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Abstrac t  

Abstract 

 

Diabetic nephropathy (DN) is a leading cause of morbidity and mortality worldwide, yet current 

disease models are failing to meet the need for new efficacious drugs. Kidney organoids 

differentiated from human induced pluripotent stem cells (hiPSCs) have recapitulated much of the 

kidney’s structural complexity, but currently reach only foetal-like maturity. Organ specific 

extracellular matrix (ECM) has been shown to promote differentiation and maturation of relevant 

cell types. Therefore, we aimed to create a three dimensional (3D), decellularised human kidney 

ECM-gel (K-gel) based kidney organoid differentiation system.  We aimed to demonstrate the 

utility of the system for DN modelling by exposing the organoids to disease mediators (including 

hyperglycemia, angiotensin II and TGF-β), and through growth of organoids from hiPSCs modified 

with CRIPSR-Cas9 at genes linked to DN (UMOD and TIMP3). 

HiPSC derived kidney organoids differentiated in a Matrigel®-based 3D sandwich system showed 

segmented 3D expression of mature nephron markers and had the ability to uptake dextran at 

functional proximal tubular transporters. Initial differentiations using decellularised kidney ECM-

hydrogel (K-gel) were unsuccessful in deriving typical organoids. Human kidneys decellularised 

by perfusion, with SDS, ddH2O and NaCl, proved more successful than immersion protocols for 

removal of DNA and preservation of ECM and renal microarchitecture. K-gel was able to form 

solidified layers and support hiPSC growth.  

TIMP3 and UMOD knock-out CRISPR-Cas9 plasmids were created, but genetically modified 

hiPSC lines were not achieved. Kidney organoids exposed to disease mediators displayed a DN 

specific gene expression profile of NOTCH1 upregulation concomitant with NOTCH3 

downregulation; but did not show a robust fibrosis or EMT gene expression profile. 

With further refinement the protocols developed herein will enable the modelling of DN, or other 

kidney diseases, in an in vitro 3D renal organoid model generated through differentiation of 

hiPSCs in a decellularised human kidney derived ECM gel-based system. 
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Impact Statement 

Impact Statement 

 

This project has demonstrated the ability for three-dimensional kidney organoids, comprising 

multiple segmented populations of key nephron cell types with in vivo-like functional abilities to 

be derived from human induced pluripotent stem cells (hiPSCs) using a hydrogel-based sandwich 

culture system. This system will enable researchers to fully investigate the potential beneficial 

effects of exposing kidney organoids, during differentiation and culture, to critical extracellular 

matrix (ECM) interactions. By using human kidney decellularisation and gel synthesis protocols 

developed in this project, the ECM environment can be tailored to the specific ECM niche of the 

kidney which, based on a wealth of emerging research, should provide benefits to the maturation 

and function of the kidney organoids.  

The resulting kidney organoids will provide a novel platform for disease modelling of diabetic 

nephropathy, both by exposure to chemical mediators and by growing the organoids from hiPSCs 

derived from patients of, or at risk for, the disease. The complex nephron structures, consisting 

of multiple cell types defines a system which will enable a more accurate response to disease 

conditions than traditional two-dimensional, single cell type, models based on primary derived 

cells or immortalised cell lines. The ability to model the disease on a diverse genetic background 

and in human tissue will provide a significant improvement on current xenogeneic models of 

investigation.  

Furthermore, the utility of these organoids, need not be restricted to diabetic nephropathy but 

could be applied to many other disorders of the kidney which require improved mechanistic 

understanding or new therapeutic developments. 

By refining the kidney organoid model developed in this project to make it more suitable for high-

throughput-screening studies, it could be applied to drug development and screening studies 

used by researchers and pharmaceutical companies worldwide to design new therapies for renal 

diseases and disorders. At present there is a very high failure rate at clinical trial for candidate 

drugs which show success in treating a disease in cell and animal models. The enhanced 

complexity of hiPSC-derived kidney organoids compared with existing cell models, and their 

ability to provide a human genetic and biological background missing in animal models, presents 

enormous potential to bridge the gap between the bench and the bedside by providing human-

relevant efficacy and safety data before a costly clinical trial is undertaken. In so doing this model 

could save billions of pounds in wasted investment each year and lead to the development of a 

much-needed new generation of therapeutic interventions for renal diseases.  
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List of  Abbr eviations  

List of Abbreviations 

 

Abbreviation Expansion 

(i)MEF (Inactivated) Mouse Embryonic Fibroblast  

(s)GAG (Sulphated) Glycosaminoglycans 

2D Two Dimensional 

3D Three Dimensional 

3GL Three Germ Layer 

AA  Activin A 

ACE Angiotensin Converting Enzyme 

ADH Antidiuretic Hormone 

ADSC Adipose Tissue-Derived Stem Cell 

AFP Alpha-Fetoprotein 

AGE Advanced Glycation End Products 

AIM Anterior Intermediate Mesoderm 

ANGI Angiotensin II 

ANGII Angiotensin II 

AP Anterior-Posterior 

APEL APEL 2 Media 

AQP Aquaporin 

ASC Adult Stem Cells 

BMP Bone Morphogenic Protein 

bp Base Pairs 

BRN1 Brain-1 

BSA Bovine Serum Albumin 

BSC Biosafety Cabinet 

CALB1 Calbindin 1 

Cas9n Cas9 Nickase  

CASP Caspase 

CD  Collecting Duct 

CD(xx) Cluster of Differentiation  

cDNA Complementary Deoxyribonucleic-Acid 

CF Cystic Fibrosis 

CHIR CHIR99021 

CKD Chronic Kidney Disease 

CLS Capillary Loop Stage 

CM Cap Mesenchyme 

COL3A Collagen Type III Alpha 

COLIV Collagen IV 

COLLI Collagen I 

COLLIII Collagen III 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

crRNA CRISPR RNA 

CUBN Cubulin 

CVD Cardiovascular Disease 
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D(x) Day x 

DAMP Danger-Associated Molecular Patterns  

DAPI 4′,6-Diamidino-2-Phenylindole 

ddH2O Double-Distilled H2O 

DI-H2O Deionised H2O 

DK Decellularised Kidney 

DN Diabetic Nephropathy 

DNA Deoxyribonucleic-Acid 

DPBS Dulbecco's Phosphate-Buffered Saline 

dsDNA Double Stranded DNA 

DT Distal Tubule 

E8 Essential 8 Media 

EC Embryonal Carcinoma  

ECAD E-Cadherin 

ECM Extracellular Matrix 

EDTA Ethylenediaminetetraacetic Acid 

EGF Epidermal Growth Factor 

EMT Epithelial-to-Mesenchymal Transition 

ESC Embryonic Stem Cell 

ESRD End Stage Renal Disease 

FACS Fluorescence Activated Cell Sorting 

FBS Foetal Bovine Serum 

FGF Fibroblast Growth Factor 

FITC Fluorescein Isothiocyanate–Dextran 

G Gauge 

g (Force of) Gravity 

GBM Glomerular Basement Membrane 

GDNF Glial Cell Derived Neurotrophic Factor 

GF Growth Factor 

GFB Glomerular Filtration Barrier 

GFP Green Fluorescent Protein 

GFR Glomerular Filtration Rate 

GWAS Genome Wide Association Study/Studies 

H&E Haematoxylin and Eosin  

HbA1c Haemoglobin A1c  

HDR Homology Directed Repair  

hESCs Human Embryonic Stem Cells 

HGF Hepatocyte Growth Factor 

HHS Hyperosmolar Hyperglycaemic State  

HI Hanging Insert (3D Organoid Culture System) 

HID Hanging Insert + Matrigel Dome (3D Organoid Culture System) 

hiPSC Human Induced Pluripotent Stem Cell 

HLA Human Leukocyte Antigen 

HOX Homeobox 

hPSC Human Pluripotent Stem Cell 

hr Hour(s) 
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HSC Haematopoietic Stem Cell  

HSN Human Sparshita Nag (Human Kidney Decellularisation Protocol) 

HTS High Throughput Screening 

HUVEC Human Umbilical Venous Endothelial Cell 

IF  Immunofluorescence 

IM Intermediate Mesoderm 

iPSC Induced Pluripotent Stem Cell 

JNK/SAPK Jun Amino-Terminal Kinases/Stress-Activated Protein Kinases  

KCAD Kidney Cadherin 

K-gel Decellularised Human Kidney Derived ECM Gel  

KIM1 Kidney Injury Molecule 1 

KLF4 Kruppel Like Factor 4 

KO Knock-Out 

KSC Kidney Stem Cell 

Ksp-CAD Kidney Specific Cadherin 

Lab Laboratory 

LHX1 Lim Homeobox 1 

LoH Loop of Henle 

LTL Lotus Tetragonolobus Lectin 

M4 4 mg/ml Top Layer (3D Organoid Sandwich Culture System) 

M8 8 mg/ml Top Layer (3D Organoid Sandwich Culture System) 

MDCK Madin-Darby Canine Kidney  

ME Mesendoderm  

MEGA Megalin 

mESC Murine/Mouse Embryonic Stem Cells 

MET Mesenchymal-to-Epithelial Transition 

MHC Major Histocompatibility Complex 

min Minutes 

MM Metanephric Mesenchyme  

MMP Matrix Metalloproteinase 

MODY Maturity-Onset Diabetes of the Young  

mRNA Messenger Ribonucleic-Acid 

MSC Mesenchymal Stem Cell 

NaDOC Sodium Deoxycholate  

NADPH Nicotinamide Adenine Dinucleotide Phosphate  

NCAD N-Cadherin 

NGAL Neutrophil Gelatinase-Associated Lipocalin  

NHEJ Non-Homologous End Joining  

NK Native Kidney 

NLR Nod-Like Receptor 

Nox NADPH Oxidase 

NP Nephron Progenitor/ Nephron Progenitors Cell 

NPHS1 Nephrin 

NPHS2 Podocin 

NSC Neural Stem Cell 

OAT1  Organic Anion Transporter 1 
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OCT Optimal Cutting Temperature Compound 

OCT2 Organic Cation Transporter 2 

OCT4 Octamer-Binding Transcription Factor 4 

OSR1 Odd-Skipped Related Transcription Factor 

p.a. Per Annum 

P/S Penicillin and Streptomycin 

PAA Peracetic Acid  

PAM Photospacer Adjacent Motif 

PAMP Pathogen-Associated Molecular Patterns  

PAS Periodic Acid-Schiff  

PAX2 Paired Box 2 

PBS Phosphate Buffered Saline 

PBS-T PBS-Tween 

PCL Polycaprolactone  

PCR Polymerase Chain Reaction 

PDAC Pancreatic Ductal Adenocarcinoma  

PDGFRβ Platelet Derived Growth Factor Receptor Beta 

perv Porcine Endogenous Retrovirus  

PET Polyethylene Terephthalate 

PFA Paraformaldehyde 

PIM Posterior Intermediate Mesoderm 

PKC Protein Kinase C  

PODXL Podocalyxin 

PPS Posterior Primitive Streak  

PS Primitive Streak 

PSC Pluripotent Stem Cell 

PT Proximal Tubule 

PTC Proximal Tubule Cells 

PTEC Proximal Tubular Epithelial Cells 

PTFE Polytetrafluoroethylene 

qPCR Quantitative Polymerase Chain Reaction 

RA Retinoic Acid 

RAAS Renin-Angiotensin-Aldosterone System 

RAGE Receptor for AGE 

RITC Rhodamine B isothiocyanate 

RNA Ribonucleic-Acid 

ROCKi ROCK Inhibitor 

ROS Reactive Oxygen Species  

rpm Revolutions-Per-Minute 

RT Room Temperature 

SALL1 Spalt Like Transcription Factor 1 

SDF-1 Stromal Cell Derived Factor 1 

SDS Sodium Dodecyl Sulphate 

SE  Standard Error in the Mean 

SEM Scanning Electron Microscopy 

SGLT2 Sodium Glucose Cotransporter 2  
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sgRNA Single Guide RNA 

SIX Sine Oculis Homeobox Homolog 

SLA-2 Swine Leukocyte Antigen 2  

SLA-DRA Swine Leukocyte Antigen DR Alpha 

SMA Smooth Muscle Actin 

SN Sparshita Nag Protocol (for mouse kidney decellularisation) 

SNAI1 Snail Family Transcriptional Repressor 1 

SNP Single Nucleotide Polymorphisms 

SOX2 SRY (Sex Determining Region Y)-Box 2 

spCas9 Streptococcus pyogenes Cas9 protein  

STZ Streptozotocin  

SUB Submersion (3D Organoid Culture System) 

SUSP Suspension (3D Organoid Culture System) 

SV40T Simian Vacuolating Virus 40 T Antigen 

SYNPO Synaptopodin 

T Brachyury 

T1D Type 1 Diabetes  

T2D Type 2 Diabetes  

TBP Tributyl phosphate 

TGF-β Transforming Growth Factor Beta 

TIMP3 Tissue Inhibitor of Metalloproteinases 3 

TLR Toll-Like receptor 

tracrRNA Trans-Activating crRNA 

TUJ1 Beta-II Tubulin 

UB Ureteric Bud 

UCL University College London 

UK United Kingdom 

UMOD Uromodulin  

USD United States Dollars 

UV Ultra Violet  

v/v Volume/Volume 

VEGF Vascular Endothelial Growth Factor 

VIM Vimentin 

VWF Von Willebrand factor  

w/v Weight/Volume 

WD Wolffian Duct 

wp Well Plate 

WT Wild-type 

WT1 Wilms Tumour 1 

ZO-1 Zona Occludens 1  

α-gal  Alpha-Galactose 

α-SMA Alpha-Smooth Muscle Actin 
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1. Intr oducti on 

Chapter 1 

Introduction 
 
 

1.1. Diabetes 

 

 Diabetes Symptoms and Prevalence 

Diabetes mellitus, from here on referred to as simply diabetes, defines a group of chronic 

metabolic disorders which all lead to raised levels of blood glucose (hyperglycaemia)2. The 

hyperglycaemic phenotype can be caused by either a lack insulin production from the pancreas 

or an inability for the cells in the body to respond sufficiently to the insulin produced by utilizing 

the glucose present in the blood2.  

 

There are three main types of diabetes: type 1 diabetes (T1D); type 2 diabetes (T2D); and 

gestational diabetes2. Other less common types include monogenic diabetes and secondary 

diabetes. Maturity-onset diabetes of the young (MODY) is one example of monogenetic diabetes 

another being neonatal diabetes2. 

 

The International Diabetes Federation estimate diabetes prevalence to be 424.9 million for people 

aged between 20 and 79; this is  8.8% of the world’s population2. The prevalence is expected to 

rise to 9.9% by 2045 which would mean 628.9 million sufferers in this age bracket2. Looking at 

the figures in further detail it is estimated that there are currently 327 million people aged 20 to 

64 and 123 million aged over 65 suffering from diabetes with a further 1,106,500 children and 

adolescents below the age of 20 who suffer from type 1 diabetes globally (the number of those 

under 20 suffering from type 2 diabetes is currently hard to estimate)2. The forecast numbers of 

sufferers by 2045 are estimated at 438 million aged 20 to 65 and 253 million aged over 652.  

 

Focusing on the United Kingdom (UK) there are an estimated 4.5 million people with diabetes3. 

Direct spending on diabetes costs the NHS an estimated £10 billion per annum, equivalent to 

10% of the NHS budget at time of writing. When indirect costs are considered the figure stands 

at £23.7 billion. This is expected to rise to £39.8 billion by 2035/64. 

 

Globally, it is estimated that there are 4 million deaths (age 20-79) each year due to diabetes, 

with 46.1% of those deaths being in people under the age of 60. A total healthcare expenditure 

of USD 727 billion is associated with the disease in the 20-79 age bracket rising to 850 billion in 

the expanded 18-99 age bracket. By 2045, conservative estimates put the figures for these age 

brackets at USD 776 and 958 billion respectively2. However, the figure rises further still when 
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including the indirect costs with Bommer et al. (2017) estimating the cost for the age bracket 20 

to 79 at USD 1.3 trillion, 1.8% of global gross domestic product5. 

 

1.1.1.1. Glucose Metabolism 

Glucose, along with fatty acids, is the most important energy substrate for mammals6. Glucose is 

also the only major fuel type that can be used by the brain and so maintaining a constant and 

dependable supply is a vital aspect of homeostasis6. Dietary carbohydrates serve as a regular 

source of glucose which is derived from the longer chain polysaccharides by enzymatic reactions 

catalysed by a group of carbohydrases including amylase and maltase. Glucose is then broken 

down in a process called glycolysis to form pyruvate and release energy in the form of ATP. 

Pyruvate can be further processed to acetyl-CoA (acetate bound to coenzyme A) which then 

feeds the Krebs cycle (also known as the citric acid cycle or tricarboxylic acid (TCA) cycle). The 

Krebs cycle produces NADH and FADH2 which fuel the electron transport chain (ETC) and so 

doing produce further energy in the form of ATP7. When the body is in the fed state anabolic 

reactions dominate which allow glucose to be stored for future use. This includes the production 

of glycogen (primary in the liver) by glycogenesis and the synthesis of fats in the form of 

triacylglycerols (lipogenesis) stored in adipose tissues, from fatty acids derived from acetyl-coA 

which is formed from glucose as described above7. In periods of fasting when free glucose is 

exhausted the body switches to a glucose producing state to fill the gap. This includes the release 

of glucose from glycogen by glycogenolysis and the de novo synthesis of glucose from other 

sources in a process term gluconeogenesis6. Gluconeogenesis is the reverse process of 

glycolysis turning pyruvate back into glucose using some of the same and some separate 

enzymes. It enables the synthesis of glucose from pyruvate created from various sources 

including: the amino acid alanine; the product of anaerobic glycolysis, lactate; and glycerol from 

the breakdown of triacylglycerols by lipolysis6. In prolonged fasting (starvation), a process called 

ketogenesis occurs, enabled by the increased concentration of acetyl-CoA derived from fatty acid 

oxidation. The ketone bodies derived from these reactions serve as an alternative fuel source to 

glucose and crucial can enter the brain as an emergency fuel6. 

The key hormones which control these processes of glucose homeostasis are insulin (mostly 

anabolic) and glucagon (mostly catabolic). These hormones are both produced in regions of the 

pancreas called the Islets of Langerhans with insulin being secreted by β-cells and glucagon by 

α-cells6. Insulin is released in response and in proportion to glucose in the blood6. The mechanism 

for this involves direct uptake of glucose e into the β-cells via the GLUT-2 receptors. Glycolysis 

of the uptaken glucose increases the ATP:ADP ratio in the cell which causes the ATP-sensitive 

potassium channel to close. The resultant increase in K+ ions in the cell causes depolarization 

and this opens L-type calcium channels. An influx of Ca2+ ions then (via Ca2+ dependant proteins) 

triggers the release of insulin from granules in the cell and represents the first phase of insulin 

secretion. A second phase of insulin secretion is set in motion by the increased concentration 

acetyl-CoA which stimulates further insulin synthesis within the β-cell6. Glucagon levels are 
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indirectly regulated by insulin with amylin (a hormone co-secreted from β-cells with insulin) shown 

to supress glucagon release from α-cells8. A further level of regulation of these hormones is the 

hormone, glucagon-like-peptide-1 (GLP-1) which is secreted from the intestinal mucuso following 

ingestion of food. GLP-1 binds it’s receptor on both α-cells and β-cells but causes opposite effects 

with glucagon secretion depressed and insulin secretion raised6. The action of insulin is broadly 

to stimulate glycolysis, glycogenesis, lipogenesis and glucose transport whilst inhibiting 

gluconeogenesis6. Conversely glucagon stimulates glycogenolysis, gluconeogenesis, lipolysis 

fatty acid oxidation and ketogenesis whilst inhibiting glycolysis, glycogenesis and lipogenesis6.  

1.1.1.2. Pathogenesis of Type 1 and Type 2 Diabetes 

T1D occurs following autoimmune destruction of the β-cells leading to insulin deficiency. It 

primarily occurs in younger people with 50-60% of cases presenting in those under 18 years of 

age. The trigger for the autoimmunity is not yet clear with candidates being viral infection of the 

pancreas; environmental toxins; or diet6. Furthermore, there is a strong genetic link with a 

concordance rate of 30-40% in monozygotic twins. The strongest linkages are to human leukocyte 

antigen (HLA) genes but other genes have also been implicated in increased susceptibility 

including the lymphoid tyrosine phosphatase and also polymorphisms within a promoter for the 

gene coding for insulin9,10. Regarding the progression of autoimmunity, a number of autoantigens 

can be detected even several years prior to T1D diagnosis. Autoantigens detected include those 

targeting glutamic acid decarboxylase (GAD), protein tyrosine phosphatase, islet antigens and 

insulin itself6,11,12. 

 

T2D results from a combination of insulin resistance and relative insulin deficiency6. There are 

strong environmental risk factors with obesity and inactivity prominent amongst these. Obesity 

causes peripheral insulin resistance and β-cells adapt through increased release of insulin. 

However, this compensation over time becomes insufficient leading to raised levels of plasma 

glucose both following a glucose load and during periods of fasting. These states are referred to 

as impaired glucose tolerance (IGT) and impaired fasting glucose (IFG) respectively. The 

presence of IGT and IFG significantly raises the risk of an individual developing T2D6. Other 

notable risk factors relate to birthweight with both those of low birth weight and high birth weight 

relative to the average showing increased risk of developing T2D in later life13,14. Genetics also 

seem to play a significant role in T2D development with monozygotic twins showing approximately 

70% concordance for disease development. Furthermore, the risk of developing the disease is 

40% for immediate relatives of those with T2D6. Over 80 loci have been associated with T2D by 

GWAS15. Genes linked to the disease include Insulin-receptor-substrate-1 (IRS-1), the resultant 

protein of which is important in mediating the action of insulin within cells. Another is the 

potassium channel coding KCNJ11 which has a role in insulin secretion6.  
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 Complications of Diabetes 

Diabetes can lead to a plethora of complications affecting many parts of the body. Many of these 

complications are caused by the sustained hyperglycaemic condition present in those with 

diabetes which results in widespread vascular damage2,16.  

 

Acute complications of diabetes include hypoglycaemia, a condition where an overdose of self-

administered insulin, a lack of glucose in the diet or an increase in insulin dependent glucose 

uptake by cells following exercise leads to a dangerous drop in the blood glucose levels. This 

causes weakness, blurred vision and confusion and, left untreated, can lead to convulsions and 

coma3,6. Diabetic ketoacidosis is a common complication of T1D but can occur in T2D following 

a major stress. This state occurs after the body, with insufficient insulin to allow enough glucose 

to enter cells, switches to burning fatty acids leading to a build-up in acidic ketone bodies which 

at high enough levels, cause confusion, vomiting, rapid heart-beat and coma3. Hyperosmolar 

hyperglycemic state (HHS) conversely is most common in T2D. HHS results from sustained 

periods of very high blood glucose levels and leads to increase in urination, thirst, nausea, and 

later disorientation, drowsiness and loss of consciousness3. 

 

Worsening vascular damage is responsible for many of the chronic complications and can be 

sub-divided into microvascular and macrovascular issues. A major macrovascular complication 

is development of a cardiovascular disease (CVD), which are 2-3 times more prevalent in those 

with diabetes2. High blood pressure, increased cholesterol and a hyperglycemia induced 

overactive blood coagulation system, heightening the chance of blood clots, all contribute to the 

raised risk of CVDs in diabetic patients2. 80% of those with T2D die from CVDs which include 

coronary heart disease (a cause of myocardial infarction)6. Damage to peripheral arteries in the 

form of peripheral artery disease can also cause complications such as stroke, diabetic 

encephalopathy and wound healing issues commonly manifested as diabetic foot ulceration2. 

Microvascular complications include eye diseases such as diabetic retinopathy, glaucoma and 

cataracts. These diseases, the result of high glucose induced damage to retinal capillaries, make 

diabetes the leading cause of blindness in adults of 20-65 years of age 2. Nerve damage 

(neuropathy) is another microvascular complication resulting from high glucose levels in diabetes. 

One effect of this is a reduction in sensitivity to pain which contributes to diabetic foot ulcer issues 

and other injuries as they go unnoticed for extended periods. Another manifestation is erectile 

dysfunction2. Diabetic nephropathy, a form a kidney disease, is a separate microvascular 

complication which is discussed in detail in Section 1.3.  

 

Further associated complications include depression17; higher rates of cancer18, physical or 

cognitive disability19 and tuberculosis20. 
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1.2. The Kidney: Function, Structure, and Embryonic 

Development 

 

Diabetic nephropathy (DN) is a chronic complication of diabetes and the major cause of chronic 

kidney disease44. In this project we aimed to model DN in kidney organoids derived from human 

induced pluripotent stem cells (hiPSCs).  Before we go onto discuss the literature surrounding 

DN, hiPSCs, and the differentiation of hiPSCs to kidney organoids in detail, we will discuss the 

function, structure and development of the kidney in this section. 

 

 Function of the Kidneys 

The kidneys are complex mesodermal organs with an intricate structure made up of at least 26 

different cell types which serve the general purpose of maintaining the composition of bodily 

fluids21. They filter the blood and produce urine to enable excretion of urea, nitrogen and other 

waste products. In fact, they can process 180 litres of primary urinary filtrate a day22. Much of this 

liquid is not excreted but rather reabsorbed along with the nutrients contained within the filtrate22. 

Indeed, the kidney is a vital organ for maintaining homeostasis23. The balance of various ions in 

the blood, namely sodium, potassium and calcium, are regulated in the kidney as is the plasma 

osmolality (a measure of the ion content of the plasma)23. The kidney also regulates: the blood 

pressure; the acid base balance of the blood and thus the blood pH; the blood volume through 

detection of O2 levels in the blood; and the glucose balance of the blood23.  

 

1.2.1.1. The Renin-Angiotensin Aldosterone System 

The Renin-angiotensin-aldosterone system (RAAS) is a hormone-based signalling system crucial 

to the regulation of blood pressure and fluid balance in the body24. Accordingly, it has a major 

effect on renal blood flow and the GFR24. Renin is a hormone and enzyme produced in the 

juxtaglomerular cells of the juxtaglomerular apparatus in the kidneys from which it enters 

circulation in the blood25. Release of renin is triggered by either, detection of reduced renal 

perfusion pressure or by signalling from the macula densa upon detection of low distal tubule 

sodium concentrations26. Angiotensinogen is an inactive hormone precursor of angiotensin. Renin 

cleaves a large portion from angiotensinogen in circulation forming angiotensin I (ANGI)25.  ANGI 

is further cleaved to the 8 amino-acid vasoactive hormone peptide angiotensin II (ANGII) by 

angiotensin-converting enzyme (ACE)25. 

 

ANGII is the main effector of the RAAS with the ultimate effect of increased blood pressure. This 

occurs through four mechanisms.  
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1. ANGII promotes vasoconstriction of blood vessels via contraction of smooth muscle cells. 

This includes constriction of the efferent arteriole which has the effect of increased 

resistance, making it harder for the blood to exit via this route24. 

2. ANGII acts on the PTs promoting Na+ reabsorption from the filtrate into the blood.  

Consequently, more water is reabsorbed to rebalance the osmolarity24. 

3. ANGII promotes release of aldosterone (another hormone) from the adrenal gland. 

Aldosterone acts on the principal cells which line the DTs and CDs with the result of a 

greater Na+ retention in the blood and subsequent water reabsorption24.  

4. ANGII acts on the pituitary gland promoting a release of anti-diuretic hormone (ADH). 

ADH causes further vasoconstriction and promotes water channel expression (in the form 

of the aquaporins) in the kidney tubules leading to direct uptake of water from the filtrate24.  

The net result of these mechanisms, namely increased vascular resistance and increased blood 

volume, combine resulting in raised blood pressure including increased glomerular pressure 

which raises the GFR.  

 

 Structure of the Kidneys 

The gross structure of the kidney can be seen in Figure 1.1.A. The organ is likened to the shape 

of a bean with one convex face and one concave face. The concave face is the site of the kidney 

hilus at which the renal artery brings blood to the kidney, the renal vein carries blood away from 

the kidney, and the ureter exits the kidney carrying away the urine23. The lymphatics of the kidney 

also exit at this point. The outer most region of the kidney, i.e. the region closest to the convex 

face, contains the renal cortex23. Deeper inside the kidney are the renal pyramids comprising the 

renal medulla23. The urine produced by nephrons in the kidney drains through each pyramid, via 

the renal papilla, to a minor calyx23. These in turn direct urine into the major calyxes and then the 

renal pelvis before exiting the kidney via the ureter. Nephrons, discussed in further detail below, 

come in two varieties; superficial/cortical (comprising 80-85% of the total number) and 

juxtamedullary (comprising 15-20%)23. As implied by the name, the superficial/cortical nephrons 

sit mostly in the cortex. Their glomeruli are located in the outer portion of the cortex and they have 

short loops of Henle which extend only to the outer region of the medulla23. Conversely, the 

juxtamedullary nephrons have a larger portion in the medulla. Their glomeruli are found deep in 

the cortex and their longs loops of Henle extend deep into the inner medulla23. The length of these 

loops, and their association with the vasa recta gives this type of nephron the key role in producing 

concentrated urine thanks to a hyperosmolar gradient set up between the slow-moving blood in 

the vessels and the filtrate in the tubules23. The loop of Henle for the juxtamedullary nephrons 

also have distinctive thick and thin regions in both ascending and descending loops23.   
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The functional and structural unit of the kidney is the nephron. Nephrons are a tubular construct 

which are subdivided into a number of sections each serving a specific purpose in the filtration of 

blood, reabsorption of nutrients and water, secretion or excretion of waste products, and 

production of urine. Between 1 and 2 million nephrons are found in each human kidney23. The 

basic schematic of a nephron with key markers is shown in Figure 1.1.B. An afferent arteriole 

carries blood to the glomerulus where it undergoes ultrafiltration with the filtrate passing into the 

Bowman’s capsule before travelling through the proximal tubule, loop of Henle and distal tubule 

and finally draining into a collecting duct23. The unfiltered portion of the blood exits the glomerulus 

via the efferent arteriole. The key parts of the nephron are discussed in more detail below. 

Figure 1.1: Macroscopic and Microscopic Features of the Kidney. 
A: The key macroscopic structural features of the kidney are labelled. In the enlarged region 
the vasculature surrounding a juxtamedullary nephron is labelled. B: The key segments of the 
nephron are labelled with key markers listed. Images created using Servier Medical Art. 
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1.2.2.1. Glomerulus and Renal Corpuscle 

At the beginning of each nephron is the renal corpuscle, where the blood meets the tubules of the 

nephron23. The renal corpuscle consists of a glomerulus, a tuft of capillaries, encased in a double 

walled cup like structure called the Bowman’s capsule23. Blood, brought to the Bowman’s capsule 

via an afferent arteriole, undergoes ultrafiltration23. In brief, this occurs due to high pressure in the 

capillary lumen relative to the pressure of fluid in the capsule, forcing the plasma portion of the 

blood, including water and solutes (glomerular filtrate) to pass across the glomerular filtration 

barrier (GFB) into an area called Bowman’s space23. The remaining blood exits the renal 

corpuscle via an efferent arteriole23. The GFB is made of fenestrated (pore containing) 

endothelium; the glycocalyx of the endothelial cells; the glomerular basement membrane; and 

most importantly the podocytes, which are specialised epithelial cells23. WT1 is a key marker of 

the podocytes in the glomerulus23. Mesangial cells in the glomeruli, marked by CXCR4, play a 

role in the regulation of glomerular filtration by controlling contraction23,27. The key cellular and 

structural components of the renal corpuscle are illustrated in Figure 1.2 

 

 

1.2.2.2. Podocytes 

The podocyte cells have foot processes (or pedicels) which stretch out from the main cell body23. 

Primary processes connect to secondary processes which in turn connect to tertiary processes 

which interdigitate to form filtration slits28, interspersed by slit diaphragms, the distance between 

which affects the size of particle able to cross the barrier23. Taken together this glomerular filtration 

Figure 1.2: Structure of the Renal Corpuscle and Glomerulus 
The key structures and cellular components of the renal corpuscle and glomerulus are 
illustrated in this diagram. The renal corpuscle is shown as a cross section and in context to 
the positions of the distal convoluted tubule and proximal tubule. Image sourced from: 
https://commons.wikimedia.org/w/index.php?curid=76356955, Author: Shypoetess - 
File:Renal corpuscle.svg and File:Cialko nerkowe.svg by M•Komorniczak, CC BY-SA 4.0,  
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barrier enables size selective filtration of the blood. Small particles such as solutes (including Na+, 

K+ and Ca2+) or other molecules (including water and glucose) can pass through, however, 

proteins and blood cells are too large to pass through the barrier in its healthy state23. A secondary 

effect of the barrier is a preference for positively charged compounds23. This is due to the overall 

negative charge of the proteins making up the slit diaphragm; however, this effect only comes 

into play with compounds above a certain size; the smallest substances pass through 

uninhibited29. A key protein in these podocytes is podocalyxin (encoded by the gene PODXL)23,30. 

Podocalyxin, a sialoglycoprotein, is one of the CD34 family of transmembrane sialomucins30. This 

protein along with the glycocalyx of the fenestrated endothelium are responsible for conferring 

the overall negative charge to adjacent processes in the filtration barrier12. As such, podocalyxin 

is vital to maintaining the distance between the interdigitating processes and the size of the slits; 

indeed when PODXL is genetically knocked-out, the distance between slit and adjacent 

podocytes is lost, compromising the integrity of the filtration barrier and leading to catastrophic 

loss of function in the kidney31. Nephrin (NPHS1) and podocin (NPHS2) are other proteins in the 

podocytes which are important in the slit diaphragm and in maintaining proper filtration at the 

GFB12. 

1.2.2.3. Proximal Convoluted Tubule 

After the Bowman’s capsule, the next section of the nephron is the proximal convoluted tubule or 

simply proximal tubule (PT) 12. The PT is lined by interdigitating epithelial cells called proximal 

tubule cells (PTC), which are linked by tight junctions12. These cells carry out a wide range of 

functions including conducting the majority of water and solute reabsorption e.g. glucose, ions 

such as Na+ and Cl-, peptides and proteins, from the glomerular filtrate12. This function is aided 

by the numerous microvilli which line the luminal surface of the cells forming a brush border and 

thus greatly increasing the surface area for absorption12.  The PTCs control the pH of the blood 

and urine, whilst in addition producing the most active form of vitamin D and contributing to 

electrolyte and mineral homeostasis23,32,33. The PTCs are vital to waste clearance from the blood 

via active transport of the compounds into the glomerular filtrate12. They contain a large number 

and variety of transporters for organic molecules including ABCB1, ABCG2, Cubulin 

(CUBN)/Megalin (MEGA)34, OCT2 and OAT135. The PTCs are also highly active in the 

metabolism of various compounds thanks to the presence of phase I and II enzymes to process 

organic compounds, toxicants and drugs36,37. Due to the high-level of active transport conducted 

by the PTCs a large energy supply is required which is catered for by high concentrations of 

mitochondria within the cells12,38. These features make PTs especially vulnerable to 

nephrotoxicity38.  Other markers of the PT include the cadherin, CDH6 (KCAD), and water 

channels such as Aquaporin 1 (AQP1)12. 

1.2.2.4. Loop of Henle 

The loop of Henle (LoH) absorbs more solutes than water so controls how dilute or concentrated 

the urine will be12. As discussed above, two types of nephron, superficial and juxtamedullary, 

differ significantly in their localisation and the structures of their respective loop of Henle12.  The 
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longer juxtamedullary loops which extend into the inner medulla, differ from the shorter superficial 

loops (only extending into the outer medulla) in that the ascending portion of the loop has both 

thick and thin regions27. This property is important in enabling the kidney to secrete very dilute or 

very concentrated urine depending on the levels of water in the body. AQP1 is found in the thin 

descending limb in the LoHs for this reason39. Uromodulin (UMOD) marks the thick ascending 

limb of the LoH40.  

1.2.2.5. Distal Convoluted Tubule 

Then the filtrate enters the distal convoluted tubule or simply distal tubule (DT). The epithelial 

cells lining this segment of the nephron lack the microvilli of the PT but are still highly absorptive27. 

The macula densa cells found in the DT sense the concentration of sodium chloride. These 

macula densa cells form a part of the juxtaglomerular apparatus and are involved in signalling for 

secretion of renin27. Intercalated cells in the DT are responsible for acid secretion. E-Cadherin 

(a.k.a CDH1 or ECAD) and Brain-1 (BRN1) are known markers of this nephron segment. AQP2 

is also located here39. 

1.2.2.6. Collecting Duct 

The collecting ducts (CDs) connect to multiple nephrons via the DTs and are the initial point of 

exit for the urine from the kidney27. They drain the urine down through the cortex and medulla into 

the minor calyces. Intercalated cells are found in the CD as well as principal cells which are 

responsible for water reabsorption.  AQP2, AQP3 and AQP4 located here are the main effectors 

of this and respond to vasopressin a.k.a. antidiuretic hormone (ADH) and aldosterone39. Calbindin 

1 (CALB1) is expressed in the CD and DT and plays a role in calcium absorption41.   

 

 Development of the Kidney  

An understanding of the developmental pathways, signals and structures involved in the formation 

of the mature kidney has been vital to the development of differentiation protocols for deriving 

kidney cell types and organoids from pluripotent stem cells (PSCs).  

 

The kidney forms from the mesoderm, one of the three germ layers, along with endoderm and 

ectoderm, which arise through gastrulation of the mammalian foetus42. Both the mesoderm and 

the endoderm arise from a structure called the primitive streak (PS) with the mesodermal lineage 

developing from the posterior primitive streak (PPS)43. Expression of brachyury (T) regulates 

mesoderm formation from the PS43. The mesoderm is found on both sides of the notochord and 

separates into three segments which medially to laterally are the paraxial mesoderm, the 

intermediate mesoderm (IM) and the lateral plate mesoderm42. It is from the PAX2+ IM that the 

urogenital system, which includes the kidneys, is derived42. A concertation gradient of various 

Bone Morphogenic protein (BMP) family proteins, being highest medially (paraxial mesoderm) 

and lowest laterally (lateral plate mesoderm) is crucial to specification of the three mesodermal 

lineages42. Retinoic acid (RA) and Activin A (AA) also play a key role in defining the IM42.  
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The IM further separates into anterior IM (AIM) and posterior IM (PIM) fractions44. This anterior-

posterior (AP) patterning occurs as a result of the varying length of time the cells spend in the PS 

prior to migrating. Cells making the caudal to rostral migration earlier experience less exposure 

to canonical WNT signalling than those which migrate later. The cells which migrate sooner form 

the GATA3+ AIM while the cells which migrate later form the HOXD11+ PIM44. It is from the AIM 

that a few segmented primitive tubule or cord structures known as nephrotomes (or pronephric 

tubules) first arise at around day 22 of human gestation45. These nephrotomes connect laterally 

to pronephric ducts which themselves are growing caudally away from their present location in 

the neck/cervical region of the foetus and towards the cloaca45. Together these paired structures 

(one on either side of the neural tube), form the pronephros, which is the most rudimentary 

recognisable renal system. The nearby aorta links to the emerging pronephric tubules through 

capillaries tufts that form within early Bowman’s capsules as glomerular structures45. However, 

the pronephros are not canalised and so do not have a productive function at this stage. PAX2 

and PAX8 expression in the IM are important to this process as they are responsible for inducing 

LHX1 expression which is required for the formation of the pronephric ducts46. BMPs are 

important once again for induction and maintenance of the correct nephronic genes during this 

stage of development47. 

 

As development continues, the pronephros elongates caudally forming the mesonephric duct 

(also known as Wolffian duct (WD) or simply nephric duct) and mesonephric tubules in place of 

the earlier pronephric tubules45. PAX2, Wilms Tumour 1 (WT1), Forkhead Box C1 (FOXC1) and 

Sine Oculis Homeobox Homolog-1 (SIX1) expression is required for this stage of development48-

51. The mesonephric duct extends into the cloaca and so by day 24 of gestation the first functional 

primitive renal system, called the mesonephros is formed45.  

 

During this process the PIM surrounds and grows downwards with the mesonephric duct. This 

PIM develops into the metanephric mesenchyme (MM) at the same time as the mesonephric 

(Wolffian Duct) penetrates the cloaca45. PAX2, WT1, SIX1, SIX2, OSR1 and HOXD11 regulate 

formation, proliferation and survival of the MM. Within the MM expression of OSR1 promotes 

expression of WT1, PAX2 and SALL1, all of which stimulate GDNF expression52. GDNF is 

released from the MM and binds to tyrosine kinase receptor RET on the WD42. In doing so they 

induce the protrusion of the ureteric bud (UB) which emerges from the point of the duct near to 

its entry into the cloaca45. BMP4 signalling blocks the ectopic sites of bud formation42. The UB 

penetrates the MM and sets up a cascade of reciprocal signalling interactions42. GDNF continues 

to interact with RET on the UB leading to branching of both the MM and the UB42. Fibroblast 

Growth Factors (FGF), Epidermal Growth Factor (EGF) and Hepatocyte Growth Factor (HGF) are 

all involved in this process. The MM condenses around the tips of the UB structures forming the 

cap mesenchyme (CM) which expresses CITED and SIX2 as nephron progenitors which will go 

on the form the epithelial populations of the nephrons53. WNT9b from the UB induces WNT4 
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expression in the CM to activate the nephron formation43. The formation of the epithelial nephron 

populations requires mesenchymal-to-epithelial transition (MET) within the CM. Other portions of 

the MM go on to form the stromal mesenchyme which develop into mesangial, pericyte, interstitial 

and renin-producing cells in the kidneys. The UB meanwhile develops into the branched, highly 

ordered collecting duct structure which links the draining nephrons. The UB also develops into 

the minor and major calyxes, the renal pelvis and the ureter.  The complete system is known as 

the Metanephros42. 

 

The key reciprocal UB-MM interaction requires FGF2 and BMP7 which stimulate proliferation, 

block apoptosis and aid in MET54,55. Condensation of the mesenchyme involves PAX2, WNT4 

and CDH152. Nephron formation occurs when the CM forms peritubular aggregates which develop 

into renal vesicles, comma/c-shaped bodies, S-shaped bodies and finally mature nephrons. LHX1 

expression is key to the formation of the renal vesicles56. NOTCH gene signalling is involved in 

the proximal to distal differentiation of the nephrons with an indispensable role in the formation of 

the PT23. Expression of LHX1 induces BRN1 expression which is involved in the formation of the 

LoH and DT57. Podocyte development is dependent upon WT1, POD1, NPHS2 and NPHS1 

expression23,42. Vascular endothelial growth factor (VEGF) expression induces further 

vascularisation by attracting endothelial cells42. 

 

It should be noted that as the metanephros takes over from the mesonephros, the mesonephric 

tubules have different gender specific fates. In females they regress entirely yet in males, some 

of this structure is repurposed as the testis with the Wolffian duct contributing to the testicular 

tubules. 
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Gene Key Expression 
Sites 

Role Ref 

BMP7 CM MET; branching morphogenesis; survival of 
NPCs 

54,55 

BRN1 LoH; DT Formation of LoH & DT 57 

CALB1 UB; DT; CD Regulating calcium reabsorption 41 

CDH1  UB; MM; DT Cell polarization, MET, condensation of MM 52 

FGF2 UB MET; ureteric branching 54,58 

GATA3 AIM; WD; UB; CD WD development; CD system 
branching/development  

59 

GDNF MM; CM Interacting with Ret Inducing UB outgrowth from 
WD; branching morphogenesis 

52 

HOXD11 PIM; MM Induction/proliferation of MM 60,61 

HNF1B Mature WD; UB PT and thick ascending LoH formation 62,63 

LHX1 WD; AIM; UB WD development, RV formation; BRN1 
expression 

56,57 

NOTCH 
family 

NPCs Proximal to distal nephron differentiation; PT 
formation 

23 

NPHS1 Podocytes + 
progenitors 

Podocyte development 23,42 

NPHS2 Podocytes + 
progenitors 

Podocyte development 23,42 

OSR1 IM; PIM; MM Promotion of MM; promoting expression of 
PAX2, WT1 and SALL1 

52 

PAX2 WD; UB; AIM; MM; 
NPCs; CD 

WD development; stimulate GDNF expression; 
branching morphogenesis  

46,52,34 

POD1 Podocytes + 
progenitors 

Podocyte development 23,42 

RET WD; UB Reciprocal interaction with GDNF 42 

SALL1 MM; NPCs Stimulate GDNF expression 52 

SIX2 MM; CM; PTA; RV Formation of MM; Maintaining NPCs  53 

WT1 PIM; CM; NPCs; 
podocytes 

Stimulate GDNF expression; Podocyte 
maturation  

52,34 

WNT4 CM Nephron formation 43 

WNT9B UB; Mature WD WNT4 induction in MM 64 

 

 

  

Table 1.1: Key Genes Expressed During Kidney Development 
The key genes involved in kidney development are compiled in this table. The key expression 
sites for each gene is listed. CM: Cap Mesenchyme; LoH: Loop of Henle; DT: Distal Tubule; 
UB: Ureteric Bud; CD: Collecting Duct; MM: Metanephric Mesenchyme; AIM: Anterior 
Intermediate Mesoderm; WD: Wolffian Duct; PIM: Posterior Intermediate Mesoderm; NPCs: 
Nephron Progenitor Cells; PTA: Pre-tubular Aggregates; RV: Renal Vesicles; MET: 
Mesenchymal-to-Epithelial Transition; PT: Proximal Tubule. The relevant references (Ref) are 
indicated. 
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1.3. Diabetic Nephropathy 

 

Diabetic nephropathy (DN), otherwise known as diabetic kidney disease (DKD) and a form of 

chronic kidney disease (CKD), is a frequent complication of diabetes65,66. Studies from the UK 

suggest 20% of people with diabetes will develop the disease, whilst similar studies in the United 

States of America (US) give a figure of 40%65,66. Indeed, because of DN, diabetes is the primary 

cause of CKD (at 44%) and end stage renal disease (ESRD) (up to 50%), which leads to kidney 

failure and the need for dialysis or transplantation65,66. Moreover, DN accounts for 21% of deaths 

from T1D and 11% of deaths from T2D67.  

 

The rapid increase in DN over the last 30 years can be attributed to the spiralling prevalence of 

T2D. While tight glucose control (4–6 mmol/l when fasting and <7.8 mmol/l within 2 hours 

postprandially) for these T2D patients offers a means to prevent the onset of DN, this outcome is 

both difficult to achieve and, having been surprisingly found to be associated with increased 

mortality, is no longer recommended68.  

 

Those with DN whose renal function declines to the stage where dialysis is required are faced 

with the bleak reality that 20% of their number will be dead within the year, rising to 70% within 5 

years. This is a worse prognosis than for most cancers69. Haemodialysis is also a hugely 

inconveniencing procedure, requiring thrice-weekly, 4-hour hospital-based sessions, not to 

mention the creation of an arteriovenous fistula which can become painful and unsightly26 

 

 Definition and Pathology 

Diabetic nephropathy has been defined by the National Kidney Foundation (NKF) Kidney Disease 

Outcomes Quality Initiative as “The presence of kidney damage for three months or more as 

manifested by structural or functional abnormalities of the kidney, with or without decreased 

glomerular filtration rate evident by presence of either pathological abnormalities or markers of 

kidney damage in blood, urine or imaging tests”70. 

 

There is no single definitive pathological lesion (pathognomonic lesion) to specifically identify DN. 

However, a combination of typical lesions is seen. These are glomerular basement membrane 

thickening, mesangial hypertrophy, nodular and later advanced glomerulosclerosis, tubular 

atrophy, interstitial fibrosis and inflammation, arteriolar hyalinosis (thickening of the walls of 

arterioles by the deposits that appear as homogeneous pink hyaline material in routine histological 

staining) and large vessel arteriosclerosis. Increased ECM deposition can be seen mainly with 

collagen (I and IV in the glomerular basement membrane and collagen I and III in the 

tubulointerstitium) and fibronectin but with other ECM components also increased23. As the 

disease progresses podocyte hypertrophy, foot process effacement and eventual podocyte loss 

is noticeable23. 
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Typical clinical features of DN are declining renal function measured by the glomerular filtration 

rate (GFR) and albuminuria. A GFR  of ≤ 60 ml/min/1.73m2 with a severely increased albuminuria 

measured at > 30 mg/mmol creatinine are the thresholds which once crossed define overt DN71. 

Later fully-fledged proteinuria is detectable. Also, haematuria (blood in the urine) is seen at 

advanced stages which is associated with tubular ischaemia, injury and nephron death. In terms 

of progression, DN can be separated into 5 stages which can be classified by detectable clinical 

features23. 

1. Normal or Increased GFR: In the early stages of the disease the GFR can increase due 

to increased pressure in the glomerular tuft arising from chronic hypertension, efferent 

arteriole vasoconstriction and afferent arteriole vasodilation. There is a low creatinine 

ratio and good urine production. 

2. Microalbuminuria-Proteinuria (detectable protein such as albumin in urine): caused by 

mesangial expansion, increased matrix deposition and inflammation, damaging the 

glomerular filtration barrier and causing it to become leaky. 

3. Haematuria (blood in the urine): ischaemia of the tubules caused by efferent arteriole 

vasoconstriction and arteriolar hyalinosis plus inflammatory factor release leads to tubular 

injury and death. 

4. Reduced GFR: once a critical mass of nephrons die the kidneys can no longer 

compensate by increasing single nephron GFR and the overall GFR output of the kidneys 

falls. 

5. Kidney failure: eventually the increasing kidney injury leads to complete failure of the 

system. 

 

 Pathophysiology 

1.3.2.1. Hyperglycaemia 

For many people with diabetes it proves difficult to prevent a chronic hyperglycaemic 

environment3. In the hyperglycaemic condition there is a greater amount of glucose being filtered 

through the filtration barriers of the glomeruli. In adaption to this, hyper-reabsorption of glucose 

by the proximal tubules takes place which is enabled by upregulation of glucose transporters such 

as the sodium glucose cotransporter 2 (SGLT2)72.  The increased presence of this transporter will 

consequently cause a greatly increased reabsorption of sodium in the PTs. This results in a 

comparable decrease in sodium chloride concentration in the DT and macula densa72. The low 

sodium chloride concentration detected at the macula densa has two effects. First 

tubuloglomerular feedback causes dilation of the afferent arteriole72. Secondly the (renin-

angiotensin-aldosterone system) RAAS pathway is upregulated25, the effector of which, 

angiotensin II (ANGII), causes constriction of the efferent arteriole73. The net result is a hugely 

increased pressure in the glomerulus, (glomerular hypertension) and consequent glomerular 
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hyperfiltration. Hyperfiltration causes an increase in shear stress which upregulates intracellular 

pro-fibrotic pathways, induces GBM thickening and glomerulosclerosis74. 

 

An additional effect of the hyper-reabsorption is a huge increase in energy requirement by the 

PTs which are having to fuel the active transport of the glucose transporters72. This comes with 

the demand for high levels of oxygen consumption in the kidney cortex and outer medulla; a 

situation which causes relative ischaemia and the upregulation of stress markers including 

neutrophil gelatinase-associated lipocalin (NGAL)  and  kidney  injury  molecule  1  (KIM1)72. With 

the added workload on the PT proximal tubular hypertrophy and elongation ensues72,75 

1.3.2.2. ROS   

Hyperglycaemia is also linked to an increase in reactive oxygen species (ROS) which can cause 

widespread damage in the kidney76. Dysfunction of the glomerular endothelium is thought to be 

influenced by ROS which interfere with the production of heparin sulphate, a key component of 

the glycocalyx77. The glycocalyx is a negatively charged layer which surrounds the glomerular 

endothelium. The removal of heparin sulphate causes an increased permeability of the glomerular 

endothelium which is part of the GFB and contributes to the onset of microalbuminuria78,79. 

Furthermore, translocation of PKC-α to renal membranes, another pathway of DN pathogenesis 

downstream of AGE formation, has been linked to superoxide production80. Inhibition, in rodents, 

of ROS production by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox) 

reduced these effects as well as reducing ECM accumulation, glomerulosclerosis, and increases 

in albuminuria80. 

1.3.2.3. Hypoxia and HIF-1α 

Intrarenal hypoxia is as symptom of both T1D and T2D and is also shown to occur rapidly in 

mouse models just 3 days following induced insulin deficiency81-83. Hypoxia occurs due to raised 

oxygen consumption and a failure to deliver enough oxygen to account for the heightened 

demand84,85. Onset of hypoxia normally leads to induction of the hypoxia inducible factor (HIF) 

system and expression of the heterodimeric HIF-1 transcription factor which of which HIF-1α is 

the active subunit85. However, in the diabetic environment the activity of the HIF system is 

supressed in the renal tubules (possibly due to oxidative stress, hyperosmolarity and advanced 

glycosylation end products (AGE)) and a systemic hypoxic state ensues85-89. This casues hypoxic 

damage which contributes to tubulointerstitial fibrosis and the onset of albuminuria85. Conversely, 

in the glomerulus, HIF is in fact overactive and this contributes to glomerulosclerosis, itself 

contributing to albuminuria. The reason for this is that raised glucose levels activate carbohydrate 

response element binding protein, highly expressed in mesangial cells, which upregulates HIF-

1α. Downstream profibrotic pathways mediated by ADAM17 (which is not expressed in tubules) 

then mediate the glomerular damage85,90. 
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1.3.2.4. Thickening of the GBM 

An early and informative histopathological sign of DN is the thickening of the glomerular basement 

membrane (GBM). Again, hyperglycaemia is known to be an inducing factor here. The raised 

glucose levels have been shown to stimulate the proliferation of mesangial cells and their 

production of matrix collagens via activation of transforming growth factor beta (TGF-β) and 

VEGF91,92. Shear stress from the hyperfiltration is a further causative factor. In addition, 

degradation of the GBM matrix is interfered with through changes to the expression and activity 

of matrix metalloproteinases (MMPs)93.  

1.3.2.5. Podocyte Loss 

Apoptosis of podocytes can occur due to glucose induced ROS signalled apoptosis94 and through 

TGF-β signalled apoptosis95. Detachment of podocytes can also cause their depletion, and this 

is mediated by loss of the α3β1 integrin receptor96  and through shear stress due to the glomerular 

hyperfiltration. In addition to podocyte loss, a reduction in the expression of the important 

podocyte protein, nephrin, has been associated with glucose induced endocytosis of the protein 

caused by both PKCα with β-arrestin97,98 and post translational modifications inducing 

ubiquitination (downregulation CD2AP and upregulation of the adaptor protein CIN8)99. Nephrin 

loss is detrimental to the structural integrity of the podocyte cytoskeleton and to insulin signalling 

which further impacts DN by reducing podocyte function100. Together the detrimental processes 

lead to progressive podocyte loss which results in macroproteinuria and contributes to 

glomerulosclerosis, a forbearer of nephron loss101. 

 

1.3.2.6. Metabolic Pathways of Hyperglycemic Damage 

Hyperglycaemia also contributes to the onset of DN via multiple metabolic pathways which are 

discussed below.  

1.3.2.6.1. Glycation and AGEs 

Glycosylation is an enzymatic process by which sugar molecules are attached to protein or lipid 

molecules at targeted sites and is a post-translational modification which can be important to a 

proteins function102. In contrast glycation defines the covalent attachment of sugar molecules to 

proteins or lipids without enzymatic involvement and can often impair a proteins function102. With 

more free glucose in the blood there is an increase in glycation of free amino acids in the 

circulation, and this leads to an accumulation of advanced glycation end products (AGE)103. AGEs 

bind to the cellular receptors for AGE (RAGE) and in so doing activate pro-inflammatory 

intracellular pathways such as NF-κB, ERK and p38103. 

1.3.2.6.2. Protein Kinase C  

Hyperglycaemia leads to de novo diacylglycerol formation and oxidative stress which result in 

protein kinase C (PKC) activation104. PKC then induces MAPK activity, secretion of vasodilatory 
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prostanoids which contribute to glomerular hyperfiltration, and TGF-β1 which increases ECM 

synthesis from mesangial cells and fibrosis104,105. 

1.3.2.6.3. Polyol Pathway 

In the polyol or aldose reductase pathway, glucose is reduced by aldose reductase forming 

sorbitol that is oxidised to fructose by sorbitol dehydrogenase106. NADPH is a cofactor in the latter 

reaction106. There is a greater use of this pathway under hyperglycaemic conditions due to the 

greater levels of glucose in the body106. Accordingly, NADPH levels drop, and this can result in 

oxidative stress which can damage the ECM106. Sorbitol also stimulates loss of sodium and 

potassium ions; cellular damage; activation of p38, MAPK and Jun amino-terminal kinases/stress-

activated protein kinases (JNK/SAPK) pathways105. There is also an association of high sorbitol 

with development of nephropathy and other secondary diseases of diabetes such as retinopathy 

and neuropathy107 

1.3.2.6.4. Hexosamine Pathway 

The hexosamine pathway serves to convert flucose-6-phosphate into glucosamine-6-phospahte. 

Studies has shown under hyperglycaemic condition this pathway is activated by ROS108. This 

pathway has been shown to trigger the proinflammatory NF-kB pathway, and be involved in 

inducing hyperlipidaemia, causing increased ECM deposition by TGF-β stimulation and promoting 

cellular hypertrophy105. 

 

1.3.2.7. RAAS 

The RAAS system is activated to maintain sufficient blood pressure in the body24. In diabetic 

individuals, chronic hypertension is usually present, which under normal circumstances would 

mean RAAS pathways would not be active. However, hyperglycaemia causes a direct intrarenal 

activation of RAAS109. The action of ANGII in the kidney is targeted to the efferent arteriole which 

becomes constricted26. Meanwhile vasodilatory prostanoids, activated by the PKC pathway 

specifically dilate the afferent arteriole26. With an unrestricted flow of blood into the glomerular tuft 

and restricted exit, pressure shoots up causing glomerular hyperfiltration. Over time this damages 

the mesangium, leading to its expansion. Mesangial damage results in free radical and 

inflammatory factor production which cause further damage to the nephrons. Podocyte 

cytoskeletons are damaged and there is expansion of the GBM causing a loss of integrity to the 

GBM. A direct consequence of this is the escape of larger molecules and eventually larger 

proteins which should not enter the urine, i.e. albuminuria and proteinuria. The vasoconstriction 

of the efferent arteriole also results in reduced blood flow to the peritubular capillaries and thus 

ischemia of the downstream nephron. Combined with the free radical and inflammatory factor 

build up nephron death and eventual decline in kidney function ensues. On top of the above, 

ANGII is responsible for production of profibrotic factors such as TGF-β1105,110. 
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It should be noted that there are two receptors for ANGII which seem to mediate opposing modes 

of action. Angiotensin type 1 receptor (ANGRI) can be thought of as the canonical ANGII receptor 

which, when bound to, sets in motion the series of signalling events leading to the aforementioned 

actions of the molecule, both in homeostasis and disease24. Angiotensin type 2 receptor (ANGRII) 

conversely mediates largely opposite effects, for instance, vasodilation of vessels such as the 

efferent arteriole24. As such the balance between these receptors can be important in the 

progression of DN. 

 

In a similar scenario, there are two isoforms of the enzyme ACE, namely ACE and ACE2. ACE 

acts as the canonical enzyme cleaving ANGI into the active 8 amino-acid ANGII hormone111. 

ACE2 however cleaves ANGI into an inactive 9 amino-acid peptide and can also catabolise ANGII 

to produce a 7 amino-acid hormone which has renoprotective effects opposing those of the ANGII 

mediated pathways111. It appears that in humans with established DN, ACE is upregulated and 

ACE2 is downregulated112,113 although some conflicting data has been reported114.   

 

1.3.2.8. Fibrosis 

Fibrosis manifests itself in both glomerulosclerosis and tubulointerstitial fibrosis during DN. Renal 

injury occurring during the progression of DN activates acute inflammation as a component of 

wound healing and injury repair. Under normal circumstances, inflammation recedes upon 

completion of wound healing, yet in the DN environment there is continuous and progressive renal 

injury12. Consequently, inflammation becomes chronically active and the release of pro-fibrotic 

growth factors and cytokines accelerates. These factors promote the transdifferentiation of 

myofibroblasts from some combination of interstitial fibroblasts, pericytes, epithelial cells or other 

factors (the exact origin is still disputed)115. In addition, epithelial cells are induced to undergo 

partial epithelial to mesenchymal transition (EMT), by which they take on an intermediate 

phenotype, expressing genes of both epithelial and mesenchymal heritage116. In this altered state 

they lose epithelial characteristics and produce inflammatory molecules which contribute to the 

chronic inflammation and promote the fibroblast to myofibroblast transdifferentiation115.  

1.3.2.8.1. Myofibroblasts 

Myofibroblasts are key mediators of fibrosis being the main produces of ECM, crosslinking 

enzymes and inhibitors of MMPs117. The intermediary filament protein alpha-smooth muscle actin 

(αSMA) is highly expressed by myofibroblasts and it leads to increased contractility of these 

cells115. Other markers include vimentin (VIM) and platelet derived growth factor receptor β 

(PDGFRβ)115.  

1.3.2.8.2. EMT 

Epithelial to mesenchymal transition (EMT), is a phenomenon in which an epithelial cell loses its 

epithelial phenotype and take on mesenchymal properties instead. Common changes include an 

increase in mobility and invasiveness, a loss of apicobasal polarity, an increased production of 
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ECM, a raised level of proliferation and a resistance to apoptosis.  Common epithelial cell markers 

are lost including CDH1, zona occludens 1 (ZO-1) and cytokeratin and are replaced with 

mesenchymal markers including CDH2, fibronectin, αSMA and VIM1118. Transcription factors 

including SNAI1, TWIST and ZEB are known EMT inducers which, when active, lead to the 

characteristic EMT changes including loss of cellular polarity, breakdown of adherent cell 

junctions, increase in ECM degradation and downregulation of CDH1119. 

 

Partial EMT has been shown in many in vitro and in vivo studies, to take place in the kidney during 

the early stages of fibrosis and disease development116. A key causative factor in this is the 

increased presence of TGF-β which is released by cells undergoing injury116. TGF-β goes on to 

promote the expression of SNAI1 and TWIST thus setting in motion the EMT pathway and 

exacerbating the fibrotic state through further release of inflammatory molecules and promotion 

of myofibroblast transdifferentiation116.  The loss of the healthy phenotype of the epithelial cells in 

itself also contributes to declining kidney function through a lack of functional cell types. 

1.3.2.8.3. TGF-β 

TGF-β is a growth factor which influences a wide range of critical cellular processes not limited to 

differentiation, proliferation, cell growth, ECM production, apoptosis and autophagy120. However, 

it is also a key fibrotic mediator strongly implicated in the onset and progression of DN with Fuad 

Ziyadeh even making a case for TGF-β being the major mediator of the disease121. It is not hard 

to see why. Raised levels of TGF-β1 mRNA and protein have been detected in human kidney 

tissue from patients with diabetic kidney disease122,123. TGF-β in the kidney has been 

demonstrated to play a role in EMT of tubular epithelial cells, the migration and hypertrophy of 

myofibroblasts, apoptosis of endothelial cells, proliferation and hypertrophy of mesangial cells, 

detachment and apoptosis of podocytes, generalised upregulation of ECM deposition and 

recruitment and activation of various immune cells120. TGF-β has been demonstrated to both 

promote the production of collagen type I, collagen type IV, laminin and fibronectin124 and to inhibit 

degradation pathways of the ECM125. Moreover, TGF-β levels in the kidney have been shown to 

be increased by almost all the other molecular mediators or pathways known to be involved in 

DN progression including the following: hyperglycaemia126; ANGII127; AGE formation128,129; PKC 

pathway130; oxidative stress131,132; and glomerular hypertension133. All this highlights the central 

role this molecule plays in the disease. 

 

There are several sources of evidence which demonstrate the therapeutic potential of a TGF-β 

blockade. In one study, monoclonal antibody mediated blocking of TGF-β was sufficient to prevent 

increased ECM production otherwise caused by a hyperglycaemic environment126. Another study 

in the (streptozotocin) STZ-induced diabetic mouse model which used the antibody blockade 

strategy saw the upregulation of collagen type IV and fibronectin halted and glomerular 

hypertrophy avoided134. A study in a type 2 diabetes mouse model (db/db) showed that long term 

antibody TGF-β blockade allowed creatinine clearance to remain at healthy levels and minimal 

signs of mesangial expansion92. Further use of this model even saw reversals of GBM thickening 
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and mesangial expansion over an 8-week period135. Also, in humans undergoing therapeutic ACE 

inhibition there is a correlation between lower TGF-β and better maintained GFR suggesting the 

reduction in TGF-β could be a contributing factor in the benefits of this therapy136.  

 

The major pathway by which TGF-β elicits its pathophysiological effects is dependent on 

SMAD2/3 signalling. Both proteins located intracellularly can become activated through 

phosphorylation following TGF-β1 binding to its cell surface receptors (TβRII and TβRI) following 

which the complex can translocate the nucleus to exert transcriptional effects. However, these 

two SMADs have opposite effects with SMAD3 being pathogenic and SMAD2 being 

renoprotective. As an aside, it has also been shown that ANGII and AGE can activate the SMAD 

pathway via TGF-β independent mechanisms137. There are also SMAD independent pathways of 

TGF-β operation including MAPK and TAK1 and these have also been implicated in fibrosis138. 

1.3.2.8.4. Other Pathways of Fibrotic Damage 

Genome wide transcriptomics has shown a marked difference in the expression of genes from 

the NOTCH and WNT signalling pathways in patients with renal fibrosis139.  

 

NOTCH signalling is vital for proper kidney development but usually restricted only to stem cell 

populations in adults in which it aids in proliferation, self-renewal, inhibition of differentiation and 

asymmetric cell division140. During disease however, aberrant expression of NOTCH proteins has 

been linked to the dedifferentiation of epithelial cells, activation of myofibroblasts, increased 

deposition of matrix, and the chronic inflammatory response140. Tubulointerstitial fibrosis and 

decreased renal function correlate with tubular expression of NOTCH1 in patients of CKD141. 

Mouse studies have also identified NOTCH3 as having a critical role in driving kidney fibrosis and 

inflammation142. Pharmacological inhibition of NOTCH1 or knock-out of NOTCH3 have reduced 

αSMA levels and fibrosis markers in mice models of renal fibrosis142,143. Furthermore, NOTCH is 

also a regulator of SNAI1 and has been shown to promote EMT and the transdifferention of 

epithelial cells into myofibroblasts143. Counterintuitively, looking at DN specifically, while studies 

have shown evidence of NOTCH1 upregulation in the disease144, NOTCH3 mRNA has been 

detected at either unchanged144 or even reduced levels145 demonstrating that there is not a 

ubiquitous pathway by which NOTCH signalling contributes to fibrosis.  

 

WNT signalling is also vital to kidney development including in the specification of the posterior 

and anterior intermediate mesoderm and later in the WNT4 signalling from the ureteric bud which 

initiates nephron formation via WNT9b in the cap-mesenchyme64. Later in adults there is evidence 

that WNT expression is present in a stem cell population in the kidney and also is upregulated in 

response to injury suggesting a role in regeneration140,146. Conversely, WNT1, WNT2B, WNT4, 

WNT6 and WNT16 are found to be overexpressed in the glomeruli of both humans with DN and 

mice with STZ induced diabetes147. β-catenin is a key canonical mediator of the WNT signalling 

pathway, and genetically mediated overexpression of this protein in tubular-cells has caused EMT 

and epithelial cell dedifferentiation in mice studies148. Multiple animal studies have shown that the 
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use of WNT inhibitors can reduce fibrotic effects and the extent of renal injury or functional 

deterioration of the kidneys140.  

1.3.2.9. Innate Immune System 

Inflammation triggered by the binding of pathogen-associated molecular patterns (PAMPs) and 

danger-associated molecular patterns (DAMPs) to pattern recognition receptors (PRRs), 

including membrane-bound Toll-like receptors (TLRs) and NOD-like receptors (NLRs) of the 

innate immune system, has been shown to contribute to apoptosis, fibrosis and renal 

dysfunction149 

 

Furthermore, another system of the innate immune system, the complement cascade, has been 

shown to cause renal damage contributing to DN in both a rodent model and in patient biopsies 

in which expression was raised150. 

 

 

 

 Epidemiology 

Various environmental, physiological, environmental and genetic risk factors are recognised for 

the development of DN in diabetic individuals151. Hyperglycaemia is necessary for the onset of 

the disease and accordingly high haemoglobin A1c (HbA1c) (≥ 6.5% or 48/mmol/mol) appears to 

be a threshold for disease development152. Evidence of breakdown in the competency of the GFB 

as detected by a high urinary albumin:creatinine ratio is another risk factor for progression to 

kidney disease. A ratio of >30mg/g defines albuminuria and would indicate that DN had alredy 

set in, while >2.5 mg/g (males) or >3.5 mg/g (female) is defined as a risk factor152.  Hypertension 

correlates with disease progression and lower blood pressure has been able to slow the decline 

of renal function152. Other linked factors which increase the risk of DN development include low 

birthweight, obesity, and old age153. Meanwhile various ethnicities, including Indian, South East 

Asian, Hispanic, Middle Eastern and African American have an associated higher risk for the 

disease. This is likely to be related to a complex mix of economic, social, lifestyle related and 

genetic factors. Smoking is one such risk factor153. Familial history of the disease, implicating a 

genetic component, is also a strong risk factor154,155. In fact, diabetic siblings of those with ESRD 

are 5 times more likely to develop ESRD themselves than an individual with no affected family 

members152.  

 

Genes related to the RAAS pathway have been studied most widely with an association between 

changes in the ACE gene and DN in patients of T2D152. Others include Angiotensinogen, ANGR1, 

Aldose reductase, heparin sulphate, MMPs, Collagen type IV and VEGF to name a selection152. 

More recently genome-wide association studies (GWAS) have been used to identify candidate 

genes and linked single nucleotide polymorphisms (SNP)156,157. This has helped identify UMOD 

point mutations (C150S and C148W) as being linked to CKD including DN158-160.  
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Epigenetic changes may represent a link between genetic and environmental causes of DN. 

Methylation of DNA in the promoter region of the genes responsible for ACE regulation is one 

such potential cause152. 

 

 Current and Historical Models of Investigation and Drug 

Discovery 

It is of the utmost importance to be able to accurately model the effects of drugs and other 

compounds on the health of the kidneys.  This includes drugs or compounds whose intended 

sites of action are at other points in the body as these will still be encountered in the kidney during 

clearance from the blood via the urine161. Indeed, the kidney is a major site of impact for the toxic 

effects of food additives, environmental toxins and industrial chemicals as well as those of 

drugs161. The proximal tubular cells are particularly vulnerable due to their roles in compound 

active transport and enzymatic metabolism161.  

 

Historically the models used for studying these effects have predominantly comprised of in vitro 

2D renal cell culture systems, most commonly of a single renal cell type either of primary 

derivation or of an immortalised cell line, and in vivo xenogeneic animal models106,162. Both have 

been invaluable to the attainment of the current understanding of the mechanisms of DN and in 

the development of the current best standard of treatment but are inherently limited in their nature 

leaving a gap in the field for a new and better kidney model163,164.  

1.3.4.1. 2D Renal Cell Models 

While cell culture models are unavoidably highly reductive and do not display the structural 

complexity or cellular variety of a working renal system in patients or animal models, they have 

allowed simple and detailed study of multiple molecular mechanisms at play in the pathogenesis 

of DN163. This has enabled biomarker identification and an initial simple system for drug-

development in the past. Models are built using primary derived cells or immortalized cell lines 

which are generally exposed to high glucose concentrations or other pathogenic factors such as 

ANGII and TGF-β89,163.  

1.3.4.1.1. Proximal Tubule Cell Models 

The most common renal cell models are those representing proximal tubular cells. This is largely 

due to the well-established importance of the proximal tubule in the onset of DN and the large 

number of compound transporters and enzymes which handle and process glucose, toxins and 

drugs163. Studies of PT cells specifically for DN modelling number well over 100 and involve 

primary and immortalised cell lines from humans, pigs, opossums, rats and mice163. For instance, 

primary proximal tubular epithelial cells (PTECs) have, upon exposure to high glucose, 

demonstrated increased ECM production in mouse165 and human166 lines and have undergone 
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EMT167. PTECs have also revealed the exacerbating effect of ANGII on high glucose mediated 

cellular hypertrophy168. Exposure of PTECs to proteinuria, AGEs and hypoxia has also been 

demonstrated to have a pathogenic role163. A number of oncogene-mediated immortalized 

proximal tubular cells lines such as the  HPV-16 transformed HK-2 line and SV40 large T antigen 

(SV40) transformed HKC8 line in humans, the SV40 transformed MCT line in mice and the 

spontaneously immortalized LLC-PK1 line in pigs have been used for further DN research 

elucidating roles of ANGII, proteinuria, the polyol pathway and EMT in the diseases 

progression163. 

 

However, as well as their innate reductivity, these cell lines also present other issues. Primary 

cell lines are liable to dedifferentiate in vitro over a short time period (2-5 passages) and so cannot 

be used for longitudinal or repeated studies169. While immortalised cell lines are able to be 

cultured for longer time periods they often lack some of the key characteristics of their cell line of 

origin. For instance, in the human HK-2 cell line the megalin-cubulin albumin reabsorption 

pathway requires specific culture conditions that prove detrimental to other representative 

characteristics of the cell model170. Furthermore, these cells show resistance or extremely high 

tolerance of common PT toxicants such as gentamicin171. Newer cells lines, such as the 

RPTEC/TERT1 cell line created without oncogenes but instead with insertion of the catalytic 

subunit of human telomerase (hTERT), have seemingly highly in vivo-like characteristics and 

metabolic and genomic stability in culture which may offer an improvement on some of the older 

cell lines172.    

1.3.4.1.2. Podocyte Cell Models 

Podocytes are a highly specialised and terminally differentiated cell type that have not proved 

amenable to culture as a primary cell line. Instead, immortalised lines have been created from 

humans173 and mice174 using SV-40 . Use of these cells has provided insights into diabetic 

nephropathy, for instance that ROS induced by high glucose leads to podocyte apoptosis94. 

However these cells, which in vivo depend on a complex niche and interactions with other cell 

types to become fully mature, both morphologically and functionally, do not in vitro form intricate 

foot processes, lack proper cell polarity and intracellular contacts175. The presence of podocytes 

as part of a multicellular organoid system offers the potential for a greater maturity of these cells 

in vitro. 

1.3.4.1.3. Glomerular Endothelial Cell Models 

Glomerular endothelial cells join podocytes as part of the GFB. Like podocytes they were difficult 

to maintain in isolation as primary cells and immortalised lines of these cells, have been created 

with SV40176. These cells display fenestrations and have been used to model the effects of ROS 

on barrier function176. Use of these cells in on one side of a nanofiber collagen type 

I/polycaprolactone (PCL) scaffold electrospun onto a micro-photopatterned nickel mesh with 

podocytes on the other side created improved barrier function compared with either cell alone177. 
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1.3.4.1.4. Mesangial Cell Models 

Mesangial cells are also found around the glomerulus and aid in the function of the GFB. Primary 

human mesangial cells are sold commercially and have been used to model the initial 

inflammatory response to high glucose in DN178.  

1.3.4.1.5. Distal Tubular and Collecting Duct Cell Models 

Primary cells, representing the thick ascending loop and early distal tubule, named TALDC, have 

been isolated which maintain in vivo-like gene expression patterns prior to passage179. After 

passage the gene expression profile is lost. No immortalised cell lines of this type have been 

produced from humans. However, Madin-Darby Canine Kidney (MDCK) cells from dogs are an 

immortalised distal tubule-like cell line which form polarized cysts in collagen 1 hydrogels correctly 

mimicking cellular polarity in vivo. The disadvantage of these cells is that they are not of human 

origin and are heterogeneous population.  

 

1.3.4.2. Animal Models  

The use of animal models for disease modelling and drug development is currently the only option 

to conduct pre-clinical studies on a system that recapitulates the full structural and physiological 

complexity of the human body. Rodent models, with mice now more common than rat, have been 

the most widely used animal models164. Mice are favoured for their small size, reducing space 

required and cost to house. The variety of inbred mouse strains also provides greater variety of 

spontaneous or susceptive disease models. Moreover, the ease of gene deletion or over-

expression in mice makes the mouse model amenable to studying the effect of the numerous 

pathways implicated in the disease164. Rat models have also been a popular choice, with 

advantages over the mouse model including, a greater ease of surgical intervention and larger 

amounts of tissue for post experimental investigations due to their larger size164. Rats also bear 

some genetic similarities to humans not shared in mice such as the presence of a single copy of 

the renin gene, where mice have two164. Larger animal models such as rabbit, porcine, dog and 

non-human primate have all been used in renal research to an extent but escalating costs and 

greater ethical concerns limit their application for wide-scale use164.  

 

A diabetic nephropathy phenotype can be induced in mice by chemical or genetic measures. For 

example, type 1 diabetes is induced by injecting animals with STZ, a toxin which kills islet cells106. 

Akita mice have a mutation in the insulin coding gene which leads to depletion of β-cells and thus 

a spontaneous model of type 1 Diabetes180. A type 2 diabetic model for DN is the db/db mouse 

which due a mutation in the leptin receptor, develops hyperglycemia and consequent hypertrophy 

and sclerosis164. 

 

Informative findings from murine models, concerning the molecular pathways which cause DN, 

include, but are far from limited to: the role of AGEs, discovered using the db/db mouse model181; 
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the significance of the RAAS pathway, demonstrated by increased expression of the pro-renin 

receptor in a STZ treated eNOS−/− transgenic mouse model; and the impact of TGF-β 

upregulation on DN onset in a NOD model of diabetes182. 

 

However, there are several limitations of animal models for modelling renal disease. While in 

clinical trials a slowing of creatinine doubling times, albuminuria reduction and mortality are the 

optimal outcomes, animal models have mostly focused on histopathological changes e.g. 

podocyte numbers and glomerularsclerosis183. More recently rodent models showing loss of renal 

function such as the diabetic FVB mice184, the C57BLKS eNOSko db/db mouse185, and the 

T2DN/Mcwi rat186 may provide a better model system. However, translational validation of the 

above models, by showing clinically effectiveness off ACEi or SGLT2 inhibitors, is yet to be 

completed183. Secondly, while humans show diverse heterogenous responses to therapeutics, 

(e.g. > 50% diabetics treated with losartan do not show a reduction in albuminuria187), animal 

models are designed to give reproducible responses. Capturing actual or engineered genetic 

diversity is unrealistically complex for animal models in their current form. The use of smaller 

scale organoid models built from human iPSCs (section 1.5.3), which could be derived from a 

genetically diverse patient pool offers a much more achievable solution. Thirdly, not all genes 

affected in human DN are expressed in animal models thus presenting a barrier to modelling the 

effect of these mutations or treatments to correct for their effects. APOL1, a gene associated with 

CKD risk in African-American populations but absent in all but a few higher primates, is one 

example of this188. While it can be possible to create humanised rodent models, allowing these 

genetic changes to be investigated, as has been investigated with APOL1189, the use of human 

kidney organoids side-steps this time and cost intensive process and allows confidence that the 

genetic environment of the model match the human condition (section 1.5.3).  

1.3.4.3. Transcriptomics 

Transcriptomics involves the genome wide analysis of all expressed mRNA and can be used to 

identify activated molecular pathways which correlate with the presence or progression of a 

disease. For DN, identification of early markers is a particular focus of this technology. This is 

because existing biomarkers, such as reduced GFR and increased albumin to creatinine ratio, 

are only detectable at a stage when irreversible renal damage has taken place. The Janus kinase 

signal transducer and activator of transcription (JAK-STAT) pathway is one that was flagged as 

activated in DN patients of T2D190.  This technology can also be used to improve the choice of 

animal model for the drug under investigation by better matching of molecular networks affected 

in the model with that affected by the target drug191. However, a limitation of this technique is the 

lack of early disease tissue to analyse. 

1.3.4.4. IPSC Derived Cell Models 

Kandasamy et al. in 2015 developed a high-throughput-screening (HTS) system for proximal 

tubular toxicity of compounds using proximal tubular-like cells differentiated from hiPSCs in a one-

step protocol192. The cells, which expressed key transporters (such as SGLT1 and GLUT1) and 
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enzymes involved in drug uptake/metabolism, were exposed to 30 compounds and the response 

was fed into to a machine learning programme which was trained to predict nephrotoxicity. When 

tested the system predicted nephrotoxicity with 87% accuracy. In addition, when the underlying 

mechanisms leading to the toxicity were investigated they were found to match up to the 

mechanisms elucidated from human and animal studies192. Their model therefore has potential in 

testing new drug candidates (for use on any system in the body) for possible toxic effects on the 

kidney via the proximal tubule. It would also allow for research into as yet unclear or unknown 

mechanisms of toxicity of compounds which are known to lead to kidney damage. The main 

caveats to this model are the lack of in vivo like structure and accompanying cell types which may 

modify or detract from toxic effects.  

 

 

1.4. Pluripotent Stem Cells 

 

As discussed in this section pluripotent stem cells provide great potential for generating in vitro 

cells of any organ, including the kidney, which would otherwise be unavailable or, extremely 

difficult to study. 

 

 Potency and Pluripotent Stem Cells 

The concept of cellular potency, namely a measure of a cells potential range of progeny, can best 

be imagined as a pyramid (Figure 1.3)193,194. At the top, we have the zygote, the fusion of the 

male and female gametes. This cell is totipotent, having the potential to differentiate into any 

embryonic or extra-embryonic tissue. As this cell divides and replicates its progeny become 

embryonic stem cells (ESC) which are pluripotent. Pluripotent stem cells (PSC) such as the ESC 

can go on to differentiate into any cell of the three germ layers: ectoderm, mesoderm or 

endoderm195,196. As ESCs further differentiate they form various levels of progressively specified 

progenitor cell types within each germ layer. The earlier progenitors can form many cell types and 

are described as multipotent. Beyond multipotent cells we find oligopotent cells (which can still 

form several distinct progeny) then tripotent, bipotent and unipotent cells, which are precursor 

cells that can differentiate into three, two or a single progeny cell type respectively. Some of these 

multipotent stem cells, including haematopoietic stem cells (HSC), mesenchymal stem cells 

(MSC) and neural stem cells (NSC) are maintained in adults to act as a source for tissue repair 

and replenishment and are thus known as adult or somatic stem cells (ASC).  Finally, the mature 

progeny of these precursors are the terminally differentiated cells that make up all the tissues and 

organs of the body164. 
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Figure 1.3: The Cellular Potency Pyramid. 
During embryonic development cells gradually lose potency eventually becoming terminally 
differentiated. Initially the zygote, the fusion of the male and female gametes, has totipotency 
with the potential to form all embryonic and extra-embryonic tissues. Beyond the 16-cell stage 
of the embryo cells found in the inner cell mass (ICM) of the blastocyst have pluripotency 
which is the ability to form any of the embryonic tissues of the body. Embryonic stem cells 
(ESCs) can be derived by extracting these cells. Differentiated cells can be reprogrammed to 
a pluripotent ESC like state and are called induced pluripotent stem cells (iPSCs). Beyond 
this, cells become increasingly specialised to a particular lineage with first many possible 
progeny (multipotent), then several possibly progeny (oligopotent) and later tri, bi or unipotent 
cells before finally becoming terminally differentiated. Examples of cells at each potency level 
are listed. HSC = haemopoietic stem cells; MSC = mesenchymal stem cells; SC = stem cell. 
Images created using Servier Medical Art 
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 Characteristics of Pluripotent Stem Cells 

A stem cell is any cell which possesses the joint abilities of self-renewal and potential to 

differentiate into more specified progeny. Symmetric and asymmetric division of the stem cell 

support these characteristics197. Asymmetric cell division occurs when a stem divides into one 

replicate stem cell and one differentiated progeny cell, thus maintaining the size of the stem cell 

pool whilst producing differentiated tissue198-201. Symmetric cell division can take one of two forms: 

either a differentiation division in which two differentiated progeny cells are formed and the stem 

cell is lost from the progenitor pool; or a proliferation division forming two replicates of the stem 

cell201-203. By this later type of division, it is possible to replenish the stem cell pool after injury204,205.  

 

PSCs, as discussed above, are cells which have the capability to differentiate into any adult cell 

in the body. They are further defined by several other key characteristics and properties. Foremost 

is their potential for replication without loss of pluripotency when cultured in vitro under appropriate 

conditions i.e. with a suitable compound to block differentiation pathways and with adequate 

access to growth factors and nutrients196,206-208. The key morphological features of these cells 

include high nucleus to cytoplasm ratio and prominent nucleoli196,206-208. Meanwhile PSCs cultured 

on feeder layers of mouse embryonic fibroblast (MEFs) in vitro form large, tightly-packed, round 

colonies with smooth, bright borders. When the colonies of human PSCs (hPSCs) are cultured in 

feeder free conditions, the colonies are also tightly packed with bright defined border but may be 

more irregular in shape209. Human PSCs express the transcription factors OCT4, NANOG, SOX2 

and the surface markers SSEA3, SSEA4, TRA1-60 and TRA1-81196. Murine PSCs express 

SSEA1 in place of SSEA3 and SSEA4 but other express the same markers166. In hPSCs SSEA1 

is a marker of differentiation196. PSCs of both species show expression of the enzyme alkaline 

phosphatase as well as a high level of telomerase activity and long telomeres unlike diploid 

somatic human cells196,166. 

 

In addition to this, PSCs must show pluripotency potential through functional assays. The 

teratoma formation assay, in which cells from a PSC line undergoing testing are implanted into 

an immunodeficient mouse and allowed to grow for at least 10 weeks, has long considered the 

gold standard of human cell pluripotency210,211. If pluripotent, the cells will form a tumour which 

contains cells of all three germ layers, otherwise known as a teratoma. Secondly, the chimera 

formation assay, originally only used for mouse or other animal PSCs, can be seen as a more 

functional test of the cells’ differentiation potential. In this assay cells from the PSC line are mixed 

with an embryo (often mouse) which is implanted into a surrogate uterus and allowed to develop 

into a pup. This chimeric animal must display functional tissues of all three germ layers which 

include cells from the PSC line. More recently, methods have been developed allowing hPSCs to 

be incorporated into mouse chimeras to pass this assay212. The most stringent tests of 

pluripotency are germline transmission and tetraploid complementation. Germline transmission 

refers to the process by which PSCs incorporated into chimeras are able to form germ cells and 

thus genetically pass into the offspring of the chimeric animal213. Tetraploid complementation 
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combines the PSCs with a fused tetraploid embryo and if the PSCs are truly pluripotent the 

embryo will then be able to form a fully developed animal once implanted into a surrogate animal 

womb214. 

 

More recent assays have been developed such as the PluriTest with a view to drastically reducing 

the time and expense required for verifying the pluripotency of a cell line and removing the need 

for animal testing. The PluriTest utilises microarray technology to analyse thousands of DNA 

sequences and compare this against a database of normal pluripotent stem cell lines215. The test 

gives a rapid readout on whether the line being tested is pluripotent and whether it contains any 

genomic aberrations such as extra copies of genes or chromosomes which warrant further 

investigation or concern. 

 

There are two primary forms of PSCs which have been and continue to be utilised in research. 

Namely these are embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). ESCs 

are derived from in the inner cell mass of a five-day old blastocyst195,196. Undisturbed these cells 

would proliferate and differentiate into precursor cells for tissues of each of the three germ layers 

required to form a complete foetus; ectoderm, mesoderm and endoderm as well as the germ 

cells164. As such, ESCs in vivo, do not display the characteristic of unlimited self-renewal 

associated with SCs, instead serving as an intermediate progenitor with huge forward momentum 

to differentiate down the various pathways of development. There is no known source of ESCs or 

other pluripotent stem cells within the body beyond this early stage of foetal development.  

 

The transcription factors OCT4, SOX2 and NANOG, all specifically expressed from the inner cell 

mass, are required to maintain the pluripotent state of the ESCs164. In vitro, maintenance of this 

pluripotent state is achieved by the activation of two different signalling pathways in humans and 

mice. In mice the activation of the LIF/Stat3 pathway by inclusion of leukaemia inhibitory factor 

(LIF) in the media is sufficient216. Human PSCs however are maintained in their pluripotent state 

by activation of the FGF and MEK/ERK signalling pathway achieved through the addition of bFGF 

(FGF10) to the media216. These differences have been attributed to hPSCs representing a later 

epiblast-like pluripotent state which is primed rather than naïve217,218  

 History of PSC Discovery 

Work towards inducing pluripotency in previously terminally differentiated cells began in earnest 

with the work of John Gurdon on somatic cell nuclear transfer (SCNT) in 1962. Gurdon 

transplanted the nuclei from fully differentiated, somatic cells from the intestinal epithelium of a 

Xenopus laevis tadpole into the enucleated oocytes of the frog. A fraction of the eggs were able 

to develop into healthy tadpoles and even normal adult frogs219,220. This work demonstrated 

definitively for the first time that the nucleus of a fully differentiated cell contained all the 

information required to code for the entire organism; and, moreover, that the restricted state of 

the nucleus in the terminally differentiated cell could be reprogrammed to a totipotent state by 

factors present in the oocyte environment. This discovery built on the seminal experiments a 
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decade earlier by Briggs and King who achieved the development of cloned swimming tadpoles 

(of the Rana pipiens frog) by the transfer of a nuclei from a undifferentiated blastula cell into an 

enucleated oocyte221. Three decades after Gurdon’s work in amphibians, Wilmut and colleagues 

showed this plasticity extended to mammals with SCNT cloning of Dolly the sheep222. In this case 

an unfertilized, enucleated oocyte was fused with an adult cell which had been induced to exit the 

cell cycle.  

 

Meanwhile, researchers were searching for sources of pluripotent cells. A type of stem cell known 

as embryonal carcinoma (EC) cells, was discovered in mouse teratocarinomas (malignant 

tumours, now known to be derived from germ cells, containing many distinct differentiated cell 

types similar to benign teratomas)223,224. Some of these cells were shown to be nominally 

pluripotent in that they formed differentiated cells from all 3 germ layers225. However, they were 

not able to give rise to functional germ cells due to either aneuploid karyotypes or other 

chromosomal or epigenetic abnormalities. Despite this, these EC cells served as a model for early 

mouse development226. 

 

Finally, pluripotent cells which could be maintained in culture were derived from the ICM of mice 

blastocysts in 1981 by Evans and Kaufman at the University of Cambridge208. Later the same 

year Gail Martin of the University of California, San Francisco, independently derived these 

pluripotent cells from mice, coining the term embryonic stem cells195. It took a further 17 years for 

ESCs to be successfully established from humans by James Thompson et al.196. By this time the 

first knockout (KO) mice had been created using genetically modified mouse ESCs providing a 

new model for studying development and disease with enormous potential227,228. 

 

IPSCs which have unlimited replication potential and the ability to differentiate into any cell in the 

body, were first created from mice in 2006 and later in humans, in 2007, by Yamanaka and 

Takahashi through the introduction a cocktail of ‘stem cell factors’ into somatic adult cells206,207. 

Through an ingeniously simple series of experiments, in which selections of genes known for their 

high and specific expression levels in pluripotent cells were forcibly expressed in differentiated 

fibroblasts using integrating retroviruses, this work showed that the four factors Oct3/4, Sox2, Klf4 

and c-Myc were sufficient to reprogram the fibroblasts to an ESC-like state. These reprogramming 

factors have been dubbed Yamanaka factors or simply OSKM. These iPSCs were shown to be 

equivalent to ESCs meeting the characteristics discussed above including gene expression, 

teratoma formation and chimera formation. Since these initial experiments, other combinations of 

reprogramming factors were shown to be suitable for reprogramming various somatic cells to 

iPSCs and, in the case of neural stem cells, a single factor, namely OCT4 has proved to be 

sufficient229. Furthermore, many different vectors for introduction of the reprogramming factors 

have been devised230.  
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 ASCs, ESCs and IPSCs 

1.4.4.1. Advantages of PSCs over ASCs 

In contrast to PSCs, ASCs are at most multipotent, with potential to differentiate to several 

different progeny cells, and sometimes unipotent, with only a single possible differentiation path 

possible193. Examples of multipotent SCs include haematopoietic stem cells (HSCs), which give 

rise to all blood cells, and mesenchymal stem cells (MSCs), which differentiate into cells of the 

muscle, bone and adipocyte lineages. In addition, unlike PSCs, which can be readily derived from 

skin or blood samples from any given patient, ASCs will usually require more invasive procedures 

to source193. 

1.4.4.2. ESCs versus IPSCs 

1.4.4.2.1. Epigenetic Memory in Reprogrammed IPSCs 

Some pertinent questions for the field of iPSC research are whether iPSCs are equivalent to 

ESCs and whether they retain an epigenetic memory from their parent cell that may influence 

their differentiation potential. Many studies have detected epigenetic differences from ESCs231-

233. However other studies have found no differences234,235. This can perhaps be explained by the 

fact that when murine iPSC colonies form post-transduction the reprogramming is not normally 

complete. This may account for observed epigenetic differences which have shown to be lost 

after the cells have been passaged for prolonged periods231. Studies of hiPSCs compared to 

human ESCs (hESCs) has also proved so far inconclusive with studies disagreeing on whether 

true differences exist. Perhaps most significantly two studies compared hiPSCs with isogenic 

hESCs derived from the same somatic source using SCNT, each coming to opposite conclusions 

on the matter of deviation between the cell types232,235.  

1.4.4.2.2. Risk of Viral Integration 

The initial method for reprogramming, using the integrating lentiviral vector presented a risk to 

future applications of modelling and moreover, therapy using the cells, because of the use of the 

known oncogene c-Myc. However, since this initial study, multiple alternative reprogramming 

techniques have been developed to reduce/remove the risk either by; excision of the integrated 

factors e.g. using the Cre/LoxP236 or piggyBac237 systems; the use non-integrating viral vectors 

(e.g. Sendai virus238) or episomal vectors239; by using direct transfection of the mRNA240 or 

protein241 of the reprogramming factors; or even by the use of small molecules which activate the 

appropriate pathways242. Most notably by the use of the viral free methods, the risk of later viral 

mutagenesis in the genome and oncogenic transformation are avoided.   

1.4.4.2.3. Ethical Concerns 

The ability to derive and grow ESCs from humans in vitro opened up huge possibility for new 

disease models and therapeutic treatments of disease and injury. However ethical concerns 

around the derivation of these cells involving the destruction of blastocysts with the potential to 
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form healthy embryos and babies has been a source of contention and limited funding and support 

in some countries for this research. IPSCs do not face this same issue due to their ability to be 

derived from adult human cells.   

1.4.4.2.4. Line to Line Variation 

One concern with iPSC technology was the observed line to line variability in differentiation 

potential. Protocols which work robustly on one iPSC line often need adaptation to work with a 

separately derived iPSC line (even from the same patient). As such it is clear that both genetic 

and potentially epigenetic differences inherent to the genome of cell origin, as well as variability 

in the lines introduced during reprogramming, may contribute to functional differences in the 

hiPSCs230. One solution for equalising the differentiation potential may lie in inducing a naïve state 

in the iPSCs23.  However genetic variations between lines can preclude identification of causative 

polygenic disease, GWAS linked mutations. Also, ‘healthy control’ lines of iPSCs may have 

genetic differences compared with a ‘disease line’ due to their alternative origin complicating 

matters further. The creation of isogenic pairs of iPSCs in which one cell line is specifically 

mutated to incorporate or correct a known or putative disease causing mutation offers a robust 

method for avoiding this confusion in disease modelling investigations243. 

1.4.4.2.5. Genetic Origin 

Arguably the greatest benefit of iPSCs is the ability to derive these cells from any individual; either 

healthy or diseased, with the exact mix of genetic changes that may be causative. Accordingly, it 

is possible to investigate the genetic component in the parthenogenesis of both monogenetic and 

complex polygenetic or idiopathic diseases through differentiation of the iPSCs to relevant 

affected cells types in vitro. Indeed, many diseases have now been modelled using these patient 

derived iPSCs244. Using isogenic clones of iPSCs, with modifications of only specific nucleotides, 

can enable high powered discovery of the effect of each mutation on a disease phenotype. 

Furthermore the ability to derive cells which are exact matches in terms of genome and (major 

histocompatibility complex) MHC protein expression provides a theoretically perfect autologous 

source of cells for all kinds of therapeutic applications, some of which, such as an hiPSC derived 

source of retinal pigmented epithelium has already passed a phase 1 clinical trial for safety245. 

 

 

1.5. Organoids and 3D Cell Culture 

 

 History of Development and Use 

The first use of the word organoid meaning simply ‘resembling an organ’ was by Smith and 

Cochrae who noticed organ like structures in a cystic teratoma246. However, this definition has 

shifted over time. Now the term ‘organoid’ has come to define 3D self-organising structures, grown 

primarily from PSCs or ASCs in vitro, which recapitulate some aspects of the structure, genetic 
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profile and functionality of the organ in vivo. These organoids have been developed to mimic 

many of the body’s major organs including, the intestines, the mammary gland, the eye, the brain, 

the pancreas and the kidney247. The fact that they are grown from replenishable human cell 

sources and maintained entirely in the lab environment lends them great potential as a model 

system to study organ development, disease and repair in a level of detail not possible in people. 

 

Toshiki Sasai and colleagues can be credited with the creation of the organoid model system as 

we now know it. They published a series of papers in which ESCs were aggregated into floating 

spheres and differentiated in 3D towards self-organising tissues which mimicked organs such as 

the retina, cortical tissues and the pituitary gland. Impressively these organoids recapitulated 

advanced in vivo like structures such as the optic cup248. A crucial advancement towards the 

creation of organoid models as they exist today was made when the laboratory of Hans Clever 

produced intestinal crypt villus organoids from a murine population of Lgr5+ somatic stem cells249. 

These epithelial organoids were able to form enterocytes, goblet cells, enteroendocrine cells and 

Paneth cells and self-organise into appropriate crypt and villus structures when grown in 3D in 

Matrigel249. The organoids were also permissible to culture, maintaining their properties for over 

8 months. The intestinal organoids were later also derived from ESC and iPSC lines250. Slight 

changes to the conditions used to create these intestinal organoids have enabled production of 

organoids of mouse and human organ mimicking tissues such as the colon, stomach, prostate, 

ovaries, pancreas, lung, liver, taste buds and lingual epithelium251-259.  

 

 Disease Modelling with Organoids 

Organoids have already been exploited for use as models of hereditary disease and as platforms 

for personalised drug screening with one impressive example being the application to cystic 

fibrosis research. Cystic fibrosis (CF) affects the epithelium of many organs including the lungs, 

pancreas, liver and the intestines. The disease is caused by mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene which encodes a chloride channel protein. 

Beekman and colleagues developed a method to test the function of the CTFR channel in 

intestinal organoids derived from patients260. The channel is primarily located on the apical 

intestinal membrane which corresponds to the luminal side of the organoids. Consequently, when 

the channel was activated within organoids using forskolin, it led to a release of fluid into the 

organoid lumen and a notable swelling of the organoid size. In organoids from patients with CF 

where the CTFR is mutated and the channel does not operate correctly, there is no observable 

organoid swelling when exposed to CTFR activating factors. However various drugs targeting the 

CTFR were shown to restore the swelling phenotype when incubated with the organoids, 

demonstrating the potential for these organoids to be used a drug screening platform for CF. This 

model was then remarkably used to identify an effective drug in rectal organoids derived from a 

patient with a rare mutation of the CTFR gene. The selected drug was administered to the patient 

who went on to achieve improved pulmonary function and body weight260. In addition 

CRISPR/Cas9 genome editing has been used to correct defects in CF patient intestinal organoids 
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with the result of returning the swelling function highlighting the potential of the technique to 

regenerative medicine or positive confirmation of the causative effect of the mutations on 

function.261  

 

Tumouroids can be created from patient biopsies which are cultured in vitro as organoids which 

resemble the in vivo cancer tissue247. The organoids can then be subjected to detailed genetic, 

proteomic and metabolic analysis to reveal processes and features of the cancer which cannot 

easily be discovered via classical modelling or patient biopsies. Building on this the organoids 

can be used for patient specific drug screening studies. A proof of principle for tumouroids being 

used in this way came from a Toronto based group who tested tumouroids derived from five 

separate patients suffering from pancreatic ductal adenocarcinoma (PDAC) with the drug 

UNC1999; an inhibitor of the epigenetic modifying enzyme histone methyltransferase 

EZH2179262. Only three of the five lines showed reduced proliferation after treatment and it was 

shown that these three tumouroids, and the tumours from which they were derived, harboured 

the H3K27me3 mark (produced by EZH2) while the other while lines did not262. Thus, this 

suggests the use of the drug in the specific subset of patients. 

 

Consequently, the ability to study the effect of a drug on a model which recapitulates the disease 

morphology, histology and physiology, and which exactly mimics these individual genetic and 

epigenetic features is a major leap forward in personalised medicine. Indeed, it may greatly 

reduce the need for use of ineffective yet toxic drugs whilst enabling the tailoring of the best 

available drug cocktail for the patient and accelerating discovery of entirely new treatments. 

 

 Development of Kidney Organoids 

1.5.3.1. Differentiation of Kidney Lineages 

Before the leap to kidney organoid differentiation could get underway an understanding of the 

signals required to differentiate PSCs to progenitor and mature cell types within the organ had to 

be defined. The kidney is a mesodermal organ and the mesoderm, like the endoderm, arises from 

the PS23. Induction of the PS, also known as the mesendoderm (ME) is often confirmed by an 

initial short-lived peak in T expression, a gene which regulates formation of mesoderm43. More 

specifically the mesodermal lineage arises from the PPS, while the endodermal lineage arises 

from the anterior PS43. Thus, known inducers of the ME are used in most protocols including 

Activin A (AA); Wingless/Integrated family member 3A (WNT3A); and CHIR99021 (CHIR) which 

is an inhibitor of glycogen synthase kinase 3β (GSKβ) and thus agonist of WNT263,264. 

 

Indeed, AA was used along with bone morphogenic protein 7 (BMP7) and retinoic acid (RA) in a 

seminal study (Kim and Dressler, 2005) to induce renal epithelium from mouse ES cells which 

was able to integrate into and contribute to the developing kidney in vivo265. A later protocol (Song 

et al. 2012) used this combination of growth factors to produce podocyte like cells from hiPSC 
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which expressed key markers podocin (NPHS2) and synaptopodin (SYNPO)266. These cells 

demonstrated a contractile response to angiotensin II, a characteristic of mature podocytes, and 

showed continued expression of WT1 which although expressed throughout the development of 

the kidney is silenced in other fully differentiated renal cells266. BMP7 amongst other BMPs, have 

been shown to be essential for kidney and kidney tubule development and regeneration and is 

now widely used in protocols generating renal cells267-270. Treating hESCs with a (30:10 ng/ml) 

gradient of BMP4 and AA was shown by Takasato et al. to induce approximately 90% of cells to 

differentiate to PPS as evidenced by MIXL1 expression271. The same efficiency of PPS induction 

was achieved with > 7 μM CHIR99021 treatment271. 

 

After ME/PS induction the next key stage is induction of the IM and upregulation of Odd-Skipped 

Related Transcription Factor 1 (OSR1) and other renal precursor markers such as LIM Homeobox 

1 (LHX1) and Paired Box 2 (PAX2). Retinoic acid (RA) or other agonists of the RA receptor (such 

as AM580 and TTNPB)272 are routinely used after initial stages of differentiation to induce the IM 

phenotype. FGF2 and FGF9 have been used to promote IM and MM induction55,273,274. FGF8 is 

known to be expressed in PS and later in posterior trunk mesoderm275. Then, in IM and paraxial 

mesoderm FGF9 is expressed276. Takasato et al. (2014) showed that after induction of PPS with 

BMP4 and AA or CHIR99021, treatment with FGF9 led to robust induction of the IM as evidenced 

by coexpression of OSR1, LHX1 and PAX2. PAX2 and LHX1 proteins colocalised in 79.5% of 

cells271. FGF2 in place if FGF9 could also induce coexpression of the three markers but FGF8 did 

not. 

 

Protocols developed by Lam et al., also in 2014, similarly exposed hPSCs to an initial CHIR stage 

but followed up with FGF2 and RA followed by additional stages with either no growth factors or, 

in another case, a period of exposure to FGF9 and AA and a final stage of CHIR exposure277. 

Both protocols led to production of PTC like structures expressing 'Sine Oculis' Homeobox 2 

(SIX2), Spalt Like Transcription Factor 1 (SALL1), Nephrin (NPHS1), WT1, Aquaporin 1 (AQP1), 

AQP2, Uromodulin (UMOD), Megalin, SYNPO and staining positively for Lotus Tetragonolobus 

Lectin (LTL), Kidney specific-cadherin (Ksp-Cadherin a.k.a CDH16), N-cadherin (NCAD a.k.a 

CDH2)277. 

 

Kang and Han (2014) developed a complex and long multistep protocol using 4 sequential mixes 

of growth factors. Steps I: AA and WNT3A and II: BMP4 and FGF2 to induce PS like cells;  Step 

III: BMP7, RA and FGF2 to induce the IM and step IV: BMP7 and FGF2 to induce metanephric 

nephron progenitor (NP)-like cells278. These cells could be further differentiated to either 

podocyte-like (with RA and vitamin D3 exposure) or tubule-cell like (with HGF exposure) 

populations278. Another robust podocyte specific differentiation protocol was developed in 2016 

by Ciampi et al. 279. HiPSCs were exposed to BMP4 and CP21R7 (a highly selective GSK3β 

inhibitor) for 3 days before switching to APEL medium supplemented with RA, BMP7 and FGF9. 
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Cells were then replated in media supplemented with RA and vitamin D3. Cells could uptake 

bovine serum albumin (BSA), respond to ANGII, and had foot process-like extensions279. 

 

In contrast, the lab of Daniele Zink developed a highly simplified one step protocol which led to 

the production of human proximal tubular like cells from hESCs in 20 days280 and later from 

hiPSCs in 9 days192. In both cases the PSCSs were exposed to BMP2 and BMP7 for the whole 

duration of the protocol. Despite the simplicity of the protocol the cells appeared to undergo similar 

changes in gene expression over time as seen in the more complex multistep protocols developed 

by others. This included the transient peak in T expression preceding expression of IM marker 

OSR1; NPC markers SIX2, WT1 and GDNF and PT markers AQP1, Ksp-Cadherin and γ-glutamyl 

transpeptidase (GGT)192. 

 

Conversely, Xia et al.’s protocol which treated hPSCs with first BMP4 and FGF2 then RA, AA and 

BMP2 produced IM-like cells which were committed to forming UB structures rather than those of 

the MM lineage281,282. 

 

1.5.3.2. Kidney Organoid Differentiations 

While the aforementioned protocols are useful if the aim is to create pure populations of a single 

renal cell type or elucidate the mechanisms behind the differentiation for said cells, they do not 

provide a system which replicates the cellular or structural complexity of the nephrons and their 

surrounding tissues in the kidney. In pursuit of this complexity a number of laboratories have 

developed methods to create PSC derived, kidney-like, 3D organoids in vitro which contain 

multiple cells types that take on an in vivo like spatial organisation. These protocols are discussed 

herein and illustrated in Figure 1.4. 

1.5.3.2.1. Bonventre & Freedman Laboratories 

Morizane et al. (2015) created a protocol which first induced NPCs before culturing the cells as 

spheres which could then take on 3D structure 283. HiPSCs or hESCs were first cultured with 

CHIR (and Noggin for iPSC) for 4 days to induce the late primitive streak. AA was next used to 

promote PIM before switching to FGF9 exposure for 2 days to induce the MM. 3D organoid culture 

was initiated on day 9 of the protocol by harvesting the cells from 2D, plating in ultra-low 

attachment round bottom 96wps in differentiation medium containing CHIR and FGF9 and 

centrifuged to create spheres which were cultured for 2 days. A further 3 days of culture was 

carried out with FGF9 only supplemented media and finally all growth factors were withdrawn, 

and culture was continued for 7 to 21 days. The researchers reasoned that by day 9 of the protocol 

the cell population contained 90% NPCs, as demonstrated by co-expression of SIX2, SALL1, 

WT1 and PAX2. The end-stage, 3D organoids displayed a complex structure resembling the key 

MM derived cellular populations arranged consecutively in the expected, in vivo-like order. 

Specifically, glomerular podocytes (NPHS1+, PODXL+) populations were seen followed by PT 
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(LTL+, CDH2+), descending LoH (CDH1, AQP1+), thick ascending LoH (CDH1+, UMOD+) and DT 

(CDH1+, Brain-1 (BRN1+)) populations. Transmission electron microscopy (TEM) imaging 

identified foot process like structures emerging from podocytes (but only primary processes) and 

lumen were identified in the tubular structures; some showing evidence of a brush border. The 

researchers did not see evidence of UB derived populations such as the CD or ureter 

demonstrating the specificity of the protocol for MM and NPC differentiation. The paper also 

demonstrates certain functional characteristics of the organoids; namely the PT specific damage 

induced by incubation with gentamicin versus the PT and DT damage induced with cisplatin. This 

was demonstrated by upregulation of the clinical biomarker kidney injury molecule 1 (KIM-1) at 

the PT specific (gentamicin) or PT/DT (cisplatin) sites283.  

 

Freedman et al. (2015) devised an alternative and markedly simpler protocol for differentiating 

3D kidney organoids284. In their study, hPSCs were plated out on Matirgel® as single cells and 

after 24 hours sandwiched with a second layer of matrigel leading to the formation of epiblast-like 

spheroids. After 48 hours in this condition, the spheroids were exposed to CHIR for 36 hours. At 

which point CHIR was removed and instead B27 was used for the remainder of the protocol. A 

mesenchyme like phenotype was induced by the end of CHIR incubation and by day 10 nephron 

like structures were present which were further developed in culture until at least day 16 after 

plating. As with the Morizane protocol, markers of glomerular podocytes (PODXL, SYNPO, WT1), 

PTs (LTL) and more distal structures (CDH1) were present in organoids in a logical order. PT 

specific endocytotic receptors MEGA and CUBN were shown to be expressed in PT structures. 

There was also evidence of endothelial like cells expressing cluster of differentiation 31 (CD31) 

and Von Willebrand factor (VWF). Tubular structures displayed apical tight junctions and some 

microvilli. This protocol did not show convincing evidence to specifically demonstrate individual 

presence of LoH or DT structures seeming to favour the proximal elements of the nephron. 

Furthermore, there was no evidence of UB derived structures such as CD. The organoids 

expressed the progenitor markers LHX1 and PAX2, while the NPC marker, SIX2, was also 

present in a surrounding population suggesting they were still an a somewhat immature state. As 

with the Morizane et al. (2015) protocol the organoids reacted to incubation with cisplatin or 

gentamicin by expressing KIM-1 and this co-expressed with LTL+ tubules. However, in this case 

they did not determine if the gentamicin injury was solely localised to the PT and absent in the 

DT. The organoids were examined for their functional ability to uptake a range of fluorescently 

labelled compounds from the media. 10kDA rhodamine-conjugated dextran (RD) showed uptake 

in 80% of organoids with up to 4 hours incubation and was not lost after a 24-hour washout. 

However, lucifer yellow did not get up-taken in the same fashion which could imply a lack of an 

appropriate basolateral organic anion transporter such as multidrug resistance protein 4 (MRP4). 

In addition, uptake of methotrexate, though observed, was variable and washed out more rapidly. 

It will be important that kidney organoids show fully in vivo-like expression and function of these 

transporters to enable the organoids to be a reliable model for downstream drug discovery and 

toxicology screening purposes; let alone for use in therapeutic transplantation. 
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Kim et al. (2017) analysed in detail the podocytes created in their kidney organoids, following the 

protocol detailed in the 2015 Morizane paper. The found the differentiated podocytes resembled 

podocytes in the capillary loop stage (CLS) of kidney organogenesis in terms of structure, protein 

localisation and gene expression265. Expression of the podocyte markers NPHS1 and NPHS2 at 

the basal cell surface, and PODXL at the apical cell surface closely resembled their expression 

patterns in human kidneys of the CLS stage. PAX2 and PAX8 were correctly downregulated in 

the podocytes (remaining present in tubules), whilst WT1 expression in NPHS1+ nuclei was 

present, matching in vivo podocytes at the CLS stage and beyond. The tight junction protein ZO-

1 was co-expressed on the basal membrane of the podocyte-like cells once NPHS1 became 

highly expressed whilst on NPHSlo cells ZO-1 was expressed at the apical membrane. Thus, the 

podocytes developed in an in vivo fashion with the tight junctions migrating to the basement 

membrane as the cells matured from S-shaped body to CLS stage. There was evidence of foot 

processes in the form of microvilli but a lack of the complete interdigitating foot processes forming 

mature slit barriers again matching with the structures in vivo.  

1.5.3.2.2. Itoh Laboratory 

Shintaro Yamaguchi et al 2016, developed a protocol which differentiated hPSCs into the 

mesodermal lineage with a GSK3 inhibitor and a commercially available renal epithelial growth 

medium (REGM), before selecting for kidney specific protein (KSP) cells by flow cytometry285.  

KSP+ cells generated tubular organoids that contained MEGALIN+, AQP1+ or AQP2+ cells in 3D 

Matrigel culture. However, the total population contained only 4.08% KSP+ cells indicating their 

protocol was far from specific for this population. Nevertheless, the researchers demonstrated the 

presence and activity of GGT, an enzyme involved in drug detoxification, which is expressed in 

the proximal tubule286. It is worth noting however, that the levels detected were 6x lower than in 

renal proximal tubular epithelial cells (RPTECs). This could be attributed to their organoids being 

a mixed population of tubular cells rather than solely of a PT phenotype but could also suggest a 

lower level of functional maturity. 

 

1.5.3.2.3. Nishinakamura Laboratory 

The lab of Nishinakamura initially devised complex multi-step protocols to guide murine ESCs 

(mESC) or hiPSCs through various stages of kidney development and finally into 3D kidney 

organoids44. In the case of the human differentiation, hiPSCs were aggregated as EBs at 10,000 

cells/well of a low cell binding V-bottom 96 well plate (wp) and exposed to BMP4 followed by AA 

and FGF2 to induce an epiblast-like phenotype. Next nascent mesoderm-like and then posterior 

nascent mesoderm-like cells were induced through exposure to BMP4 and CHIR. Subsequently, 

a combination of AA, BMP4, CHIR and RA exposure was used to induce a PIM phenotype after 

which the use of CHIR and FGF9 led to metanephric NPC with expression of WT1, PAX2, SALL1, 

and SIX2. However, to create the ‘mature’ organoids the researchers used co-culture with mouse 

embryonic spinal cord rather than defined factors. 
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Following on from this protocol, a further paper from the lab developed a method to maintain and 

expand NPCs(both murine cells ex vivo and progenitors derived from mESCs or hiPSCs) in 

culture287. For maintenance and propagation of the NPCs media containing CHIR, DAPT, BMP7, 

LIF, and Y27632 was used. Progenitor cell number expanded 41.5-fold when derived from ex 

vivo murine populations, 15-fold when derived from mESC and at least 3-fold for progenitors 

derived from hiPSC. In all populations the expanded progenitors maintained high expression of 

CITED1 and SIX2 (marking the most undifferentiated NPC population) yet in hiPSC derived cells 

other key markers of NP, PAX2 and WT1 were markedly reduced. This suggests the protocol 

may need further optimization in the case of human cells or perhaps that the initial population was 

not exclusively of the NPC type. Nevertheless, the expanded progenitors could in all cases be 

further differentiated to form renal tubules and glomeruli cell structures when cultured as clumps 

with mouse spinal cord287.  

 

In an impressive leap forward for the field, Taguchi et al. (2017)288, were able to produce mESC 

derived organoids containing segmented tubular nephrons interconnected by an intricate and 

extensive CD structure. To achieve this, they selectively combined separately differentiated UB 

constructs (1 per well) and NPC cells (25,000/well) with harvested stromal progenitor cells 

(50,000/well) in low cell-binding, U-bottom 96wps before transfer to 24wp-inserts. These 

organoids clustered most closely to kidneys of the E15.5 developmental stage when analysed by 

cDNA microarrays and maintained expression of UB progenitor and NPC markers suggesting 

maintenance of the nephrogenic niche288. The group also developed a robust protocol which could 

differentiate hiPSC to a population of UB like cells288. To do so, the hiPSCs were guided through 

various progenitor populations. Cells were aggregated at 10,000 cells/well of a V-bottom low cell-

binding 96wp forming EBs. Initially the nascent mesoderm was induced through exposure to AA 

and BMP4 and, following by transfer to low cell-binding U-bottom 96wps, exposure to CHIR and 

BMP4. AIM was then induced by a combination of RA, FGF9, LDN193189 ((LDN) an inhibitor of 

BMP4) and SB431542 (an inhibitor of the Smad2/3 pathway). Reaggregation at 5,000 cells/well 

of a V-bottom, low cell-binding 96wps and further incubation with RA, CHIR, FGF9 and LDN 

advanced a portion of the cells to a committed WD progenitor phenotype (CXCR4+/KIT+). 

Approximately 51.2% of cells had this expression profile and were sorted for by FACS before 

reaggregation and exposure to further differentiation culture288. This consisted of three steps, 

each using Y27632, RA, CHIR, FGF1 and LDN, with FGF9 included for the first and second steps 

and GDNF for the second and third steps. The total duration of the differentiation (from iPSC to 

UB-like) was 12.5 days. Unfortunately, an attempt to recreate the organoids with human cells was 

hampered by a lack of available human stromal cells288. Instead, hiPSC derived NPCs and a day 

13 UB construct, cut into 4 parts, were cultured together for 48 hr in 96-well low cell-binding V-

bottom plates before being transferred onto a transwell insert in 24wps with DMEM/F12 media. 

The constructs showed only very limited branching (2 branching events) and elongation, however 

this was comparable to timelines in human development288. 
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Nevertheless, the production of an interconnected CD tree structure underlying differentiated 

nephrons with progenitor populations also present represents a huge step towards an organoid 

model which could truly recapitulate the structures required for the complex functions of blood 

filtration, urine production and drainage through a single exit.  

 

1.5.3.2.4. Little Laboratory 

The laboratory of Melissa Little in Melbourne developed two alternative protocols for the 

differentiation of hESCs to kidney organoids as described in the Takasato et al. (2014) paper271. 

In both protocols the hESCs were plated out as single cells and incubated for 2 days in APEL 

media supplemented with factors to induce the PS. For one protocol a mix of BMP4 and AA was 

used for PS induction; in the other CHIR was used. Subsequently the PS-like cells in both 

protocols were incubated with APEL supplemented with FGF9 and heparin for 4 days to induce 

an IM-like state. The BMP4 and AA induced cells were then exposed to a cocktail of BMP7, FGF9, 

RA and heparin for 6-11 days with MM and UB-like populations present by day 17 of the 

differentiation. For the CHIR induced protocol the cells continued to be exposed to FGF9 and 

heparin for 6 more days after which the growth factors were removed and a further 6 days of 

culture led to ME and UB populations. In this later case the cells were then harvested (at day 18) 

and pelleted to form 3D structures which were cultured for four further days on a filter membrane. 

Epithelial (ECAD+) structures including PTs (AQP1+ or SLC3A1+), CD (AQP2+, ECAD+) and renal 

vesicles (JAG1+) were found to self-organise in the resultant organoids271.  

 

This CHIR based protocol was further developed by the lab in a later paper289,290. To induce both 

the UB and MM concurrently, the lab developed a protocol to balance the production of the AIM 

and the PIM which are each the precursor to each respective population. During in vivo embryonic 

development the AP patterning is achieved thanks to migration of cells in the primitive streak. 

Those which migrate (caudal to rostral) earlier, experience less exposure to canonical WNT 

signalling than those which migrate later, and these earlier migrating cells go on to form the AIM. 

The later migrating cells experience more WNT signalling and thus specify to the PIM. To achieve 

this optimal AP patterning in vitro, the researchers determined that, for their tested cell lines, a 3 

or 4-day exposure to CHIR (to inhibit GSK-3 and activate WNT signalling) gave a favourable 

balance between the AIM and PIM. After this step a further 3 days of monolayer culture with FGF9 

was sufficient to fully induce both IM types. At this stage the cells were then harvested and 

pelleted before plating out at an air-liquid interface in hanging insert culture conditions in 6wps. A 

brief ‘CHIR pulse’ (exposure to media containing CHIR for 1 hour) helped to promote the highest 

levels of nephron formation as did further incubation with FGF9 supplemented media (5 days 

leading to maximised nephrogenesis). Continued culture up to day 18 or beyond in growth factor 

free media allowed continued self-organisation and growth. By day 10 of the protocol renal 

vesicles were visible258. By day 25 tubular and glomerular structures were visible by light 

microscopy258. Immunofluorescence staining revealed the presence of CDs (PAX2+, GATA3+, 
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ECAD+), LoH (UMOD+, ECAD+), PTs (LTL+, CUBN+), DTs (ECAD+ only), and podocytes (WT1+, 

NPHS1+) in an in vivo-like segmented and appropriate order258. An endothelial network was 

suggested by staining of CD31 and SOX17, while there was also evidence of early mesangial 

cells (PDGFRA) and renal interstitum (MEIS1 and FOXD1). Brush borders characteristic of DTs 

and PTs could be seen by TEM, which also revealed podocytes with primary and secondary foot 

processes. Dextran uptake assay was successful with the molecule colocalising to LTL+ 

regions258. Cisplatin was also shown to induce apoptosis in so called mature PTs (LTL+, ECAD+) 

but it’s effect on DTs was not investigated or commented upon258.  

1.5.3.2.5. Other Recent Advancements 

Przepiorski et al. (2018) devised a method for growing organoids using a spinning flask 

bioreactor291. In this method hiPSCs are cultured as EBs with CHIR and later cultured with BPEL 

medium with added Knock Out Serum Replacement. The culturing steps in this method are 

markedly simpler than other protocols. The reagent cost is also much lower. Consequently, this 

method offers great potential for use in production of large numbers of organoids for HTS 

experiments. Immunofluorescence showed that the resulting organoids have segmented nephron 

populations including podocytes, PTs, DTs CD-like regions, endothelial cells, and interstitial cells. 

By comparing their day 14 organoid with human foetal kidneys they determined that they match 

most closely to those of the late capillary loop stage of development. Organoids of 500 μm or less 

were found to be optimal with larger organoids becoming apoptotic in the centres291. Organoids 

at day 14 could uptake 10kDA dextran at LTL+ PT-like regions291. However, when these organoids 

were cultured for extended periods (from day 14 to day 26) there was a decrease in the ability to 

uptake dextran and a reduction in markers such as NPHS1 (podocytes), LRP2 (proximal tubule), 

SLC12A1 (thick ascending limb), and CALB1 (distal nephron)291. Furthermore, there was an 

increasing presence of pro-fibrotic myofibroblasts291. While, this could be exploited for modelling 

the fibrosis central to chronic kidney disease, this suggests that the culture system devised was 

not inducive to stable healthy organoid culture. The spontaneous onset of fibrosis could interfere 

with the use of the model for investigating other genetic or chemical mediators of disease. Ideally 

the culture conditions would need to be optimised to promote long term healthy organoid culture.  

 

Borestrom et al. (2018) adapted the protocols developed by the Little and Freedman labs to create 

organoids with enhanced transcriptional maturity292. In their protocol hiPSC were exposed to 

CHIR containing medium for 4 days before FGF9 containing medium for 6 days (an extension of 

3 days from the Little lab paper). Then cells were harvested and used to create organoids of 

10,000 cells per well with an AggreWell® plate. Those organoids were cultured with CHIR and 

FGF9 for 2 days then transferred into ultra-low attachment 6wps to be cultured in suspension 

conditions. 4 days with FGF9 exposure was conducted before switching to growth factor free 

culturing until day 25. The use of suspension culture enables cheaper and more efficient organoid 

production for use in HTS. As with previous studies the organoids expressed key nephron and 

auxiliary markers in a segmented fashion. Significantly, transcitomic single-cell RNA sequence 

fingerprinting of the organoids suggested that both glomerular and tubulointerstitial cell types 
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showed expression comparable to the same cell types from an adult kidney292. However, in 

opposition to this, TEM data, appeared to show only primitive foot processes emerging from the 

podocytes292. Furthermore, functional assays were not performed in this study. As such it is 

unclear whether the organoids produced by this method had meaningfully matured beyond those 

seen in other protocols.  

 

1.5.3.2.6. Examples of the Potential for Vascularisation in Kidney Organoids 

A major hurdle in the field remains the lack of blood vessel interaction with the organoids. At 

present while markers of endothelial networks such as CD31 have been seen by various groups, 

there has been nothing resembling the afferent and efferent arterioles, the capillary bed at the 

glomerulus, or the peritubular capillaries surrounding the remainder of the nephron. However, a 

number of labs have established that the organoid structures created have the ability to integrate 

with the vasculature when transplanted in vivo.  

 

A paper from the Kimber lab, Bantounas et al. (2018), used the protocol devised in the Takasato 

et al. (2015) paper to grow kidney organoids293. They demonstrated that precursors to these 

organoids (the cells on day 12 of the differentiation) were able to form a kidney-like tissue when 

transplanted subcutaneously into mice293. Importantly, the glomeruli structures which arose were 

vascularised with red blood cells seen in capillary tufts293. Podocytes with foot processes 

separated by slit diaphragms were observed in these tissues293. Mature GBM proteins were 

present (e.g. Collagen α3 and Laminin B2) and some GBM had mature trilaminar phenotypes293. 

Most notably, fluorescent dextran injected into circulation in the mice was seen to make its way 

into the tubules indicating a competent filtration of the molecule through the GBM and 

reabsorption by the transporters in the PTs293. 

 

In a similar experiment again based on the Takasato protocol, van de Berg et al. (2018) showed 

that hiPSC derived organoids transplanted in vivo became vascularized by the host and were 

functionally perfused as seen by the passage of intravenously injected FITC-dextran into the 

organoids294. Crucial components of the GFB were observed to have formed including trilaminar 

GBM, fenestrated endothelial cells and foot process adorned podocytes294. 

 

While these promising studies indicate the potential for current hiPSC derived organoids to be 

functionally vascularised they do not resolve the outstanding issue of vascularisation in vitro which 

is the ultimate goal for a truly functional in vitro kidney organoid which accurately mimics the in 

vivo system.  
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Figure 1.4: Schematic of Key Protocols Developed for Differentiation of Kidney 
Organoids from Pluripotent Stem Cells. 
Protocols which have been developed by various labs for the differentiation of pluripotent stem 
cells to kidney organoids are illustrated in this schematic. The size of the box indicates the 
length of each step with the abbreviations inside the box representing the key growth factors 
used at each stage. Important technical steps are labelled outside each protocol schematic. 
AA = Activin A; BIO = 6-bromoindirubin-30-oxime; BMP4 = Bone morphogenic protein 4, CHIR 
= CHIR99021; FGF9 = Fibroblast growth factor 9; GDNF = Glial cell-derived neurotrophic 
factor; KOSR = Knock out serum replacement; L.A = low attachment; RA = Retinoic Acid; 
ROCKi = ROCK inhibitor; wp = well plate  
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 Potential of Kidney Organoids as Disease Modelling 

Platforms 

3D culture of iPSC derived organoids shows promise as an in vitro investigative and disease 

modelling format across many organs and tissue systems, including the kidney. Indeed, various 

PSC derived kidney organoids have already been used for proof-of-principle disease modelling 

experiments.  

 

Freedman et al. (2015) showed the utility of their organoid system as a disease model; using 

CRISPR-Cas9 to knock out the genes Polycystic kidney disease 1 (PKD1) or PKD2 thereby 

replicating the disease environment of polycystic kidney disease (PKD)284. The organoids showed 

phenotypical features of the disease (i.e. cyst formation) which could be easily screened for in 

vitro. The cysts showed affinity for LTL demonstrating their tubular origin. Interestingly the cysts 

arose only after 35 days in culture after which point they continued to expand284. A second disease 

modelling investigation was conducted in the study, this time looking at the effect of a biallelic 

knock out of PODXL; a gene which has been implicated in focal segmental glomerulosclerosis; a 

disease which is known to cause proteinuria and reduced renal function295. In the knock-out 

organoids there was a clear loss of cell junction organisation as evidenced by a change of location 

of SYNPO+/ZO-1+ expression (diffuse, cross cellular expression in the KO population compared 

with localised zipper like expression in wildtype (WT) organoids). This change in expression 

correlated with a reduced gap width between adjacent podocyte-like cells versus the WT. This 

finding built on a previous suggestion that PODXL regulates podocyte junctions296.  

 

In the later Kim et al. (2017) paper by the group the effect of the PODXL biallelic knock out was 

investigated in further detail31. TEM revealed the KO podocytes failed to produce microvilli and 

that spaces between cells was greatly reduced. This phenotype matched that seen in a mouse 

model also created by the researchers in this study31. It was suggested that it may be caused by 

the lack of a repulsive force between the negatively charged PODXL proteins on microvilli of 

adjacent podocytes. 

 

Taguchi et al. (2017) used their organoid model, which separately induced NPCs and the UB, to 

study the effect of PAX2 KO, mediated by TALENs, on the differentiation of these populations 

within the organoid288. They saw that while the deletion of PAX2 appeared to have little effect on 

the development of NPs, it led to a defective phenotype in the UB, including failure of clear bud 

formation and lack of branching capability concomitant with decreased expression of LHX1, 

GATA3 and RET288. The KO clones further displayed low ECAD expression yet continued 

expression of NCAD which indicated a failure of substantial MET288. The phenotype observed 

mirrored that seen in an in vivo mouse KO model297. This demonstrates the utility of the model for 

investigating development and disease, especially those of monogenic origin. A similar 

experiment from Tan et al. (2018) used CRISPR to create WNT4 KO mESC lines298. This again 

led to a failure of MET completion, mimicking the result of an in vivo mouse model298,299.  
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CRISPR has also been used by Przepiorski et al. (2018), to create a biallelic KO of Hepatocyte 

nuclear factor 1β (HNF1B) in a line of hiPSCs used to grow kidney organoids via their bioreactor 

method291. Gross structural differences in the organoids compared to the controls were seen and 

expression of markers in the PT and thick ascending limb of the LoH were downregulated. 

Podocyte markers were maintained, however. Immunostaining collaborated these findings. This 

failure of PT and thick ascending limb formation due to HNF1B KO mirrored similar findings in the 

equivalent mouse KO62,63. 

 

In a further paper from the Little group, Forbes et al. (2018) demonstrated the potential of using 

patient-derived hiPSCs to study the mechanisms of disease300. In this case iPSCs were derived 

from a patient suffering from nephronophthisis, a condition causing defects in the cilia which is 

thought to be due to inheritance of two defective copies of the IFT140 gene301. Isogenic copies of 

the iPSCs, in which the IFT140 gene was repaired, were also created. Kidney organoids were 

created from both diseased and isogenic lines. A defective phenotype was observed in the tubular 

cilia of the diseased line which, significantly, was rescued in the isogenic lines300. Gene 

expression analysis followed up by a functional study revealed a polarization defect in the 

diseased line300. This study serves as a proof-of-concept for the use of patient derived iPSCs and 

their isogenic derivatives as a powerful tool in disease modelling. 

 

 Current State of the Field 

Taken together, the field is making significant progress towards creation of an organoid model of 

the kidney. The ability to derive organoids with all the key nephron and collecting duct 

compartments in correct order has been demonstrated by several groups and the progress of the 

Nishinakamura lab towards an interconnected CD tree is a significant one that other groups will 

look to replicate. Certain functions of the cells in these organoids have been proven, particularly 

for the proximal tubule, and researchers should aim to show the function of other structures, 

starting with the podocytes and glomerular basement membrane. If these kidney organoids are 

to be used as model of DN it will be desirable to increase their maturation state to beyond that of 

the embryonic kidney as DN is a disease developed later in adulthood. Integration of blood 

vessels, ideally with the ability to control pressure, would also be desirable to allow researchers 

to mimic exposure to high glucose levels in the blood and hypertension. A ‘closed loop’ system 

from blood vessels contacting the glomerular structures to a single ‘ureter-like’ exit for proto-urine 

to exit from would also be the best way to allow administration of toxins or drugs in an in vivo like 

state and the mimicking of pathologies such as albuminuria and altered glomerular filtration rate. 

 

 



70 
 
 

1.6. The Importance of the Local Niche in Organogenesis 

The extracellular matrix (ECM) is a three-dimensional network comprised of proteins, 

glycoproteins and proteoglycans. Secreted by the cells themselves, it goes on to surround them 

in the tissues in one of two major forms: the basement membrane or the interstitial matrix. 

Together they form a supporting and interacting layer which serves as a structural skeleton for 

cellular attachment, provides a reservoir for growth factors, and acts as a modulator and mediator 

of cell signalling. Incorrect expression often leads to disease and loss of function in the kidney302-

304. Perhaps the most obvious and important role of the ECM in the function of the kidney is 

manifested as the glomerular basement membrane (GBM) which separates the podocytes from 

the endothelial cells at the glomerulus forming a critical part of the GFB23. The ECM is 

continuously remodelled; broken down by matrix metalloproteases and secreted afresh by the 

cells305. The renal ECM is known to be important in development with distinct changes in 

expression profiles in the various kidney regions over time16. 

 

 Components of the Kidney ECM 

1.6.1.1. Collagens 

Collagen forms as a triple helix comprised of one of several variable chains. Collagen IV (COLIV) 

is the most abundant of all ECM components in the kidney, providing a latticework of covalently 

bonded proteins supporting the basement membrane in which it is invariably present306. It is 

essential to glomerular filtration and it has been demonstrated to be involved in laminin mediated 

attachment and migration of mESCs307. COLIV is distributed through the basement membranes 

of all key adult renal structures in different combinations of the six existing alpha chains (α1-α6) 

as listed below302 . The absence of COLIV is embryonically lethal308 and mutations in the α1 chain 

cause glomerulopathy and decreased glomerular filtration rate309. The distribution of Collagen IV 

subunits in renal BMs is listed in Table 1.2. 

 

Renal Structure Collagen IV Subunits 

Bowman’s Capsule α1, α2, α5, α6 

Glomerular Basement Membrane α1, α2, α3, α4, α5 

Mesangial Matrix α1, α2 

Proximal Tubule α1, α2,  

Loop of Henle α1, α2 

Distal Tubule α1, α2, α3 α4, α5, α6 

Collecting Duct α1, α2, α5, α6 

 
 

Collagen I (COLLI) is the second most abundant kidney ECM component306 and forms fibrils in 

contrast to the non-fibrillar network-forming COLIV310. Along with another fibril forming collagen, 

Collagen III (COLIII), COLI is expressed uniformly in the MM during development but the 

expression is lost at the onset of tubule formation310. In the healthy adult kidney COLI and COLIII 

Table 1.2: Localisation of Collagen IV Subunits in Renal Basement Membranes 
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are restricted to expression in the renal interstitum and vessels but are absent in the basement 

membranes. However, in renal disease and glomerulosclerosis these collagens appear to be 

expressed in glomerular regions311,312. During fibrosis of the kidney, COLI, but to a much greater 

extent COLIII, are upregulated in the expanding mesangial matrix311,312  

 

1.6.1.2. Laminins 

Laminins are glycoproteins found in all basement membranes. They form heterotrimeric cross 

shaped structures (3 shorter upper arms and one longer lower arm). The three short arms bind 

with high affinity to other laminin short arms bestowing the protein with the ability to self-associate 

and form sheets. The longer arm serves an anchor for binding to the cells being the primary 

binding site for integrins in cell membranes, thus being crucial to cellular attachment. They form 

networks with COLIV in the basal lamina via nidogen-1, fibronectin and perlecan304. Laminin 

mediates migration and attachment of mESCs and plays an important role in the developmental 

fate of ESCs in vivo, differentiation, and preservation of correct phenotype; maintenance of tubular 

and vascular structures; and numerous nephrogenic processes302,303. 

 

Laminin trimers forms from one of each of an α, β and γ chain. 5 α chains, 4 β chains and 3 γ 

chains have been discovered and 15 distinct combinations of these have been found305. They are 

named according the chains they comprise so the α1β1γ1 trimer is named Laminin-111, and the 

α4β2γ3 trimer is named Laminin-423 etc. Laminins are ubiquitous in the in the basement 

membranes of renal structures302. The distribution of laminin in renal BMs is listed below. 

 

Renal Structure Laminin Trimers 

Bowman’s Capsule 111, 511, 211 

Glomerular Basement Membrane 521 

Mesangial Matrix 111, 511, 211, 521, 221 

Proximal Tubule 111, 511, 211 

Loop of Henle 111, 511, 211 

Distal Tubule 511, 211 

Collecting Duct 511, 211 

 
 

1.6.1.3. Fibronectin 

Fibronectin is a glycoprotein of the ECM which binds integrins in cells and also to other ECM 

components including collagen, fibrin and heparin sulphate proteoglycans313.  The fibronectin 

protein is a 450 kDa dimer composed of two monomers. Generally, fibronectins have roles in cell 

adhesion, growth, migration and differentiation and are important to wound healing and embryonic 

development313.  

 

There is only one fibronectin gene, but alternatively splicing and post-translational modifications 

leads to at least 20 isoforms; the relative expression of which changes during disease in the 

Table 1.3: Localisation of Laminin Trimers in Renal Basement Membranes 
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kidney313. In the healthy kidney fibronectins are found in the ECM of the mesangium, the 

interstitum, periglomerular regions, intermediate sized blood vessels and the peritubular 

capillaries314. Overall fibronectin expression is increased in renal diseases with the proportion of 

isoforms containing regions denoted ED-A and ED-B increased314. 

 

Through interaction with integrin receptors, fibronectin has been demonstrated to induce tubule 

formation315. Inhibition of fibronectin with siRNA led to a failure of branching morphogenesis, while 

added fibronectin led to an increase316.  

1.6.1.4. Proteoglycans 

Proteoglycans are proteins which have been highly glycosylated and as such are rich in covalently 

attached glycosaminoglycan (GAG) chains. The long carbohydrate chains of these proteins 

confer a negative charge to basement membranes, a factor with particular importance to the 

charge-selective ultra-filtration of the GBM302. 

 

GAGs include chondroitin sulphate, dermatan sulphate, keratan sulphate, heparin, heparan 

sulphate and hyaluronan. They bind to laminin, collagen IV, and nidogen helping to stabilize the 

basement membrane, are mediators of cell behaviour and are necessary for kidney development 

and growth303,304. Heparin sulphated proteoglycans are prominent in the UB and proteoglycans 

with both heparan sulphate and chondroitin sulphate are found in the mesenchyme. Glypicans 

are one of the heparan sulphate proteoglycans and deficiency in glypican-3 interferes with proper 

formation of the collecting ducts317. When the GAG sulfation process is prevented a complete 

failure of collecting duct branching and ureter growth is seen318. 

 

Other proteoglycans present across the kidney include agrin, perlecan, bamacan, and collagen 

XVII. One role of these proteins is to bind to growth factors and regulate their delivery. Collagen 

XVIII has been seen to be indispensable for UB branching304. 

1.6.1.5. Others 

Nidogen is a glycoprotein found in all renal basement membranes. It is known to link laminin and 

COLLIV and is necessary for tubulogenesis304  Another glycoprotein is vitronectin which may, 

along with fibronectin, play a role in mesangial cell adhesion while preventing their migration and 

proliferation (symptoms of fibrosis)319. 

 

Growth factors are also known to be held in the ECM even when cells are removed in a process 

called decellularisation. Peloso et al. (2015) demonstrated that decellularised kidney scaffolds 

maintain not only the key ECM proteins but also a broad range of critical growth factors including 

various FGFs, HGF and VEGF320. 
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 Use of Niche ECM in Cell and Organoid Culture 

As highlighted above, ECM components serve a vital role in the development and maintenance 

of the kidney structures and their functions. Researchers have consequently investigated the 

potential benefits of the use of important ECM constituents, and even complete isolated kidney 

ECM, in the culture of kidney extracts ex vivo, kidney cell lines in vitro, and on the differentiation 

of kidney progenitor cells or PSCs. The aim of this research is to exploit the multitude of signals 

and cellular interactions of a culture system that more closely recapitulates the in vivo niche 

environment of complex ECM composition, mechanical support and biochemical environment to 

maintain endogenous cellular function.   

 

Using single key components of the renal ECM such as COLIV or Laminin as a substrate has 

shown the ability to maintain kidney epithelial cell types in vitro, preventing them undergoing 

EMT321. However single components lack the complexity of the in vivo niche and as such, cannot 

provide the diversity of structural cues and interactions of more complex ECM mixtures. 

Commercially available ECM-comprised hydrogels such as Matirgel® or Geltrex™, derived from 

mouse Engelbreth-Holm-Swarm sarcomas, have been widely used as a substrate for cell culture 

including maintenance and differentiation of PSCs. However, the composition of the ECM varies 

from tissue to tissue and so organ specific ECMs have been investigated as a substrate to better 

mimic the cellular niche for the cell type under investigation in the hope of increasing maturation, 

functionality and health of the cells.  

 

Whole tissue ECM can be extracted from organs by first stripping away the cells from the organ 

by the aforementioned process of decellularisation, leaving intact the scaffold comprised of the 

native ECM components and preserving the 3D shape of the mature organ322. Cells of the desired 

lineage, progenitor cells or PSCs can then be ‘reseeded’ onto the complete scaffold. Alternatively, 

the scaffold can be converted into a hydrogel resulting in a homogenous mixture of the ECM 

components from across the whole organ. The hydrogel can then be used as a substrate for cell 

culture or differentiation. The reseeding of a whole organ has the advantage of preserving the 

distinct segregation of ECM components across the proper regions of the organ, and, providing 

a template which preserves the complex 3D structure and microarchitecture of the tissues. 

However, the disadvantage, particularly when dealing with human organs, is that the size of the 

organ requires a vast number of cells to be seeded, an accompanying large spend on media and 

reagents, and a substantial requirement for lab space. If the goal, as has been envisaged, is to 

use full decellularised human organs as a source of rejection free transplants by reseeding them 

with cells grown from hiPSCs derived from the eventual recipients, then this level of investment 

could be justified. However, if the goal is to create a system for high volume investigation of 

disease pathways or drug screening, then this method will not be suitable. For this latter goal, the 

ability to derive a large volume of a homogenous hydrogel from a single organ creates the 

possibility of creating HTS systems using low-volumes of the gel. Moreover, ECM gels could be 

produced from organs of patients with varying ages, disease states and genetic backgrounds to 
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investigate whether changes to the ECM composition between people may affect the 

differentiation of cells on the resultant gels. Care would need to be taken to ensure batch to batch 

variability did not lead to misleading results. However, the same is true of widely used commercial 

ECM matrices such as Matirgel® or Geltrex™ derived from mouse Engelbreth-Holm-Swarm 

sarcomas323. A potential solution if looking for consistency would be to mix the ECM gels of 

multiple kidneys to create an averaged mixture. 

 

Many tissues and organs have recently been decellularised to create these ECM scaffolds 

including heart324, lung324, liver325, bladder, intestine323, muscle326 nerve327 and capillary beds328. 

It has been consistently shown that organ specific ECM is able to both preserve the function and 

structure of the relevant cell types, and to influence the differentiation and maturation of progenitor 

or stem cells placed on these tissues. For example, Sellaro et al. (2010) showed that hepatocytes 

lose functionality when removed from their in vivo cellular niche329. They produced a liver derived 

ECM gel and culturing the hepatocytes on this substrate enabled better maintenance of structure 

and function than culturing the cells on Matirgel®329. In a separate study, ESCs derived from the 

rhesus monkey were shown to differentiate to cartilage-like tissue when cultured on a matrix 

produced from cartilage330. Similarly, another study produced a decellularised lung. MESCs 

cultured on the lung showed formation of complex endothelial and epithelial structures, including 

in the trachea331. The decellularised lung led to better cellular attachment and formation of 

complex tissue when compared with collagen I and Matirgel® matrices. 

1.6.2.1. Influence of the Kidney ECM Niche on Differentiation and Function 
of Renal Cells 

Decellularised kidneys have been created and used, both for whole organ reseeding ex vivo to 

create a functioning kidney for transplantation332-334 and for culturing of various cell lines in 

vitro306,333,335-343  

 

One of the earliest study relating to the kidney, Ross et al. (2009), provided evidence that the 

specific niche signals of the decellularised kidney ECM (in this case rat) was able to promote the 

differentiation of PSCs (in this case mESCs) into renal specific cell lineages without any 

exogenous growth factors336. After 10 days of culture in the kidney scaffolds, cells were present 

in glomerular and tubular regions as well as in vascular structures, and expression of PAX2 and 

KCAD (CDH6) genes and proteins was detected336. 

 

A later study, Nakayama et al. (2010) showed the ability of decellularised rhesus monkey kidney 

to fuse with, and support PAX2+ cell growth from fetal kidney explants344. Significantly, Sullivan 

et al. (2012) were the first to show that human cells (primary human renal cells) could grow and 

proliferate successfully on decellularised kidney scaffolds (of porcine origin)335.  

 

Orlando and colleagues demonstrated in 2012 the ability of decellularised porcine kidney 

scaffolds to be biocompatible for cell growth in vitro and to be competent for transplantation in 
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vivo333. Discs cut from the decellularised organs could sustain murine endothelial cell growth in 

vitro. Whole decellularised kidneys were reperfused when implanted and connected to the native 

porcine circulatory system in vivo, and did not show leakage of blood during the study albeit 

suffering from thrombosis333. A later study by the same group, Orlando et al. (2013), indicated the 

potential of decellularised human kidney scaffolds to support angiogenesis by culturing pieces of 

the scaffold with chick egg membranes345. This ability to promote angiogenesis is vital for a fully 

functional reseeded kidney or a robust in vitro model of the organ. 

 

In an important proof of principal experiment, Jeremy Song and colleagues were able to produce 

a reseeded decellularised rat kidney which could produce rudimentary urine in vitro and, upon 

transplantation into rat hosts, become perfused by the native circulatory system and produce 

urine in vivo (although flow of urine and creatinine clearance did not reach the levels seen in fresh 

cadaveric kidneys)332. After decellularising rat kidneys, the lab reseeded the scaffolds with both 

epithelial and endothelial cell lines. Human umbilical venous endothelial cells (HUVECs) were 

perfused through the renal artery to enter the circulatory pathways, while rat neonatal kidney cells 

were perfused through the ureter to enter collecting ducts and nephrons332. 

 

The ability to selectively filter waste products into urine fraction and retain proteins in the blood 

fraction was investigated further by another group (Du et al. 2016) in mouse kidney scaffolds 

which had been recellularised with PAX2+ renal progenitor cells, and endothelial cells both 

differentiated from hiPSCs334. The group saw expression of markers of both endothelial cells 

(CD31) and podocytes (Podocin, PAX2, ZO-1) in the glomerulus334. The recellularised scaffolds 

were, when placed in vivo, able to filter urea and creatinine into the urine whilst retaining BSA 

with high efficiencies334.  

 

Poornejad et al (2016) reseeded decellularised porcine kidneys with a MCDK cells and saw 

improved growth compared with culture on tissue culture plastic337. Furthermore, the cells 

expressed AQP1, Ksp-CAD, LRP2, NPHS2 at upregulated levels337. 

 

Abolbashari et al. 2016 demonstrated that renal cells reseeded onto decellularised kidney 

scaffolds gained functional hydrolase activity, sodium uptake and production of EPO in an in vitro 

bioreactor set up346. Renal tubules with populations expressing proximal markers (AQP1, Ezrin) 

and a smaller fraction expressing distal markers (AQP2, AQP4), were formed from porcine renal 

cortex cells (without specific renal promoting growth factors) injected onto the decellularised 

porcine kidney scaffold.  

 

Nagao et al. (2016) cultured human kidney peritubular microvascular endothelial cells on a 

decellularised human kidney-ECM gel306. These cells became more mature and quiescent when 

cultured with this gel as compared to collagen I and were also more functional, demonstrated by 

more sprouting events in an angiogenesis assay306.  
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Hussein et al. (2018) used a pig epithelial line for porcine decellularised kidney reseeding338. The 

researchers saw proliferation of the cells with upregulated expression of AQP1, AQP4, NPHS2, 

LRP2 amd Ezrin compared with control culture conditions338. 

 

Fedecostante et al 2018 demonstrated the ability of decellularised ECM scaffolds to enhance the 

sensitivity of renal cells to nephrotoxicity347. PTECs cultured on slices of decellularised rat kidney 

responded more robustly to Cisplatin, Tenofovir and Cyclosporin A compared with the same cells 

in 2D culture. This indicates an ability of the niche ECM environment to promote higher activity 

and/or expression of transporters such as organic cation transporter 2 (OCT2), organic anion 

transporter 1 (OAT1) and p-glycoprotein347  

1.6.2.2. Differentiation of Stem Cells on Kidney ECM 

Building on the earlier experiment of Ross et al (2009) using mESCs, several other groups have 

shown the ability of decellularised kidney ECM to promote stem cell differentiation. 

 

O’Neill et al (2013) took putative kidney stem cells (KSCs) derived from the renal papilla and 

showed that they grew on decellularised porcine kidney with greater proliferation and metabolic 

activity than when grown on decellularised heart or bladder339. Moreover, the researchers 

compared the growth of KSCs on either cortex specific, medulla specific, papilla specific or total 

kidney mixture in three formats of the ECM, namely sheets of sliced tissue, solid hydrogels or 

solubilised liquid mixture. On papilla ECM the cells were more quiescent compared to on cortex, 

medulla or total kidney mix; this is as expected given this is their in vivo stem cell niche 

environment339. When cultured on sheets of ECM, distinct regional morphologies of the KSCs 

were seen dependent on the origin of the sheet339. KSCs were found to grow at a higher metabolic 

rate on whole organ ECM in hydrogel or solubilised form as compared to on sheets which provides 

evidence that the structural queues of the ECM are not the only, or even most important, factors 

in cell growth and that the interactions of appropriate proteins and growth factors may be most 

crucial.  

 

The effect of decellularised ECM on human stem cells was first tested by Batchelder et al (2015) 

who cultured hESCs on decellularised monkey kidney scaffolds340. Without any renal promoting 

factors, the cells were seen to upregulate expression of T, OSR1, PAX2 WT1 showing 

specification towards kidney lineages340. With addition of renal differentiation growth factors, the 

cells went on to form tubule structures expressing AQP1, AQP2, ECAD, CCNC5, SIX2 and 

endothelial marker CD31340. This demonstrates that signalling from the kidney ECM is important 

to, and indeed sufficient for, early specification of PSCs to renal lineages. 

 

In 2017 Magno et al. created decellularised porcine kidney ECM gels modified with 

macromolecular crowding. Upon seeding with mouse KSCs highly branched aggregates formed; 
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while seeding with HUVEC lead to capillary network formation341. The media did not contain 

factors which promote differentiation. Control experiments seeding the same cell lines on collagen 

I gels created confluent, unstructured cells layers341. 

 

Xue et al. (2018) decellularised rat kidneys and cultured rat adipose tissue-derived stem cells 

(ADSCs) in the scaffolds using media with and without stromal cell derived factor 1 (SDF-1) which 

is known to promote cell migration and mobilization as well as inflammatory cell infiltration and 

angiogenesis342. With and without SDF-1, the ADSC grew in the glomerular, tubular and 

vasculature regions of the decellularised kidney, expressing endothelial markers VWF and CD31 

and tubular markers AQP1 and NaKATPase342. The addition of SDF-1 showed greater 

attachment, cell growth and differentiation342. 

 

Bombelli et al (2018) cultured human nephrosphere derived adult kidney stem cells in 

decellularised human kidney slices343. Interestingly they found use of basal media allowed 

formation of segmented proximal, distal and endothelial cell structures, while use of specific 

endothelial or epithelial media limited the differentiation to endothelial or epithelial fates 

respectively343.  

 

 Organ Decellularisation 

Decellularisation is a process in which the cells of an organ or tissue are removed leaving a 

scaffold comprising ECM proteins and molecules. 

1.6.3.1. Optimal Decellularisation Characteristics 

An optimal decellularisation procedure would remove all traces of cellular components whilst 

leaving the full complement of ECM proteins, GAGs and important growth factors in place. In 

reality this is not achievable, so instead levels of ECM preservation must be balanced with the 

removal of a sufficient amount of the cellular components. A further goal of decellularisation, 

which comes hand in hand with maintenance of the ECM components, is preservation of the ultra-

structure of the tissues. This bears particular importance if the decellularised organ is to be 

reseeded and used for transplantation. Yet, even if using the decellularised scaffold as a source 

of homogenised ECM for a hydrogel, the proper maintenance of the native tissue structure is 

desirable as this is likely to indicate less has been lost from the complex ECM niche. 

 

The above sections discussing the influence of the ECM components on differentiation maturity, 

structure and function of the cells demonstrate why these components are so important. As such, 

key ECM components such as collagen I, collagen IV, laminin, fibronectin and sGAG are routinely 

analysed in decellularised tissues by both qualitative staining and quantitative analysis322.   

 

The removal of cellular components such as DNA, RNA, cell-based proteins, particularly those of 

the MHC, mitochondria and phospholipids, is particularly important when considering use of the 
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decellularised scaffold for transplantation or implantation in any form into an immune-competent 

host. This is because these cellular components may illicit an inflammatory immune response 

leading to rejection or destruction of the tissue/organ implanted322. When not planning to use the 

organ for in vivo purposes it could be argued that the removal of DNA and other components is 

less essential. However, there is some evidence to suggest that residual cellular constituents can 

negatively affect the cytocompatibility of scaffolds to seeded cells, leading to increased apoptosis, 

reduced differentiation or impeded function348. Crapo et al. (2011) concluded that for a satisfactory 

decellularisation outcome, with minimal chance of eliciting an inflammatory response, the amount 

of remnant DNA in the scaffold should not exceed 50 ng/mg by dry tissue weight322. Furthermore, 

any remnant DNA fragments should less than 200 bp in length322. Others have since suggested 

that measurement of different cellular constituents is equally, or more, important for assessment 

of the scaffolds. These include α-galactose (α-gal) epitopes and MHC proteins (HLA in 

humans)349 and others such as β-actin, integrin-α3 and -β1333. 

1.6.3.2. Reagents and Methods Used for Decellularisation 

In the pursuit of optimally decellularised tissues researchers have made use of a wide range of 

methods and reagents. These have included, but are not limited to, freeze-thawing; mechanical 

forces including agitation, shear stress and high hydrostatic pressure; sonication; washes with 

detergent, acid or alkalis; and incubation with enzymes349. The principal modes of action for 

applying the decellularisation reagents are immersion (generally of sliced up tissue) and whole 

organ perfusion (making use of the existing vasculature of an organ). Below we will discuss the 

main categories of decellularisation agents and techniques and how each effect its action on the 

tissues 

 

Chemical agents  

1.6.3.2.1. Detergents 

Three forms of detergents are used in decellularisation procedures, namely ionic, non-ionic and 

zwitterionic.  

 

Ionic detergents such as (sodium dodecyl sulfate) SDS are generally the most effective for 

removing cellular components such as DNA thanks to their propensity to disrupt noncovalent 

protein-protein interactions, and further denature the proteins to a native state. These detergents 

have negatively charged side chains which interfere with intracellular junctions and detach 

proteins from their basement membranes. The disadvantage of this strong action is that they can 

also disrupt the fibrous proteins of the ECM, in particular causing a loss of less strongly attached 

GAGs and loss of growth factors322. As such exposure needs to be used carefully and for as 

limited a period as possible. Ionic detergents are also more difficult to wash out of the tissue than 

other agents and can be cytotoxic if not removed properly349. 
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Non-ionic detergents, of which Triton X-100 is the most commonly used, have the advantage of 

acting more gently during decellularisation and causing less disruption to ECM components. 

These detergents have uncharged hydrophilic head groups and as such are able to disrupt lipid-

lipid and lipid-protein interactions but have no effect on protein-protein interactions. The drawback 

of this gentler action is that it is less effective at removal of cellular components such as DNA. 

Triton X-100 has also been used in wash steps to remove remnant SDS from scaffolds349. 

 

Zwitterionic detergents such as CHAPS have both negatively and positively charged groups 

which balance out to a net neutral charge. As such these detergents display properties akin to 

both ionic and non-ionic detergents with a resultant effect somewhere in the middle. Generally, 

they have shown to be more efficient at cellular removal than non-ionic detergents yet can 

preserve ECM to a similar extent350. However alone zwitterionic detergents are not as effective at 

removing residual DNA, even when combined with DNase treatment349 

 

Detergents, particularly SDS, must be thoroughly washed out of scaffolds post decellularisation 

or remnants can cause cytotoxicity to later seeded cells349. 

1.6.3.2.2. Acids or Bases 

Acids and bases have both been employed in decellularisation protocols to break down 

biomolecules by hydrolysis. The choice of acid or base results in differences in the strength of 

action. Peracetic acid (PAA) has been shown to be good at removing residual DNA and RNA but 

can alter the mechanical properties of the ECM322,349,350. Acetic acid is damaging to collagen and 

therefore ECM strength but not to sGAGs322. Bases such as NaOH have been shown to be highly 

effective at removal of DNA but damaging to collagen and sGAGs351.  

1.6.3.2.3. Hypotonic or Hypertonic Solutions 

Hypotonic solutions most commonly ddH2O cause cell lysis due to osmotic effects and do not 

generally disrupt ECM proteins or scaffold architecture322. Hypertonic solutions such as 

concentrated NaCl dissociate DNA from proteins. It is common for both hypertonic and hypotonic 

solutions to be used consecutively in cycles to maximise the osmotic effects of the tissues322.  

1.6.3.2.4. Alcohols 

Alcohols dehydrate and lyse cells and are particularly useful in the removal of phospholipids. 

Methanol, ethanol, isopropanol and glycerol are all used for decellularisation protocols, however 

care must be taken with methanol and ethanol in particular due to their fixative properties which 

can damage ECM architecture322. 

1.6.3.2.5. Other Solvents 

Acetone, similarly to methanol and ethanol is effective at lipid removal but as another fixative 

carries the same risks to ECM ultrastructure. It crosslinks proteins which leads to modified 

mechanical properties of the scaffold322. Tributyl phosphate (TBP) is an organic solvent which has 
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been used particularly with dense tissues proving more effective in these instances than Triton X-

100 or SDS322. 

 

Biological agents  

1.6.3.2.6. Enzymes 

DNase and RNase break down nucleic acid fragments but are in themselves poor at removing 

the fragments from the scaffold ECM and so must be combined with other reagents and wash 

steps322. Trypsin has been commonly used for decellularisation with a particular utility on dense 

tissues. Its use as a first step in a protocol can enhance the effectiveness of later reagents by 

allowing better penetration into the tissue322 . Collagen, elastin and fibronectin can be vulnerable 

to this reagent however and so exposure time must be limited. SGAG content is not as highly 

degraded by trypsin than with detergents. Other enzymes that can be used include dispase, 

lipase, collagenase and α-galactosidase322.  

1.6.3.2.7. Non-Enzymatic Agents 

Ethylenediaminetetraacetic acid (EDTA) and other chelating agents have been used as 

decellularisation agents to aid in cell removal by sequestering metal ions. They have little effect 

alone and are usually an added agent with enzymes or detergents322. Antibiotics and antimycotics 

are sometimes used to prevent bacterial growth in decellularisation protocols and for 

sterilisation322. Other agents which have been tried include the toxin latrunculin which has a 

natural cytotoxic action and serum which can associate with nucleic acid fragments322. 

 

Physical agents  

1.6.3.2.8. Temperature 

Certain enzymes such as trypsin and Benzonase require the temperature to be maintained at 

37oC for effective action which can be achieved with an incubator or a heated bioreactor. 

Freeze/thaw cycles are effective at cellular lysis without causing significant deterioration to ECM 

composition. However, changes to the tissue ultrastructure do occur, particularly with multiple 

cycles so If aiming to recellularise the scaffold other techniques may be preferable. Low 

temperatures (e.g. 4oC) have been used to reduce tissue damage from reagents such as SDS344.  

1.6.3.2.9. Mechanical Forces 

To enhance the effects of the reagents used for decellularisation researchers have made use of 

mechanical forces. This includes using various forms of agitation including magnetic stirrer bars, 

orbital shakers, roller plates and rockers322. An additional force which can be applied, chiefly in 

perfusion decellularisation set-ups, is hydrostatic pressure by increasing the flow rate in which 

reagents are administered into the organ322. While increased force usually speeds up the rate of 

decellularisation, it can inevitably lead to more substantial tissue damage. However, if addition of 
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mechanical force can allow a reduction in exposure time of the tissue to harsh chemical reagents 

it can instead allow a reduction in relative ECM loss or ultrastructural damage. 

 

1.6.3.3. Decellularisation of Kidneys  

Decellularisation is conducted in two primary ways. One is the immersion of pieces, of an organ 

or tissue, usually cut into pieces, within the solutions of the chosen reagents. This is frequently 

combined with some form of agitation to increase the efficacy and/or reduce the duration of the 

treatment. The second is perfusion of an intact whole organ which exploits the pre-existing 

vasculature of an organ to pump reagents via the artery or vein evenly round the whole structure.  

1.6.3.3.1. Immersion Decellularisation  

Immersion decellularisation is a useful method especially when only part of a kidney is available, 

or when only a small part of a decellularised kidney is required for downstream experiments or 

applications. The published protocols for decidualisation of human or animal kidneys are 

discussed below. 

 

In 2010 Nakayama et al. tested the use of either 1% w/v SDS or 1% v/v Triton X-100 for the 

decellularisation of transverse sections of rhesus monkey kidney by immersion at either 4oC or 

37oC until the kidneys were transparent (7-10 days)344. Decellularisation at 4oC was found to be 

superior for preservation of tissue architecture while SDS proved the superior reagent for removal 

of cellular material. Both reagents showed good preservation of ECM components by IF, however 

Triton X-100 caused disruption of the GBM. Decellularised scaffolds had a decreased 

compressive modulus compared with fresh tissue. Layering of foetal kidney explants on the 

scaffolds led to attachment and migration of PAX2+ and VIM+ cells into the scaffold344. 

 

In the O’Neill et al. (2013) paper porcine kidneys were freeze-thawed once and then sliced into 2 

mm cross-sections for decellularisation by the following procedure (2x 15 min PBS wash was 

conducted before the protocol and between each reagent); 2 hr 0.03% trypsin; 2 hr 3% tween-20; 

2 hr 4% sodium deoxycholate (NaDOC); 1 hr 0.1% PAA to sterilise339.  This protocol was 

successful in removing 99% of DNA which left approximately 0.5 ng/mg residual DNA on the 

scaffold (well below the acceptable maximum). The collagen content of the scaffolds was reduced 

by approximately 2/3 (in the cortex) but Collagen IV was shown to be retained by IF. Conversely 

fibronectin appeared to be lost. There was an approximately 75% reduction in sGAG in the 

decellularised cortex.  

 

Nagao et al. (2016) conducted decellularisation on 1 cm x 1cm x 1mm pieces of human kidney 

cortex by a combination of immersion and agitation by constant stiring306. 5 days of exposure to 

1% SDS was followed by 5 days of exposure to ddH2O. H&E demonstrated total removal of nuclei 

yet preservation of glomerular and peritubular basement membrane structure. collagen IV, 

laminin fibronectin, heparin sulphate and vitronectin were maintained as visualised by IF albeit 
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with a reduced intensity. A few rare nuclei were seen by the 4′,6-diamidino-2-phenylindole (DAPI) 

staining306. 

 

Poornejad et al (2016) tested a series of individual reagents for their effectiveness in 

decellularisation of porcine kidneys351. Kidneys were freeze-thawed once then sliced to 2 mm 

depth, washed 5x 15 min in PBS and then exposed to one of the following reagents for 24 hr with 

constant shaking (70-80 rpm): 0.1 N NaOH, 1% PAA, 3% Triton X-100, 1% SDS and 0.005% 

trypsin/EDTA. Finally, slices were washed 10x for 15 min in DI-H2O. NaOH proved the most 

effective at cellular removal (with 82.8 ng/mg residual DNA) with SDS and PAA a far off second 

best (437.5 ng/mg and 413.6 ng/mg residual DNA respectively) and Triton X-100 and 

trypsin/EDTA retaining more again. While even NaOH did not reach the maximum acceptable 

level of DNA (50 ng/mg),  this experiment was conducted using a single step short duration 

protocol for the sake of comparison The addition of extra time or steps would almost certainly 

improve this. Collagen preservation was good (> 90%) after decellularisation with NaOH, PAA 

and Triton X-100 but SDS and Trypsin/EDTA retained just 50% and 36% respectively. NaOH was 

most deleterious to GAGs with ≤ 25% preservation followed by Trypsin/EDTA with 42% 

preservation and PAA with approximately 50% preservation. The detergents SDS and Triton X-

100 were most gentle to sGAGs preserving > 65%. For preservation of the key growth factor FGF, 

Triton X-100 was best with > 86% preserved. PAA was next best with 53% preservation, followed 

by NaOH and Trypsin/EDTA at approximately 33% preservation with SDS the worst treatment 

preserving only 16% of FGF compared to native tissue351. 

 

Su et al. (2018) subjected porcine kidney to 1x freeze-thaw before cutting into 0.5 x 0.5 x 0.25 cm 

slices352. These were decellularised with constant stirring by 24 hr immersion in ddH2O; 48 hr 

immersion in 0.1% SDS; and 24 hr immersion in ddH2O once again. This protocol resulted in 98% 

removal of DNA and the absence of cell nuclei by H&E while glomerular and tubular architecture 

was maintained. Collagen I, collagen IV and laminin were present. Additionally, 50% GAG 

preservation was achieved352. 

 

Bombelli et al (2018) subjected human kidney to one freeze-thaw and then prepared 2mm thick 

slices which were washed 2x for 15 min in PBS (2x concentration)343. This wash was repeated 

between each of the following steps (each conducted with agitation); 1 hr 0.02% trypsin; 2 hr 2% 

Tween-20; 3 hr 4% NaDOC; o/n (approximately 13 hr) 1% SDS; 4 hr PBS (2x concentration) + 

penicillin and streptomycin (P/S); 4 hr PBS (1x concentration). This led to a complete absence of 

nuceli visible by H&E and IF with a quantified 98.5% reduction to 11.63 ng/mg tissue of residual 

DNA content. Collagen IV, fibronectin and laminin appeared to be maintained at similar level to 

native tissue by IF and Collagen also appeared to be maintained by H&E, trichome and PAS 

staining. Alcian blue showed preservation of GAGs in the decellularised tissue. The glomerular 

and tubular architecture appeared maintained by histological staining343. 
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A protocol on smaller kidneys was conducted by our lab (Nag and Boyd 2015; unpublished work) 

where 4 protocols for decellularisation of mouse kidneys using 0.5% SDS, 1% Triton X-100 in 

different combinations were compared. This work identified a protocol of lysis by 4 hr DI-H2O 

immersion, 36 hr 0.5% SDS immersion, 24 hr Triton X-100 immersion, followed by nuclease 

incubation and washing as the most effective protocol in terms of micro-architecture, removal of 

DNA and preservation of ECM constituents. Total residual DNA was 366.91 ng/mg, collagen 

maintained was 7 μg/mg, and sGAG maintained was 28.65 ng/mg (all by wet tissue weight). 

 

1.6.3.3.2. Perfusion Decellularisation 

Perfusion has been the most common method for decellularisation of kidneys, taking advantage 

of the extensive vasculature and tubular system of the organ to infiltrate the tissues homogenously 

for complete cell removal. As the size of the kidney will influence the dynamics of its response to 

perfusion decellularisation only the protocols published for human or similarly sized porcine 

kidneys are discussed below. 

 

A common step involves the pre-wash of the kidneys by perfusing heparinised PBS though the 

vasculature to removed blood and prevent thrombosis. This will be referred to as a heparin pre-

wash below.  

 

Sullivan et al. (2012) tested 0.25% SDS, 0.5% SDS and 1% Triton X-100/0.1% NaOH in the 

decellularization of porcine kidneys353. After a heparin pre-wash, kidneys perfused via the renal 

artery were exposed to one of the test reagents at 0.75 L/hr for 36 hr. Next a 48hr PBS wash was 

used to remove residual reagents before overnight perfusion of DNase (0.0025% w/w) and a final 

1 hr PBS wash. 0.5% SDS was the most effective detergent reaching <50 ng DNA/mg dry tissue 

residual DNA. The decellularised kidneys retained intact microarchitecture including the renal 

vasculature and essential extracellular matrix components with 0.5% SDS best for sGAG 

preservation (approximately 10 μg/mg dry tissue) despite no significant difference to the other 

reagents. Collagen appeared more highly preserved when quantified in 0.25% SDS compared 

with 0.5% SDS or 1% Triton X-100 but there was no significant difference between methods.  

Unfortunately, the reduction of these ECM components compared with native kidney was not 

quantified which prevents full and fair comparison with other methods. SDS treated scaffolds 

proved non-cytotoxic to primary human renal cells but Triton X-100 did seem to be toxic to their 

growth. 

 

Orlando (2012)333 used an SDS focused protocol for decellularisation of porcine kidneys. Kidneys 

perfused via the renal artery were first rinsed with an isotonic solution for removal of blood clots 

and next distilled water was perfused through at a rate of approximately 12 mL/minute for 12 hr. 

0.5% SDS was perfused at the same rate for 48 hr before 5 days of PBS perfusion at 6 ml/min. 

Removal of cellular material was assumed to be total as assessed by DAPI and SEM but was not 

quantified. Integrins α3 and β1 were seen to be removed by histology. ECM components were 
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also not quantified but collagen staining was maintained by histological staining. Some glomeruli 

and tubular structures seemed to be maintained from this staining also. The researchers also 

note that Triton X-100 at 1% or 5% used instead of SDS was not successful at removing nuclei. 

The same protocol was later repeated on human kidneys (Orlando et al. (2013)345 but with added 

ureteral retrograde perfusion having found that when contrast media was injected into the renal 

artery it did not exit via the ureter. Histological staining showed removal of nuclei, integrins α3 

and β1 and HLA-DR and HLA-abc. Staining also revealed qualitative preservation of collagen IV, 

laminin α5, agrin, nidogen 1. There was also good preservation of the kidney ultrastructure as 

seen by SEM. The renal arterial pressure was tested at a range of flow rates in native and 

decellularised kidney. This found that while decellularised kidneys had a significantly lower 

pressure, the rate of pressure increases with increasing flow rate followed a linear trend similar 

to that of native kidney. 

 

Later Peloso et al. (2015) of the same group adapted the protocol for human kidney as follows: 

12 hr 12ml/min PBS; 48 hr 0.5% SDS; 6 hr DNase  6ml/min; 5 days PBS 6ml/min320. SEM analysis 

of the decellularised scaffolds revealed glomeruli with native-like 3D structure and renin casting 

showed the microvascular morphology and competence were maintained. Furthermore, a panel 

of key growth factors were shown to be maintained in the scaffolds by multiplex analysis320. 

 

Song et al. (2013) developed a method of renal artery mediated decellularisation first in rat 

kidneys and then repeated in human and porcine kidneys332. The method was as follows: 15 min 

heparin pre-wash at 30mm Hg pressure; 12 hr 1% SDS at a constant pressure of 40 mm Hg; 15 

min DI-H2O; 30 min Triton X-100; 96 hr PBS + PSA wash. Human and porcine kidneys became 

close to white and pentachrome staining revealed no obvious nuclei. The decellularised rat 

kidneys were more robustly characterised and had a reduction to < 10% of total DNA content 

which was approximately 280 ng/mg. The collagen content was not reduced by weight compared 

with the native kidney while collagen IV, laminin and elastin were present in the decellularised 

scaffold. Capillary, glomeruli and Bowman’s capsule structures remained visible post 

decellularisation332.  

 

Wang et al. (2015) compared four solutions (1% SDS; 1% Triton X-100; 1% PAA; 1% NaDOC) 

for their ability to decellularise porcine kidney via the renal artery using the following protocol: 3 

hr HEPES, EGTA, NaCl, KCl based perfusate 15 ml/min; 1x freeze-thaw; 3 hr DI-H2O 15 ml/min; 

18 hr test solution; 3 hr PBS 15 ml/min354. SDS proved most effective removal of DNA/cell 

components and preservation of ECM. The residual DNA content in the SDS, Triton X-100, PAA, 

and NaDOC groups was 22.1±3.5 ng/mg, 193.2±32.7 ng/mg, 111.6±13.3 ng/mg, and 84.2±18.9 

ng/mg, respectively. More than 60% collagen and 60% sGAG were preserved in the scaffolds. 

Additionally, the use of a Triton X-100 wash helped eliminate SDS from scaffolds post SDS 

treatment. There was a complete loss of the immunogenic components α-gal, porcine 

endogenous retrovirus (PERV), swine leukocyte antigen 2 (SLA-2), swine leukocyte antigen DR 
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alpha (SLA-DRA) as detected by PCR and electrophoresis. An additional observation of the 

researchers was that the 3D ultrastructure of the decellularised scaffold was negatively impacted 

by Triton X-100 and NaDOC treatment but not by SDS or PAA354. 

 

Poornejad et al. (2016)337 developed a computer automated cycling protocol for bioreactor based 

decellularisation of porcine kidneys via the renal artery. The protocol developed used a heparin 

pre-wash and 1x freeze-thaw before the following cycle was continued until the organ became 

fully white: 

o 30 min per step: 0.5 M NaCl, 0.5% SDS: DI-H2O  

o The flow rate was increased step wise from 10 ml/min to 50 ml/min (maintaining 

pressure at ≤80mmHg, the natural diastolic pressure of body). 

o The kidneys were submerged in DI-H2O in the bioreactor throughout. 

Finally, a 2 day DI-H2O wash was conducted337. They found this cycling protocol enabled a 

reduction in the net duration time of organ exposure to SDS compared with a control protocol 

which used only SDS for the duration. The decellularised scaffolds had an average of 7.6 ng/mg 

residual DNA, 79.6% preservation of sGAG and 55.1% preservation of collagen. Elastin, collagen 

IV and proteoglycans also appeared intact by histological staining, while no nuclei were observed. 

The scaffolds had no loss of HGF but only ¼ of FGF was retained337. A later method by the group, 

Poornejad et al. (2017) used a method in which 0.5% SDS was pumped through the kidney for 7 

hr at flow rates rising from 10 ml/min to 35 ml/min followed by 2 days of rinsing with DI-H2O at 10 

ml/min355. The decellularised scaffolds were not quantitatively characterised, but histology 

showed removal of nearly all nuclei, preservation of collagens and GAGs and a lack of 

collagen/elastin fibre disruption by SEM imaging355.  

 

In an interesting recent study, Zambon et al. 2018 tested two multistep SDS protocols for 

decellularisation of porcine kidneys via the renal artery in the same set up as the Sullivan et al 

(2012) paper353,356. Both protocols began with a 15 min heparin pre-wash at 0.76 L/hr. The 

protocols compared were ‘SDS + DNase’ which was developed in the Sullivan paper (36 hr 0.5% 

SDS 12.5 ml/min; 48 hr PBS; overnight DNase 0.0025%; 1 hr PBS) and ‘Triton-X + SDS’ (36 hr 

1% Triton X-100, 5ml/min; 36 hr 0.5% SDS; 72 hr PBS). Both protocols were effective at DNA 

removal with < 50 ng/mg residual DNA (95% removal). Triton-X + SDS was better for preservation 

of intact functional microvasculature. Angiograms showed both had intact vasculatures but SDS 

+ DNase showed blood extravasation after recellularization. Vascular casting showed defect 

areas and damaged glom structures for SDS + DNase abut not Triton-X + SDS. Both protocols 

led to similar glomerular shrinkage but Triton-X + SDS to more preserved glomerular structures. 

 

Hussein et al. (2018)338 used low concentration SDS with PAA to decellularise and sterilise 

porcine kidney via renal artery cannulation. The protocol used was: 30 min heparin pre-wash; 

0.1% SDS, 25 ml/min (until white); 8 hr PBS; 2 hr PAA; 12 hr PBS. No nuclei were seen by H&E 

and 29.9 ng mg residual DNA was detected which was a 97.7% removal. No cells could be seen 
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by SEM. Furthermore, there was a complete removal of the immunogens α-gal, SLA-2, SLA-DRA, 

PERV, β-act by PCR and electrophoresis. Importantly the scaffolds appeared non-immunogenic 

in vitro in a one-way mixed lymphocyte reaction. The scaffolds showed intact vasculature by 

contrast radiography and glomerular and tubular structure were maintained as visualised by H&E 

and SEM. Quantitatively there was 44% GAG preservation, 45% elastin preservation, no 

significant decrease in collagen (by wet weight), 38% VEGF preservation and 43% bFGF 

preservation (by dry weight). 

 

 Production of Tissue Specific ECM Gels 

As discussed earlier a number of groups have tested hydrogels created from decellularised 

scaffolds as a substrate for cell growth or differentiation which exploits the beneficial cues of a 

particular tissue’s ECM niche. The protocols relating to production of decellularise kidney ECM 

hydrogels are discussed below. 

1.6.4.1. Protocols for Production of kECM Hydrogels 

In the paper by O’Neill and colleagues in 2013 a solid hydrogel was synthesised separately from 

decellularised porcine kidney cortex, medulla and papilla, and also from a homogenous mix of 

each element339. The method used was adapted from that devised by Freytes et al. (2008) for 

ECM-hydrogel creation from decellularised porcine bladder357. Decellularised pieces of porcine 

kidney were snap frozen and ground into a fine powder then lyophilized. A mixture consisting of 

1mg pepsin for each 10mg lyophilized powder in a solution of 0.01 M HCl was incubated at RT 

with constant stirring for 48 hr. Aliquots were frozen until ready for use at which stage they were 

mixed with 0.1M NaOH (1/10 initial volume) to neutralize the pH (pH 7.4), inactivating the pepsin, 

and 10x PBS (1/9 initial volume) to act as a buffer. 1x PBS was added to create a 6mg/ml 

hydrogel. The hydrogels were set solid by incubation for 40 min at 37oC.  

 

Nagao et al (2016) used only decellularised human kidney cortex in the creation of a gel which 

was used to grow HKMECs306. The hydrogel was prepared following the same, Freytes protocol-

based method as for O’Neill et al (2013) paper except that 1mg pepsin was used for each 15mg 

of the ECM gel dissolved at 15mg/ml in 0.01 M HCL. They diluted the pure kECM hydrogel to 7.5 

mg/ml and set for 30 min at 37oC. This gel only reached a 15 Pa complex modulus. For their 

studies they preferred to use a mixed hydrogel with a 1:1 ratio of a collagen I hydrogel and kidney 

cortex hydrogel which had a higher complex modulus of 250 Pa.  

 

In a study by Magno et al. (2017), decellularised porcine kidney was processed into a hydrogel 

using the same Freytes protocol-based method as in the O’Neill paper with one addition of a 

centrifuge step post 48 hr pepsin digestion to remove undigested partciles341. Their kECM 

hydrogel was also diluted to 6 mg/ml.  Macromolecular crowding was used to adapt the fibril 

forming properties of kECM hydrogels. This involved adding Ficoll400 at 6, 12 or 25 mg/ml during 

the dilution and neutralization steps. The increasing concentration of this macromolecular crowder 
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corresponded to faster rates of fibrillogenesis, thicker fibril generation, greater fibril alignment and 

a reduced stiffness of the hydrogel. The inclusion of the crowder enhanced network formation of 

HUVECs cultured on the hydrogel and promoted branching morphogenesis of KSCs. 

 

Su at al. (2018) created a porcine kECM gel which in which the shear modulus could be varied 

based on protein concentration352. The gel was created by again following the Freytes method. 

Hydrogels were solidified with a 1hr incubation at 37oC. In these researchers’ hands, the hydrogel, 

at 5.0 mg/mL, had a 110-130 Pa complex modulus. This far outstripped that of the 15 Pa complex 

modulus from the 7.5 mg/ml human kidney cortex derived hydrogel in the Nagao et al. paper306. 

It could be that the cortex alone produces gels with a lower stiffness and the inclusion of the ECM 

of the medulla and papilla increases this. With encapsulation using this hydrogel an immortalised 

glomeruli cell line proliferated in culture but had worse relevant gene expression than the same 

cells in a pure collagen I hydrogel352. 

 

1.7. General Thesis Aims and Hypothesis 

The unifying hypothesis of this thesis is that the use of a 3D hiPSC differentiation and kidney 

organoid culture system, which includes exposure to human kidney specific hydrogel, and follows 

an optimised growth factor exposure protocol, will enable the generation of kidney organoids 

which are closer in maturity to human kidneys genetically, structurally and functionally than kidney 

organoids produced by existing published methods. Furthermore, we hypothesise that these 

kidney organoids, when adapted genetically, or with chemical conditions mimicking the 

environment of diabetic nephropathy, will show phenotypical and functional changes seen in the 

kidneys of those with diabetic nephropathy, thus will serve as useful models for studying the 

disease and for drug discovery.  

The aims of this thesis therefore are: 

1. To optimise a 3D culture system and hiPSC differentiation protocol for the generation of 

human kidney organoids. 

2. To devise a suitable method for the synthesis of a human kidney hydrogel for use in the 

kidney organoid differentiation and culture system. 

3. To design and optimise a system for inducing a robust diabetic nephropathy phenotype 

in kidney organoids by genetic modification or chemical exposure. 
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2. Materials and M ethods  

Chapter 2 

Materials and Methods 
 

 

General notes 

All cell lines were cultured in an incubator with 5% CO2 and 95% air at 37°C unless otherwise 

stated. 

Cell work was conducted in a sterile biosafety cabinet (BSC) using aseptic technique.  

 

2.1.  HiPSC Culture and Characterisation 

The human induced pluripotent stem cells (hiPSCs) used in this project were the Gibco™ 

Episomal hiPSC line (Gibco™, ThermoFisher, Scientific, Paisley, UK) which were initially 

generated by transfection of cord blood derived CD34+ progenitors with episomal vectors of 

OCT4, SOX2, KLF4, MYC, NANOG, LIN28 and SV40T). The line is adapted for feeder free, 

serum-free culture conditions. The hiPSCs routinely were passaged and maintained as colonies 

rather than single cells. The passages of hiPSCs used for the experiments in the project ranged 

from passage 11 to passage 24. The pluripotency, key gene/protein expression, health and thus 

suitability of the hiPSCs from the range of passages used was assessed by the methods in 

section 2.1.2. 

 

 HiPSC Culture Methods 

2.1.1.1. Geltrex™ plate coating 

The hiPSCs were cultured on 6-well tissue culture plates coated with LDEV-Free Geltrex™ 

(Gibco™), a soluble, gellable basement membrane hydrogel matrix. To coat plates with Geltrex™ 

an aliquot of the matrix was first thawed on ice overnight at 4°C. The next day, the aliquot was 

dissolved at a 100x dilution in fridge-cold DMEM:F12 (Gibco™) in a 50 ml tube, mixed thoroughly 

by inversion and then plated out at 1 ml per well of a 6 well tissue culture plate (wp). Smaller or 

larger plates could be coated by scaling up or down the volume of Geltrex™ solution 

proportionally to surface area.  The plates were mixed with orbital movements to ensure even 

coverage of the gel solution before quickly placing in a 37°C incubator and leaving for 1 hr to set. 

Plates were removed from the incubator and, if for immediate use, allowed to cool for at least 30 

min. Alternatively coated plates were sealed with film and placed in the fridge for up to one week 
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before use, at which time they were removed to the BSC to warm to room temperature (RT) before 

use.  

2.1.1.2. Thawing HiPSCs 

To thaw hiPSCs, a frozen vial of the frozen colonies was removed from liquid nitrogen and swirled 

in a 37°C water bath until only a single ice pellet remained in the vial. The vial was sprayed 

liberally with 70% ethanol to sterilise and brought into a BSC. 1 ml of RT Essential 8™ (E8) media 

(Gibco™) was added dropwise to the vial and then the whole vial was aspirated and quickly added 

to 9 ml of E8 media in a sterile 15 ml tube. The tube was centrifuges at 1200 rpm for 5 minutes 

to pellet the hiPSCs. Meanwhile the DMEM:F12 media was aspirated from a Geltrex™ coated 

6wp and 1 ml of RT E8 media was added to each well. Next, the supernatant was discarded from 

the centrifuged cells and the pellet was gently resuspended in 6 ml of E8 media, taking care not 

to break the colonies into too small pieces. The tube was mixed by inversion and then the full 6ml 

was taken up into a stripette and added 0.5 ml at a time to each well of the 6wp to evenly distribute 

hiPSC colonies. The plates were placed in the incubator and sharply shaken forward and back, 

and side to side to allow the colonies to settle evenly across the plate. The plates were incubated 

undisturbed for 24 hr before inspection.  

2.1.1.3. Feeding and Passaging HiPSCs as Colonies 

6wps of hiPSCs were fed daily by aspiration of the media and replenishment with 2 ml/well of E8 

media. Care was taken to remove media from the corner of the well, and to add media gently on 

the edge of the well so as not to disturb the colonies. The cells were cultured until 70-80% 

confluent which was generally 4-5 days post thaw or passage and then passaged at a ratio of 1:6 

To passage the hiPSCs, media was aspirated, and cells were washed with 2 ml/well 1x PBS. PBS 

was removed, 1 ml/well Versene (Gibco™) was added and plates were incubated at RT for 3-5 

min. The plates were monitored during incubation under 10x magnification on an EVOS™ XL 

Core Microscope (Invitrogen™) and incubation was continued until colonies were seen to curl up 

at the edges and holes began to emerge. At this point the Versene was discarded and 1 ml/well 

of E8 media was added. A P1000 pipette was used to detach colonies from the plate and break 

into colonies of equal size by pipetting 3-4 times. The cell suspension from each well was 

collected in a 15 ml tube and wells were washed with an additional ml of E8 media which was 

also added to the 15 ml tube. The tube was mixed by inversion and then the cell suspension was 

and added 0.5 ml at a time to each well of a Geltrex™ coated 6wp (pre-filled with 1 ml/well E8 

media) to evenly distribute hiPSC colonies. 

2.1.1.3.1. HiPSC Culture on DR4-iMEFs 

To coat plates with a feeder layer of DR4 inactivated mouse embryonic feeder cells (DR4 iMEFs), 

which are derived from mice with genetically conferred resistance to neomycin, a vial of 5x106 

cells were thawed from liquid nitrogen in a water bath. The vial was removed from the water bath, 

sterilised with 70% ethanol and placed into a BSC. 1 ml of MEF Media (section 2.8.2) was added 
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dropwise to the vial and then the full contents of the vial was added to 9ml of MEF Media in a 

15ml tube. The tube was centrifuged at 1200 rpm for 5 mins. The supernatant was discarded, and 

the pellet resuspended in 12 ml of MEF media. The DR4-iMEF suspension was added at 2 ml/well 

to each well of a 6wp. The plate was incubated overnight. HiPSCs were harvested from Geltrex™ 

with Versene as in section 2.1.1.3 with HES media (section 2.8.1.2) instead of E8 and plated 

out onto the DR4-iMEFS at 2 ml/well. Cells were fed daily with 2 ml/well HES media.  

2.1.1.4. Harvesting HiPSCs as Single Cells 

To harvest hiPSCs as single cells from Geltrex™, the media was aspirated and each well washed 

with 1x PBS (2 ml/well 6wp; 0.5 ml/well 24wp). PBS was aspirated and RT TrypLE™ (Gibco™) 

was added to each well (1 ml/well 6wp; 0.2ml/ml 24wp). Plates were incubated at 37°C for 3 

minutes after which the TrypleLE™ solution was pipetted with a P1000 over each well to remove 

the colonies from the plate and break up to single cells. E8 media was added to inactivate the 

TrypLE™ and the solution was transferred to 15 ml tube. Additional E8 media was used to wash 

the wells and this was added to the 15 ml tube. The tube was centrifuged at 1200 rpm for 5 mins. 

The supernatant was discarded, and the cells were resuspended in 3 ml E8 media to count before 

further, application dependant, dilution. Single cells were plated out in E8 media supplemented 

with 10 μM Y-27632 dihydrochloride (Tocris, Biotechne, Abingdon, UK, a ROCK inhibitor 

(ROCKi).  

2.1.1.5. Freezing HiPSCs 

To freeze hiPSCs, they were treated with Versene as in section 2.1.1.3. Following Versene 

incubation, 1ml of hiPSC freezing media was added to each well and cells were detached and 

broken in to colonies by gentle pipetting with a P1000. The cell suspension from each well was 

transferred to separate cryovials, each cryovial was placed in a CoolCell® SV2 Stem Cell freezing 

container (Biocision), and the container was placed in a -70°C freezer overnight. The next day 

the vials were transferred to liquid nitrogen storage. 
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 HiPSC Characterisation 

Criteria by which the health and suitability of iPSCs can be judged and monitored are summarised 

in Table 2.1207. It was important to regularly confirm the pluripotency of the hiPSCs used in culture 

to ensure they had not deviated from these parameters as this could impact their performance in 

differentiation protocols. The methods used for the assessment of hiPSCs during the project are 

described below. 

Feature Target 

Morphology 
Cells: high nucleus/cytoplasm ratio 

Colonies: flat, defined borders, tightly packed cells 

Growth rate 
Colonies reach 80% confluence after passage at 1:4 

– 1:10 ratio after 4-5 days 

Surface marker protein 

expression 

Key: TRA1-60, TRA1-81, SSEA4.  

Others: SSEA3. Negative for: SSEA1 

Transcription factor 

expression 

Key: NANOG, OCT4, SOX2.  

Others: REX1, GDF3, FGF4, ESG1, DPPA2, hTERT  

Unmethylated gene 

promoters 

NANOG, OCT4 

Enzyme activity High telomerase, high alkaline phosphatase 

Embryoid body formation In vitro contain cells from all three germ layers 

Teratoma formation 
In vivo teratoma form containing cells from all three 

germ layers 

Differentiation potential Ability to form target specialised cell types  

Karyotype 
Normal profile, free from mutations, replications or 

other aberrations 

Genetic/epigenetic profile Similar to hESCs 

Sterility Free from bacteria, fungi, mycoplasma, viruses 

 

  

Table 2.1: Features of hiPSCs which must be maintained to ensure consistency and 
repeatability in differentation experiments.  
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2.1.2.1. Flow Cytometry of HiPSC Pluripotency Marker 

HiPSCs were routinely assessed for the presence of key pluripotency markers by flow cytometric 

analysis. Staining was conducted for nuclear markers OCT4, NANOG and SOX2 and for cell 

surface markers TRA1-60, TRA1-81 and SSEA4. The antibodies used for the staining are 

summarised in Table 2.2. The protocols for staining, which vary for cell surface and nuclear 

markers, are as follows. Cell surface markers: Harvest hiPSCs as single cells (see 2.1.1.4), count 

and add to FACS tubes (one tube per antibody (≥ 500,000 cells), one tube for unstained control 

(≥ 500,000 cells) and one tube for each isotype matching the test antibodies (≥ 300,000 cells)); 

pellet cells by centrifugation and then resuspend in 100 μl FACS buffer (1x PBS + 10% filter 

sterilised FBS); add the primary antibodies at the concentration listed in Table 2.2 and incubate 

on ice for 30 min; wash cells by topping up to 3 ml with FACS buffer and pelleting (1200 rpm, 5 

min, 4°C); resuspend cells in 100 μl FACS buffer and add the secondary antibodies at the 

concentration listed in Table 2.2; incubate on ice protected from light for 30 min; wash as before; 

resuspend in 300 μl of FACS buffer and add 100 μl of 4% PFA to fix cells; store cells at 4°C in 

the dark until ready to analyse on the flow cytometer. Nuclear markers: harvest and distribute 

cells as with surface markers; pellet cells by centrifugation, then to fix, resuspend cells in 200 μl 

of 100% molecular grade methanol and incubate at -20°C for 20 min; wash as for cell surface 

markers; resuspend cells in 100 μl FACS buffer + 0.1% Triton X-100 and add primary antibodies 

at the dilution listed in Table 2.2; incubate for 1 hr at RT; wash as before; resuspend cells in 100 

μl FACS buffer and add the secondary antibodies at the concentration listed in Table 2.2; incubate 

on ice protected from light for 1 hr; wash as before; resuspend in 400 μl of FACS buffer; store 

cells at 4°C in the dark until ready to analyse on the flow cytometer. Flow cytometric analysis was 

conducted using the BD LSRFortessa™ X-20 with BD FACSDIVA™ software. Results were 

processed using FlowJo® v10 software.  

1° Ab Iso 
Company 

(#) 
Conc 

(μg/ml) 
2° Ab 
(Flow) 

Company 
(#) 

Conc 
(μg/ml) 

2° Ab 
(IF) 

Company 
(#) 

Conc 
(μg/ml) 

Rb~ 
OCT4A 

IgG 
CST 

(C3OA3) 

1
:2

0
0
 d

ilu
tio

n
 (C

o
n
c
 v

a
rie

s
 b

y
 lo

t 

n
u
m

b
e
r) 

G~ 
Rb594 

Vector  
(DI-1594) 

7.5 
H~ 

Rb488 
Vector  

(DI-1088) 
7.5 

Rb~ 
SOX2 

IgG 
CST 

(D73G4) 
G~ 

Rb594 
Vector  

(DI-1594) 
7.5 

H~ 
Rb488 

Vector  
(DI-1088) 

7.5 

Rb~ 
SOX2 

IgG 
CST 

(D6D9) 
G~ 

Rb594 
Vector  

(DI-1594) 
7.5 

H~ 
Rb488 

Vector  
(DI-1088) 

7.5 

Ms~ 
TRA1-

60 
IgM 

CST 
(TRA-1-
60(S)) 

H~ 
Ms594 

Vector 
(DI-2594) 

7.5 
H~ 

Ms594 
Vector 

(DI-2594) 
7.5 

Ms~ 
TRA1-

81 
IgM 

CST 
(TRA-1-

81) 

H~ 
Ms594 

Vector 
(DI-2594) 

7.5 
H~ 

Ms594 
Vector 

(DI-2594) 
7.5 

Ms~ 
SSEA4 

IgG3 
CST 

(MC813) 
H~ 

Ms594 
Vector 

(DI-2594) 
7.5 

H~ 
Ms594 

Vector 
(DI-2594) 

7.5 

Ms 
Isotype 

IgG 
Invitro 

(02-6502) 
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a
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e

d
 to
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t s
p

e
c
ific

 

d
ilu

tio
n

 

H~ 
Ms594 

Vector 
(DI-2594) 

7.5 
H~ 

Ms594 
Vector 

(DI-2594) 
7.5 

Ms 
Isotype 

IgM 
Invitro 

(02-680) 
H~ 

Ms594 
Vector 

(DI-2594) 
7.5 

H~ 
Ms594 

Vector 
(DI-2594) 

7.5 

Rb 
Isotype 

IgG 
Invitro 

(02-6102) 
G~ 

Rb594 
Vector  

(DI-1594) 
7.5 

H~ 
Rb488 

Vector  
(DI-1088) 

7.5 
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2.1.2.2. Immunofluorescence Staining of HiPSC Pluripotency Markers 

To check their continued pluripotency, hiPSCs were regularly analysed by immunofluorescence 

for markers of pluripotency (OCT4, NANOG, SOX2, TRA1-81, TRA1-60, SSEA4) following the 

methods for immunofluorescence staining of 2D cell cultures in section 2.4.1.1. The relevant 

primary and second antibodies are listed in Table 2.2. 

2.1.2.3. Three-Germ-Layer Analysis of HiPSCs 

The hiPSCs in culture were assessed by the three-germ-layer (3GL) assay at regular intervals 

during the project to ensure the potential to differentiate to cells of all germ layers. HiPSCs were 

harvested as colonies with Versene (section 2.1.1.3) and plated out in HES media (section 

2.8.1.2) on low attachment 6wps in E8 media to spontaneously form embryoid bodies (EBs) 

overnight. The bFGF was omitted from the media to allow the EBs to differentiate. The EBs were 

maintained in suspension culture for 4 days changing media on day 2. On day 4 the EBs were 

transferred to cell culture treated 6wps to attach and were allowed to grow until day 14 with media 

changed every 2 days. On day 14 the cells were fixed and stained for markers of the 3 germ 

layers using the 3-Germ Layer Immunocytochemistry Kit (Invitrogen™) according to the 

manufacturer’s instructions. Images were acquired with the EVOS™ FL microscope 

(Invtrogen™).   

2.1.2.4. Mycoplasma Testing of HiPSCs 

To assess whether hiPSCs were free of infection with mycoplasma MycoAlert™ Mycoplasma 

Detection Kit (Lonza, Cambridge, UK) was used according to the manufacturer’s instructions. 

HiPSC colonies which had been grown on Geltrex™ for 4 days were harvested for assessment.  

The Tecan Infinite® M200 Pro plate reader was used to detect luminescence in this assay.  

 

2.2. HiPSC-Kidney Organoid Differentiation 

The protocol for differentiation of kidney organoids from hiPSCs was adapted from the published 

protocol of Takasato et al. (2016)290. Minor modifications were made to the timings of reagent 

exposure and more substantial modifications were made to the culturing set up as discussed 

below.  

 

Table 2.2: Pluripotency Marker Antibodies used for Flow Cytometric Analysis of Human 
iPSCs:  
Pluripotency marker antibodies and relevant isotypes used in the project are listed. Primary 
(1°) and secondary (2°) antibodies (listed separately by application of flow cytometry (Flow) 
and immunofluorescence (IF)) are prefixed with the species of origin (Rb = rabbit, Ms = mouse, 
G = goat, H = horse). ~ = anti. The isotype (iso) of the 1° antibodies are shown. The company 
product number (#) and the concentration (conc) used for each antibody is listed. CST = Cell 
Signalling Technologies (London, UK). 



94 
 
 

 Differentiation Protocols 

On day (D)-1 HiPSC colonies, which had reached 70-80% confluence, were harvested as single 

cells, counted, and diluted to 1x105 cells per ml in E8 media supplemented with 10 μM ROCKi. 

Cell suspension was added onto Geltrex™ coated plates to reach 2x104 cell/cm2 [6wp (10cm) = 

2 ml; 24wp (2cm) = 0.4 ml]. The plates were incubated at 37°C overnight. The first 8 days of the 

protocol were ubiquitous to all the differentiation protocol with media replaced every 2 days. On 

D0, cells which had successfully reached 40%-50% confluence were used for the differentiation 

protocol. STEMDiff™ APEL™2 Medium (STEMCELL Technologies, Cambridge, UK), hereafter 

‘APEL2’ was used throughout as the basal media. The cells were cultured with APEL2 + 8 μM 

CHIR99021 (Tocris), hereafter ‘CHIR’ for 4 days. On D4 the media was changed to APEL2 + 200 

ng/ml FGF9 (Peprotech®, London, UK) + 1 μg/ml heparin and cultured until D8. On D8 the 

protocol varied based on the method under investigation as follows. 

2.2.1.1. 2D System: 

For the 2D differentiation, D8 cells which had been grown in 24wps, were exposed to the 

remaining media and growth factor combinations in situ on the 24wps. A CHIR Pulse was first 

conducted by addition of APEL2 + 5 μM CHIR and incubation for 1 hr. Next cells were cultured 

with APEL2 + 200 ng/ml FGF9 1 μg/ml heparin for 5 days, changing media every 2 days. On D13 

media was changed to APEL2 + 1 μg/ml heparin and the culture was continued until D26, 

changing media every 2 days. 

2.2.1.2. 3D Sandwich System:  

75 μl of 8mg/ml hydrogel (Matrigel® or K-gel) was added to each required well of a 96wp to create 

the base layer of the sandwich. When working with Matrigel® P200 tips were precooled to prevent 

the gel for solidifying during transfer. Once filled, plates were incubated at 37°C for 30-60 mins to 

solidify the gel. Meanwhile the D8 differentiation plates were washed with 1x PBS then harvested 

by incubation with TrypLE™ for 3 min at 37°C. A single cell suspension was created by gently 

pipetting the cell suspension with a P1000 pipette. Media was added to deactivate the TrypLE™ 

and the solution was collected in a 50 ml tube. The plates were washed with additional media 

which was added to the 50 ml tube. Tubes were centrifuged at 1200 rpm for 5 min. Cells were 

counted, diluted to 5x105 cells/ml and added at 1 ml/Eppendorf® tube. Organoid pellets were 

formed by centrifuging the tubes at 400 g for 4 min, then, rotating the tubes 180° and repeating 

the centrifugation. Pellets were dislodged without breaking by gently pipetting some of the media 

down the side of the tube. The pellets were picked up with a wide-bore pipette tip, taking up 

minimal media and transferred, one per well, onto the pre-set base layers, taking care to transfer 

minimal media. Next the organoid pellets were exposed to the 1 hr ‘CHIR Pulse’ by addition of 

100 μl of APEL2 + 5 μM CHIR. This media was then aspirated, and the top layer of the sandwich 

was added by addition of 50 μl of either 8 mg/ml Matrigel® (denoted as the M8 condition), 4 mg/ml 

Matrigel® (denoted as the M4 condition) or 4 mg/ml K-gel (for the K-gel based system). This top 

layer was solidified by incubation at 37°C for 20-30 min. Following solidification, the same media 
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sequence described for the 2D system was added on top of the organoid sandwich, at 100 μl per 

feed.     

2.2.1.3. Submersion Condition: 

For the Submersion (SUB) condition (Figure 2.1.A), organoid pellets were formed on D8 as for 

the 3D sandwich system. However rather than placing onto a pre-solidified layer, the pellets were 

submersed, one pellet per well, into 100 μl of liquid Matrigel®. The plates were incubated at 37°C 

for 30 min to solidify the Matrigel® and then the 1 hr CHIR Pulse was conducted by addition of 

100μl of APEL2 + 5 μM CHIR. Following this, the same media sequence described for the 2D 

system was added on top of the solidified Matrigel® at 100 μl per feed. 

2.2.1.4. Hanging Insert Condition:  

For the hanging insert (HI) condition (Figure 2.1.B), organoid pellets were formed on D8 as for 

the 3D sandwich system. These pellets were then transferred, one per insert to Millicell Hanging 

Cell Culture Insert, PET 0.4 µm, 24-well hanging inserts (Merck Millipore, Watford, UK), hereafter 

‘hanging inserts’, with one insert hanging within each well of a 24wp. The 1 hr ‘CHIR Pulse’ was 

conducted by addition of 200 μl of APEL2 + 5 μM CHIR beneath the insert. Following this, the 

same media sequence described for the 2D system was added beneath the insert at 200 μl per 

feed with media changed every 2 days. 

2.2.1.5. Hanging Insert Dome Condition: 

For the hanging insert dome (HID) condition (Figure 2.1.C), organoid pellets were added to 24wp 

hanging inserts and exposed to a CHIR Pulse as listed for the HI condition. Following the CHIR 

Pulse a 50 μl layer of 4 mg/ml Matrigel® was added on top of the pellet and this was solidified by 

incubation at 37°C for 20 min. Following this, the same media sequence described for the 2D 

system was added beneath the insert at 200 μl per feed with media changed every 2 days.  

2.2.1.6. Suspension Condition: 

For the suspension (SUSP) condition (Figure 2.1.D), the pellets of 5x105 cells created as listed 

in the 3D sandwich condition were resuspended in 100 μl of 4 mg/ml Matrigel® and place into 

one well of a 96wp. The plate was incubated at 37°C for 30 min to solidify the Matrigel® and then 

the 1 hr CHIR Pulse was conducted by addition of 100μl of APEL2 + 5 μM CHIR. Following this, 

the same media sequence described for the 2D system was added on top of the solidified 

Matrigel® at 100 μl per feed. 
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 Assessment of Renal Organoid Development and Maturity 

2.2.2.1. Harvesting of Organoids 

HiPSC derived kidney organoids in hydrogel matrixes (M4, M8, K-gel, SUB) were extracted using 

a 200 μl pipette set to 20ul with a wide bore pipette tip to avoid damage to the structures. The 

organoids were then stripped of remaining hydrogel using Cultrex® Organoid Harvesting Solution 

(Amsbio, Abingdon, UK) as follows: organoids were transferred one per well to low attachment 

24wps; organoids were washed twice for 10 min with 500 μl ice cold 1x PBS with gentle rocking 

or shaking; 200 µl of Organoid Harvest Solution was added to each well; organoids were 

Figure 2.1: Schematics of Alternative 3D Culture Systems for Creation of Kidney 
Organoids from hiPSCs Pre-Differentiated to Kidney Precursor Populations.  
This figure shows schematics for four alternative methods for differentiating and culturing 
kidney organoids in 3D. Prior to entering these systems hiPSCs are differentiated in 2D on 
Geltrex™ coated plates for 8 days to form precursor populations required for kidney 
formation. For systems A, B and C, cells are first centrifuged to create pellets of 5x105 cells. 
A: Pellets are then placed into a well of a 96 well plate containing 100 µl of liquid 4mg/ml 
Matrigel® before transferring the plates to a 37°C incubator for 30 minutes to solidify. 
Following this media is added on top of the solidified Matrigel®. B, C: For the HI and HID 
systems the pellet is transferred to a 24 well plate on a hanging insert which has a semi-
permeable membrane. Media is then added in the well beneath the insert. For the HID 
condition (C) only, 50 µl of liquid 4 mg/ml Matrigel® is added on top of the cell pellet and 
solidified in a 37°C incubator for 30 minutes. D: For this system a pellet of 5x105 cells are 
resuspended in 100 µl of liquid 4 mg/ml Matrigel® and transferred to one well of a 96 well 
plate. Plates are transferred to a 37°C incubator for 30 minutes to solidify the gel. Following 
this media is added on top of the solidified Matrigel®. This system leads to multiple small 
organoids forming rather than 1 large organoid formed as in systems A – C. 
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incubated on an orbital shaker (150 rpm) at 4°C for 1 hr; harvest solution was discarded and 

organoids were washed twice for 2 min with 1 ml 1x PBS.  

HI organoids were harvested as single cells for qPCR as follows. Media was aspirated from the 

wells and organoids were washed with 1x PBS by addition below (250 μl) and inside (200 μl) the 

insert. PBS was aspirated and TrypLE™ was added at the same volumes. The organoids were 

incubated for 6 min with TrypLE™ pipetted firmly over the insert after 2, 4 and 6 min to detach 

the organoid from the insert and break to single cells. Media was added inside and below the 

insert to inactivate the TrypLE™ and the cell suspension was added to a 15 ml tube. The tube 

was centrifuged at 1200 rpm for 5 min and the supernatant discarded. The pellet was processed 

for qPCR as listed in section 2.3.1. 

HID organoids were harvested as single cells for qPCR as follows. Organoids were detached, 

whole, by scrapping the dome of Matrigel™ from the hanging inserts with the tip of a pipette. The 

organoid, in the Matrigel™ dome, was transferred to a well of a 24wp and treated the same as 

the organoid from the hydrogel matrices (see above). 

2.2.2.2. Phenotypical Investigations 

Light microscopy was used to track morphological development of the organoids throughout 

differentiation. An EVOS™ Core Microscope was used for collecting these images. 

Cells undergoing differentiation at D4 and D8 and organoids at D18 and D26 were investigated 

by IF to investigate expression of key developmental proteins (GATA3 and HOXD11) and mature 

nephron proteins/markers (WT1, PODXL, LTL, UMOD, ECAD). D4 and D8 cells and 2D organoids 

at D18 and D26 were stained following methods in section 2.4.1.1. Organoids at D18 and D26 

grown in the 3D sandwich system were stained following methods in section 2.4.1.3. D4 and D8 

cells were imaged using an EVOS™ FL Microscope. D18 and D26 organoids were imaged using 

a Nikon® Eclipse Ti™ confocal microscope. The relevant antibodies used are listed in Table 2.3. 

1° Ab Iso Company 
(#) 

Conc 
(μg/ml) 

2° Ab Company 
(#) 

Conc 
(μg/ml) 

G~ 
GATA3 

IgG BioTechne 
(AF2605) 

2 D~ 
S637 

BioTechne 
 (NL011) 

5 

Ms~ 
HOXD11 

IgG2a BioTechne 
(H00003237-

M10) 

10 H~ 
Ms594 

Vector 
(DI-2594) 

7.5 

G~ 
WT1 

IgG BioTechne 
(AF5729) 

2 H~ 
G594 

Vector 
(DI-3094) 

7.5 

Rb~ 
PODXL 

IgG Bioss 
(bs-1345R) 

20 H~ 
Rb488 

Vector  
(DI-1088) 

7.5 

Bio~ 
LTL 

n/a Vector 
(B-1325) 

6.67 SA~ 
Bio649 

Vector 
(SA-5649) 

5 

Rb~ 
CUBN 

IgG Bioss 
(bs-3901R) 

20 G~ 
Rb594 

Vector  
(DI-1594) 

7.5 

Rb~ 
UMOD 

IgG Bioss 
(bs-0916R) 

20 H~ 
Rb488 

Vector  
(DI-1088) 

7.5 

Ms~ 
ECAD 

IgG2a BD 
Bioscience 

1.25 H~ 
Ms594 

Vector 
(DI-2594) 

7.5 
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(610181) 

 

Sections of OCT embedded renal organoids (section 2.4.2.1) were stained by H&E (section 

2.4.2.2) to identify microarchitectural features such as glomeruli and tubules.  

2.2.2.3. Gene Expression Investigation 

HiPSCs at D0, and cells and organoids under differentiation at D4, D8, D13, D18 and D26 were 

assessed for gene expression of key developmental and mature nephron markers (CALB1, 

CD133, CDH1, CDH6, GATA3, GDNF, HOXD11, OSR1, PAX2, SIX2 and WT1) by qPCR 

following methods in section 2.3. The relevant primers are listed in Table 2.4. 

2.2.2.4. Functional Assessment  

To investigate whether the renal organoids generated in this project possessed mature proximal 

tubules, a dextran assay was used to determine whether cubulin transporters could uptake large 

molecules from the media. D26 organoids were harvested from their 3D sandwiches and placed 

in low attachment 24wps (1 organoid/well). APEL2 media + 1 μg/ml heparin containing 100 μg/ml 

fluorescently labelled Rhodamine dextran (10 kDa) was added to test wells. APEL2 + 1 μg/ml 

heparin with no dextran was added to control wells. The plates were incubated for 24 hr and then 

organoids were immediately fixed and costained following the whole mount protocol (section 

2.4.1.3) with LTL, CUBN and 4′,6-diamidino-2-phenylindole (DAPI). The organoids were imaged 

with a Nikon® Eclipse Ti™ confocal microscope.   

 

 Diabetic Nephropathy Modelling in Renal Organoid 

Organoids on D26 were exposed to a selection of key factors implicated in the pathogenesis of 

DN. A range of concentrations of the factors (discussed below) were added to the APEL2 + 1 

μg/ml heparin media. Each organoid in one well of a 96 well plate was fed every other day with 

100 μl the diseases modelling media for 7 days. At which point organoids were harvested for 

analysis (section 2.2.2.1) and tested for gene expression of ACE2, α-SMA, ANGRII, CASP9, 

CDH1, CDH2, COL3A, NOTCH1, NOTCH3, SNAI1, TGFβ-1, TWIST, VEGFA and WNT4 by 

qPCR (section 2.3).  

Table 2.3: Antibodies used for Immunofluorescence Analysis of Human Derived Renal 
Organoids: 
Renal protein antibodies used in the project are listed. Primary (1°) and secondary (2°) 
antibodies are prefixed with the species of origin or ligated molecule (G = goat; Rb = rabbit, 
Ms = mouse, D = donkey, H = horse, Bio = biotin, SA = streptavadin). ~ = anti. The isotypes 
(iso) of the 1° antibodies are shown. The company product number (#) and the concentration 
(conc) used for each antibody is listed.   
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2.2.3.1. Hyperglycemia 

To model hyperglycemia the renal organoids were cultured with media containing 15 or 30 mM 

glucose (Sigma-Aldrich®, Dorset, UK) or as an osmotic control 15 or 30 mM mannitol (Sigma-

Aldrich®).  

2.2.3.2. TGF-β 

To model the impact of the master regulator of fibrosis, TGF-β, on the onset of DN renal organoids 

were cultured with media containing 5, 10 or 15 ng/ml TGF-β (Peprotech®). 

2.2.3.3. Angiotensin II 

To model the impact of the key mediator of the RAAS pathway, Angiotensin II (ANGII), on the 

onset of DN renal organoids were cultured with media containing 0.05, 0.1 or 0.5 ng/µl ANGII 

(Peprotech®). 

 

2.3. QPCR 

Quantitative polymerase chain reaction (qPCR) was used to assess gene expression in stem 

cells, hiPSC, hiPSC derived kidney organoids and human kidney tissue. 

 RNA Extraction 

The first stage of a qPCR experiment requires the extraction and purification of the mRNA from 

harvested cells or tissue sample. The methods followed for sample preparation and mRNA 

extraction are listed below. 

Concentration and purity of the mRNA solutions was measured using the NanoDrop™ Lite 

Spectrophotometer (Thermo Scientific™, ThermoFisher) at 260 nm and 260/280 nm ratio 

respectively. 

Prepared mRNA was generally converted to cDNA immediately, but some was stored for short 

periods at -80°C. 

2.3.1.1. 2D Cell Culture 

Cells such as hiPSCs or differentiated 2D kidney organoids were harvested by washing with 1x 

PBS (Gibco™) for 1 min before incubation with trypsin-EDTA (Gibco™) for 2-3 minutes to detach 

cells from the plate and create a single cell solution. Trypsin was inactivated with cell media and 

cells were pelleted by centrifugation in a sterile centrifuge tube and then either frozen for later use 

at -80°C or used immediately for RNA extraction.  

Extraction and purification of mRNA was performed using the ReliaPrep™ RNA Miniprep System 

Kit (Promega, Southampton, UK) according to the manufacturer’s instructions.  
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2.3.1.2. Organoids 

Organoids harvested as in section 2.2.2.1 were transferred to separate sterile 1.7 ml Eppendorf 

tubes and incubated with 200 μl TrypLE™ for 3-5 min with pipetting half way through to aid break-

up of the organoids to single cells. TrypLE™ was inactivated with cell media and cells were 

pelleted by centrifugation. Pellets were frozen at -80°C or used for mRNA extraction immediately. 

Extraction and purification of mRNA was performed using RNAqueos microkit (Invitrogen™, 

ThermoFisher Scientific) following manufacturer’s instructions. No DNase treatment was 

included.  

2.3.1.3. Tissues 

20 mg of human kidney tissue from the cortex and medulla was sliced from kidney samples and 

placed into a Pyrex® glass pestle tissue grinder and mortar tube (Corning®). Liquid nitrogen was 

added and used to mash and grind the tissue into a homogenous paste. 500 μl of BL + TG buffer 

from the ReliaPrep™ RNA Miniprep System Kit (Promega) was added to the mortar and pipetted 

up and down multiple times to create a homogenous mixture. This mixture was added to a 

QIAshredder® column (Qiagen, Manchester, UK) and lysate was prepared according to 

manufacturer’s instructions. This lysate was used to purify mRNA following the protocol in the 

ReliaPrep™ kit. 

 

 Synthesis of cDNA  

Samples of mRNA were converted to cDNA using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems™, ThermoFisher) following manufacturer’s instructions. 

 

 Running QPCR 

With the synthesised cDNA, qPCR analysis was conducted using the iTaq™ Universal SYBR 

Green SuperMix qPCR Master Mix (Bio-Rad, Watford, UK) with the StepOnePlus™ Real-Time 

PCR System (Applied Biosystems). Primers were designed using Primer-Blast (NCBI) and 

ordered from Sigma-Aldrich®. The primers used throughout this project are listed in Table 2.4. 

40 cycles were used with melting point chosen based on the primers (usually 60°C). Thresholds 

for detecting Ct values were set automatically by the StepOnePlus™ software. Results were 

processed with Microsoft® Office Excel (Microsoft Corporation, Washington, USA) using the 

comparative ΔΔCt method by normalisation to a house keeping control (ACTB) sample and again 

normalised to a D0 sample or another experimental control. Graphs and statistics were produced 

using GraphPad Prism software version 6 (GraphPad Prism Software Inc., San Diego, USA). 

One-way ANNOVA or unpaired two tailed t-test were used to analyse variance. Post-hoc multiple 

comparison analyses (Bonferroni, Dunnett’s, or Holm-Sidak) were used to detect significance (set 

at P <0.05). Outliers were removed with Grubb’s test.  
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Gene Sequence (5’-3’) Tm (°C) Purpose 

ACTB F AGGCAGCTCTCGGTTCATTG 59.0 Housekeeping Control 

R CGCTCCTCCGAAAGGATCAG 59.7 

ACE2 F GGGATCAGAGATCGGAAGAAGAA
A 

61.0 DM: RAAS pathway 

R AGGAGGTCTGAACATCATCAGTG 61.0 

Alpha 
(α)-SMA 

F ACTGCTGAGCGTGAGATTGT 59.7 DM: Myofibroblast/ 
Mesenchymal R GCCCATCAGGCAACTCGTAA 60.4 

ANGRII F CAGCGTCTGAGAGAACGAGTAA 60.7 DM: RAAS pathway 

R TTAGTGCCTAAACACACTCCTTCA 61.1 

CALB1 F ATGATCAGGACGGCAATGGA 59.2 Development: UB 
Distal Nephron R GCTTCCCTCCATCCGACAAA 60.0 

CASP9 F AGATTCGCAAACCAGAGGTTCT 61.3 DM: Apoptosis 

R TCTTTCTGCTCGACATCACCAA 61.2 

CD133 F AGACCAAAGAGGCGTTGGAG 60.0 Development: Progenitor 
Population R ATGGATGCACCAAGCACAGA 60.0 

CDH1 F CAGCCCCGCCTTATGATTCT 59.9 Development: MM  
Distal Tubule/Epithelial  R GCTTCTTGAAGCGATTGCCC 60.2 

CDH2 F CAGTGTAACTGGGCCAGGAG 60.0 DM: Mesenchymal 

R TGAAACCGGGCTATCTGCTC 59.8 

CDH6 F TTTCGTTTTCCTTGGCCCCT 60.1 Proximal Tubule 

R CGCCGTGTTGTCTTTGTTGT 59.9 

COL3A F AGGATCCGTTCTCTGCGATG 59.6 DM: Fibrosis – ECM 
deposition R CCTTGACCATTAGGAGGGCG 60.2 

GATA3 F CCCTCATTAAGCCCAAGCGA 60.1 Development: AIM 
Collecting Duct R GTCTGACAGTTCCGCACAGGA 60.0 

GDNF F GAAAAGGTCGGAGAGGCCAG 60.4 Development: MM 

R AGCCGCTGCAGTACCTAAAA 59.7 

HOXD1
1 

F ACGACTTTGACGAGTGCGG 60.7 Development: PIM 

R ACGGTTGGGAAAGGAACGAA 59.8 

NOTCH
1 

F CCTGACACCCCTGGACAATG 59.5 DM: Fibrosis 

R GGCACGATTTCCCTGACCA 59.5 

NOTCH
3 

F TCCAGATTCTCATCCGAAACCGCT
CTAC 

59.8 DM: Fibrosis 

R TCTTCCACCATGCCCTCTACTGCC 60.6 

OSR1 F CATTCAACCCAAGCCCGAGA 60.3 Development: MM 

R GAGCTTGGCCGGATCTTCTT 60.1 

PAX2 F CGGCTGTGTCAGCAAAATCC 60.1 Development: MM, UB 
Collecting Duct R CAGGCGAACATAGTCGGGTT 60.1 

SIX2 F GCCAAGGAAAGGGAGAACAAC 59.4 Development: MM, 
Progenitor Marker R GATGATGAGTGGTCTGGCGT 59.8 

SNAI1 F CCAGACCCACTCAGATGTCAA 59.4 DM: EMT promoter 

R GGACTCTTGGTGCTTGTGGA 59.9 

TGFβ-1 F ACATCAACGGGTTCACTACCG 61.5 DM: Fibrosis master 
regulator R AATAGTTGGTGTCCAGGGCTC 61.2 

TWIST F TGGACTCCAAGATGGCAAGC 60.3 DM: EMT promoter 

R CCATCCTCCAGACCGAGAAG 59.3 

VEGFA F CATCACCATGCAGATTATGCGG 61.0 DM: Diabetic nephropathy 
onset R CCTTTCCCTTTCCTCGAACTGA 61.2 

WNT4 F ACACACACACACACACACACACAC
AC 

59.2 DM: Fibrosis 

R AGGGGCATGACTGCAAAGGCAC 60.9 

WT1 F GAGGCATTCAGGATGTGCGA 60.5 Development: MM 
Glomeruli R ACATGAAGGGGCGTTTCTCA 59.6 

 

 

Table 2.4: Primers used during the project for gene expression analysis by qPCR 
Forward (F) and Reverse (R) primer sequences are listed with associated melting 
temperatures (Tm). The purpose for investigating each gene is shown (DM = Disease 
modelling, RAAS = Renin angiotensin aldosterone; ECM = extracellular matrix; AIM = anterior 
intermediate mesoderm; PIM = posterior intermediate mesoderm; EMT = epithelial to 
mesenchymal transition; MM = mesenchymal mesoderm; UB = ureteric bud 
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2.4. Immunofluorescence and Immunohistochemistry  

 

 Immunofluorescence methods 

2.4.1.1. 2D Culture Plate Immunofluorescence Protocol 

Media was aspirated from the wells and cells are washed 2x for 2 min with PBS. Cells were fixed 

by addition of 100% ice cold methanol and incubation for 10 minutes at RT. Following fixation 

cells were washed 3x 5min with PBS + 0.1% tween (PBS-T) on an orbital shaker (100 rpm) at 

RT. Next blocking buffer (PBS-T + 10% serum of secondary antibody species or 5% BSA) was 

added and plates incubated at RT for 60 min. For sections to be treated with streptavidin 

antibodies additional blocking with the GeneTex Streptavidin/Biotin blocking kit (Insight 

Biotechnology, Wembley, UK) following manufacturer’s instructions. Blocking buffer was 

aspirated and primary antibodies diluted in PBS-T + 1% BSA were added and plates incubated 

overnight at 4°C. Then the plates were washed 3x 5 min with PBS-T and then the secondary 

antibodies diluted in PBS-T + 1% BSA were added and incubated for 60 min at RT, protected 

from light. Next the plates were washed 3x 5 min with PBS-T and then 0.02% DAPI was added 

and incubated for 15-30 min, protected from light at RT. Plates were washed 2x with PBS-T, 1x 

with ddH2O and then fresh ddH2O was added to image cells. 

2.4.1.2. Tissue Section Immunofluorescence Protocol 

2.4.1.2.1. Preparation and Sectioning of Paraffin Blocks 

Tissue pieces were fixed by overnight incubation submerged in 4% PFA at 4°C, followed by 

immersion in 70% ethanol. The tissue pieces were processed for paraffin embedding in a Thermo 

Scientific™ Citadel 2000 Tissue Processor (Thermo Scientific™). The processed tissue pieces 

were then embedded in hot paraffin wax and left to cool to solid blocks. The blocks were sectioned 

with a microtome (Anglia Scientific, Ely, UK) into slices of 10 μm, floated in a warm water bath, 

affixed to Polysine™ coated microscope slides (VWR™, Leighton Buzzard, UK), and left to dry 

on a heat block.  
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2.4.1.2.2. Deparaffinisation 

Paraffin tissue sections on Polysine™ slides were placed in a metal rack and deparaffinised inside 

a fume hood with the sequence of solutions listed in Table 2.5 

Reagent Time (min) Repeats 

Xylene (100%) 10 x2 

Ethanol (100%) 5 x1 

Ethanol (90%) 5 x1 

Ethanol (70%) 5 x1 

Ethanol (50%) 5 x1 

DI-H2O 5 x2 

 

2.4.1.2.3. Staining of Tissue Sections on Glass Slides 

 A slide box was lined with wet paper towels (to prevent solutions from drying out). Each section 

on the slides were circled with a hydrophobic pen and the slides were placed into the box. The 

sections were washed by rinsing twice with PBS-T. When staining intracellular markers, the tissue 

sections were permeabilised by addition of PBS + 0.25% Triton X (PBS-Tx) for 10 min then 

washed 3x for 5 min with PBS-T. All sections were then incubated with blocking buffer (see 

section 2.4.1.1) for 60 min. Additional  Next all primary antibodies diluted in PBS-T + 1% BSA 

were added to sections and the slide box was incubated overnight at 4°C. Then the sections were 

washed 3x for 5 min with PBS-T and secondary antibodies diluted in PBS-T + 1% BSA were 

added and incubated for 60 min at RT, protected from light. The sections were washed 3x for 5 

min in PBS-T and then 0.02% DAPI was added and incubated for 15-30 min, protected from light 

at RT. Sections were washed 2x with PBS-T and 1x in ddH2O. Finally, sections were mounted 

with a drop of DPX (Sigma-Aldrich®) and a glass coverslip.  

2.4.1.3. Whole Mount Organoid Immunofluorescence Protocol 

 Renal organoids which had been harvested and cleaned of hydrogel (section 2.2.2.1) were fixed 

by incubation at 4°C with ice cold 100% methanol for 30 min. Following fixation, the organoids 

were washed 3x for 10 min with PBS-T. Then organoids were transferred with a wide bore pipette 

tip into a 1.7 ml Eppendorf® tube. For organoids to be stained for intracellular markers 

permeabilization was conducted by incubation with PBS + 1% Triton X-100 for 30 min followed 

by 3x 10 min wash with PBS-T. Organoids were then incubated with blocking buffers (see section 

2.4.1.1) for 60 min with gentle rocking or shaking, plus streptavidin/biotin blocking where required. 

Following blocking, primary antibodies were added diluted in 200 μl of PBS + 0.3% Triton X-100 

+ 1% BSA and incubated overnight at 4°C with gentle shaking. Next organoids were washed 2x 

for 60 min at RT with 1 ml PBS-T with gentle shaking. Then organoids were washed overnight at 

4°C with 1 ml PBS-T with gentle shaking. Next secondary antibodies were added diluted in 200 

μl of PBS + 0.3% Triton X-100 + 1% BSA and incubated at 4°C overnight, protected from light. 

Then the organoids were washed 3x at RT for 10 min with PBS-T. The organoids were then 

Table 2.5: Protocol for Deparaffinisation of Tissue Sections on Microscope Slides 
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transferred using a wide bore pipette tip into individual wells of glass cavity slides (VWR®), topped 

with a small drop of DPX and sealed with a glass coverslip.  

 

 Histological Methods 

Histological staining was conducted on sections of human tissue (prepared as in section 2.4.1.2), 

sections of 3D kidney organoids (prepared as below) or whole 2D organoids in the 24wps. Images 

of stained slides were collected with the EVOS™ XL Core microscope. 

2.4.2.1. OCT Embedding and Sectioning of Organoids 

Renal organoids which were intended for histological sectioning were harvested and removed 

from hydrogel (section 2.2.2.1) and then placed into a Tissue-Tek® cryomold (VWR®) filed with 

tissue freezing media (TFM™) (VWR®). The cryomold was then floated on top of acetone 

surrounded by dry ice to quickly freeze the TFM™. The cryomolds were stored at -70°C until 

ready for sectioning. To section the TFM embedding organoids a Bright Starlet 2212 cryostat was 

used to cut 10 μm slices. The slices were melted onto Superfrost™ microscope slides (Thermo 

Scientific™). Prior to histological staining the TFM was washed from the sections with PBS-T. 

2.4.2.2. H&E Staining 

Haematoxylin and Eosin (H&E) staining was conducted on sections of tissue or organoids by first 

washing slides by immersion in 1x PBS for 5 min. Following this haematoxylin solution (Sigma-

Aldrich®) was added on top of sections and incubated for 5 min protected from light. Slides were 

then rinsed via running tap water onto the reverse side of the slide before washing slides by 

immersion in 1x PBS for 5 min. Next eosin solution (Sigma-Aldrich®) was added on top of sections 

and incubated for 30 seconds. The slides were washed as before with tap water and again in 1x 

PBS for 5 min. Sections were then dehydrated by 2x immersion in 100% ethanol followed by 2x 

clearance by immersion in 100% xylene (Sigma-Aldrich®). Finally, slides were mounted with a 

drop of DPX and a glass coverslip.  

2.4.2.3. PAS staining protocol 

Periodic Acid-Schiff (PAS) staining was conducted on sections of tissue by first washing slides by 

immersion in Periodic acid solution (Sigma-Aldrich®) for 5 min. Slides were rinsed 5x with DI-H2O 

then Schiff’s reagent (Sigma-Aldrich®) was added on top of sections for 15 min. Slides were then 

washed via running tap water onto the reverse side for 5 min. Sections were next counter-stained 

by addition of haematoxylin solution for 90 seconds following by rinsing in tap water from reverse 

side. Sections were then dehydrated by 2x immersion in 100% ethanol followed by 2x clearance 

by immersion in 100% xylene (Sigma-Aldrich®). Finally, slides were mounted with a drop of DPX 

and a glass coverslip. 
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2.5. Kidney Tissue Decellularisation 

 

 Source of Kidneys 

Murine kidneys were obtained from collaborators in the Division of Surgery and Interventional 

Sciences (UCL) or Institute of Immunity and Transplantation (UCL). All animals were sacrificed 

by humane methods and subsequent dissection work was conducted abiding to the Animals 

(Scientific Procedures) Act, 1986, UK. Mice in the age range of 8 weeks to one year were used. 

The organs were harvested per-abdominally and were stored separately in PBS briefly to wash 

away blood from the surface. All perinephric fat was removed, and kidneys were washed again 

in PBS. 

Human kidneys, that were unsuitable or unable to be used for transplantation, were obtained from 

the Tissue Access for Patient Benefit (TAPB) biobank (UCL). Ethics for this study (NC2016.006) 

were approved by UCL Royal Free Ethical Review Board. Kidneys to be sectioned were stripped 

of perinephric fat and the kidney capsule. Renal vessels and ureter were removed. Slices or 

sections were prepared using a sharp scalpel. Kidneys to remain whole were stripped of excess 

perinephric fat but the kidney capsule, renal artery, renal vein and ureter were left intact. 

 

 Kidney Decellularisation Protocols 

Various protocols were used for decellularisation of mouse or human kidney tissue or whole 

human kidneys throughout the project. A comprehensive list of reagents used in the 

decellularisations are listed in Table 2.6 

 
 
 

  

Reagent Diluent Abbreviation Company 

Sodium Dodecyl Sulphate 1x PBS  SDS Sigma-Aldrich® 

Triton X-100 1x PBS  Tx Sigma-Aldrich® 

Sodium Hydroxide (pH 11.8-12) DI-H2O NaOH Sigma-Aldrich® 

Sodium Chloride DI-H2O NaCl Sigma-Aldrich® 

Benzonase® 1 mM DPBS  Sigma-Aldrich® 

Penicillin-Streptomycin-Amphotericin 
(Antibiotic-Antimycotic) 

1x PBS PSA Gibco™ 

Double distilled water  ddH2O Invitrogen 

Deionised water (Milli-Q®)  DI-H2O Merck Millipore  

Heparin 1x PBS  Sigma-Aldrich® 

Table 2.6: Reagents used for Kidney Decellularisation  
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2.5.2.1. Murine Kidney Immersion Decellularisation Method 

Protocol for Murine Kidney Decellularisation (SN) 

Step Duration Solution Technical Notes 

Kidneys were longitudinally sliced into three slices of approximately 2 mm thickness 

1 4 hours ddH2O In petri-dish 

2 36 hours 0.5% w/v SDS  Magnetic stirrer 

3 24 hours 1% v/v Tx  Orbital shaker 

4 3 hours 90 U/ml Benzonase®  10 min agitation 3hr 37°C incubation 

5 3 hours 10x PSA Orbital shaker 

6 3 x 10 min 1x PBS  

Slices were rinsed with 1x PBS following stages 1-4 

 

2.5.2.2. Human Kidney Decellularisation Methods 

Human-Adapted Mouse Kidney Decellularisation Protocol (HSN) 

Step Duration Solution Technical Notes 

Kidney cortex/medulla was sliced into large (10x10x5 mm) or small (8x5x2 mm) cubes 

1 4 hours ddH2O In tube on roller 

2 36 hours 0.5% w/v SDS  Magnetic stirrer – 180 rpm 

3 24 hours 1% v/v Tx  Magnetic stirrer – 180 rpm  

4 3 hours 90 U/ml Benzonase®  10 min agitation 3hr 37°C incubation  

5 3 x 10 min 1x PBS Orbital shaker – 180 rpm 

Slices were rinsed with 1x PBS following stages 1-3 

 

Pilot Protocol for Human Kidney Decellularisation with NaOH 

Step Duration Solution Technical Notes 

Kidney cortex/medulla slices prepared: 2 mm depth; 7cm diameter semi-circles 

1 15 min 50 mg/L Heparin Orbital Shaker – 180 rpm 

2 5x 15 min DI-H2O  Orbital Shaker – 180 rpm 

3 8, 12, 16, 20 or 24 

hours 

0.1N NaOH  Orbital Shaker – 180 rpm 

4 15 min DI-H2O  Orbital Shaker – 180 rpm 

 

  

Table 2.7: Protocol for Murine Kidney Decellularisation (SN) 

Table 2.8: Human-Adapted Mouse Kidney Decellularisation Protocol (HSN) for Human 
Kidney Decellularisation  

Table 2.9: Pilot Protocol for Optimisation of NaOH Immersion Duration for Human 
Kidney Decellularisation  
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NaOH Multistep Protocol 1 for Human Kidney Decellularisation 

Step Duration Solution Technical Notes 

Kidney cortex/medulla slices prepared: 4 mm depth; 4 mm width; 20 mm length 

1 Overnight 50 mg/L Heparin 4°C  

2 3x 15 min DI-H2O  Orbital Shaker – 180 rpm 

3 16 hours 0.1N NaOH  Orbital Shaker – 180 rpm 

4 4 hours 90 U/ml Benzonase®  4 hours 37°C incubation; orbital Shaker  

5 5x 15 min DI-H2O  Orbital Shaker – 180 rpm 

 

 

NaOH Multistep Protocol 2 for Human Kidney Decellularisation 

Step Duration Solution Technical Notes 

Kidney cortex/medulla slices prepared: 4 mm depth; 4 mm width; 20 mm length 

1 Overnight 50 mg/L Heparin 4°C  

2 3x 15 min DI-H2O  Orbital Shaker – 180 rpm 

3 8 hours 0.1N NaOH  Orbital Shaker – 180 rpm 

4 16 hours 3% w/v Tx Orbital Shaker – 180 rpm 

5 4 hours 90 U/ml Benzonase®  4 hours 37°C incubation; orbital Shaker  

6 5x 15 min DI-H2O  Orbital Shaker – 180 rpm 

 

 

For perfusion decellularisation a whole human kidney (ODT code: 132810) which had been frozen 

at -80°C was selected. The kidney was thawed overnight at 4°C and the next morning a small 

tissue biopsy was taken, and the resulting hole closed by suture.  The renal artery and renal vein 

were attached to lengths of PTFE 1/8” ID tubing (Cole-Parmer™, St Neots, UK), and connected 

to inlet and outlet channels respectively of a Masterflex L/S Model 7523-60 Digital Peristaltic 

Pump with Easy Load Head Model 7518-02 (Cole-Parmer™) with Luer Lock connectors (Cole-

Parmer™). The connected kidney was placed into a 500 ml wide neck GLS 80® screw cap bottle 

used as the decellularisation vessel. The decellularisation vessel was filled with DI-H2O to fully 

immerse the kidney. During the decellularisation procedure 10L of DI-H2O stored in a separate 

10L bottle was circulated at 5 ml/min through the 500ml bottle using two single channel peristaltic 

pumps. An escape tube which drained into a sink, for any overflow of reagent was attached to the 

decellularisation vessel. The decellularisation was conducted at RT. All reagents were circulated 

from 10L bottles with solutions changed when becoming cloudy.  

Table 2.10: Multistep NaOH Protocol 1 for Human Kidney Decellularisation  

Table 2.11: Multistep NaOH Protocol 2 for Human Kidney Decellularisation  
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Perfusion Protocol for Human Kidney Decellularisation 

Step Solution Flowrate Duration Technical Notes 

1 50 mg/L Heparin 10 ml/min Until perfused  

2 
0.5 M NaCl 

Cycle 1: 

10 ml/min 

Thereafter: 

Last rate + 
1.5 ml/min 

30 minutes 
Repeated steps 2-
4 until kidney 
appeared fully 
white (16 cycles). 

Flow rate capped 
at 50 mg/ml 

3 0.5% w/v SDS Last rate + 1.5ml/min 30 minutes 

4 
DI-H2O Last rate + 1.5ml/min 30 minutes 

5 DI-H2O 5 ml/min 48 hours  

 

 

 Analysis of Decellularised Kidney 

2.5.3.1. ECM Marker Immunofluorescence  

Native and decellularised kidney was embedded in paraffin wax, sectioned and dewaxed (section 

2.4.2) before IF staining for ECM markers following the methods in section 2.4.1.2.3. The 

antibodies used for this staining are listed in Table 2.13 

1° Ab Iso Company 
(#) 

Conc 
(μg/ml) 

2° Ab Company 
(#) 

Conc 
(μg/ml) 

Ms~ 
Collagen I 

IgG R&D 
(MAB6220) 

10 H~ 
Ms594 

Vector 
(DI-2594) 

7.5 

Ms~ 
Collagen 

IV 

IgG R&D 
(MAB6308) 

10 H~ 
Ms594 

Vector 
(DI-2594) 

7.5 

Ms~ 
Fibronectin 

IgG R&D 
(MAB1918) 

10 H~ 
Ms594 

Vector 
(DI-2594) 

7.5 

Rb~ 
Laminin 

IgG NOVUS 
(NB300-

144) 

10 H~ 
Rb488 

Vector  
(DI-1088) 

7.5 

Ms Isotype IgG Invitrogen 
(02-6502) 

10 H~ 
Ms594 

Vector 
(DI-2594) 

7.5 

Rb Isotype IgG  Invitrogen 
(02-6102) 

10 H~ 
Rb488 

Vector  
(DI-1088) 

7.5 

 

2.5.3.2. Histology  

Decellularised kidney was embedded in paraffin wax, sectioned (section 2.4.1.2.3) and stained 

with H&E and PAS protocols (section 2.4.2) 

Table 2.12: Perfusion Protocol for Human Kidney Decellularisation. 

The protocol was based on that published by Poornejad et al. (2016)1 

Table 2.13: Antibodies used for Immunofluorescence Analysis of Extracellular Matrix 
Markers in Native and Decellularised Kidney. 
ECM protein antibodies and relevant isotypes used are listed. Primary (1°) and secondary 
(2°) antibodies are prefixed with the species of origin or ligated molecule (G = goat; Rb = 
rabbit, Ms = mouse, D = donkey, H = horse, Bio = biotin, SA = streptavadin). ~ = anti. The 
isotypes (iso) of the 1° antibodies are shown. The company product number (#) and the 
concentration (conc) used for each antibody is listed.   
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2.5.3.3. SEM 

Native and decellularised kidney was prepared for imaging by scanning electron microscopy 

(SEM) by first 24 hr fixation at 4°C in a solution of 2% PFA, 1.5% glutaraldehyde (Sigma-

Aldrich®), 2% 0.1M sodium cacodylate (Sigma-Aldrich®) in DI-H2O at pH 7.3. Next the tissue was 

washed twice by immersion in 2% 0.1M sodium cacodylate for 30 min. Then the tissue was put 

through an alcohol series (30; 50; 70; 90; and 100% ethanol) for 15 min per step. Next the tissue 

was air-dried in a BSC. Dried tissue was affixed to chucks and SEM gold sputter coated with a 

Quorum Q150A S machine to make ready for imaging. The prepared tissue was then imaged 

using a ZEISS EVO HD45 Scanning Electron Microscope. 

2.5.3.4. Quantitative Assays 

Native and decellularised kidney was assessed for quantitative DNA, sGAG and collagen content 

in tissue which was either fresh (wet) or dried to a constant weight in a 60°C oven. 

2.5.3.4.1. Total DNA Assessment 

Total DNA assessment was conducted by extraction of total DNA from tissue samples using 

PureLink® Genomic DNA Kits following manufacturer’s instructions. Eluted pure DNA solution 

was quantified using the NanoDrop™ Lite spectrophotometer (Thermo Scientific™). 

2.5.3.4.2. SGAG Quantification 

SGAG quantification was conducted on tissue samples using the Blyscan™ Glycosaminoglycan 

assay kit (Biocolor, Carrickfergus, UK) following manufacturer’s instructions.  

2.5.3.4.3. Soluble Collagen Quantification  

Collagen quantification was conducted on tissue samples using the Sircol™ Soluble Collagen 

Assay kit (Biocolor) following manufacturer’s instructions.  

 

2.6. K-gel Preparation and Analysis 

The methods used in the creation of a decellularised-kidney ECM-hydrogel (K-gel) are discussed 

herein. The assays used to analyse the gels are also discussed.  

 

 Preparation of K-gel 

The general process for creation of a hydrogel from decellularised tissue involves the 

lyophilisation of the tissue to remove water, milling of the tissue to create a fine powder, and 

enzymatic dissolution of the powder to produce a gel. This process is based on the publication by 

Freytes et al. (2008)357 
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2.6.1.1. Lyophilisation 

Pieces of decellularised tissue were placed in a tube plugged with cotton wool and then lyophilised 

for 24 hr in a Modulyo® Freeze Dryer (Edwards Vacuum, Burgess Hill, UK) to remove all liquid 

content from the samples.  

2.6.1.2. Milling and Grinding 

Lyophilised tissue was ground into a fine powder of homogenous granule size using a bench top 

milling machine (Dayton® Motor) with a 20-guage sieve. Further grinding of the powder to achieve 

a finer grain size was conducted by placing the powder into a metal bowl, submerging in liquid 

nitrogen and manually grinding with a pestle.   

2.6.1.3. Sterilisation  

Sterilisation of the powder was carried out in a BSC containing a UV light for a period of 40 

minutes.  

To test sterility a sample of the powder was added to DMEM:F12 media and placed in a 37oC 

incubator for 1 week and monitored for bacterial growth by eye and light microscopy (EVOS® XL 

Core). 

2.6.1.4. Pepsin Digestion 

Preparation of a hydrogel from the powder was prepared by methods A and B. 

Method A: Powder was added at 10 mg/ml to 0.01 M HCl (Sigma-Aldrich®™) in a 15 ml centrifuge 

tube. The solution was then mixed to dissolve the powder by a combination repetitive suction and 

expulsion though a 20-guage syringe (syringing), pipetting, and vortexing at high speed. Pepsin 

(Sigma-Aldrich®™) was added to the solution at 1 mg/ml and mixed by vortexing. The solution 

was then aliquoted 1ml per 1.7 ml Eppendorf® tube and incubated at RT for 72 hr with orbital 

shaking (900 rpm).  

Method B:  Powder was added at 10 mg/ml to 0.1 M HCl in a 15 ml centrifuge tube. The solution 

was mixed with a homogeniser (Polystron™, Fischer Scientific) at full speed for bursts of 30 

seconds 10 times. During homogenisation the tube was submerged on ice. Further mixing was 

conducted by syringing and vortexing as for method A. As for method A pepsin was added at 1 

mg/ml and incubated for 72 hr. Following incubation, a portion of the method B gel solution was 

filtered via a 70 µM cell strainer (VWR). The remaining portion was left unfiltered.  

All gel solutions were then neutralised by addition of 100 µl/ml (starting volume) 0.1 M NaOH 

(Sigma-Aldrich®) and 111 µl/ml (starting volume) 10x PBS (Gibco™) and diluted to 8 mg/ml by 

addition of 39 µl/ml (starting volume) 1x PBS. The gel was then stored at -20°C until use. 
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 Assessment of K-gel 

2.6.2.1. Gel Solidification Assay 

Ability of the gels created in section 2.6.1 to solidify was tested for both thick layer, high 

concentration of the gel and thin layer, low concentration of the gel. For the thick layer testing, gel 

at 8 mg/ml or diluted with 1x PBS to 4 mg/ml was plated out in 96 well plates at 75 µl/well. For 

the thin layer testing, the gels diluted with 1x PBS to 0.8 mg/ml and 0.08mg/ml were plated out 

on 24wps at 200 µl/well. The plates were incubated for 1 hr at 37°C and then checked by eye and 

through tilting the plates to see if a solid layer had formed. Photographs were taken with a 12-

megapixel camera. 

2.6.2.2. IPSC Growth on K-gel 

To test the ability of thin layer coating of unfiltered method B K-gel to support iPSC culture. 

HiPSCs were passaged from Geltrex™ coated 6wp following the standard protocol (section 

2.1.1.3) onto the unfiltered 0.8 mg/ml and 0.08 mg/ml method B K-gel coated 24wps (section 

2.6.2.1). The wells were fed daily with fresh E8 media and images were captured to investigate 

hiPSC attachment and growth with an EVOS™ XL Core microscope. 

 

2.7. CRISPR-Cas9 

The CRISPR-Cas9 system rellies principally on two key components which are the Cas9 protein 

which unwinds and cleaves the DNA and sgRNA which comprises of the 20-nucleotide target 

crRNA and the tracrRNA. The target site must be directly upstream of a PAM site which allows 

recognition by Cas9. Cleavage is initiated 3 base pairs upstream of the PAM. The wildtype Cas9 

makes a double stranded break and we chose to use this for the creation of our UMOD and TIMP3 

knock-out lines. The nickase version of Cas9 creates a single stranded break and requires two 

crRNAs; one to cut each strand. We chose this version for the creation of the UMOD point 

mutation. 

 

 Creation of SgRNA  

2.7.1.1. Designing CrRNA Target Sequences 

The online tool CHOPCHOP (Harvard University) was used to design and select possible crRNAs 

to target the UMOD and TIMP3 genes.  The possible crRNAs were filtered based on a high GC:AT 

content, which promotes stability of binding and thus likely efficiency of cleavage, and graded 

based on least off target effects to promote specificity. The top 4 for each category were ordered 

(Sigma-Aldrich®) for downstream testing. 

Investigation of potential off-targets was conducted using the Massachusetts Institute of 

Technology website [CRISPR Design: crispr.mit.edu/]. 
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2.7.1.2. Synthesising the SgRNA 

To generate sgRNAs including the designed crRNA we used the SureGuide™ gRNA Synthesis 

Kit (Aligent Technologies, Stockport, UK). Manufacturer’s instructions were followed with 

‘Template option B’ and an extended tracrRNA backbone selected. As such two partially 

overlapping DNA oligonucleotides were designed, with both coding for the universal part of the 

CRISPR RNA and then separately coding for, on one primer, the T7 polymerase promoter and 

the target crRNA sequence and, on the other primer, the extended tracrRNA backbone. These 

primers were used in accordance with the kit to synthesise a double stranded DNA template which 

was purified and converted into sgRNA using the same kit. The input concentration of the DNA 

template, and the incubation time for this reaction was varied throughout the project as discussed 

in Chapter 5: section 5.3.2. The sgRNA was then purified following the kits instructions and 

frozen at -80°C until use. 

2.7.1.3. Cleavage Efficiency Assay 

To establish which of the synthesised sgRNAs were most efficient at cleaving their target gene 

the Guide-it Genotype™ Confirmation Kit (Clontech, Takara Bio Europe, France) was employed. 

The process involved production of a segment of genomic DNA (PCR product), designed to be 

cleaved into two unequal halves, which was purified from either hiPSC or HEK293 by PCR 

amplification using forward and reverse primers designed with NCBI Primer Blast (Table 2.14).  

 

Gene Primers Strand 
Size 
(bp) 

Tm 

(°C) 
Product Size 

(bp) 

UMOD 
PCR 

Product A 

GTGAGTTGCATGAAGGAGCA Fwd 20 60.0 
961 

CCCCTTGCTTTTCAATGTGT Rev 20 60.0 

UMOD 
PCR 

Product B 

ATTTCACCAGCCAGGGAAG Fwd 19 60.1 
937 

CACTCACAGTGCCATCCATC Rev 20 60.1 

TIMP3 
PCR 

Product A 

CGCAATAGCCATAAACAGCA Fwd 20 59.9 
1090 

AGAGAGGGGCAGTGACTTGA Rev 20 60.0 

TIMP3 
PCR 

Product B 

TCATGCTGGGAACATCTGAA Fwd 20 60.2 
1022 

TTCAAAGACGGGCCTAACAG Rev 20 60.2 

 

Following the manufactures instructions, the PCR products were cleaved by Cas9 associated with 

the sgRNAs. The resultant cleaved products were run by electrophoresis on 2% agarose gels at 

equal concentrations, with uncleaved PCR products run at the same concentration also as 

negative controls. Successful cleavage is indicated by the presence of 2 clear bands of different 

Table 2.14: The Forward (Fwd) and Reverse (Rev) Primers Designed to Create UMOD 
and TIMP3 PCR Products: 
The resultant PCR products were designed for use in cleavage and genotype confirmation 
assays and are cleaved into two unequal halves. 
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length appearing below the level of the uncleaved band. Total cleavage would be seen by a 

complete absence of the PCR product band in the cleaved product lanes. 

The cleavage efficiency of each sgRNA in respect to their correct PCR product was quantified 

using ImageJ software to subtract any remaining intensity of the uncleaved PCR product from the 

intensity of the uncleaved band and converting the result to a percentage. The same sized box 

was used on each band for intensity calculations to keep results consistent. 

 

 Plasmid Development for Transfection 

The plasmid which we selected as a vector for transmission of the knock-out CRISPR-Cas9 

system into hiPSCs was the PiCRg Entry Plasmid (Addgene) which contains the DNA cassette 

coding for the wildtype human codon-optimized S. pyogenes Cas9 (hSpCas9), a neomycin and 

kanamycin resistance cassette, the T7 and U6 promoters and multiple restriction endonuclease 

cleavage sites (Figure 5.4). 

2.7.2.1. Synthesis of DsDNA Coding for CrRNA  

The highest efficiency crRNA sequences were ordered (Sigma-Aldrich®) as oligos of forward and 

reverse sequence which when hybridized to dsDNA would have 5’ and 3’ hangovers allowing 

insertion into the plasmid vector. Hybridization of the forward of reverse primers was conducted 

by combining 4.5 μl of each primer at 10 mM with 1 μl of Anza Buffer solution (Invitrogen™), 

incubating for 10 min at 94°C, then incubating for 1 hr at RT.  

2.7.2.2. Ligation of CrRNA into Plasmid 

The dsDNA coding for the sgRNAs into the PiCRg plasmid the dsDNA was phosphorylated at 

both 5’ and 3’ ends using the Anza™ T4 PNK Kit (Invitrogen™) following manufacturer 

instructions. Meanwhile the plasmid was digested with the BbSI endonuclease (Thermo 

Scientific™) and dephosphorylated with Anza™ Alkaline Phosphatase (Invitrogen™) following 

the Anza™ digestion protocol (Thermo Scientific™) to reduce self-annealing. The dsDNA insert 

was then ligated into the plasmid using the Anza™ T4 Ligase Master Mix (Invitrogen™) following 

the recommended protocol. 

2.7.2.3. Transformation of Bacteria with the Plasmid 

The ligated plasmids were then transformed into Max Efficiency™ DH5α™ Competent Cells 

(Invitrogen™) by combining 1 μl of the plasmids with 100 μl of these cells, incubating on ice for 

30 min, exposing to a 42°C heat shock for 45 seconds and returning to ice for 2 min. 0.9 ml of 

S.O.C. media, provided with the cell kit, was then added to the mix which was incubated at 37°C 

for 1 hr. 200 μl of this solution was streaked onto LB agar plates containing 50 μg/ml kanamycin 

which served to only allow expansion of properly transformed bacteria expressing the kanamycin 

resistance cassette within the plasmid. The plates were cultured at 30°C for 16 hr. Surviving 

colonies were picked and each transferred to separate tubes containing 5 ml LB broth (with 50 
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μg/ml kanamycin). The tubes were cultured for 16 hr at 30°C. After the 16 hrs, 300 μl of each 

culture were reserved for future 100 ml expansion by freezing at -80°C.  

2.7.2.4. Purification of Plasmids 

From the remaining culture solution, the plasmid was purified using the QIAGEN® Plasmid Mini 

Kit (Qiagen) following manufacturer’s instructions. At the end of the protocol, purified plasmid 

pellets were resuspended in 20 μl of nuclease free water and stored at -20°C. 

2.7.2.5. Confirmation of Plasmid Ligation 

To determine if the purified plasmids were indeed correctly ligated to the crRNA coding dsDNA a 

double digestion was conducted with BbsI and AgeI restriction endonucleases following the 

Anza™ digestion protocol and the products run on a 0.8% agarose gel. A non-ligated plasmid 

was also run as a negative control. Proper ligation of the plasmids interrupts the BbsI site and so 

only a single cleavage at the AgeI site can occur. This can be recognised by a single 8.5kb band 

on the gel compared with 2 bands of 3.5kb and 5kb for plasmids without an inserted sequence. 

200 μl of the reserved solutions (see 2.6.2.3) for the correctly ligated plasmids were then 

expanded in 100 ml of LB broth + kanamycin overnight at 30°C. The plasmid vectors were purified 

from these cultures using the QIAGEN® Plasmid Midi Kit (Qiagen) and stored at -20°C until use 

for transfection.  

 

 Transfection of HiPSCs 

2.7.3.1. Pre-Treatment and Harvest of HiPSCs 

To increase the viability of hiPSCs post electroporation they were incubated at 37°C with 10 μM 

ROCKi for up to 1 hr prior to harvest. The hiPSC were then harvested as single cells (see 2.1.1.4). 

80,000 cells per reaction were pelleted by centrifugation in a sterile nuclease free tube. 

For electroporation-mediated transfection of the hiPSCs with the plasmids Lonza’s 

Nucelofector™ Technology was employed (Lonza). For each 80,000-cell reaction, 82 μl of P3 

buffer and 18 μl of supplement 1 from the P3 Primary Cell 4D-Nucleofector™ X Kit (Lonza) was 

combined and used to resuspend the cells. 5 μg of plasmid in no more than 5 μl of nuclease free 

water was added to each reaction mix. For control reactions 2 μl of 1 μg/ml GFP coding plasmid 

from the kit was added to a reaction mix. Each reaction mix was placed in a cuvette which was 

placed into the 4D-Nucelofector™ X Unit. The cuvettes were electroporated using the CD105 

programme (recommended by Lonza). When complete the cuvettes were quickly topped up with 

900 μl of E8 media + 10 μM ROCKi and added to one well of a Geltrex® coated 6wp pre-filled 

with 1ml of E8 + 10 μM ROCKi. The E8 media was changed daily and cell growth was monitored 

by light microscopy. The GFP control electroporated wells were monitored by fluorescent 

microscopy with an EVOS™ FL microscope (Invitrogen™). 
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HEK293T cells were transfected by the same procedure with slight modifications. The cells were 

harvested by incubation with Trypsin-EDTA for 5 min and ROCKi was not included. After 

transfection the cells were plated out on non-coated 6wp.  

 Selection of Transfected Colonies 

Following recovery of the hiPSCs on Geltrex™ coated plates, hiPSCs on DR4-iMEFs or 

HEK293Ts on uncoated plates Neomycin selection was conducted by addition of the G418 

antibiotic 50 μg/ml Geneticin (Gibco™) to the culture media for 7 days with daily media changes. 

For colonies which survived selection on the DR4-iMEF coated plate, individual colonies were 

picked for expansion as homogenous lines. Briefly an inverted light microscope (EVOS™ XL 

Core) was placed into a biological safety cabinet and sprayed with 70% EtOH to sterilize. The 

6wp with selected hiPSC colonies was placed under the microscope and a 20 µl pipette with a 

sterile tip was used to cut colonies into smaller pieces and detach them from the feeder layer 

before aspirating the removed colony pieces and transferring to a Geltrex® coated well of a 6wp 

pre-filled with 2 ml of E8 media. Only one colony was transferred to each well to allow expansion 

of homogenous lines. Each line was expanded and passaged as normal with aliquots frozen for 

banking and analysis. 

For selection of homogenous single cell derived colonies, some transfected hiPSCs were first 

harvested with TrypLE™ and diluted in E8 + ROCKi to a level at which there was theoretically ≤ 

1 cell per 100 μl. Then 100 μl of this cell suspension was plated out on Geltrex® coated 96wps 

and allowed to expand. Selection was then carried out as above, after which surviving colonies 

were passaged onto 48wp for expansion. 

 

 Assessment of Selected Colonies 

2.7.5.1. Sanger Sequencing  

Each successfully selected line of transfected hiPSCs was sent for Sagner sequencing at UCL 

Genetics, Evolution and Environment Sequencing Facility. Genomic DNA for sequencing was 

expanded using the primers and protocol of PCR product from section 2.6.1.3.  

2.7.5.2. Genotype Confirmation Assay 

To assess if the target site for the crRNA had been mutated a genotype confirmation assay was 

conducted on all successfully selected transfected hiPSC cell lines. This involved expansion of 

PCR product from each line and use of the Guide-it Genotype™ Confirmation Kit as in section 

2.6.1.3. PCR product from wildtype (non-transfected) hiPSCs was used a negative control. 
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2.8. Cell Media Formulations 

 HiPSC culture media:  

2.8.1.1. Feeder free: 

o Essential 8 (E8) media (Gibco™)  

o Or equivalent media from other companies, specifically: 

▪ TeSR™-E8™ (STEMCELL Technologies) 

▪ StemMACS™ iPS-Brew XF (Miltenyi Biotec, Surrey, UK) 

2.8.1.2. Feeder dependent: 

o HES Media: 77% DMEM:F12 (Gibco™), 20% KnockOut™ Serum Replacement 

(Gibco™), 1% L-Glutamine (Gibco™), 1% MEM essential amino acids (Gibco™), 

1% Antibiotic-Antimycotic (Gibco™), 100 μM 2-mercaptoethanol (Gibco™), 10 

ng/ml bFGF [Added fresh each feed] (Peprotech®) 

 

 Other Media 

MEF Media: 87% DMEM (Gibco™), 10% FBS (Gibco™), 1% L-Glutamine, 1% Sodium Pyruvate 

(Gibco™), 1% Antibiotic-Antimycotic 
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3. Opti misati on of a hi PSC-D eri ved, 3D  Ki dney Organoi d Differ enti ati on System 

Chapter 3 

Optimisation of a hiPSC-Derived, 3D 
Kidney Organoid Differentiation 

System 
 

 

3.1. Introduction 

 

 The Requirement for a New 3D Kidney Organoid Model 

An organoid is now defined as a self-organising, three-dimensional (3D) cell structure grown in 

vitro which to some extent mimics the phenotypic, genetic, structural and functional aspects of an 

organ in vivo. They can comprise of multiple cell types and are often derived from pluripotent stem 

cells (PSCs) in a single differentiation protocol. As such they are seen to represent a significant 

improvement in utility for disease modelling and drug development platforms compared with 

traditional simple 2D cell culture systems which fail to offer such a complex environment247. 

The kidney, perhaps more so than any other organ, would benefit from the creation of a 

representative, in vitro, 3D model system for its study358. Not only is it a highly specialised organ 

comprised of at least 26 cell types, but also its function is dependent on the correct order of cell 

types within a multi-tiered and interconnected structure21. Furthermore, the kidney is impacted by 

many complex diseases and is vulnerable to nephrotoxic damage from drugs intended for the 

treatment of disorders unrelated to the organ359.  

An ideal model system for study of the kidney would necessarily be: three-dimensional, to enable 

the intricate network of segmented tubules and glomeruli to assemble; highly specialised and 

mature, to ensure relevant cell types, transporter proteins and functional structures are present; 

interconnected with blood vessels at the glomeruli and around the tubules, to enable accurate 

mimicking of compound exposure and blood flow to the nephrons; small in size, low in media use 

and simple to set up and analyse, to make the model conducive to efficient and economical high 

throughput screening (HTS); and reproducible well to well and passage to passage, to ensure 

consistency for testing.  

Using induced pluripotent stem cells (iPSCs) as a starting material for differentiating a kidney 

organoid has come to be seen in the field as the best choice for creating such a model. Unlike 

adult kidney tissue, they are readily available and can be expanded in culture with theoretically 

no limit. Unlike adult stem cell (ASC) populations, they have the capacity to differentiate into any 

cell in the body, including the nephrons and all auxiliary cell types in the kidney. Unlike ESCs they 
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are not tarred with ethical concerns around destruction of human embryos. In addition, they can 

be well characterised in vitro allowing quality control to be conducted. They can also be derived 

from any subject or manipulated in culture to allow the study of any possible genetic background. 

A number of groups, as discussed in detail in Chapter 1: section 1.5.3.2, have developed 

protocols for the creation of kidney organoid models284,285,288,290-292,360,361. All have shown some 

notable successes, with creation of organoids comprised of high numbers of nephrons, in which 

markers of key cell types including podocytes, proximal tubular (PT) cells and collecting duct (CD) 

cells are seen in properly segmented, 3D arrangement284,285,288,290-292,360,361. Functional 

characteristics have been demonstrated, in particular, dextran uptake by PTs, and PT specific 

toxicity in response to cisplatin or gentamicin34,284,290,360. The Little lab has shown the ability to 

create both ureteric bud (UB) and metanephric mesenchyme (MM) and their progeny in a single 

differentiation290, while the group of Nishinakamura has been able to create a highly 

interconnected CD tree structure underneath a large body of nephrons by combining cells from 

two differentiations288. Renal organoids have been grown in various formats, including 96-well 

plates (wps) (Freedman283 and Nishinakamura44), 24wps (Freedman284 and Nishinakamura288,361) 

and 6wps with hanging inserts (Little290) with two groups providing extracellular matrix (ECM) 

structure and signals by the use of Matrigel® (Freedman284). Marigel® is an ECM based hydrogel 

derived from mouse Engelbreth-Holm-Swarm sarcoma which contains primarily laminin-111 and 

also collagen IV, heparin sulphate proteoglycans and nidogen362.  While early evidence of 

endothelial networks has been seen in one protocol (Little290), as yet none have been able to 

create a single model in which blood vessels grow with, and connect to, the nephrons being 

developed. Gene expression analysis has shown that current organoids created by the Little 

group are closer to foetal kidneys than adult and close study of one specialised cell type, the 

podocyte, has matched the maturity of the Freedman lab organoids to that of the capillary loop 

stage of development,9.  

As such there is clearly some way to go towards meeting the criteria of an ideal kidney organoid 

model. Increasing the maturity of the organoids and developing a method suitable for HTS were 

key aims for this project and guided the design of: the Matrigel® sandwich (Figure 3.7); the pilot 

organoid conditions investigated in this chapter (Section 3.3.3); and the production human kidney 

derived ECM gel production and use (Chapter 4). 
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3.2. Aims and Hypothesis 

 

 Hypothesis 

In this chapter we hypothesised that the use of a 3D sandwich system comprising of the ECM gel 

matrix, Matrigel®, in combination with an optimised sequence of growth factor exposure, would 

lead to the production of hiPSC derived kidney organoids of enhanced genetic, structural and 

functional maturity. 

 

 Aims 

4. To generate a stock of hiPSCs for use in downstream experiments which maintain their 

pluripotent state and health as assessed by: morphology and growth kinetics; expression 

of pluripotency genes and proteins; ability to differentiate to all three embryonic germ 

layers; and a lack of pathogenic contamination. 

 

5. To investigate the use of a 3D culture system composed of Matrigel® sandwich system 

for the differentiation of hiPSCs to kidney organoids and determine whether:  

 

a. The use of this system leads to enhanced genetic, structural and functional 

maturity of the generated kidney organoids in comparison to existing 

published protocols for their generation.  

 

b. The use Matrigel® at either 8 mg/ml or 4 mg/ml for the top layer this 

sandwich culture system is superior for the production of mature kidney 

organoids 
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3.3. Results 

In this chapter we set out to first expand and characterise a commercially acquired line of hiPSCs, 

ensuring these cells maintained pluripotency, differentiation potential, normal growth kinetics and 

health. Using this line of iPSCs we then aimed to build on existing published protocols for the 

differentiation of hiPSCs to kidney organoids and create an improved protocol to derive organoids 

with enhanced maturity. To do so we drew on a growing body of evidence indicating the 

importance of signalling and support from ECM factors in organ development and function and 

devised and tested a 3D sandwich culture system using a commercially available ECM matrix 

gel, namely Matrigel®.   

 

 Assessment of HiPSCs 

The first step was to develop a stock of human iPSCs for all future work. As outlined in Chapter 

2: section 2.1, the hiPSCs were grown, passaged and maintained under feeder-free conditions 

as adherent colonies on Geltrex™ coated 6wps in in Essential 8 media (or equivalent media from 

other companies). When healthy, colonies had a flat appearance with well-defined borders while 

cells were tightly-packed and had a high ratio of nucleus to cytoplasm (Figure 3.1.A). Cells were 

either used for experiments, passaged, or frozen down when reaching approximately 80% 

confluence (Figure 3.1.B). Occasionally cell cultures would undergo spontaneous differentiation 

as evidenced by overgrowth and change in morphology of the cells/colonies (Figure 3.1.C,D). 

These cultures were not be suitable for experimental use and thus were discarded.  
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Periodically the pluripotency of the hiPSC would be assessed to ensure cells had not lost their 

differentiation potential or had changed over time. Flow cytometry showed that the cells had 

sufficiency high expression of six key pluripotency marker proteins (Figure 3.2). This included the 

surface markers: TRA1-60+ (99.9%); TRA1-81+ (90.3%); SSEA4+ (100%), and nuclear markers: 

OCT4+ (95.1%); NANOG+ (97.1%); SOX2+ (98.1%) (Figure 3.2.B), as compared to relevant 

isotypes (Figure 3.2.A).  

Figure 3.1: Light Microscopy Images of Human iPSC Maintained in Feeder-Free 
Conditions on Geltrex™ Coated Plates.  
Light microscopy images of A: a healthy colony after 4 days of growth. B: healthy colonies at 
approximately 80% confluence, ready for passaging. C: colonies with evidence of spontaneous 
differentiation evident through changed morphology. D: highly overgrown and differentiating 
colonies evident through morphology and confluence. Images were collected with an EVOS™ 
Core Microscope with a 4x or 10x lens magnification as indicated. Scale bars represent 500 
μm (4x), 250 μm (10x).  
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Immunofluorescence analysis was also conducted to visualise expression of the pluripotency 

proteins. This analysis confirmed ubiquitous expression of all of the pluripotency markers in the 

hiPSCs (Figure 3.3). Coexpression of OCT4 and TRA1-60 proteins was also demonstrated in 

this analysis (Figure 3.3.A).  

Figure 3.2: Pluripotency Marker Analysis by Flow Cytometry of Human Episomal iPSC 
Line:  
A: Histograms of isotype staining for cell surface and nuclear pluripotency markers with 
negative gates created accordingly. B: Histograms for surface and nuclear pluripotency 
marker staining. Percentage of positive staining cells listed. Y-axis = cell count. Data was 
collected using a BD LSRFortessa™ X-20 with BD FACSDIVA™ software. Results were 
processed using FlowJo® v10 software. Data representative of n=3 samples.  
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Gene expression analysis by quantitative polymerase chain reaction (qPCR) of NANOG and 

OCT4 by qPCR confirmed clear expression of these markers. Each gene showed definitive 

amplification at two separate passages from different times in the project. (Table 3.1).  

Figure 3.3: Immunofluorescence Analysis of Cell Surface and Nuclear Pluripotency 
Markers in Undifferentiated Human Episomal iPSC Colonies.  
A: Costaining of nuclear marker OCT4 and surface marker TRA1-60. B: Staining of surface 
marker SSEA4. C: Staining of surface marker TRA1-81. D: Staining of nuclear marker SOX2. 
E: Staining of nuclear marker NANOG. F: Staining of isotype controls for nuclear markers 
(Rabbit Isotype) and surface markers (Mouse Isotype). Cell nuclei are costained with DAPI 
in blue. The magnification scope used in each image is indicated. Images were collected 
with an EVOS™ FL Microscope with a 10x or 20x lens magnification as indicated. Scale bars 
represent 400 μm (10x), 200 μm (20x).  
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Having established the expression of key pluripotency genes and proteins it was also important 

to demonstrate the ability of our hiPSCs to differentiate into the three embryonic germ layers to 

confirm that they were truly pluripotent rather than multipotent. As such the hiPSC were allowed 

to undergo spontaneous differentiation by removal of inhibitory factors from the culture medium 

before being stained with markers of each germ layer: alpha-fetoprotein (AFP) was used a marker 

of endoderm; smooth muscle actin (SMA) was used to designate mesoderm; and beta-II tubulin 

(TUJ1) was used to identify ectoderm (Figure 3.4). Positive staining for all three germs layers 

was seen. Moreover, co-staining of AFP and TUJ1 showed that these markers were not 

colocalised.  

 

As confirmed by Gibco®’s in-house assessment, the hiPSCs were karyotypically normal upon 

commencement of culture (Figure 3.5). 

Table 3.1: Pluripotency Gene Expression Analysis by Quantitative Polymerase Chain 
Reaction (qPCR) of Human Episomal iPSCs:  
Human iPSCs were regularly assessed for expression of key pluripotency markers, NANOG 
and OCT4. In this table cells from two different passages (16 and 24) were shown to clearly 
express both markers. Cт = cycle threshold i.e. the qPCR cycle of detectable expression. 
ΔCтC = relative expression normalised to the expression of the housekeeping gene ACTB. 

Figure 3.4: Three Germ Layer Immunofluorescence Analysis of Human Episomal 
iPSCs: 
Alpha-fetoprotein (AFP) in green marks primitive hepatocytes (endoderm), smooth muscle 
actin (SMA) in red marks cardiomyocytes (mesoderm), and beta-III tubulin (TUJ1) in magenta 
marks neurons (ectoderm). Cell nuclei are costained with DAPI in blue. Images were collected 
with an EVOS™ FL Microscope with 10x lens magnification. Scale bars represent 400 μm. 
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One risk of extended culture is infection of cell lines with mycoplasma. However, assessment of 

cells in culture towards the end of the project confirmed there was no infection in the line (Figure 

3.6) 

 

 

 Figure 3.5 Karyotype Analysis of Human Episomal iPSCs. 
This figure shows cytogenetic analysis performed in-house by ThermoFisher on twenty G-
banded metaphase cells from the Gibco® Human Episomal iPSC Line which was used in this 
project. All twenty cells demonstrated an apparently normal female karyotype. A 
representative slide is shown. Image taken from http://bit.do/gibco-epi 

Figure 3.6: Mycoplasma Testing of Human Episomal hiPSCs.  
HiPSCs were tested for presence of mycoplasma infection with Lonza MycoAlert™ 
Mycoplasma Detection Kit. Sensitivity of the kit was confirmed using Lonza 
MycoAlert™ Assay Control Set. The ratio of read 2 and read 1 (relative luminescence units) 
was below 0.9 indicating no contamination of mycoplasma. 
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 Kidney Organoid Differentiations 

Having developed a suitable stock of hiPSCs and establishing that our iPSCs were pluripotent, 

we next sought to utilise them to generate kidney organoids. The first step of this was to perform 

a literature review to determine the methods that had been used prior to undertaking this project 

which is summarised with Chapter 1: section 1.5.3.2. We then sought to optimise a step-wise 

renal differentiation protocol of our own to improve upon those reported in the literature.  

The protocol and 3D ‘Matrigel® Sandwich’ system designed for this project are shown in Figure 

3.7. The hiPSCs were plated as single cells (2x104 cells/cm2) in 6wps for the 3D or 24wps for the 

2D adapted system overnight, before being incubated with APEL2 media supplemented with first 

8 μM CHIR99021 (CHIR) for 4 days, then 200 ng/ml FGF9 for 4 days further (Figure 3.7.A). Next 

the cells were harvested and pelleted at 5x105 cells per pellet to form the initial 3D organoid 

structure and placed, one per well of a 96wp, on top of a bottom layer of 75 μl of 8 mg/ml Matrigel® 

(Figure 3.7.B). Here they were incubated with APEL2 media containing 5 μM CHIR for 1 hr (a 

so-called ‘CHIR Pulse’) (Figure 3.7.A). Afterwards a top layer of 50 μl Matrigel® was added at 

either 8 mg/ml (M8 method) or 4 mg/ml (M4 method) and allowed to set (Figure 3.7.B), completing 

the 3D sandwich culture system. These two concentrations were tested to determine which 

combination of different concentrations of ECM proteins, variable stiffness of the gel layer and 

permeability of the gel layer would be preferable or mature kidney organoid growth. Following this 

the organoids were incubated with APEL2 with 200 ng/ml for 5 days and then a further 13 days 

with no growth factors in the media (Figure 3.7.A). Alternatively, from day 8 the protocol was 

continued in 2D in which case the cells were not harvested from the 24wps, but the same media 

and growth factor exposure was used (Figure 3.7.A).    
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Representative light microscopy images throughout the 2D-only 26-day protocol are shown in 

Figure 3.8. Day (D) -1 to D8 images are representative of both the 2D and 3D protocol variations. 

D-1 shows healthy hiPSC colonies which were harvested for the protocol. At D0 hiPSCs had been 

grown overnight after being passaged at 2x104 cells/cm2 as single cells and had reached the 

required 40% confluence to begin the protocol. From D0 to D4 the cells were cultured with CHIR 

supplemented APEL2. They had expanded to confluence by D2 and had then contracted into 

interconnected networks of cells comprised of multiple layers. From D4 to D8 CHIR was removed 

from the media and replaced with FGF9 and heparin. The interconnected networks began 

expanding outwards and upwards into yet thicker layers and by D8 the plates showed a ‘hilly’ 

morphology with islands of particularly dense cell clusters connected by arms above a thinner 

base layer of cells. Continuing the culture, post CHIR pulse, in 2D revealed a rapid increase in 

the morphological complexity of the colonies. At D10 clusters of cells bearing strong resemblance 

to renal vesicles had emerged. By D12 the colonies had begun to form complex structures which 

resembled early tubules and even glomeruli. At D18 large interconnected tubule-like networks 

were visible which had developed and expanded further by D26. At D26 there were also 

numerous glomeruli like structures visible some of which appeared to be connected to convoluted 

proximal tubules and further large tubular networks. Some tubules appeared to merge and 

continue in a single path much like in vivo nephrons interconnected to a collecting duct. 

Figure 3.7: Differentiation Protocol for Creation of Kidney Organoids from hiPSCs.  
A: HiPSCs are plated at 2x104 cells/cm2 overnight on 6 (3D) or 24 (2D) well plates prior to 
day 0 and then incubated with APEL2 media + listed growth factors (GFs). Heparin (1μg/ml) 
was included in the media from day 4 onwards. After the 8-day 2D pre-conditioning stage 
cells were harvested; pelleted at 5x105 cells/tube; plated on a base layer of Matrigel®; 
exposed to a 1 hr ‘CHIR pulse’ (APEL2 media + 5 µM CHIR99021 (CHIR)); covered in a top 
layer of Matrigel® and cultured with APEL2 + listed GFs until day 26. For 2D culture the cells 
were not harvested and pelleted on day 8 but exposed on their original plates to the same 
media and growth factor protocol. B: Schematic of the 3D organoid ‘Matrigel® sandwich’ 
culture set up. The concentrations of Matrigel® used for each layer in M4 and M8 conditions 
are listed. Cell pellets which form the organoids are represented as the white spheres. 
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Figure 3.8: Microscopic Appearance of HiPSC 2D Kidney Organoid Differentiation in 2D:   
Day (D)-1: hiPSCs before harvesting for experiment. D0: hiPSCs passaged as single cells prior 
to addition of differentiation media. D2-D4: cells expand and then contract into interconnected 
networks as they take on mesodermal characteristics. D6-D8: colonies expand, and plates 
become confluent as cells form multiple layers. D10: after induction of UB to MM signalling with 
CHIR renal vesicle like structures emerge. D12: cells begin to form complex structures 
resembling proto-tubules and glomeruli. D18: Larger networks of interconnected tubule structures 
arise. D26: cells have formed multiple clusters of maturing tubular structures with some appearing 
to form merged collecting duct-like structures (magnified inset). [Bottom left] Some of the tubular 
clusters had regions mimicking the convoluted proximal/distal tubules connected to Bowman’s 
capsule/glomerular-like structures. An EVOS™ Core Microscope with a 4x, 10x, 20x or 40x lens 
magnification as indicated was used to acquire the images. Scale bars represent 500 μm (x4), 
250 μm (x10), 100 μm (x20), 50 μm (x40). 
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The obvious morphological features of nephron development, seen in the organoids which 

underwent 2D differentiation, are less apparent in the organoids which underwent 3D 

differentiation when viewed by light microscopy (Figure 3.9). The thickness of the pelleted 

organoids precludes examination of finer features, but minor changes are observable. Both M4 

and M8 organoids appear to become darker in the centre indicting increased cell density as the 

protocol progresses. Meanwhile the edges of the organoids appear lighter over time indicating 

these parts of the organoid may be thinning out (Figure 3.9).  

 

 

Figure 3.9: Microscopic Appearance of HiPSC 3D Kidney Organoid Differentiation in a 
3D Matrigel® Sandwich Culture System.  
The development of kidney organoids from day (D) 8 to D26 is shown within a 3D sandwich 
culture system consisting of two layers of Matrigel®. All organoids were grown with a base 
layer of 8 mg/ml Matrigel® but M8 organoids (A) were grown with an 8 mg/ml Matrigel® top 
layer while M4 organoids (B) were grown with a 4 mg/ml Matrigel® top layer. D8: organoid 
pellets prior to ‘CHIR Pulse’ and addition of top layer of Matrigel®. D10 – D13: Organoids 
undergo continued nephrogenesis with exposure to FGF9. D18-D26: Organoids mature and 
self-organise. An EVOS™ Core Microscope with 4x lens magnification was used to collect 
the images. Scale bars represent 500 μm. 
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H&E staining was conducted on kidney organoids at D26 on both 2D (whole well) and 3D 

(sections) organoids and for comparison on sections of adult human kidney sections (Figure 

3.10). H&E of adult human kidney showed clearly defined glomeruli, PT and distal tubule (DT) 

and blood vessels (Figure 3.10.A). The 2D organoid H&E revealed obvious glomerular and 

tubular like structures but in a less complex surrounding setting (Figure 3.10.B). Noticeably, blood 

vessels or tubular openings were not seen which was expected as the 2D organoids were stained 

whole rather than sectioned and so would not have apparent cut open tube structures visible. In 

the sections of 3D organoids there is a cross-section of an apparent complex network of tubules 

but glomeruli like structures were not seen (Figure 3.10.C). 

 

 

To assess whether the 8-day, 2D preconditioning stage (Figure 3.7.A) of the differentiation 

protocol was proceeding as expected it was important to identify cells from both the anterior 

intermediate mesoderm (AIM) and posterior intermediate mesoderm (PIM) by D8 of the protocol. 

To this end, IF analysis of the AIM marker GATA3 and the PIM marker HOXD11 was conducted 

on differentiated cells at D4 and D8 (Figure 3.11). Positive expression of both markers was clearly 

visible by D4 and was maintained at D8 confirming the correct temporal expression of these 

proteins important in early kidney specification. 

  

Figure 3.10: Representative Haematoxylin and Eosin Staining of Human Kidney 
Sections Compared with Kidney Organoid Differentiation in 2D and 3D.  
Light microscopy images of A: human kidney sections, B: 2D organoids in 24 well plates and 
C: 3D organoids sections.  An EVOS™ Core Microscope with 40x lens magnification was 
used to collect the images. Scale bars represent 100 μm. 
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 A key feature of successfully differentiated kidney organoids is the spatially appropriate 

expression of markers of mature nephron cell types. Further IF analysis was used to investigate 

whether this had been successful. The markers used to identify each segment of the nephron and 

their respective locations, along with the fluorescent colour used to mark each area, is 

represented schematically in Figure 3.12 

Figure 3.11: Immunofluorescence Staining of HiPSC Kidney Organoid Differentiation 
2D Preconditioning Stage  
A: Day 4 (D4) staining of anterior intermediate mesoderm marker GATA3 and posterior 
intermediate mesoderm marker HOXD11. B: D8 staining of the same panel used in [A]. Cell 
nuclei are costained with DAPI in blue]. C: Negative control staining for D4 and D8 wells. 
Wells were stained with secondary antibodies, but primary antibodies were excluded. Images 
were collected with an EVOS™ FL Microscope with a 10x, 20x or 40x lens magnification as 
indicated in bottom left of the images. Scale bars represent 400 μm (10x), 200 μm (20x), 100 
μm (40x). 
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Initially this was conducted on D26 organoids derived from the 2D differentiation protocol (Figure 

3.13).  In Figure 3.13.A the organoid was costained for WT1 (a glomerular marker) with 

podocalyxin (PODXL) (a marker of podocytes specifically). This revealed clear, colocalised 

expression of both markers indicating a cluster of glomerular structures above a region of other 

cells. In Figure 3.13.B organoids were costained for lotus tetragonolobus lectin (LTL) (a PT 

marker), uromodulin (UMOD) (a Loop of Henle (LoH) marker) and E-cadherin (ECAD) (a DT 

marker). All three markers were present and there was evidence of sequential localisation of these 

tubular proteins. In Figure 3.13.C, which also stained for LTL and ECAD, the PT transporter 

protein CUBN showed clear expression which colocalised with PT marker, LTL. In both the middle 

and bottom panel there seemed to be colocalization of LTL and ECAD in some areas. ECAD is 

known to be expressed in mature PT cells289. 

Figure 3.12: Schematic Illustration of the Segmented Regions of a Nephron and their 
Respective Markers. 
 The colour of each segment represents the colour of the fluorescent markers used to stain them 
in our immunofluorescence analysis displayed in Figure 3.13 Figure 3.14. 
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Next, in order to assess whether the formation and segmentation of these mature nephron 

compartments had occurred at comparable or superior levels in the 3D Matrigel® sandwich 

derived organoids, IF analysis was repeated with 3D organoids grown in both the M4 and M8 

conditions (Figure 3.14). For the M4 condition WT1 and PODXL appeared highly expressed and 

colocalised but the level of expression suggested high background staining (Figure 3.14.Ai). 

When stained for the panel of LTL, ECAD and UMOD, M4 organoids displayed strong LTL 

expression throughout the organoid (Figure 3.14.Aii). There was weaker staining for ECAD and 

UMOD, however this was at distinct locations from the LTL staining, indicating separation by 

tubule type (Figure 3.14.Ai). In separate staining of an M4 organoid as part of a dextran assay 

LTL was neatly expressed, localised to a tubule like construct with CUBN co-expressed (Figure 

3.15.A). In the M8 organoid, UMOD stained very strongly with weaker staining for LTL and ECAD 

which was hard to distinguish spatially from UMOD (Figure 3.14.B). 

  

Figure 3.13: Immunofluorescence staining of HiPSCs Derived Kidney Organoids Using 
the 2D Differentiation Culture System at Day 26.  
A: Staining of glomerular markers WT1 and PODXL (podocytes). B:  Staining of markers of 
proximal table (LTL), distal tubule (ECAD) and Loop of Henle (UMOD). C: Staining of ECAD 
and LTL as in B and also CUBN a proximal tubule (PT) transporter protein. Cell nuclei are 
costained with DAPI in blue. Images were collected with a Nikon® Eclipse Ti™ microscope 
with a 20x lens magnification. Scale bars represent 200 μm. 
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To investigate if the kidney organoids also showed in vivo-like functional properties we undertook 

a dextran uptake assay to determine whether the proximal tubules within the renal organoids were 

capable of large molecule and protein endocytosis. This is an important function in preventing or 

reducing the loss, in the urine, of any molecules or proteins which have inadvertently escaped 

through the glomerular filtration barrier23,34. The PT based transporter proteins cubulin and 

megalin act together to enable the uptake of large molecules and proteins34.  In this assay mature 

organoids were incubated for 24 hrs with fluorescently labelled 10 kDA dextran molecules. 

Dextran is complex polysaccharide molecule which when labelled with a fluorophore can be used 

to visualise endocytosis in proximal tubules289. Following 24 hr incubation the organoids were 

washed to remove any dextran not specifically uptaken, then costained for LTL, marking the brush 

border of the PTs, and cubulin (CUBN), to identify the transporter (Figure 3.15). Significantly the 

organoids incubated with 10kDA showed a strong uptake of dextran which colocalized with LTL+, 

CUBN+ tubules (Figure 3.15.A). No staining in the red channel was seen in the control organoid 

which was not incubated with red fluorescently tagged dextran (Figure 3.15.B). 

Figure 3.14: Immunofluorescence staining of HiPSCs Derived Kidney Organoids Using 
a 3D Matrigel® Sandwich Culture System at Day 26.  
A. Kidney organoids grown in the sandwich system with a top layer of 4 mg/ml concentration 
(M4) stained for mature nephron markers of i, the glomerulus (WT1) and podocytes (PODXL) 
and ii the proximal table (LTL), distal tubule (ECAD) and Loop of Henle (UMOD). B: Kidney 
organoids grown in the sandwich system with a top layer of 8 mg/ml concentration (M8) 
stained for the same markers as in Aii. Images were collected with a Nikon® Eclipse Ti™ 
microscope with a 20x or 40x lens magnification. Scale bars represent 200 μm (20x) and 100 
μm (40x) 
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Figure 3.15: Successful Uptake of Dextran by Human Episomal iPSC Derived 3D 
Kidney Organoids Demonstrates Presence of Functionally Mature of Proximal Tubular 
Cells.  
A: Representative images of day 26 kidney organoids post 24 hr incubation with 100μg/ml 
10kDA RITC labelled dextran. Organoids are costained with LTL to mark proximal tubules 
and cubulin (CUBN) to mark the proximal tubule transporter responsible for protein uptake. 
B: D26 kidney organoids control incubated for 24hr without dextran. Organoids were 
costained with LTL and green channel left blank as an autofluorescence control. Images were 
collected with a Nikon® Eclipse Ti™ microscope with a 40x or 60x lens magnification. Scale 
bars represent 100 μm. 
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 Alternative Organoid Differentiation Conditions 

Pilot experiments were conducted to assess alternative 3D culture conditions for creation of the 

kidney organoids. In these experiments the same 2D preconditioning stage was used as in Figure 

3.7 but at D8 the cells were transferred to 3D culture in one of the following conditions: Hanging 

Insert (HI); Hanging Insert + Matrigel® Dome (HID); Submersion (SUB); or Suspension (SUSP) 

(Chapter 2: Materials & Methods for full details). All conditions were then exposed to the same 

media and growth factor conditions, including the CHIR pulse, as listed in Figure 3.7. For the HI 

condition, on D8 the 5x105-cell pellet was placed on a semi permeable membrane which hung 

suspended in a 24wp (Figure 2.1.B). Media was then added beneath the insert allowing the 

organoid to access it from below only. The HID condition was an adaption of the HI condition in 

which the organoid, once placed onto the membrane, was covered with a 50 μl layer of 4 mg/ml 

Matrigel® to provide ECM interaction and signalling (Figure 2.1.C). For the SUB condition the 

5x105 cell pellet on D8 was added to a 96wp well filled with 100 μl of 4 mg/ml Matrigel® which 

was then left to set (Figure 2.1.A). Media was added on top of the Matrigel® encased organoid 

for the remainder of the protocol. For the SUSP protocol the pellet of 5x105 cells was resuspended 

as a single cell suspension in 100 μl of 4 mg/ml Matrigel® which was then set (Figure 2.1.D). 

Media was then added on top of the set gel for the remainder of the protocol. 

Light microscopy was used during the protocol to provide an initial level of analysis for these 

differentiation conditions (Figure 3.16). In the HI condition, a dense organoid core on D13 

appears to adapt into more complex structures by D18 and then D26. The dense core spreads 

out and thins towards the edge over the surface of the insert. By D26 this edge has developed 

some more complex structure with different cell thicknesses present (Figure 3.16.A).  

Comparatively, in the HID cultures formed an even more compact and dense core at D13. By D26 

there appears to be high complexity in the organoid with a higher density than in the hanging 

insert only condition. There is much less spread of cells over the insert with it appearing that the 

Matrigel® domes are encasing the organoids throughout the protocol (Figure 3.16.B). In the SUB 

condition, a core organoid formed which seemed to grow over the protocol with cells also spread 

through other areas of the Matrigel® (Figure 3.16.C). In the SUSP condition the dispersed iPSCs 

form small clumps by D13 which grow and in some cases merge by D26 (Figure 3.16.D). 
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Figure 3.16: Representative Light Microscopy Images of HiPSC Derived Kidney Organoid 
Differentiation using 3D Pilot Conditions from Day 13 to Day 26. 
Organoids were transferred into the pilot conditions at day 8 of the differentiation protocol and 
are shown on day (D) 13, D18 and D26. Organoids were shown grown in A:  a hanging insert 
culture system, B: a hanging insert system with a Matrigel® coating over the organoid (hanging 
insert + Matrigel® domes, C: a system in which organoid pellets are placed into liquid Matrigel® 
before solidification (Submersion) and D: a system in which single cells were resuspended in 
liquid Matrigel® prior to solidification (Suspension). An EVOS™ Core Microscope with 4x or 
10x lens magnification was used to collect the images. Scale bars represent 500 μm (4x) and 
200 μm (10x). 

 



138 
 
 

 Gene Expression Analysis of Kidney Organoids 

To look deeper into the development and maturity of the kidney organoids, qPCR analysis was 

used to assess the expression of genes crucial to development and maturity of the nephron and 

further. This was also to provide quantitative data to compare the maturity of organoids in each 

condition. We aimed to identify whether the M4 or M8 condition was superior and further whether 

the 2D or pilot organoid culture conditions generated organoids of lower, comparable or superior 

maturity. The panel of genes investigated were GATA3, HOXD11, PAX2, WT1, OSR1, GDNF, 

CALB1, CD133, SIX2, CDH1 (ECAD) and CDH6. The genes GATA3 and HOXD11, mark the AIM 

and PIM respectively. GATA3 and HOXD11 play key roles in activating early genes promoting 

the UB and MM respectively7. GATA3 is later restricted to expression in the CD7. PAX2 

expression is important in formation of the IM and further both the UB and MM compartments42. 

It goes on to play a role in the condensation of the MM, is expressed in nephron progenitors, and 

is later restricted to the CDs42. WT1 is important in formation of the rudimentary kidney, the 

mesonephros and later promotes the proliferation of the MM. Later WT1 promotes podocyte 

development and marks the glomerular compartment. OSR1 promotes expression of WT1 and 

PAX2 in the MM which in turn promotes GDNF expression52. GDNF release from the MM is the 

critical signal for promoting the protrusion of the UB from the Wolffian duct; and later induces the 

branching of both MM and UB derivatives42. CALB1 is expressed in the UB and later the distal 

nephron with a role in calcium reabsorption41. SIX2 is involved in regulating the MM and later 

marks nephron progenitors53. CD133 is another marker of a nephron progenitor population seen 

adult tubules.  CDH6 and CDH1 mark the PT and DT respectively. CDH1 is also involved in the 

condensation of the MM52.  

In Figure 3.17 the expression of these genes is shown throughout the differentiation of kidney 

organoid by the Matrigel® sandwich system with M4 and M8 expression compared at day 18 and 

day 26. Regrettably variation in the relative expression values between passages resulted in 

some genes failing to demonstrate significant differences as determined by one-way ANNOVA 

and post-hoc Holm-Sidak analysis. Nevertheless, the trends in the mean differences of gene 

expression are discussed. Both GATA3 and HOXD11 were upregulated by D4 and further so by 

D8 indicating successful activation of the AIM and PIM respectively. Both genes peaked in 

expression at D18 and were at D8 levels again at D26. This was expected for GATA3 due to its 

expression in CDs but not for HOXD11. OSR1 upregulation was noticeable at D4 and this 

correlated with rising expression of downstream WT1, PAX2 and GDNF, genes involved in the 

formation of the nephrons and the reciprocal signalling interaction between the UB and MM. All 

these genes were upregulated by D4 but continued to rise in expression to a peak point at D26. 

Only PAX2 and WT1 are expected to be expressed once the nephrons have fully formed. PAX2 

showed a sporadic expression pattern. It was highly upregulated by D4 but then appeared to be 

expressed at a much lower level at D8. In M8 organoids its expression then rose again at D18 

and further by D26. In M4 organoids PAX2 expression spiked at D18 before failing again at D26. 

The UB and distal nephron marker, CALB1, did not appear to be upregulated at any time point. 

The PT marker, CDH6 showed a modest upregulation from D0 to D4 but little change hereafter. 
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The DT marker CDH1, also involved in MM condensation, showed little clear change in 

expression at any timepoint. SIX2 showed only minor upregulation at D4 and D8 but was strongly 

upregulated from D18 and maintained at D26 indicating a high presence of nephron progenitors. 

CD133 did not display any substantial changes in expression from D0 levels.  

The organoids differentiated by the 2D protocol were also assessed for expression of the same 

genes with the additional time point of D13 (Figure 3.18). Again, significance was not found for 

some genes when tested by one-way ANNOVA and post-hoc Holm-Sidak analysis. Early markers 

of AIM and PIM GATA3 and HOXD11 did show upregulation at D4 and D8 but again rose further 

as the protocol continued. OSR1 was upregulated from D4 onwards, not dropping off as would 

be expected in maturing organoids. GDNF, the key gene involved in signalling from the MM to 

the UB, was upregulated by D4 and D8, peaked at D13 before dropping in expression at D18 and 

D26. WT1, also involved in the promotion of nephron formation, as well as earlier formation of the 

PIM and MM, and later promotion of podocytes and localisation to the glomeruli, showed a trend 

of increasing expression from D0 to D26. There was a large jump between D4 and D8 levels. 

PAX2 meanwhile appears generally highly upregulated from D4 onwards despite a dip in 

expression at D8. The markers of nephron progenitor cells CD133 and SIX2 both peak at D26, 

with CD133 showing little change from D0 prior to this stage and SIX2 rising from D13. CALB1, 

marking the UB and later the distal nephron appears downregulated from D0 at all stages. The 

PT marker CDH6 is highly upregulated at comparable levels from D13 to D26. The DT marker 

CDH1 conversely appeared downregulated at D13 and beyond. 

Finally, the same panel of genes was used to assess the maturity of D26 kidney organoids created 

by all methods used in this project (M4 or M8 Matrigel® sandwich, 2D culture, HI, HID, SUB and 

SUSP) (Figure 3.19). However, CD133, HOXD11, GDNF and SIX2 were not included in the panel 

for pilot organoid conditions. In general, M4 and M8 gene expression was similar for nearly all 

genes. PAX2 was the one major exception in which M8 had higher (though not significantly 

different) expression. The 2D condition showed similar expression to the M4 and M8 organoids 

for most genes. Notable exceptions were CDH1 and OSR1, which showed much lower expression 

in 2D than M4 or M8, and CDH6 which showed much higher expression in 2D compared with M4 

and M8.  

HI and HID organoids showed much lower expression of GATA3, CALB1, PAX2 and WT1 than 

the M4 and M8 conditions. For CDH6 they showed a similar levels of expression to the M4 and 

M8 conditions. For CDH1, the HI organoids showed notably higher expression than M4 and M8 

organoids, yet HID organoids had much lower expression than in M4 and M8 organoids. For the 

SUSP organoids, expression in comparison to M4 and M8 organoids was lower for CDH6, WT1 

and PAX2, similar for GATA3 and CALB1, and higher for CDH1. For the SUB organoids 

expression in comparison to M4 and M8 organoids was lower for all genes (although not 

substantially for CALB1). 
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Figure 3.17: Comparative Gene Expression Analysis of Markers of Nephron 
Development and Maturity in HiPSC-Derived Kidney Organoids from Day 0 to Day 26 
of Differentiation with a 3D Matrigel®-based Sandwich Culture System.  
Gene expression of 11 key genes related to nephron development or maturity was assessed 
by qPCR at day 0, 4, 8, 18 and 26. Expression is compared at day 18 and 26 in organoids 
grown using a top layer of Matrigel® at 4 mg/ml (M4) and 8 mg/ml (M8) (For culture system 
method see Figure 3.7). All data is presented as ΔΔCт versus ACTB as housekeeping control 
and undifferentiated hiPSCs with the mean ± standard error in the mean. One-way ANOVA 
followed by post hoc Holm-Sidak analysis in PRISM software was used to determine 
significance (set at P < 0.05). * = P < 0.05, ** = P < 0.01, *** = P < 0.001 and **** = P < 0.0001. 
Symbols directly above bars represent significance of difference relative to Day 0.  Data 
representative of n=4 samples. 
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Figure 3.18: Comparative Gene Expression Analysis of Markers of Nephron 
Development and Maturity in HiPSC-Derived Kidney Organoids from Day 0 to Day 26 of 
Differentiation with a 2D Culture System.  
Gene expression of 11 key genes related to nephron development or maturity was assessed 
by qPCR at day 0, 4, 8, 13 18 and 26. (For culture system method see Figure 3.7). All data 
is presented as ΔΔCт versus ACTB as housekeeping control and undifferentiated hiPSCs with 
the mean ± standard error in the mean. One-way ANOVA followed by post hoc Holm-Sidak 
analysis in PRISM software was used to determine significance (set at P < 0.05). * = P < 0.05, 
** = P < 0.01, *** = P < 0.001 and **** = P < 0.0001. Symbols directly above bars represent 
significance of difference relative to Day 0.  Data representative of n=2 samples. 
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Figure 3.19: Comparative Gene Expression Analysis of Markers of Nephron 
Development and Maturity in Day 26 HiPSC-Derived Kidney Organoids Created Using 
Various Culture Systems.  
Gene expression of 11 key genes related to nephron development or maturity was assessed 
by qPCR in day 26 organoids created using a 3D Matrigel® sandwich culture system with a 4 
mg/ml (M4) or 8 mg/ml (M8) top layer, a 2D culture system, a hanging insert (HI) culture 
system an HI system with a Matrigel® coating over the organoid (HI-Dome), a system in which 
organoid pellets are placed into liquid Matrigel® before gelification (Submersion) and finally a 
system in which single cells were resuspended in liquid Matrigel® prior to gelification 
(suspension). For schematics of each system see Figure 2.1 and Figure 3.7). All data is 
presented as ΔΔCт versus ACTB as housekeeping control and undifferentiated hiPSCs with 
the mean ± standard error in the mean. One-way ANOVA followed by post hoc Holm-Sidak 
analysis in PRISM software was used to determine significance (set at P < 0.05). * = P < 0.05, 
** = P < 0.01, **** = P < 0.0001, # = P value was < 0.001 for M4 vs Suspension but graph 
annotation was simplified. Data representative of n=2 samples. 
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3.4. Discussion 

In this chapter, we describe the development a novel protocol for generating kidney organoids 

from hiPSCs. We set out to test a novel Matrigel® sandwich culture system which we hoped 

would, through provision of ECM cues, lead to the production of kidney organoids with a high 

level of structural, genetic and functional maturity. We further set out to investigate other culture 

systems for the generation of the kidney organoids, in particular those that would make the system 

compatible with high throughput screening experiments, vital for efficient and cost-effective 

disease modelling and drug discovery research. 

These kidney organoids were developed to serve as a model for kidney diseases; specifically, 

diabetic nephropathy, which is investigated using this organoid model later in this thesis (Chapter 

5). Looking to the future the kidney organoids could also serve as a model for drug discovery to 

enable the reversal or halting progression of kidney diseases. They could also be used to assess 

potential renal toxicity of candidate drugs for any disorder. 

 

 Choice and Culture of HiPSCs 

Human iPSCs were chosen as the starting material for production of the organoids due to their 

potential to differentiate to any cell in the kidney; their scalability, with theoretically unlimited 

numbers of a single line able to be grown in the lab; their availability, with many characterised 

commercial and lab created lines in circulation and more lines readily creatable from peripheral 

blood samples; their acceptability, as they avoid ethical issues associated with ES cells; and 

furthermore their potential variety, with lines able to be derived from patients of any age, of any 

ethnic background, with or without genetic causes of kidney (or any) disease, or modified 

genetically in vitro, to study the impact of certain mutations244.  

While these characteristics make iPSCs an ideal choice for creation of an organoid model, they 

must be fully characterised and meet strict criteria before use. Furthermore, it is important to 

closely monitor the cells to ensure they maintain pluripotency and differentiation potential over 

time. To this end, a fully characterised and commercially available hiPSC cell line was selected 

for the experiments. Upon receipt, the hiPSC cell line used here (Gibco®) was shown to be 

karyotypically normal (Figure 3.5), have a genetic and epigenetic profile indistinguishable from 

that of hESCs, stain positively for key pluripotency markers (OCT4, SSEA4, TRA-1-60 and TRA-

1-81) and have full, 3 germ layer differentiation potential363,364. Additionally, the line was sterile 

and free from pathogens.  

The hiPSCs were cultured in feeder free conditions using xeno-free Essential 8 medium by 

Gibco® (or equivalent formulations from other companies as outlined in Chapter 1: Materials 

and Methods). This system allowed the iPSCs to be grown without exposure to animal cells or 

factors which could have detrimental effects on the experiments. Throughout the project cell 

cultures were monitored daily to ensure they were morphologically normal, free from excessive 
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spontaneous differentiation and not overgrown (Figure 3.1.A/B). If any hiPSC cultures showed 

signs of spontaneous differentiation or overgrowth they would not be used for experiments and 

were either discarded or cultured back to health for later use (Figure 3.1.C/D). Experiments were 

started by harvesting iPSCs from cultures that had reached approximately 80% confluence 

(Figure 3.1.B). Periodic testing ensured the hiPSCs were in good condition, with pluripotency 

marker gene expression confirmed by qPCR (Table 3.1) and matching protein expression 

confirmed by flow cytometry (Figure 3.2) and IF (Figure 3.3). The differentiation potential of 

iPSCs was confirmed though 3GL IF analysis (Figure 3.4). Finally, the line was shown to be 

mycoplasma free (Figure 3.6) which meant that it was sufficiently healthy to be used for this 

project. 

 

 Design of Kidney Organoid Differentiation Protocol 

Several groups have designed varying protocols and systems for the differentiation of human 

kidney organoids from hiPSCs. The advantages and drawbacks of each are discussed in detail 

in the main introduction (Chapter 1: Introduction) and are summarised below.  

A protocol devised by the Bonventre lab sandwiched hPSCs between two layers of dilute 

Matrigel® before exposure to differentiation agents284. The organoids created only included cells 

from the MM lineage but had well developed morphologies including of specialised podocytes 

which had features important to the filtration function of the kidney such as early stage foot 

processes284. These organoids showed utility in disease modelling experiments360. It could be 

surmised that the influence of the surrounding Matrigel® provided an ECM niche environment 

which promoted the maturity of the organoids. The organoids were able to be grown in a 96wp 

format which would be conducive to HTS use.  

Nishinakamura and colleagues have devised protocols where a UB population and NP population 

are differentiated separately and combined later with stromal progenitor cells288,361. These 

protocols generated impressively complex kidney organoids in which individual nephrons are 

interlinked by a multiply-branched CD tree288. A drawback of this protocol is the amount of user 

hours and laboratory space required to prepare the cultures, with two independent differentiations 

followed by a complex combination procedure before complete organoids can be constructed. 

In contrast the Little lab’s protocol enables the derivation of functional kidney organoids, 

containing cells from both UB and MM lineages (plus auxiliary cell types such as mesangial cells), 

from a single differentiation290. This has the advantage of simplicity for the scientist who avoids 

the need for running two (or more) separate differentiations and later combining the resulting cell 

types; a factor with great importance if hoping to create a suitable model for HTS. One 

disadvantage of the Little protocol is that each organoid was cultured on a separate 6wp hanging 

insert which means large volumes of media and quantities of growth factors are required for the 

protocol which is expensive and uneconomical to scale up for HTS where high use of incubator 

space would also be an issue.  
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The protocol which we designed for use in this project combined successful elements from each 

of the aforementioned methods. The overall media and growth factor schedule matched closely 

to that of the Little lab’s protocol290 (Figure 3.7). A slight deviation from their protocol was that the 

CHIR and FGF9 exposure steps during the 2D preconditioning stage, which is crucial for the 

induction of the primitive streak and then intermediate mesoderm, were set to 4 days each, 

extending the overall protocol timeline by 1 day. This 2D preconditioning stage follows the protocol 

of the Little lab using 6wp to grow cells in bulk for later 3D culture290. A minor adjustment was 

required in the initial hiPSC plating density which in our hands required 2x104 cells/cm2 (rather 

than 1.5x104 cells/cm2) to reach the necessary 40% confluence to begin the differentiation on 

D0. At D8 the organoids were created following the Little protocol by harvesting the 

preconditioned cells and pelleting them at 5x105/tube290. At this point the pellets were transferred 

into our novel 3D culture environment, named the ‘Matrigel® sandwich’ (Figure 3.7.B). This 

sandwich comprised of a bottom layer of 8 mg/ml Matrigel® concentration, and a top layer in 

which the Matrigel® concentration was tested at both 8 mg/ml (M8) and 4 mg/ml (M4) (Figure 

3.7.B). This was to assess whether diluting the gel would provide benefits to the system by easing 

the penetration of growth factors and nutrients in the media and by easing the removal of waste 

products from the organoids. Our Matrigel® sandwich system could be seen as an evolution of 

the sandwich technique used in the Freedman protocol284 in which our use of a larger number of 

input cells is balanced by thicker and more concentrated Matrigel® layers. This increased 

thickness and density was hypothesised to serve to better imitate the in vivo ECM environment, 

providing greater structural support and access to signals from ECM components and associated 

growth factors to promote differentiation and function. 

An alternative protocol which was also tested involved using the same timings, media and growth 

factors as described above but without harvesting the cells and switching the culture conditions 

into 3D at day 8 (Figure 3.7.A). Instead cells grown in 24wps were exposed in situ to the CHIR 

pulse and then to subsequent media conditions matching those for the 3D organoids. This 

protocol, creating ‘2D organoids’ served two functions. Firstly, it allowed the differentiation 

protocol to be run in a scaled down manner (versus the 6wp 2D stage), thus saving reagents. 

Secondly it enabled easier observation of the morphology of the differentiating organoids which, 

due to the thickness of the 5x105-cell pellet derived organoids, was difficult. 

 

 Analysis of Kidney Organoid Differentiation Protocols in 

2D and 3D 

The light microscopy images for the 2D organoid development were encouraging due to the 

strikingly nephron-like morphology of the visible cell structures formed throughout the protocol 

(Figure 3.8). Initially, from D0 to D8 the cells expanded, before contracting and then thickening 

in an expected manner which closely mimics morphologies and timings seen in other published 

PSC to kidney cell differentiation papers161. Beyond D8, and the accompanying CHIR pulse, a 
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rapid acceleration in formation of recognisable kidney like structures is seen. At D10 dense cell 

clusters, somewhat resembling renal vesicles, form islands connected by a web like network 

formed of distinct layers of cells. These vesicle like structures also bear a marked resemblance 

to the hanging insert based organoids of the Little lab protocol at a similar time point290. At D12 

these vesicles morphed into balls of tubule-like structures. There are also early signs of cell 

structures bearing high similarity to glomeruli. By D18, these tubule-like structures had grown 

denser and spread-out, with many linking to form connected structures across the plates. These 

structures had developed further by the end of the protocol and showed many of the 

morphological characteristics of mature segmented nephrons. Glomeruli or Bowman’s capsule 

like structures were visible which in some cases were visibly attached to draining PT like 

structures which extended further in a convoluted fashion, much like the convoluted PT of a 

mature nephron and even the ascending and descending LoHs. In some areas two tubule-

containing structures appeared to connect to a single tube which mimics multiple nephrons 

draining into a shared collecting duct structure in vivo. Of course, many of the structures, although 

displaying tubule like morphology, seemed to be overly tangled or complex, rather than single 

neat pathways proceeding from glomerulus to the collecting duct. This may well be a side effect 

of growing 3D structures in 2D culture; the structures of the nephron likely require interaction with 

and support from the surrounding ECM niche to properly grow along their intended pathways. 

This is where the 3D Matrigel® sandwich system was expected to offer an advantage. 

Light microscopy of the 3D organoids was unable to reveal the same structural features as seen 

for the 2D organoids (Figure 3.9). This was due to the thickness of these structures which 

prevented the transmission of the light. However, some deductions can be made from the minor 

changes that were observable from D8 to D26. Some thickening of the organoids, particularly in 

their centres, appeared to take place over this time period which suggests the cells were 

proliferating in number. The edges of both M4 and M8 organoids appeared to thin-out which could 

indicate a refining of the structures on the extremities of the organoids and loss of superfluous 

cells by programmed apoptosis (Figure 3.9). Alternatively, it could indicate unplanned cell death 

at the edges of the colonies. If the latter is true then this could be caused by a failure of either 

growth factors and nutrient in the media to filter down through the gel, or a failure of toxic waste 

products to be removed from the sandwiches causing necrosis of the outer organoid which 

remains in contact with these. More detailed investigations would be needed to establish which 

explanation is correct. However, it seems unlikely that GFs and nutrients are not reaching the 

organoids as D18 and D26 organoids display expression of mature genes and proteins (Figure 

3.14, Figure 3.17, Figure 3.15) which could not arise without GF and nutrient sustenance.  

H&E staining of sectioned adult human kidney tissue clearly highlights the presence of glomeruli, 

PT’s, DT’s and blood vessels in the organ (Figure 3.10.A). Unfortunately, the quality of the H&E 

staining for 2D and 3D kidney organoids made identification of these structures more difficult 

(Figure 3.10.B,C). For the 2D organoid staining, technical issues with conducted histological 

staining on attached cells in plastic 24wps will have reduced the quality of the stain achieved. A 

better solution for staining these samples was planned and set up. This involved placing glass 
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coverslips into the wells of the 24wp prior to Geltrex coating and cell seeding. This would allow 

the coverslips, covered with differentiated 2D kidney organoids to be removed at the end of the 

protocol and affixed to glass slides where the staining could be carried out more readily. 

Unfortunately, the differentiation experiment failed on this occasion, so improved H&E data could 

not be collected. Another limitation of the H&E staining of these 2D organoids is that, unlike for 

normal H&E assays, they were stained whole and unsectioned. Consequently, the nuclei were 

not exposed to the dyes and thus would not bind to the haematoxylin and appear purple as usual. 

This also meant that tubules or vessels which ordinarily would be sliced through and appear as 

open holes in the section, would remain as intact tubes. Furthermore, the thickness of the 2D 

organoids meant it was not possible to focus properly on the wells. Nevertheless, in the 2D 

organoids, H&E staining revealed recognisable structures such as glomeruli/Bowman’s capsules 

and tubules (Figure 3.10.B). The 3D kidney organoids were sectioned before being stained with 

H&E. Accordingly, the images are more recognisable as H&E stained samples, with purple 

stained nuclei and pink staining of the ECM and cellular proteins (Figure 3.10.C). While the 

images are noticeably different from the human kidney sections, there does appear to be 

identifiable tubule openings throughout the samples. Glomeruli are not immediately apparent but 

it possible these structures were damaged during sectioning and would have been found in some 

of the larger ‘holes’ in the sections. It is possible damage was caused to the 3D kidney organoids 

during sectioning and sample preparation as the small size of the organoids made them much 

more difficult to handle compared to larger tissue sections.  

Immunofluorescence staining during the 2D preconditioning stage revealed that both the AIM 

(GATA3+) and PIM (HOXD11+) were successfully induced by as early as day 4 of the protocol 

(Figure 3.11). These cell types go on to form the UB and MM respectively which, when both 

present, can reciprocally interact to begin formation of all of the cell types in the mature nephron. 

However, the staining of both GATA3 and HOXD11 appeared to be strongest on the cell 

membrane or in the cytoplasm rather than the nucleus, as would be expected. Indeed, HOXD11 

would not be expected to be found in the cytoplasm at all. One explanation for the aberrantly 

located staining could be that the permeabilization protocol used in the staining was insufficient 

and the antibodies were not properly penetrating into the cells and the nucleus. The staining could 

also be a ‘false positive’ and result of non-specific binding of the antibodies to the cell membranes. 

The control used in this experiment (i.e. secondary only Figure 3.11.C) cannot totally rule this out 

as it does not control for the primary antibodies binding not specifically. Accordingly, full isotype 

controls were used in other immunofluorescence experiments. Regardless of this undecisive 

staining, GATA3 and HOXD11 were both shown to be upregulated at the mRNA level by the 

qPCR (Figure 3.17). Presence of the key nephron cell types, namely glomeruli/podocytes, PT, 

LoH and DT was confirmed in 2D and 3D organoids by further IF analysis (Figure 3.13, Figure 

3.14, Figure 3.15). It proved technically simpler to stain and image the 2D organoids due to their 

relative thinness. Regions of WT1 positive glomeruli showed costaining for PODXL, a marker of 

the specialised epithelial cell, the podocyte which is a key component in the filtration barrier of the 

GBM (Figure 3.13.A). The PODXL staining appeared within the luminal space of the glomerular 
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structures; a location which reflects the location it would take in vivo. Staining for markers of the 

three main tubular cell types, PT, LoH and DT, showed them to be present in a segmented and 

consecutive pattern, mirroring the arrangement of these cell types in vivo (Figure 3.13.B). Cubulin 

was identified by CUBN staining and colocalised with LTL staining, demonstrating the expected 

presence of this transporter in the PTs (Figure 3.13.C, Figure 3.15). In the 3D organoids it proved 

more difficult to produce high-resolution staining of the segmented nephrons. Nonetheless, M4 

organoids showed colocalised staining of WT1 and PODXL, albeit in a pattern which was less 

clearly segmented away from the surrounding organoid (Figure 3.14.Ai). LTL staining was 

observed in a segmented fashion in both M4 and M8 organoids (Figure 3.14.Aii,B) and was 

clearly localised to tubular structures costaining for CUBN in the dextran assay staining (M4 

organoid) (Figure 3.15.A). For the M4 organoids ECAD and UMOD staining was detectable but 

at a weaker intensity versus LTL (Figure 3.14.Aii). Regardless, these markers did show 

expression in distinct locations to staining of LTL suggesting segmentation of the different tubule 

cell types (Figure 3.14.Aii). In M8 organoids, ECAD and UMOD showed up more brightly but due 

to the brightness of the UMOD staining it was difficult to determine whether the 3 markers were 

correctly segmented (Figure 3.14.B).  

QPCR analysis of gene expression in the kidney organoids both at the end stage of the protocol 

and throughout the differentiation is a highly informative and quantitative tool which sheds light 

on the dynamics and success of the protocol. It can also provide a definitive assessment of which 

variation of our protocols was most successful in generating mature renal organoids. First, we will 

consider the data concerning the organoids created by the M4 and M8 methods. It was regrettable 

that with a n of 4, the data did not yield statistically significant results in all cases. The likely reason 

for this is that there were scales of magnitude of difference in expression of some genes at the 

same time points between passages. The cause of this variation is unclear at present. Perhaps 

there was a technical failure in the processing of one or more passages of the organoid mRNA 

samples. Further repeats of the protocol would hopefully enlighten the situation and allow 

identification of passages which may have been outliers. Despite there being some lack of 

significance, we will discuss the trends observed in the data.  

HOXD11 which marks the PIM and promotes MM formation was duly upregulated by D4 and 

further upregulated by D8. GATA3, a marker of the AIM and driver of UB formation showed a 

comparable pattern at these stages (Figure 3.17). This data corroborates the protein expression 

witnessed by IF (Figure 3.11) and indicates the differentiation was successfully inducing the two 

necessary progenitor populations for forming the nephrons and draining apparatus of the kidney. 

The continued expression of HOXD11 beyond this point may indicate some cells did not progress 

beyond the MM state of differentiation during the protocol. GATA3 also continued to be expressed 

with D26 levels equal to those at D8. As this gene is found in mature CDs this could represent 

this population.  

OSR1 is a key driver of nephron formation through the promotion of WT1 and PAX2 expression 

in the MM which in turn promote GDNF expression, a protein key to the MM-UB signalling 
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interaction. As such it was encouraging to see OSR1 was noticeably upregulated at D4 with 

PAX2, WT1 and GDNF expression also increasing at these time points, potentially indicating 

success in activation of this signalling pathway (Figure 3.17). The high expression of WT1 and 

PAX2 could be seen to represent the formation of the glomerular and CD compartments 

respectively. Indeed, the expression of WT1 in the day 26 organoids mirrors the WT1 protein 

expression seen by IF (Figure 3.14). However, it was unexpected that OSR1 and GDNF 

continued to increase expression as the protocol continued. This may lend support to the theory, 

based on the D26 HOXD11 expression, that an immature population of MM cells was present in 

the end stage organoids. Further support for this can be seen in the expression of the SIX2 gene, 

a marker of nephron progenitor cells which also continues to be highly upregulated at D26. 

However, another marker of nephron progenitors CD133 showed little change from D0 levels 

across the protocol. CDH6, a marker of PTs was modestly upregulated as soon as D4 but 

changed little hereafter. Its expression supports the observation of PT by LTL staining by IF 

(Figure 3.14). Conversely, the DT marker CDH1 did not appear to differ substantially from the D0 

level. This is surprising given the clear presence of the ECAD protein by IF (Figure 3.14). It raises 

the possibility that an experimental error during analysis led to incorrect value for this gene. 

CALB1, a marker of UB and later the distal segments of the nephron failed to show any increase 

during the protocol which clashes with the expression of the other markers of UB, and CD which 

were upregulated. However, this supports the lack of CDH1 expression by qPCR.   

Given that the dextran assay demonstrated that functionally mature proximal tubular cells were 

present in the organoids (Figure 3.15), flow cytometry of the d26 organoids would be interesting 

to visualise potentially separate populations of mature cells and progenitor cells. These coexisting 

populations could explain the presence of the immature markers in the end stage organoids. 

There was little observable difference between M4 and M8 organoids in expression of the gene 

panel. PAX2 was the only point of difference, being more highly expressed in M4 organoids at 

D18, and more highly expressed in M8 organoids at D26. Alone this provides insufficient basis to 

choose a superior protocol on the basis of gene expression alone. 

In the 2D differentiation system, qPCR revealed early expression of the UB and MM markers 

GATA3 and HOXD11 with upregulation of the genes involved in nephron formation and reciprocal 

UB-MM interaction OSR1, PAX2, WT1 and GDNF also seen (Figure 3.18). CDH6 expression 

rose significantly towards the later stages of differentiation yet CDH1 expression fell beyond D8. 

The expression of these genes were accordingly, much higher and lower respectively than in the 

M4 and M8 conditions at D26. This may indicate a disproportionate amount of PT formation. The 

continued expression of the developmental markers at D26 would suggest a population of 

immature cells was present in the 2D cultures.  

Having shown that the organoids generated by our optimised differentiation protocol could 

generate renal structures which expressed renal markers, the next step was to determine whether 

these organoids had functional capacity. The proximal tubules are particularly important in 

absorption of nutrients; metabolism of drugs and toxins; and uptake of molecules and proteins 
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from the primary filtrate which escape the glomerular filtration barrier365. We set out to test this 

later function, which is mediated by the transporters megalin and cubulin365.  The results of the 

dextran assay, run on M4 organoids, were precisely what was expected for functioning PTs in 

kidney organoids. Uptake of dextran, specifically at the proximal tubules was observed (as 

marked by LTL staining). These LTL+ tubules also stained positive for the transporter cubulin. No 

dextran uptake was observed in the other areas of the organoid. This robustly demonstrates that 

the organoids, in this case created with the M4 condition, were growing in a segmented 3D 

manner and that, at least in the PT, they were able to perform mature renal functions. This 

functionality demonstrates the utility of this organoid model for studying compounds which would 

target the PT. It would be enlightening to go on to research other functions of the tubules to further 

demonstrate their maturity. Indeed, a toxicity assay was undertaken in which known renal tubule 

toxins such as cisplatin were incubated with the organoids. If expressing mature organic ion 

transporters such as organic cation transporter 2 (OCT2)347, the PT should be specifcally 

damaged at low concentrations of the toxins but generalised nephron damage would be seen at 

higher concentrations283. Regrettably, there was not time to complete the staining and analysis of 

this assay. 

 

 Pilot 3D Organoid Culture Conditions 

Pilot organoid conditions were investigated towards the end of the project with a view to determine 

the simplest and most useful conditions to make the organoid system suitable for HTS. The SUB 

method simplifies and shortens the set-up of the system by removing the need to prepare plates 

with the base layer of Matrigel®. Instead the pellets are prepared as with the sandwich method 

but then submerged into unset liquid Matrigel® which is left to set before the CHIR pulse is 

conducted (Figure 2.1.A). The SUSP system is simpler again, with the tricky pellet formation and 

transfer stage cut out. D8 differentiated cells are instead suspended at 5x105 per 100ul in liquid 

Matrigel® and added to wells at this volume (Figure 2.1.D). The Matrigel® is left to set and then 

the protocol continues with the CHIR pulse.  

Judging by the light microscopy for the SUB system it appears that the organoid pellets may have 

been somewhat damaged upon transfer to the Matrigel® as the highly dense core seen at the 

early stages of the sandwich method is not observed (Figure 3.16.C). Despite this the densest 

visible part of the organoid does visibly grow and expand during the protocol. It would be 

interesting to repeat the differentiation with this set up with a greater number of organoids to see 

how the organoid may develop if undamaged upon entry to the SUB system. The cells in the 

SUSP system, as was expected, grow in a markedly different fashion to those in the other 

systems. With an even distribution through the gel the cells form numerous tiny clusters, which 

expand over the duration of the protocol, resulting in clusters of variable but, comparative to the 

other systems, very small sizes (Figure 3.16.D). While it is possible that nephron cell types, even 

in an appropriately segmented fashion are forming in these clusters, there is little chance of an 

interconnected nephron tree resembling a kidney forming. This may limit the utility of the system 
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for modelling disease or drug screening. In addition, the small size of the clusters presents 

technical difficulties for downstream processing of the organoids for IF, histology, or other 

functional analyses. The gene expression analysis of the D26 organoids created by the SUB 

system was not encouraging. Markers of mature nephrons namely CDH6 (PT), CDH1 (DT), 

GATA3 (CD), CALB1 (distal nephron), and WT1 (glomerulus) all failed to show upregulation 

compared with D0 and were lower than in M4 and M8 conditions (Figure 3.19). This could imply 

nephron formation failed completely in these organoids. However, as this was data from only a 

single passage differentiation, judgement should be reserved until more repeats are conducted. 

For the SUSP organoids a strikingly high expression of CDH1 was observed.  

The HI and HID systems (Figure 2.1.B,C) were adaptations of the Little lab hanging insert 

system290. In the systems used for this project, 24wps with inserts to hold the organoids were 

used, as opposed to the 6wp system from the Little lab. This reduction in plate and insert size 

enables a dramatic reduction in media used throughout the protocol with a concomitant cost 

saving. The 24wp format would also allow a larger number of organoids to be cultured in the same 

space, an important factor for HTS. Naturally though, the space and media usage is higher than 

for the systems using 96wps. Despite these drawbacks compared with the 96wp systems the HI 

and HID systems do have other advantages. Firstly, as revealed by light microscopy, it is easier 

to see the development and maturation of the organoid throughout the protocol. As seen in the 

Little lab protocol290, if nephrogenesis fails (in their case deliberately due to omission of the CHIR 

pulse), a less morphologically complex development of the organoid is observed. This visible, 

‘early warning signal’ of differentiation failure could save time and resources for the scientist who 

would see the need to halt the experiment early. Conversely with the other 3D systems, the lack 

of major observable changes in organoid morphology over the protocol could lead to the 

experiment being run to completion despite failure of nephrogenesis, only for the problem to be 

realised after time consuming and costly organoid harvesting, processing and analysis. A second 

advantage, specific to the HI only method, is that the organoids are not encased in Matrigel® and 

so do not have to be stripped of this coating by the additional Matrigel® dissolution step after 

harvest. Again, this saves time and resources. The justification for the Matrigel® dome adaptation 

in the HID system is that this allows the organoids to benefit from ECM structural support and 

biological signals which have been shown to be important for organ development302-304. 

The light microscopy data for these two HI systems was enlightening. The addition of the dome 

in the HID seemed to lead to both denser and less spread out organoid forming, and a higher 

level of morphological complexity arising, indicative of greater nephrogenesis when compared to 

the HI only system (Figure 3.16.A,B). This would suggest that the interaction of the organoid with 

ECM does indeed offer developmental advantages. However, gene expression analysis did not 

offer corroborating data for this hypothesis (Figure 3.19). The only difference between the two 

conditions was that CDH1, a marker of DTs, was highly upregulated compared with D0 in the HI 

condition, yet downregulated in the HID condition. This may suggest the HI organoids had an 

overabundance of the DT, while this population may have been lacking in the HID organoids. 

CDH6, the PT marker, appeared upregulated in both conditions compared with D0 and at a similar 
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level to that of M4/M8 organoids. However, as this data was based on a single, pilot repeat, there 

would need to be repetitions performed to draw significance from these findings. 

3.5. Summary  

In summary we were able to successfully create a stock of hiPSCs which maintained pluripotency 

and differentiation potential. Furthermore, the research in this chapter has shown that the 

Matrigel® sandwich system for kidney organoid differentiation leads to the formation of organoids 

containing segmented nephron structures. These organoids show a key functional characteristic 

of mature proximal tubules in the kidneys, namely the ability to actively uptake proteins from their 

surroundings. However, as with other published protocols, they do not appear to form blood 

vessels and there is no evidence of an interconnected CD tree beneath the nephrons. 

Furthermore, while there was encouraging temporal expression of some key developmental and 

mature nephron genes, others were missing or continued to be expressed in end stage organoids 

indicating incomplete maturation. Gene expression did not differ noticeably between M4 and M8 

conditions. However, we were able to demonstrate functional PT endocytosis and superior 

segmented nephron marker expression in M4 organoids. As diluting the top layer of Matrigel® in 

the sandwich saves on the use of this expensive reagent, this seems the preferable condition to 

take forward.  

Pilot conditions developed in this chapter offer possible systems more suitable for HTS through 

simplified culture conditions. However, there is not enough data to draw full conclusions on their 

success and additional research will need to be carried out to delineate this.  

Further structural and functional maturity may be provided by substituting the Matrigel® matrix for 

the specific niche environment of the human kidney. In Chapter 4, we set out to address the 

impact of the ECM niche on the differentiation of hiPSCs into renal organoids using decellularised 

human kidney derived ECM gel.  
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4. Creati on of a D ecell ularised Human-Kidney, ECM Gel  for Ki dney Organoi d C ultur e    

Chapter 4 

Creation of a Decellularised, Human-
Kidney, ECM Gel for Kidney Organoid 

Culture 
 

 

4.1. Introduction 

 

 The Importance of the ECM Niche 

The role of the extracellular matrix (ECM) in the health and function of organs has long been 

recognised. The ECM is comprised of a complex mixture of fibrous proteins and 

glycosaminoglycans secreted by the cells of each tissue or organ305.  Well known for providing 

structural support to the cells, but far from being a constant and unchanging skeleton, the ECM 

is continuously in action, being built up or broken down, and providing functional interaction to the 

cells in the tissue which have been shown to be important in differentiation, proliferation and cell 

migration366-371. It has been shown that the specific composition of each organs ECM can vary 

substantially372, and that in cell culture, matching the ECM composition to that of the native organ 

of cells being grown ensures correct cell phenotype and function373-376. Furthermore, when 

differentiation of a certain organ lineage, including that of the kidney, is required, using the ECM 

of the target organ has been shown to be superior to using a mismatched ECM or a generic 

commercial matrix such as Matrigel®306,332,335.  

Key components of the ECM include collagens, fibronectin, laminin and sulphated 

glycosaminoglycans (sGAG) as well as associated growth factors such as FGF and HGF303 . 

Collagens are the most abundant of the ECM proteins, making up the largest percentage of the 

ECM of all organs including the kidneys306. Collagen I, III and IV, amongst, others have been 

shown to have numerous roles in the kidney, including during differentiation310,312. Collagen I and 

III are found in the metanephric mesenchyme (MM) as the kidney develops311,312, while Collagen 

IV shows expression in developing tubules and glomeruli308. 

Laminins have been shown to be vital to the proliferation and branching of the renal collecting 

duct, as well as to the structure of the glomerular basement membrane (GBM) and in the 

condensation of MM16. The laminins isotypes 111, 211, 221, 511 and 521 are most abundant in 

the ECM of the nephrons302. 
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In the kidneys, fibronectin is known to induce cord and tubule formation by interacting with multiple 

integrin receptors315. Additionally, the level of fibronectin present has been shown to influence the 

level of branching morphogenesis during kidney development316. 

SGAGs are linear polysaccharides. They have been identified in the ureteric bud (UB) and MM 

during kidney development303,304. The absence of one GAG, Glypican-3, was shown to cause a 

3-fold overproduction of cortical collecting duct cells and simultaneous 16-fold increase in 

apoptosis of the medullary collecting duct317. If the sulfation of GAGs is inhibited, ureter growth is 

halted and branching morphogenesis is interrupted318. These studies demonstrate the importance 

of correct GAG composition to the balanced development of the kidney.  

 

 Decellularisation of the Kidney 

The process of decellularisation entails the removal of cells from an organ or tissue to leave just 

the acellular ECM scaffold behind322. 

The quality of a decellularised scaffold is assessed by a number of features, prominent amongst 

which are: removal of cellular components as quantified by residual DNA; preservation of the key 

ECM components; and adequate conservation of the tissue architecture322. Removal of cellular 

components, particularly DNA and MHC molecules, is of greatest importance when in vivo 

applications of the scaffold are planned, as left-over components of the cell could illicit an immune 

response from the new host322. The maximum residual DNA level to avoid immune response has 

been shown to be 50 ng/mg of dry tissue weight322. The maintenance of the ECM components is 

vital, due to the role they play in supporting many cellular processes, as discussed above (section 

4.1.1) and in Chapter 1: Introduction: section 1.6.   

It should be noted that any method of decellularisation unavoidably causes some level of 

disruption to the tissue leading to some loss of ECM components and changes to the tissue 

architecture. As such the choice of decellularisation methods is a balancing act, looking to remove 

maximal cellular components with minimal ECM disruption in the fastest time possible. 

A combination of chemical, mechanical and enzymatic factors can be used for decellularisation 

of tissues (as discussed in Chapter 1: Introduction: section 1.6.3)322. Decellularisation can 

proceed by immersion of pieces of the tissue within a solution of the decellularisation reagents 

(routinely combined with agitation), or, by perfusing these solutions through a whole organ by 

exploiting its pre-existing vasculature.  

Kidney decellularisation has been conducted by immersion and agitation by use of 1% sodium 

dodecyl sulphate (SDS) by Nagao et al. (2016)306, while the relative efficiencies of 0.1 N NaOH,  

1% peracetic acid (PAA), 3% Triton X-100, 1% SDS and 0.005% trypsin/EDTA for 24 hours (hr) 

decellularisation were compared by Poornejad et al. (2016)351. This later paper demonstrated 

that: NaOH was the most effective agent at cellular removal but also most deleterious to ECM 

components; SDS was less effective at removal of cellular components whilst still damaging to 
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ECM components; and Triton X-100 was especially gentle on ECM but less effective again on 

cellular content removal351.  

Perfusion kidney decellularisation has also been conducted on human organs and porcine organs 

(which are of comparable size) by a number of groups1,332,333,335,345,354,377 including comparison of 

the relative efficiencies of SDS, Triton X-100, PAA, and sodium deoxycholate as reagents33. 

These studies agreed that SDS was essential to the effective removal of cellular material at 

concentrations of either 0.5% or 1% (w/v), with a perfusion time of 24 hr up to 5 days. Some of 

the groups found a short Triton X-100 step following SDS perfusion was beneficial in fully 

removing SDS from the tissue15,33. Poornejad et al. (2016) developed a computer automated 

cycling protocol using 0.5 M NaCl, 0.5% SDS and DI-H2O351. They found this protocol enabled a 

reduction in the net duration of organ exposure to SDS, a reagent known to be detrimental to the 

preservation of ECM components (in particular sGAG)1,322. Their protocol generated 

decellularised kidney scaffolds with 7.6 ng/mg residual DNA, with preservation of 79.6% of sGAG 

and 55.1% of collagen. 

Previous work in our group has investigated and compared four protocols for mouse kidney 

decellularisation using various combinations of concentrations of SDS and Triton X-100 (Nag and 

Boyd, unpublished data, 2015). This work identified a multi-step protocol composed of an initial 4 

hr immersion in DI-H2O, followed by a 36 hr 0.5% SDS (w/v) immersion, then a 24 hr 1% Triton 

X-100 (v/v) immersion, followed by 3 hr nuclease incubation and finally PBS washing as the most 

effective protocol (Table 4.1). 

 

 Production of Tissue Specific ECM-gels. 

As discussed above (section 4.1.1), the specific ECM of each organ provides a niche with 

structural queues and interactions that guide cells best towards a functional phenotype of the 

same tissue origin306,332,335,373-376. As such, a number of studies have shown that reseeding a 

decellularised organ with various stem or progenitor cells can lead to those cells maturing to cells 

native to that organ and displaying in vivo-like functions329-331. For instance reseeded, 

decellularised kidneys, when implanted into animal models, have been able to produce a 

rudimentary form of urine332. Taking this one step further, researchers have shown that hydrogels 

synthesised from the decellularised scaffolds can be used as a matrix on which seeded stem cells 

go on to differentiate into cells of an appropriate lineage with functional properties306,341. One 

example of this relating to the kidney was carried out by Nagao et al. (2016) who used a kidney-

ECM gel with human kidney peritubular microvascular endothelial cells. These cells became more 

mature and quiescent when cultured with the kidney derived gel as compared to culture on a 

collagen I gel and were also more functional, demonstrated by more sprouting events in an 

angiogenesis assay306. 
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As such, we hypothesised that use of a decellularised human kidney ECM gel (K-gel), in place of 

Matrigel®, in our previously described sandwich system (Chapter 3: Figure 3.7) would result in 

more mature and functional kidney organoids. 

 

4.2. Aims and Hypothesis 

 

 Hypothesis 

This chapter hypothesised that the use of an ECM gel made from decellularised human kidney, 

and thus containing ECM components resembling the specific renal niche environment, would 

lead to an improvement in the structural, cellular and functional maturity of hiPSC-differentiated 

kidney organoids, in comparison to the use of commercially available Matrigel® in our 3D 

sandwich differentiation and culture system. 

 

 Aims 

2. To develop an optimized protocol for decellularisation of human kidney tissue which 

results in minimal residual cellular components such as DNA and maximum preservation 

of the ECM niche components. To allow either whole kidneys or a portion of kidney tissue 

to be decellularised, this aim should be achieved by both: 

 
a. An immersion and agitation-based protocol. 

 
b. A perfusion-based protocol. 

 

3. To develop an optimised protocol for creation of a kidney ECM hydrogel (K-gel) from the 

decellularised kidney scaffolds created in Aim 1. 

 

4. To compare the use of the K-gel created in Aim 2. to the use of Matrigel® in the 3D 

sandwich culture system for differentiation of hiPSC derived kidney organoids. 
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4.3. Results 

Herein we sought to design and optimise a complete process for the creation of a kidney ECM 

gel (K-gel) from human kidney tissue for use in our hiPSC derived kidney organoid culture system. 

As a first step towards this goal, experiments were undertaken to determine a suitable method of 

kidney decellularisation. Initially, a protocol was developed for optimal decellularisation of mouse 

kidneys; this served as a pilot for the decellularisation of human kidneys. Results from the 

optimised protocol (Nag and Boyd, unpublished work) is investigated in section 4.3.1. This 

protocol was then applied to human kidney tissue and the results of this are shown in section 

4.3.2. An improved protocol for human tissue decellularisation was needed and so the use of a 

new agent, namely NaOH, for decellularisation was investigated. Pilot testing for optimal timing 

of NaOH exposure to enable maximal DNA removal and minimal sGAG loss was conducted 

(section 4.3.2.2) followed by use of NaOH exposure as part of 2 alternative multi-step protocols 

(section 4.3.2.3). A perfusion decellularisation protocol was also conducted with the aim of 

utilising this method when whole kidneys were available (section 4.3.2.4). A method for 

synthesising an ECM gel from decellularised human kidneys was optimised in section 4.3.3. 

Finally, we conducted initial testing of this gel in our 3D sandwich culture system for generation 

of hiPSC derived kidney organoids in section 4.3.4.  

 

 Decellularisation of Mouse Kidneys 

An optimal decellularisation protocol would result in total removal of cellular components 

(including DNA) from a tissue whilst completely preserving ECM proteins and other components 

(including collagen and sGAG) which provide crucial niche signals and support for cells 

developing or residing in the tissue322. While the eventual aim of this project was to decellularise 

human kidney for production of a decellularised human kidney ECM-gel for use in differentiation 

of hiPSC derived kidney organoids, we decided to pilot the decellularisation using easily 

accessible mouse kidney tissue. An optimised protocol (Figure 4.1) was devised with 

experiments run previous in our group (Nag and Boyd, unpublished work). From here on this 

protocol will be referred to as the SN protocol A full investigation of the results of decellularisation 

of mouse kidneys using this protocol is shown in this section. 
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Figure 4.1: Schematic of the Optimised Mouse Kidney Decellularisation Protocol (SN).  
Mouse kidneys were harvested, washed with 1x PBS and stripped of perinephric fat then 
sliced longitudinally into 2mm sections. Sections underwent lysis in ddH2O for 4 hours (hr) in 
a petri-dish. Next kidneys were treated with 0.5% SDS (w/v) in PBS for 36 hr in a glass jar 
with continuous magnetic stirring. Then the solution was changed to 1% Triton X-100 (v/v) in 
PBS and the sections were incubated in this solution for 24 hr with continuous orbital shaking. 
Following this, the slices were exposed to nuclease treatment to remove residual DNA by 
emersion in 90 U/ml Benzonase® in 1 mM DPBS in a petri-dish; dished were agitated for 10 
minutes then incubated at 37°C for 3hr. Sections were washed in 1x PBS, 3x for 10 minutes. 
Finally, sections were sterilised through 3-hr incubation with penicillin streptomycin 
amphotericin (PSA) at 10x working concentration in PBS in a petri-dish with continuous orbital 
shaking. Protocol was designed by Sparshita Nag (2015). 
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Macroscopic photographs were taken at key stages throughout the protocol to qualitatively track 

removal of cellular components (Figure 4.2). After organs were harvested and stripped of 

perinephric fat, then washed in PBS they appeared opaque and deep red in colour (Figure 4.2.A). 

After slicing into 2mm sections and 4 hr lysis in ddH2O the kidneys lightened in colour to a reddish 

pink (Figure 4.2.B). After 36 hr exposure to 0.5% w/v SDS the kidneys changed to a brown colour, 

approaching white in some areas, and started to show translucency in the lighter areas (Figure 

4.2.C). Finally, after 24 hr exposure to 1% v/v Triton X-100 and Benzonase® treatment, the 

kidneys became almost totally white in colour and translucent in appearance (Figure 4.2.D). This 

suggested that the protocol was progressively removing cellular components at each step and 

had successfully removed the majority of these by the end of the protocol. 

 

 

 

 

 

To gain a more detailed insight into the physical changes of the kidneys after decellularisation by 

the SN protocol, scanning electron microscopy (SEM) was conducted on native and 

decellularised mouse kidneys (Figure 4.3). SEM images of the native kidney (NK) revealed an 

irregular, bumpy tissue morphology with numerous globular shaped structures, indicative of the 

presence of cells. Tubular structures were visible (Figure 4.3.A). In the decellularised images the 

morphology is markedly different with smooth flat sections separated by tight and sharp folds in 

the tissue (Figure 4.3.B). This suggests the cellular structures had been removed leaving only 

ECM beneath. 

Figure 4.2: Macroscopic Appearance of Mouse Kidneys Throughout Decellularisation 
with the Optimised Mouse Kidney Decellularisation Protocol (SN).  
Mouse kidneys are shown A: post harvest, PBS wash and stripping of perinephric fat, B: post 
longitudinal slicing into 2mm sections and lysis in ddH2O, C: post SDS treatment, D: post 
Triton X treatment. Images collected with a 12-megapixel camera by Sparshita Nag (2015) 
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To further investigate whether important ECM proteins were preserved after decellularisation of 

the kidneys, immunofluorescence (IF) staining of laminin, fibronectin, collagen I and collagen IV 

was conducted on sections of native and decellularised mouse kidneys (Figure 4.4). All proteins 

were present in native mouse kidneys (Figure 4.4.A) and were clearly preserved after 

decellularisation (Figure 4.4.B). Conversely, nuclei, stained blue with DAPI, which are abundantly 

present in native kidneys (Figure 4.4.A), were rarely seen in the decellularised samples (Figure 

4.4.B). This suggested the protocol led to good preservation of ECM proteins with the majority of 

DNA containing nuclei removed.  

  

Figure 4.3: Scanning Electron Microscope Images of Mouse Kidneys Pre and Post 
Decellularisation with the Optimised Mouse Kidney Decellularisation Protocol (SN).  
A: Images of native kidney B: Images of decellularised kidney (n=3). Samples of kidney were 
fixed, dried and coated with gold. Images were collected with ZEISS EVO HD45 Scanning 
Electron Microscope. Magnification is listed, and scale bars represent 20 µm (500x), 10 µm 
(3000x), 2 µm (7000x). 
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Quantitative assays were conducted to allow specific measurement of levels of collagen, sGAG 

and residual total DNA in the kidneys decellularised by the SN protocol (Table 4.1). These values 

are displayed in relation to wet tissue weight as samples were not dried prior to measurement. In 

the table the equivalent values for three alternative protocols, which were tested during the 

optimization process are shown for comparison. The optimal SN protocol corresponds to method 

1 in the table. Each of the other methods followed the same basic steps as for the SN protocol 

(Figure 4.1) but differed with respect to the exposure to anionic (SDS) and/or non-ionic detergents 

(as listed in Table 4.1). Quantitative data was acquired to allow accurate comparison of the 

Figure 4.4: Immunofluorescence Staining of ECM Markers in Mouse Kidneys Pre and 
Post Decellularisation with the Optimised Mouse Kidney Decellularisation Protocol (SN).  
A: Native mouse kidney sections and B: decellularised mouse kidney sections were stained 
(n=5) for 4 key ECM markers: Laminin, Fibronectin, Collagen I or Collagen IV in red with 
costaining of nuclei by DAPI in blue. An EVOS™ FL Microscope with 10x lens magnification 
was used to collect the images. Scale bars represent 400 μm. Images collected by S.Nag 
(2015). 
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methods and selection of the optimal method based on highest preservation of the key ECM 

components (represented by collagen and sGAG) and most complete removal of cellular 

components (represented by residual total DNA). Significance, set at P < 0.05 was analysed with 

one-way ANOVA and post-hoc Bonferroni testing. Results are representative of five independent 

kidney decellularisations and are presented as the mean ± standard error in the mean (SE). The 

residual total DNA, quantified on samples of papain extract, in the SN (method 1) decellularised 

kidneys was 195.90 ± 2.28 ng/mg (Table 4.1). This was significantly lower (P < 0.0001) than in 

the three alternative protocols tested (2 = 591 ± 4.51, 3 = 452 ± 4.72, 4 = 615.33 ± 3.85 ng/mg 

respectively). The preserved collagen content in the SN method decellularised kidneys, quantified 

using the Biocolor® Sircol kit, was 6.75 ± 0.21 μg/mg (Table 4.1). This was significantly higher (P 

< 0.01) than that preserved by method 2 (3.10 ± 0.22) or 3 (2.91 ± 0.25) and not significantly 

different from the method 4 value (7.97 ± 0.70). The preserved sGAG content, quantified using 

the Biocolor® Blyscan kit, in the SN method decellularised kidneys was 33.06 ± 0.45 μg/mg 

(Table 4.1). This was significantly higher (P < 0.05) than that preserved by method 2 (22.14 ± 

1.87) or 3 (21.35 ± 4.05) and not significantly different from the method 4 value (23.05 ± 3.45). 

Taken together these results showed method 1 (SN) was significantly better at DNA removal than 

any of the other methods, was significantly superior to method 2 and 3 for ECM component 

preservation and not significantly different to method 4 for ECM component preservation. 

Therefore method 1 was the optimal protocol.  

 

 

Table 4.1: Collated Quantification Data of Levels of Collagen, sGAG and DNA in Mouse 
Kidneys Decellularised with the Optimised Mouse Kidney Decellularisation Protocol 
(SN). 
Mouse kidneys were decellularised by 4 methods which differed in the exposure to anionic 
(0.5% SDS w/v) or non-ionic (Triton X-100 v/v) detergents as listed. Method [1] is the optimised 
method (SN) represented in Figure 4.1, Figure 4.2, Figure 4.3 and Figure 4.4. Data, (n=5) is 
presented as the mean ± standard error in the mean. Variance was analysed using one-way 
ANOVA in PRISM. Significance, calculated with post-hoc Bonferroni test was set at P < 0.05. 
Symbols indicate significance of difference between listed values and value for method [1].  * = 
P < 0.05, ** = P < 0.01, **** = P < 0.0001, ns = not significant (P ≥ 0.05). Data collected by 
Sparshita Nag (2015) and processed by Thomas Dalliston. 
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 Development of a Human Kidney Decellularisation 

Protocol 

4.3.2.1. Adaptation of the Mouse Decellularisation Protocol 

Having developed a satisfactory protocol for decellularisation of mouse kidneys, the next step 

was to test this protocol with human kidney tissue, and further, to assess whether it sufficiently 

removed cellular components including DNA and preserved elements of the ECM including 

collagen and sGAG. Due to the size of the human organ in comparison to the mouse, some 

modifications were required to the SN protocol. The adapted decellularisation protocol, dubbed 

the human Sparshita Nag (HSN) protocol is shown as a schematic in Figure 4.5. In the first step 

the kidney was washed with PBS before and after removal of perinephric fat and external vessels. 

Next the human kidney tissue was cut into cubes. Two sizes of cube were tested to determine 

which would lead to a better quality decellularised scaffold. Small cubes, ‘DK-S’, were cut to 

approximately 8 x 5 x 2 mm in size while large cubes, ‘DK-L, were cut to approximately 10 x 10 x 

5 mm in size. Next lysis was conducted with samples placed in a 50 ml tube filled with ddH2O and 

incubated at RT on a roller. Then kidneys were treated with 0.5% w/v SDS in PBS for 36 hr in a 

glass jar with continuous magnetic stirring (180 rpm). Next the solution was changed to 1% v/v 

Triton X-100 in PBS and the pieces were incubated in this solution for 24 hr with continuous 

magnetic stirring (180 rpm). Following this, the slices were exposed to a nuclease treatment to 

remove residual DNA by emersion in 90 U/ml Benzonase® in 1 mM DPBS in a petri-dish; dished 

were agitated for 10 mins then incubated at 37oC for 3 hr. Finally, the cubes were washed with 

PBS 3x for 10 min per wash.  
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Figure 4.5: Schematic of the Human-Adapted Mouse Kidney Decellularisation Protocol 
(HSN): 
Human kidneys were harvested, stripped of perinephric fat and sliced into small or large pieces 
as indicated. Pieces were placed into ddH2O in a 50 ml tube and underwent lysis for 4 hours (hr) 
on a roller. Next pieces were treated with 0.5% SDS (w/v) in PBS for 36 hr in a glass jar with 
continuous magnetic stirring (180 rpm). The solution was changed to 1% Triton X-100 (v/v) in 
PBS and the pieces were incubated in this solution for 24 hr with continuous magnetic stirring 
(180 rpm). Following this, the pieces were exposed to nuclease treatment to remove residual DNA 
by emersion in 90 U/ml Benzonase® in 1 mM DPBS in a petri-dish; dished were agitated for 10 
minutes then incubated at 37°C for 3 hours.  
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Macroscopic images were taken after key steps of the protocol to qualitatively track removal of 

cellular components (Figure 4.6). A black background was used for photographs throughout to 

best contrast the colour and features of the tissue. Tissue cubes initially appeared an opaque 

orange-pink colour (Figure 4.6.A), which faded in intensity after lysis (Figure 4.6.B). After SDS 

treatment the colour of the DK-L cubes had faded to pale straw colour, while DK-S cubes were 

paler in appearance still (Figure 4.6.C). After Triton X-100 treatment the colour of the cubes faded 

further; some off white colouration was noticeable in the DK-L cubes but less so in the DK-S 

cubes (Figure 4.6.D). The cubes of both sizes still appeared opaque at this point however. These 

colour changes would suggest that the cellular contents of the tissue cubes were being gradually 

removed, following each subsequent decellularisation step but with greater success in the smaller 

cubes. 

 

 

Figure 4.6: Macroscopic Appearance of Human Kidney Pieces Throughout 
Decellularisation with the Human-Adapted Mouse Kidney Decellularisation Protocol 
(HSN). 
Small (DK-S) tissue cubes (8 x 5 x 2 mm) are shown on the left of the images with large (DK-L) 
cubes on the right (10 x 10 x 5 mm). A: Mouse kidneys post harvest, PBS wash and stripping 
of perinephric fat. B: Kidneys post longitudinal slicing into 2mm sections and lysis in ddH2O. C: 
Kidneys slices post 5% w/v SDS treatment. D: Kidney slices post full decellularisation protocol. 
n=4. All images were taken using a 12-megapixel camera. 



166 
 
 

As with the mouse kidney decellularisation, we next conducted a more detailed investigation to 

determine the extent to which the human kidney scaffolds had been decellularised following the 

HSN protocol. Firstly, H&E staining was conducted on sections of the native kidney and 

decellularised scaffolds to visualise loss of DNA and preservation of underlying structures (Figure 

4.7). In the native tissue, nuclei, stained as purple dots, were seen throughout the sections 

(Figure 4.7.A). Glomeruli, containing capillary loops and surrounded by Bowman’s spaces were 

visible, as were proximal tubules, distal tubules and many arterioles, as annotated in the bottom 

40x panel (Figure 4.7.A). In the decellularised sections, most nuclei appeared to be absent 

(although a number were noticeable, particularly in the 20x panel). On the other hand, glomerular 

structures with capillary loops and Bowman’s spaces, and structures resembling cell free proximal 

tubules, distal tubules or arterioles were preserved as annotated in the bottom 40x panel (Figure 

4.7.B).  
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Figure 4.7: Haematoxylin and Eosin (H&E) Staining of Human Kidneys Pre and Post 
Decellularisation with the Human-Adapted Mouse Kidney Decellularisation Protocol 
(HSN).  
H&E staining was conducted on sections of human kidney both before (A) and after (B) 
decellularisation; n=4. A: Multiple tubular, glomerular and blood vessel-like structures are visible 
as annotated in the bottom panel. B: Glomerular structures and tubular openings are visible and 
annotated in the bottom panel. Images were collected with an EVOS™ Core Microscope with a 
10x, 20x or 40x lens magnification as indicated. Scale bars represent 400 μm (10x), 20 μm 
(20x), 100 μm (40x). 
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Decellularised tissue was analysed by SEM to reveal high resolution changes to the external 

kidney tissue structure on a microscopic scale (Figure 4.8). In the highest magnifications 

(x1500/x2500), the tissue appears smooth, including inside of visible open tubules, suggesting 

the cellular surface has been stripped away, leaving the ECM skeleton beneath. Unfortunately, 

breakdown of the SEM prevented acquisition of higher magnification images or collection of native 

kidney images.  

 

 

Further qualitative information on whether important ECM proteins were preserved after 

decellularisation was gained through IF staining of laminin, fibronectin, collagen I and collagen IV 

on sections of both native and decellularised kidney (Figure 4.9). All proteins were present in 

native human kidneys (Figure 4.9.A) and were clearly preserved after decellularisation (Figure 

4.9.B). Conversely, nuclei, stained blue with DAPI in native kidneys (Figure 4.9.A), were not seen 

in the decellularised samples (Figure 4.9.B). Relevant isotype staining showed some background 

signal and staining artefacts but not the bright specific staining seen in the targeted antibody 

stained sections (Figure 4.9.C). This data suggested the protocol was highly successful at 

removal of cellular components (marked by DAPI+ nuclei) whilst preserving a high proportion of 

ECM proteins. 

Figure 4.8: Scanning Electron Microscope Images of Human Kidneys Post 
Decellularisation with the Human-Adapted Mouse Kidney Decellularisation Protocol 
(HSN).  
Samples of decellularised kidney (n=4) were fixed, dried and coated with gold. Images were 
collected with ZEISS EVO HD45 Scanning Electron Microscope. Magnification is listed. Scale 
bars represent 500 µm (50x), 50 µm (500x) 10 µm (1500x), 10 µm (2500x).  
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Two key components of the ECM are collagen and sGAG. High preservation of these factors 

would be indicative of a successful decellularisation. Conversely, desirable removal of cellular 

components can be represented quantitatively through reduction of DNA content to below 50 

ng/mg by dry tissue weight or 15 ng/mg by wet tissue weight322,378. The assays run to quantify 

these factors are shown below. In these analyses, significance, set at P < 0.05, was analysed 

with one-way ANOVA (Collagen, DNA) or two-tailed t-test (sGAG) and post-hoc Bonferroni 

testing. Results are presented as the mean ± SE. 

  

Figure 4.9: Immunofluorescence Staining of ECM Markers in Human Kidneys Pre and 
Post Decellularisation with the Human-Adapted Mouse Kidney Decellularisation Protocol 
(HSN). 
A: Native mouse kidney sections and B: decellularised mouse kidney sections were stained for 
4 key ECM markers: Laminin, Fibronectin, Collagen I or Collagen IV in red with costaining of 
nuclei by DAPI in blue. C: Cells stained with isotypes staining for antibodies used in A/B. (n=4) 
An EVOS™ FL Microscope with 20x or 40x lens magnification was used to collect the images. 
Scale bars represent 200 μm (20x) or 100 μm (40x).  
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The collagen content (μg/mg wet tissue weight) quantified using the Biocolor® Sircol kit and 

compared in NK, DK-L and DK-S was 3.99 ± 1.56, 8.32 ± 1.13 and 8.64 ± 0.72 respectively 

(Figure 4.10). This represented a relative increase in collagen content post decellularisation with 

either cube size. However, the differences were not significant (P ≥ 0.05). This indicated the HSN 

protocol was very good at preserving collagen, a key ECM component. 

 

The sGAG content (μg/mg dry tissue weight) quantified using the Biocolor® Blyscan kit and 

compared in NK and DK-L was 5.09 ± 0.40 and 0.69 ± 0.07 respectively.  Due to a technical error, 

only one DK-L decellularisation produced results for this assay (Figure 4.11). This result equated 

to a 13.5% preservation of sGAG in the DK-L sample which was a significant decrease (P < 0.01). 

This level of preservation is quite low and far below other published protocols for kidney 

decellularisation indicating this protocol was not preserving sufficient 

sGAG1,306,332,333,335,345,351,354,377. 

  

Figure 4.10: Collagen Content Quantification in Human Kidneys Pre and Post 
Decellularisation by the Human-Adapted Mouse Kidney Decellularisation Protocol (HSN). 
Collagen content was quantified by wet tissue weight using the BioColor®, Sircol Soluble 
Collagen kit. Data for native kidney (NK) and decellularised kidney on both large (DK-L) and 
small (DK-S) pieces are shown. Data (n=4) is presented as the mean ± standard error in the 
mean with individual kidney values represented as the symbols in each column. Variance was 
analysed using one-way ANOVA with PRISM software. Significance, calculated with post-hoc 
Bonferroni test, was set at P < 0.05 and showed no significant difference (P ≥ 0.05) between 
the conditions.  
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The total DNA content (ng/mg dry tissue weight), quantified from papain extracts and compared 

in NK, DK-L and DK-S was 4598 ± 333.6 ng/mg, 2291 ± 633.6 and 2596 ± 534.9 respectively. 

This equated to significant (P < 0.05) reductions of 50.2% (DK-L) and 43.5% (DK-S) (Figure 

4.12). Interestingly the values of residual DNA by wet weight were 159.7 ± 51.5 ng/mg (DK-L) and 

107.0 ± 22.0 ng/mg (DK-S). These values are lower than that achieved in the SN protocol with 

mouse kidneys (Table 4.1). However, by either dry or wet weight the persevered values were far 

above the targets of 50 ng/mg and 15 ng/mg respectively indicating a failure to sufficiently remove 

cellular components by the HSN protocol.  

 

Figure 4.11: SGAG Content Quantification in Human Kidney Pre and Post 
Decellularisation with the Human-Adapted Mouse Kidney Decellularisation Protocol 
(HSN). 
SGAG content was quantified by dry tissue weight using Biocolor® Blyscan kit. Data for native 
kidney (NK) and decellularised kidney on large (DK-L) pieces are shown. Data (n=1) is 
presented as the mean ± standard error in the mean with replicate values represented as the 
symbols in each column. Variance was analysed using an unpaired two tailed t-test with PRISM 
software. Significance, calculated with post-hoc Bonferroni test, was set at P < 0.05. ** = P < 
0.01 

Figure 4.12: DNA Content Quantification in Human Kidneys Pre and Post Decellularisation 
with the Human-Adapted Mouse Kidney Decellularisation Protocol (HSN). 
Total DNA content was quantified by dry tissue weight from papain extracts. Data for native 
kidney (NK) and decellularised kidney on both large (DK-L) and small (DK-S) pieces are shown. 
Data (n=4) is presented as the mean ± standard error in the mean. Individual kidney values are 
represented as symbols in each column. Variance was analysed by one-way ANOVA with PRISM 
software. Significance, calculated with post-hoc Bonferroni test, was set at P < 0.05. * = P < 0.05. 
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Having completed the analysis of the human kidneys decellularised with the HSN protocol it was 

clear that, despite promising qualitative data (including H&E and IF) and some promising 

qualitative data (collagen preservation), this protocol was not yet optimised, with levels of sGAG 

not adequately preserved (13.5%; DK-L) and levels of DNA not sufficiently reduced (DK-L: 2291 

± 633.6; DK-S: 2596 ± 534.9) in the decellularised scaffolds. Furthermore, no significant 

difference existed between decellularisation with large (DK-L) or small (DK-S) tissue cubes. 

Consequently, other methods of decellularisation were investigated. These methods were:  

• Immersion decellularisation including NaOH: for occasions where only part of a kidney is 

available for decellularisation. 

• Perfusion decellularisation following the protocol devised by Poornejad et al. (2016)1. 
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4.3.2.2. NaOH Immersion Pilot Experiment 

NaOH has been shown to be an effective decellularisation agent for removal of cellular 

components such as DNA, whilst maintaining collagen levels351. The drawback of NaOH use has 

been shown to be low preservation of sGAG levels when kidneys are immersed in the solution for 

24 hr351. Consequently, a pilot experiment using a range of NaOH immersion times was 

conducted to determine if an optimal immersion time could be found, which would both greatly 

reduce total DNA content while preserving sGAG content. The outline of this protocol is shown in 

Table 4.2. Slices of kidney, at 2 mm depth and 7cm diameter, were washed with PBS + Heparin 

(50 mg/L) to remove blood, and then immersed in DI-H2O for 15 min five times to begin cell lysis. 

Next the slices were immersed in 0.1 N NaOH for one of five different immersion times (8, 12, 16, 

20 or 24 hr). Finally, the slices were washed with DI-H2O for 15 min to rinse out NaOH before 

being frozen for later analysis. 

 

Photographs were taken of the slices at key stages during the protocol to track and compare 

visual removal of cellular components (Figure 4.13). All steps were carried out with slices in glass 

jars placed on an orbital shaker at 180rpm and at RT (Figure 4.13.B). Slices appeared to be 

lighter in colour after the DI-H2O washes (Figure 4.13.C). After NaOH immersion slices were 

predominately yellowish white in colour (Figure 4.13.D) demonstrating apparent loss of cellular 

material. Over-lighting of the 12-hr slices and flash used during photography of the 20-hr and 24-

hr slices led to an apparently darker colour than shorter immersion times. As the slices did not 

become fully white this indicated not all cellular material was removed. 

Table 4.2: Summary of the Protocol used to Test the Optimal Duration of NaOH 
Exposure for the Decellularisation of Human Kidney Tissue.  
Kidneys which had been freshly harvested or defrosted in advance were sliced into pieces 7 
cm in diameter and 2 mm in depth. Slices were washed in PBS with Heparin (50 mg/L) for 15 
minutes (min) to remove blood. Next the slices were immersed 5x in DI-H2O for 15 min each 
to begin lysis of cellular membranes and to remove residual blood cells. Afterwards the slices 
were split into 5 groups to be exposed to 0.1 N NaOH (pH 11.8-12) for either 8, 12, 16, 20, or 
24 hours (hr). Finally, the slices were washed in DI-H2O for 15 min before being frozen ready 
for later analysis. All immersion/wash steps were performed at room temperature on an orbital 
shaker at 180 rpm.  
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Quantitative analysis of residual total DNA and preserved sGAG was conducted to determine an 

optimal time point a NaOH immersion step which could then be combined with other 

decellularisation reagents for an optimised protocol. In these analyses, significance, set at P < 

0.05, was analysed with one-way ANOVA and post-hoc Bonferroni testing. Results are presented 

as the mean ± SE. 

The total DNA content (ng/mg dry tissue weight) was quantified on purified DNA eluent by 

Nanodrop® spectrophotometer. As predicted levels of DNA decreased with increasing NaOH 

immersion time (Figure 4.14). NK had a total DNA level of 5007 ± 208.5.  8, 12 and 16 hr 

immersion in 0.1 N NaOH led to a significant reduction (P < 0.01) in the DNA level with values of 

Figure 4.13: Macroscopic Appearance of Human Kidney Slices Throughout 
Decellularisation Following the Pilot Protocol used to Test the Optimal Duration of NaOH 
Exposure. 
Slices of kidney are shown: A: undergoing decellularisation immersed in solution and on an 
orbital shaker set to 180rpm; B: post wash in PBS with Heparin (50 mg/L) for 15 minutes (min); 
C: post 5x immersion in DI-H2O for 15 min; D: post exposure to 0.1 N NaOH (pH 11.8-12) for 
either 8, 12, 16, 20, or 24 hours (hr) as indicated below image. All images were taken using a 
12-megapixel camera. 
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4539 ± 107.1 (9.3% reduction), 4435 ± 186.5 (11.4% reduction) and 4416 ± 99.16 (11.8% 

reduction) respectively. There was no significant difference detected between these time points 

(P ≥ 0.05). Immersion for 20 hr showed a significantly greater reduction (P < 0.01) than the shorter 

timepoints with 3676 ± 82.5 ng/mg DNA remaining (26.6% reduction). 24 hr immersion led to 

another significant reduction in DNA content (P < 0.0001) compared with the 20hr timepoint with 

962.5 ± 25.45 remaining (80.8% reduction). This assay revealed that DNA levels can be 

significantly reduced to a comparable level by immersion in NaOH for 8 to 16 hr and significantly 

reduced further with longer incubation times.  

 

Quantitative analysis of sGAG (μg/mg dry tissue weight) using the Biocolor® Blyscan kit showed 

there was no significant difference (P ≥ 0.05) between preserved levels of sGAG after incubation 

with NaOH for 8, 12 or 16 hr that resulted in sGAG preservation of 2.6 ± 0.07 (46.4%), 2.35 ± 0.16 

(41.9%) and 2.18 ± 0.23 (38.9%) respectively. Each value was significantly reduced (P < 0.0001) 

compared to NK at 5.61 ± 0.14 (Figure 4.15). Incubation for 20hr led to a further significant 

reduction (P < 0.001) in preserved sGAG at 0.135 ± 0.095 (2.41%). No preserved sGAG levels 

were detected after 24-hr immersion using this assay. This could be due to the sensitivity of the 

kit. This assay shows that no more than a 16-hr NaOH incubation should be used for the best 

sGAG preservation. 
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Figure 4.14: DNA Content Quantification Human Kidney Pre and Post Decellularisation 
with a Pilot Protocol to Test the Optimal Duration of NaOH Exposure.  
Total DNA content was quantified by dry tissue weight by nanodrop post extraction from tissue 
samples using PureLink™ Genomic DNA kit. Data for native kidney (NK) and in decellularised 
kidney samples which had been exposed to 0.1 N NaOH for 8, 12 16, 20 or 24 hours (hr) are 
shown. Data (n=1) is presented as the mean ± standard error in the mean. Variance was 
analysed using one-way ANOVA with PRISM software. Significance, calculated with post-hoc 
Bonferroni test, was set at P < 0.05. * = P < 0.05, ** = P < 0.01, **** = P < 0.0001. 
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4.3.2.3. Multi-step NaOH Immersion Decellularisation Protocol Design 

The results from the pilot experiment (section 4.3.2.2) led to the conclusion that an immersion 

time of 8 to 16 hr was the optimal balance for DNA removal and ECM preservation. Consequently, 

two multistep decellularisation protocols were designed to incorporate either a 16-hr (protocol 1) 

or an 8-hr (protocol 2) NaOH immersion step. The protocols, which were tested using three 

separate kidneys are illustrated as a schematic in Figure 4.16. In both protocols kidneys were 

thawed from -80°C storage at RT before being sliced into pieces of 4mm depth, 4mm width and 

20mm length. The kidney slices were washed overnight at 4°C in PBS + Heparin (50 mg/L). 

Subsequently, decellularisation steps were conducted on an orbital shaker (180 rpm). Next the 

slices were washed in DI-H2O for 15 min, three times. Here the protocols deviated. In protocol 1, 

the slices were immersed in 0.1 N NaOH for 16 hr at RT. In protocol 2, the slices were immersed 

in NaOH for 8 hr at RT. Then protocol 2 slices were immersed in 3% (v/v) Triton X-100 in PBS for 

16 hr at RT. Following this, slices from both protocols were treated with the nuclease, 

Benzonase® (90 U/ml) in PBS for 4 hr in an incubator at 37°C; 5% CO2. Finally, slices were 

washed five times in DI-H2O at RT for 15 min. 
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Figure 4.15: SGAG Content Quantification in Human Kidney Pre and Post 
Decellularisation Following a Pilot Protocol used to Test the Optimal Duration of NaOH 
Exposure. 
SGAG content by dry tissue weight was quantified by using Biocolor® Blyscan kit. Data for 
native kidney (NK) and in decellularised kidney samples which had been exposed to 0.1 N 
NaOH for 8, 12 16, 20 or 24 hours (hr) are shown. Data (n=1) is presented as the mean ± 
standard error in the mean. Variance was analysed using one-way ANOVA with PRISM 
software. Significance, calculated with post-hoc Bonferroni test, was set at P < 0.05. *** = P < 
0.001, ****= P < 0.0001. 
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Figure 4.16: Schematic of the Multi-Step NaOH Protocols (Protocol 1, Protocol 2) 
Designed for the Decellularisation of Human Kidney Tissue. 
Kidneys which were defrosted from -80°C at room temperature (RT) were sliced into pieces of 
4 mm depth and 20 mm width. Slices were washed in PBS with Heparin (50 mg/L) overnight at 
4°C to remove blood. Next the slices were immersed 3x in DI-H2O for 15 minutes (min) each to 
begin lysis of cellular membranes and to remove residual blood cells. Afterwards the slices were 
split into 2 groups to be exposed to protocol 1 or 2. For protocol 1 slices were immersed in 0.1 
N NaOH (pH 11.8-12) for 16 hours (hr) at RT. For protocol 2 slices were immersed in 0.1 N 
NaOH (pH 11.8-12) for 8 hr at RT. Next protocol 2 slices were immersed in a 3% solution of 
Triton X-100 (v/v) for 16hr at RT. Following this, slices from both protocols received the same 
treatment. First slices were immersed in 90 U/ml Benzonase® for 4 hr in an 5% CO2 incubator 
at 37°C. Finally, the slices were washed 5x in DI-H2O for 15 min before being frozen ready for 
later analysis. All immersion/wash steps, except the heparin wash, were performed on an orbital 
shaker at 180 rpm.  
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4.3.2.4. Whole Kidney Perfusion Decellularisation Protocol Selection 

Concurrently to testing the immersion decellularisation protocols, a protocol for perfusion 

decellularisation, adapted from Poornejad et al. (2016)1 was tested. This was to provide an 

efficient and effective method for decellularisation when a whole kidney was available. The 

protocol tested for this (discussed in detail in Chapter 2: Materials and Methods: section 

2.5.2.2) is represented as a schematic in Figure 4.17. Prior to decellularisation, the kidney was 

defrosted from -80oC at RT and connected to the decellularisation apparatus: the input pump was 

connected via tubing to the renal artery and the output pump was connected via tubing to the 

renal vein. The kidney was placed in a glass jar which acted as the decellularisation vessel. Next, 

to prevent thrombosis, a ‘heparin washout’ was conducted, in which PBS containing heparin (50 

mg/L) was perfused through the kidney at a flow rate of 10 ml/min. This was continued until the 

kidney was fully perfused with the solution. Following this the kidney was perfused with repeated 

cycles consisting of 3 steps as follows: 

1. NaCl perfusion: NaCl (0.5 M) in DI-H2O – 30 min 

2. SDS perfusion: SDS (0.5% w/v) in PBS – 30 min 

3. DI-H2O perfusion: - 30 min 

Step 1 was started at a flow rate of 10 ml/min and this was increased by 1.5 ml/min for each 

consecutive step. The increase in flow rate was continued until it reached 50 ml/min after which 

the rate was kept at this level. As recommended by the authors1 , the 3 step cycle was repeated 

until the kidney appeared fully white. In our hands this was 16 cycles. Finally, the slices were 

washed with DI-H2O for 48 hr at a flow rate of 5 ml/min (Figure 4.17). Due to time restrictions, 

only one kidney was decellularised by this method. 
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Figure 4.17: Schematics of the Poornajed et al. (2016) Perfusion Protocol for the 
Decellularisation of Human Kidney Tissue.  
The kidney was defrosted from -80°C at room temperature (RT) and connected to the 
decellularisation apparatus via the renal artery and renal vein. The kidney was washed out with 
PBS + Heparin (50 mg/L) at a flow rate of 10 ml/min until fully perfused to prevent thrombosis. 
Next the kidney was perfused with repeated cycles consisting of 3 steps, each 30 minutes (min) 
in duration. 1. DI-H2O + 0.5 M NaCl. 2. PBS + SDS 0.5% (w/v). 3. DI-H2O. This 3-step cycle 
was repeated until the kidney was fully white in appearance (16 cycles). The flow rate for this 
cycle began at 10 ml/min and was increased by 1.5 ml/min for every consecutive step up to 50 
ml/min at which point this rate was maintained. Finally, the slices were washed with DI-H2O for 
48 hr at a flow rate of 5 ml/min. All steps were performed at room temperature.  
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4.3.2.5. Analysis of Multistep NaOH Immersion Decellularisation and 
Perfusion Decellularisation  

Results of the analysis of both the multistep NaOH protocols and the perfusion protocol are shown 

together below to allow direct comparison of their efficacy.  

Macroscopic imaging was conducted at key stages during the three protocols to track the removal 

of visible cellular components from the tissue (Figure 4.18). Slices of kidney in the multistep 

protocols appeared an opaque orange-pink post PBS + heparin wash (Figure 4.18.Ai,Bi). This 

colour faded slightly after DI-H2O washes (Figure 4.18.Aii,Bii). For protocol 2 the 8-hr immersion 

with NaOH resulted in the colour fading to a washed-out yellow hue (Figure 4.18.Biii). The slices 

from protocol 1 which had a 16-hr immersion in NaOH also had a yellow hue, but this was lighter 

than that of protocol 2 indicating a greater comparative loss of cellular material (Figure 4.18.Aiii). 

After 16-hr Triton X-100 exposure in protocol 2, slices appeared totally white in colour and 

translucent in appearance (Figure 4.18.Biv) and were not visibly changed after Benzonase® 

treatment (Figure 4.18.Bv). Slices from protocol 1 reached a similar white and translucent 

appearance post Benzonase® treatment (Figure 4.18.Av). The appearance of slices in protocols 

1 and 2 did not noticeably change after DI-H2O washes (Figure 4.18.Avi,Bvi). This suggested 

the slices progressively lost cellular material through the protocols. For the perfusion protocol the 

kidney visibly turned from totally pink (Figure 4.22.Ci) to white over most of the kidney (Figure 

4.22.Cii). One end of the kidney did not appear to have lost as much colour however. Upon 

removal of the kidney capsule it was clear that this area, which had retained its colour, occured 

immediately beyond the point at which a biopsy was taken before commencement of the 

decellularisation (yellow arrows) (Figure 4.22.Ciii). This suggested the decellularisation reagents 

were leaking out of the kidney at this biopsy site and so cellular material was only removed prior 

to this area. 
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Figure 4.18: Macroscopic Appearance of Human Kidney Slices Throughout 
Decellularisation Following the Multi-Step NaOH Protocols or Poornajed et al. (2016) 
Perfusion Protocol: 
Panels in (A) & (B) display macroscopic images of human kidney slices throughout multi-step 
NaOH protocols 1 and 2 respectively. i: Slices of kidney post wash in PBS with Heparin (50 
mg/L) for 15 minutes (min). ii: Slices of kidney post 3x 15 min wash in DI-H2O. iii: Slices of 
kidney post exposure to 0.1 N NaOH (pH 11.8-12) for either 16 (A) or 8 (B) hours (hr). iv: Slices 
of kidney post immersion in Triton X-100 for 16 hr (B only). v: Slices of kidney post 4 hr 
incubation with 90 U/ml Benzonase®. vi: Slices of kidney post 5x 15 min wash in DI-H2O. C: 
Macroscopic images of a whole kidney before (i) and after (ii,iii) Poornajed et al. (2016) 
perfusion decellularisation. The decellularised kidney is shown before (ii) and after (iii) removal 
of the kidney capsule. The yellow arrow indicates the position of the biopsy taken prior to 
commencement of decellularisation. All images were taken using a 12-megapixel camera. 
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We next investigated the three key indicators of a good decellularisation technique; collagen 

preservation, sGAG preservation and reduction in total DNA content, to allow accurate 

assessment of the efficacy of each protocol. In each case the content of each component 

represents the average of the 3 decellularised kidneys (protocol 1 & 2), or in one kidney 

decellularised by the perfusion protocol, with the NK value shown for comparison. Significance, 

set at P < 0.05 was analysed with one-way ANOVA and post-hoc Bonferroni testing. Results are 

presented as the mean ± SE. 

In this analysis of collagen content, no significant differences were detected between NK and any 

of the decellularisation methods (P ≥ 0.05) (Figure 4.19). The collagen content (μg/mg dry tissue) 

was 5.54 ± 1.34 for NK, 5.54 ± 0.815 for protocol 1, 10.67 ± 2.05 for protocol 2 and 5.02 ± 0.24 

for the perfusion protocol. This suggests all protocols were optimised for collagen preservation. 

 

 

  

Figure 4.19: Collagen Content Quantification in Human Kidneys Pre and Post 
Decellularisation by Multistep NaOH or Poornejad et al. (2016) Perfusion Protocols. 
Soluble collagen content by dry tissue weight was quantified using BioColor®, Sircol Soluble 
Collagen kit. For native kidneys (NK), kidneys decellularised by the multistep NaOH protocols 
(protocol 1) and (protocol 2) (n=3) and Poornejad et al. (2016) protocol (perfusion) (n=1), data 
is presented as the mean ± standard error in the mean with individual kidney or replicate values 
represented as the symbols in each column. Variance was analysed using one-way ANOVA 
with PRISM software. Significance, calculated with post-hoc Bonferroni test, was set at P < 0.05 
and showed no significant difference (P ≥ 0.05) between the conditions.  
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Quantitative analysis of preserved sGAG (μg/mg dry tissue weight) using the Biocolor® Blyscan 

kit highlighted significant differences between the protocols (Figure 4.20). The perfusion protocol 

(2.02 ± 0.729) was not significantly different compared with NK (4.39 ± 0.739) (P ≥ 0.05) although 

the value represented 46.1% preservation. Protocol 1 (1.23 ± 0.047) and protocol 2 (0.300 ± 

0.091) both showed significant reductions from the NK level representing a preservation of 27.9% 

(P < 0.05) and 6.8% (P < 0.01) respectively. These values were not significantly different from 

each other. As such the perfusion protocol showed the best preservation of sGAG out of the three 

protocols tested while neither protocol 1 or 2 preserved sufficient levels. 

 

The total DNA content (ng/mg dry tissue weight) was quantified on purified DNA eluent by 

Nanodrop® spectrophotometer. The Protocol 1 value (2195 ± 574.4) represented a non-

significant (P ≥ 0.05) 38.1% reduction from NK (3544 ± 355.2) (Figure 4.20). Protocol 2 (962.3 ± 

534.2) and the perfusion protocol (798.6 ± 213.7) led to a significant (P < 0.05) reduction in the 

DNA level (72.8% and 77.5% respectively). However, the three protocols did not differ significantly 

from each other (P ≥ 0.05). None of these protocols reached the target 50 ng/mg (dry tissue 

weight) DNA indicating further optimisation was required. However the perfusion protocol and 

protocol 2 were superior to protocol 1. 
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Figure 4.20 : sGAG Content Quantification in Human Kidneys Pre and Post 
Decellularisation by Multistep NaOH or Poornejad et al. (2016) Perfusion Protocols.  
SGAG content by dry tissue weight was quantified using Biocolor® Blyscan kit. For native 
kidneys (NK), kidneys decellularised by the multistep NaOH protocols (protocol 1) and 
(protocol 2) (n=3) and Poornejad et al. (2016) protocol (perfusion) (n=1), data is presented as 
the mean ± standard error in the mean with individual kidney or replicate values represented 
as the symbols in each column. Variance was analysed using one-way ANOVA with PRISM 
software. Significance, calculated with post-hoc Bonferroni test, was set at P < 0.05. * = P < 
0.05, ** = P < 0.01. 
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To add visual and structural data points to the quantitative analyses collected above, two 

histological stains were carried out on native and decellularised tissues. These were H&E staining 

and Periodic Acid Schiff (PAS) staining.  

In H&E staining of NK obvious nephron features are visible including glomeruli comprising 

capillary loops and surrounded by Bowman’s space; proximal and distal tubules and arterioles 

(Figure 4.22.D). Protocol 1 and protocol 2 decellularised tissue did not appear to have any of 

these finer features (Figure 4.22.A,B). The tissue section looked like an interconnected web of 

ECM, perforated by regular lacunae with no sign of glomeruli or other identifiable nephron 

structures. Despite this, nuclei were observable in both sections with the largest number in 

protocol 1 tissue.  Sections from the perfusion protocol however retained identifiable glomeruli 

containing capillary loops and surrounded by Bowman’s space, and tubular or vessel like 

structures. (Figure 4.22.C) Only a few nuclei could be seen in this tissue. This suggested the 

perfusion protocol was most effective at removal of DNA and preservation of kidney 

microarchitecture; and that neither protocol 1 or 2 was successful in preservation of 

microarchitecture or removal of all DNA in the scaffolds. 
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Figure 4.21: Total DNA Content Quantification in Human Kidneys Pre and Post 
Decellularisation by Multistep NaOH or Poornejad et al. (2016) Perfusion Protocols. 
Total DNA content by dry tissue weight was quantified by nanodrop post extraction from oven 
dried tissue samples using PureLink™ Genomic DNA kit. For native kidneys (NK), kidneys 
decellularised by the multistep NaOH protocols (protocol 1) and (protocol 2) (n=3) and 
Poornejad et al. (2016) protocol (perfusion) (n=1), data is presented as the mean ± standard 
error in the mean with individual kidney or replicate values represented as the symbols in 
each column. Variance was analysed using one-way ANOVA with PRISM software. 
Significance, calculated with post-hoc Bonferroni test, was set at P < 0.05. * = P < 0.05. 
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To supplement the H&E data, PAS staining was conducted to visualise basement membranes 

(BM) of glomeruli, tubules and vessels. In NK (Figure 4.23.D), multiple typical glomeruli, tubules 

and vessels can be seen with brightly magenta stained BM. Blue nuclei enumerate all the 

structures clearly. Conversely, for the NaOH protocol 1 and protocol 2 decellularisations, bright 

magenta staining, indicating BMs, was limited to areas surrounding certain lacunae within 

sections which lacked any defined glomerular, tubular or vessel-like structures (Figure 4.23.A,B). 

Nuclei were not observed in these sections. In the perfusion decellularised sections, glomeruli, 

although somewhat misshapen are clearly present with clear capillary loop basement membranes 

observed in bright magenta (Figure 4.23.C). Vessel and tubular like structures are apparent also 

Figure 4.22: Haematoxylin and Eosin (H&E) Staining of Human Kidneys Pre and Post 
Decellularisation with Multi-Step NaOH Protocols or Poornejad et al. (2016) Perfusion 
Protocol. 
H&E staining was conducted on sections of human kidney post-decellularisation following the 
multi-step NaOH protocols, 1 (A) and 2 (B) and the Poornejad et al. (2016) perfusion protocol 
(C).. D: H&E staining of native tissue seen in Figure 4.7 is reproduced here for reference (D). 
A, B, D: n=3. C: n=1. Identifiable morphological structures are labelled. Images were collected 
with an EVOS™ Core Microscope with a 10x, 20x or 40x lens magnification as indicated. Scale 
bars represent 400 μm (10x), 20 μm (20x), 100 μm (40x).  
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with magenta stained basement membranes visible. There is little sign of blue nuclei in the 

section. This staining showed that perfusion decellularisation led to good preservation of renal 

microarchitecture including preservation of BM while the immersion protocols led to lacunae 

perforated tissue lacking in any typical BM structures. 

 

 

 

Figure 4.23: Periodic Acid Schiff (PAS) Staining of Human Kidneys Pre and Post 
Decellularisation with Multi-Step NaOH Protocols or Poornejad et al. (2016) Perfusion 
Protocol.  
PAS staining was conducted on sections of human kidney post decellularisation following the 
multi-step NaOH protocols, 1 (A) and 2 (B) and following the Poornejad et al. (2016) perfusion 
protocol (C). PAS staining of native kidney is seen in (D). A, B, D: n=3. C: n=1. Images were 
collected with an EVOS™ Core Microscope with a 10x, 20x or 40x lens magnification as 
indicated. Scale bars represent 400 μm (10x), 20 μm (20x), 100 μm (40x). 
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Overall the histological data revealed poor preservation of kidney microarchitecture using either 

immersion decellularisation protocol and good preservation using the perfusion decellularisation 

protocol. 

 

 Creation of a Decellularised Human Kidney Derived ECM 

Gel 

4.3.3.1. Optimisation of a Protocol for K-gel Synthesis 

Having devised methods to produce a decellularised kidney scaffold the next step was to develop 

a method to produce a high-quality ECM gel (K-gel) from these scaffolds.  This gel needed to be 

able to be produced consistently from batch to batch, to be easy to handle as a liquid, to ideally 

be clear to allow visualisation of cells or organoids cultured with the gel, and to be able to set as 

a solid and stay stable for several weeks when kept at 37oC with cell culture media. The results 

of two gel production methods are displayed in this section. 

For optimisation of the method, the decellularised kidney tissue from the HSN decellularisations 

were used as proof of principle. 

The first step for production of a K-gel was to produce a lyophilised powder from the tissue 

scaffolds. This involved firstly freeze drying (lyophilisation) of the kidney pieces to remove all 

water content, before next milling the samples to create a fine powder. The method followed for 

this is discussed in Chapter 2: Materials and Methods: section 2.6.1 and an image of the milling 

machine used can be seen in Figure 4.24.Ai. Use of a 20-gauge (0.85 mm sieve) mesh enabled 

homogenous milling of all the freeze-dried kidney. To create a finer powder the initial powder was 

manually crushed using a pestle and mortar and liquid nitrogen (Figure 4.24.Aii). 

To enable use of the K-gel in a cell culture capacity, a key requirement was that it was sterile. To 

this end sterilisation of the powder was conducted next. This was carried out in a biosafety cabinet 

containing a UV light for a period of 40 minutes. A sample of the powder was then added to 

DMEM:F12 culture media and placed in a 37oC incubator. After 1 week no bacterial growth was 

observed indicating the powder had been sufficiently sterilised (data not shown). 

Following creation of the sterile powder, two methods were then developed for production of the 

K-gel. Method A involved addition of the kidney powder to 0.01M HCL at 10 mg/ml, followed by 

attempted dissolution by a combination of pipetting, vortexing and syringing (repeated passaging 

up and down though a 20-guage syringe tip) (Figure 4.24.Bii). This method showed poor 

dissolution of the powder which led to unfavourable K-gel. Method B, devised to improve upon 

the dissolution problems in the Method A, used a PolystronTM homogeniser to break up and more 

thoroughly mix the powder within the HCl (Figure 4.24.Bi). This step was then followed by 

syringing to further aid dissolution of the powder (Figure 4.24.Bii).  Following the dissolution 

steps, both protocols proceeded with the addition of the enzyme pepsin, added at a concentration 

of 1 mg/ml to the solution, to solubilise the ECM powder into monomeric protein constituents. The 
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solution was mixed by vortex to enable dissolution of the pepsin. Then the solution was divided 

into 1.7 ml Eppendorf® tubes at 1 ml per tube and placed on an orbital shaker set to 900 rpm for 

72 hr at RT (Figure 4.24.C). Finally, the gel was neutralized to be ready for use or to be frozen 

to be used at a later date (Figure 4.24.D). An additional step, tested on some gel produced by 

Method B, was attempted in which, after 72 hr orbital shaking, the gel was filtered via a 70 μM 

cell strainer to remove any leftover undissolved powder clumps (Figure 4.24.E). 

 

 

Macroscopic images were taken of K-gel from Method A and from Method B (both before and 

after filtration) (Figure 4.25.A). In Method A the K-gel failed to homogenise, and powder clumps 

were settled in the tube, which created an opaque, yellowish mix with a clear liquid layer on top. 

In Method B, prior to filtration a homogenous solution was present with little evidence of 

undissolved powder. After filtration the solution remained homogenous in appearance but 

Figure 4.24: Schematic and Images of K-gel Creation by Methods A and B.  
Numbers 1-5 represent the steps used in creation of decellularised kidney derived ECM-gel (K-
gel). Pictures A-E represent equipment used or the gel mixture at different stages throughout 
the process. Letters in yellow indicate which method(s) the picture applies to. 
[1] Creating a mix of extra cellular matric (ECM) powder and hydrochloric acid (HCl): 
Grinding of the decellularised kidney. For both Method A and B, decellularised and freeze-
dried kidney is ground using a milling machine with a 20-gauge sieve to create an even size 
powder (Ai). The powder is ground further in a pestle and mortar under liquid nitrogen (Aii). The 
powder is added at 10 mg/ml to 0.1 M HCL in a 15 ml centrifuge tube.  
Dissolution of the powder in HCL. Method B proceeds by homogenising this mixture with a 
Polystron homogenizer (Bi) before further mixing with by repetitive suction and expulsion though 
a 20-guage syringe (syringing) (Bii). Method A proceeds by mixing the powder by syringing 
(Bii), pipetting and vortexing.  
[2] Enzyme addition to mixture. For both methods, pepsin is added to the tube at 1 mg/ml and 
mixed by vortexing (C).  
[3] For both Methods the gel mixture is split into Eppendorf® tubes (1 ml/tube) and placed on 
an orbital shaker at 900 rpm at room temperature (RT) for 72 hours (hr). A resulting gel is seen 
in D.  
[4] A portion of gel from Method B was then filtered via a 70 µm cell strainer (E).  
[5] The gel was next neutralised with PBS and NaOH and frozen for later use.   
All images were taken using a 12-megapixel camera. 
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became translucent (Figure 4.25.A). To be suitable for use in the 3D sandwich kidney organoid 

culture system the K-gel needed to form a solid layer in 96 well plates at both 8 mg/ml and 4 

mg/ml (Chapter 3: Figure 3.7). To test this property gel from each method was plated out at 75 

μl/well of 96wps and placed in a 37OC incubator to set for 1hr (Figure 4.25.B,C). Gel from Method 

A was able to set but was cloudy in colour and clumps of undissolved gel were visible throughout. 

Gel from Method B without filtration was also able to set and formed a translucent homogenous 

solid. Gel from Method B that was filtered did not set after 1 hr. Even after 48hr in the incubator 

this gel could not set (data not shown).  

The ability of the gels to form dilute thin layer coatings was also tested, with a view to assess the 

suitability of the gel for 2D cell culture. K-gel was diluted 10x (0.8 mg/ml) and 100x (0.08 mg/ml) 

from the stock concentration and was plated out in the same fashion as with other gels used from 

cell culture (e.g. Matrigel® and Geltrex™). 200 μl of gels from Method A and Method B (unfiltered) 

were plated out per 24wp well and left to set at 37°C for 1 hr (Figure 4.25.D,E). K-gel created by 

Method B formed a transparent layer on the surface of the plates. However, the K-gel created 

using Method A did not form a full and even layer on the plates. Furthermore, clumps of 

undissolved powder were observed.  When cell culture assays were conducted on 24wps coated 

with K-gel created by Method A the gel broke up and detached into solution (data not shown).  

 

Figure 4.25: Macroscopic Appearance of K-gel created by Method A and Method B in 
Liquid Form and Post Plating Out for Solid Layer Formation. 
A: Decellularised kidney derived ECM-gel (K-gel) is shown in Eppendorf® tubes immediately 
after production by each method. To assess ability of gels to form solid thick layers they were 
plated out at 75 µl/96-well plate well at 8 mg/ml (B) or 4 mg/ml (C) and left to set for 1 hour in 
a 37°C incubator before being photographed. To assess ability of gels to form solid thin layers 
they were plated out at 200 µl/24 well plate well at 10x dilution, 0.8 mg/ml (D) or 100x dilution 
0.08 mg/ml (E) and left to set for 1 hour in a 37°C incubator before being photographed. All 
images were taken using a 12-megapixel camera. 
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4.3.3.2. Characterisation of Optimised K-gel 

Following gel creation, and coating of plates to generate an ECM gel layer with Method B kidney 

ECM gel, hiPSCs were next passaged onto the K-gel coated wells in E8 stem cell media to assess 

the presence of attachment proteins, and the ability of the gel to maintain stem cell growth. As 

hiPSCs are known for being very sensitive to their culture conditions successful attachment and 

growth would be a strong indicator of a good quality gel216. HiPSCs plated onto gel at 10x dilution 

(0.8 mg/ml) showed some attachment and in some instances took on morphology reminiscent of 

healthy hiPSCs grown on Geltrex™ or Matrigel® (Figure 4.26.A). In comparison, hiPSCs plated 

onto the gel at 100x dilution (0.08 mg/ml) failed to attach, and instead formed spheroids, 

reminiscent of hiPSCs grown on low attachment plates (Figure 4.26.B).  

 

 

 Culture of Human Kidney Organoids in a K-gel Sandwich 

System 

Having created a K-gel which was able to form a solid layer and which, furthermore was inducive 

to cell culture, the next step was to use the gel in place of a Matrigel® in the 3D sandwich culture 

system developed in Chapter 3: Figure 3.7 to test whether the use of a tissue specific ECM gel 

matric would improve the maturity and functionality differentiated hiPSC-derived renal organoids. 

As the M4 condition (8 mg/ml Matrigel® base layer with 4mg/ml Matrigel® top layer) had 

Figure 4.26: Light Microscopy Images of hiPSC Passaged onto Method B K-gel at 10x 
or 100x Dilution. 
HiPSC were harvested from Geltrex™ coated plates and passaged at a 1:6 split ratio on to 
plates coated with un-filtered Method B decellularised kidney derived ECM-gel (K-gel) at 10x 
dilution, 0.8 mg/ml (A) and 100x dilution, 0.08 mg/ml (B). Images were collected with an 
EVOS™ Core Microscope with a 10x, 20x or 40x lens magnification as indicated. Scale bars 
represent 400 μm (10x), 20 μm (20x), 100 μm (40x). 
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successfully been used to create functional kidney organoids, it was decided to mimic these 

conditions using K-gel in place of Matrigel®.  

A pilot experiment was set-up to test this hypothesis. Briefly, the protocol entailed 8 days of 2D 

pre-conditioning in which hiPSCs are differentiated towards a renal lineage via exposure to 

CHIR99021 and FGF9 before being harvested, pelleted at 5x105 cells/organoid and placed 

between two layers of ECM gel for further self-organisation and maturation exploiting the 

interaction of the surrounding ECM and including further exposure to CHIR99021 and FGF9. A 

portion of the same day 8, preconditioned cells used in this experiment were further differentiated 

for a positive control in the M4 conditions and yielded typical kidney organoids which were 

included in the analysis in Chapter 3. 

To monitor the developing organoids in the K-gel 3D system from day 8, they were observed with 

a light microscope. Images are shown on day 13 and day 26 (Figure 4.27). It is apparent that the 

organoids did not grow in the usual fashion during which they would be expected to stay as dense 

balls (Chapter 3: Figure 3.9). Instead a diffuse, unstructured pattern of cell growth across the 

whole of each well was seen. This suggested the organoids had failed to grow and self-organise 

in the expected manner. 

 
Gene expression analysis of the K-gel organoids at day 26 was conducted by qPCR. Results are 

presented in comparison to kidney organoids grown from the same cell passage in the M4 

sandwich system (Figure 4.28). Significance, set at P < 0.05, was analysed by one-way ANOVA 

and post-hoc Bonferroni analysis Expression of key nephron maturity markers WT1 (glomerulus), 

CDH6 (proximal tubule), CDH1 (distal tubule), CALB1 (distal nephron) and PAX2 and GATA3 

(collecting duct) were investigated. All were significantly lower in kidney organoids grown in K-gel 

Figure 4.27: Light Microscopy Images of HiPSC-Derived Kidney Organoids During 
Differentiation in a K-gel Sandwich System.   
Light microscopy images of kidney organoids during differentiation using the protocol from 
Figure 3.7.A within a 3D sandwich culture system with a 4 mg/ml top layer and 8 mg/ml base 
layer of decellularised kidney derived ECM-gel (K-gel) (Figure 3.7.b) are shown on day 13 
and day 26 (n=1). Images were collected with an EVOS™ Core Microscope with a 4x or 10x 
lens magnification as indicated. Scale bars represent 1mm (4x) or 400 μm (10x). 
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compared with those grown in M4 conditions (Figure 4.28.A). Markers of fibrosis, epithelial-to-

mesenchymal transition (EMT) and cell death were also investigated to see if the unexpected 

organoid morphology was a result of pathological or infectious changes to the cells (Figure 

4.28.B). EMT inducers SNAI1 and TWIST were both significantly higher in expression in K-gel 

organoids. However mesodermal marker αSMA, fibrosis markers TGF-β1 and COL3A and cell 

apoptosis marker CASP9 showed significantly higher expression in the M4 organoids. Taken 

together the gene expression data suggested that the K-gel organoids were less mature than 

those grown in the M4 condition and were perhaps undergoing early stages of EMT. 
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  Figure 4.28: Comparative Gene Expression Analysis of Markers of Nephron Maturity 
and Kidney Disease in Organoids Grown in a Matrigel® or K-gel 3D Sandwich Culture 
System. 
Comparative expression of A: 6 key nephron maturity markers and B: 6 markers of EMT, cell 
death and kidney disease, as assessed by qPCR in kidney organoids at day 26 grown in a 
3D sandwich culture system with a

 
4 mg/ml top layer and 8 mg/ml base layer consisting of 

Matrigel®
 
(M4) (n=4) or decellularised kidney derived ECM-gel (K-gel) (n=1). All data is 

presented as ΔCт versus ACTB as housekeeping control with the mean ± standard error in 
the mean.  Variance was analysed using unpaired two-sided t-tests in PRISM software. 
Significance, calculated with post-hoc Bonferroni test, was set at P < 0.05. * = P < 0.05, ** = 
P < 0.01, *** = P < 0.001 and **** = P < 0.0001. 
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4.4. Discussion 

In this chapter we describe the development of a decellularised human kidney derived ECM-gel 

(K-gel) and its use, in place of Matrigel®, in our previously described in vitro 3D sandwich system 

for differentiation of hiPSC derived kidney organoids (Chapter 3: Figure 3.7).  

Through provision of key niche signals and protein interactions, the use of this K-gel was 

hypothesised to increase the cellular variety, structural complexity and functional maturity of the 

kidney organoids produced by our differentiation system. 

 

 Assessment of the Mouse Kidney Decellularisation 

Method (SN Protocol) 

Before work on creation and use of this K-gel could begin, the development of a robust technique 

for creation of decellularised kidney scaffolds had to be completed. Previous work by our lab had 

investigated a range of protocols using either anionic, non-ionic detergents or a combination of 

both types of detergents for decellularising mouse kidneys (Sparshita Nag and Boyd 2015 – 

unpublished work). This work served as a pilot for the work conducted in this project in 

decellularisation of human kidney tissue. The result of this pilot work was an optimised method 

(SN Protocol) for mouse kidney decellularisation which used lysis, SDS treatment, Triton X-100 

treatment and finally, nuclease treatment (Figure 4.1). In this protocol ddH2O immersion is used 

to initiate cellular lysis. This was followed by immersion in the anionic detergent SDS to disrupt 

non-covalent protein-protein bonds aiding the disruption of intercellular junctions and the 

connections of cells with the ECM basement membrane. Triton X-100 was used as a third agent. 

As a non-ionic detergent, Triton X-100 acts by disrupting lipid-lipid and lipid-protein bonds, thus 

aiding in the breakup of cell membranes and providing a gentler decellularisation effect350. Finally, 

Benzonase® was used. This nuclease has been reported to be an effective endonuclease for 

fragmenting DNA by mid-sequence cleavage aiding in removal of residual DNA from the 

scaffolds322. After these decellularisation steps, the resulting scaffolds were sterilised with a 3-hr 

incubation in PSA. As can be seen from the macroscopic appearance of the kidneys, the 

decellularisation procedure caused the kidney tissue to lose their original opaque red colour, 

instead developing a white and translucent appearance (Figure 4.2). This suggested the protocol 

was efficient at removing the cellular components from the kidney tissue.  

To confirm if this observation was correct, it was next necessary to characterise the tissue to 

determine if the cells had been in fact removed from the tissue. High magnification imaging by 

SEM on whole slices of mouse kidney before and after decellularisation provided support for this 

conclusion (Figure 4.3). Native kidney was seen to have a complex and irregular morphology 

with numerous globular structures. This indicated the presence of a fully cellular tissue. It was not 

possible to identify glomerular structures, most likely because the kidney was not sectioned before 

imaging and was rather an intact 2 mm slice. However tubular structures were apparent at the 

500x and 3000x magnification (Figure 4.3.A). After decellularisation the intricate globular 
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structures had disappeared (Figure 4.3.B). The smooth, flat, surfaces beneath likely represent 

the cell-free, basal ECM on the outer surface of the kidney.  

Despite these encouraging results, quantitative analysis of total residual DNA showed that there 

was too much residual DNA on the scaffolds (Table 4.1). The residual DNA, by wet tissue weight, 

was an average of 195.94 ng/mg. This, while superior to the alternative methods tested, was 

significantly higher than the 15 ng/mg target for a decellularisation to be considered sufficiently 

thorough322,378. As the tissue was not dried before the assay, the preferred quantification by dry 

weight could not be conducted.   

While removal of cellular constituents is a key aspect of a successful decellularisation, it is also 

important to preserve the key ECM components that will provide the niche signals to the cells that 

will later be grown on the scaffolds, or in our case, on the gel produced from the decellularised 

scaffolds. Accordingly, IF staining was conducted for four key protein constituents of the kidney 

ECM (collagen I, collagen IV, laminin and fibronectin) (Figure 4.4). It was encouraging to see that 

all these proteins were seen to be preserved after decellularisation, with strong staining in the 

decellularised sections. Very few nuclei were detected (as identified by blue DAPI+ dots), however 

their presence would go some way to accounting for the DNA level detected by the total DNA 

assay (Table 4.1). One possibility for the residual level of DNA detected is that fragmented DNA, 

or the nuclease itself, was not sufficiently washed out of the scaffold.  

Quantitative assessment of the level of collagen and sGAG (both in μg/mg by wet weight) in the 

scaffolds was used, in partnership with the total DNA assay, to select the optimal combination of 

exposure to ionic and non-ionic detergents for decellularisation of mouse kidney. These tests 

revealed that method 1 (SN protocol) decellularisation (6.75 sGAG; 33.06 collagen) led to 

significantly better preservation than method 2 (3.10 sGAG; 22.14 collagen) or 3 (2.91 sGAG; 

22.14 collagen) and did not differ significantly compared with method 4 (7.97 sGAG; 23.05 

collagen) (Table 4.1). As such method 1, including 36-hr SDS exposure followed by 24-hr Triton 

X-100 exposure was selected as the optimised (SN) protocol. 

Taken together the SN protocol performed very well in terms of removing visual cellular 

components whilst preserving underlying tissue architecture. Protein composition of the 

decellularised scaffolds was good, with key structural and niche components preserved. Collagen 

and sGAG levels were maintained at superior levels compared to alternative protocols. Residual 

levels of DNA although appearing minimal by IF and SEM were seen to be higher than desirable 

and present an area for improvement in this protocol.  

 

 Assessment of the Human Adapted SN Mouse Kidney 

Decellularisation Method (HSN Protocol) 

While mouse kidney offered an easily available source of tissue for optimising decellularisation 

protocols, to provide the optimal gel for growth and maturation of human kidney organoids it is 
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likely that the best source material for an ECM gel would be human kidneys given that subtle 

interspecies differences in composition and abundance of ECM components could make a 

noticeable difference to the success of the differentiations339. 

Despite the limitation of a higher than optimal residual DNA level in mouse kidney tissue 

decellularised by the SN protocol, the otherwise promising results of the protocol persuaded us 

to use it for testing in human kidney tissue. The sequence and concentration of reagents for the 

protocol were kept the same as for the SN protocol, but the method of mechanical agitation was 

altered (Figure 4.5). Kidney pieces were placed in a 50 ml tube on a roller during the lysis stage, 

whereas in the SN protocol this stage was conducted statically. Secondly, during the Triton X-

100 stage, a magnetic stirrer at 180 rpm was used in place of the orbital shaker used in the SN 

protocol. These steps were altered to provide a greater level of mechanical action during 

decellularisation; shown to enhance the efficiency of DNA removal322. It is worth noting here that 

higher speeds of stirring were tested (approximately 300 rpm), but these led to break down of the 

tissue pieces (data not shown). Another variation from the mouse kidney decellularisation was 

the size of the pieces. While mouse kidneys were cut into slices of approximately 2mm, human 

kidney tissue was cut into cubes of two trial sizes: a small size of approximately 8 x 5 x 2 mm and 

a larger sizes of approximately 10 x 10 x 5 mm. This was to determine if a smaller size would, by 

decreasing the volume to surface area ratio, and thus providing greater access to the solutions, 

improve decellularisation performance. 

Macroscopic images of the cubes of kidney demonstrated a progressive loss in colour during the 

decellularisation (Figure 4.6). In line with expection, the smaller cubes lost more colour by the 

end of the protocol suggesting a greater loss of cellular material (Figure 4.6.D). However, neither 

the small or the large cubes appeared translucent by the end of the protocol which is distinct from 

the appearance of mouse kidney slices at the end of the SN protocol (Figure 4.2.D). This could 

be accounted for by the increased thickness of some dimensions of the cubes but could also 

imply either a reduction in removal of cellular material, or an increase in the percentage of 

preserved ECM components.  

Looking first at the evidence for residual cellular material there was a mixed picture. In the IF 

staining for ECM markers (Figure 4.9.B) there did not appear to be any positive staining for nuclei; 

as apparent from a lack of blue DAPI positive dots. SEM imaging also appeared to reveal smooth 

surfaces post decellularisation indicating removal of cellular components (Figure 4.8). 

Conversely, H&E histological staining (Figure 4.7.B) appeared to show some nuclei remaining in 

the tissue; albeit at a dramatic reduction compared with native tissue (Figure 4.7.A). Moreover, 

while the quantitative data from the total DNA assay revealed a significant reduction in DNA levels 

from the NK (4598 ng/mg) to the DK-L (2291 ng/mg - 50.2% reduction) and DK-S (2596 ng/mg - 

43.5% reduction (Figure 4.12.B) pieces, these levels are far above the maximum target level of 

50 ng/mg322. This data contradicts that of the H&E, SEM and IF where few (or no) nuclei were 

detected. (Figure 4.7.B, Figure 4.8, Figure 4.9.B ). When we look at the results according to wet 

weight (section 4.3.2.1), it is interesting to note that both DK-L (159.7 ng/mg) and DK-S (107.0 
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ng/mg) piece decellularisations have a lower amount of residual DNA than the decellularised 

mouse scaffolds from the SN protocol (195.94 ng/mg) (Table 4.1). This suggests that the HSN 

protocol was more effective at DNA removal than the SN protocol, a fact which is likely attributable 

to the enhanced mechanical agitation. Despite this, the level of DNA observed in this method was 

still above the target level of 15 ng/mg DNA by wet tissue weight322,378. An explanation as to the 

disparity between the qualitative data plus the wet tissue weight total DNA data and the dry tissue 

weight total DNA data could be found in the drying process. The samples were all dried to a 

constant weight in an oven at 65oC and it was observed that the samples often dried out entirely, 

becoming thin, crisp and brittle and often sticking to the plastic plates on which they were held. It 

is possible that the samples were overdried and damage caused by this was responsible for 

discrepancies in the data. An alternative to avoid this issue would be the use of vacuum drying1. 

A second explanation for the high level of total DNA detected would be fragmented DNA, or 

indeed left-over nuclease from the Benzonase® exposure stuck within the scaffolds. Washing 

more thoroughly, either for a longer duration, or with greater mechanical force may be a solution 

to this.  

The preservation of the kidney ECM was investigated by quantitative and qualitative assays. H&E 

analysis indicated good preservation of tissue architecture (Figure 4.7). As can be seen in the 

figure, glomerular structures including capillary loops and Bowman’s space as well as lumen of 

surrounding tubules or vessels were well preserved whilst almost entirely denucleated (Figure 

4.7.B). The preservation of four key protein constituents of the kidney ECM (collagen I, collagen 

IV, laminin and fibronectin) was assessed by IF staining. This demonstrated clear preservation of 

all four of these markers post decellularisation (Figure 4.9.B).  

Quantitative analysis of soluble collagen supported the IF staining with no significant change 

observed between NK and DK, in either large or small pieces (Figure 4.10). This assay was run 

on wet tissue and so the dry tissue collagen values could not be quantified. This indicated the 

protocol was sufficiently gentle so as to not damage and remove collagen from the scaffold ECM. 

Analysis of total sGAG (by dry tissue weight) content demonstrated a larger and significant 

decrease in the DK-L pieces with only 13.5% or 0.69 μg/mg preservation (Figure 4.11). A 

technical error meant that just one of the four kidneys decellularised by the HSN protocol could 

be quantified for sGAG analysis. As such, further repeats would be advisable to check the 

consistency of the measured sGAG content. It is unsurprising to see a lower preservation level of 

sGAG than of collagen, as sGAG are much more easily detached from the ECM322. However, a 

higher level of preservation would be preferable to ensure a good quality of ECM for downstream 

gel creation and kidney organoid culture. Other published protocols have achieved levels of sGAG 

preservation of approaching 80%1 which should be the target. SDS use in decellularisation is 

known to be harsh on preservation of sGAG322 so other choices for subsequent experiments were 

investigated later in the project.  

Taken together, it was clear that this method was creating less than optimal decellularised 

scaffolds. On the positive side, cellular architecture was well preserved post decellularisation. The 
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key ECM proteins fibronectin, laminin, collagen I and collagen IV were also all present post 

decellularisation and total collagen was not reduced in decellularised scaffolds. However, the 

residual DNA content was too high post decellularisation and sGAG was too greatly reduced. We 

decided that modifications to the protocol were needed to improve these aspects of the 

decellularisation. This included the use of other decellularisation reagents and methods as well 

as use of an enhanced washing step to aid in the removal of residual DNA and cellular material 

trapped within the scaffolds.  

 

 Pilot use of NaOH for Immersion Decellularisation 

Investigations by Poornaejad et al. (2016)351 demonstrated that, when used as immersion 

decellularisation agents for slices of porcine kidney, 0.1 N NaOH outperformed 1% PAA, 3% 

Triton X-100, 1% SDS and 0.005% trypsin/EDTA in terms of DNA removal with only 2% (50 ng/mg 

by dry tissue) left over. It also preserved 70% of collagen content and 25% of sGAG content when 

used for a 24-hr immersion step.  Whilst, compared to the HSN protocol, this alone would provide 

a dramatic improvement in DNA removal (50 ng/mg versus 2291 ng/mg in DK-L) and noticeable 

improvement in preserved sGAG (25% versus 13.5% DK-L), we hypothesised that an optimal 

immersion time, below 24 hr, could be found which removed a large amount of DNA without 

removing as much sGAG. This could then be combined with other gentle reagents, such as Triton 

X-100 or Benzonase® to remove further DNA and cellular materials without excessive additional 

loss of sGAG. 

Consequently, a pilot experiment in which human kidney slices (2 mm depth; 7 cm diameter semi 

circles) were washed with heparinised PBS to remove blood, immersed in DI-H2O to start cellular 

lysis and then exposed to immersion with 0.1 NaOH (pH 11.8-12) for either 8, 12, 16, 20 or 24 hr 

was conducted (Table 4.2). Analysis of the optimal time point for NaOH immersion was chosen 

to be based primarily on maximal preservation of sGAG balanced with maximal reduction in 

residual DNA. Macroscopic photographs were taken to track external signs of cellular loss and 

were expected to show a progressively greater loss of colour in the slices as the immersion time 

increased (Figure 4.13).  However, the images did not clearly support this prediction. After 8 hrs 

much of the colour was lost from the slices and those exposed to 16-hr immersion appeared 

mostly white and somewhat translucent. 12-hr slices seemed darker than those of 8-hr and slices 

from 20 and 24-hr immersion despite appearing translucent in some areas, also appeared darker 

in places than in slices from shorter immersion times. An explanation for this can be found in the 

lighting conditions for each photograph. While 8 and 16-hr images were taken in a soft light 

setting, the 12-hr photo was taken with much stronger lighting. The 20 and 24-hr slices were taken 

with flash which misrepresented the true colour. Going forward, care was taken to photograph 

decellularisation experiments with equal lighting and with a black background to best present the 

true appearance of the kidney. Despite this, it was clear that all slices had lost significant amount 

of cellular material as evidenced by their generally whitish hue compared with the dark pink colour 

of the kidney post wash with PBS-Heparin (Figure 4.13).  
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Quantitative analysis of the residual DNA provided the expected results, with the longest 

immersion (24-hr) leading to the greatest reduction in DNA (Figure 4.14). 20-hr immersion slices 

had significantly more DNA present. The level of DNA remaining in 8, 12 or 16 hr was significantly 

higher again than that in 20-hr slices but did not differ significantly in the levels reduced between 

these timepoints. Residual DNA content was much higher than expected, even after 24-hr 

immersion (962.5 ng/mg), when compared to the 82.8 ng/mg seen by Poornejad et al (2016)351, 

but this was thought to be due to the truncated wash steps performed at the end of the protocol 

in our hands, and correcting this in the full protocols was expected to correct this. 

Quantitative analysis of sGAG also followed an expected trend which mirrored that of the total 

DNA (Figure 4.15). Preservation of sGAG did not differ significantly between 8 (46.4%), 12 

(41.9%) or 16 (38.9%) hr immersions. However, 20 hr immersion lead to a large, significant drop-

off in preserved levels (2.41%) and with 24 hr immersion no sGAG could be detected in our 

samples. This was at odds with the value of 25% preservation after the 24-hr immersion protocol 

seen by Poornejad et al (2016)351. Despite this it was encouraging to see that the shortened 

immersions in NaOH were able to show improvements to that preservation level and an even 

greater improvement in preservation relative to the level achieved in the HSN protocol (13.5% 

DK-L).  

Taken together, this pilot protocol showed that to preserve sufficient sGAG levels the immersion 

in NaOH should not be extended beyond 16 hr. While DNA did not reach it’s lowest levels until 

beyond that time point, combination of NaOH incubation with other reagent treatments in a 

multistep protocol, in combination with more thorough wash steps at the end of the protocol were 

hypothesised to reduce this. 

 

 Multistep NaOH Protocols for Immersion Decellularisation 

The pilot NaOH immersion experiment had shown that immersion between 8 and 16 hr provided 

comparable levels of DNA removal and was best for preservation of sGAG in the tissue. A full 

immersion protocol would ideally result in minimal additional loss of sGAG but removal of residual 

DNA to below 50ng/mg by dry weight322. As such, two alternative protocols were designed for 

comparison (Figure 4.16). The key differences were protocol 1 used a 16-hr NaOH incubation, 

the maximum time permittable without dramatic sGAG reduction, while protocol 2 instead used 

an 8-hr NaOH incubation and an additional 16-hr Triton X-100 incubation. Both added a 

Benzonase® immersion step used in earlier protocols (HSN, SN) with the aim of breaking up and 

aiding in removal of the excess residual DNA. The Triton X-100 was included in protocol 2 as 

Poornaejad et al (2016)351 demonstrated the reagent’s ability to remove DNA whilst preserving 

sGAG and collagen at higher levels than other common reagents. In both protocols, kidney was 

sliced to equal sized strips of 4 mm x 4 mm x 20 mm as this provided a more uniform size and 

thickness than was found to be possible with the slices used in the NaOH pilot. In addition, the 

strips had a greater surface area to volume ratio than the slices, allowing better and more uniform 

exposure to decellularisation reagents. Following Benzonase® treatment in both protocols a wash 



200 
 
 

in ddH2O was repeated five times. This represented an increase in volume of washes compared 

with the previously investigated protocols with the aim of better removing DNA or nuclease which 

was stuck in the scaffolds. Except for the heparin wash, all steps were conducted with orbital 

shaking at 180 rpm to provide mechanical action enhancement to the decellularisation (Figure 

4.16)322. 

Macroscopic images of the slices from both protocols were encouraging (Figure 4.18.A,B). Slices 

from both protocols were white and mostly translucent by the end of the protocol, indicating 

generalised loss of cellular components. We can see that slices from protocol 2 obtained this 

appearance post Triton X-100 exposure (Figure 4.18.B), while it was not seen in protocol 1 slices 

until after Benzonase® treatment (Figure 4.18.A). This indicated that the combination of the two 

reagents in protocol 2 was more efficient at removing cellular components than the single reagent 

in protocol 1. 

Quantitative analyses of collagen content, sGAG content and total DNA content were conducted 

to allow accurate comparison between the protocols. In this case samples of native or 

decellularised kidney were oven dried prior to measurement so dry weight quantification is 

available for all factors. Collagen quantification showed that neither protocol 1 or 2 led to a 

decrease in preservation from the NK value (Figure 4.19). No significant difference was detected 

by post-hoc Bonferroni analysis between the conditions despite protocol 2 having a markedly 

higher value (10.67 versus 5.543 μg/mg dry tissue weight) (Figure 4.19). As such collagen 

preservation was not a defining issue between the protocols. 

Analysis of sGAG and total DNA by dry tissue weight did highlight differential performance in the 

two protocols. Protocol 1 (27.9%) was significantly better at preserving sGAG than protocol 2 

(6.82%) (Figure 4.20). Conversely, protocol 2 showed significant reduction (72.8%: 962.3 ng/mg) 

of DNA versus NK while the reduction in protocol 1 (38%; 2195 ng/mg) was not significant (Figure 

4.21). It should be noted that, despite being the better of the two protocols, protocol 2 still had 

19x more DNA than the target 50 ng/mg. This indicates that neither protocol has succeeded in 

the goal of both preserving sufficient sGAG and removing sufficient DNA.  

Histological analysis further highlighted issues with these protocols. Both H&E and PAS staining 

revealed that these protocols caused severe damage to the underlying cellular architecture of the 

kidneys, with total loss of identifiable glomerular, tubular and obvious vessel structures with 

instead lacunae present throughout the tissue (Figure 4.22.A,B, Figure 4.23.A,B). PAS showed 

basement membranes were dispersed and not clearly defined in these scaffolds (Figure 

4.23.A,B). Despite this, nuclei were identifiable in the decellularised sections, accounting for 

some of the residual DNA content. 

Overall neither method was successful in creating a truly optimal decellularised kidney scaffold, 

therefore further modifications will need to be investigated to improve this. That being said, for 

the purposes of this project, in which the scaffolds will be used to create a gel for in vitro 

applications, the potential immunogenicity of residual DNA if scaffolds were to be implanted in 
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vivo, is less important than preservation of ECM components. With this in mind, Protocol 1 was 

the more successful of the two protocols for use in kidney gel creation due to the better 

preservation of sGAG. 

 

 Perfusion Decellularisation Testing 

For organs with an extensive vasculature system, the use of perfusion techniques for 

decellularisation of whole organs has been demonstrated to provide various advantages over 

immersion and agitation techniques322. In such organs, including the kidney, the vasculature, of 

which the intended function is to allow efficient access of oxygen to all the cells of the organ, 

provides the perfect access system for equally exposing all regions of the organ to 

decellularisation reagents and for carrying away the cellular debris324,377. The exploitation of the 

vasculature for perfusion decellularisation, can reduce the time taken for a complete organ 

decellularisation, ensure even access of the decellularisation reagents to all organ regions and 

preserve cellular architecture more completely than immersion and agitation methods322. 

Accordingly, we decided to pilot a perfusion decellularisation protocol on human kidneys, with the 

aim of finding a high-performance method which could be used for all future decellularisations in 

which a full kidney is available.  

While several studies have now developed methods for perfusion decellularisation of whole 

human kidneys345,377, or mammalian kidneys or comparable size1,333,335,354,377, we set out to test 

the perfusion protocol developed by Poornejad et al. (2016) on porcine kidney due to its superior 

overall results1 (7.6 ng/mg residual DNA [99% removal]; 79.6% preserved sGAG; 55.1% 

preserved collagen), and relatively short timescale (under 3 days). In this procedure the cycling 

3-stage protocol (0.5 M NaCl; 0.5% SDS; DI-H2O) should be continued until the kidney becomes 

totally white in appearance (Figure 4.17). 

When conducted by Poornejad and colleagues, the kidney reached the prescribed totally white 

appearance after 10 cycles1. In our hands, we conducted 16 cycles at which point the protocol 

was stopped as no visible changing in colour was being observed (Figure 4.18.C).  Most of the 

kidney had changed in colour from pink to white but one end of the kidney remained pink, as 

clearly visible once the kidney capsule was removed (Figure 4.18.Ciii). The biopsy that was taken 

for assessment of NK fell exactly at the intersection of the white and pink areas and so it is clear 

that this biopsy was too deep and/or not properly sealed, resulting in the decellularisation reagents 

failing to properly reach beyond this point in the kidney. It is unclear as to whether the 

decellularisation of the reaming portion of the kidney was also hindered by this biopsy although it 

is possible the hole would have led to a reduction in intra-organ pressure which would likely result 

in a weaker decellularisation action on the kidney as a whole. Possibly the additional 6 cycles 

(above the 10 used by the authors of the protocol) ran in our hands compensated for this fact. As 

time only allowed a single kidney to be decellularised by this method, it is not possible to say 
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definitively how an uncompromised organ would have performed. Irrespective of this limitation, 

analysis was conducted on the white region of this decellularised kidney. 

As with the multistep NaOH, immersion and agitation protocols, the collagen content (by dry tissue 

weight) of the perfusion decellularised kidney (5.02 μg/mg) did not show a significant difference 

in collagen level from NK (5.54 μg/mg) (Figure 4.19). This was a higher preservation level (90.6%) 

than seen in the original paper for this method (55.1%)1. This could be due to less force exerted 

on the ECM due to the biopsy hole-induced leak which may have reduced the intra-organ 

pressure. Additionally, the scaffold did not differ significantly from NK in terms of sGAG 

preservation by dry tissue weight (although the mean value of 2.02 μg/mg represented a 46% 

preservation of the NK value of 4.39 μg/mg) This preservation level was higher than for the 

multistep Protocol 1 or 2 but lower than the value in the original paper (79.6%) (Figure 4.20). The 

lower sGAG preserved in our hands may well be due to the extra 6 cycles run, subjecting the 

organ to an additional 3 hours of SDS exposure which is known to remove sGAG322. DNA 

reduction to 798.6 ng/mg dry tissue weight represented a 77.5% reduction from NK (Figure 4.21). 

This was a lower residual DNA value than either of the multistep protocols, however it was much 

higher than the original analysis value of 7.6 ng/mg. Again, the leaking via the biopsy may be 

responsible for this as the likely reduction in intra-organ pressure would reduce the relative level 

of mechanical action useful in breaking down cells and washing cellular contents out of the 

scaffold.  Taken together the perfusion decellularisation protocol outperformed both multistep 

NaOH immersion and agitation protocols on quantitative analyses yet showed differences in all 

areas from the original analysis in the Poornejad paper1.  

Histological staining showed that the perfusion protocol was able to maintain important tissue 

architecture with glomeruli, Bowman’s capsule and denucleated vessels identified by H&E 

(Figure 4.22.C) and well-defined basement membranes visible in glomeruli and tubules by PAS 

staining (Figure 4.23.C). This was markedly better than the NaOH immersion protocols (Figure 

4.22.A,B, Figure 4.23.A,B).  

As the perfusion was conducted on only a single kidney and the biopsy hole caused a deviation 

from the usual conditions, repeated decellularisations would need to be run to establish with 

confidence the results of this protocol in our hands. 

 

 Future Improvements for the Decellularisations 

In general, wash steps should not be overlooked. In some studied protocols, washes in DI-H2O 

were repeated up to 10x for 15 min each351. In our immersion decellularisations we used at most 

5 x 15 min wash steps. It is highly likely that increasing the number, duration or associated 

mechanical agitation of the washes in our protocol would have led to a reduction in DNA and 

other cellular material which would have a better chance to be fully washed out.  
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Interestingly, it has been shown that a period of immersion in serum containing media can greatly 

reduce DNA content in scaffolds while having no effect on the architecture or ECM of the 

tissue1,379.  This step, which seems to work through exposing the tissues to serum nucleases, 

could be added into future decellularisations. Indeed, this step was performed by the authors of 

the perfusion decellularisation method which was followed32. Had it been included in our protocol 

the residual DNA may well have been lower. 

 

 Creation of the Decellularised Human Kidney ECM-Gel 

Alongside the optimisation of the decellularisation protocol, we set out to devise a method for 

creation of a suitable gel from the decellularised scaffolds (K-gel). We wanted to create a gel that 

could be used as a direct substitute for Matrigel® in our kidney organoid differentiation sandwich 

system with the aim of enhancing the organoids development and maturity due to exposure to an 

environment more closely mimicking the in vivo renal niche303. Accordingly, the optimal K-gel 

needed to be able to set as a solid layer and remain stable in this form at standard culture 

conditions, for at least the 18 days of the 3D stage of the differentiation protocol, but ideally for 

longer to allow use in extended experiments such as disease modelling investigations. The gel 

would also need to be as clear as possible to allow visualisation of the organoids grown within.  

The development of a protocol for creation of the K-gel made use of the decellularised human 

kidney scaffolds from the HSN decellularisations. Whilst these were later superseded in quality 

by scaffolds from the NaOH based methods and perfusion methods, the later scaffolds were not 

available in time to allow piloting of the gel creation. 

Water was removed from the scaffolds by lyophilisation which were then ground into a fine powder 

by use of a benchtop milling machine. The use of a 20-gauge mesh allowed all the scaffold to be 

ground into a powder of even size (Figure 4.24.Ai). Attempts at using finer gauge meshes were 

unsuccessful, with the majority of powder not reaching a sufficiently fine particulate size to pass 

through the sieves.  Further grinding of the powder was thus carried out through grinding with 

pestle and mortar under liquid nitrogen (Figure 4.24.Aii). This was conducted so as to produce a 

finer powder, which should be more easily dissolvable. 

Sterilisation of the powder, and downstream sterile gel creation, including use of sterile reagents, 

was necessary to ensure the gel could be used for in vitro culture without infection comprising the 

experiments. We chose to sterilise the powder through exposure to UV for 40 minutes in a BSC 

hood. Sterilisation of the gel with UV once formed, as some labs have used380, would not be 

suitable for our purposes, as the top layer of Matrigel® is added unset to the organoid pellets. It 

should be noted however that UV exposure has been known to cause damage to proteins which 

may compromise the utility of our gel in organoid culture322. A possible alternative which may be 

less damaging would be use of PAA349. Regardless, the powder appeared to be sterile post UV 

exposure as when added to cell culture media and incubated for one week there was no sign of 

bacterial growth (data not shown). 
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To produce the K-gel from this powder we followed a commonly used successful technique 

developed by Freytes et al. (2008)357. The core of this technique was to mix ECM powder at 10 

mg/ml with 0.1 N HCL and 1 mg/ml pepsin and to incubate this mixture at room temperature for 

72 hr. Pepsin, a protease, is key to this method as it breaks down the ECM powder into protein 

and polypeptide units which can then freely re-associate when the resultant hydrogel later 

solidifies. Pepsin works by hydrolysing the peptide bond between the peptide subunits of 

proteins381. In theory this could lead to a complete breakdown of the ECM proteins but in practice 

the complex tertiary structures of the proteins present a barrier to this. Collagen forms triple-

helices which then link to other collagen triple-helices by telopeptide bonds forming collagen 

fibrils. Pepsin cleaves the telopeptides but cannot easily access the triple-helices and so these 

triple-helices remain intact in the solubilised gel. These triple-helices can then reaggregate into 

fibrils as the hydrogel sets381. However, other studies have shown using SDS-Page that pepsin-

solubilised hydrogels contain a portion of smaller proteins, not seen in the undigested ECM 

powder, indicating that a number of proteins have been fragmented by the enzyme382. As ECM 

proteins such as fibronectin and laminin play important roles in basement membrane network 

formation and collagen fibril formation any cleavage of these will inevitably impact the mechanical 

properties of the hydrogel. As such, pepsin use in the method presents a barrier to fully mimicking 

the structure, mechanical properties and protein composition of the in vivo ECM niche. 

In this project, the two methods (A and B) we created for K-gel formation, differed mainly in the 

steps taken to dissolve the ECM powder in the HCL before incubation. In our first attempts at gel 

creation (Method A), we attempted dissolution of the powder by a combination of pipetting, 

vortexing and syringing (with a 20-gauge needle) of the solution (Figure 4.24.Bii). It seemed that 

this was unsuccessful in dissolving all the powder and the downstream gel was visibly non-

homogenous and full of powder particles (Figure 4.25.A). When this gel was used for testing of 

thick and thin layer formation the gel could set but was permeated by powder granules (Figure 

4.25.B-E). Furthermore, attempted culture of cells on this gel did not lead to attachment and in 

fact led to the thin layer gels breaking up and coming loose in suspension with the media (data 

not shown).  

Method B was designed to attempt to improve upon the shortfalls of Method A, with dissolution 

of the gel a priority. To this end the use of a Polytron® homogeniser was employed (Figure 

4.24.Bi). To ensure sterility was not compromised, the tip of the homogeniser was sterilised 

before use by overnight immersion in 70% ethanol. As well as thorough homogenisation, the ECM 

powder, HCL mix was, as with method A, syringed with a 20-gauge needle (Figure 4.24.Bii). 

These steps appeared to more thoroughly dissolve the powder and the gel after the 72-hr 

incubation is clearly a more homogenous solution than that created with method A (Figure 

4.25.A). A sample gel created using Method B was filtered using a cell strainer (70 μm) since it 

was noted that unfiltered Method B gel was not completely clear, which may provide a barrier to 

imaging of organoids grown in such gel. We hypothesised that use of a 70 μM cell strainer would 

exclude large, possibly undigested powder which may be responsible for the cloudy appearance 

of the gel leaving a fully homogenous clear solution. The gel was indeed substantially more 
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transparent following this filtration step (Figure 4.25.A). However, this gel was unable to set in 

96wps at either 8 mg/ml or 4 mg/ml (Figure 4.25.B,C).  We reasoned this could be due to the 

high protein binding capacity of cell strainers which may have reduced the concentration of 

proteins within the gel impacting the ability of the gel to set. Consequently, filtered gel was not 

used for downstream experiments. Alternative filtration methods, such as using syringe filters with 

low protein binding properties could be investigated. The unfiltered Method B gel, was successful 

in forming both thick and thin layer plate coatings which appeared translucent at 75 μl per well in 

96wps and fully clear at 200 μl per well (at lower concentrations of 0.8 or 0.08 mg/ml) in 24wps 

(Figure 4.25.B-E). Furthermore, there was no visible undissolved powder. The thick layer 

formation observed in 96wps at both concentrations used for our 3D sandwich system suggested 

that our kidney gel could be used to replace Matrigel® in these organoid differentiation 

experiments. As thin layers formed at greater dilutions, we set out to determine if the gel could 

support hiPSCs in culture. As hiPSCs are highly sensitive to culture conditions and changes in 

environment216 we were not optimistic any positive results would emerge. However, we were 

encouraged to see that hiPSC colonies were able to attach and grow for several days in a 

morphologically typical manner on the 0.8 mg/ml gel (10x diluted) (Figure 4.26.A). This indicated 

that our K-gel had preserved sufficient ECM components to allow attachment and support growth 

of hiPSCs216. As such, we also would expect it to provide a suitable environment for organoid 

culture.  

In addition to the conducted analysis, cytotoxicity and mechanical features (stiffness, wettability, 

etc.) of the renal hydrogel should be quantified as well as further exploring alternative methods of 

sterilisation with the aim of reducing the UV exposure time. The method used here, which exposed 

the gel to UV light for 40 minutes, could have had an impact on structure of ECM powder322; thus 

further studies are needed to address this. 

 

 Use of K-gel for Kidney Organoid Sandwich System 

Due to the relative success of the M4 system for organoid development, we opted to pilot the use 

of our K-gel as a replacement for Matrigel® with these parameters, namely 8 mg/ml K-gel 

sandwich base layer and 4 mg/ml K-gel top layer. Time only allowed one experiment to be 

conducted with these conditions.  

It was obvious from the light microscopy images that the organoids had not grown in the expected 

spherical fashion seen in M4 and M8 organoids (Figure 4.27). Rather, cells appeared to grow 

across the well in no particular pattern, becoming densely grown by D26 (Figure 4.27). Previous 

differentiations of organoids have taken this appearance when infected (data not shown) but it is 

unclear whether this was the case here. Another explanation is that the K-gel did not possess the 

same properties as Matrigel® in terms of stiffness or another mechanical factor. This could have 

caused the cells from the organoid pellet to spread out rather than growing in the 3D sphere 

shape maintained in the Matrigel® system. Another possibility is the lack of sGAG preservation 

in the HSN scaffolds led to a gel which was not conducive to attachment and growth of the 

organoids in the typical fashion. 
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Analysis of the cells from these K-gel organoids by qPCR clearly showed that the organoids had 

not matured into nephron cell types as successfully as the organoids grown in the M4 condition. 

Markers of glomeruli (WT1), proximal tubule (CDH1), distal tubule (CDH6), distal nephron 

(CALB1), collecting duct (GATA3, PAX2) were all significantly lower in expression in K-gel 

organoids (Figure 4.28.A). Markers of fibrosis, EMT and apoptosis were also investigated to see 

if the unexpected organoid morphology was a result of pathological or infectious changes to the 

cells (Figure 4.28.B). EMT inducers TWIST and SNAI1 were significantly higher indicating that 

EMT may have been activated in these cells. However, αSMA, a marker of myofibroblasts was 

higher in M4 organoids as was the fibrotic mediator TGF.β1 and markers of cell apoptosis 

(CASP9) and ECM deposition (COL3A). As such EMT may have been taking place but a fully-

fledged fibrotic condition was not present. Nevertheless, an ongoing EMT state would likely 

interfere with the development of the kidney organoids and could explain the lack of mature 

markers of nephron cell types observed. 

 

4.5. Summary 

In summary, we have developed methods for each step of the process for creation and use of a 

decellularised human kidney, ECM-gel. We have compared multiple methods for the 

decellularisation of parts of the human kidney using both immersion and agitation decellularisation 

methods and have trialled a method of whole kidney perfusion decellularisation with a view to 

having a method on hand for any available kidney tissue. While collagen and key ECM proteins 

were shown to be well preserved, sGAG preservation and DNA removal were not yet fully 

sufficient in any of the protocols tested. Currently, the best decellularisation performance was 

seen with the perfusion protocol (Table 4.3). Scaffolds decellularised with this protocol showed 

no significant reduction in collagen from NK and had the highest preservation of sGAG of the 

protocols tested (46%). These scaffolds contained the lowest level of DNA of the protocols tested 

(798.6 ng/mg by dry weight) and had well preserved tissue microarchitecture (Table 4.3). We 

have shown that the decellularised scaffolds can be processed to become a gel which can be 

manipulated in the lab and used for both low concentration, thin layer plate coating conducive to 

hiPSC growth, and for high concentration, thick layer culture, useful in our sandwich system for 

kidney organoid differentiation. Finally, we have piloted the use of the K-gel in place of Matrigel® 

in our system, but this experiment showed issues with the growth of the organoids and did not 

lead to the expected benefit to organoid maturation. Whether this was a singular failure or a 

greater issue with the use of K-gel requires further investigation. 

We have not yet been able to prove the hypothesis of this chapter, namely that the use of the 

specific renal ECM niche of K-gel in place of the non-specific Matrigel® in the differentiation of 

hiPSCs to kidney organoids in our 3D sandwich system would improve the genetic, structural and 

functional maturity of the organoids. We have however succeeded in designing the tools and 

protocols required to answer this question with further research. 
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Protocol Collagen 
Preservation 

sGAG 
Preservation 

Residual 
DNA (ng/mg) 

Microarchitecture 
Preservation 

HSN >100%*
# 13.5% 2291 Very good 

NaOH Protocol 1 100%
# 27.9% 2195

# Poor 

NaOH Protocol 2 >100%
# 6.8% 962.3 Poor 

Perfusion 90%
# 46.1%

# 798.6 Good 

 

  

Table 4.3: Summary of Key Data for Comparative Assessment of Quality of Human 
Kidneys Decellularised by Each Method in this Study. 
Human kidneys were decellularised by the Human-Adapted Mouse Kidney Decellularisation 
Protocol (HSN), NaOH based Protocol 1 or Protocol 2, and by perfusion. Value of total collagen 
and total sGAG preservation in the decellularised scaffolds compared with native kidney is 
shown as a percentage. Residual DNA content is shown as ng/mg tissue weight. Data is 
presented as the mean. All data was calculated by dry tissue weight unless as indicated by a * 
wet weight quantification was conducted. Variance was analysed using one-way ANOVA in 
PRISM. Significance, calculated with post-hoc Bonferroni test, was set at P < 0.05. # indicates 
there was no significant difference between the listed value and native kidney. Microarchitecture 
preservation was assessed based on preservation visible morphological features of glomeruli, 
tubules and blood vessels in the decellularised scaffolds. Very good preservation indicates 
visible glomeruli, tubules and vessel structures were clearly present. Good preservation 
indicates visible glomeruli were clearly present. Poor preservation indicates no visible 
morphological features were clearly identifiable. 
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5. Modelling Diabetic N ephr opathy wi th hi PSC-D erived Kidney Organoids  

Chapter 5 

Modelling Diabetic Nephropathy with 
hiPSC-Derived Kidney Organoids 

 
 

5.1. Introduction 

 

 Diabetic Nephropathy 

Diabetic nephropathy (DN), otherwise known as diabetic kidney disease, is a chronic complication 

of diabetes mellitus which, if not properly treated, can lead to chronic kidney disease (CKD) and 

the development of end stage renal failure (ESRD), which necessitates dialysis or kidney 

transplantation65,66.  

The basic model for the cause of DN stems from the chronic hyperglycaemic state which through 

various pathways leads to kidney dysfunction and hypertension68. The hypertension in turn, 

worsens the kidney dysfunction resulting in progression of the disease pathology68. Nephrons 

begin to die completely and once this reaches a certain stage the kidneys are no longer able to 

cope with the demands of blood filtration and nutrient reabsorption68.   

 

5.1.1.1. Hyperglycaemia 

Hyperglycaemia is central to the development of DN with a plethora of direct and indirect effects 

linked to the disease onset383. Hypertrophy and over production of mesangial cells have been 

associated to hyperglycaemia383, as have increases in the thickness of the basement membrane 

and production of matrix384. Hyperglycaemia causes glycation and leads to formation of 

irreversible advanced glycation end products (AGE) which accumulate in people with diabetes103 

and can increase levels of cytokines, hormones and free radicals leading to further 

pathogenesis383. Protein Kinase C (PKC) is activated by hyperglycaemia and this upregulates 

secretion of vasodilatory prostanoids affecting the afferent arteriole adding to the rate of 

glomerular hyperfiltration104. PKC can also activate TGF-β1 with further fibrotic consequences383. 

The polyol pathway could also be activated in the hyperglycaemic condition and has been linked 

to albumin excretion in the urine, indicating a breakdown of the competence of the glomerular 

filtration barrier (GFB). As mentioned hyperglycaemia can lead to overproduction of TGF-β1 but 

it is also thought to stimulate production of other cytokines including VEGF production which has 

been linked to matrix accumulation in DN and to increased permeability of the GFB to proteins385. 



209 
 
 

Hyperglycaemia leads to an overproduction of reactive oxygen species (ROS) which in turn 

induce peroxidation of cell membrane lipids, oxidation of proteins, renal vasoconstriction and 

damage to DNA76,383. 

5.1.1.2. Angiotensin II: 

The hormone Angiotensin II (ANGII) is the main effector of the renin-angiotensin-aldosterone-

system (RAAS) which exists to regulate the blood pressure and fluid balance of the body; 

specifically it is highly effective at increasing the blood pressure when it is detected to be low24. 

Angiotensin II is an 8 amino acid peptide which is derived from angiotensin I (ANGI) by cleavage 

with angiotensin-converting enzyme (ACE)25. ANGI is itself cleaved by renin from the much larger 

hormone angiotensinogen25. Renin is produced in the juxtaglomerular cells of the kidney25. ANGII 

causes an increase in blood pressure through four mechanisms. Firstly, it can cause 

vasoconstriction of blood vessels by contraction of smooth muscles cells24. Secondly, it acts on 

the kidney’s proximal tubules (PTs) to increase the uptake of sodium (Na+) reabsorption into the 

blood, which leads to more water being reabsorbed into the blood from the tubules to balance out 

the osmolarity24. Thirdly, ANGII acts on the adrenal gland to release aldosterone24. Aldosterone 

also acts on the principal cells lining the late DT and collecting ducts in the kidneys to promote 

sodium retention in the blood with consequent water retention24. Finally, ANGII can act on the 

pituitary gland, leading to release of anti-diuretic hormone (ADH) that leads to further 

vasoconstriction, and also to directly increases uptake of water from the renal tubules through the 

creation of water channels24. The additional water retained in the blood through all these 

mechanisms increases the stroke volume and when combined with the increased pressure in the 

blood vessels due to vasoconstriction there is a rapid and significant increase in blood pressure24.  

Diabetic patients suffer from chronic hypertension and so under normal circumstances the RAAS 

pathway would be inactive. However, hyperglycaemia causes direct intra-renal activation of this 

pathway109. ANGII preferentially acts on the efferent arteriole which leads to a build-up of pressure 

in the glomerulus and an increased glomerular filtration rate (GFR)26. As there is already high 

glomerular pressure due to the chronic hypertension the result of ANGII action is glomerular 

hyperfiltration which can damage the mesangium eventually causing mesangial expansion, 

damage to podocyte cytoskeletons, glomerular basement membrane expansion and a loss of 

integrity in the GFB386. This can allow larger molecules and eventually proteins to escape the 

blood leading to proteinuria. In addition, mesangial damage leads to release of free radicals and 

inflammatory factors that can cause further damage to the nephrons26. 

The vasoconstriction of the efferent arteriole caused by ANGII also leads to reduced blood flow 

to the nephron vasculature which eventually, leads to nephron ischemia and death26. This is 

exacerbated by the free radicals and inflammatory factors released from the damaged 

mesangium26. Tubular death can result which leads to progressive loss of nephrons and reduction 

in kidney function26. 
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ANGII additionally promotes the production of profibrotic factors including TGF-β1 which is 

discussed in detail below127.  

5.1.1.3. TGF-β1: 

TGF-β1 is a cytokine which is involved in many cellular processes including proliferation, growth, 

differentiation, apoptosis, autophagy and ECM production120. However, it has also been identified 

as an important fibrotic mediator of the pathogenic changes which occur in DN including 

hypertrophy and sclerosis387.  Studies of human kidneys from diabetic patients with known kidney 

disease have demonstrated increased levels of the TGF-β1 mRNA and protein122,123. TGF-β1 has 

been shown to increase the production of ECM including collagen type I and type IV, laminin and 

fibronectin124. Moreover, it is also known to prevent the degradation of the matrix by both directly 

inhibiting proteases and by activating other inhibitors of proteases125. 

TGF-β plays a critical role in the onset of epithelial-to-mesenchymal transition (EMT), the process 

by which epithelial cells take on mesenchymal properties including the increased deposition of 

ECM118. TGF-β promotes this phenomenon through the upregulation of SNAI1 and TWIST, 

themselves known EMT inducers116. A partial EMT state has been observed in the kidney at early 

stages of fibrosis and disease onset116. 

Furthermore, renal TGF-β has been shown to be stimulated by almost all the other key molecular 

mediators and intracellular signalling pathways implicated in the onset or progression of DN. 

These include hyperglycaemia126; ANGII127; AGE formation128,129; PKC pathway130; oxidative 

stress131,132; and glomerular hypertension133. Interestingly, blocking the effects of TGF-β with 

monoclonal antibodies prevents the increase in matrix expression associated with high glucose 

which suggests TGF-β is critical to the profibrotic effects of hyperglycaemia in the kidney126.  

Other experimental evidence from diabetic mouse models has shown that therapeutic intervention 

to block TGF-β can prevent glomerular hypertrophy and halt the upregulation of collagen type IV 

and fibronectin134. Long term antibody mediated blockade of TGF-β in the type 2 diabetes model, 

the db/db mouse, all but prevented mesangial matrix expansion and maintained creatinine 

clearance rates92. In this same mouse model, it was shown that the same antibody therapy could 

in fact visibly reverse GBM thickening and mesangial matrix expansion over an 8-week treatment 

period135. 

Finally, in humans there is evidence to suggest that the therapeutic effects of ACE inhibition may 

be caused by a reduction in the levels of TGF-β1 in the kidney, with lower TGF-β1 levels 

correlating with better preservation of GFR136.  

5.1.1.4. Genetic Factors: 

Familial studies have demonstrated that an individual’s likelihood for developing DN is 

substantially higher when a sibling or parent already has the disease154,155. GWAS have identified 

several loci containing diabetic nephropathy susceptibility genes156,157. A number of genes that 
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increase risk include those encoding ACE388,389, ANGII receptors, cytokines, proteins involved in 

glucose or lipid metabolism and ECM proteins152. 

One protein involved in regulating the ECM is tissue inhibitor metalloproteinase 3 (TIMP3). The 

traditional action of TIMP proteins, including TIMP3, is the inhibition of metalloproteases38. The 

function of metalloproteases is related to cellular matrix destruction and decomposition. A priori, 

knock-out or knock-down of TIMP3 function would be predicted to be antifibrotic. However, there 

is evidence to suggest that knock down has the opposite effect, enhancing fibrosis and in the 

kidney exacerbating nephropathy as seen through increased accumulation of ECM390,391. One 

pathway for this may involve TIMP3 inhibition of ADAM-17, a protein that has been shown to 

worsen and drive kidney fibrosis392. The loss of this function when TIMP3 is knocked out may 

outweigh any positive effects of increased metalloprotease activity.  

Uromodulin (UMOD), a protein found in the loop of Henle in the nephrons, is released in the urine 

and, while its exact function is yet to be elucidated, has suggested roles in water barrier 

permeability and resistance to infections in the urinary system, as well as maintaining kidney 

function. Studies have shown that point mutations in UMOD gene can lead to the protein 

becoming trapped in the endoplasmic reticulum (ER) and ER stress has been shown to play a 

significant role in both the initiation and the progression of kidney pathology including DN. 

Furthermore, point mutations C150S and C148W mutations in the UMOD gene have been shown 

to cause heritable renal disease158-160.   

 

 CRISPR-Cas9  

The CRISPR-Cas9 system, in particular, the Type II system derived from Streptococcus 

pyogenes (spCas9), provides a simple and effective tool for specific gene knock out or point 

mutation393. Gene knock out can be achieved by using a wild-type spCas9 in combination with a 

single guide RNA (sgRNA). The sgRNA is a fusion of a CRISPR RNA (crRNA) sequence, 

specifically designed to match to a region of the gene of interest, and a universal trans-activating 

RNA (tracrRNA) that is vital to the maturation of the 20-nucleotide crRNA and the activity of the 

CRISPR-Cas9 protein394. Having located the correct portion of the genome the wild type Cas9 

(wtCas9) protein creates a double stranded break. The error prone repair process of non-

homologous end joining (NHEJ) conducted by the cell will then often introduce random insertions 

or deletions in the gene leading to frameshift mutations which can produce a mutant protein, 

marked for degradation395. Alternatively, to create a specific point mutation, Cas9 nickase (cas9n) 

is used; a modified Cas9 which one cuts one strand of DNA. When used in combination with two 

crRNAs it will cut open the target section of a gene396. A template sequence of DNA, containing 

the desired point mutations, but otherwise perfectly matched to the gene of interest can then then 

be incorporated by another cellular repair process, homology directed repair (HDR). This system 

has already been used to make genetically modified kidney organoids for disease modelling of 

polycystic kidney disease284.  
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 Disease Models of Diabetic Nephropathy 

5.1.3.1. Current Models: 

Traditionally either 2D cell culture, generally of a single cell type, or xenogeneic animal models 

have been the mainstay of diabetic nephropathy research162,183. Both formats have undoubtedly 

been highly informative with 2D in vitro cell cultures providing a high level of mechanistic data on 

the disease in mammalian, often human, derived cell lines on a cell type by cell type basis, and 

in vivo animal models allowing a much more complete study of fully functioning renal systems 

that can respond to disease mediating conditions and therapies in a physiologically competent 

setting162,183.  

2D cell culture models have been developed using both primary cells and immortalised renal cell 

lines derived from a number of mammalian species48. To mimic the disease cells seeded in 2D 

are exposed to high glucose concentration media, mimicking hyperglycaemia, which may be 

supplemented with other pathogenic factors implicated in DN such as ANGII, TGF-β or other 

disease mediators94,163. Specialised culture equipment that can expose seeded cells to 

mechanical/shear forces has been developed to imitate hemodynamic stresses which arise in the 

in vivo DN environment. In some cases, such as models of the GFB, co-culture of two or more 

cell types have been set up using Transwell® co-culture inserts397. Through these techniques cell 

lines have been studied imitating glomerular endothelial cells397, podocytes397, mesangial cells178, 

proximal tubular epithelium163, distal tubular epithelium179 and renal fibroblasts. Primary cell 

culture can offer closer matches to in vivo cells in terms of metabolism and response to DN stimuli 

or therapies, but they generally cannot be cultured for extended periods in vitro169. As such they 

do not enable longitudinal studies on the timelines that would be desirable for formation, or 

amelioration of many of the most important disease pathologies. Also, they do not allow for easy 

banking and repetition for ‘off the shelf’ modelling.  

The most common animal models for modelling DN are based in various strains of mice398. 

Hyperglycaemia may be achieved through high fat diets or through genetic or chemical knock 

down of insulin production399. Often chemical enhancers of the disease phenotype are used399. 

This can risk fundamentally modifying the pathogenesis of the disease which is hoped to be 

modelled and studied and prevents meaningful discovery on human relevant mechanisms. 

Differences in the underlying anatomy of the kidneys is also a draw back with rodents such as 

unilobular-unipapillary kidneys164. Larger mammals with closer physiology to humans have been 

used in some models of the disease but, greater ethical issues, space constraints and expense 

are limiting factors here164. 

Despite the undeniable advancements in these traditional model systems, the field has been slow 

to produce new effective treatments for the disease and RAAS blockades or ACE inhibition 

continue to be the primary therapeutic interventions183. Much of this lack of progress can be seen 
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to be due to unavoidable limitations in the current systems as discussed above and in the Chapter 

1: Introduction: Section 1.3.4.   

5.1.3.2. Kidney Organoids as Future Models of Diabetic Nephropathy 

3D organoids, grown by differentiation of human induced pluripotent stem cells (hiPSCs), offer a 

new path to model diseases in many organs, including diabetic nephropathy400. The use of 

hiPSCs enables researches to run virtually unlimited experiments on genetically identical 

lines244,400. Furthermore, they can be created from any patient by reprogramming, and if desired, 

modified by genetic manipulation in the laboratory to take on any genetic background244. IPSCs 

have been shown by several groups to be able to take on a 3D complexity and cellular variety 

which approaches that of in vivo kidneys, in particular all the main epithelial cell types of the 

nephron and supporting cell types such as the mesangial cells and interstitium283,285,288-

290,360,361,401. In some cases, these organoids can be grown from a single differentiation, greatly 

simplifying the culture difficulty289,290. These lab-grown renal organoids have already shown 

promising functional characteristics and have also been used for some proof of concept disease 

modelling studies; for instance, showing utility in modelling PKD and podocyte 

dysfunction283,285,288,290,292,360,401. As such these hiPSC-derived kidney organoids show promise as 

a disease model that could bridge the gap between animal models and clinical trials, reducing 

failure rates and the accompanying wasted expense. 

  



214 
 
 

5.2. Aims and Hypothesis 

 

 Hypothesis 

The use of chemical mediators and/or the introduction of genetic changes, associated with CKD 

and DN was hypothesised to induce a recognisable disease phenotype in hiPSC derived kidney 

organoids created using our 3D differentiation and culture system.  

 

 

 Aims 

5. To investigate the ability of three key mediators of diabetic nephropathy to induce a 

diabetic nephropathy phenotype on hiPSC-derived kidney organoids. The mediators 

investigated were: 

 
a. Hyperglycaemia (High glucose concentration) 

 
b. TGF-β 

 
c. Angiotensin II 

 

6. To determine the optimal concentration of each of the above mediators for creating a 

diabetic nephropathy phenotype.  

 

7. To investigate the ability of genetic changes in the hiPSCs associated with diabetic or 

chronic kidney disease to induce a phenotype of diabetic nephropathy in the hiPSC 

derived kidney organoids. The chosen genes were 

 
a. UMOD: via both a knock-out line and a line with two single nucleotide 

changes 

 
b. TIMP3: via a knock-out line 
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5.3. Results 

In this chapter we set out to demonstrate the utility of the kidney organoid model developed in 

this thesis (Chapter 3) as a platform for disease modelling, specifically for modelling diabetic 

nephropathy (DN). Two parallel investigations were conducted. In one investigation, the kidney 

organoids were grown to maturity as normal and then exposed to conditions imitating the diabetic 

environment, specifically, high glucose levels, increased TGF-β levels, or increased Angiotensin 

II (ANGII) levels (Figures 5.1 - 5.3). In the second investigation, we set out to create genetically 

modified hiPSC lines using CRISPR-Cas9 to investigate the effect of mutating genes, which have 

been linked to DN, upon the maturity, health and function of kidney organoids differentiated from 

these modified cells. (Figures 5.4 – 5.12; Tables 5.1 – 5.4). 

 

 Creation of a Chemically-Induced Kidney Organoid Model 
of Diabetic Nephropathy 

 

5.3.1.1. Piloting the use of TGF-β for Kidney Disease Modelling with 
HEK293T Cells 

TGF-β is a known mediator of DN, as well as of EMT and general fibrosis121. We first set out to 

investigate the effect of this molecule on HEK293T cells in a pilot experiment to determine if they 

would show changes in key markers of fibrotic processes and EMT (Figure 5.1). TGF-β (10 ng/ml) 

was added into the culture medium of the cells for 24 or 72 hours (hr) and the effect on the gene 

expression of six key markers in comparison to cells not exposed to TGF-β was investigated using 

qPCR. The difference between the time points was analysed by ANOVA with Dunnett’s multiple 

comparison test. The EMT inducer TWIST, showed significant upregulation at 24 hours (hr) (P < 

0.001) and further significant upregulation at 72 hr (P < 0.0001). However, another EMT inducer, 

SNAI1 showed downregulation at both time points (P < 0.0001). A mesenchymal marker, α-SMA, 

which marks myofibroblasts formed during EMT115, showed significant upregulation at both 24 

and 72 hr (P < 0.01). CDH2, another mesenchymal marker, showed significant upregulation at 24 

hr but surprisingly no upregulation at 72 hr. CDH1 expression, an epithelial marker, was not 

significantly reduced at either time point. Finally, COL3A1 a marker of the ECM, deposition of 

which is often increased during fibrosis, did not show significant change at either time point.  

While these results were inconclusive in showing a robust activation of EMT, some markers did 

perform as expected (TWIST and α-SMA upregulation).  
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5.3.1.2. Creation of a HiPSC-Derived Kidney Organoid Model of Diabetic 
Nephropathy by Exposure to Hyperglycaemia or Other Disease 
Mediator Chemicals.  

Following on from the pilot experiment with HEK293T cells, we decided to test the effect of 

disease mediators associated with the onset of DN on the kidney organoids created following the 

method developed in Chapter 3: Figure 3.7. As well as using TGF-β, ANGII was also chosen for 

investigation due to its established, pivotal role in the early stages of the disease24.  For both 

factors three concentrations were investigated (TGF-β: 5, 10 and15 ng/ml; ANGII: 0.05, 0.1 and 

0.5 ng/µl) at this stage to determine which was most appropriate for inducing the disease 

phenotype. The incubation time was increased to 7 days to allow the molecules sufficient time to 

penetrate the dense organoids and for their effects to be shown in the cells. In these experiments, 

the panel of investigated genes was expanded to 14 to include other markers linked to fibrosis 

and/or DN, namely NOTCH1, NOTCH2, WNT4, VEGFA, TGF-β1; the marker of apoptosis, 

caspase-9 (CASP9); and two markers which mediate the non-canonical reno-protective rather 

than reno-pathogenic actions of the RAAS pathways specifically, Angiotensin II receptor type 2 

(ANGRII)24 and Angiotensin cleaving enzyme 2 (ACE2)111. The expression of the genes was 

Figure 5.1: Comparative Gene Expression Analysis of Markers of EMT and Fibrosis in 
HEK293T Cells Exposed to TGF-β.  
HEK293T cells were exposed to 10 ng/ml TGF-β for 24 or 72 hours (hrs) and the expression 
of six key EMT or fibrosis related genes was measured. All data is presented as ΔΔCт versus 
ACTB as housekeeping control and 0 hr as a non-exposure control with the mean ± standard 
deviation. One-way ANOVA followed by Dunnett’s multiple comparison test in PRISM 
software was used to determine significance (set at P < 0.05). * = P < 0.05, ** = P < 0.01, *** 
= P < 0.001 and **** = P < 0.0001. (Data collected by S. Lopategio 2016). Symbols directly 
above bars represent significance of difference relative to 0 hr. 
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determined by qPCR and the difference in expression was compared to that of untreated day 26 

organoids using ANOVA and post-hoc Bonferroni analysis (Figure 5.2). The EMT inducers SNAI1 

and TWIST displayed the same pattern as observed with the HEK293T cells with general 

significant down-regulation (P < 0.0001) and upregulation respectively. Looking in detail at TWIST 

an unexpected pattern was seen for both TGF-β and ANGII exposure. There was an inverse 

correlation between concentration of the chemical and level of TWIST upregulation. Both ANGII 

at 0.05 ng/µl and 0.1 ng/ml exposure showed significantly greater TWSIT expression (P < 0.001 

and P < 0.01 respectively) than Ang 0.5 ng/µl exposure. Similarly, TGF-β exposure at 5 ng/ml 

showed the highest, significant, upregulation (P < 0.0001) compared to untreated; 10 ng/ml 

exposure showed a smaller, less significant upregulation (P < 0.05) and 15 ng/ml exposure did 

not show significant upregulation. The mesenchymal markers α-SMA and CDH2, the epithelial 

marker CDH1, the apoptosis marker CASP9, the reno-protective enzyme ACE2 and the 

mediators of fibrosis; NOTCH3, TGF-β and WNT4 all showed large and significant 

downregulation in expression versus the untreated sample with any treatment (P < 0.0001). 

Conversely, the expression of another fibrosis mediator, NOTCH1, was significantly and highly 

upregulated with all treatments (P < 0.0001). The concentration of ANGII did not significantly 

affect the level of upregulation for NOTCH1. TGF-β exposure at the lowest level of 5 ng/ml was 

upregulated significantly more than at the higher concentration of 15 ng/ml (P < 0.01). COL3A, a 

marker of increased ECM deposition resulting from fibrosis, was not significantly upregulated by 

exposure to any concentration of ANGII, however, it was significantly upregulated by any 

concentration of TGF-β (P < 0.0001). The highest concentration of TGF-β, 15 ng/ml, led to a 

significantly higher upregulation of this gene than the lower levels (P < 0.0001). Regarding 

ANGRII, TGF-β at any concentration caused a significant upregulation of the gene’s expression 

(P < 0.0001), while ANGII had no effect on it. VEGFA expression was not significantly affected 

by TGF-β exposure at any concentration. However, ANGII exposure led to a significant decrease 

in VEGFA expression levels (P < 0.0001), which did not vary significantly between concentrations.  

Taken together these data demonstrate the induction of certain key genetic features of DN, EMT 

and fibrosis, although there is some contradictory data. There is no clearly superior concentration 

of either TGF-β or ANGII exposure to use for creation of the DN model.  
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Figure 5.2: Comparative Gene Expression Analysis of Markers of EMT, Fibrosis and 
Diabetic Nephropathy Mediators in hiPSC-Derived Renal organoids Exposed to TGF-β 
or Angiotensin II.  
Renal organoids were exposed to 5, 10 or 15, ng/ml TGF-β (TGF 5/10/15) or 0.05, 0.1 or 0.5 
ng/ml angiotensin II (Ang 0.05/0.1/0.5) for 7 days and the expression of 14 key EMT or fibrosis 
related genes was measured. All data is presented as ΔΔCт versus ACTB as housekeeping 
control and untreated day 26 renal organoids (M4 DAY 26) as a non-exposure control with 
the mean ± standard error in the mean. One-way ANOVA followed by post hoc Bonferroni 
analysis in PRISM software was used to determine significance (set at P < 0.05). * =  P < 
0.05, ** = P < 0.01, *** = P < 0.001 and **** = P < 0.0001., ns= not significant. Symbols directly 
above bars represent significance of difference relative to M4 Day 26. 
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To model hyperglycaemia, we tested the effect of high glucose exposure to the expression (by 

qPCR) of the same panel of genes in the kidney organoids (Figure 5.3). 15 mM and 30 mM 

glucose levels were tested with 7-day incubation with the kidney organoids. 15 mM and 30 mM 

mannitol levels were tested also to serve as osmotic controls for any observed changes in gene 

expression. As with the TGF-β1 or ANGII incubation, the EMT inducer SNAI1 showed significant 

downregulation with all conditions (P <0.0001). The EMT inducer TWIST showed significant 

upregulation with the 30 mM glucose condition (P < 0.0001) but not with the 15 mM condition. 

Peculiarly, the 15 mM mannitol condition showed a smaller but significant upregulation of the 

gene (P < 0.05), but 30 mM mannitol was not significantly upregulated. The mesenchymal 

markers α-SMA and CDH2, the epithelial marker CDH1, the apoptosis marker CASP9, the reno-

protective enzyme ACE2 and the mediators of fibrosis; NOTCH3, TGF-β and WNT4 all showed 

large and significant downregulation in expression versus the untreated sample with any 

treatment (P < 0.0001). Conversely, and mirroring the TGF-β1 and ANGII experiment, the 

expression of another fibrosis mediator, NOTCH1, was significantly and highly upregulated with 

all treatments (P < 0.0001). However, both concentrations of glucose showed a significantly 

higher level of NOTCH1 expression compared with 15 mM mannitol (P < 0.0001). Surprisingly, 

however only the 15 mM glucose condition was significantly higher (P < 0.05) than the 30 mM 

mannitol condition. There was not a significant difference between the expression of NOTCH1 

with the 15 or 30 mM glucose conditions however. The COL3A gene, serving as a marker of ECM 

deposition, was significantly upregulated in both the 15 mM glucose and 15 mM mannitol 

conditions (P < 0.0001). The expression was significantly higher in the 15 mM glucose condition 

versus the 15 mM mannitol condition however. Strangely, COL3A expression was not significantly 

changed in the 30 mM conditions. VEGFA was significantly downregulated with all treatments, 

although less so with 15 mM glucose (P < 0.001) than with the other treatments (P < 0.0001). 

There was a significantly higher expression with the 15 mM glucose exposure than with the 

equivalent mannitol concentration exposure. Finally, ANGRII showed the greatest upregulation 

with 15 mM glucose (P < 0.0001) which was significantly higher than the expression post 15 mM 

mannitol exposure (P < 0.05). Counterintuitively, 30 mM mannitol led to a significant increase in 

the ANGRII expression which was absent with 30 mM glucose.  

Taken together these data demonstrate certain gene expression changes indicative of a DN, EMT 

or fibrotic state; although there is some contradictory data. There is no clearly superior 

concentration of glucose exposure to use for creation of the DN model. 
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Figure 5.3: Comparative Gene Expression Analysis of Markers of EMT, Fibrosis and 
Diabetic Nephropathy Mediators in hiPSC-Derived Renal organoids Exposed to High 
Glucose or Mannitol.  
Renal organoids were exposed to 15 or 30 mM glucose (GLUC 15/30) or 15 or 30 mM 
Mannitol (MAN 15/30) for 7 days and the expression of 14 key EMT or fibrosis related genes 
was measured. All data is presented as ΔΔCт versus ACTB as housekeeping control and 
untreated day 26 renal organoids (M4 DAY 26) as a non-exposure control with the mean ± 
standard error in the mean. One-way ANOVA followed by post hoc Bonferroni analysis in 
PRISM software was used to determine significance (set at P < 0.05). * = P < 0.05, ** = P < 
0.01, *** = P < 0.001 and **** = P < 0.0001, ns= not significant. Symbols directly above bars 
represent significance of difference relative to M4 Day 26. 
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 CRISPR-Cas9 Modification of HiPSCs for use in a Kidney 

Organoid Model of Genetic Diabetic Nephropathy 

In parallel to investigating the effect of disease mediating chemicals on our renal organoids, we 

attempted to create a genetic model of DN by modifying the hiPSC to be used in creation of the 

kidney organoids using CRISPR-Cas9. Two genes which have shown linkage to the disease, as 

discussed in Section 5.1.1.4, where chosen for investigation. Namely UMOD, a loop of Henle 

protein and TIMP3, a tissue inhibitor of matrix-metalloproteases402,38. The UMOD protein is only 

found in the loop of Henle of the kidney but its exact role still remains elusive. Current hypotheses 

suggest a role for UMOD in water barrier permeability and resistance to urinary infections. 

Heritable kidney disease has been shown to be caused by point mutations C150S and C148W in 

the UMOD gene158-160. TIMP3 meanwhile has been suggested to have a protective role in kidney 

disease through negatively regulating production of profibrotic MMP2 and ADAM17 (which 

otherwise activates TNF-α)390-392. Knock-out of TIMP3 in mice has shown worsening kidney 

fibrosis and TIMP3 levels appear to rise in patients with DN and other renal diseases in a possibly 

protective response390,391. We decided to develop a pair of knock out lines in which either protein 

production from the UMOD (UKO) or from TIMP3 (TKO) genes would not be functionally translated. 

In addition, we set out to develop a line that would contain two point-mutations in the UMOD gene 

which have been associated with DN through GWAS158-160. 

To introduce the CRISPR-Cas9 machinery, along with the guide RNA for targeting our genes of 

interest, we selected the PiCRg entry plasmid (Addgene) (Figure 5.4). This plasmid can be 

modified to include crRNAs designed for targeting UMOD or TIMP3 (Table 5.1) by insertion of 

double-stranded DNA coding for this crRNA into the region at the BbsI cleavage site. The plasmid 

contains DNA coding for the Cas9 machinery and a cassette that endows Neomycin and 

Kanamycin resistance to the transfected cells.  
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To allow the Cas9 machinery to target the gene of interest guiding sequences called crRNAs are 

used. It is important to choose crRNAs that are the most efficient and most specific (i.e. have the 

least likelihood of causing off target cuts). The online tool, CHOPCHOP (Harvard University) was 

used to design these 20 nucleotide sequences with adjacent PAM sites (Table 5.1).  The top 4 

results, as determined by highest GC content (which implies stability of binding) and lowest score 

for off target effects were chosen and the sequences of these can be seen in the table. The top 

10 most probable sites for off target effects for each crRNA are shown in Appendices Figures 

7.1 – 7.4. For the UMOD point mutation in which Cas9n is used, two cuts must be made on 

opposite strands in close proximity. Accordingly, one of the 1A and 2A crRNAs can be used in 

combination with one of the 1B and 2B crRNAs to achieve this. 

Figure 5.4: Schematic of the PiCRg Entry Plasmid Selected as the Vector for 
Transfection and Transformation of hiPSCs. 
This plasmid was designed to accept the crRNA sequences designed for genetic modification 
of hiPSCs. Phosphorylated double stranded DNA coding for the optimal crRNAs were ligated 
into this plasmid at the region marked ‘gRNA scaffold’, which had undergone BbsI digestion 
and dephosphorylation. The plasmid contains the Cas9 machinery protein coding sequence 
and associated hPGK promoter, and the coding sequence for Neomycin and Kanamycin 
resistance genes which act as transfection and transformation selection markers respectively. 
Numbers on the inside of the plasmid indicate basepair (bp) number with total plasmid length, 
830, listed in the centre. Other enzymatic digestion sites, with bp location in brackets are 
annotated on the plasmid, as are the T7 and U6 promoter sequences. Image downloaded 
from Addgene and created with SnapGene®. 
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Having designed the crRNAs, the next step was to test each for the efficiency with which it could 

cleave the target DNA region. To do this, sgRNAs were created for each crRNA and incubated 

with Cas9 and the relevant PCR product (an ~1000 nucleotide segment of DNA representing the 

target area for each gene), which were designed to be cleaved into two unequal halves. For the 

KO sgRNAs, the cleaved PCR products and uncleaved PCR products for negative controls were 

run on a 2% agarose gel (Figure 5.5). The uncleaved PCR product lane all show strong white 

bands near the top of the gels. All the sgRNAs were able to cleave the PCR product to some 

extent as visualised by the faded ‘uncleaved PCR product’ band and the emergence of two bands 

of unequal size further down the gels. The drop in intensity in these uncleaved PCR product bands 

was quantified using ImageJ software and the results are displayed in Table 5.2. The most 

efficient sgRNAs for cleaving UMOD and TIMP3 where sgRNA 4U (94.14%) and sgRNA 2T 

(54.80%) respectively. Unfortunately, the UMOD point mutation sgRNAs which were synthesised 

at a later point did not reach a sufficient concentration for use in the cleavage assay (Table 5.3). 

These issues, which reoccurred when the knock out sgRNAs were resynthesized, were 

investigated in detail as discussed later. 

 

Table 5.1: cRNAs Used to Create sgRNAs for UMOD and TIMP3 Targeting.  
The top four cRNAs for each gene predicted most efficient and specific, as determined by 
highest GC content and lowest chance of off target effects are shown. The crRNAs were 
designed using the CHOPCHOP online crRNA designing tool (Harvard University). 20 
nucleotide sequences are shown with downstream PAM site (in green). The top ten predicted 
off targets hits for each crRNA are shown in Appendices Tables 7.1 -7.4. 
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Figure 5.5: Electrophoresis Gels from the Cleavage Efficiency Test to Determine the 
Most Potent sgRNAs for Cutting the Target Genes; UMOD and TIMP3.  
The ability of sgRNA created based on the crRNAs designed in Table 5.1 to cleave PCR 
products representing the target genes of either UMOD or TIMP3 was investigated using the 
Guide-it Genotype™

 
Confirmation Kit (Clontech Laboratories Inc.). PCR products were 

designed that would be cleaved into two unequal halves if cut successfully by the sgRNAs in 
combination with Cas9 endonuclease. The PCR products which were not incubated with Cas9 
are shown as negative controls. UMOD PCR product (prod.) A was incubated with sgRNA 1U 
and 2U. UMOD PCR prod. B was incubated with sgRNA 3U and 4U. TIMP3 PCR prod A was 
incubated with sgRNA 1T, 2T and 3T. TIMP3 PCR prod A was incubated with sgRNA 4T. The 
cleavage success percentages are shown beneath the name of each sgRNA. These were 
calculated by the relative reduction in intensity of the band representing the related uncleaved 
PCR product in each lane using ImageJ software. Failure of cutting, even with control sgRNA 
and PCR product when testing UMOD point mutations sgRNAs prevented data being 
collected for 1A, 1B, 2A and 2B. 

Table 5.2: Quantitative Analysis of the Cleavage Efficiency Test (Figure 5.6). 
The intensity of the uncleaved band in each PCR Product lane after electrophoresis (Figure 
5.6) was compared with the intensity of the uncleaved band remaining in the lanes in which 
the PCR Product had been incubated with Cas9 endonuclease and one of the sgRNAs which 
targeted that gene. The percentage cleavage, i.e. cleavage efficiency was calculated 
accordingly. Image J software was used to quantify band intensities.  
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With the most efficient knock-out sgRNAs (4U and 2T) selected, the next step was to create 

modified piCRg plasmids containing the relevant crRNAs. The sgRNAs 2T and 4U were ligated 

into the plasmid. The modified plasmids were then transformed into bacteria and grown on 

kanamycin containing LB plates to select only bacteria which had successfully uptaken the 

plasmid. Multiple colonies from these plates were harvested and expanded. Next plasmid was 

purified from these cultures to test if they had been successfully ligated with the sgRNA. As these 

sequences are ligated into the plasmid at the BbsI restriction site (Figure 5.4), this should no 

longer be available for cleavage by the enzyme. Conversely the AgeI site (Figure 5.4) should still 

be available for cleavage. As such successful ligation of the crRNA sequence into the plasmid 

can be confirmed by incubating the modified plasmids with both BbsI and AgeI and running the 

product on an agarose gel by electrophoresis. A successfully modified plasmid will only be cut at 

the AgeI site and show a single band, while a plasmid in which ligation of the crRNA failed, and 

the control plasmid, will be cut at both sites and form 2 bands. Plasmids from 4 TIMP3 plasmid 

colonies (2.1T, 2.2T, 2.3T and 2.4T) and 2 UMOD plasmid colonies (4.1U and 4.2U) were tested 

(Figure 5.6). All the colonies were shown to have successfully ligated plasmids as only 1 band 

was present in each lane, versus 2 bands in the piCRg control lanes. 

Table 5.3:  Summary of sgRNA creation attempts for UMOD Point Mutation sgRNAs.   
Use of 2 sgRNA synthesis kits, a range of concentrations of dsDNA template and a range of 

incubation times failed to enable creation of sgRNA at sufficient concentration (target 50 ng/µl) 

for any of the sgRNA alternatives. ds = double stranded. A260/280 = the ratio between 
absorbance values measured at 260nm and 280nm wavelengths. Target value for pure RNA 
is between 1.7 and 2.0. 
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With successful KO plasmids now available for both genes the next step was to transfect hiPSC 

with each plasmid to create the UKO and TKO hiPSC lines.  

As a pilot, HEK293T cells were transfected with the KO plasmids. Upon transfection via 

electroporation, HEK293T cells survived and proliferated. No noticeable cell death was observed 

during 7-day selection (Data not shown). While this could indicate 100% successful uptake of 

plasmid this outcome was improbable. It was later discovered that HEK293T cells have natural 

neomycin resistance and so successfully transfected colonies could not be selected403. Due to 

time constraints we did not continue with a pilot cell line and proceeded with the transfection of 

hiPSCs. 

 

Transfection was carried out by electroporation of single cells with both plasmids. As a control for 

successful transfection a GFP plasmid was transfected into hiPSC using the same electroporation 

settings. Fluorescence microscopy identified GFP+ hiPSC cells and colonies at 24 and 72 hr 

(Figure 5.7.A). HiPSCs transfected with TKO or UKO plasmids survived and grew into 

morphologically normal hiPSC colonies on Geltrex™ 7 days post electroporation (Figure 5.7.B).  

 

Figure 5.6: Plasmid Ligation Confirmation Assay.  
Plasmids which were isolated from 4 colonies of TIMP3 knock-out (TKO) plasmid (sgRNA 2T) 
transformed bacteria, 2 colonies of UMOD knock-out (UKO) plasmid (sgRNA 4U) transformed 
bacteria and control unmodified piCRg plasmid were incubated with the restriction 
endonucleases BbsI and AgeI. The products of these reactions were run on 0.8% agarose 
gels.  While control piCRg plasmid was cleaved at both sites resulting in two bands of 
approximately 5kb and 3.3kb in size, none of the TKO or UKO plasmids formed 2 bands, 
indicating proper ligation of the sgRNA sequences which have interrupted the BbsI cleavage 
site.  
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Upon recovery of the colonies the next step was to select for the cells that had been successfully 

transfected with the plasmid and were expressing the neomycin resistance cassette. 7-day 

selection with Geneticin® was conducted (Geneticin® is a brand of the G418 antibiotic that kills 

eukaryotic cells but is inhibited by the Neomycin resistance cassette). Initially the cells from both 

TKO and UKO plasmid transfected lines appeared to survive and indeed continue to expand up to 

day 4 of selection (Figure 5.8.A,B). However, colonies then began to detach and die over the 

remaining 3 days of selection (Figure 5.8.C).  

  

Figure 5.7: Fluorescence and Light Microscopy of hiPSCs Post-Transfection by 
Electroporation with GFP-Control or CRISPR-Cas9 Knock-Out Plasmids. 
A: hiPSCs transfected with a GFP control plasmid at 24 hours (i) post transfection and 72 
hours (ii) post transfection. Successfully transfected cells are visible in green as GFP+

 
having 

incorporated the GFP-encoding plasmid and transcribed and translated the protein. B: 
hiPSCs transfected with TIMP3 (T) or UMOD (U) knock out (KO) plasmids are seen by light 
microscopy to have recovered from transfection and formed colonies of normal morphology 
in various sizes on Geltrex™.  
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We hypothesised that successfully transfected cells may have died or detached during selection 

under the influence of dying and detaching neighbouring cells which had failed to be transfected. 

With the aim of preventing this by growing colonies from a single parent cell, we repeated the 

transfection and recovery of the cells on 6 well plates (wps) (as in Figure 5.7.B), but then prior to 

selection we passaged the cells onto 96wps at a cell concentration theoretically meaning only 

one cell should be present in each well. Cells were able to recover, forming colonies, in the 96wps 

(Figure 5.9.A) and 7-day selection with Geneticin® was conducted. A number of wells survived 

this selection (Figure 5.9.B,C). Surviving cells were passaged onto 48 well-plates for expansion 

of the line. However, the cells did not recover from passaging (Figure 5.9.D).  

Figure 5.8: Light Microscopy of CRISPR-Cas9, UKO or TKO Plasmid Transfected hiPSCs 
during Neomycin Selection on Geltrex™ coated 6 well plates: A. 
HiPSCs which survived transfection with TIMP3 (T) or UMOD (U) knock out (KO) plasmids are 
shown. Colonies were selected by addition of Geneticin® to the culture media for 7 days. B: 
For the first 4 days of selection colonies expanded in both cultures. C: Beyond day 4 colonies 
began to die and were completely detached and lost by day 7. Scale bars and magnification 
is indicated in each image. 
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With the failure of transfected colonies to survive selection when performed on bulk cells on 

Geltrex™ or to survive passaging post single cell selection a new method was attempted. 

Successfully transfected and recovered colonies were passaged onto DR4-iMEFS (which have 

neomycin resistance404). This was to provide more support to the hiPSC during selection with 

Geneticin® which can cause toxicity even to cells with resistance cassettes. The cells adapted to 

grow on these iMEFs (Figure 5.10.A). Neomycin® selection was conducted for 7 days with 

Geneticin® and while some colonies died and detached, indicating they were not transfected with 

the plasmid, there were surviving colonies on in both UKO and TKO plasmid transfected plates 

(Figure 5.10.D). Density of the iMEF layer was shown to be important to survival during selection. 

During one selection experiment in which iMEFs appeared to recover sparsely on the plate all the 

cells died (Figure 5.10.E). 

Figure 5.9: UKO and
 
TKO transfected hiPSCs recovered successfully from single cell 

passaging onto 96-well plates and survived 7-day Geneticin® selection.  
Light microscopy images of hiPSC colonies are shown.  A: TIMP3 (TKO) or UMOD (UKO) knock 
out plasmid transfected hiPSCs which had survived electroporation and recovered on 6 well 
plates (wps) were passaged as single cells onto 96 wps. B, C: Neomycin selection with 
Geneticin® was conducted in the 96wps and colonies survived through B: day 2 and to the 
end of selection at C: day 7. D: Post selection the surviving colonies were passaged onto 
48wps but failed to recover. Scale bars and magnification is indicated in each image. 
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To create putative KO-iPSC lines that are formed from a single genetically identical progenitor, 

individual surviving colonies were picked and grown separately on Geltrex™ (Figure 5.11.A). 

While multiple UKO transfected lines recovered and formed healthy colonies, no TKO transfected 

lines recovered. To check that the correct CRISPR modification had taken place in the UKO lines, 

aliquots of the cells were sent for Sanger sequencing around the target crRNA region of the DNA 

with wild type DNA used as a control. Unexpectedly, none of the sequenced lines showed 

insertions or deletions in the crRNA region (the expected cutting site for the Cas9 protein) (Figure 

5.11.Bi). All the sequences were nearly totally conserved between the wild type gene and the KO 

lines. To confirm the wild type sequence was correct it was compared to the ‘refseq’ sequence 

for the UMOD gene on the NCBI database; this confirmed the sequence was correct (Figure 

5.11.Bii). The P19.1 line did flag up as having a C nucleotide inserted immediately next to the 

PAM site, however, on closer inspection of the sequencing data it seems likely this was a 

Figure 5.10: Light Microscopy of CRISPR-Cas9, UKO or TKO Plasmid Transfected hiPSCs 
during Neomycin Selection. 
A: HiPSCs which survived transfection with TIMP3 (T) or UMOD (U) knock out (KO) plasmids 
were passaged onto DR4-iMEFs to provide support during neomycin selection with 
Geneticin®. B-D: Successfully transfected colonies were selected by addition of Geneticin® 
to the culture media for 7 days, after which surviving colonies were passaged on to Geltrex™ 
coated plates for expansion. E: When iMEF were too sparse initially hiPSCs failed to recover. 
Magnification is indicated in each image.  
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‘phantom read’ in which the base-calling software has determined one peak to be 2 nucleotides 

(Figure 5.11.Biii). 

 

 

 

  

Figure 5.11: Expansion and Sequencing of Neomycin selected UKO and
 
TKO plasmid 

transfected hiPSC lines. 
A: Light microscopy of lines of transfected hiPSC post passage onto Geltrex™ from DR4-
iMEF. Six UMOD (U) knock out (KO) plasmid transfected lines successfully recovered and 
expanded post passage [Lines which failed to recover are not shown]. None of the TIMP3 (T) 
KO lines recovered from passage. Three representative images are shown. Magnification in 
all images is 10x. 
B: i: Recovered UKO plasmid transfected lines and wild type (WT) hiPSC control lines were 
sequenced by Sanger sequencing around the target region on the UMOD gene. Sequences 
were aligned by the ClustalW2 online tool. The target region (green) and PAM site (blue) are 
highlighted. Regions of perfect matching are highlighted in cyan. No expected insertions or 
deletions in the region 3 base pairs downstream of the PAM site were seen indicating that 
CRISPR-Cas9 modification was not successful. 

     ii: Sequence alignment using nucleotide-BLAST of the Sanger sequence of the WT line 
showed this matched the genomic reference sequence perfectly 
    iii: Visualisation of the Sanger sequencing results for P19.1 using SnapGene Viewer 
software revealed that the apparent extra c prior to PAM site could represent a phantom read 
and not a true insertion. 
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Despite this negative data, there is a possibility that mutations which were present went 

undetected due to low signal strength and high background noise in the sequencing. To further 

investigate and get independent confirmation we decided to run cleavage mediated genotype 

confirmation assays of PCR product amplified from the same UKO lines (Figure 5.12).  

PCR product was successfully purified and was shown to be of the expected size of approximately 

937 bp (Figure 5.12.A). However, there was total failure of the cleavage assay with no significant 

cleavage of the UKO plasmid transfected lines or the WT line observed (Figure 5.12.B). 

Successful cleavage of a control PCR product with a control sgRNA ruled out an issue with the 

Cas9 nuclease used in the assay. To check if there was an issue with the WT PCR product a 

fresh product was created from WT hiPSCs. Both the new WT PCR product and the original (old) 

WT PCR product were cleaved with low efficiencies (Figure 5.12.C), far below the 94% efficiency 

expected from the original cleavage assay (Figure 5.5, Table 5.2). The genotype confirmation 

assay protocol was repeated with extended incubation of Cas9 nuclease and the sgRNA to give 

more chance for proper ligation, but this did not change the result of the assay (data not shown).  

 

 

We set out to create new 4U sgRNA following the same method and with the same reagents as 

previously used. While the DNA template for the sgRNA was synthesised with a sufficient 

concentration and purity, the conversation step to create sgRNA did not yield a sufficiently high 

concentration (50 ng/µl) (Table 5.4). Accordingly, multiple methodological changes were tested, 

including following troubleshooting advice of the company. Exhaustive variations of incubation 

Figure 5.12: Genotype Confirmation Assay for UKO plasmid transfected hiPSC Lines. 
To determine if the successfully plasmid transfected UMOD knock-out (UKO)

 
hiPSC lines had 

been mutated at the target site genotype confirmation assays were attempted. A: The UMOD 
PCR product covering the region of interest was expanded from each UKO (P19.1-P19.12) 
hiPSC line and a wildtype (WT) hiPSC and run on an agarose gel showing the expected size 
product was present (937 bp). B: The 4U sgRNA used in the CRISPR-Cas9 plasmids which 
had been transfected into the cells was associated with a Cas9 nuclease and incubated with 
the relevant PCR products from A. Minimal cleavage efficiency was detected in all lines. This 
included the wildtype despite an expected cleavage efficiency of 94%. Control (Cntrl) sgRNA 
and PCR product incubation led to total cleavage demonstrating the Cas9 was working 
correctly. C: A fresh WT PCR product was expanded (WT.new) and compared with the original 
WT PCR product (WT.old) for cleavage. Neither product was cleaved with the expected 94% 
efficiency. Uncleaved UMOD PCR Product is 937 bp. Fragments expected to be 726 and 
211bp. Control PCR Product is 614 bp. Fragments are expected to be 350 and 264 bp bands. 
The DNA Ladder is the Geneon 1kb DNA Ladder®. Relevant bands (in bp) are annotated. 
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time and dsDNA template concertation were tested using fresh and clean sources of plastics. 

These changes failed again to yield the required sgRNA concentrations (Table 5.4). We next 

decided to repeat this experiment using a new batch of reagents (kit 2 and kit 3) to control for 

contamination e.g. with a RNase. The use of the brand-new reagents failed to improve the sgRNA 

yield (Table 5.4).  

 

 

 

Table 5.4 : Assessing Creation of UMOD and TIMP3 Knock-Out sgRNAs.  
*Use of Kit 1 (the original kit) initially allowed creation of an UMOD sgRNA at sufficiency high 
(> 50 ng/µl) concentration (run 1); however, cleavage of the PCR product failed with this 
sgRNA prompting fresh synthesis of sgRNA. Future sgRNA synthesis using reagents from 
the same kit (Kit 1) or reagents from two subsequent kits (Kit 2, Kit 3) failed to enable creation 
of sgRNA at sufficient concentration.  Red highlighting: sgRNA creation reactions run with the 
same concentration of template double stranded (ds) DNA template (200nM) but with 
incubation (Inc.) times. Green highlighting: reactions run for the same Inc. time but with a 
range of concentrations. Orange highlighting: reactions run with new primers. The purple 
highlighting: 4 reactions identical sgRNA synthesis reactions were combined and harvested 
in a single collection. A260/280 = the ratio between absorbance values measured at 260nm and 
280nm wavelengths. Target value for pure RNA is between 1.7 and 2.0. 
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5.4. Discussion 

In this chapter, we described the development of a disease model of diabetic nephropathy based 

on our hiPSC derived kidney organoids. Two methods were employed towards this aim. Firstly, 

we incubated the organoids with known mediators of the disease, namely TGF-β, angiotensin II 

and high glucose concentrations. Secondly, we set out to create lines of hiPSCs which had been 

genetically modified to include mutations to gene in which lack of activity or dysfunction have 

been linked to diabetic nephropathy. 

 

 Chemically Induced Modelling of Diabetic Kidney Disease 

5.4.1.1. The use of TGF-β as a Profibrotic Mediator of Kidney Dysfunction 

Despite the many important roles of TGF-β in cell growth, proliferation and differentiation amongst 

others, its dysregulation is also well established as a fibrotic mediator and inducer of EMT121. In 

diabetic nephropathy specifically TGF-β is found to be involved in nearly all known pathogenic 

pathways121. Indeed, Fuad Ziyadeh has argued it may be the major mediator of the disease121. 

As such it was an obvious choice for use as a disease modelling factor. 

5.4.1.2. Pilot Study of the Effect of TGF-β on a Kidney Cell Line 

As a first step, we decided to run a pilot study to monitor the effects of TGF-β on the human 

embryonic kidney line, HEK293T. In this instance we expected to see a partial EMT phenotype 

emerge in which fibrosis, seen through increased expression of the ECM marker COL3A1 would 

set in; and EMT, marked by upregulation of the EMT inducers SNAI1 and TWIST, would begin. 

This should result in an increase in mesenchymal markers, α-SMA and CDH2; and a reduction of 

the epithelial marker CDH1. Alternatively, CDH1 may remain at similar levels as has been seen 

in the partial EMT associated with kidney fibrosis116. We assessed two time points, 24 or 72 hr, 

to allow immediate and slower changes to be observed. The results, as assessed by qPCR, 

painted a mixed picture (Figure 5.1). As expected the EMT mediator TWIST was seen to increase 

over the duration of the incubation, but surprisingly SNAI1 showed the reverse pattern that was 

not expected405. Meanwhile α-SMA increased at 24 and then again at 72 hr yet CDH2, which 

showed an initial spike at 24 hr was at a lower level at the 72-hr time point. Conversely the 

epithelial marker CDH1 did not show significant change despite a reduction in the mean value. 

The expected increase in COL3A1 was not observed suggesting fibrosis had not significantly set 

in.  

Upregulation of mesenchymal markers and maintenance of epithelial markers could suggest the 

formation of the partial EMT phenotype seen in the early stages of kidney fibrosis121. A limitation 

of this pilot was that HEK293T cells may well be a poor representation of adult human kidney 

cells. Embryonic cell lines have been shown to have a high level of plasticity around EMT and the 

reverse MET process119. This could explain the upregulation of CDH2 and 24 hr and reversal of 

this by 72 hr and may also account for reduced SNAI1 concomitant with increased TWIST. 
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Secondly, the use of an embryonic line may not allow for replication of the fibrotic effects seen in 

adult human cells; a primary derived kidney line may represent a better source of cells. 

Regardless of these limitations, there was some evidence of a partial EMT phenotype induced by 

TGF-β and this encouraged us to use this growth factor for our future experiments in organoids. 

5.4.1.3. The Effects of TGF-β on hiPSC Derived Kidney Organoids 

With our kidney organoids, an expanded panel of genes was investigated. TGF-β itself was 

included to track the onset on fibrotic state. NOTCH1, NOTCH3 and WNT4 were included as each 

have been seen to mediate fibrosis in the chronic kidney disease milieu140. VEGFA expression 

was investigated  due to its potential role in matrix accumulation and GFB permeability to 

proteins385. Caspase 9 (CASP9) was investigated as a marker of cellular apoptosis406. The 

inclusion of ANGRII and ACE2, two mediators of the non-canonical reno-protective effects of the 

RAAS pathway were studied as their upregulation could indicate the organoids adapting to 

counter the onset of a DN state, while their downregulation could suggest the reno-pathogenic 

pathways were being preferentially regulated, demonstrating a chronic disease state. 

We chose to investigate the effects of TGF-β on our optimised organoids created by the M4 

condition (4 mg/ml Matrigel™ top sandwich layer) which had been shown to have segmented 

nephron marker expression and functional transporters in proximal tubules (Chapter 3). Due to 

the increased density of the organoids compared to the 2D cell layer used for the HEK293T 

incubation, we increased the incubation time to 7 days to allow full penetration of the organoids 

cell layers and to hopefully allow adequate time for changes in gene expression to set in. Also, 

while the HEK293T pilot had used only a single concentration of TGF-β in this case we expanded 

the experiment to include 3 concentrations (5 ng/ml, 10 ng/ml and 15 ng/ml) covering a relevant 

range commonly used to model fibrosis for in vitro studies116 to determine the optimal 

concentration to induce a DN phenotype. Analysis by qPCR showed mixed results (Figure 5.2). 

Looking first at the EMT inducers TWIST and SNAI1, a similar pattern was observed to the pilot 

HEK293T experiment. SNAI1 expression was downregulated for all concentrations of TGF-β. 

TWIST expression was upregulated, but most so with the lowest concentration of TGF-β, and the 

upregulation was not significant at the highest concentration. This was surprising as logically a 

greater level of TGF-β would be expected to correlate to a stronger initiation of fibrosis and so 

proportional upregulation of both EMT inducers was expected to be seen. The epithelial marker 

CDH1 was substantially downregulated at all concentrations compared to untreated organoids 

which taken alone suggested a strong EMT activation. However, a contradicting pattern was seen 

for the mesenchymal markers α-SMA and CDH2 which were downregulated rather than 

upregulated as would be expected if EMT was fully underway. COL3A mRNA was increased 

significantly following TGF-β exposure and in this case the highest concentration (15 ng/ml) led 

to the highest increase in COL3A expression. Increased COL3A expression suggests higher ECM 

synthesis, a key marker of fibrosis. Despite this, VEGFA which has been linked to increased ECM 

deposition385 was unchanged in its expression. Furthermore, the fibrosis associated genes WNT4, 

NOTCH3 and TGF-β were all downregulated by TGF-β treatment.  NOTCH3 downregulation is 
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not entirely unexpected as levels of NOTCH3 mRNA have been shown to be unchanged or 

lowered in some other studies of diabetic nephropathy144,145 despite being generally upregulated 

in investigations into other forms of renal fibrosis142. NOTCH1 mRNA, on the other hand, was 

markedly increased with any level of TGF-β exposure. NOTCH1, or the NOTCH1 intracellular 

domain, has been shown to be upregulated in across many forms of chronic kidney disease 

including DN141,144. This high increase in NOTCH1 does raise questions about the apparent lack 

of SNAI1 upregulation as NOTCH is a strong regulator of this factor407. It could be argued that the 

reduced production of TGF-β mRNA indicated the organoids were adapting correctly to the 

presence of TGF-β protein in the media by tuning down native production. This could have been 

mediated through inhibitory SMAD signalling pathways which would be interesting to investigate 

in future studies138. If so, this may account for some of the other markers of kidney disease and 

fibrosis not spiking. Support for this hypothesis could be drawn for the universal upregulation of 

ANGRII in TGF-β treated organoids. This receptor is known to mediate the reno-protective roles 

of the RAAS pathway and it’s increase could reflect a wider self-regulatory reaction of the 

organoids to combat the increased concentration of TGF-β in the media24. The reduction of ACE2 

expression, the enzyme, which cleaves ANGI and ANGII, may suggest this particular reno-

protective pathway was not active. Finally, CASP9 showed lower expression in all samples 

indicating there was a decrease in apoptotic cell death, despite the profibrotic stimuli of TGF-β 

added to the media.  

Taken together there is evidence of an induced DN specific disease model, most promisingly 

through the increased NOTCH1 expression with reduced NOTCH3 expression142,144,145. However, 

it does not seem like a robust EMT, fibrotic state was established in the organoids with lowered 

TGF-β, SNAI1, α-SMA and CDH2 expression.  

5.4.1.4. The Effects of Angiotensin II on hiPSC Derived Kidney Organoids 

The same gene panel was investigated for exposure of the organoids to three concentrations 

(0.05, 0.1 and 0.5 ng/µl) that span concentrations commonly used for disease modelling for in 

vitro models of the hormone Angiotensin II168,408-410 (Figure 5.2). This was with the aim of finding 

the optimal concentration of ANGII for inducing a DN state in the kidney organoids.  ANGII, as 

discussed in the introduction to this chapter (Section 5.1.1.2), is a potent mediator of DN. The 

production of ANGII causes a rapid increase in hypertension and efferent arteriole 

vasoconstriction which can result in damaging glomerular hyperfiltration, and lead to ischemia of 

the nephrons24. It is expected to increase renal levels of TGF-β24. In the main, gene expression 

changes followed a similar pattern to those seen with TGF-β exposure. As with TGF-β exposure, 

the DN specific phenotype of NOTCH3 downregulation with NOTCH 1 upregulation was seen. 

EMT inducers TWIST and SNAI1 were upregulated and downregulated respectively.  The 

markers of mesoderm; α-SMA and CDH2, and the epithelial marker CDH1 were all 

downregulated. No upregulation in TGF-β was detected; in fact, a downregulation was seen. 

COL3A1 was unchanged in expression suggesting ECM synthesis was unchanged. WNT was 

also downregulated, as was VEGFA in this case. The role of VEGF in DN onset is unclear and 
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some studies have shown, too little can be pathogenic411. CASP9 was again downregulated 

indicating a decrease in apoptosis. ANGRII expression did not vary from untreated organoids 

while ACE2 showed downregulation. As these genes would mediate the reno-protective effects 

of the RAAS pathway this could point to the reno-pathogenic pathways mediated by angiotensin 

II receptor type I (ANGRI) and ACE were more active but specific investigation of this would be 

required to draw this conclusion. 

As with the TGF-β exposure, there is evidence of an induced DN specific disease model, most 

through the increased NOTCH1 expression with reduced NOTCH3 expression142,144,145. However, 

again, it does not seem like a robust EMT or fibrotic state was established in the organoids with 

lowered SNAI1, α-SMA and CDH2 expression. The failure of ANGII exposure to upregulate TGF-

β was particularly counter to expectations in this case.  

5.4.1.5. The Effects of Hyperglycaemia on hiPSC Derived Kidney 
Organoids 

Hyperglycaemia is essential to the onset of diabetic kidney disease. Both hemodynamic pathways 

(i.e. hypertension) and non-hemodynamic pathways such as glycation, the PKC pathway and the 

aldose reductase pathway are set in motion by the high glucose concentration in the blood411. As 

such we set out to study the effect of physiologically relevant high glucose levels (15 mM and 30 

mM) which are routinely used for modelling hyperglycemia for in vitro studies116 on the organoids 

with the aim of establishing a DN phenotype (Figure 5.3). Mannitol at the same concentrations 

was included to serve as an osmotic control.  

NOTCH1 expression was highly stimulated by high glucose but also by high mannitol suggesting 

that osmotic effects were important here. However, the greater upregulation by the glucose 

conditions shows other pathways influence the increase in the hyperglycaemic setting. NOTCH3 

is downregulated consistent with the findings of other models of DN144,145. As with exposure to 

TGF-β or ANGII, exposure to glucose or mannitol at both concentrations caused a decrease in 

SNAI1 expression, indicating that robust EMT was not underway. Conversely, glucose at 30 mM 

led to a significant upregulation of TWIST which was not replicated by 30 mM mannitol exposure 

(however 15 mM mannitol exposure did show a lower but significant upregulation of TWIST). The 

fibrosis mediator TGF-β1 did not show increased expression in any condition and was in fact 

downregulated, a finding that clashes with the increased expression of ECM deposition marker, 

COL3A, in the 15 mM glucose and 15 mM mannitol condition. This upregulation of COL3A was 

greater with the glucose condition suggesting it was not an effect solely due to osmotic changes. 

The lack of upregulation at the higher 30 mM concentration is puzzling. Consistent with the TGF-

β and ANGII exposures, both the epithelial (CDH1) and mesenchymal markers (CDH2, α-SMA) 

showed significant downregulation. Leading to an unclear picture of whether EMT is underway. 

WNT4, another protein linked to differentiation of myofibroblasts and the onset of diabetic kidney 

diseases was in fact shown to be greatly downregulated in all conditions. CASP9 was also 

downregulated indicating a surprising reduction in apoptosis in the organoids. The downregulation 

of VEGFA in all samples could reflect a pathogenic state seen in some instances of DN411. ACE2 
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was shown to be downregulated in all samples, which would suggest a lower activation of the 

RAAS pathway. ANGRII was significantly upregulated in the 15 mM glucose and 30 mM mannitol 

conditions which suggests promotion of the reno-protective RAAS pathway. This could be an 

auto-regulatory protective response to increased ANGII expression in the organoids. It would be 

interesting to investigate the presence of ANGII protein in the organoids to confirm this. ACE2 

expression was reduced which indicated the renoprotective pathway mediated by this enzyme 

was not promoted. 

Overall, there was evidence of a glucose induced DN state due to the simultaneous upregulation 

of NOTCH1 and downregulation of NOTCH3142,144,145. Reduction in CDH1 expression indicted 

EMT may be underway but as CDH2 and α-SMA were also lower, this suggested the EMT state 

way not fully established. This was also supported by only one inducer of EMT, TWIST, showing 

upregulation with SNAI1 showing lower expression. 

 

Collectively the results of the gene expression from the chemically induced modelling of DN in 

our organoids points to a promising system to induce a DN specific phenotype. The simultaneous 

upregulation of NOTCH1 and downregulation of NOTCH3 is a DN specific expression profile that 

we were able to mimic with all conditions142,144,145.  On the other hand, some other gene 

expression changes were not expected. For instance, we expected a robust EMT phenotype 

would be seen in which the epithelial marker CDH1 was reduced and the mesenchymal markers 

CDH2 and αSMA were upregulated118. However, all these markers were downregulated. Also 

both EMT inducers, TWIST and SNAI1, were expected to show increased expression119; yet only 

TWIST was upregulated in the conditions. However, various studies have observed that changes 

associated with EMT can be transient in the early stages116. Also, in both murine models of DN, 

and in humans, CDH1 downregulation has been seen to precede the upregulation of 

mesenchymal markers, especially α-SMA, by a significant time period412,413. As such our model 

may have induced an early EMT state which may become more robust with extended culture. 7-

day exposure to the mediators was selected to be longer than that commonly used exposure 

times in 2D cell models. These often induce fibrotic and disease states with culture period as 

short as 24 hr; but some have used up to 6 days116. Due to the greater density of the organoids, 

and their encapsulation in hydrogel, a longer incubation may be appropriate to enable full 

penetration of the growth factors and time for gene expression changes to occur.  

On a separate note, further repeats of this experiment should be conducted to check if these 

effects are preserved between passages and even different hiPSC lines. This data was based on 

organoids from a single passage that, due to time constraints could not be repeated. As such it is 

possible the true gene expression changes may vary from those seen in this project. Additionally, 

no clear conclusions can be drawn about the best concentrations of the mediators to use for future 

experiments as none outperformed the other. It was surprising to see that, in some instances, 

lower concentrations of the mediators had a stronger effect on the gene expression. 
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Moving forward, a more robust model of the disease could combine the hyperglycaemic 

background with ANGII and/or TGF-β, or even other mediators of the disease. Additionally, 

structural and functional tests of the kidney organoids exposed to disease mediators would help 

determine the extent of the disease phenotype. Quantitative analysis of certain proteins, 

particularly regarding ECM deposition would also be informative. 

Overall, we have shown the ability to use chemical mediators to mimic certain key genetic 

changes relevant to DN. Exposure of the kidney organoid to the DN-mediators was able to 

upregulate an EMT inducer (TWIST) and a marker of ECM deposition (COL3A), whilst 

concomitantly inducing the fibrosis driver NOTCH1 expression and suppressing NOTCH3. This 

NOTCH1/3 phenotype is a condition specific to DN and not seen in other forms of CKD142,144,145. 

This initial data thus provides a strong foundation for creating a DN-specific model that will be 

refined with further experimentation.  

 

 Genetic Modelling of Diabetic Nephropathy using CRISPR-

Cas9 

With our kidney organoid model being derived from hiPSCs rather than primary cells (which have 

limited ability to be cultured in vitro), we have the scope to create and validate genetically modified 

cell lines in the lab to be used in the differentiation. This allows study of the role of specific genes 

in the onset of the disease, or to aid in creation of the DN model for downstream investigation and 

drug development. We selected the CRISPR-Cas9 system over other methods of genetic 

modification such as TALENs and ZFNs for this purpose due to its simplicity of targeting and use, 

the ability to easily predict off-target effects in advance, and the access of CRISPR-Cas9 to far 

more sites than available to the other technologies. Additionally, ZFNs in particular, are large and 

more difficult to transfect into cells414.  

UMOD and TIMP3 were selected as the two genes to be investigated in our study as discussed 

in the introduction to this chapter (section 5.1.1.4). We decided to create knock-out mutations of 

both genes which would allow for study of the complete loss of function effects for these genes. 

Further, we decided to create an UMOD mutant line containing the C150S and C148W point 

mutations, as these single nucleotide substitutions have both been linked with risk of CKD from 

GWAS159. For the knock-out creation we opted to use the wtCas9 system due to its higher 

efficiency in cutting and its propensity to cause random indels to form during the error prone NHEJ 

repair395,415. For the point mutations of UMOD we opted instead for the double nickase nCas9 

system because the repair of single stranded breaks is conducted with higher efficiency reducing 

the chance off unwanted random mutations.415. 

The first step in creating these modified lines was to design appropriate target crRNAs with the 

highest possible cleavage efficiency. As such 4 alternative 20nt crRNAs, designed with the online 

CHOPCHOP tool (Harvard University) were tested for each gene modification under study (Table 
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5.1). The selection of the crRNAs was based on two factors. Firstly, high GC content, which due 

to the higher binding strength of the GC versus AT pair (3 bonds versus 2), was considered. 

Secondly, minimal predicted off-target effects was taken into account. Despite these selection 

parameters, the cleavage efficiency of most of the crRNAs at the target site was shown to be 

fairly low (<60%) (Figure 5.5; Table 5.2). Only the 4U sgRNA (for UMOD knock out) stood out at 

94% efficiency. The best achieved for the TIMP3 knock out was sgRNA 2T (~60% efficiency). 

Unfortunately, the UMOD point mutation crRNAs could not be assessed for cleavage efficiency 

due to technical issues with the kit for cleavage efficiency testing. 

With knock out plasmids (TKO and UKO) successfully created the next step was to transfect hiPSCs 

to begin the genetic modification. This was conducted by electroporation. However before 

transfecting hiPSCs, we decided to transfect HEK293T as a pilot system to optimise the 

transfection, selection and analysis system. However, we later discovered that these cells are 

neomycin resistant due to inclusion of the SV40T antigen. As such they cannot be used to create 

a pure line of Geneticin® selected cells to test the transfection and mutation success rate of the 

Cas9 system403. In the future HEK293 rather than HEK293T cells should be employed for the pilot 

study as these cells do not have neomycin resistance. However, we decided to move on to 

hiPSCs at this stage to progress the project.  

To test success of the plasmid uptake to hiPSCs we employed a control plasmid containing coding 

DNA for GFP for transfection into a separate batch of iPSCs with the same electroporation 

parameters. Fluorescent hiPSCs were observed which demonstrated successful uptake of the 

plasmid and translation of the GFP protein (Figure 5.7.A). Despite electroporation being known 

to cause stress and some level of cell death, hiPSCs transfected with both UMOD or TIMP3 KO 

plasmids, successfully recovered and formed typical colonies on Geltrex™ coated plates (Figure 

5.7.B).  

 

Successfully recovered lines of UKO and TKO plasmid transfected hiPSCs were initially subjected 

to neomycin selection with Geneticin® in situ on the 6wps on which they had recovered. However, 

despite expansion for the first 4 days of selection all the cells then died (Figure 5.8). We reasoned 

that there was likely to be successfully transfected cells mixed in with non-transfected cells within 

colonies. Thus, the death and detachment of the non-transfected cells could have been causing 

detachment of the successfully transfected bordering cells. To avoid this, transfection of hiPSCs 

was repeated and upon colony recovery the cells were harvested and plated out at one cell/well 

on Geltrex™ coated 96wps. Growing from individual cells would negate the need for later colony 

picking as each well would contain cells of a single origin. While this led to cells surviving the full 

7-day Geneticin® selection, the cells then failed to recover once passaged for expansion onto 

48wps (Figure 5.9). We hypothesised that this death may have been due to over passaging and 

exposure to stress for the cells; which were already subject to high levels of stress due to 

electroporation and exposure to Geneticin®. A new approach was required, and we opted to 

passage transfected cells onto supportive DR4-iMEF which have neomycin resistance404. The 

presence of the iMEF feeder layer should provide more support to the cells during the toxic 
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process of selection (Figure 5.10)404. Selection of these cell lines with Geneticin®, led to high 

levels of cell death but some colonies survived (Figure 5.10). To survive 7-day selection with 

Geneticin® the cells must have been successfully transfected with the plasmids and successfully 

translating the neomycin resistance cassette. Colonies that survived the selection were then 

individually picked and expanded on Geltrex™ (Figure 5.11.A). This separation of colonies was 

vital to ensure any lines created would be derived from a single, genetically uniform population. 

At this stage, although several UKO plasmid transfected lines survived and grew into healthy 

hiPSC colonies, no TKO plasmid transfected lines survived. 

 

On reflection the high level of cell death during the neomycin selection steps carried out could 

indicate that only a small portion of cells were successfully transfected. It is also possible that 

despite successful transfection, the plasmid was lost from the cells as they divided, and with it the 

neomycin resistance bestowed by the cassette within the plasmid. This would explain why the 

colonies survived well for the first 4 or 5 days (Figure 5.8, Figure 5.10), but began dying hereafter. 

 

The surviving UKO plasmid transfected lines were expanded and sequenced to assess whether 

the CRISPR-Cas9 machinery had successfully cut the target region and led to the necessary 

indels which could cause frameshift mutations and knock-out the UMOD protein.  Disappointingly, 

none of the lines showed sequence modification in the target region (Figure 5.11.Bi). To ensure 

that we were comparing to the true WT sequence, the sequence obtained from our WT-hiPSCs 

was compared with that in the refseq database of NCBI (Figure 5.11.Bii). This confirmed that the 

WT sequence from our hiPSCs was accurate. Even a minor apparent insertion detected in one 

line (P19.1) appeared likely to be a phantom read, in which the base-calling software had 

identified a single peak as two bases, and not a true genetic modification. (Figure 5.11.iii).  

Despite Sanger sequencing appearing to show no indels, there was a chance that the presence 

of weak signal and high noise in the sequencing was obscuring mutations that were present. To 

further investigate this, and get independent confirmation of the sequencing, we decided to run 

cleavage-mediated genotype confirmation assays of PCR product amplified from the UKO plasmid 

transfected lines. No significant cleavage of the UKO plasmid transfected lines was seen. (Figure 

5.12) This would usually indicate successful formation of indels were preventing recognition of 

the target site by the sgRNA guided Cas9 nuclease. However, the WT PCR product which should 

have been cleaved at the same efficiency as in our original assay (Figure 5.5; Table 5.2) i.e. 94% 

also failed to show significant cleavage (Figure 5.12). The control sgRNA was 100% successful 

in cleaving the control PCR product, indicating that the Cas9 utilised in the assay was fully 

functional (Figure 5.12). As such there must have been a problem with our specific CRISPR-

Cas9 cleavage system at this stage. By amplifying the WT PCR product anew and testing this in 

the assay (with no improvement in cleavage) we ruled out an issue with this product accounting 

for (or at least being the sole reason for) the failure of cleavage (Figure 5.12). The next option 

we considered was that there was a problem with the 4U sgRNA we used in the assay. We set 

out to create fresh sgRNA to investigate this. Unfortunately, a separate issue then emerged, 
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namely a low output concentration of sgRNA (Table 5.4Figure 5.12). Exhaustive trial and error 

testing of alternative input template DNA concentration and reaction incubation time could not 

resolve the issue (Table 5.4), nor could the use of a completely fresh kit address the issue (Table 

5.4).  

It is not clear what was preventing the success of the UMOD-KO CRISPR-Cas9 plasmid mediated 

genetic modifications, considering the cleavage efficiency for this sgRNA had been shown to be 

very high (Figure 5.5; Table 5.2). However, in analysing the experiment a number of possibilities 

have been considered. Firstly, it is possible that the DNA copies of the optimised gRNA 

sequences, when cloned into the piCRg plasmids, annealed in the wrong orientation. This would 

mean that when the sgRNAs were later transcribed they would not be specific to the target 

sequence. To determine if this was the route of the problem the plasmids should be sequenced 

to determine the orientation of the gRNA sequence and only correctly orientated plasmids used 

for transfection. Another possibility is that the transfection of the plasmid to the hiPSCs was in 

fact unsuccessful entirely. Although, some colonies did survive the neomycin selection on DR4-

iMEfs, there was notably high levels of cell death and so the colonies wich did survive may have 

done so by chance and not through translation of the neomycin resistance cassette of a 

transfected plasmid. Inclusion of a visual reporter marker such as the GFP protein in the plasmid 

vector would present one option for more directly confirming successful transfection. Another 

possibility is that despite successful transfection of correctly orientated gRNA bearing plasmids, 

errors in the expression of the sgRNA or in the transcription, translation or folding of the Cas9 

machinery occured415.  A possible future method to sidestep this issue would be to deliver the 

CRISPR-Cas9 machinery as a ribonucleoprotein complex (RNP). RNPs are delivered to cells in 

an already functional format and so do not rely on the cells transcription and translation 

machinery416. Alternatively, a lentiviral vector, which integrates into the host cells genome, could 

have been used as this has shown success with difficult to transfect cell types415. The 

disadvantage of this option would be the stable expression of the CRISPR-Cas9 machinery would 

raise the risk of off-target cleavage and unintended gene editing. 

Due to time restrictions it was not possible to create fresh lines of knock out hiPSCs to be tested. 

As such successfully modified hiPSC lines were not achieved in this project. Regardless, a 

pipeline for their production was established with all stages yielding positive results except for the 

final step of genetic modification. Repeating the protocol from the plasmid production stage 

onwards should enable creation of appropriately modified lines for both UMOD and TIMP3. Given 

the lower cleavage efficiency of the TIMP3 crRNAs it may be prudent to investigate other crRNAs 

for a more efficient option. In addition, alternative UMOD crRNAs could be tested to see if they 

work better once transfected into the hiPSCs for cleaving the target sequence and creating the 

modified lines. 

Once modified lines are achieved with correct changes at the target site, they will need to be 

checked for a normal karyotype and then tested to ensure pluripotency and differentiation 

potential remains unperturbed. Ideally, whole genome sequencing would be conducted to scan 
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for off-target effects; should any be detected in protein coding regions the line may not be suitable 

for use in differentiation experiments.  

 

5.5. Summary 

In this chapter we have demonstrated the potential use of our kidney organoid system as a 

disease model for DN. Through exposure to chemical mediators of DN, namely ANGII, TGF-β or 

high glucose, the organoids took on a gene expression profile with some important similarities to 

the DN condition, most notably upregulation of NOTCH1 concomitant with downregulation of 

NOTCH3. However, the lack of a robust fibrotic and EMT gene expression profile requires further 

investigation. The organoids should also be investigated for other markers and functional changes 

reminiscent of the DN state in vivo. Further investigation will also be required to determine the 

optimal concentration and duration of exposure required for each chemical mediator to fully 

induce a DN phenotype. Regarding the creation of a genetic model of DN, a full pipeline for 

producing modified hiPSCs via CRISPR-Cas9 technology has been established but successfully 

modified lines were not created. The experiments will need to be repeated to create these lines 

that can be used in renal organoid differentiation experiments to study links to DN. Using a RNP 

rather than a plasmid vector to deliver the CRISPR-Cas9 machinery should be considered to 

increase the success of genome modification. 
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6. Concl usi on and Futur e Studi es  

Chapter 6 

Conclusion and Future Studies 
 

 

6.1. Research Summary 

Diabetic nephropathy (DN) is a degenerative kidney disease and a leading cause of end-stage 

renal failure which affects an increasing number of patients worldwide suffering from diabetes66. 

Treatment for Chronic Kidney Disease (CKD), including DN, include haemodialysis and kidney 

transplant and cost the NHS approximately £1.45 billion p.a. With the prevalence of type II 

diabetes rising this burden is only to projected to increase417. Existing models of the disease and 

pathways for drug develop have yielded little progress over the last few decades highlighting the 

need for a fresh approach183. Human induced pluripotent stem cells (hiPSCs) can be derived from 

any individual and have the ability to be differentiated into any cell type in the human body207,244. 

Accordingly, hiPSCs offer enormous potential to generate an unlimited supply of differentiated 

somatic cells from tissues such as the kidney which are not easily available as primary cells from 

living patients244. The field of organoid research has demonstrated the potential to create hiPSC-

derived 3D in vitro models of organs such as the kidney with complex 3D architecture, such as 

segmented nephrons, comprising of many different cell types161. HiPSC-derived kidney organoids 

have shown potential for modelling diseases such as polycystic kidney disease (PKD)284 and focal 

segmental glomerulosclerosis31 but had not been used to model DN. However current hiPSC-

derived kidney organoids still resemble, both genetically and structurally, kidneys in the foetal 

stages of development and as such are unlikely to be optimal models of a primarily adult onset 

disease such as DN31,288,289,401. Furthermore, the methods in which these organoids have been 

created is technically difficult and time consuming limiting the suitability of the model for high-

throughput-screening (HTS) of the kind preferable for drug development studies31,288,289,401. 

With this in mind we set out to develop an improved method for the generation of kidney organoids 

that we hoped would yield organoids of greater genetic, structural and functional maturity 

(Chapter 3, Chapter 4). These organoids would then be used in chemically induced or genetically 

modified models of DN (Chapter 5). There is an increasing body of evidence indicating the 

importance of signals and structural support provided by the extracellular matrix (ECM) in the 

development, maturation and function of tissues including the kidney302-304 Accordingly, we chose 

to focus our efforts for improving the maturity of the organoids on designing a differentiation 

culture system which exposed the organoids to ECM based hydrogels. Thus, we designed a 

sandwich system in which organoid pellets were placed between two layers of ECM hydrogel. 

Initially we tested the use of the commercially available Matrigel® as the hydrogel in this system 

(Chapter 3). Additionally, using ECM from an organ matching the origin of the investigated or 
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target cell type, as opposed to ECM from a unmatched organ, has been shown to be beneficial 

for proper differentiation of stem cells, and for maturation and function of the cells329-331,339. 

Accordingly, we aimed to investigate the impact of a renal specific ECM in the 3D culture system. 

To this end, we set out to optimise a process for the creation of a decellularised human kidney 

derived ECM gel (K-gel) which we then investigated as a replacement for Matrigel® in the 

sandwich culture system (Chapter 4).  

 

 Optimisation of the HiPSC-derived Kidney Organoid 

Differentiation Protocol 

In Chapter 3, we developed a system to differentiate hiPSCs into kidney organoids by exposure 

to ECM signalling and structural support in Matrigel® based systems. A sandwich system was 

developed in which organoid pellets were grown between two layers of Matrigel®; 8 mg/ml in the 

bottom layer and either 8 mg/ml (M8) or 4 mg/ml (M4) for the top layer (Figure 3.7). Additionally, 

systems were piloted with organoids grown suspended in 4 mg/ml Matrigel® (Suspension – 

SUSP), submerged in Matrigel® (Submersion-SUB), grown on hanging inserts in 24wps (HI) and 

grown as in the HI condition but with an additional dome of Matrigel® to coat the organoid (HID). 

A 2D differentiation was also conducted on Geltrex™ coated plates. In Chapter 4, the use of 

decellularised human kidney ECM hydrogel was tested in place of Matrigel® in a sandwich 

differentiation and culture system. 

The organoids differentiated in our Matrigel® based 3D sandwich culture system successfully 

generated segmented proximal tubules (PT), loops of Henle (LoH) and distal tubules (DT) when 

viewed by whole mount confocal immunofluorescence (IF) with markers of the glomerulus and 

podocyte cells observed in the M4 organoids (Figure 3.14). Colocalisation of the PT transporter 

cubulin was also seen at sites of PTs in M4 organoids which were able to uptake dextran 

mimicking proper in vivo function of this transporter34 (Figure 3.15). These key findings are 

illustrated in Figure 6.1. 
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Organoids grown in our 2D system displayed a complex morphology which, as the differentiation 

progressed, sequentially revealed structures resembling; renal vesicles; proto-tubules; glomeruli; 

interconnected convoluted-tubular structures; Bowman’s capsules and collecting ducts (CD) 

(Figure 3.8). These 2D organoids were more readily imaged in high resolution by IF and revealed 

sequentially stained PT (including cubulin), LoH and DT (Figure 3.13). Glomerular structures 

clearly showed costaining of WT1 and podocyte marker PODXL specifically on the luminal surface 

(Figure 3.13). Haematoxylin and Eosin (H&E) staining of organoids from the 3D system revealed 

a tissue structure somewhat resembling human kidney sections despite an absence of glomeruli. 

However, glomeruli-like structures were seen in the 2D structures (Figure 3.10). Gene expression 

analysis of the 3D organoids throughout differentiation revealed timely upregulation of markers of 

anterior and posterior intermediate mesoderm (GATA3 and HOXD11), by day 4 which was 

continued at day 8 of the differentiation (Figure 3.17). This corroborated expression of the 

associated proteins at these time points observed by IF staining (Figure 3.11). This confirmed 

that the protocol successfully and concomitantly induced the two progenitor populations which go 

Figure 6.1: Schematic Representation of the Key Findings from the Kidney Organoid 
Differentiation Protocol Developed in this Project 
Kidney organoid were generated by differentiation of human induced pluripotent stem cells 
(iPSCs) using a novel 3D Matrigel® Sandwich culture system. The kidney organoids displayed 
multiple segmented nephron cell types including glomeruli, podocytes, proximal tubules, loop 
of Henle and distal tubules. The proximal tubules expressed the transporter cubulin which was 
able to functionally uptake dextran from the media. 
 
Images were party created using Servier Medical Art. 



247 
 
 

on to form metanephric mesenchyme (MM) and the ureteric bud (UB), which reciprocally interact 

to form all of the cell types in the mature nephron42. All key markers involved in the reciprocal 

MM-UB interaction that were investigated were observed to be successfully expressed, including 

OSR1, PAX2, GDNF and WT152 (Figure 3.17). A marker of nephron progenitor cells in the MM, 

SIX253 also showed increased expression over time (Figure 3.17). Important markers of mature 

nephron populations including GATA3 (CD), CDH6 (PT), and WT1 (glomeruli) were expressed in 

the end-stage organoids indicating presence of these populations and corroborating the IF 

evidence (Figure 3.14; Figure 3.17). However, continued upregulation of developmental markers 

such as HOXD11, GDNF, OSR1 and SIX2, suggested the organoids contained a proportion of 

cells which had not fully matured (Figure 3.17). The lack of a clear rise in CALB1 or CDH1 (ECAD) 

was puzzling, particularly as the ECAD protein was observed by IF (Figure 3.14; Figure 3.17).  

Of the M4 and M8 conditions tested, neither clearly outperformed the other with regard to inducing 

increased mature renal gene expression. However, M4 organoids were shown to have functional 

maturity (dextran uptake by PTs) and better segmentation of nephron populations by IF (Figure 

3.14; Figure 3.15). When this information is combined with the reduced cost of the M4 protocol 

(due to reduced Matrigel® use) and the potential of greater access for growth factors and easier 

removal of waste products when using a lower concentration in the upper gel layer, the M4 

condition is the superior condition. Accordingly, this 4 mg/ml concentration was used for further 

organoid culture experiments, and the concentrations of the sandwich layers in the M4 condition 

were replicated when replacing Matrigel® with K-gel later in the project.  

Alternative conditions for the 3D stage of the differentiation protocol were designed with a view to 

reduce the technical complexity involved in setting up the conditions and also to enable easier 

tracking of the organoids visually throughout the protocol (Figure 2.1). As only a very limited pilot 

study could be conducted due to time constraints, the effectiveness of these alternative conditions 

will require further detailed investigation. However, some interesting observation were noted. The 

hanging insert (HI) condition was designed as a modification of the method by Takasato et al 

(2016)290 which by using a 24 rather than 6wp format significantly reduced the media required to 

reduce associated protocol cost. The hanging insert dome (HID) condition modified the HI 

condition with a ‘dome’ of Matrigel® encasing the organoid pellet. This HID condition benefits 

from ECM contact which are not present in the HI system but uses a lower volume of gel than the 

sandwich set up, thus reducing costs for the system.  The organoids grown in the HID condition 

appeared to spread out less across the insert than the HI organoids, and rather developed into 

denser structures (Figure 3.16). Moreover, these HID organoids appeared to form a more 

complex tubular-like structure compared with the HI organoids. This observation was in line with 

our hypothesis that exposure to ECM support and signals would lead to increased structural 

maturity of the organoids. Unfortunately, the panel of genes investigated by qPCR did not provide 

corroborating data for this conclusion; the only notable difference in gene expression between HI 

and HID was a much higher level of CDH1 (ECAD) in the HI grown organoids (Figure 3.19). This 

could suggest a greater proportion of DT cells in the HI organoids than in HID organoids. Without 

further tests to investigate protein expression and function, it is difficult to say whether this is a 
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favourable outcome. The SUSP condition and SUB condition were both designed with the aim of 

reducing the set-up complexity and time to improve applicability to HTS applications, whilst 

maintaining the interaction of the cells with the ECM gel. The SUB condition removed the need 

for independently setting two layers of gel with the organoid pellet; instead the pellet was placed 

in a fully liquid layer which was then solidified. This reduced time and complexity of the culture 

set-up and also allowed a 25% reduction in gel used with associated cost reduction. However, 

the organoids appeared slightly irregular in shape during this experiment which could have been 

due to damage upon transfer to the system or could reflect a difference in their response to the 

system (Figure 3.16). This will require further experimentation to establish. In this pilot for the 

SUB organoids, the gene expression showed a trend of lower expression of maturity genes 

compared with M4 or M8 organoids (Figure 3.19). The suspension condition, in which 5x105 cells 

were mixed into 100 μl of Matrigel® prior to setting represented a significant deviation from the 

other conditions in that the cells did not form one single large pellet but rather numerous small 

clumps (Figure 3.16). This may have impacted their ability to take on nephron like 3D structure, 

in the same manner observed with the single large pellets; and would certainly prevent the 

formation of one continuous interconnected structure. Also, the fragmented nature of the cultures 

presented further technical difficulties for processing for IF or histology. Interestingly the qPCR 

data seemed to show these organoids preferentially formed distal portions of the nephron with 

high expression of GATA3 (CD), CDH1 (DT) and CALB1 (distal nephron) yet low expression of 

WT1 (glomerulus) and CDH6 (PT) compared with M4 and M8 organoids (Figure 3.19). This 

imbalance in the cell types would be another reason not to continue with this culture system for 

studying a full nephron system. However, it may present an opportunity to focus on studying 

disease conditions on the less studied distal nephron.  

The pilot experiment in which organoids were grown using K-gel in place of Matrigel® did not 

provide evidence of the hypothesised increased maturity. Indeed, the organoids did not grow in 

the usually expected fashion (a single large sphere) but instead seemed to grow in a confluent 

layer (Figure 4.27). It remains to be seen whether this situation is due to the K-gel or due to 

damage to the pellets upon transfer into the sandwich system or even infection or pathological 

changes in the cells. The qPCR analysis, in which we included markers of fibrosis and EMT, 

indicated possible early EMT activation as the inducers SNAI1 and TWIST were upregulated in 

K-gel organoids compared with M4 organoids (Figure 4.28). Epithelial marker CDH1 showed 

reduced expression in comparison to M4 organoids lending support to EMT being underway119. 

However mesenchymal cells/myofibroblasts marker α-SMA was not upregulated. However, this 

may not rule out an EMT phenotype in the organoids created in this differentiation as acquisition 

of mesenchymal markers has been suggested to be transient and possibly reversible in early 

stages of EMT116. Furthermore α-SMA expression, in both mouse and human diabetic EMT 

environments, has been shown in some instances to occur much later than reduction of CDH1 

expression412,413. Accordingly, the K-gel grown organoids may have been undergoing the early 

stages of EMT and fibrosis.  
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 Development of a Decellularised Human Kidney ECM Gel 

(K-gel) 

In Chapter 4, we designed and tested protocols for the decellularisation of human kidney by 

immersion and agitation, and by perfusion to allow efficient processing of either whole or partial 

human kidney tissue. An immersion method using SDS, Triton X-100 and a DNase steps (HSN), 

adapted from a mouse kidney decellularisation pilot, was initially tested. Following this, two 

protocols using NaOH and DNase immersion steps were investigated; one with 16 hr NaOH 

immersion (Protocol 1); and one with 8 hr NaOH immersion and 16 hr Triton X-100 immersion 

(Protocol 2). For perfusion decellularisation we used an adapted version of the protocol designed 

by Poornejad et al. (2016) which used cycles of SDS, NaCl and ddH2O to decellularise a whole 

kidney. Subsequently we designed two methods (with Method B including enhanced 

homogenising of the pre-gel solution compared with Method A) to create a decellularised human 

kidney ECM hydrogel (K-gel) from the decellularised kidney scaffolds. 

Focusing first on immersion and agitation, we can draw a number of conclusions. Firstly, all tested 

protocols performed very well for preservation of collagen content, with all protocols generating 

scaffolds which had collagen levels not significantly different from native kidney (NK) (Table 4.3). 

However, sGAG preservation was not sufficiently preserved, being at best 27.9% of the NK value 

in protocol 1 decellularised scaffolds (Table 4.3). Furthermore, all the protocols tested were 

insufficient for removal of DNA by accepted standards (50 ng/mg by dry weight322. Protocol 2 

(962.3 ng/mg) performed better than protocol 1 (2195 ng/mg) or the HSN in DK-S (2291 ng/mg) 

or DK-L (2396 ng/mg) pieces but was still well above the target value (Table 4.3). Perhaps 

surprisingly, given the lower preservation of sGAG (13.5%), the HSN protocols preserved renal 

tissue microarchitecture better than NaOH protocol 1 as well as protocol 2 which preserved the 

least sGAG (6.8%) (Figure 4.7; Figure 4.22; Table 4.3). In HSN pieces, frequent glomerular 

structures were observed which were totally absent in protocol 1 and 2 scaffolds. These results 

perhaps confirm the known detrimental effect of SDS exposure to sGAG content349. The lower 

levels of agitation, or the fact that tissue pieces were thicker in the HSN decellularisations could 

have offered better protection to the microarchitecture. However, as we were not aiming to 

develop scaffolds to be reseeded and used for in vivo repair of function, the preservation of 

microarchitecture is overall less important than preservation of the ECM components. Indeed, the 

preservation of ECM composition is of more importance than the complete removal of DNA, 

though the potential effect of residual cellular proteins or other factors on organoids grown within 

gels generated from the decellularised scaffolds should not be dismissed. Based on these criteria 

we found the NaOH protocol 1 to be superior to the others tested but certainly not yet fully 

optimised.  

When considering the piloted perfusion protocol, we must consider that the biopsy hole will have 

altered the dynamics of the decellularisation in comparison to the protocol published by Poornejad 

et al. (2016)337. Despite this, there was good preservation of collagen content in the decellularised 

kidney and a superior level of sGAG preservation (46%) compared with all the immersion 
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protocols which were tested in this project (Table 4.3). Tissue microarchitecture, including 

glomeruli, was also preserved far better than with the NaOH immersion protocols and at a similar 

level to that of the HSN protocol (Figure 4.7; Figure 4.22; Table 4.3). The residual DNA content 

was again too high (798.6 ng/mg) but lower than the immersion protocols. Accordingly, this 

protocol performed the best of all those tested in this project (Table 4.3). 

A method for creating K-gel from decellularised human kidney scaffolds was optimised; albeit with 

limited analysis of the K-gel properties due to time restraints. K-gel created by Method B was 

translucent, making it suitable for monitoring cells by light microscopy; able to set solid high 

concentrations in thick layers, making it suitable for the 3D sandwich culture system developed 

in this project; and able to set at 10x diluted (0.8 mg/ml) thin layer plate coating (Figure 4.25). 

This later property was shown to offer a permissive surface for the attachment and growth of 

hiPSCs demonstrating the presence of suitable ECM attachment factors in the gel216 (Figure 

4.26). A method for creating a totally clear gel resembling commercially available hydrogels was 

attempted by cell strainer filtration, but this turned out to be an unsuitable method for filtration 

because it compromised the ability of the gel to set (Figure 4.25). 

The creation of the decellularised kidneys and their processing to K-gel for use in the 3D 

sandwich, kidney organoid differentiation system is illustrated in Figure 6.2. 

 

 

Figure 6.2: Schematic Representation of the Processes Developed for, Human Kidney 
Decellularisation, K-gel Synthesis and use of the K-gel in our 3D Sandwich, Kidney 
Organoid Differentiation System 
Human kidneys were decellularised by immersion or perfusion using various reagents. The 
decellularised scaffolds were processed into a hydrogel (K-gel). The K-gel was used in our 
novel 3D sandwich culture system to differentiate human induced pluripotent stem cells 
(iPSCs) into kidney organoids. While it was not shown in this project, the use of K-gel in the 
sandwich system is expected to enable the generation of kidney organoids with enhanced 
maturity compared with those generated in a Matrigel® based system due to the provision of 
an organ specific extracellular matrix niche. Images were party created using Servier Medical 
Art. 
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 Development of an Organoid-Based Model of Diabetic 

Nephropathy 

In Chapter 5, modelling of DN was attempted in our sandwich-based organoid system, both 

through creation of genetically modified hiPSCs which could be used to grow organoids 

susceptible to developing the disease, and through exposure of ‘healthy’ hiPSC derived organoids 

to mediators of DN. For this later technique, kidney organoids grown to day 26 in the M4 system 

were exposed to either angiotensin, TGF-β or high glucose for 7 days. One highly encouraging 

change in gene expression was observed in all conditions (Figure 5.2; Figure 5.3). This was the 

concomitant enhanced expression of NOTCH1 and diminished expression of NOTCH3. This dual 

expression change has been witnessed in DN patients or models specifically144,145 whilst patients 

or models of other forms of chronic kidney disease (CKD) often show NOTCH3 upregulation142. 

Should this prove to be a reproducible phenotype in our disease modelling conditions, and be 

combined with other expected genetic, histological and function changes, it would validate the 

utility of our system as a specific model of DN. However, aside from the NOTCH expression, in 

each condition the success in inducing a clear gene expression phenotype which mimicked a DN-

like state in the organoids was mixed, with some genes failing to be regulated as expected. For 

instance, TGF-β, a master regulator of fibrosis strongly linked to the disease121 in fact appeared 

downregulated when compared with its expression in control M4 organoids.  There was also a 

confusing upregulation of one EMT inducer, TWIST, accompanied by downregulation of a second 

EMT inducer, SNAI1. Additionally, while the epithelial marker CDH1 showed supressed 

expression, a phenotype consistent with EMT, markers of mesenchymal cells, including α-SMA 

(the myofibroblast marker), were also downregulated.  Together this indicates that the organoids 

had not taken on a fully fibrotic or robust EMT phenotype. However as discussed in Section 6.1.1, 

downregulation of CDH1 has been observed in some rat and human DN model/patients to occur 

much earlier than upregulation of mesenchymal markers including α-SMA412,413. Also, the 

acquisition of mesenchymal markers may be transient in the early stages of EMT116. As such the 

development of a robust fibrotic/EMT/DN state in the kidney organoids may require longer 

incubation with the disease mediators. Indeed given that in 2D cell culture models of EMT, cells 

have been exposed to TGF-β, or other mediators, for up to 6 days to see expression of 

mesenchymal markers116,  it is reasonable to suggest that a period longer than the 7 days used 

in this study would be needed for our large, 3D-organoids which are encased in thick layers of 

Matrigel®. The key findings of our chemically-mediated, kidney organoid model of DN are 

illustrated in Figure 6.3. 
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For the genetic model we chose to use CRISPR-Cas9 technology to create knock-out (KO) hiPSC 

lines of UMOD and TIMP3; genes which have been linked to a susceptibility to DN, and further to 

create a double point mutation model for UMOD incorporating two single nucleotide substitutions 

which have been linked by GWAS to DN risk158-160,390,391. Single guide RNA (sgRNA) sequences 

were designed for each system to enable the cleavage of the genomic DNA within the hiPSCs 

(Table 5.1). For the KO systems four alternative sgRNA sequences were tested for cleavage 

efficiency of the target DN. For the UMOD-KO (UKO) system a highly efficient sgRNA was found 

that cleaved the DNA with 94% efficiency (sgRNA 4U) (Figure 5.5; Table 5.2). For the TIMP3-

KO (TKO) system sgRNA 2T cleaved the DNA with a good (60%) efficiency (Figure 5.5; Table 

5.2). Plasmids containing the DNA coding for these sgRNA as well as the Cas9 apparatus and 

selection markers were synthesized and expanded in bacteria before purification. Transfection of 

these plasmids into hiPSCs was conducted by electroporation. After experimenting with various 

methods for selection and expansion of the transfected hiPSCs, UMOD-KO plasmid transfected 

lines were successfully expanded with the following steps: transfection of hiPSCs and recovery 

on Geltrex™ (Figure 5.7); passage onto neomycin resistant DR4-iMEFs to provide support during 

selection (Figure 5.10); 7-day selection with neomycin analogue Geneticin® (Figure 5.10); 

picking of single surviving colonies and expansion on Geltrex™ coated plates (Figure 5.11). 

TIMP3-KO plasmid transfected hiPSCs did not survive selection during this project (Figure 5.11). 

Surprisingly the UMOD-KO lines which survived selection did not appear to be successfully 

mutated when analysed by Sanger sequencing at the target region (Figure 5.11). As such no 

UMOD-KO modified organoids could be investigated in this project. A further set of technical 

failures prevented the development of a UMOD point mutation system. We were unable to identify 

the cleavage efficiency of the sgRNAs which we had designed for this system due to first, a failure 

Figure 6.3: Schematic Representation of the Key Findings from our Chemically 
Mediated, Kidney Organoid Model of Diabetic Nephropathy 
Kidney organoids, that had been created by differentiation of human induced pluripotent stem 
cells (hiPSCs) in our novel 3D Matrigel® Sandwich culture system, were exposed to key 
chemical mediators of diabetic nephropathy, namely high glucose concentrations, TGF-β or 
Angiotensin II. After 7 days of exposure all conditions caused a diabetic nephropathy specific 
change in gene expression in the organoids. Specifically, the organoids downregulated the 
expression of NOTCH3 whilst upregulating the production of NOTCH1 compared with 
untreated organoids.  
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in the cleavage assay and second, a failure to resynthesize the sgRNAs at a sufficient 

concentration (Figure 5.12; Table 5.4).  

Despite being unable to create verified mutant lines of hiPSCs and downstream organoids to 

investigate susceptibility to DN, we were able to demonstrate the whole process for design and 

production of a CRISPR-Cas9 genome engineering system, and validation of the mutation in 

selected lines of hiPSCs. 

 

6.2. Future Directions of the Research and Limitations of the 
Study  

 

 Renal Organoid Differentiation and Investigation 

One limitation of the investigation into the organoids created in our 3D sandwich culture system 

was the difficulty in imaging these structures, both by light microscopy during differentiation, and 

by fluorescence microscopy post-harvest. The thickness of these structures was the obvious 

impediment here, although for the live imaging the location between two thick gel layers was also 

a factor. Being able to see morphological changes throughout the protocol e.g. the formation of a 

tubular-network indicating the organoids are undergoing nephrogenesis is of great benefit as it 

allows the researcher to easily track whether the organoids are developing as expected. In cases 

where the organoids do not develop as expected, they can be discarded, and fresh experiments 

started; a particularly important consideration if growing very large number of organoids for HTS. 

The HID condition, which was piloted in the project, offered a system which enabled the 

nephrogenesis to be observed by light microscopy whilst still exposing the organoids to the ECM 

gel and warrants further investigation as an optimal method. Meanwhile the investigation of the 

organoids by immunofluorescence, important to establish proper 3D segmentation of the various 

nephron populations in the organoid, requires improvement. 2-photon excitation microscopy in 

place of the confocal microscopy used in this study, offers one avenue worth pursuing owing to 

the technique’s proven ability to allow imaging at a penetration of up to 1 mm depth418. 

With the eventual aim of using the renal organoid system as a platform for DN disease modelling 

and drug discovery, simplification and repeatability of the protocol is of paramount importance. It 

became apparent during this project that the method on day 8 for producing pellets of 5x105 cells 

and transferring these into the 3D sandwich was technically challenging. Even when taking 

extreme care, the pellets were susceptible to damage during transfer, sometimes breaking into 

pieces or dispersing entirely. In addition, the need to separately add and set two layers of hydrogel 

to create the sandwich means that the whole process takes a long time to complete; a drawback 

when considering using this system for potential HTS applications where ease of set up and 

minimal user-hours spent on the protocol are critical concerns359,419,420. The alternative 3D culture 

conditions tested here all offered some reduction in time and complexity of set up. The suspension 

condition, by resuspending the pellet in Matrigel® before solidifying, avoids the risk of damage to 

the pellet entirely but does not allow for growth of a single large organoid structure. This limits the 
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potential of an interconnected nephron structure forming. Meanwhile the other conditions all 

required the pellets to be transferred from the Eppendorf® tubes to the culture wells. A potential 

improvement to the SUB 96wp system would be to set up as follows: add 5x105 cells to wells of 

a v-bottom 96wp; centrifuge the plate to create pellets in the wells (similar to the protocol by 

Morizane et al. (2017))401; remove the supernatant and use 100ul of liquid Matrigel® to dislodge 

the pellets; finally solidify the gel in by placing the plates in the incubator. This would maintain the 

size and form of the initial organoid pellet whilst sidestepping the need for technically challenging 

transfer of the pellet. The potential to use multiwell pipettes for this process could also be an 

additional time saving improvement. 

In a promising recent paper from Benjamin Freedman’s group adapted their earlier protocols to 

enable kidney organoids to be created in a fully automated system which was suitable for HTS 

use419. Kidney organoids could be grown in 96 or 384 well plates controlled by liquid handling 

robots and a pilot disease modelling study conducted in this system suggested a role for myosin 

in poly-cystic kidney disease419. This promising research demonstrates the great potential of 

kidney organoids for HTS based investigations. A draw back of their system however was that 

only small clusters of cells developed which prevents higher-order interconnected structures from 

forming419.  

A possible alternative route which could enable production of larger, more complex kidney 

organoids for HTS applications could exploit auto-encapsulation and bioreactor technologies. 

Some groups such as those researching bioartificial livers (BAL), have developed a process for 

auto-encapsulation of liver cell lines in alginate using the Inotech IER‐20 encapsulator421. They 

then go on to culture the encapsulated cells in a small fluidised bed bioreactor (sFBB)421. In theory 

this technology could be adapted to auto-encapsulate our renal organoid pellets post-harvest on 

day 8 of the protocol in either Matrigel® or K-gel (rather than the alginate used in the BAL study). 

Then many organoids could be simultaneously cultured in the sFBB using the media and growth 

factors as designed for our differentiation protocol. This would greatly simplify the protocol from 

day 8 onwards and furthermore, the use of a fluidised bioreactor would allow the organoids 

enhanced access to media and removal of waste factors421. As larger organoids could be 

produced than aforementioned Freedman paper419, and as these organoids would benefit from 

ECM support and interaction, it may enable the generation of mature kidney organoids with 

complex interconnected 3D structures.  Recently Przepiorski et al. (2018) devised a method for 

growing kidney organoids (albeit not encapsulated in a hydrogel) using a spinning flask 

bioreactor291. This demonstrates the potential of bioreactor use for kidney organoid growth. 

A current disadvantage of the protocol used for renal organoid differentiation is that it relies on 

the use of several expensive reagents. The basal medium used throughout, APEL2, the growth 

factor FGF9 and the matrix, Matrigel® are all costly and used in high quantities during the 

protocol. The use of our own K-gel going forward would certainly reduce the cost significantly as 

it can be produced in large quantities using existing apparatus without the use of expensive 

reagents. Furthermore, other published protocols such as that developed by Morizane et al. 
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(2016) have used a much cheaper basal medium based on RPMI 1640 and been successful in 

using greatly lowered concentrations of FGF9 to generate renal-like organoids401. Switching to a 

protocol based on that set-up would dramatically reduce costs, although optimisation would be 

required to ensure the collecting duct can still be formed (which was not seen by Morizane et 

al.)401. 

A limitation of our organoid analysis was the lack of significance in some of the gene expression 

data which was due to high variation between the expression of organoids at the same time points 

in the four passages analysed (Figure 3.17). Clear outliers were omitted where present (by 

Grubb’s analysis), but this did not resolve the issue. Further experimental repeats would hopefully 

help to bring clarity to the data and should be conducted going forward. However, it should be 

noted that other groups working with renal organoid differentiations have struggled with passage-

to-passage variability290,401 and this remains an issue in the field to be resolved. An additional 

aspect which would be interesting to investigate is the organoid-to-organoid variability in gene 

expression within a single differentiation experiment. Consistency from both organoid-to-organoid 

and passage-to-passage is an essential property to allow accuracy and repeatability of the model 

for any downstream disease modelling or drug screening investigations. 

This study would have also benefitted from additional functional analysis of the organoids. Toxicity 

assays were conducted for later passages of renal organoids but there was insufficient time to 

complete the analysis of these assays for this thesis. The assays undertaken mimicked those 

used to demonstrate further functionality of transporters in the proximal tubules which has been 

used for other published renal-organoid differentiations290,401. Briefly the assays involved exposing 

the mature organoids to known nephrotoxins, cisplatin and gentamicin and investigating the 

localisation of specific kidney injury damage markers such as KIM1 within the organoids. The 

activity of γ-glutamyl transpeptidase, an enzyme expressed in the PT that is important for drug 

detoxification286, could also be investigated to show further presence of functional elements in the 

PTs285. Assays to test the functionality of other elements of the nephron would also be desirable. 

One way to analyse podocyte function is to monitor whether these cells contract in response to 

angiotensin II, which could be visualised by co-staining cytoskeletal elements and podocyte 

specific markers such as podocin266.  

True renal-like functionality would require an organoid structure which has an interconnected CD 

structure and a single ureter-like tube as well as incorporation of a vasculature forming in vivo-

like glomeruli at the Bowman’s capsules of the nephron structures. This would allow a functional 

characterisation of glomerular filtration which is key to proper renal function. It would also allow 

identification of pathogenic changes to this function during the onset of a disease state. 

Incorporation of endothelial cells, which would be essential to vasculature formation, may have 

synergistic benefits as some studies have shown these cells are important in the final maturation 

of podocytes422. Formation of the interconnected CD structure could be pursued by following a 

technique such as that by Taguchi et al (2017)288. The disadvantage of this is the need for multiple 

differentiations that must then be combined to create the complete organoids. Organised CD 
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structures and single ureter-like structures have been designed using isolated murine embryonic 

progenitors of UB and MM. Double-symmetry breaking, by first placing a single ureteric cyst within 

MM, to ensure a single branched source for growth of CD, and then use of a BMP4 soaked bead 

to induce one sided growth of the ureter like structure, enabled the organised, in vivo-like, 

asymmetric growth of organoids423. Potentially, a similar method could be used to first induce 

preferential formation of glomeruli on one edge of the renal organoids (perhaps with a CHIR99021 

soaked bead to promote formation of the HOXD11+ MM) and secondly using the BMP4 soaked 

beads on the other end of the organoid to promote a single ureter-like structure to develop. An 

alternative strategy for this outcome could exploit the advances in organoid-on-a-chip technology 

and use microfluidics to apply BMP4 to one side of the organoids. Indeed, this microfluidic chip-

based technology is proving to have great utility in mimicking vasculature interaction with the 

glomeruli of the organoids424, thus holding great utility for disease modelling and drug screening 

assays425,426. 

 

 Human Kidney Decellularisation and Gel Synthesis 

The murine scaffolds produced by the HN protocol were all quantitatively analysed based on wet 

weight and were not dried first. This was also true of the collagen quantification in the human 

HSN decellularised scaffolds. Although some groups have published their quantitative results 

based on wet weight, it is seen as best to first dry the scaffolds to discount the variability in 

retained water weight322. This was used for total DNA and sGAG analysis in the HSN scaffolds 

and for all further quantitative analyses of scaffolds produced in this project. The lack of access 

to a working SEM microscope prevented the acquisition of ultrastructural information for the 

NaOH and perfusion protocols. 

Time limitations meant that only a single decellularisation by the perfusion protocol could be 

conducted and of course, this will need to be repeated to establish significant findings. As 

discussed in Chapter 5, the kidney decellularised by this protocol was assumed to have been 

leaking through a hole created during a pre decellularisation biopsy. This will have undoubtedly 

modified the internal dynamics such as pressure which may have changed the efficacy of the 

decellularisation protocol. This may have accounted for the failure to remove sufficient DNA in 

this protocol (Table 4.3).     

The general failure to remove required or expected levels of DNA was an unresolved issue of the 

decellularisations (Table 4.3). Future avenues to pursue to improve this include further extension 

of wash steps and including a serum in the wash steps which has been shown to aid in DNA 

removal1,379. It would also be useful to investigate other markers of cellular components to get a 

broader picture of cellular removal. This could include HLA proteins, α-galactose, β-actin and 

integrin-α3 and -β1333,349. 

The K-gel produced in this project would also benefit from additional analysis. Due to time 

restrictions it was not possible to investigate properties such as stiffness by rheology. It would be 
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beneficial to compare the stiffness to stiffness of the in-vivo ECM niche and aim to match these 

properties to provide the most similar environment to promote the differentiation of the renal 

organoids. It would also be informative to conduct mass spectrometry of the K-gel and compare 

composition and proportion of ECM proteins to that in native kidney tissue. This would provide 

the most comprehensive comparison of the K-gel and native kidney. This method could further 

be used to compare the protein composition of K-gel produced from different kidneys and to 

understand whether significant variation exists that may influence organoids grown in the gel.  

Looking further ahead still, knowledge of the proportions of key ECM proteins in K-gels could be 

used as a recipe for the synthesis of artificial gels. These artificial gels could be produced to 

provide an unchanging matrix to improve repeatability of the renal organoid differentiations.  

It was very promising to see that hiPSCs could attach to and grow in colonies on the gel, despite 

its origin from our low sGAG content HSN scaffolds, given that hiPSCs are not as easily adaptable 

and permissible to culture as other cell lines216. While limited time prevented us from conducting 

extending culture and passaging of the hiPSCs grown on the K-gel, this would be an interesting 

area for further investigation as the K-gel provides a xeno-free environment that may be 

applicable to clinical use.   

Time restrictions also meant that only a single K-gel based 3D sandwich renal organoid 

differentiation could be run. This did not yield organoids that resembled, structurally or genetically, 

those created in the Matrigel® based system and it is impossible to say based on this single 

passage whether that is a true effect of the use of K-gel or an individual experimental failure. 

Going forward these K-gel based differentiations should be repeated especially using K-gel 

created from human kidneys decellularised by optimised methods (rather than the K-gel produced 

from sub optimal HSN decellularised scaffolds with very low levels of sGAG used in the 

experiments in this project).  

 

 Developing the Renal Organoid-based Model of Diabetic 

Nephropathy 

The main limitations of the disease modelling experiments using Angiotensin II, TGF-β and 

hyperglycaemic conditions were that only a single passage was able to be run and only gene 

expression data was gathered due to time restraints. It will be necessary to repeat the 

experiments to establish significant data. It would also be interesting to expand the model by 

combining the mediators, for instance examining angiotensin II together with high glucose. This 

would be a more representative model of the in vivo DN milieu in which diabetic patients generally 

have chronic hyperglycemia which will remain present upon upregulation of angiotensin II105.  

Investigation of other effects of the DN conditions on the organoids such as hypertrophy, 

hyperplasia, and secretion of inflammatory cytokines would be useful to robustly demonstrate the 

onset of the disease state.    
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Regarding the creation of the CRISPR-Cas9 mediated mutated hiPSC lines as models of DN, the 

pipeline established in this project can be used to produce hiPSC lines containing a TIMP3 KO or 

a UMOD KO or point mutation. It could also be adapted to create hiPSC lines harbouring any 

other mutation of interest to DN or another disease. Once established mutant hiPSC lines have 

been generated, renal organoids can be grown from these lines and investigated for formation of 

a DN phenotype. For the KO lines, protein purification and western blotting could be used to 

establish definitively that the mutations lead to a lack of protein production of UMOD or TIMP3 

respectively.  Addition of high glucose to model hyperglycemia would be interesting to see if this 

was necessary for or would be an accelerator of the onset of a DN phenotype in the organoids.  

Once a DN phenotype has been established in the renal organoids by either genetic or chemical 

methods the model could be used to investigate the beneficial effects of existing drugs or potential 

beneficial effects of putative drugs. It would be important to establish that the model showed a 

consistent and expected response to current drugs as a first step to validate the model for use in 

modelling new therapeutic agents. A robust phenotype consisting ideally of quantifiable 

biomarkers and functional ability of the organoids should be established which allow identification 

of improved or worsened health of the renal organoids which would enable new compounds to 

be accurately screened for efficacy.  

 

6.3. Concluding Remark 

The work conducted in this project has laid the foundations for a complete system to perform 

disease modelling, and in the future drug screening, experiments using kidney organoids 

differentiated from hiPSCs using a 3D culture system comprising of a kidney-ECM specific 

hydrogel, created from decellularised human kidney tissue. While the individual elements involved 

in the creation of this system will benefit from further optimisation, taken together it has the 

potential to enable novel discoveries about the mechanisms at play in the pathophysiology of DN 

or other kidney diseases. Looking to the future, an organoid platform of the kidney such as the 

one created in this project could serve as an important model to supplement or replace animal 

models used for pre-clinical renal disease studies. The current failure rate of drugs entering Phase 

I clinical trials stands at approximately 90%427, with failed drugs costing the industry billions of 

pounds each year428. Commonly cited reasons for the failure of drugs in clinical trials which have 

shown efficacy in animal models are interspecies differences and a failure to account for patient-

to-patient variability429. An in vitro human renal organoid model, able to be grown from hiPSCs 

derived from patients of a diverse genetic background, which has been optimised for HTS by 

building on the system developed in this project, could provide valuable human response data 

which could help exclude poorly performing drug candidates at an early stage. Furthermore, it 

could provide a cheaper and more biologically relevant system than animal models to identify 

promising drug candidates. Through these uses the kidney organoid model could, over time, save 

billions of pounds and help to discover a new generation of drugs offering fresh hope to sufferers 

of DN and other kidney diseases.  
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7.   Appendi ces  

Appendices 
 

7.1. sgRNA design 

In Tables 7.1 to 7.4 and Tables 7.5 to 7.8, the top 10 predicted off-target effects are listed for 
the sgRNAs designed for TIMP3 and UMOD knock-out systems respectively. Off-targets were 
predicted using the Massachusetts Institute of Technology website [CRISPR Design: 
crispr.mit.edu/]. 
 

 
Table 7.1: Top 10 Predicted Off-target Effects for the T1 sgRNA 
 

 

 
Table 7.2:Top 10 Predicted Off-target Effects for the T2 sgRNA 
 

 

 
Table 7.3: Top 10 Predicted Off-target Effects for the T3 sgRNA 



283 
 
 

 

 

 

 

 

 

 
Table 7.4: Top 10 Predicted Off-target Effects for the T4 sgRNA 
 

 

 
Table 7.5: Top 10 Predicted Off-target Effects for the U1 sgRNA 
 

 

 
Table 7.6: Top 10 Predicted Off-target Effects for the U2 sgRNA 
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Table 7.7: Top 10 Predicted Off-target Effects for the U3 sgRNA 
 

 
Table 7.8: Top 10 Predicted Off-target Effects for the U4 sgRNA 
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7.2. Statistical Significance Calculation Tables  

In the below tables the statistical tables relating to figures 3.17 to 3.19 are included. These tables 

summarise the Holm-Sidak multiple comparison tests conducted post one-way Annova analysis 

of the gene expression data. The significance was set as P (alpha) ≤ 0.05 (Diff. = difference; Sig? 

= is the difference between the sample means significant; SE  = standard error in the mean; ns = 

not significant; * = P< 0.05; ** = P< 0.01, *** P< 0.001, **** P< 0.0001) 

 

Number of families 1

Number of comparisons 45

Alpha 0.05

Holm-Sidak's multiple 

comparisons test

Mean 

Diff.
Sig?

Mean 

1

Mean 

2

Mean 

Diff.

SE of 

diff.
n1 n2 t DF

  DAY 0 vs. DAY 4 -1.629 ns 0 1.63 -1.63 1.675 4 3 1 19

  DAY 0 vs. DAY 8 -2.165 ns 0 2.17 -2.17 1.551 4 4 1.4 19

  DAY 0 vs. DAY 18 M4 -1.551 ns 0 1.55 -1.55 1.675 4 3 0.9 19

  DAY 0 vs. DAY 18 M8 -1.465 ns 0 1.47 -1.47 1.675 4 3 0.9 19

  DAY 0 vs. DAY 26 M4 0.5331 ns 0 -0.53 0.533 1.675 4 3 0.3 19

  DAY 0 vs. DAY 26 M8 0.782 ns 0 -0.78 0.782 1.675 4 3 0.5 19

  DAY 0 vs. D13 2D -0.4167 ns 0 0.42 -0.42 1.899 4 2 0.2 19

  DAY 0 vs. D18 2D -0.1617 ns 0 0.16 -0.16 1.899 4 2 0.1 19

  DAY 0 vs. D26 2D 1.324 ns 0 -1.32 1.324 1.899 4 2 0.7 19

  DAY 4 vs. DAY 8 -0.5369 ns 1.63 2.17 -0.54 1.675 3 4 0.3 19

  DAY 4 vs. DAY 18 M4 0.07797 ns 1.63 1.55 0.078 1.791 3 3 0 19

  DAY 4 vs. DAY 18 M8 0.1638 ns 1.63 1.47 0.164 1.791 3 3 0.1 19

  DAY 4 vs. DAY 26 M4 2.162 ns 1.63 -0.53 2.162 1.791 3 3 1.2 19

  DAY 4 vs. DAY 26 M8 2.411 ns 1.63 -0.78 2.411 1.791 3 3 1.3 19

  DAY 4 vs. D13 2D 1.212 ns 1.63 0.42 1.212 2.002 3 2 0.6 19

  DAY 4 vs. D18 2D 1.467 ns 1.63 0.16 1.467 2.002 3 2 0.7 19

  DAY 4 vs. D26 2D 2.953 ns 1.63 -1.32 2.953 2.002 3 2 1.5 19

  DAY 8 vs. DAY 18 M4 0.6149 ns 2.17 1.55 0.615 1.675 4 3 0.4 19

  DAY 8 vs. DAY 18 M8 0.7007 ns 2.17 1.47 0.701 1.675 4 3 0.4 19

  DAY 8 vs. DAY 26 M4 2.699 ns 2.17 -0.53 2.699 1.675 4 3 1.6 19

  DAY 8 vs. DAY 26 M8 2.947 ns 2.17 -0.78 2.947 1.675 4 3 1.8 19

  DAY 8 vs. D13 2D 1.749 ns 2.17 0.42 1.749 1.899 4 2 0.9 19

  DAY 8 vs. D18 2D 2.004 ns 2.17 0.16 2.004 1.899 4 2 1.1 19

  DAY 8 vs. D26 2D 3.49 ns 2.17 -1.32 3.49 1.899 4 2 1.8 19

  DAY 18 M4  vs. DAY 18 M8 0.08586 ns 1.55 1.47 0.086 1.791 3 3 0 19

  DAY 18 M4  vs. DAY 26 M4 2.084 ns 1.55 -0.53 2.084 1.791 3 3 1.2 19

  DAY 18 M4  vs. DAY 26 M8 2.333 ns 1.55 -0.78 2.333 1.791 3 3 1.3 19

  DAY 18 M8  vs. DAY 26 M4 1.998 ns 1.47 -0.53 1.998 1.791 3 3 1.1 19

  DAY 18 M8  vs. DAY 26 M8 2.247 ns 1.47 -0.78 2.247 1.791 3 3 1.3 19

  DAY 26 M4  vs. DAY 26 M8 0.2489 ns -0.53 -0.78 0.249 1.791 3 3 0.1 19

  DAY 26 M4  vs. D26 2D 0.7913 ns -0.53 -1.32 0.791 2.002 3 2 0.4 19

  DAY 26 M8  vs. D26 2D 0.5424 ns -0.78 -1.32 0.542 2.002 3 2 0.3 19

  D13 2D vs. D18 2D 0.255 ns 0.42 0.16 0.255 2.193 2 2 0.1 19

  D13 2D vs. D26 2D 1.741 ns 0.42 -1.32 1.741 2.193 2 2 0.8 19

  D18 2D vs. D26 2D 1.486 ns 0.16 -1.32 1.486 2.193 2 2 0.7 19

CD133
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Number of families 1

Number of comparisons 91

Alpha 0.05

Holm-Sidak's multiple 

comparisons test

Mean 

Diff.
Sig?

Mean 

1

Mean 

2

Mean 

Diff.

SE of 

diff.
n1 n2 t DF

  DAY 0 vs. DAY 4 -3.039 ns 0 3.04 -3.04 1.246 4 3 2.4 23

  DAY 0 vs. DAY 8 -2.706 ns 0 2.71 -2.71 1.154 4 4 2.3 23

  DAY 0 vs. DAY 18 M4 -1.504 ns 0 1.5 -1.5 1.246 4 3 1.2 23

  DAY 0 vs. DAY 18 M8 -1.83 ns 0 1.83 -1.83 1.413 4 2 1.3 23

  DAY 0 vs. DAY 26 M4 -0.5622 ns 0 0.56 -0.56 1.246 4 3 0.5 23

  DAY 0 vs. DAY 26 M8 -1.269 ns 0 1.27 -1.27 1.246 4 3 1 23

  DAY 0 vs. D13 2D -3.687 ns 0 3.69 -3.69 1.413 4 2 2.6 23

  DAY 0 vs. D18 2D -1.908 ns 0 1.91 -1.91 1.413 4 2 1.4 23

  DAY 0 vs. D26 2D -1.431 ns 0 1.43 -1.43 1.413 4 2 1 23

  DAY 4 vs. DAY 8 0.333 ns 3.04 2.71 0.333 1.246 3 4 0.3 23

  DAY 4 vs. DAY 18 M4 1.535 ns 3.04 1.5 1.535 1.332 3 3 1.2 23

  DAY 4 vs. DAY 18 M8 1.209 ns 3.04 1.83 1.209 1.49 3 2 0.8 23

  DAY 4 vs. DAY 26 M4 2.476 ns 3.04 0.56 2.476 1.332 3 3 1.9 23

  DAY 4 vs. DAY 26 M8 1.769 ns 3.04 1.27 1.769 1.332 3 3 1.3 23

  DAY 4 vs. D13 2D -0.6481 ns 3.04 3.69 -0.65 1.49 3 2 0.4 23

  DAY 4 vs. D18 2D 1.13 ns 3.04 1.91 1.13 1.49 3 2 0.8 23

  DAY 4 vs. D26 2D 1.607 ns 3.04 1.43 1.607 1.49 3 2 1.1 23

  DAY 8 vs. DAY 18 M4 1.202 ns 2.71 1.5 1.202 1.246 4 3 1 23

  DAY 8 vs. DAY 18 M8 0.8756 ns 2.71 1.83 0.876 1.413 4 2 0.6 23

  DAY 8 vs. DAY 26 M4 2.143 ns 2.71 0.56 2.143 1.246 4 3 1.7 23

  DAY 8 vs. DAY 26 M8 1.436 ns 2.71 1.27 1.436 1.246 4 3 1.2 23

  DAY 8 vs. D13 2D -0.9812 ns 2.71 3.69 -0.98 1.413 4 2 0.7 23

  DAY 8 vs. D18 2D 0.7973 ns 2.71 1.91 0.797 1.413 4 2 0.6 23

  DAY 8 vs. D26 2D 1.274 ns 2.71 1.43 1.274 1.413 4 2 0.9 23

  DAY 18 M4  vs. DAY 18 M8 -0.3265 ns 1.5 1.83 -0.33 1.49 3 2 0.2 23

  DAY 18 M4  vs. DAY 26 M4 0.9413 ns 1.5 0.56 0.941 1.332 3 3 0.7 23

  DAY 18 M4  vs. DAY 26 M8 0.2343 ns 1.5 1.27 0.234 1.332 3 3 0.2 23

  DAY 18 M8  vs. DAY 26 M4 1.268 ns 1.83 0.56 1.268 1.49 2 3 0.9 23

  DAY 18 M8  vs. DAY 26 M8 0.5608 ns 1.83 1.27 0.561 1.49 2 3 0.4 23

  DAY 26 M4  vs. DAY 26 M8 -0.707 ns 0.56 1.27 -0.71 1.332 3 3 0.5 23

  DAY 26 M4  vs. D26 2D -0.8692 ns 0.56 1.43 -0.87 1.49 3 2 0.6 23

  DAY 26 M4  vs. HI -2.893 ns 0.56 3.46 -2.89 1.49 3 2 1.9 23

  DAY 26 M4  vs. HI Dome -2.721 ns 0.56 3.28 -2.72 1.49 3 2 1.8 23

  DAY 26 M4  vs. Suspension 0.1901 ns 0.56 0.37 0.19 1.49 3 2 0.1 23

  DAY 26 M4  vs. Soup -0.8498 ns 0.56 1.41 -0.85 1.332 3 3 0.6 23

  DAY 26 M8  vs. D26 2D -0.1621 ns 1.27 1.43 -0.16 1.49 3 2 0.1 23

  DAY 26 M8  vs. HI -2.186 ns 1.27 3.46 -2.19 1.49 3 2 1.5 23

  DAY 26 M8  vs. HI Dome -2.014 ns 1.27 3.28 -2.01 1.49 3 2 1.4 23

  DAY 26 M8  vs. Suspension 0.8971 ns 1.27 0.37 0.897 1.49 3 2 0.6 23

  DAY 26 M8  vs. Soup -0.1428 ns 1.27 1.41 -0.14 1.332 3 3 0.1 23

  D13 2D vs. D18 2D 1.779 ns 3.69 1.91 1.779 1.632 2 2 1.1 23

  D13 2D vs. D26 2D 2.255 ns 3.69 1.43 2.255 1.632 2 2 1.4 23

  D26 2D vs. HI -2.024 ns 1.43 3.46 -2.02 1.632 2 2 1.2 23

  D26 2D vs. HI Dome -1.852 ns 1.43 3.28 -1.85 1.632 2 2 1.1 23

  D26 2D vs. Suspension 1.059 ns 1.43 0.37 1.059 1.632 2 2 0.6 23

  D26 2D vs. Soup 0.01933 ns 1.43 1.41 0.019 1.49 2 3 0 23

  HI  vs. HI Dome 0.1718 ns 3.46 3.28 0.172 1.632 2 2 0.1 23

  HI  vs. Suspension 3.083 ns 3.46 0.37 3.083 1.632 2 2 1.9 23

  HI  vs. Soup 2.043 ns 3.46 1.41 2.043 1.49 2 3 1.4 23

  HI Dome  vs. Suspension 2.911 ns 3.28 0.37 2.911 1.632 2 2 1.8 23

  HI Dome  vs. Soup 1.871 ns 3.28 1.41 1.871 1.49 2 3 1.3 23

  Suspension  vs. Soup -1.04 ns 0.37 1.41 -1.04 1.49 2 3 0.7 23

CALB1
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Number of families 1

Number of comparisons 91

Alpha 0.05

Holm-Sidak's multiple 

comparisons test

Mean 

Diff.
Sig?

Mean 

1

Mean 

2

Mean 

Diff.

SE of 

diff.
n1 n2 t DF

  DAY 0 vs. DAY 4 -5.17 ns 0 5.17 -5.17 2.63 4 3 2 23

  DAY 0 vs. DAY 8 -4.781 ns 0 4.78 -4.78 2.63 4 3 1.8 23

  DAY 0 vs. DAY 18 M4 -1.431 ns 0 1.43 -1.43 2.63 4 3 0.5 23

  DAY 0 vs. DAY 18 M8 -2.283 ns 0 2.28 -2.28 2.63 4 3 0.9 23

  DAY 0 vs. DAY 26 M4 -1.943 ns 0 1.94 -1.94 2.63 4 3 0.7 23

  DAY 0 vs. DAY 26 M8 -1.608 ns 0 1.61 -1.61 2.63 4 3 0.6 23

  DAY 0 vs. D13 2D -4.698 ns 0 4.7 -4.7 2.982 4 2 1.6 23

  DAY 0 vs. D18 2D -4.329 ns 0 4.33 -4.33 2.982 4 2 1.5 23

  DAY 0 vs. D26 2D -3.752 ns 0 3.75 -3.75 2.982 4 2 1.3 23

  DAY 4 vs. DAY 8 0.3891 ns 5.17 4.78 0.389 2.811 3 3 0.1 23

  DAY 4 vs. DAY 18 M4 3.739 ns 5.17 1.43 3.739 2.811 3 3 1.3 23

  DAY 4 vs. DAY 18 M8 2.887 ns 5.17 2.28 2.887 2.811 3 3 1 23

  DAY 4 vs. DAY 26 M4 3.227 ns 5.17 1.94 3.227 2.811 3 3 1.1 23

  DAY 4 vs. DAY 26 M8 3.562 ns 5.17 1.61 3.562 2.811 3 3 1.3 23

  DAY 4 vs. D13 2D 0.4723 ns 5.17 4.7 0.472 3.143 3 2 0.2 23

  DAY 4 vs. D18 2D 0.8416 ns 5.17 4.33 0.842 3.143 3 2 0.3 23

  DAY 4 vs. D26 2D 1.419 ns 5.17 3.75 1.419 3.143 3 2 0.5 23

  DAY 8 vs. DAY 18 M4 3.35 ns 4.78 1.43 3.35 2.811 3 3 1.2 23

  DAY 8 vs. DAY 18 M8 2.498 ns 4.78 2.28 2.498 2.811 3 3 0.9 23

  DAY 8 vs. DAY 26 M4 2.838 ns 4.78 1.94 2.838 2.811 3 3 1 23

  DAY 8 vs. DAY 26 M8 3.173 ns 4.78 1.61 3.173 2.811 3 3 1.1 23

  DAY 8 vs. D13 2D 0.08318 ns 4.78 4.7 0.083 3.143 3 2 0 23

  DAY 8 vs. D18 2D 0.4524 ns 4.78 4.33 0.452 3.143 3 2 0.1 23

  DAY 8 vs. D26 2D 1.03 ns 4.78 3.75 1.03 3.143 3 2 0.3 23

  DAY 18 M4  vs. DAY 18 M8 -0.8521 ns 1.43 2.28 -0.85 2.811 3 3 0.3 23

  DAY 18 M4  vs. DAY 26 M4 -0.5123 ns 1.43 1.94 -0.51 2.811 3 3 0.2 23

  DAY 18 M4  vs. DAY 26 M8 -0.1771 ns 1.43 1.61 -0.18 2.811 3 3 0.1 23

  DAY 18 M8  vs. DAY 26 M4 0.3399 ns 2.28 1.94 0.34 2.811 3 3 0.1 23

  DAY 18 M8  vs. DAY 26 M8 0.675 ns 2.28 1.61 0.675 2.811 3 3 0.2 23

  DAY 26 M4  vs. DAY 26 M8 0.3352 ns 1.94 1.61 0.335 2.811 3 3 0.1 23

  DAY 26 M4  vs. D26 2D -1.808 ns 1.94 3.75 -1.81 3.143 3 2 0.6 23

  DAY 26 M4  vs. HI 2.685 ns 1.94 -0.74 2.685 3.143 3 2 0.9 23

  DAY 26 M4  vs. HI Dome -1.206 ns 1.94 3.15 -1.21 3.143 3 2 0.4 23

  DAY 26 M4  vs. Suspension 3.749 ns 1.94 -1.81 3.749 3.143 3 2 1.2 23

  DAY 26 M4  vs. Soup -0.3474 ns 1.94 2.29 -0.35 2.811 3 3 0.1 23

  DAY 26 M8  vs. D26 2D -2.143 ns 1.61 3.75 -2.14 3.143 3 2 0.7 23

  DAY 26 M8  vs. HI 2.35 ns 1.61 -0.74 2.35 3.143 3 2 0.7 23

  DAY 26 M8  vs. HI Dome -1.542 ns 1.61 3.15 -1.54 3.143 3 2 0.5 23

  DAY 26 M8  vs. Suspension 3.414 ns 1.61 -1.81 3.414 3.143 3 2 1.1 23

  DAY 26 M8  vs. Soup -0.6826 ns 1.61 2.29 -0.68 2.811 3 3 0.2 23

  D13 2D vs. D18 2D 0.3693 ns 4.7 4.33 0.369 3.443 2 2 0.1 23

  D13 2D vs. D26 2D 0.9465 ns 4.7 3.75 0.947 3.443 2 2 0.3 23

  D18 2D vs. D26 2D 0.5772 ns 4.33 3.75 0.577 3.443 2 2 0.2 23

  D26 2D vs. HI 4.493 ns 3.75 -0.74 4.493 3.443 2 2 1.3 23

  D26 2D vs. HI Dome 0.6017 ns 3.75 3.15 0.602 3.443 2 2 0.2 23

  D26 2D vs. Suspension 5.557 ns 3.75 -1.81 5.557 3.443 2 2 1.6 23

  D26 2D vs. Soup 1.461 ns 3.75 2.29 1.461 3.143 2 3 0.5 23

  HI  vs. HI Dome -3.892 ns -0.74 3.15 -3.89 3.443 2 2 1.1 23

  HI  vs. Suspension 1.064 ns -0.74 -1.81 1.064 3.443 2 2 0.3 23

  HI  vs. Soup -3.033 ns -0.74 2.29 -3.03 3.143 2 3 1 23

  HI Dome  vs. Suspension 4.956 ns 3.15 -1.81 4.956 3.443 2 2 1.4 23

  HI Dome  vs. Soup 0.8591 ns 3.15 2.29 0.859 3.143 2 3 0.3 23

  Suspension  vs. Soup -4.097 ns -1.81 2.29 -4.1 3.143 2 3 1.3 23

CDH1



288 
 
 

 

 

Number of families 1

Number of comparisons 91

Alpha 0.05

Holm-Sidak's multiple 

comparisons test

Mean 

Diff.
Sig?

Mean 

1

Mean 

2

Mean 

Diff.

SE of 

diff.
n1 n2 t DF

  DAY 0 vs. DAY 4 1.578 ns 0 -1.58 1.578 1.183 4 3 1.3 26

  DAY 0 vs. DAY 8 0.932 ns 0 -0.93 0.932 1.183 4 3 0.8 26

  DAY 0 vs. DAY 18 M4 0.6905 ns 0 -0.69 0.691 1.095 4 4 0.6 26

  DAY 0 vs. DAY 18 M8 1.812 ns 0 -1.81 1.812 1.183 4 3 1.5 26

  DAY 0 vs. DAY 26 M4 1.203 ns 0 -1.2 1.203 1.095 4 4 1.1 26

  DAY 0 vs. DAY 26 M8 1.769 ns 0 -1.77 1.769 1.095 4 4 1.6 26

  DAY 0 vs. D13 2D 5.095 ns 0 -5.1 5.095 1.341 4 2 3.8 26

  DAY 0 vs. D18 2D 5.008 ns 0 -5.01 5.008 1.341 4 2 3.7 26

  DAY 0 vs. D26 2D 6.033 * 0 -6.03 6.033 1.341 4 2 4.5 26

  DAY 4 vs. DAY 8 -0.6462 ns -1.58 -0.93 -0.65 1.264 3 3 0.5 26

  DAY 4 vs. DAY 18 M4 -0.8877 ns -1.58 -0.69 -0.89 1.183 3 4 0.8 26

  DAY 4 vs. DAY 18 M8 0.2336 ns -1.58 -1.81 0.234 1.264 3 3 0.2 26

  DAY 4 vs. DAY 26 M4 -0.3753 ns -1.58 -1.2 -0.38 1.183 3 4 0.3 26

  DAY 4 vs. DAY 26 M8 0.1913 ns -1.58 -1.77 0.191 1.183 3 4 0.2 26

  DAY 4 vs. D18 2D 3.429 ns -1.58 -5.01 3.429 1.413 3 2 2.4 26

  DAY 4 vs. D26 2D 4.455 ns -1.58 -6.03 4.455 1.413 3 2 3.2 26

  DAY 8 vs. DAY 18 M4 -0.2415 ns -0.93 -0.69 -0.24 1.183 3 4 0.2 26

  DAY 8 vs. DAY 18 M8 0.8798 ns -0.93 -1.81 0.88 1.264 3 3 0.7 26

  DAY 8 vs. DAY 26 M4 0.2709 ns -0.93 -1.2 0.271 1.183 3 4 0.2 26

  DAY 8 vs. DAY 26 M8 0.8374 ns -0.93 -1.77 0.837 1.183 3 4 0.7 26

  DAY 8 vs. D13 2D 4.163 ns -0.93 -5.1 4.163 1.413 3 2 2.9 26

  DAY 8 vs. D18 2D 4.075 ns -0.93 -5.01 4.075 1.413 3 2 2.9 26

  DAY 8 vs. D26 2D 5.101 ns -0.93 -6.03 5.101 1.413 3 2 3.6 26

  DAY 18 M4  vs. DAY 18 M8 1.121 ns -0.69 -1.81 1.121 1.183 4 3 0.9 26

  DAY 18 M4  vs. DAY 26 M4 0.5124 ns -0.69 -1.2 0.512 1.095 4 4 0.5 26

  DAY 18 M4  vs. DAY 26 M8 1.079 ns -0.69 -1.77 1.079 1.095 4 4 1 26

  DAY 18 M8  vs. DAY 26 M4 -0.6089 ns -1.81 -1.2 -0.61 1.183 3 4 0.5 26

  DAY 18 M8  vs. DAY 26 M8 -0.0423 ns -1.81 -1.77 -0.04 1.183 3 4 0 26

  DAY 26 M4  vs. DAY 26 M8 0.5665 ns -1.2 -1.77 0.567 1.095 4 4 0.5 26

  DAY 26 M4  vs. D26 2D 4.83 ns -1.2 -6.03 4.83 1.341 4 2 3.6 26

  DAY 26 M4  vs. HI 1.595 ns -1.2 -2.8 1.595 1.341 4 2 1.2 26

  DAY 26 M4  vs. HI Dome 1.702 ns -1.2 -2.91 1.702 1.341 4 2 1.3 26

  DAY 26 M4  vs. Suspension -0.6124 ns -1.2 -0.59 -0.61 1.341 4 2 0.5 26

  DAY 26 M4  vs. Soup -0.367 ns -1.2 -0.84 -0.37 1.183 4 3 0.3 26

  DAY 26 M8  vs. D26 2D 4.263 ns -1.77 -6.03 4.263 1.341 4 2 3.2 26

  DAY 26 M8  vs. HI 1.028 ns -1.77 -2.8 1.028 1.341 4 2 0.8 26

  DAY 26 M8  vs. HI Dome 1.135 ns -1.77 -2.91 1.135 1.341 4 2 0.8 26

  DAY 26 M8  vs. Suspension -1.179 ns -1.77 -0.59 -1.18 1.341 4 2 0.9 26

  DAY 26 M8  vs. Soup -0.9335 ns -1.77 -0.84 -0.93 1.183 4 3 0.8 26

  D13 2D vs. D18 2D -0.087 ns -5.1 -5.01 -0.09 1.548 2 2 0.1 26

  D13 2D vs. D26 2D 0.9382 ns -5.1 -6.03 0.938 1.548 2 2 0.6 26

  D18 2D vs. D26 2D 1.025 ns -5.01 -6.03 1.025 1.548 2 2 0.7 26

  D26 2D vs. HI -3.235 ns -6.03 -2.8 -3.24 1.548 2 2 2.1 26

  D26 2D vs. HI Dome -3.128 ns -6.03 -2.91 -3.13 1.548 2 2 2 26

  D26 2D vs. Suspension -5.442 ns -6.03 -0.59 -5.44 1.548 2 2 3.5 26

  D26 2D vs. Soup -5.197 ns -6.03 -0.84 -5.2 1.413 2 3 3.7 26

  HI  vs. HI Dome 0.1071 ns -2.8 -2.91 0.107 1.548 2 2 0.1 26

  HI  vs. Suspension -2.207 ns -2.8 -0.59 -2.21 1.548 2 2 1.4 26

  HI  vs. Soup -1.962 ns -2.8 -0.84 -1.96 1.413 2 3 1.4 26

  HI Dome  vs. Suspension -2.314 ns -2.91 -0.59 -2.31 1.548 2 2 1.5 26

  HI Dome  vs. Soup -2.069 ns -2.91 -0.84 -2.07 1.413 2 3 1.5 26

  Suspension  vs. Soup 0.2454 ns -0.59 -0.84 0.245 1.413 2 3 0.2 26

CDH6
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Number of families 1

Number of comparisons 91

Alpha 0.05

Holm-Sidak's multiple 

comparisons test

Mean 

Diff.
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1
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2

Mean 

Diff.

SE of 

diff.
n1 n2 t DF

  DAY 0 vs. DAY 4 2.608 ns 0 -2.61 2.608 1.124 4 3 2.3 23

  DAY 0 vs. DAY 8 3.821 ns 0 -3.82 3.821 1.124 4 3 3.4 23

  DAY 0 vs. DAY 18 M4 5.165 * 0 -5.17 5.165 1.124 4 3 4.6 23

  DAY 0 vs. DAY 18 M8 5.583 ** 0 -5.58 5.583 1.124 4 3 5 23

  DAY 0 vs. DAY 26 M4 3.106 ns 0 -3.11 3.106 1.124 4 3 2.8 23

  DAY 0 vs. DAY 26 M8 4.37 ns 0 -4.37 4.37 1.124 4 3 3.9 23

  DAY 0 vs. D13 2D 4.438 ns 0 -4.44 4.438 1.275 4 2 3.5 23

  DAY 0 vs. D18 2D 3.587 ns 0 -3.59 3.587 1.275 4 2 2.8 23

  DAY 0 vs. D26 2D 3.936 ns 0 -3.94 3.936 1.275 4 2 3.1 23

  DAY 4 vs. DAY 8 1.213 ns -2.61 -3.82 1.213 1.202 3 3 1 23

  DAY 4 vs. DAY 18 M4 2.557 ns -2.61 -5.17 2.557 1.202 3 3 2.1 23

  DAY 4 vs. DAY 18 M8 2.975 ns -2.61 -5.58 2.975 1.202 3 3 2.5 23

  DAY 4 vs. DAY 26 M4 0.4985 ns -2.61 -3.11 0.499 1.202 3 3 0.4 23

  DAY 4 vs. DAY 26 M8 1.762 ns -2.61 -4.37 1.762 1.202 3 3 1.5 23

  DAY 4 vs. D13 2D 1.83 ns -2.61 -4.44 1.83 1.344 3 2 1.4 23

  DAY 4 vs. D18 2D 0.9795 ns -2.61 -3.59 0.98 1.344 3 2 0.7 23

  DAY 4 vs. D26 2D 1.328 ns -2.61 -3.94 1.328 1.344 3 2 1 23

  DAY 8 vs. DAY 18 M4 1.345 ns -3.82 -5.17 1.345 1.202 3 3 1.1 23

  DAY 8 vs. DAY 18 M8 1.762 ns -3.82 -5.58 1.762 1.202 3 3 1.5 23

  DAY 8 vs. DAY 26 M4 -0.7144 ns -3.82 -3.11 -0.71 1.202 3 3 0.6 23

  DAY 8 vs. DAY 26 M8 0.5496 ns -3.82 -4.37 0.55 1.202 3 3 0.5 23

  DAY 8 vs. D13 2D 0.6169 ns -3.82 -4.44 0.617 1.344 3 2 0.5 23

  DAY 8 vs. D18 2D -0.2334 ns -3.82 -3.59 -0.23 1.344 3 2 0.2 23

  DAY 8 vs. D26 2D 0.1152 ns -3.82 -3.94 0.115 1.344 3 2 0.1 23

  DAY 18 M4  vs. DAY 18 M8 0.4173 ns -5.17 -5.58 0.417 1.202 3 3 0.3 23

  DAY 18 M4  vs. DAY 26 M4 -2.059 ns -5.17 -3.11 -2.06 1.202 3 3 1.7 23

  DAY 18 M4  vs. DAY 26 M8 -0.795 ns -5.17 -4.37 -0.8 1.202 3 3 0.7 23

  DAY 18 M8  vs. DAY 26 M4 -2.476 ns -5.58 -3.11 -2.48 1.202 3 3 2.1 23

  DAY 18 M8  vs. DAY 26 M8 -1.212 ns -5.58 -4.37 -1.21 1.202 3 3 1 23

  DAY 26 M4  vs. DAY 26 M8 1.264 ns -3.11 -4.37 1.264 1.202 3 3 1.1 23

  DAY 26 M4  vs. D26 2D 0.8296 ns -3.11 -3.94 0.83 1.344 3 2 0.6 23

  DAY 26 M4  vs. HI -5.039 ns -3.11 1.93 -5.04 1.344 3 2 3.8 23

  DAY 26 M4  vs. HI Dome -4.255 ns -3.11 1.15 -4.26 1.344 3 2 3.2 23

  DAY 26 M4  vs. Suspension -0.0366 ns -3.11 -3.07 -0.04 1.344 3 2 0 23

  DAY 26 M4  vs. Soup -2.836 ns -3.11 -0.27 -2.84 1.202 3 3 2.4 23

  DAY 26 M8  vs. D26 2D -0.4344 ns -4.37 -3.94 -0.43 1.344 3 2 0.3 23

  DAY 26 M8  vs. HI -6.303 ** -4.37 1.93 -6.3 1.344 3 2 4.7 23

  DAY 26 M8  vs. HI Dome -5.519 * -4.37 1.15 -5.52 1.344 3 2 4.1 23

  DAY 26 M8  vs. Suspension -1.301 ns -4.37 -3.07 -1.3 1.344 3 2 1 23

  DAY 26 M8  vs. Soup -4.1 ns -4.37 -0.27 -4.1 1.202 3 3 3.4 23

  D13 2D vs. D18 2D -0.8502 ns -4.44 -3.59 -0.85 1.472 2 2 0.6 23

  D13 2D vs. D26 2D -0.5017 ns -4.44 -3.94 -0.5 1.472 2 2 0.3 23

  D18 2D vs. D26 2D 0.3486 ns -3.59 -3.94 0.349 1.472 2 2 0.2 23

  D26 2D vs. HI -5.869 * -3.94 1.93 -5.87 1.472 2 2 4 23

  D26 2D vs. HI Dome -5.084 ns -3.94 1.15 -5.08 1.472 2 2 3.5 23

  D26 2D vs. Suspension -0.8661 ns -3.94 -3.07 -0.87 1.472 2 2 0.6 23

  D26 2D vs. Soup -3.666 ns -3.94 -0.27 -3.67 1.344 2 3 2.7 23

  HI  vs. HI Dome 0.7844 ns 1.93 1.15 0.784 1.472 2 2 0.5 23

  HI  vs. Suspension 5.003 ns 1.93 -3.07 5.003 1.472 2 2 3.4 23

  HI  vs. Soup 2.203 ns 1.93 -0.27 2.203 1.344 2 3 1.6 23

  HI Dome  vs. Suspension 4.218 ns 1.15 -3.07 4.218 1.472 2 2 2.9 23

  HI Dome  vs. Soup 1.418 ns 1.15 -0.27 1.418 1.344 2 3 1.1 23

  Suspension  vs. Soup -2.8 ns -3.07 -0.27 -2.8 1.344 2 3 2.1 23

GATA3
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  DAY 0 vs. DAY 4 2.937 ns 0 -2.94 2.937 0.884 2 2 3.3 10

  DAY 0 vs. DAY 8 4.677 * 0 -4.68 4.677 0.884 2 2 5.3 10

  DAY 0 vs. DAY 18 M4 4.9 ** 0 -4.9 4.9 0.884 2 2 5.5 10

  DAY 0 vs. DAY 18 M8 5.428 ** 0 -5.43 5.428 0.884 2 2 6.1 10

  DAY 0 vs. DAY 26 M4 5.33 ** 0 -5.33 5.33 0.884 2 2 6 10

  DAY 0 vs. DAY 26 M8 5.686 ** 0 -5.69 5.686 0.884 2 2 6.4 10

  DAY 0 vs. D13 2D 6.519 ** 0 -6.52 6.519 0.884 2 2 7.4 10

  DAY 0 vs. D18 2D 5.175 ** 0 -5.18 5.175 0.884 2 2 5.9 10

  DAY 0 vs. D26 2D 6.055 ** 0 -6.06 6.055 0.884 2 2 6.8 10

  DAY 4 vs. DAY 8 1.74 ns -2.94 -4.68 1.74 0.884 2 2 2 10

  DAY 4 vs. DAY 18 M4 1.962 ns -2.94 -4.9 1.962 0.884 2 2 2.2 10

  DAY 4 vs. DAY 18 M8 2.491 ns -2.94 -5.43 2.491 0.884 2 2 2.8 10

  DAY 4 vs. DAY 26 M4 2.393 ns -2.94 -5.33 2.393 0.884 2 2 2.7 10

  DAY 4 vs. DAY 26 M8 2.748 ns -2.94 -5.69 2.748 0.884 2 2 3.1 10

  DAY 4 vs. D13 2D 3.582 ns -2.94 -6.52 3.582 0.884 2 2 4.1 10

  DAY 4 vs. D18 2D 2.238 ns -2.94 -5.18 2.238 0.884 2 2 2.5 10

  DAY 4 vs. D26 2D 3.117 ns -2.94 -6.06 3.117 0.884 2 2 3.5 10

  DAY 8 vs. DAY 18 M4 0.2224 ns -4.68 -4.9 0.222 0.884 2 2 0.3 10

  DAY 8 vs. DAY 18 M8 0.7511 ns -4.68 -5.43 0.751 0.884 2 2 0.8 10

  DAY 8 vs. DAY 26 M4 0.653 ns -4.68 -5.33 0.653 0.884 2 2 0.7 10

  DAY 8 vs. DAY 26 M8 1.008 ns -4.68 -5.69 1.008 0.884 2 2 1.1 10

  DAY 8 vs. D13 2D 1.842 ns -4.68 -6.52 1.842 0.884 2 2 2.1 10

  DAY 8 vs. D18 2D 0.4982 ns -4.68 -5.18 0.498 0.884 2 2 0.6 10

  DAY 8 vs. D26 2D 1.377 ns -4.68 -6.06 1.377 0.884 2 2 1.6 10

  DAY 18 M4  vs. DAY 18 M8 0.5287 ns -4.9 -5.43 0.529 0.884 2 2 0.6 10

  DAY 18 M4  vs. DAY 26 M4 0.4306 ns -4.9 -5.33 0.431 0.884 2 2 0.5 10

  DAY 18 M4  vs. DAY 26 M8 0.7859 ns -4.9 -5.69 0.786 0.884 2 2 0.9 10

  DAY 18 M8  vs. DAY 26 M4 -0.0981 ns -5.43 -5.33 -0.1 0.884 2 2 0.1 10

  DAY 18 M8  vs. DAY 26 M8 0.2573 ns -5.43 -5.69 0.257 0.884 2 2 0.3 10

  DAY 26 M4  vs. DAY 26 M8 0.3554 ns -5.33 -5.69 0.355 0.884 2 2 0.4 10

  DAY 26 M4  vs. D26 2D 0.7244 ns -5.33 -6.06 0.724 0.884 2 2 0.8 10

  DAY 26 M8  vs. D26 2D 0.3691 ns -5.69 -6.06 0.369 0.884 2 2 0.4 10

  D13 2D vs. D18 2D -1.344 ns -6.52 -5.18 -1.34 0.884 2 2 1.5 10

  D13 2D vs. D26 2D -0.4648 ns -6.52 -6.06 -0.46 0.884 2 2 0.5 10

  D18 2D vs. D26 2D 0.8792 ns -5.18 -6.06 0.879 0.884 2 2 1 10

GDNF
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  DAY 0 vs. DAY 4 1.499 ns 0 -1.5 1.499 3.295 4 3 0.5 21

  DAY 0 vs. DAY 8 7.627 ns 0 -7.63 7.627 3.05 4 4 2.5 21

  DAY 0 vs. DAY 18 M4 7.673 ns 0 -7.67 7.673 3.295 4 3 2.3 21

  DAY 0 vs. DAY 18 M8 8.17 ns 0 -8.17 8.17 3.295 4 3 2.5 21

  DAY 0 vs. DAY 26 M4 7.379 ns 0 -7.38 7.379 3.05 4 4 2.4 21

  DAY 0 vs. DAY 26 M8 7.239 ns 0 -7.24 7.239 3.05 4 4 2.4 21

  DAY 0 vs. D13 2D 9.635 ns 0 -9.64 9.635 3.736 4 2 2.6 21

  DAY 0 vs. D18 2D 10.17 ns 0 -10.2 10.17 3.736 4 2 2.7 21

  DAY 0 vs. D26 2D 9.307 ns 0 -9.31 9.307 3.736 4 2 2.5 21

  DAY 4 vs. DAY 8 6.128 ns -1.5 -7.63 6.128 3.295 3 4 1.9 21

  DAY 4 vs. DAY 18 M4 6.174 ns -1.5 -7.67 6.174 3.522 3 3 1.8 21

  DAY 4 vs. DAY 18 M8 6.671 ns -1.5 -8.17 6.671 3.522 3 3 1.9 21

  DAY 4 vs. DAY 26 M4 5.88 ns -1.5 -7.38 5.88 3.295 3 4 1.8 21

  DAY 4 vs. DAY 26 M8 5.74 ns -1.5 -7.24 5.74 3.295 3 4 1.7 21

  DAY 4 vs. D13 2D 8.136 ns -1.5 -9.64 8.136 3.938 3 2 2.1 21

  DAY 4 vs. D18 2D 8.668 ns -1.5 -10.2 8.668 3.938 3 2 2.2 21

  DAY 4 vs. D26 2D 7.808 ns -1.5 -9.31 7.808 3.938 3 2 2 21

  DAY 8 vs. DAY 18 M4 0.04664 ns -7.63 -7.67 0.047 3.295 4 3 0 21

  DAY 8 vs. DAY 18 M8 0.5436 ns -7.63 -8.17 0.544 3.295 4 3 0.2 21

  DAY 8 vs. DAY 26 M4 -0.248 ns -7.63 -7.38 -0.25 3.05 4 4 0.1 21

  DAY 8 vs. DAY 26 M8 -0.3877 ns -7.63 -7.24 -0.39 3.05 4 4 0.1 21

  DAY 8 vs. D13 2D 2.008 ns -7.63 -9.64 2.008 3.736 4 2 0.5 21

  DAY 8 vs. D18 2D 2.541 ns -7.63 -10.2 2.541 3.736 4 2 0.7 21

  DAY 8 vs. D26 2D 1.68 ns -7.63 -9.31 1.68 3.736 4 2 0.4 21

  DAY 18 M4  vs. DAY 18 M8 0.4969 ns -7.67 -8.17 0.497 3.522 3 3 0.1 21

  DAY 18 M4  vs. DAY 26 M4 -0.2946 ns -7.67 -7.38 -0.29 3.295 3 4 0.1 21

  DAY 18 M4  vs. DAY 26 M8 -0.4343 ns -7.67 -7.24 -0.43 3.295 3 4 0.1 21

  DAY 18 M8  vs. DAY 26 M4 -0.7915 ns -8.17 -7.38 -0.79 3.295 3 4 0.2 21

  DAY 18 M8  vs. DAY 26 M8 -0.9312 ns -8.17 -7.24 -0.93 3.295 3 4 0.3 21

  DAY 26 M4  vs. DAY 26 M8 -0.1397 ns -7.38 -7.24 -0.14 3.05 4 4 0 21

  DAY 26 M4  vs. D26 2D 1.928 ns -7.38 -9.31 1.928 3.736 4 2 0.5 21

  DAY 26 M8  vs. D26 2D 2.068 ns -7.24 -9.31 2.068 3.736 4 2 0.6 21

  D13 2D vs. D18 2D 0.5326 ns -9.64 -10.2 0.533 4.314 2 2 0.1 21

  D13 2D vs. D26 2D -0.3276 ns -9.64 -9.31 -0.33 4.314 2 2 0.1 21

  D18 2D vs. D26 2D -0.8602 ns -10.2 -9.31 -0.86 4.314 2 2 0.2 21

HOXD11
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Number of families 1

Number of comparisons 45

Alpha 0.05

Holm-Sidak's multiple 

comparisons test

Mean 

Diff.
Sig?

Mean 

1

Mean 

2

Mean 

Diff.

SE of 

diff.
n1 n2 t DF

  DAY 0 vs. DAY 4 5.606 **** 0 -5.61 5.606 0.595 3 2 9.4 14

  DAY 0 vs. DAY 8 5.03 **** 0 -5.03 5.03 0.533 3 3 9.4 14

  DAY 0 vs. DAY 18 M4 5.584 **** 0 -5.58 5.584 0.595 3 2 9.4 14

  DAY 0 vs. DAY 18 M8 6.884 **** 0 -6.88 6.884 0.595 3 2 12 14

  DAY 0 vs. DAY 26 M4 7.951 **** 0 -7.95 7.951 0.533 3 3 15 14

  DAY 0 vs. DAY 26 M8 8.158 **** 0 -8.16 8.158 0.533 3 3 15 14

  DAY 0 vs. D13 2D 4.826 **** 0 -4.83 4.826 0.595 3 2 8.1 14

  DAY 0 vs. D18 2D 6.119 **** 0 -6.12 6.119 0.595 3 2 10 14

  DAY 0 vs. D26 2D 5.924 **** 0 -5.92 5.924 0.595 3 2 10 14

  DAY 4 vs. DAY 8 -0.5764 ns -5.61 -5.03 -0.58 0.595 2 3 1 14

  DAY 4 vs. DAY 18 M4 -0.0222 ns -5.61 -5.58 -0.02 0.652 2 2 0 14

  DAY 4 vs. DAY 18 M8 1.278 ns -5.61 -6.88 1.278 0.652 2 2 2 14

  DAY 4 vs. DAY 26 M4 2.345 * -5.61 -7.95 2.345 0.595 2 3 3.9 14

  DAY 4 vs. DAY 26 M8 2.552 * -5.61 -8.16 2.552 0.595 2 3 4.3 14

  DAY 4 vs. D13 2D -0.7797 ns -5.61 -4.83 -0.78 0.652 2 2 1.2 14

  DAY 4 vs. D18 2D 0.5129 ns -5.61 -6.12 0.513 0.652 2 2 0.8 14

  DAY 4 vs. D26 2D 0.3174 ns -5.61 -5.92 0.317 0.652 2 2 0.5 14

  DAY 8 vs. DAY 18 M4 0.5542 ns -5.03 -5.58 0.554 0.595 3 2 0.9 14

  DAY 8 vs. DAY 18 M8 1.854 ns -5.03 -6.88 1.854 0.595 3 2 3.1 14

  DAY 8 vs. DAY 26 M4 2.921 ** -5.03 -7.95 2.921 0.533 3 3 5.5 14

  DAY 8 vs. DAY 26 M8 3.128 ** -5.03 -8.16 3.128 0.533 3 3 5.9 14

  DAY 8 vs. D13 2D -0.2033 ns -5.03 -4.83 -0.2 0.595 3 2 0.3 14

  DAY 8 vs. D18 2D 1.089 ns -5.03 -6.12 1.089 0.595 3 2 1.8 14

  DAY 8 vs. D26 2D 0.8938 ns -5.03 -5.92 0.894 0.595 3 2 1.5 14

  DAY 18 M4  vs. DAY 18 M8 1.3 ns -5.58 -6.88 1.3 0.652 2 2 2 14

  DAY 18 M4  vs. DAY 26 M4 2.367 * -5.58 -7.95 2.367 0.595 2 3 4 14

  DAY 18 M4  vs. DAY 26 M8 2.574 * -5.58 -8.16 2.574 0.595 2 3 4.3 14

  DAY 18 M8  vs. DAY 26 M4 1.067 ns -6.88 -7.95 1.067 0.595 2 3 1.8 14

  DAY 18 M8  vs. DAY 26 M8 1.274 ns -6.88 -8.16 1.274 0.595 2 3 2.1 14

  DAY 26 M4  vs. DAY 26 M8 0.2069 ns -7.95 -8.16 0.207 0.533 3 3 0.4 14

  DAY 26 M4  vs. D26 2D -2.027 ns -7.95 -5.92 -2.03 0.595 3 2 3.4 14

  DAY 26 M8  vs. D26 2D -2.234 ns -8.16 -5.92 -2.23 0.595 3 2 3.8 14

  D13 2D vs. D18 2D 1.293 ns -4.83 -6.12 1.293 0.652 2 2 2 14

  D13 2D vs. D26 2D 1.097 ns -4.83 -5.92 1.097 0.652 2 2 1.7 14

  D18 2D vs. D26 2D -0.1955 ns -6.12 -5.92 -0.2 0.652 2 2 0.3 14

OSR1
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Number of families 1

Number of comparisons 91

Alpha 0.05

Holm-Sidak's multiple 

comparisons test

Mean 

Diff.
Sig?

Mean 

1

Mean 

2

Mean 

Diff.

SE of 

diff.
n1 n2 t DF

  DAY 0 vs. DAY 4 5.981 ns 0 -5.98 5.981 2.305 4 3 2.6 25

  DAY 0 vs. DAY 8 3.606 ns 0 -3.61 3.606 2.305 4 3 1.6 25

  DAY 0 vs. DAY 18 M4 6.102 ns 0 -6.1 6.102 2.305 4 3 2.6 25

  DAY 0 vs. DAY 18 M8 5.258 ns 0 -5.26 5.258 2.305 4 3 2.3 25

  DAY 0 vs. DAY 26 M4 4.405 ns 0 -4.41 4.405 2.134 4 4 2.1 25

  DAY 0 vs. DAY 26 M8 6.502 ns 0 -6.5 6.502 2.134 4 4 3 25

  DAY 0 vs. D13 2D 9.357 ns 0 -9.36 9.357 2.613 4 2 3.6 25

  DAY 0 vs. D18 2D 8.216 ns 0 -8.22 8.216 2.613 4 2 3.1 25

  DAY 0 vs. D26 2D 9.555 ns 0 -9.56 9.555 2.613 4 2 3.7 25

  DAY 4 vs. DAY 8 -2.375 ns -5.98 -3.61 -2.38 2.464 3 3 1 25

  DAY 4 vs. DAY 18 M4 0.121 ns -5.98 -6.1 0.121 2.464 3 3 0 25

  DAY 4 vs. DAY 18 M8 -0.7229 ns -5.98 -5.26 -0.72 2.464 3 3 0.3 25

  DAY 4 vs. DAY 26 M4 -1.576 ns -5.98 -4.41 -1.58 2.305 3 4 0.7 25

  DAY 4 vs. DAY 26 M8 0.5206 ns -5.98 -6.5 0.521 2.305 3 4 0.2 25

  DAY 4 vs. D13 2D 3.376 ns -5.98 -9.36 3.376 2.755 3 2 1.2 25

  DAY 4 vs. D18 2D 2.236 ns -5.98 -8.22 2.236 2.755 3 2 0.8 25

  DAY 4 vs. D26 2D 3.575 ns -5.98 -9.56 3.575 2.755 3 2 1.3 25

  DAY 8 vs. DAY 18 M4 2.496 ns -3.61 -6.1 2.496 2.464 3 3 1 25

  DAY 8 vs. DAY 18 M8 1.652 ns -3.61 -5.26 1.652 2.464 3 3 0.7 25

  DAY 8 vs. DAY 26 M4 0.7994 ns -3.61 -4.41 0.799 2.305 3 4 0.3 25

  DAY 8 vs. DAY 26 M8 2.896 ns -3.61 -6.5 2.896 2.305 3 4 1.3 25

  DAY 8 vs. D13 2D 5.751 ns -3.61 -9.36 5.751 2.755 3 2 2.1 25

  DAY 8 vs. D18 2D 4.61 ns -3.61 -8.22 4.61 2.755 3 2 1.7 25

  DAY 8 vs. D26 2D 5.95 ns -3.61 -9.56 5.95 2.755 3 2 2.2 25

  DAY 18 M4  vs. DAY 18 M8 -0.8439 ns -6.1 -5.26 -0.84 2.464 3 3 0.3 25

  DAY 18 M4  vs. DAY 26 M4 -1.697 ns -6.1 -4.41 -1.7 2.305 3 4 0.7 25

  DAY 18 M4  vs. DAY 26 M8 0.3997 ns -6.1 -6.5 0.4 2.305 3 4 0.2 25

  DAY 18 M8  vs. DAY 26 M4 -0.8526 ns -5.26 -4.41 -0.85 2.305 3 4 0.4 25

  DAY 18 M8  vs. DAY 26 M8 1.244 ns -5.26 -6.5 1.244 2.305 3 4 0.5 25

  DAY 26 M4  vs. DAY 26 M8 2.096 ns -4.41 -6.5 2.096 2.134 4 4 1 25

  DAY 26 M4  vs. D26 2D 5.15 ns -4.41 -9.56 5.15 2.613 4 2 2 25

  DAY 26 M4  vs. HI -6.99 ns -4.41 2.59 -6.99 2.613 4 2 2.7 25

  DAY 26 M4  vs. HI Dome -5.272 ns -4.41 0.87 -5.27 2.613 4 2 2 25

  DAY 26 M4  vs. Suspension -1.264 ns -4.41 -3.14 -1.26 2.613 4 2 0.5 25

  DAY 26 M4  vs. Soup -5.674 ns -4.41 1.27 -5.67 2.305 4 3 2.5 25

  DAY 26 M8  vs. D26 2D 3.054 ns -6.5 -9.56 3.054 2.613 4 2 1.2 25

  DAY 26 M8  vs. HI -9.086 ns -6.5 2.59 -9.09 2.613 4 2 3.5 25

  DAY 26 M8  vs. HI Dome -7.369 ns -6.5 0.87 -7.37 2.613 4 2 2.8 25

  DAY 26 M8  vs. Suspension -3.36 ns -6.5 -3.14 -3.36 2.613 4 2 1.3 25

  DAY 26 M8  vs. Soup -7.77 ns -6.5 1.27 -7.77 2.305 4 3 3.4 25

  D13 2D vs. D18 2D -1.141 ns -9.36 -8.22 -1.14 3.018 2 2 0.4 25

  D13 2D vs. D26 2D 0.1984 ns -9.36 -9.56 0.198 3.018 2 2 0.1 25

  D18 2D vs. D26 2D 1.339 ns -8.22 -9.56 1.339 3.018 2 2 0.4 25

  D26 2D vs. HI -12.14 * -9.56 2.59 -12.1 3.018 2 2 4 25

  D26 2D vs. HI Dome -10.42 ns -9.56 0.87 -10.4 3.018 2 2 3.5 25

  D26 2D vs. Suspension -6.414 ns -9.56 -3.14 -6.41 3.018 2 2 2.1 25

  D26 2D vs. Soup -10.82 ns -9.56 1.27 -10.8 2.755 2 3 3.9 25

  HI  vs. HI Dome 1.718 ns 2.59 0.87 1.718 3.018 2 2 0.6 25

  HI  vs. Suspension 5.726 ns 2.59 -3.14 5.726 3.018 2 2 1.9 25

  HI  vs. Soup 1.316 ns 2.59 1.27 1.316 2.755 2 3 0.5 25

  HI Dome  vs. Suspension 4.008 ns 0.87 -3.14 4.008 3.018 2 2 1.3 25

  HI Dome  vs. Soup -0.4017 ns 0.87 1.27 -0.4 2.755 2 3 0.1 25

  Suspension  vs. Soup -4.41 ns -3.14 1.27 -4.41 2.755 2 3 1.6 25

PAX2
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Number of families 1

Number of comparisons 55

Alpha 0.05

Holm-Sidak's multiple 

comparisons test

Mean 

Diff.
Sig?

Mean 

1

Mean 

2

Mean 

Diff.

SE of 

diff.
n1 n2 t DF

  DAY 0 vs. DAY 4 -0.0954 ns 0 0.1 -0.1 1.723 4 3 0.1 29

  DAY 0 vs. DAY 8 0.6611 ns 0 -0.66 0.661 1.595 4 4 0.4 29

  DAY 0 vs. DAY 18 M4 2.011 ns 0 -2.01 2.011 1.723 4 3 1.2 29

  DAY 0 vs. DAY 18 M8 3.596 ns 0 -3.6 3.596 1.723 4 3 2.1 29

  DAY 0 vs. DAY 26 M4 1.872 ns 0 -1.87 1.872 1.595 4 4 1.2 29

  DAY 0 vs. DAY 26 M8 1.402 ns 0 -1.4 1.402 1.595 4 4 0.9 29

  DAY 0 vs. D13 2D 0.6771 ns 0 -0.68 0.677 1.513 4 5 0.4 29

  DAY 0 vs. D18 2D 1.717 ns 0 -1.72 1.717 1.513 4 5 1.1 29

  DAY 0 vs. D26 2D 1.683 ns 0 -1.68 1.683 1.953 4 2 0.9 29

  DAY 4 vs. DAY 8 0.7565 ns 0.1 -0.66 0.757 1.723 3 4 0.4 29

  DAY 4 vs. DAY 18 M4 2.106 ns 0.1 -2.01 2.106 1.842 3 3 1.1 29

  DAY 4 vs. DAY 18 M8 3.691 ns 0.1 -3.6 3.691 1.842 3 3 2 29

  DAY 4 vs. DAY 26 M4 1.968 ns 0.1 -1.87 1.968 1.723 3 4 1.1 29

  DAY 4 vs. DAY 26 M8 1.498 ns 0.1 -1.4 1.498 1.723 3 4 0.9 29

  DAY 4 vs. D13 2D 0.7725 ns 0.1 -0.68 0.773 1.647 3 5 0.5 29

  DAY 4 vs. D18 2D 1.813 ns 0.1 -1.72 1.813 1.647 3 5 1.1 29

  DAY 4 vs. D26 2D 1.779 ns 0.1 -1.68 1.779 2.059 3 2 0.9 29

  DAY 8 vs. DAY 18 M4 1.35 ns -0.66 -2.01 1.35 1.723 4 3 0.8 29

  DAY 8 vs. DAY 18 M8 2.934 ns -0.66 -3.6 2.934 1.723 4 3 1.7 29

  DAY 8 vs. DAY 26 M4 1.211 ns -0.66 -1.87 1.211 1.595 4 4 0.8 29

  DAY 8 vs. DAY 26 M8 0.7411 ns -0.66 -1.4 0.741 1.595 4 4 0.5 29

  DAY 8 vs. D13 2D 0.01595 ns -0.66 -0.68 0.016 1.513 4 5 0 29

  DAY 8 vs. D18 2D 1.056 ns -0.66 -1.72 1.056 1.513 4 5 0.7 29

  DAY 8 vs. D26 2D 1.022 ns -0.66 -1.68 1.022 1.953 4 2 0.5 29

  DAY 18 M4  vs. DAY 18 M8 1.585 ns -2.01 -3.6 1.585 1.842 3 3 0.9 29

  DAY 18 M4  vs. DAY 26 M4 -0.1386 ns -2.01 -1.87 -0.14 1.723 3 4 0.1 29

  DAY 18 M4  vs. DAY 26 M8 -0.6085 ns -2.01 -1.4 -0.61 1.723 3 4 0.4 29

  DAY 18 M8  vs. DAY 26 M4 -1.723 ns -3.6 -1.87 -1.72 1.723 3 4 1 29

  DAY 18 M8  vs. DAY 26 M8 -2.193 ns -3.6 -1.4 -2.19 1.723 3 4 1.3 29

  DAY 26 M4  vs. DAY 26 M8 -0.4699 ns -1.87 -1.4 -0.47 1.595 4 4 0.3 29

  DAY 26 M4  vs. D26 2D -0.1887 ns -1.87 -1.68 -0.19 1.953 4 2 0.1 29

  DAY 26 M8  vs. D26 2D 0.2812 ns -1.4 -1.68 0.281 1.953 4 2 0.1 29

  D13 2D vs. D18 2D 1.04 ns -0.68 -1.72 1.04 1.427 5 5 0.7 29

  D13 2D vs. D26 2D 1.006 ns -0.68 -1.68 1.006 1.887 5 2 0.5 29

  D18 2D vs. D26 2D -0.0339 ns -1.72 -1.68 -0.03 1.887 5 2 0 29

SIX2
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Number of families 1

Number of comparisons 91

Alpha 0.05

Holm-Sidak's multiple 

comparisons test

Mean 

Diff.
Sig?

Mean 

1

Mean 

2

Mean 

Diff.

SE of 

diff.
n1 n2 t DF

  DAY 0 vs. DAY 4 1.543 ns 0 -1.54 1.543 1.526 3 2 1 19

  DAY 0 vs. DAY 8 7.37 ** 0 -7.37 7.37 1.365 3 3 5.4 19

  DAY 0 vs. DAY 18 M4 10.22 *** 0 -10.2 10.22 1.526 3 2 6.7 19

  DAY 0 vs. DAY 18 M8 9.089 *** 0 -9.09 9.089 1.526 3 2 6 19

  DAY 0 vs. DAY 26 M4 9.052 *** 0 -9.05 9.052 1.365 3 3 6.6 19

  DAY 0 vs. DAY 26 M8 10.91 **** 0 -10.9 10.91 1.365 3 3 8 19

  DAY 0 vs. D13 2D 9.733 *** 0 -9.73 9.733 1.526 3 2 6.4 19

  DAY 0 vs. D18 2D 10.18 *** 0 -10.2 10.18 1.526 3 2 6.7 19

  DAY 0 vs. D26 2D 12.12 **** 0 -12.1 12.12 1.526 3 2 7.9 19

  DAY 4 vs. DAY 8 5.827 * -1.54 -7.37 5.827 1.526 2 3 3.8 19

  DAY 4 vs. DAY 18 M4 8.673 ** -1.54 -10.2 8.673 1.672 2 2 5.2 19

  DAY 4 vs. DAY 18 M8 7.546 * -1.54 -9.09 7.546 1.672 2 2 4.5 19

  DAY 4 vs. DAY 26 M4 7.508 ** -1.54 -9.05 7.508 1.526 2 3 4.9 19

  DAY 4 vs. DAY 26 M8 9.363 *** -1.54 -10.9 9.363 1.526 2 3 6.1 19

  DAY 4 vs. D13 2D 8.19 ** -1.54 -9.73 8.19 1.672 2 2 4.9 19

  DAY 4 vs. D26 2D 10.58 *** -1.54 -12.1 10.58 1.672 2 2 6.3 19

  DAY 8 vs. DAY 18 M4 2.846 ns -7.37 -10.2 2.846 1.526 3 2 1.9 19

  DAY 8 vs. DAY 18 M8 1.719 ns -7.37 -9.09 1.719 1.526 3 2 1.1 19

  DAY 8 vs. DAY 26 M4 1.681 ns -7.37 -9.05 1.681 1.365 3 3 1.2 19

  DAY 8 vs. DAY 26 M8 3.536 ns -7.37 -10.9 3.536 1.365 3 3 2.6 19

  DAY 8 vs. D13 2D 2.363 ns -7.37 -9.73 2.363 1.526 3 2 1.5 19

  DAY 8 vs. D18 2D 2.813 ns -7.37 -10.2 2.813 1.526 3 2 1.8 19

  DAY 8 vs. D26 2D 4.754 ns -7.37 -12.1 4.754 1.526 3 2 3.1 19

  DAY 18 M4  vs. DAY 18 M8 -1.127 ns -10.2 -9.09 -1.13 1.672 2 2 0.7 19

  DAY 18 M4  vs. DAY 26 M4 -1.165 ns -10.2 -9.05 -1.17 1.526 2 3 0.8 19

  DAY 18 M4  vs. DAY 26 M8 0.6901 ns -10.2 -10.9 0.69 1.526 2 3 0.5 19

  DAY 18 M8  vs. DAY 26 M4 -0.0378 ns -9.09 -9.05 -0.04 1.526 2 3 0 19

  DAY 18 M8  vs. DAY 26 M8 1.817 ns -9.09 -10.9 1.817 1.526 2 3 1.2 19

  DAY 26 M4  vs. DAY 26 M8 1.855 ns -9.05 -10.9 1.855 1.365 3 3 1.4 19

  DAY 26 M4  vs. D26 2D 3.073 ns -9.05 -12.1 3.073 1.526 3 2 2 19

  DAY 26 M4  vs. HI -13.17 **** -9.05 4.12 -13.2 1.526 3 2 8.6 19

  DAY 26 M4  vs. HI Dome -12.65 **** -9.05 3.6 -12.7 1.526 3 2 8.3 19

  DAY 26 M4  vs. Suspension -9.068 *** -9.05 0.02 -9.07 1.526 3 2 5.9 19

  DAY 26 M4  vs. Soup -10.66 **** -9.05 1.61 -10.7 1.365 3 3 7.8 19

  DAY 26 M8  vs. D26 2D 1.218 ns -10.9 -12.1 1.218 1.526 3 2 0.8 19

  DAY 26 M8  vs. HI -15.03 **** -10.9 4.12 -15 1.526 3 2 9.8 19

  DAY 26 M8  vs. HI Dome -14.51 **** -10.9 3.6 -14.5 1.526 3 2 9.5 19

  DAY 26 M8  vs. Suspension -10.92 **** -10.9 0.02 -10.9 1.526 3 2 7.2 19

  DAY 26 M8  vs. Soup -12.52 **** -10.9 1.61 -12.5 1.365 3 3 9.2 19

  D13 2D vs. D18 2D 0.4504 ns -9.73 -10.2 0.45 1.672 2 2 0.3 19

  D13 2D vs. D26 2D 2.391 ns -9.73 -12.1 2.391 1.672 2 2 1.4 19

  D18 2D vs. D26 2D 1.941 ns -10.2 -12.1 1.941 1.672 2 2 1.2 19

  D26 2D vs. HI -16.24 **** -12.1 4.12 -16.2 1.672 2 2 9.7 19

  D26 2D vs. HI Dome -15.73 **** -12.1 3.6 -15.7 1.672 2 2 9.4 19

  D26 2D vs. Suspension -12.14 **** -12.1 0.02 -12.1 1.672 2 2 7.3 19

  D26 2D vs. Soup -13.74 **** -12.1 1.61 -13.7 1.526 2 3 9 19

  HI  vs. HI Dome 0.519 ns 4.12 3.6 0.519 1.672 2 2 0.3 19

  HI  vs. Suspension 4.104 ns 4.12 0.02 4.104 1.672 2 2 2.5 19

  HI  vs. Soup 2.508 ns 4.12 1.61 2.508 1.526 2 3 1.6 19

  HI Dome  vs. Suspension 3.585 ns 3.6 0.02 3.585 1.672 2 2 2.1 19

  HI Dome  vs. Soup 1.989 ns 3.6 1.61 1.989 1.526 2 3 1.3 19

  Suspension  vs. Soup -1.596 ns 0.02 1.61 -1.6 1.526 2 3 1 19

WT1
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