Streptomycin 

and 8 μM CHIR. Organoids were incubated for in 37 C at 5% CO2 for 1 h after which the 8 μM 

CHIR media was removed and replaced with 1 ml APEL 2 with 1% Penicillin-Streptomycin and 
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200 ng/ml human recombinant FGF9 (R&D, 273-F9-025). Except for Fig. 4J, where the organoid 

was treated with CHIR overnight. Organoids were cultured for 5 days after which the media was 

removed and replaced with 1 ml APEL 2 with 1% Penicillin-Streptomycin without any additional 

growth factors and cultured for an additional 5 days for a total of 10 days of growth. Throughout 

the culture period, media was replaced every two days.  

For hypoxia experiments, organoids were cultured at 37˚C in 3% O2 and 5% CO2. Media 

was placed in the hypoxia chamber at least 8 hours before media changes in order to equilibrize 

oxygen levels. Organoids were fixed in the hypoxia chamber. 

 

Explant culture of embryonic kidneys  

Flk1-GFP embryos were dissected at E12.5. Kidneys were cultured on Nuclepore Track-Etch 

Membranes (Whatman, 110409) floating on DMEM/F12 medium with 10% FBS and 1% 

Penicillin-Streptomycin. For live imaging, kidneys were cut with a tungsten wire and cultured cut-

side down on fibronectin-coated, glass-bottom plates (MatTek, P35G-1.5-14- C).  

 

Histology and immunohistochemistry on sections  

Kidneys and organoids isolated at the desired time points were fixed using 4% paraformaldehyde 

at 4 C overnight (kidneys and NZC organoids) or 20 min at room temperature (hESC organoids) 

with gentle agitation. For paraffin histology, tissue was washed 3 times in PBS for 5 min, 

dehydrated in an ethanol series, xylene cleared, and embedded in paraffin. 10 μm sections from 

paraffin-embedded kidneys were stained by haematoxylin and eosin or immunofluorescence. 

Alternatively, tissue was processed through cryosectioning, where tissue was washed 3 times in 

PBS for 5 min, incubated overnight in 30% sucrose, and embedded in OCT (ThermoFisher 
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Scientific, 23-730-571). OCT-embedded tissue was sectioned on a cryostat into 10 μm sections. 

Paraffin and frozen sections were baked at 60 C for 10 min. Paraffin sections were deparaffinized 

in xylene then hydrated in an ethanol series to water. Both paraffin and frozen sections were then 

washed in 0.1% Triton-X/PBS and blocked in 5% normal donkey serum/0.1% Triton-X/PBS for 

a minimum of 1 h at room temperature. Sections were incubated in a variety of primary antibodies 

in blocking solution overnight at 4 C (for dilutions, see Table S1) followed by 3 washes in 0.1% 

Triton-X/PBS. Sections were then incubated in secondary antibody at 1:500 in blocking solution 

for 1 h at room temperature, washed 3 times in PBS, incubated in DAPI, and mounted with anti-

fade mounting media (Vectashield, H1000) or Prolong Gold Mounting Medium (Cell Signaling, 

8961). Tissue was viewed and imaged by scanning laser confocal microscopy (NIKON A1R).   

 

Whole-mount immunofluorescence  

Fixed organoids were washed in PBS and permeabilized with 1% Triton-X 100 for 1.5 h before 

being blocked using CAS-Block (ThermoFisher Scientific, 008120) for 1.5 h. The tissues were 

incubated in pri- mary antibodies in CAS block (for dilutions, see Table S1) overnight at 4 C. 

Tissues were washed in PBS at least 5 times for 10 min each and incubated in secondary antibodies 

in CAS block for 1 h and then washed and subsequently incubated in DAPI for 1 h. Tissues were 

mounted on slides with ProLong Gold and visualized using a Nikon A1R confocal to take optical 

sections every 1 μm.  

Whole kidneys were additionally cleared by incubating them in a 1:2 mixture of benzyl 

alcohol/benzyl benzoate (BABB) for at least 10 min. Kidneys were mounted in BABB and 

visualized using an LSM710 Meta Zeiss confocal to take optical sections every 2.5–3 μm as 

described in Daniel et al., 2018.  
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Vascular quantification  

Whole mount organoids and embryonic kidneys stained for CD31 and Sox17 (organoids) or CD31 

and EMCN (kidneys) were analyzed with Imaris. Volume of the organoids was automatically 

calculated. For the kidneys, due to extraneous tissue, a surface was created manually by using the 

contour setting to trace the kidney about every 5 slices through the z-stack. The volume of this 

surface was used to estimate the kidney volume. Then, the surface was used to create a mask of 

the CD31/EMCN channel so that blood vessel volume was only calculated within the kidney. Next, 

a surface of the masked CD31/EMCN channel was created. Surfaces were created automatically 

using the same parameters across all samples, including the absolute intensity and automatic 

thresholding. The sum of surface volumes of this channel were used as the estimation of blood 

vessel volume. Automatic surface calculations with Imaris fail when there is extremely low signal 

and/or high background. Therefore, the surface was adjusted by hand for quantification of the day 

3, VEGF- treated organoid and background subtraction was used for the quantification of day 15 

and 18 VEGF treated organoids (Fig. 3). Sox17+ nuclei were counted using the spots function on 

Imaris using a 6 μm estimated diameter with automatic quality thresholding and background 

subtraction.  

Branching of vasculature was quantified with angiotool, a free soft- ware developed by the 

NIH (Zudaire et al., 2011). The same whole mount organoids and E13.5 embryonic kidneys stained 

for CD31 and Sox17 (organoids) or CD31 and EMCN (kidneys) analyzed for Fig. 2D–F were 

analyzed for branching. Every 5th virtual slice was analyzed and the number of junctions and 

junction density were automatically calculated. For epithelial-endothelial contact, EC contact with 

E-Cad+ epithelial structures were counted by hand using FIJI. 10 μm sections of E15.5 kidneys 
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stained by immunofluorescence for Flk1-GFP and E-Cad as well as 10 μm virtual sections of 

whole mount organoids stained for CD31 and E-Cad were analyzed. Brightness/contrast 

adjustments made for representative images were equally applied to all images in that set. To 

analyze NZC organoid vascularity and variability, we visually assessed (two observers, one 

blinded) by EC whole mount antibody stain. We classified organoids into Class I (little), II, and 

III (lot) depending on the area of EC staining.  

 

 Quantitative PCR  

At least 8 organoids were collected and RNA was isolated using the RNeasy Micro Plus kit 

(Qiagen, 74034). Up to 2 μg of total RNA was used to make cDNA with the SuperScriptTM III 

Reverse Transcriptase kit (Invitrogen, 18080). Primers were selected from published sources and 

are available in Table S2. qPCR was performed in triplicate using SYBR green master mix 

(Applied Biosystems, 4,309,155) and 1 μl diluted cDNA (~2 ng) with an annealing temperature of 

60 C. The reaction was run with the QuantStudio 3 Real-Time PCR system (Applied 

Biosystems/Thermo Fisher, A28567). Gene expression levels were determined by PCR reactions 

(15 s at 95 C and 1 min at 60 C for 40 cycles). GAPDH was used as an internal control for gene 

expression and the ΔΔCt method was used to calculate fold change compared to day 0.  

 

 

Organoid engraftment under the kidney capsule  

hPSC organoids for engraftment were developed according to the protocol in Kumar Gupta et al. 

(2020) where two days after organoid aggregation, organoids cells are collected and mixed with 

newly differentiated kidney progenitor cells then reaggregated. 18 days after the initial 
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differentiation began, organoids were implanted under the kidney capsule of an 

immunocompromised NOD SCID gamma (NSG) mouse. Organoids were harvested 3 weeks after 

engraftment. 100 μl of 1 μg/μl of Isolectin B4-FITC (Sigma) was injected into the retroorbital 

sinus of the host mouse 30 min before harvest in order to visualize perfused vasculature. Tissue 

was sectioned with a vibratome and analyzed by immunofluorescent staining. More detailed 

methods in (Kumar Gupta et al., 2020).  

 

Single cell data analysis  

Mouse embryonic kidney datasets published (Combes et al., 2018; England et al., 2020) are 

curated in the Gene Expression Omnibus (GEO) database under accession numbers GSE108291 

and GSE155794, respectively. The GEO accession numbers for each human embryonic and 

organoid single cell RNA-seq dataset analyzed can be found in Tables S3 and S4, respectively. In 

addition, sequencing data for 8- and 9-week embryos published by (Young et al., 2018) was 

included.  

Each batch was processed independently using the scran Bio- conductor package (Lun et 

al., 2016b). Unfiltered feature-barcode matrices were generating by running the CellRanger count 

pipeline for data provided in this format. Otherwise, provided gene expression matrices were used 

directly. Cells were called from empty droplets by testing for deviation of the expression profile 

for each cell from the ambient RNA pool (Lun et al., 2018). Cells with large mitochondrial 

proportions, i.e., more than 3 mean-absolute deviations away from the median, were removed. 

Cells were pre-clustered, a deconvolution method was applied to compute size factors for all cells 

(Lun et al., 2016a) and normalized log-expression values were calculated. Variance was 

partitioned into technical and biological components by assuming technical noise was Poisson-
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distributed and attributing any estimated variance in excess of that accounted for by a fitted Poisson 

trend to biological variation. The dimensionality of the data set was reduced by performing 

principal component analysis and discarding the later principal components for which the variance 

explained was less than variance attributable to technical noise.  

A single set of features for batch correction were obtained by computing the average 

biological component of variation across batches and retaining those genes with a positive 

biological component. The batches were rescaled, and log-normalized expression values 

recomputed after the size factors were adjusted for systemic differences in sequencing depth 

between batches. Batch effects were corrected by matching mutual nearest neighbors in the high-

dimensional expression space (Haghverdi et al., 2018). The resulting reduced-dimensional 

representation of the data was used for all subsequent embeddings including UMAP's and diffusion 

maps.  

Cells were clustered by building a shared nearest neighbor graph (Xu and Su, 2015) and 

executing the Walktrap algorithm (Pons and Matthieu., 2006). Differential gene expression 

analysis was performed using the two-part generalized linear model that concurrently models 

expression rate above background and expression mean implemented in MAST (Finak et al., 

2015). A one-versus-all strategy was employed comparing each cluster to all other identified 

interstitial clusters.  

Cell type labels were transferred from embryonic mouse to embryonic human cells as 

follows. First, the mouse and human embryonic cells were integrated and embedded together in a 

50-dimensional diffusion map (Haghverdi et al., 2016). Next, the TensorFlow platform (Abadi et 

al., 2015) was utilized to train a sequential neural network with two hidden layers each containing 

512 nodes, with dropout layers following each hidden layer, to classify the mouse embryonic cells 
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by cell type as either epithelium, interstitium, endothelium, erythrocyte or leukocyte. The Adam 

optimizer was used with a focal sparse categorical cross entropy loss (Lin et al., 2017). Graph 

regularization (Bui et al., 2018) was employed. Five-fold cross validation was used during training. 

Next, clusters of the human embryonic cells, obtained independently as above, were assigned to 

one of the above cell types by a voting process where each cell's mapped cell type determined its 

vote. These assigned cell types were then used to classify the human organoid cells in the same 

way.  

 

 

Microfluidics 
 

Two fluidics devices were used. The microfluidics chip developed by the Lewis Lab may be found 

in Homan et al., 2018. In brief, a gelbrin mixture was made by mixing PBS, gelatin, fibrinogen, 

sodium chloride and transglutaminase. Thrombin was added to polymerize the mixture, which was 

poured into the mold. With a cut 200 µl pipette, organoids were transferred onto the gelbrin and 

the cover was screwed onto the top and attached to pump system. The pump used for this 

experiment was the Ibidi Perfusion System (Ibidi, 10902). Flow rates used were around 2.8 

ml/minute. 

 The second microfluidics device was designed by Kevin Lam using AutoCAD, based on 

Wang et al., 2016 (Lam et al., 2019). The CAD design was used as a mask in contact 

photolithography, creating a silicon wafer so the pattern is raised. Sylgard 184 Silicon Elastomer 

was mixed with curing agent to create polydimethylsiloxane (PDMS), which was poured into the 

wafer. Once cured, the PDMS mold was removed and holes were stamped out with a biopsy punch 

at the various ports. The PDMS mold was plasma treated and adhered onto plasma-treated glass, 



 102 

creating the microfluidics channels. Detailed methods may be found in Lam et al., 2019 and Duffy 

et al., 1998). In order to seed the microfluidics chips, the methods from Wang et al., 2016 and 

2017. In brief, HUVECs and normal lung human fibroblasts were mixed together in fibrinogen at 

a concentration of 107 cells/ml. Thrombin was added to the cell/fibrinogen mixture and quickly 

seeded into the cell port. EGM2 media was added to the top two media reservoirs at a 3:1 ratio and 

the chip was placed to culture in the incubator. Media was changed daily. 
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Disease Patients

L-Arginine
Infusion

nitric oxide production
M

uscle sym
pathetic 

nerve activity (M
SNA)

The University of 
Texas at Arlington

4
15

2018
2022

Recruiting

NCT03988920

A Long-Term
, Open Label Study 

to Evaluate the Ability of 
Tenapanor Alone or in 

Com
bination W

ith Sevelam
er 

to Treat to Goal Serum
 

Phosphorus in Patients W
ith 

End-Stage Kidney Disease on 
Dialysis (NORM

ALIZE)

Tenapanor
Oral

inhibitor of the 
sodium

-proton 
exchanger NHE3

Achieving norm
al 

serum
 phosphorus level

Ardelyx
4

150
2019

2021
Hypophosphatem

ia

NCT03990363

A Phase 2b, M
ulticentre, 

Random
ised, Double-blind, 

Placebo-controlled Study of 
Verinurad and Allopurinol in 
Patients W

ith Chronic KIdney 
Disease and Hyperuricaem

ia

Verinurad + 
Allopurinol

Oral
URAT1 inhibitor, 
xanthine oxidase 

(XO)inhibitor 

Ratio of urinary 
album

in to urinary 
creatinine

AstraZeneca
2

861
2019

2021
Active, not 
recruiting

NCT04040959

Nicotinam
ide Riboside 

Supplem
entation for Treating 

Arterial Stiffness and Elevated 
Systolic Blood Pressure in 

Patients W
ith M

oderate to 
Severe CKD

Nicotinam
ide 

riboside
Oral

naturally 
occurring vitam

in 
B3 derivative

carotid-fem
oral pulse 

w
ave velocity

University of 
Colorado, Denver

2
118

2019
2024

Vascular disease, 
Blood Pressure,
Oxidative Stress

Recruiting
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NCT04053764

A Phase II, M
ulticenter, 

Random
ized, Open Label Tw

o 
Arm

 Study Com
paring the 

Effect of Crizanlizum
ab + 

Standard of Care to Standard of 
Care Alone on Renal Function in 

Sickle Cell Disease Patients ≥ 
16 Years W

ith Chronic Kidney 
Disease Due to Sickle Cell 

Nephropathy

C
rizanlizuam

b
Infusion

Percentage of patients 
w

ith ≥ 30%
 decrease in 

album
inuria (ACR) 

Novartis 
Pharm

aceuticals
2

148
2019

2024
Sickle Cell 

Disease (SCD)
Recruiting

NCT04115345

A Phase 1 Open-Label Safety, 
Tolerability, and Early Efficacy 
Study of a Renal Autologous 

Cell Therapy (REACT) in 
Patients W

ith Chronic Kidney 
Disease From

 Congenital 
Anom

alies of the Kidney and 
Urinary Tract (CAKUT) (REGEN-

004)

Biological: REACT - 
renal autologous 

cell therapy

Injection 
into renal 

cortex

M
ay augm

ent renal 
structure/function

Assess change in eGFR 
and adverse events

Prokidney
1

15
2019

2023

Congenital 
Anom

alies 
of Kidney and 
Urinary Tract

Recruiting

NCT04123613

A M
ulti-Center Open-label 

Investigation to Assess the 
Safety and Efficacy of M

ultiple 
Doses of DM

199 in Patients 
W

ith Chronic Kidney Disease

D
M
199

Injection
recom

binant hum
an 

tissue kallikrein-1 
(rhKLK-1)

Incidence of treatm
ent 

em
ergent adverse 

events, Change in renal 
function (eGFR), Change 

in urine album
in to 

creatinine ratio, 
Plasm

a m
easurem

ents 
of DM

199 

DiaM
edica 

Therapeutics Inc
2

90
2019

2021
Recruiting

NCT04258397
Trial of Pirfenidone to Prevent 
Progression in Chronic Kidney 

Disease (TOP-CKD)
Pirfenidone

Oral
Change from

 baseline 
in kidney fibrosis, M

RI 
and urinary m

arkers
Genentech

2
200

2020
Jul-05

Recruiting

NCT04365218

A Phase I Random
ized, Blinded, 

Placebo-controlled Study to 
Evaluate the Safety and 

Pharm
acokinetics of M

EDI8367 
Adm

inistered as Single 
Ascending Doses in Healthy 

Subjects, and as a Single Dose 
in Healthy Subjects of Japanese-

descent and in Subjects W
ith 

Chronic Kidney Disease

M
EDI8367

Injection
Antibody, inhibits 
TGFb activation

Safety trial. Adverse 
events and/or serious 

adverse events
AstraZeneca

1
70

2020
2022

Active, not 
recruiting

NCT04492722

A Phase 2b Random
ised, Double-

Blind, Placebo-Controlled, M
ulti-

Centre, Dose-Ranging Study of 
AZD5718 in Participants W

ith 
Proteinuric Chronic Kidney 

Disease

AZD
5718

Oral
Change from

 baseline 
in urine ACR to W

eek 
20

AstraZeneca
2

632
2020

2022
Recruiting
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NCT04500665
Anti-Inflam

m
atory Treatm

ent 
of Urem

ic Cardiom
yopathy 

W
ith Colchicine

Colchicine
Oral

Anti-inflam
m

atory

Change in left 
ventricular global 

longitudinal strain by 
transthoracic 

echocardiography

Brigham
 and 

W
om

en's Hospital
2

20
2020

2021
Not yet 

recruiting

NCT04510844

A Phase IV, Double-Blind, 
Placebo-Controlled, M

ulti-
Center Trial To Study The 

Effects Of Evolocum
ab In Stage 

IV-V Chronic Kidney Disease: 
The Cardiovascular and Lipid-

Low
ering Effects 

Of Evolocum
ab In 

Advanced Chronic Kidney 
Disease Trial

Evolocum
ab

Injection

Biologic, m
onoclonal 

antibody that inhibits 
proprotein convertase 
subtilisin/kexin type 9

LDL cholesterol 
concentration

NYU Langone 
Health

4
115

2021
2023

High cholesterol
Recruiting

NCT04511338

A Random
ized, Open Label, 

Cross-over Feasibility Study for 
Heparin-free Hem

odialysis W
ith 

the Dialyzer W
ith Endexo™

 in 
End-Stage Renal Disease (ESRD) 

Subjects

D
ialyzer w

ith 
Endexo

Infusion
Anti throm

bogenic
Successful heparin-free 

HD sessions
Fresenius M

edical 
Care North Am

erica
N/A

16
2020

2021
Recruiting

NCT04534114

Factor XI LICA to Reduce 
Throm

botic Events in End-Stage 
Renal Disease Patients on 
Hem

odialysis: A Phase 2, 
Random

ized, Double-Blind, 
Placebo-Controlled Study of the 
Safety, Pharm

acokinetics, and 
Pharm

acodynam
ics of M

ultiple 
Doses of BAY 2976217

BAY2976217
Injection

Prevention of 
throm

bosis

Incidence of m
ajor 

bleeding and clinically-
relevant non-m

ajor 
bleeding

Bayer
2

305
2020

2022
ESRD requiring 

hem
odialysis

Active, not 
recruiting

NCT04542304
Efficacy of Diuretics in Kidney 

Disease
M

etolazone
Oral

Diuretic
Change in urine output 

[
Stanford University

2
50

2021
2024

End Stage Renal 
Disease

Recruiting

NCT04549597

Random
ized Open-Label Study 

to Evaluate Tenapanor as the 
Core Therapy in the Treatm

ent 
of Hyperphosphatem

ia in 
Patients W

ith Chronic Kidney 
Disease W

ho Are Phosphate 
Binder Naive or on Phosphate 

Binders to Optim
ize Phosphorus 

M
anagem

ent

Tenapanor
Oral

inhibitor of the 
sodium

-proton 
exchanger NHE3

achieve target s-P 
levels of less than or 
equal to 5.5 m

g/dL
Ardelyx

4
330

2020
2021

Hyperphosphate
m

ia
Recruiting

NCT04595370

Efficacy, Safety and Tolerability 
of AZD9977 and Dapagliflozin in 
Participants W

ith Heart Failure 
and Chronic Kidney Disease 

(M
IRACLE)

AZD
9977

Oral

Percent change from
 

baseline in  urinary 
album

in to creatinine 
ratio (UACR)

AstraZeneca
2

540
2021

2022
Heart failure

Recruiting
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NCT04600323
Bicarbonate Adm

inistration and 
Cognitive Function in M

idlife 
and Older Adults W

ith CKD

Sodium
 

Bicarbonate 
Tablets

Oral
Base

Cognitive function
University of 

Colorado, Denver
1

50
2021

2022
M

etabolic 
Acidosis

Recruiting

NCT04622709
Pilot Study of Loop Diuretics 
Am

ong Individuals Receiving 
Hem

odialysis
Furosem

ide 
Oral

change in urine 
volum

e, serum
 

potassium
, serum

 
m

agnesium
 + others

Change in 24-hour 
urine volum

e 

University of North 
Carolina, Chapel 

Hill
2

36
2020

2021
Recruiting

NCT04696146

A Phase I/II, Double-Blind, 
Placebo-Controlled Study: 

Assessing Safety and Efficacy of 
Preoperative Renal Allograft 

Infusions of C1 Inhibitor 
(Berinert®) (Hum

an) (C1INH) vs. 
Placebo Adm

inistration in 
Recipients of a Renal Allograft 

From
 Deceased High Risk 

Donors and Its Im
pact on 

Delayed Graft Function (DGF) 
and Ischem

ia/Reperfusion Injury 
(IRI)

Berinert
Infusion

C1 esterase inhibitor, 
involved in sw

ellling 
and inflam

m
ation

Need for Dialysis in the 
first 30 days post-

transplant 

Cedars-Sinai 
M

edical Center
1/2

40
2021

2022
End Stage Renal 

Disease
Recruiting

NCT04699032

A Phase 1, Open-Label 
Evaluation of the 

Pharm
acokinetics and Safety of 

a Single Dose of Apraglutide in 
Subjects W

ith Norm
al and 

Im
paired Renal Function.

Apraglutide
Injection

Peptide GLP-2 
analogue

M
axim

um
 Plasm

a 
Concentration

VectivBio AG
1

16
2020

2021
Recruiting

NCT04702997

A Phase 2 Trial to Evaluate 
Safety, Tolerability, and 

Efficacy of Bardoxolone M
ethyl 

in Patients W
ith Chronic Kidney 

Disease at Risk of Rapid 
Progression

Bardoxolone 
m

ethyl 
Oral

Change in eGFR from
 

baseline

Reata 
Pharm

aceuticals, 
Inc.

2
70

2021
2021

Recruiting

NCT04707768

A Random
ized, Open-label, 

Active-controlled Study 
Evaluating the Efficacy and 

Safety of Dose Conversion From
 

a Long-acting Erythropoiesis-
stim

ulating Agent (M
ircera®) to 

Three Tim
es W

eekly Oral 
Vadadustat for the 

M
aintenance Treatm

ent of 
Anem

ia in Hem
odialysis 

Subjects

Vadadustat, M
icera

Oral 
(M

icera IV)
M

ean change in 
hem

oglobin
Akebia 

Therapeutics
3

450
2021

2022

Anem
ia 

Associated W
ith 

Chronic Kidney 
Disease (CKD)

Recruiting
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NCT04724837

A Phase 2b M
ulticentre, 

Random
ised, Double-Blind, 

Placebo-Controlled, Parallel 
Group Dose-Ranging Study to 
Assess the Efficacy, Safety and 
Tolerability of Zibotentan and 
Dapagliflozin in Patients W

ith 
Chronic Kidney Disease W

ith 
Estim

ated Glom
erular 

Filtration Rate (eGFR) Betw
een 

20 and 60 m
L/M

in/1.73 m
^2

Zibotentan and 
D

apagliflozin
Oral

Change in Log-
transform

ed Urinary 
Album

in to Creatinine 
Ratio (UACR)

AstraZeneca
2

660
2021

2022
Recruiting

NCT04727840

Com
bined Dietary Intervention 

in Hyperkalem
ic CKD Patients 

W
ith Potassium

 Binder (W
ith 

Hyperkalem
ia) (DiPo Trial)

Sodium
 Zirconium

 
Cyclosilicate Oral 

Product
Oral

cation exchanger that 
selectively binds 
potassium

 in the 
intestine

Brigham
 and 

W
om

en's Hospital
1

20
2021

2022
Hyperkalem

ia
Not yet 

recruiting

NCT04736628
v

Random
ised, Double-blind 

(W
ithin Dose Groups), Placebo 

Controlled and Parallel Group 
Trial to Investigate the Effects 

of Different Doses of Oral BI 
685509 Given Over 20 W

eeks 
on UACR Reduction in Patients 

W
ith Non-diabetic Kidney 

Disease

BI 685509
Oral

Change from
 baseline 

in log transform
ed 

Urine Album
in 

Creatinine Ratio (UACR) 

Boehringer 
Ingelheim

2
240

2021
2022

Recruiting

NCT04849650

An Open Label Study of the 
Pharm

acokinetics of 
Intravenous and Oral 

Am
isulpride in Adults W

ith 
Severe Renal Im

pairm
ent and 

Healthy Control Subjects

Am
isulpride

Infusion 
and oral

 Am
isulpride plasm

a 
exposure (AUC) after a 

single IV dose
Acacia Pharm

a Ltd
1

12
2021

2021
ESRD

Recruiting

NCT04865770

Renal M
ode of Action of 

Sem
aglutide in Patients W

ith 
Type 2 Diabetes and Chronic 

Kidney Disease

Sem
aglutide

Injection
Change in kidney 

oxygenation, perfusion, 
and inflam

m
ation

Novo Nordisk
3

105
2021

2023
Recruiting

NCT04869761

Allogeneic M
esenchym

al Stem
 

Cell Therapy in Patients 
W

ith Chronic Kidney Disease: A 
Phase I Study

Allogeneic adipose-
derived 

m
esenchym

al stem
 

cells (M
SC) Infusion

Infusion
Stem

 cells
Safety trial. Adverse 

events and/or serious 
adverse events

M
ayo Clinic

1
40

2021
2027

Diabetes M
ellitus 

1 and 2, Diabetic 
Nephropathies

Not yet 
recruiting

NCT04985383

An Open Label Phase 1 Study to 
Com

pare the Safety and 
Tolerability of the AKST1210 

Colum
n at Different Blood-Flow

 
Rates in Patients W

ith End-
Stage Renal Disease 

Undergoing Hem
odialysis

AKST1210
Device, 

Hem
odialy
sis

Safety and tolerability 
of each colum

n size at 
each blood-flow

 rate
Alkahest, Inc.

N/A
15

2021
2021

Recruiting
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Table S3. Human organoid EC GEO accession

Experiment Sample Species Stage Tissue Cell line Platform
GSE124472 GSM3534660 Homo sapiens d16d organoid ESC 10x
GSE124472 GSM3534661 Homo sapiens d16d organoid ESC 10x
GSE124472 GSM3534662 Homo sapiens d28d organoid ESC 10x
GSE124472 GSM3534663 Homo sapiens d28d organoid ESC 10x
GSE132023 GSM3834523 Homo sapiens d10d organoid ESC 10x
GSE132023 GSM3834524 Homo sapiens d10d organoid ESC 10x
GSE132023 GSM3834525 Homo sapiens d12d organoid ESC 10x
GSE132023 GSM3834526 Homo sapiens d14d organoid ESC 10x
GSE132023 GSM3834527 Homo sapiens d14d organoid ESC 10x
GSE114802 GSM3150499 Homo sapiens d25d organoid iPSC 10x
GSE114802 GSM3150500 Homo sapiens d25d organoid iPSC 10x
GSE114802 GSM3150501 Homo sapiens d25d organoid iPSC 10x
GSE114802 GSM3150502 Homo sapiens d25d organoid iPSC 10x
GSE109718 GSM2949337 Homo sapiens d21d organoid iPSC Drop-Seq
GSE109718 GSM2949339 Homo sapiens d21d organoid iPSC Drop-Seq
GSE108291 GSM2914997 Homo sapiens d25d organoid iPSC 10x
GSE108291 GSM2914998 Homo sapiens d25d organoid iPSC 10x
GSE108291 GSM2914999 Homo sapiens d25d organoid iPSC 10x
GSE108291 GSM2915000 Homo sapiens d25d organoid iPSC 10x
GSE118184 GSM3320174 Homo sapiens d26d organoid iPSC Drop-Seq
GSE118184 GSM3320175 Homo sapiens d26d organoid iPSC Drop-Seq
GSE118184 GSM3320176 Homo sapiens d26d organoid iPSC Drop-Seq
GSE118184 GSM3320177 Homo sapiens d26d organoid iPSC Drop-Seq
GSE118184 GSM3320178 Homo sapiens d26d organoid ESC Drop-Seq
GSE118184 GSM3320179 Homo sapiens d26d organoid ESC Drop-Seq
GSE118184 GSM3320180 Homo sapiens d26d organoid ESC Drop-Seq
GSE118184 GSM3320181 Homo sapiens d26d organoid ESC Drop-Seq
GSE118184 GSM3320182 Homo sapiens d26d organoid ESC Drop-Seq
GSE118184 GSM3320183 Homo sapiens d26d organoid ESC Drop-Seq
GSE118184 GSM3320184 Homo sapiens d26d organoid ESC Drop-Seq
GSE118184 GSM3320185 Homo sapiens d26d organoid iPSC Drop-Seq
GSE118184 GSM3320186 Homo sapiens d26d organoid iPSC Drop-Seq
GSE118184 GSM3320187 Homo sapiens d26d organoid iPSC Drop-Seq
GSE118184 GSM3320188 Homo sapiens d26d organoid iPSC Drop-Seq
GSE118184 GSM3320189 Homo sapiens d26d organoid ESC Drop-Seq
GSE118184 GSM3320190 Homo sapiens d26d organoid ESC Drop-Seq
GSE118184 GSM3320191 Homo sapiens d0d organoid iPSC Drop-Seq
GSE118184 GSM3320192 Homo sapiens d7d organoid iPSC Drop-Seq
GSE118184 GSM3320193 Homo sapiens d12d organoid iPSC Drop-Seq
GSE118184 GSM3320194 Homo sapiens d19d organoid iPSC Drop-Seq
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GSE118184 GSM3320195 Homo sapiens d26d organoid iPSC Drop-Seq
GSE118184 GSM3320196 Homo sapiens d34d organoid iPSC Drop-Seq
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Table S2. Human embryonic EC GEO accession

Experiment Sample Species Stage Tissue Cell type Platform
GSE112570 GSM3073088 Homo sapiens e17w kidney cortex 10x
GSE112570 GSM3073089 Homo sapiens e17w kidney cortex 10x
GSE114530 GSM3143601 Homo sapiens e16w kidney kidney 10x
GSE114530 GSM3509837 Homo sapiens e9w kidney kidney 10x
GSE114530 GSM3509838 Homo sapiens e11w kidney kidney 10x
GSE114530 GSM3509839 Homo sapiens e13w kidney kidney 10x
GSE114530 GSM3509840 Homo sapiens e18w kidney kidney 10x
GSE124472 GSM3534656 Homo sapiens e17w kidney outer cortex 10x
GSE124472 GSM3534657 Homo sapiens e17w kidney inner cortex 10x
GSE124472 GSM3534658 Homo sapiens e15w kidney outer cortex 10x
GSE124472 GSM3534659 Homo sapiens e15w kidney inner cortex 10x
GSE102596 GSM2741551 Homo sapiens e16w kidney cortex 10x
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Table S1. The primary antibodies used are as follows: 
Antibody Host Reactivity Antibody Product ID Dilution 

SMA-Cy3 Mouse Mouse & human Sigma Aldrich, Cat# C6198, 
RRID:AB_476856 1:200 

Aqp1 Rabbit Mouse & human Abcam, Cat#ab15080, 
RRID:AB_2056839 1:500 

Aqp3 Rabbit Mouse Millipore, Cat# AB3276, 
RRID:AB_2059552 1:500 

CD31/PECAM1 Rat Mouse BD Biosciences, Cat# 
550274, RRID: AB_393571 1:500 

CD31/PECAM1 Rat Mouse 
BD Pharmingen, Cat# 
550274, RRID:AB_393571 
 

1:50 

CD31/PECAM1 Mouse Human Cell signaling Tech., 
RRID:AB_2160882 1:50 

CD31/PECAM1 Mouse Human BD Biosciences Cat# 
555444, RRID:AB_395837 1:250 

CD31/PECAM1 Sheep Human R&D Systems, Cat# AF806, 
RRID:AB_355617 1:250 

Cleaved 
Caspase3 Rabbit Mouse & human 

Cell signaling technologies, 
Cat# 9661, 
RRID:AB_2341188 

1:250 

E-Cadherin Mouse Mouse & human Invitrogen, Cat# 13-1900, 
RRID:AB_2533005 1:250 

E-Cadherin Mouse Mouse & human BD Biosciences Cat# 
610182, RRID:AB_397581 1:250 

Endomucin Rat Mouse Santa Cruz, Cat# sc-65495, 
RRID:AB_2100037 1:500 

Endomucin Rat Human Abcam, Cat# ab45771, 
RRID:AB_869629 1:100 

GFP/YFP Chicken  Aves Labs Cat# GFP-1020, 
RRID:AB_10000240 1:500 

HuNu Mouse Human Millipore, Cat# MAB1281B, 
RRID:AB_94090 1:50 

Icam2 Rat Mouse BD Pharmingen, Cat# 
553326, RRID:AB_394784 1:100 

LTL  Mouse & human Vector Laboratories, Cat# 
B-1325, RRID:AB_2336558 1:500 

Meis1 Rabbit Mouse & human Abcam , Cat# ab19867, 
RRID:AB_776272 1:100 

Meis1/2/3 Mouse Mouse & human Active Motif, Cat# 39795, 
RRID:AB_2750570 1:100 
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NPHS1 
(Nephrin) Goat Mouse R&D Systems, Cat# 

AF3159, RRID:AB_2155023 1:750 

pan Cytokeratin 
(CK) Mouse Mouse & human Sigma-Aldrich, Cat# C2562, 

RRID:AB_476839 1:500 

Pdgfrb Rabbit Mouse & human CST, Cat#  3169, 
RRID:AB_2162497 1:100 

Podocalyxin Goat Mouse R&D Systems, Cat# 
AF1556, RRID:AB_354858 1:100 

Podocalyxin Mouse Human 
R&D Systems, Cat# 
MAB1658, 
RRID:AB_2165984 

1:100 

Six2 Rabbit Mouse & human Proteintech, Cat# 11562-1-
AP, RRID:AB_2189084 1:500 

Sox17 Goat Mouse & human R&D Systems,  Cat# 
AF1924, RRID:AB_355060 1:500 

THP/Umod Rabbit Mouse Alfa Aesar, Cat# J65429 1:500 

VEGFR2 Rabbit Mouse & human Cell signaling, Cat#  55B11, 
RRID:AB_2212507 1:100 

 
Table S2. The primers for qPCR. 
Gene Forward Primer 5’-3’ Reverse Primer 5’-3’ Source 
MEIS1 GCGCAAAGGTACGACGATCT GGTACTGATGCGAGTGCAGA (Phipson et al., 2019) 

VEGFR2 AGGACTTCCAGGGAGGAAATAA AAAGTAATTTCAGGACCCCTGG (Homan et al., 2019) 

PECAM1 TCATTACGGTCACAATGACGA GAGTATCTGCTTTCCACGGC (Homan et al., 2019) 

Ecad ACTCGTAACGACGTTGCACCA GGTCAGTATCAGCCGCTTTCAG 
(Taguchi and 

Nishinakamura, 2017) 

Six2 CGCCCATGTGGGTCAGTGGG  AGCCGGGAGCGCTGTAGTCA  (Bantounas et al., 2018) 

Podxl TCATCATCACCATCGTCTGC  CCACCTTCTTCTCCTGCATC  (Bantounas et al., 2018) 

GAPDH AGCCACATCGCTCAGACAC  GCCCAATACGACCAAATCC  (Bantounas et al., 2018) 

COL3A1 GGAGCTGGCTACTTCTCGC GGGAACATCCTCCTTCAACAG (Yuan et al., 2017) 
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