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Abstract 

Nephrotic syndrome (NS) is a clinical triad of proteinuria, hypoalbuminaemia and oedema. 

About 15% of children with NS do not respond to high dose steroids and have steroid-

resistant nephrotic syndrome (SRNS). A third of SRNS has an underlying genetic cause, and 

the most prevalent genetic mutation in Caucasian children is in the NPHS2 gene encoding 

podocin. Genetic forms of SRNS are mostly unresponsive to immunosuppressants, and these 

patients progress more quickly to end-stage renal disease. Central to the pathogenesis of 

nephrotic syndrome is a highly specialised cell called the podocyte, which is an important 

component of the glomerular filtration barrier.  

Gene therapy is an option for treating monogenic diseases that has shown success in other 

organs e.g. targeting the liver for haemophilia B. Adeno-associated virus (AAV) has been 

particularly successful when used as a systemic injection in vivo to target Haemophilia B, and 

is a particularly attractive viral vector due to its relatively favourable safety profile. AAV is 

non-pathogenic, predominantly episomal and has relatively low immunogenicity compared 

to other viral vectors. Here, AAV was tested as a vector for gene therapy targeting the 

podocyte specifically to treat genetic SRNS models in vitro and in vivo.  

AAV serotypes 2/8, 2/9 and LK03 were first tested in vitro using GFP and LacZ as reporters. 

Two podocyte specific promoters (from podocin and nephrin) were also tested. This 

identified AAV LK03 as being a highly efficient transducer of human podocytes, while AAV 

2/8 and 2/9 were both reasonable transducers of mouse podocytes in vitro. The minimal 

nephrin promoter demonstrated podocyte-specific expression in vitro. Next, AAV serotype 

LK03 was tested in a human model of genetic nephrotic syndrome in vitro, while AAV 2/9 

was used to test a genetic model of nephrotic syndrome in vivo.  

AAV LK03 expressing wild type podocin showed partial functional rescue of conditionally 

immortalised podocytes with the R138Q podocin mutation in vitro. In vivo, AAV 2/9 

expressing mouse podocin under a minimal nephrin promoter was injected via the tail vein 

into conditional podocin knockout mice. This demonstrated partial improvements in urinary 

albumin: creatinine ratio, in survival, in plasma markers of renal function as well as on 

histology.  

Overall, the AAV serotypes tested above are able to transduce the podocyte, and have 

demonstrated partial rescue in genetic mouse and human models of nephrotic syndrome. 

This proof of concept work can be used as a platform to further develop AAV as a potential 

candidate vector for gene therapy targeting the podocyte.   
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Chapter 1: Introduction 

1.1 The Kidney 

The kidneys are retroperitoneal structures that play an essential role in the filtration and 

excretion of waste substances. They have several other functions including the maintenance 

of electrolyte and acid-base balance, erythropoiesis, conversion of vitamin D to its active 

form, and maintenance of blood pressure via the renin-angiotensin-aldosterone system. 

Macroscopically, the kidney consists of a renal capsule, under which there is a layer of cortex, 

followed by the medulla. (Figure 1.1) More centrally are the minor and major calyces, which 

drain urine into the renal pelvis. The kidney receives about 20% of cardiac output(1), which 

is delivered to the kidney by the renal arteries. These arteries branch into the segmental, 

then interlobar, then arcuate, then interlobular arteries to become the afferent arteriole to 

the glomerulus. The efferent arteriole leaves the glomerulus and leads to the peritubular 

capillary bed, which then joins the venous system that drains in a fashion similar to the 

arterial supply(2). Within the cortex and medulla of the kidney are functional units called the 

nephron, which enable the kidney to fulfil its role in filtration and excretion, while ensuring 

that adequate volume is retained within the circulation.  
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Figure 1.1 Macroscopic anatomy of the kidney 

The kidneys are retroperitoneal structures. Macroscopically, starting from 

the external layer, it comprises of the renal capsule, cortex, medulla, calyces 

and renal pelvis. The renal pelvis collects all the urine produced and this is 

drained out of the kidney via the ureters (Reproduced from (3)). 

 

1.1.1 The nephron 

The nephron (Figure 1.2) is a highly specialised structure, which comprises of the glomerulus, 

proximal convoluted tubule, loop of Henlé, distal convoluted tubule, and the collecting duct. 

It has been estimated that the average human kidney contains one million nephrons, with 

some human kidneys containing up to 2.5 million nephrons (4). The vast majority of nephrons 

lie largely within the cortex. The remaining 12% are juxtamedullary nephrons, where their 

glomeruli lie within the cortex, but they have a long loop of Henlé descending deep into the 

medulla(1). These long loops are accompanied by specialised long capillary loops called the 

vasa rectae. These juxtamedullary nephrons are key to the counter-current multiplier 

mechanism that allows the concentration of urine(1).  
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In addition to their role in the concentration of urine, the tubules are also involved in the 

resorption of low molecular weight proteins that pass through the glomeruli (mostly under 

60kDa) e.g. Beta2-microglobulin. Although the passage of the majority of macromolecules 

like albumin is restricted by the glomerular filtration barrier, there is also evidence that 

suggest that the tubules may also play an important role in reabsorption of larger proteins 

(5). For example, it has been has shown that knocking down cubulin, which is a component 

of the cubulin megalin amnionless complex thought to bind to tubular albumin in the 

proximal tubule, results in albuminuria in mice(6). 

  

Figure 1.2 The nephron and the glomerulus 

Within the kidneys are individual functional units called nephrons. These 

units enable the kidney to carry out its functions in filtration and 

maintenance of electrolyte balance (Reproduced from (7)). Each nephron 

consists of the glomerulus, proximal convoluted tubule, Loop of Henlé, 

distal convoluted tubule, and the collecting duct.  

 

1.1.2 The glomerulus 

The glomerulus is the filtration unit of the kidneys. Approximately 180 litres of plasma are 

filtered each day(8), and the healthy glomerular filtration barrier has an astonishing ability 

to retain about 99.9% of large proteins including albumin over our lifetimes without clogging. 
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The afferent arteriole enters into the glomerular capillary bed, where filtration occurs, and 

blood leaves the glomerulus via the efferent arteriole.  The glomerular filtration barrier (GFB) 

comprises three main layers—the glomerular endothelial cell, the glomerular basement 

membrane (GBM) and the podocyte. (Figure 1.3)  Each of these components has important 

contributions to the filtration barrier and glomerular permeability. In addition to the three 

layers, the mesangial cell is a pericyte that contributes to the structure and function of the 

GFB(9). Glomerular crosstalk between all of these component cells enables maintenance of 

the GFB(9), and quite intriguingly, the podocyte seems to signal to the glomerular endothelial 

cell against the direction of glomerular ultrafiltration. Hydraulic pressure is the main driving 

force that drives the ultrafiltrate from the capillary lumen through the GFB to the urinary 

space. However, some investigators have found that diffusion becomes the dominating 

transport mechanism across the GFB for small solutes with a molecular radius smaller than 

30 Angstroms(10), which could explain the ‘reverse’ flow of small solutes across the GFB. The 

existence of a subpodocyte space, a space just below the podocyte cell body which covers 

50-65% of the of the surface of the GFB(11), also confers a hydraulic resistance that could 

contribute to reverse flow. Certainly, genetic mouse models with an inducible podocyte-

specific VEGF knockout that develop endothelial cell dysfunction and thrombotic 

microangiopathy support this reverse signalling process(12).  
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Figure 1.3 A schematic diagram of a glomerulus 

This diagram demonstrates the 3 layers of the glomerular filtration 

barrier—the glomerular endothelial cell, the glomerular basement 

membrane and the podocyte. Podocytes have long foot processes that 

interdigitate to form a sieve-like structure. Between adjacent foot 

processes is the slit diaphragm, and some of the proteins, key to the 

function of the slit diaphragm, are shown above. On the electron 

micrograph, asterisks mark the podocyte foot processes, triangles mark the 

slit diaphragm, and arrows mark the fenestrations between glomerular 

endothelial cells (Reproduced from (13)). 

 

1.1.3 The glomerular endothelial cell and the endothelial glycocalyx 

The glomerular endothelial cell forms a fenestrated barrier that lines the blood vessels of the 

glomerulus. These fenestrations are circular transcellular pores that are 60-80nm in size(14), 

and occupy about 20% of this surface (15). The presence of fenestrations enables a higher 

rate of exchange of solutes and fluid compared to other capillary beds without fenestrations, 

while still maintaining a barrier against macromolecules(16). Lining the endothelial cells is 
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the negatively charged endothelial glycocalyx (Figure 1.4), a dynamic barrier comprising of 

1) surface-anchored proteoglycans (e.g. syndecans and glypicans) and sialoproteins, 2) 

glycosaminoglycan (GAGs) side chains (e.g. hyaluronan, heparan sulfate and chondroitin 

sulfate) and 3) adsorbed components like albumin and lumican(17). This approximately 

300nm layer covers not just the luminal surface of the endothelial cell, but is also found 

within fenestrations(16). It has become apparent that this negatively charged layer plays an 

important role in restricting the passage of macromolecules across the GFB(16,17).  

Patients with chronic vascular dysfunction and diabetes often develop microalbuminuria, 

with potential underlying endothelium dysfunction(18). Evidence suggests that the 

endothelial glycocalyx may have a role in preventing macromolecules like albumin from 

crossing the filtration barrier, for example, it has been shown that Munich-Wistar-Fromter 

rats show loss of the endothelial glycocalyx as they age and become proteinuric(19). In 

addition, enzymatic degradation of GAGs increased the fractional clearance of albumin (20), 

demonstrated morphological changes(20) and changes to the negative charge of the 

endothelial glycocalyx(21) ex vivo, and has been shown to induce proteinuria in vivo (22).  

 

Figure 1.4 Transmission electron micrograph of the glomerular filtration 

barrier.  

This mouse kidney has undergone oxygenated fluorocarbon perfusion to 

preserve the endothelial glycocalyx. This enables clear visualisation of the 

endothelial glycocalyx (EG) in the glomerular filtration barrier, which fills the 

fenestrae (f, white triangle) as well as covering the interfenestrae luminal (l) 

surface (black arrow) of the endothelial cell (EC). The next layer is the 

glomerular basement membrane (GBM). On the side of the urinary space (US) 
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are the podocyte foot processes (pfp). The cell-cell junctions formed by 

adjacent podocytes are slit diaphragms (sd) and the podocyte is also covered 

by a layer of glycocalyx (pg) (Reproduced from (17)). 

1.1.4 The mesangial cell 

The mesangial cell is a specialised pericyte, which is a contractile apparatus that provides 

structural support for the glomerular capillary loops. Although glomerular capillary flow is 

predominantly regulated by the afferent and efferent arterioles, the contractile and 

vasoactive properties of the mesangial cell allows fine tuning of the regulation of glomerular 

capillary flow and the ultrafiltration surface(9). The mesangial cell also generates the 

mesangial matrix (a specialised extra-cellular matrix), produces various growth factors and is 

a target for signals from various growth factors and cytokines (9). Although there has been a 

greater focus on the other cells in the glomerulus in recent years, the mesangial cell clearly 

still plays an important part as mesangial cell changes are seen in diseased states e.g. in IgA 

nephropathy, membranoproliferative glomerulonephritis.  

 

1.1.5 The glomerular basement membrane 

The glomerular basement membrane is the middle layer of the filtration barrier, and its 

constituent components are synthesised either by the glomerular endothelial cell or the 

podocyte(23). Its main components are collagen type IV, laminin, nidogen and heparan 

sulphate proteoglycans. It consists of specific subtypes from each of these families. For 

collagen type IV, α3α4α5 collagen type IV is the predominant form and is located fairly 

centrally, while α1α1α2 collagen type IV is a thinner layer located towards the endothelial 

cell layer. On either side of the collagen layers are laminin-521 and agrin, the predominant 

heparan sulphate proteoglycan (23,24). Both nidogen 1 and 2 are also found within the GBM. 

This molecular organisation of protein within the GBM  (Figure 1.5) was elucidated using sub-

diffraction resolution stochastic optical reconstruction microscopy (STORM) (25). Proteomic 

analysis of the human glomerular extracellular matrix, which includes the GBM, identified 

144 proteins which confirmed the above components as well as identifying novel abundant 

proteins like collagen type VI, whose role in the GBM is hitherto unknown (26).  

Mutations in the components of collagen IV result in GBM disruption and haematuria and/ 

or proteinuria. Mutations on one allele of COL4A3 and COL4A4 (i.e. heterozygous, autosomal 

dominant) result in thin basement membrane disease(27), which presents with haematuria 
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and generally does not progress to renal failure. Mutations on both alleles (i.e. homozygous, 

autosomal recessive) as well as mutations in COL4A5 (X-linked) result in Alport’s syndrome, 

which conventionally presents as haematuria which progresses to renal failure, 

sensorineural deafness and lenticonus(28). More recently, a small number of patients with a 

phenotype of steroid-resistant nephrotic syndrome have been found to have mutations in 

COL4A3, COL4A4 and COL4A5(29). Mutations in laminin β2 (LAMB-2), another important 

component of the GBM, result in Pierson syndrome(30). The features of Pierson syndrome 

include congenital nephrotic syndrome, with ocular and neurological abnormalities. These 

mutations result in a disordered glomerular filtration barrier, which highlights the 

importance of the GBM and its contribution to the filtration barrier.  

 

Figure 1.5 The glomerular basement membrane.  

The fully developed GBM consists of a central core of α3α4α5 collagen type 

IV, with a thinner layer of α1α1α2 collagen type IV closer to the endothelial 

layer. The 2 collagen layers are flanked on both sides by laminin-521 (LM-521) 

and agrin, the predominant heparan sulphate proteoglycan in the GBM. The 

β1-integrin receptor (IR) is expressed by both endothelial cells and 

podocytes, but the two collagen layers appear too distant for the podocyte IR. 

This suggests that podocyte IR mainly interacts with LM-521 and agrin at the 

GBM (Reproduced from(24)). 
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1.1.6 The podocyte 

 

Figure 1.6 Scanning electron micrograph of the podocyte 

This electron micrograph of podocytes demonstrates its octopus-like 

structure, where its processes divide into fine foot processes that 

interdigitate. CB=cell body, MP=major processes, SP=secondary processes, 

FP=foot processes (Reproduced from(31)) 

 

The podocyte, the third layer of the GFB, plays a key role in the maintenance of the GFB. The 

podocyte (Figure 1.6) is a highly-specialised cell, comprising of a cell body, major processes, 

secondary processes and foot processes that interdigitate with foot processes of adjacent 

podocytes to form the slit diaphragm. Podocytes form an effective and dynamic sieve, and 

this is predominantly thought to be due to the integrity of the slit diaphragm (SD). Our 

understanding of the slit diaphragm has changed quite dramatically with advances in 

electron microscopy (EM). The first description of the SD in 1974 was based on images taken 

using transmission EM in rodents and the SD was thought to have a ‘zipper-like’ structure 

with a central core filament with periodic cross bridges extending from the podocyte plasma 

membrane(32)(Figure 1.7a). Subsequently in 2010, a study in rat kidneys using scanning EM 

gave quite contrasting results, and showed that the SD contained circular and ellipsoidal 

pores forming a heterogenous porous structure(33)(Figure 1.7b). Six years later, using cryo-
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electron tomography and plastic electron tomography, Grahammer et al (34) described a 

bipartite arrangement of the SD(Figure 1.7c). They identified molecular strands spanning 

adjacent foot processes, and accurately measured and identified 2 populations of strands. 

The first group had an average length of 23nm (variance 10nm) which corresponds to the 

length of NEPH1, while the second group had an average length of 45nm (variance 10nm) 

which corresponds to the length of Nephrin. The first group was mainly found on the basal 

end of the SD (in close proximity to the GBM), while the second group was mainly found on 

the apical end. In contrast to previous reports, the two proteins rarely heterodimerise. Of 

note is the degree of variance in the lengths of the molecular strands. This suggests that 

there is a degree of flexibility in these molecules, which has been reported in other 

immunoglobulin superfamily molecules that share high homology with Nephrin and NEPH1 

(34).  

 

Figure 1.7 The slit diaphragm over the years.  

A) The first description of the SD from transmission EM pictures, showing a 

central core filament midway between the plasma membranes of adjacent 

podocyte foot processes, and the cross bridges extending out from the plasma 

membrane(32). B) Scanning EM of rat SD showed a heterogeneous pore 

structure in contrast to the first description of the SD(33). C) Molecular strands 

seen within the mouse SD on cryo-electron tomography and plastic electron 

tomography can be grouped into two groups, with the first group (blue 

strands) localising to the basal end and corresponding to NEPH1 in length, and 

second group (red strands) localising to the apical end and corresponding to 

nephrin in length (Reproduced from (34)).  

 
This presumed flexibility lends strength to the theory that podocytes have a degree of 

motility, which enables them to modify and adjust the sieve as required to fulfil their 

filtration function(31). A fine balance is maintained between the amount of adhesion and 

A B C 
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motility in podocytes, and any perturbation of this balance seems to result in proteinuria(35). 

Although the SD is thought to be the main structure responsible for the regulating 

permeability at the level of the podocyte, the subpodocyte space also plays an important 

role. This space confers increased resistance to water and solute movement across these 

areas, and might even reverse the direction of flow in these areas(11). The podocyte is also 

covered by a layer of glycocalyx(17), but this layer has not been studied in great detail and 

there is little known about its contributions to the permeability of the GFB. The podocyte is 

an epithelial cell, and conventionally thought to be a terminally differentiated cell, with no 

potential for regeneration. However, evidence from labelling studies in transgenic rats 

suggest that the glomerular parietal epithelial cell (represented by the green dotted line in 

Figure 1.3) might serve as a progenitor population that is able to differentiate into mature 

podocytes(36).  

The podocyte appears to be central to the pathogenesis of nephrotic syndrome (NS), and 

much of our understanding of podocyte biology and its key role in the GFB over the years 

has been gleaned from mutations found in genetic forms of NS. This will be described below, 

along with the clinical features of NS.  

 

1.2 Nephrotic syndrome 

Nephrotic Syndrome (NS) is a clinical triad of proteinuria, hypoalbuminemia and oedema. 

Idiopathic NS is a rare disease, with an incidence of approximately 1 in 50,000 in children(37). 

Historically, nephrotic syndrome has been thought to be due to an immune cause, and this 

was first proposed as being a T-cell derived circulating factor in 1974(38). NS in children is 

treated with high dose steroids for at least 4 weeks with subsequent gradual reductions in 

dose(39), with biopsy not being indicated unless there are atypical features or steroid 

resistance. The vast majority of children with NS respond to high-dose steroids, but a small 

proportion (approximately 15% in children) do not respond(37,40). Those that respond to 

steroids are termed as having Steroid-Sensitive Nephrotic Syndrome (SSNS) and those that 

do not respond have Steroid-Resistant Nephrotic Syndrome (SRNS). KDIGO (Kidney Disease 

Improving Global Outcomes) defines steroid resistance as children who do not respond to 8 

weeks of corticosteroid therapy(39). About 20% of children with SSNS will have no further 

relapses, while the remainder have 1 or more relapses(41). A small proportion of children 

with SSNS children can progress to becoming steroid resistant. These children are termed as 
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having secondary steroid resistance. Children presenting in the first 3 months of life are 

classified as having congenital nephrotic syndrome(42). 

Most patients with SRNS will have a histological appearance of FSGS (focal segmental 

glomerulosclerosis) on biopsy, and the terms SRNS and FSGS are often used interchangeably. 

A small minority of patients with SRNS have histology showing minimal change disease 

(MCD), or mesangial hypercellularity. MCD is the predominant biopsy finding in SSNS. 

Children who present with nephrotic syndrome early in life (i.e. in the 1st 3 months of life) 

are classed as having congenital nephrotic syndrome(42) and these children tend to either 

have diffuse mesangial sclerosis (DMS), FSGS or lesions consistent with congenital nephrotic 

syndrome of the Finnish type on biopsy(43). In human patients, there are occurrences where 

MCD is seen on the first biopsy, while FSGS is seen on subsequent biopsies. Some genetic 

mouse models of nephrotic syndrome have also demonstrated MCD, followed by FSGS later 

in the course of the disease, and eventually a more global picture of sclerosis (44). This 

suggests that some pathophysiological processes may initially result in MCD, which then 

progresses to FSGS. However, some MCD patients never progress, suggesting that SRNS is a 

heterogenous disease. Current classification systems are observational, based on either 

response to steroids, or to histological appearances. These archaic classification systems do 

not necessarily correlate with the pathophysiological mechanisms underlying these diseases. 

Current research is starting to enable classification of SRNS patients in a more meaningful 

manner.  

 

1.2.1 The podocyte in SRNS 

In nephrotic syndrome, one of the typical biopsy findings is that of Minimal Change Disease. 

MCD is described as such, because no changes are seen in the kidney on light microscopy. 

However, on an electron micrograph, the regular structure and spacing of the podocyte foot 

processes are lost, and there is extensive foot process effacement (Figure 1.8). Intravital 

multiphoton imaging supports the paradigm of the glomerular origin of proteinuria, where 

the podocyte is key. In a rat model of focal segmental glomerular sclerosis (FSGS), intravital 

multiphoton imaging demonstrated increased glomerular permeability specifically at areas 

of podocyte damage(45). 
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Figure 1.8 Scanning electron micrograph of the podocyte in nephrotic 

syndrome 

A: The healthy podocyte with its normal structure and interdigitating foot 

processes are seen. B: Podocytes in nephrotic syndrome show foot process 

effacement and loss of podocyte architecture (Reproduced from (35)). 

 

Much of our understanding of the podocyte and its role in NS has come from the discovery 

of genes implicated in nephrotic syndrome, several of which are podocyte specific genes that 

have important roles at the slit diaphragm, calcium signalling and in regulation of the actin 

cytoskeleton. About 20-30% of children with SRNS have monogenic disease(46–48), and 

currently there are more than 60 genes implicated in the pathogenesis of genetic SRNS 

(29,48). 

 

1.2.2 Genetic SRNS 

NPHS1, encoding nephrin, was identified in 1998 (49) as the first gene to be causative for 

nephrotic syndrome. Genetic nephrin knockout mouse models show massive proteinuria and 

a lethal phenotype(50,51).  Mutations in NPHS1 cause congenital nephrotic syndrome i.e. 

children present within the first 3 months of life, or childhood SRNS depending on the 

mutation(48,52). Nephrin is known to be largely a podocyte-specific protein, and it plays a 

very important role in the maintenance of the slit diaphragm. It is a 180kDa transmembrane 

protein that is a key protein extending out of the podocyte plasma membrane into the SD 

(34). Nephrin has key roles in podocyte signalling events, regulating the actin cytoskeleton, 
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calcium signalling (35) and in podocyte insulin sensitivity(53). Nephrin downregulation has 

also been identified in acquired glomerular diseases e.g. diabetic nephropathy, MCD and 

FSGS, and indeed short-term nephrin knockdown in adult mouse models of acquired 

glomerular disease exacerbated glomerular injury(54). The nephrin promoter has response 

elements to retinoic acid and vitamin D. Both retinoic acid and vitamin D have been shown 

to upregulate nephrin in vitro(55–57), while only retinoic acid has been shown to upregulate 

nephrin in vivo(58).  

There are three members of the nephrin-like protein family that have been shown to localise 

to the human podocyte—NEPH1 (described above), NEPH2 and NEPH3(59). The C-terminus 

of NEPH1, NEPH2 and NEPH3 in humans all interact with podocin (described below). 

Interestingly, none of these have been linked to genetic nephrotic syndrome in humans. 

NEPH1 knockout mice showed proteinuria and perinatal lethality(34,60), while NEPH2 and 

NEPH3 knockout mice do not show a renal phenotype(34). At a protein level, neither NEPH2 

nor NEPH3 are seen in mouse podocytes(34). Clearly, there are species differences in the 

expression and functional roles of the members of the nephrin-like protein family, and a 

potential explanation that NEPH1 mutations have not being described in humans could be 

that there might be functional redundancies between NEPH1, NEPH2 and NEPH3 which has 

also been observed in Caenorhabditis elegans(61). 

NPHS2, encoding podocin, is the commonest gene mutation found in childhood SRNS in 

Caucasian populations(40,48,62). Podocin, another podocyte-specific protein, is a member 

of the stomatin family. This 42kDa protein localises to lipid rafts in the plasma membrane of 

podocytes. It has a hairpin structure, where both N and C termini are cytosolic, and has no 

extracellular domain. (Figure 1.9) It recruits nephrin to lipid rafts at the plasma membrane 

(63), as well as interacting with other proteins like TRPC6(64) and CD2AP(65) and signalling 

to the actin cytoskeleton(31). There are at least 126 known disease causing mutations in 

NPHS2(62), which include a mixture of truncating, missense and splice variants(46).  The 

most common mutation in Caucasian populations in NPHS2 is R138Q(62), which is a missense 

mutation that results in a misfolded protein(63). This misfolded protein is trapped in the 

endoplasmic reticulum, and is unable to reach the plasma membrane where it is required for 

the maintenance of the slit diaphragm. In developmental mouse models where podocin is 

knocked out, or where the mouse is homozygous for the R140Q variant of mouse podocin 

(analogous to the R138Q variant in humans), mice develop proteinuria in the neonatal 

period, and die shortly after birth(66,67). These mice tended to show diffuse mesangial 
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sclerosis on histology. In conditional knock out(44) and knock in podocin(68) mouse models, 

mice developed proteinuria within 10 days of induction of disease, and histology showed 

foot process effacement on electron micrograph, with initially mesangial hypercellularity on 

light microscopy, then FSGS later in the course of the disease.  

 

Figure 1.9 Structure of Podocin and some identified mutations 

Podocin is 42kDa protein that localises in lipid rafts at the plasma 

membrane. Some of the known mutations are marked above, with R138Q 

being the most common mutation(69). Underlined are nonsense 

mutations, arrowheads are small indels, and italics are variants of unknown 

significance.(Reproduced from(69)) 

 

In addition to NPHS1 and NPHS2, more than 60 other genes are implicated in nephrotic 

syndrome. Some of these genes result in isolated nephrotic syndrome e.g. ACTN4, TRPC6, 

and CD2AP, while some result in a syndromic phenotype with associated features e.g. WT1, 

OCRL, COL4A3, DGKE(48). Knockout mouse models of CD2AP and WT1 also result in 

proteinuria and reduced survival(70,71). A non-exhaustive pictorial representation of these 

genes is shown in Figure 1.10. 
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Figure 1.10 Schematic view of podocyte genes associated with SRNS 

This diagram illustrates the podocyte relative to the glomerular basement 

membrane and the fenestrated endothelium. The genes associated with 

SRNS can be grouped into slit diaphragm associated proteins, nuclear 

proteins, actin cytoskeleton proteins, mitochondrial protein, lysosomal 

proteins and glomerular basement membrane associated 

proteins(Reproduced from (72)). 

 

1.2.3 Circulating Factor SRNS 

For patients without an underlying genetic cause, an immune-derived circulating factor has 

been postulated as being responsible for the pathogenesis of nephrotic syndrome(38). This 

is consistent with the post-transplant recurrence of the disease, and the ability to attenuate 

this recurrence using plasma exchange. One systematic review and meta-analysis found that 

the overall remission rate (including complete and partial remission) in 423 patients was 

71%(73). Interestingly, two FSGS patients who had early recurrence of their disease post-

transplant, went on to have the donated kidney removed and successfully re-transplanted 
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into a second recipient who had chronic kidney disease secondary to a non-FSGS cause 

(74,75). This is certainly supportive of a circulating factor or circulating factors.  

 In vivo work supporting the circulating factor theory include induction of proteinuria with 

podocyte damage in rats when plasma or serum from patients with FSGS recurrence was 

injected (76,77). The circulating factor theory was proposed more than 40 years ago(38), and 

many candidates have been proposed as the putative circulating factor including 

haemopexin and circulating soluble urokinase-type plasminogen activator receptor 

suPAR(13). In vitro work supports the existence of the circulating factor(78). Using relapse 

and remission plasma from patients with SRNS recurrence on a conditionally immortalised 

human podocyte cell line, it has been demonstrated that slit diaphragm proteins nephrin, 

podocin and CD2AP are translocated to the cytoplasm from the plasma membrane when 

exposed to relapse but not remission plasma from the same patient (79). In addition, relapse 

but not remission plasma increases VASP (Vasodilator stimulated phosphoprotein) 

phosphorylation and podocyte motility via PAR1 (protease activated receptor 1), and the 

increase in VASP phosphorylation has been shown to be dependent on podocin(78). Much 

progress has been made in understanding the signalling pathways triggered in the podocyte 

by relapse plasma, which could lead to identification of targets for therapy.  

 

1.2.4 SRNS—Clinical course and current treatments 

SRNS is a disease associated with high morbidity in children, as the risk of progression to End 

Stage Renal Disease (ESRD) is high at 50% within 5 years of diagnosis if they do not achieve 

partial or complete remission(80–82). As such, achieving remission is of ultimate importance. 

The mainstay of treatment are immunosuppressants and renin angiotensin system (RAS) 

blockade(83). RAS blockade using Angiotension-Converting Enzyme inhibitors e.g. enalapril 

and fosinopril or Angiotensin II Receptor blockade is recommended in SRNS as these have 

been shown to reduce proteinuria significantly(82–85). A proportion of children respond to 

secondary immunosuppressants either partially or completely. These include calcineurin 

inhibitors e.g. ciclosporin and tacrolimus, mycophenolate mofetil and rituximab (anti-CD20 

chimeric antibody).  

Ciclosporin resulted in remission (combined complete and partial) of 69% (n=18/26) of 

children during 6 months of therapy when results of three randomised controlled trials 

(RCTs) were combined, compared to 9% (n=2/23) for those given a placebo (86–88). 
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Tacrolimus, which has reduced side effects of gingival hypertrophy and hypertrichosis 

compared to ciclosporin, was compared to ciclosporin in one study (41 patients), and there 

were no significant differences in remission rates(89). In NS, the effectiveness of calcineurin 

inhibitors in reducing proteinuria might be due to a direct effect on podocytes, instead of its 

immunosuppressive effect via inhibition of NFAT (nuclear factor of activated T cells). 

Ciclosporin has been shown to stabilise the podocyte actin cytoskeleton, by blocking 

synaptopodin dephosphorylation and degradation(90). Mycophenolate mofetil with 

dexamethasone was compared to ciclosporin in one multicentre RCT, with at least partial 

remission at 1 year of 33% (n=22/66) of those treated with mycophenolate mofetil and 

dexamethasone, compared to 46% (n=33/72) of those treated with ciclosporin. In one 

systematic review, rituximab was found to induce remission in about 45% of patients with 

SRNS who have failed to achieve remission on secondary immunosuppressants (91). The 

main mechanism of action for rituximab is to deplete CD20 positive B lymphocytes, but its 

protective effect in FSGS has also been proposed to be due to its off-target effect of 

preserving SMPDL-3b (sphingomyelinphosphodiesterade acid-like 3b protein) expression in 

podocytes, preventing acid sphingomyelinase downregulation and stabilising the podocyte 

actin cytoskeleton(92). For the most part, we are unable to identify which children might 

respond to each immunosuppressant, and these immunosuppressants are not without 

insignificant side effects. For children with a monogenic cause for their disease, the likelihood 

of response to immunosuppression is low(48). Other treatments for NS being investigated 

for the treatment of SRNS include ofatamumab (fully humanised anti-CD20 monoclonal 

antibody) (93,94), abatacept (cytotoxic T-lymphocyte-associated antigen 4-immunoglobulin 

fusion protein that is a costimulatory inhibitor targeting B7-1) (95,96) and LDL (low density 

lipoprotein) apheresis (ClinicalTrials.gov Identifier: NCT02235857)(97).  

Many of the earlier studies of the effect of immunosuppression on SRNS would not have 

included comprehensive genetic screening results, so many of these studies would have 

included both genetic and nongenetic SRNS. More recent series with comprehensive genetic 

testing have been more informative about whether immunosuppressants are effective in 

genetic NS. There are reports that patients with genetic mutations respond either completely 

or partially to ciclosporin(98)—particularly those with WT1 mutations(98,99)—with about 

20% of genetic patients responding with either partial or complete remission in two larger 

series (47,99). However, many of these patients were given RAS blockage concurrently, and 

moreover, response did not necessarily slow the progression to ESRD in genetic 

patients(100). Although it seems illogical that patients with genetic SRNS would respond to 
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immunosuppressants, this might be partially explained by the direct effects that some of 

these medications have on the podocyte (described above)(90). One unusual subgroup of 

genetic mutations in nephrotic syndrome are mutations involved in the coenzyme Q10 

synthesis pathway. Mutations in patients have been found in COQ2, COQ6 and ADCK4(101–

104). If these patients are treated early enough in the course of the disease with coenzyme 

Q10 supplements, this can induce remission of their nephrotic syndrome(101–104).  

Children with genetic disease progress to ESRD faster than those with non-genetic 

disease(48) and require dialysis or a renal transplant. The risk of recurrence of SRNS post-

transplant is high at about 30-50% (105–107). In previous work, we have identified the risk 

of recurrence is 0% in those with a known genetic mutation, while the recurrence rate is high 

at 80-90% in children with secondary steroid resistance(48,108). This has many implications 

on families and the decision to proceed to transplant, particularly live donor transplants. 

Recurrence is treated intensively with plasma exchange(109), which induces complete or 

partial remission in about 70% of patients(73). Even without recurrence of disease, the 

median lifespan of a transplanted kidney in children is 10-15 years(110), and subsequent 

transplants become increasingly challenging as the patient is sensitised to antigens from 

their first transplant.  

In summary, children with genetic SRNS have low response rates to medical therapy, 

progress faster to ESRD but have a low risk of recurrence posttransplant, while children with 

nongenetic SRNS have higher response rate to immunosuppression, but also have a higher 

recurrence rate posttransplant. There is clearly an unmet need for effective targeted medical 

therapies for both forms of SRNS. One of the possible approaches to target this is gene 

therapy, and gene therapy has had several successes in recent years, particularly in targeting 

monogenic disease. Hence, here we aim to investigate gene therapy as a possible therapy 

for monogenic SRNS. 

 

1.3 Gene therapy using Adeno-associated virus 

1.3.1 Gene therapy targeting the kidney so far 

Gene therapy targeting the kidney has been challenging thus far. Many approaches have 

been tried over the years, including using both viral and non-viral vectors. Briefly, non-viral 

vectors include use of liposomes(111,112), microbubbles and ultrasound(113), and 
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electroporation(114). The main issue with these methods is the transience of 

expression(115), and there are potential issues of tissue damage when using microbubbles 

and ultrasound(116).  

The main viral vectors that have been investigated are adenovirus, lentivirus and adeno-

associated virus (AAV). Adenovirus is a potent transducer of most cell types with the liver 

being its main target, and there has been some success transducing kidney cells using 

adenovirus. Initial attempts delivering adenovirus via either the renal artery or retrograde 

delivery via the ureter seemed to mainly result in tubular or interstitial 

transduction(117,118). Later, by exposing and cannulating the renal vessels and ureter in a 

porcine model, a continuous infusion of adenovirus over 2 hours in a closed loop circuit 

achieved a high transduction rate of about 75% of glomeruli, enabling effective introduction 

of COL4A5 into the porcine glomerulus(119). However, this technique is very invasive and 

time consuming, and it would require good justification to deliver a gene therapy product 

using this method. Other studies using systemic injections have reported lower transduction 

efficiency for the glomerulus e.g. 30%(120). Another group used a combination of portal 

clamping and prolonged renal infusion of 15 minutes to achieve efficient transduction of the 

glomeruli(121). The main drawback of using adenovirus is the transience of its expression. 

Adenovirus is episomal, and also highly immunogenic; viral-mediated transgene expression 

tends to last around 3 weeks in most systems, with one group reporting expression for at 

least 42 days(117–123). This immunogenic property is advantageous particularly in the 

context of cancer, or in vaccines, and these are two main areas where adenovirus is being 

tested and developed(124). However, this property also makes this a poor candidate for gene 

transfer for a monogenic disease of the kidney where long-term expression is required.  

Retroviral and lentiviral transduction have both been used successfully in clinical trials for 

gene therapy. Most of the success has been in using these for ex vivo transduction of cells 

e.g. T cells, and introducing these cells back into patients e.g. using CD19-targeted chimeric 

antigen receptor T cell therapy for B-cell acute lymphoblastic leukaemia(125). Both of these 

systems have the benefit of integrating into the chromosome, and also being relatively low 

in immunogenicity. Thus, persistence of transgene expression after transduction is less of an 

issue in these systems. The main drawback of retroviral and lentiviral transduction is that 

integration could occur within proto-oncogenes and result in oncogenicity which was 

observed in gene therapy trials for X1-SCID (Severe combined immunodeficiency)(126). 

Another safety concern is of potential recombination events, and various modifications to 
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prevent recombination into a replication competent retrovirus/ human immunodeficiency 

virus (HIV) have been developed over the years e.g. introducing deletions into the long 

terminal repeats to generate self-inactivating (SIN) lentivirus. One of the other drawbacks of 

retroviruses is that they only transduce dividing cells, while lentivirus can transduce both 

dividing and non-dividing cells(123), although the transduction efficiency is higher in dividing 

cells(127). Lentivirus has been tested in the context of the kidneys, and transduction of 

VSVG-pseudotyped lentivirus transduces only tubular cells regardless of route of 

administration (renal artery, renal vein, direct parenchymal, retrograde ureteral), where the 

expression has been shown to persist to one year post administration(128–130). Although 

lentivirus might be of utility in transducing the tubules, it has thus far not shown any in vivo 

transduction of the glomerulus.  

AAV is attractive as a vector for monogenic disease as it has a relatively low integration rate, 

is non pathogenic in its wild type form, and is low in immunogenicity compared to 

adenovirus. AAV has also shown persistence of expression after several years in canine 

models and in clinical trials(131,132), and has been used to target monogenic disease 

successfully in several clinical trials(132–134). Initial studies on the rodent kidney using AAV2 

demonstrated mostly transduction of the tubules and no expression of the glomerulus(135–

137). Subsequently, as more serotypes were discovered and tested, it has been found that a 

relatively high dose of AAV9 appears to transduce the rodent kidney and glomerulus(138–

142). The podocyte is a promising target for AAV gene therapy as there are known podocyte-

specific promoters and it is a terminally differentiated cell. In this current climate where 

increasing AAV serotypes are being discovered or engineered, AAV was tested as a vector for 

gene therapy targeting the podocyte for SRNS. 

 

1.3.2 Adeno-associated virus 

Adeno-associated virus (AAV) is a helper-dependent parvovirus(143). It consists of a small 

single stranded DNA virus with an icosahedral capsid. It is typically about 25nm is diameter, 

and was initially found to be a contaminant of adenoviral stocks(144). The AAV genome is 

typically about 4.7kb, and consists of the rep and cap genes, flanked by T-shaped hairpin 

structures on either end called inverted terminal repeats (ITRs) (Figure 1.11). The rep and 

cap genes encode for 4 proteins involved in replication (Rep78, Rep68, Rep52 and Rep40), 

and 3 proteins that make up the capsid (VP1, VP2 and VP3)(144). A helper virus is required 

for AAV replication, for example, adenovirus or herpes simplex virus.  
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Figure 1.11 Representative diagram of the genome organisation of wild 

type AAV2.  

ITR=inverted terminal repeats; p5, p19 and p40 are promoters; Rep78, 

Rep68, Rep52 and Rep40 are replication proteins generated by alternate 

splice sites; VP1, VP2 and VP3 are capsid proteins (Reproduced from (145)). 

 

The ITRs are important for AAV replication. The terminal repeat contains the Rep Binding 

Element (RBE) which facilitates its interactions with Rep. This enables exposure of the 

terminal resolution site (trs) which subsequently leads to cleavage at this site (Figure 1.12). 

This process is called terminal resolution and results in an open-ended duplex 

intermediate. The terminal repeats are then denatured and reannealed during Reinitiation 

(Figure 1.12) to form a double hairpinned intermediate. Strand displacement then occurs 

to produce 2 products—the single-stranded AAV DNA with intact ITRs that can be 

packaged in a capsid, and a second strand(146). For the second strand, the terminal repeat 

at the 3’ end of the AAV genome serves as a primer for host cell mediated DNA synthesis, 

and enables the conversion of the single stranded DNA to the double stranded monomer 

duplex seen in Figure 1.12 (147). 
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Figure 1.12 Mechanism of AAV replication.  

A detailed description of mechanism can be found in the main text. NE=no end 

DNA substrate, md=monomer duplex, trs=terminal resolution site, 

PvuII=proteus vulgaris type II restriction enzyme. Arrow denotes 3’ end, Dot 

denotes 5’ end. (Reproduced from (146)) 

 
For recombinant AAV (rAAV), the rep and cap genes with their promoters are removed, and 

replaced by a promoter and transgene of choice. The only requirement is that this construct 

is flanked by the viral ITRs. As such, recombinant AAV is thought to be replication deficient. 

For generating rAAV in vitro, the rep and cap genes are supplied in trans, as are adenoviral 

genes to support AAV replication. Most rAAV constructs utilise ITRs from AAV serotype 2 

(AAV2), which is the most extensively studied serotype(143). To generate rAAV of different 

serotypes, the rep gene supplied is for AAV serotype 2, while the cap gene supplied is for the 

intended capsid serotype. This allows a degree of simplicity in using the same plasmid 

construct to generate rAAV of many different serotypes(148). 
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AAV has many properties that make it an attractive vector for gene therapy. AAV is able to 

transduce both proliferating and non-proliferating cells, which makes it a good vector for the 

terminally differentiated podocyte. In human clinical trials, long term gene expression has 

been demonstrated up to 3 years post-transduction(132), and similarly long term 

transduction has been seen in a canine model(149). AAV is predominantly episomal with a 

low integration rate (frequency of integration is about 0.1 to 1% of infecting viral particles 

for wild type AAV (147,150)). In comparison to other viral vectors that have been considered 

for gene therapy, it is relatively safe. AAV is non-pathogenic, and a high proportion of adults 

are seropositive for AAV antibodies (70% for AAV1 and 2, 45% for AAV 6 and 9, and 38% for 

AAV8)(151). It is thought to be less immunogenic compared to adenovirus, but both cytotoxic 

cellular and humoral responses have been observed in human clinical trials using a systemic 

injection route e.g. for haemophilia(152,153).  

 

1.3.3 Immune responses to AAV 

The immune system broadly can be divided into innate and adaptive immunity. Innate 

immunity is very quick to respond to an external agent, but is not very specific. Pattern 

Recognition Receptors (PRRs) recognise Pathogen Associated Molecular Patterns (PAMPs) 

on the infective agent e.g. a bacteria or virus, and mobilise innate immunity(154). There are 

many aspects to this immunity, including activation of complement, macrophages, natural 

killer cells, eosinophils, basophils, and mast cells. Adaptive immunity is mainly dependent on 

B and T lymphocytes, and takes at least a few days to develop. Adaptive immunity has 2 

forms—humoral and cell-mediated immunity. Major histocompatibility complexes (MHCs) 

class I and II (on antigen presenting cells) present antigens to CD8+ and CD4+ T cells 

respectively. MHC Class I activation of CD8+ T cells leads to the activation of cellular 

immunity, which leads to targeted destruction of cells expressing the specific antigen. MHC 

Class II activation of CD4+ T Cells mobilises the humoral response, and results in stimulation 

of B lymphocytes to produce antigen specific antibodies. While rAAV clearly does have an 

effect on innate immunity, it is currently unclear what implications this has for gene therapy.  

For humoral responses, pre-existing AAV neutralising antibodies (nAb) might affect the first 

dose of the vector, and this has been shown to be the case in the first Haemophilia B clinical 

trial where relatively low nAB titres resulted in neutralisation of high doses of administered 

vector(153). Levels of nAb vary across populations depending on serotype, but there is also 

cross-reactivity between the different serotypes which can be more than 50%(151,155). 
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Generally, antibodies to AAV can be detected at birth, and tend to decrease during the first 

year of life before increasing again(154). However, neutralising antibodies comprise only a 

proportion of total AAV antibodies, and prevalence of neutralising antibodies do not always 

correlate with prevalence of total IgG(155,156). For example, one study of AAV-LK03 

seroprevalence showed that total IgG increased between age 6 months to adolescence, 

while nAb decreased until age 9-11 years then started to increase again(156). 

Cellular immunity has been an important aspect of the immune response to systemically 

delivered rAAV in humans. Preclinical studies for AAV mediated gene transfer for 

haemophilia B using mice, dogs and NHPs showed long-term sustained transgene 

expression(131,157,158), while this was not found to be the case in the first human clinical 

trial(153). In this first clinical trial for haemophilia B using AAV2, good transduction efficiency 

was initially observed, only for factor IX levels to start dropping at 4-8 weeks post-

transduction, with a concurrent rise in serum transaminases(153). The trial protocol was 

then amended to enable collection of patient peripheral blood mononuclear cells (PBMCs). 

PBMC analysis by interferon γ ELISPOT (enzyme linked immunospot) demonstrated 

reactivity to AAV capsid but not to the transgene, with a timecourse similar to the rise in 

serum transaminases(159). It is believed that patients with previous exposure to AAV have 

memory CD8+ T cells to the AAV capsid and subsequent presentation of the AAV capsid 

peptides via MHC Class I in these trials resulted in rapid clonal proliferation of CD8+ T cells, 

which targeted hepatocytes expressing AAV capsid antigens for destruction. In the 

subsequent haemophilia B clinical trial by Nathwani et al(152) using AAV8, the first two dose 

cohorts (2 x 1011vg/kg and 6 x 1011vg/kg) proceeded with no raise in serum transaminases. 

In the high dose cohort (2 x 1012vg/kg), the raise in serum transaminases was noted in two 

out of two patients, with a concurrent drop in factor IX transgene expression. This response 

was partially rescued with prednisolone, with both patients showing some long term 

expression of the Factor IX three years later(132). Of note, the middle cohort had CD8+ T 

cells with a positive interferon γ ELISPOT response but no raise in serum transaminases.  

Another area where cellular responses have been extensively studied is in AAV gene therapy 

to muscles for hereditary muscular diseases and enzyme deficiencies(160). For the most part, 

these studies have shown that higher doses of AAV have resulted in a greater CD8+ T cell 

response to the AAV capsid(160). Interestingly, intramuscular delivery of AAV1 vector 

expressing alpha1-antitrypsin for alpha1-antitrypsin deficiency has produced sustained 

expression of up to five years post injection(161). Although CD8+ T cell analysis showed a 
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positive interferon γ ELISPOT response, as well as local muscle infiltrates of CD3+ cells (CD3 

stains for both CD4+ and CD8+ positive cells) in this trial, a substantial population of T 

regulatory cells (10% of CD3+ cells vs ~0% in control) were found in muscle biopsies one year 

post-AAV administration(162). At five years post rAAV injection, there was still evidence of 

active T regulatory response and an exhausted T cell response(163,164). Another clinical trial 

where alipogene tiparvovec (Glybera; AAV1-LPLS447X; uniQure) was delivered by the 

intramuscular route showed long-term transgene expression, and also noted cellular 

infiltrates in muscle that were positive for T regulatory cell markers (FoxP3+/CD4+)(165). This 

trial administered 12 weeks of ciclosporin and mycophenolate mofetil starting shortly prior 

to AAV administration. It is currently poorly understood what factors trigger this 

upregulation of T regulatory response and T cell exhaustion in AAV infection, but the 

responses seen have been highly reminiscent of those seen in chronic viral infections(164).  

With these immune responses in mind, it has been proposed that AAV doses must be chosen 

carefully as low doses are simply mopped up by neutralising antibodies, while high doses 

result in activation of the cytotoxic CD8+ T cell destruction of cells expressing AAV capsid 

antigens. (Figure 1.13)  

 

 

Figure 1.13 Model of the relationship between AAV capsid dose, immune 

responses and potential efficacy of gene transfer. 

(Reproduced from (166)) 

1.3.4 Safety profile of AAV 

With any form of gene therapy, side effects and safety of the proposed product are a major 

concern after historical gene therapy clinical trials resulted in unanticipated side effects e.g. 
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a severe systemic inflammatory response resulting in death in a case of systemically 

administered recombinant adenoviral vector for OTC (ornithine transcarbamylase) 

deficiency(167,168), and leukaemia after administration of retroviral-mediated gene therapy 

for X-linked SCID (severe combined immunodeficiency)(126,169–171). One of the attractions 

of AAV is that it is considered to be relatively safe, with a relatively low integration rate. 

However, there have been concerns reported in the literature.  

The first concern is that although the integration rate is low, AAV might still result in 

insertional mutagenesis by integrating into the host genome. AAV prefers to integrate into 

actively transcribed genes(172). In humans, AAV containing the Rep gene tends to integrate 

into a specific site on chromosome 19 (19q13.3-qter), while AAV without the Rep gene tends 

to integrate elsewhere at random(147). This site on Chr19 has been named AAVS1 and has 

been found to contain the Rep binding element (RBE) as described above, which could 

participate in the integration process(147,173).  

There have been concerns that AAV may be involved in oncogenesis in hepatocellular 

carcinoma, but this is still very much controversial. A few mouse studies have reported 

increased rates in hepatocellular carcinoma (HCC) after administration of rAAV, and 

identified integrations into various proto-oncogenic loci including the Rian (RNA imprinted 

and accumulated in nucleus) locus on chromosome 12 as being associated with the 

development of HCC (174–176). Rian encodes for regulatory non-coding RNA. The human 

orthologue of Rian is DLK1-DIO3 (delta-like homolog 1-deiodinase type 3), and its 

upregulation has been associated with poor survival in patients with HCC (177). Vector 

genotoxicity appears to be dependent on several factors including timing of injection 

(injection as a neonate increases risk)(174,176), promoter choice (strong ubiquitous 

promoter increases risk), AAV serotype (a hepatotropic serotype increases risk), dose of 

injection (higher dose is correlated with increased rate of HCC development)(176) and 

whether the mouse has any predisposing factors to oncogenesis(175). In humans, one group 

has identified AAV2 integrations in cancer driver genes in 11 of 193 HCCs, where 6 of the 11 

cases did not have other risk factors for HCC, and concluded that AAV2 is associated with 

oncogenic insertional mutagenesis(178). This study has come under a lot of scrutiny. There 

is a high seroprevalence of AAV2 in the population, yet the AAV integrations were only found 

in a small number of patients with HCCs, none of these were a complete virus genome and 

there was no pattern to the integrations(179). In fact, in this study, there is PCR positivity of 

AAV2 sequences in only 7% of HCC tumours compared to 21% in adjacent normal liver(178). 
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It is also not known whether these integrations are definitely driver mutations e.g. that these 

integrations definitely cause HCC-gene related RNA overexpression(179). They have also not 

studied their HCC population for other viruses that often coinfect with AAV e.g. adenovirus 

and herpes simplex virus, which might contribute to oncogenicity(180). Conversely, AAV has 

previously been reported as protective against carcinogenesis in cervical cancer(181).  

Does this have implications for gene therapy using recombinant AAV? There are some 

differences between recombinant and wild type AAV, mainly that the transgene normally 

lacks the Rep gene in recombinant AAV. The study detecting AAV2 integrations in human 

HCC noted that many of the integrated sequences are at the 3’ end of AAV, and these 

sequences have been modified in many recombinant AAVs(180). There have been many 

clinical trials (>100 trials) utilising AAV, and thus far, none of these trials have reported an 

increased risk of HCC. Although there are interspecies differences between mouse and 

humans, the above mouse studies show increased rates of HCC only in specific 

circumstances, and highlight the need to consider avoidance of using AAV vectors in the 

neonatal period, at high doses, with highly active ubiquitous promoter/enhancer 

combinations, and ensuring that the recipient has no other risk factors for HCC.  

More recently, there have been concerns about AAV toxicity when using high doses of AAV9 

variants. One of these variants, AAVhu68, was tested for motor neuron transduction 

efficiency in nonhuman primates (NHPs) and piglets using a vector containing a chicken beta-

actin promoter, CMV immediate early enhancer, a chimeric intron, codon-optimised human 

SMN (survival of motor neuron) cDNA and a rabbit beta-globin polyadenylation 

sequence(182). A high dose of 2 x 1014 vector genomes (vg)/kg was delivered intravenously. 

Out of three 14-month-old NHPs, one developed acute liver failure, coagulopathy, shock and 

was euthanised four days post AAV injection. The other two NHPs had marked rises in liver 

transaminases in the first week which resolved with no clinical features, but histology at 28 

days post vector injection showed minimal multifocal single hepatocellular necrosis. The 

piglets showed no hepatotoxicity, but demonstrated ataxia and proprioceptive defects by 14 

days post injection, and dorsal root ganglia sensory neuron lesions were found on histology. 

Similar but milder neuronal lesions were seen in the two NHPs euthanised at 28 days, but 

not in the NHP euthanised at 4 days post injection(182). A second AAV9 variant, AAV PHP.B 

expressing GFP was injected at 7.5 x 1013 vg/kg, and one out of one NHP had dramatic rises 

in serum transaminases, with profound thrombocytopaenia and diffuse bleeding 

necessitating euthanasia 5 days post AAV(183). NHPs in both studies developed a similar 
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disease course very rapidly after AAV administration, despite differences in the vector 

administrated, and this is thought to be due to a direct effect of introducing high doses of 

AAV rather than a capsid specific T-cell mediated response that is typically seen after a few 

weeks. The clinical scenario in these cases is strikingly similar to the systemic inflammatory 

response that was seen in the fatal case post-adenovirus administration(168). Although this 

level of vector doses has been administered in 15 patients in a clinical trial using AAV9 for 

spinal muscular atrophy type 1, none of the patients experienced the severe side effects 

described above. An asymptomatic raise in transaminases occurred after several weeks in 

four patients(133), which is more in keeping with a T-cell mediated response that has been 

seen in other clinical trials(152,153). Although there are species differences, these serious 

adverse events in the NHPs emphasise the need to use high doses of AAV judiciously in 

patients. It might well be that different serotypes have a different safety threshold, but there 

needs to be consensus on vector titration in the AAV community(184) before this safety 

threshold can be determined.  

 

1.3.5 Serotypes 

Naturally occurring AAV serotypes have been discovered in both human cells (AAV 2, 3, 5 

and 6) and in non-human primates (1, 4, 7-12)(144). Amongst the natural occurring 

serotypes, there is approximately 45% similarity in amino acid sequences of the capsid(145). 

The capsid is made up of 60 copies of the VPs encoding by the cap gene. Each VP has an eight 

stranded -barrel motif and an -helix, with surface variable domains (VR) which occur in 

surface loops. Most of the variability in the capsid sequences are within the nine surface 

exposed domains, and these are thought to contribute to the tropism of different serotypes 

of different tissue and cell types(185). These differences in the VRs dictate that each serotype 

has differential affinity for specific cell surface receptors. For example, serotypes 1, 5 and 6 

bind preferentially to N-linked sialic acid(186,187); serotypes 2, 3 and 6(188,189) bind to 

heparan sulphate proteoglycans, serotype 4 binds to O-linked sialic acid(187), and serotype 

9 binds to N-linked galactose(190). However, entry to the cell does not entirely determine 

how much of the transgene is expressed, and there are post-cell entry processing factors 

that are incompletely understood(191). Kidney transduction with AAV has proven 

challenging, but there are a few studies that suggest rAAV2/9 is the most efficient at 

transducing the mouse kidney(138–140,142), especially when combined with a renal vein 

injection approach(138). However, in another study analysing the tissue tropism of AAV 1-9 
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in vivo in mice using a luciferase reporter, they demonstrated luciferase expression in areas 

consistent with the position of the kidney for AAV8 and 9 using live imaging, but could not 

demonstrate any luciferase activity when the kidneys were harvested and tested specifically 

for the luciferase protein(141). A more recent study in mice showed that a synthetic AAV 

capsid, AAV Anc80, appears to be the optimal serotype for targeting kidney mesenchymal 

cells(192). 

Using various methods like capsid shuffling libraries(191,193) or using in silico methods to 

trace AAV ancestry and its evolution(194), synthetic AAV capsids have been developed for 

specific applications. While some naturally occurring serotypes like AAV8 have been efficient 

in transducing mouse hepatocytes, it has shown a comparatively reduced transduction 

efficiency when used in humans. AAV8 has still shown clinical benefit in haemophilia B where 

a modest increase in Factor IX has had a significant impact for the patient in reducing 

bleeding episodes and the need for Factor IX concentrate(152). However, for other diseases 

like urea cycle disorders, a higher transduction efficiency will be required in order for the 

treatment to have a clinically significant effect in human patients. As such, an AAV serotype 

with better transduction efficiency for human cells is required. Of particular interest is the 

synthetic serotype LK03, which has the greatest homology to the naturally occurring 

serotype AAV3B, and has been shown to be a particularly potent transducer of human 

hepatocytes in a xenograft mouse model with a human hepatocellular carcinoma liver(193).  

 

1.3.6 Vector design and cassette optimisation 

In addition to choosing the most appropriate serotype for the application, vector design is of 

paramount importance to maximise gene expression. One of the limitations of rAAV is the 

small packaging capacity of 4.7kb. This restricts the genes that can be expressed using the 

rAAV system, and in this project, we have chosen to express podocin, as it is a relatively small 

42kDa, with a corresponding CDS (coding sequence) size of 1.2kb. Although some genes do 

show toxicity when overexpressed(195), maximising gene expression via cassette 

optimisation could reduce the required vector dose and the potential for triggering the CD8+ 

cellular response.  

There are several factors known to improve gene expression. Codon optimisation is a 

technique that can increase translational efficiency by modifying codons to match the 

prevalent tRNAs of a species, improving DNA stability by increasing GC content, destabilising 
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mRNA intrastrand interactions which opens up the mRNA structure, and avoiding sequences 

that are targets of restriction enzymes. In designing lentiviral gene therapy for Haemophilia 

A, one group reported dramatic increases (29 to 44 fold increases) in the production of Factor 

VIII with codon-optimisation of three slightly different constructs(196).  

One of the barriers to rAAV gene expression is the need to generate a transcriptionally active 

double stranded DNA from the single stranded AAV genome. This was addressed by the 

development of self-complementary vectors (Figure 1.14), which circumvent the need for 

the single-stranded AAV DNA to generate a complementary DNA strand(197). The terminal 

resolution site from the 3’ rAAV terminal repeat was mutated, which means that DNA strand 

synthesis starts at the 5’ end but terminal resolution does not occur when it reaches the 3’ 

end. Instead, it proceeds to continue back across the genome using the opposite strand as a 

template and creating a dimer(198). The intact wild type ITRs on the end enables this 

construct to be targeted for packaging into the AAV capsid, but upon viral uncoating, the 

DNA folds over and dimerises. scAAV has been found to show a faster onset of gene 

expression and a higher transduction efficiency in mouse liver, muscle and brain(198). For 

example, scAAV expressing Factor IX for haemophilia showed a 20 fold improvement over 

ssAAV in mice(197). scAAV has since been used in several clinical trials including for 

Haemophilia B(132) and Spinal Muscular Atrophy Type I(133). The main drawback of the self-

complementary AAV vector is an even more restricted packaging capacity of 2.5kb.  

 

Figure 1.14 Self complementary AAV. 

This elegantly designed modification of the 3’ terminal resolution site (trs) 

of the AAV vector effectively generates a double stranded vector, hence 

circumventing the need for conversion of ssDNA to dsDNA. This has been 

shown to improve gene expression (Reproduced from (143)). 
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Introducing the Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element (WPRE) 

(199) to the 3’ untranslated regions of viral vectors has also been shown by some groups to 

increase both gene expression and viral titres in lentiviral and retroviral systems(200,201), 

but that this is promotor and cell line specific(202). One of the mechanisms underpinning 

this is improved nuclear export by the CRM1-dependent pathway(203). However, as WPRE 

needs to be placed at the 3’ untranslated region for this effect, it is also possible that it has 

other effects like improving termination or polyadenylation(201). WPRE has been shown to 

improve gene expression in some AAV systems(204), including using AAV2 in the mouse and 

human retina(205). Of note, when single stranded AAV9 with WPRE was compared against 

self-complementary AAV9 without WPRE in fetal and neonatal mice, the WPRE containing 

ssAAV9 vector demonstrated better expression(199).  

Another important element is the Kozak sequence. The Kozak sequence (gccRccATGG where 

R denotes a purine) is a short sequence identified by Marilyn Kozak in the 1980s(206,207). 

The presence of this sequence helps the 40S ribosome identify this as the start site of the 

open reading frame, and improves translational efficiency. In addition, other elements that 

might improve expression or help to restrict expression to cells of interest are introns(208), 

untranslated regions(195) and promoter-enhancer combinations(209). 

 

1.3.7 Current clinical use and clinical trials 

Recombinant AAV has been used as a vector in many clinical trials. Many of the target 

diseases are diseases with a monogenic inheritance, and many of these fall within the rare 

disease category. AAV has been used to target the eyes, liver, muscle, and brain with varying 

degrees of success. The first gene therapy using AAV was licensed in Europe in 2012—this is 

called alipogene tiparvovec (Glybera). Some of the areas where AAV has been successfully 

used in clinical trials are discussed below. 

 

1.3.7.1 Glybera 

Lipoprotein lipase deficiency is a lipid disorder resulting in severe hypertriglyceridaemia, 

xanthomas, and severe, disabling, recurrent episodes of pancreatitis that can result in death. 

Glybera is a gene therapy utilising recombinant AAV1 to deliver a natural variant of the LPL 
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gene (S447X) to the muscles of those with lipoprotein lipase deficiency(210). This variant, 

LPL S447X, is associated with a significantly improved lipid profile, and hence enabled the 

investigators to increase the activity of the desired protein without having to increase vector 

dose (210). The clinical trial demonstrated 39.5% reduction in triglyceride levels at 3-12 

weeks, and number of pancreatitis episodes dropped by five fold in the 2 years following 

Glybera administration. A combination of cyclosporine and mycophenalate mofetil was 

administered for 12 weeks starting just prior to the Glybera injection(211). Glybera was 

licenced in the European Union in 2012 with a hefty pricetag of just over one million euros 

after several challenges to obtain licensing approval(212).  

 

1.3.7.2 AAV transduction of liver in clinical trials 

As discussed in detail above, the first clinical trial for Haemophilia B using AAV2 delivered via 

the hepatic artery(153) initially showed expression of factor IX, but this expression did not 

have long-term sustained expression as seen in preclinical animal models. Subsequently with 

lessons learnt and advances in the gene therapy field, Nathwani et al ran another clinical trial 

for Haemophilia B(132). In this trial, they used a more hepatotropic serotype AAV8 delivered 

intravenously, a self-complementary AAV construct and they codon optimised the construct. 

They also excluded patients with neutralising antibody titres of more than 1:5, and wrote 

into a trial design a provision for administering high dose prednisolone if there was a rise in 

serum transaminases or a fall in factor IX levels. All ten patients in the trial showed 

persistence of factor IX expression after 3 years, and in the high dose group (6 patients), 

there was a 90% reduction in both bleeding episodes and need for prophylactic factor IX 

concentrate. The main side effect from this trial was that 66% of patients in the high dose 

group experienced a rise in alanine aminotransferase level, which was successfully 

attenuated with prednisolone. There were no significant, longterm toxic effects reported at 

3 years(132).  

 

1.3.7.3 AAV transduction of eyes in clinical trials 

AAV 2/2 has been used in target both Leber’s congenital amaurosis and choroidemia in 

clinical trials. Leber’s congenital amaurosis is caused by a mutation in RPE65, which is 

required for the  regeneration of visual pigment after exposure to light. This mutation affects 

both rods and cones, but rods are affected more severely, and cone function tends to be 

relatively preserved until early adulthood.  Various clinical trials(134,213–216) have 
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delivered the RPE65 gene using AAV 2/2 which has consistently demonstrated the safety of 

the approach, with improvement in some measures of visual function across the trials, albeit 

temporarily in some trials. Although the eye has traditionally been thought to be an immune 

privileged site, long-term data from one of this trials demonstrate intraocular inflammation 

or immune responses in five of eight patients given a higher dose of subretinal injections of 

AAV2(213). More recently, Voretigene neparvovec-rzyl (Luxturna) has been approved by the 

Food and Drug Administration (FDA) for use as gene therapy in patients with biallelic RPE65 

mutation-associated retinal dystrophy(217). Another clinical trial was for choroidemia, which 

is an X-linked recessive disorder caused by mutations in the CHM gene, encoding for REP1 

(Rab escort protein-1). This disorder causes retinal degeneration and blindness by the fifth 

decade of life. Maclaren et al treated 6 patients with AAV2/2, 2 of whom had advanced 

disease, and the initial results demonstrated improved rod and cone function(218).  

 

1.3.8 AAV transduction of lower motor neurons  

One successful trial in targeting neurons has been in using an AAV9 vector for Spinal 

Muscular Atrophy Type I (SMAI)(133). This trial utilised a self-complementary vector with a 

chicken beta actin promoter/ CMV enhancer expressing SMNI and delivered the vector at 

high doses (6.7x1013vg/kg and 2x1014vg/kg) intravenously into infants with SMAI. The vector 

was shown to improve survival and motor function, and all fifteen patients were still alive at 

20 months of age (compared to 8% survival in historical cohorts). Two patients could walk 

independently, and eleven patients could feed orally and speak. Four patients had rises in 

serum transaminases, which were attenuated with prednisolone.  

 

1.4 Hypothesis 

AAV has been used successfully as a vector for gene therapy targeting other organs for 

monogenic disease. It has a relatively good safety profile and is able to transduce terminally 

differentiated cells. For this project, the hypothesis is that adeno-associated virus (AAV) is an 

efficient specific vector for gene therapy for steroid resistant nephrotic syndrome.  
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1.5 Aims 

(1) To establish whether rAAV can transduce human podocytes in vitro in a podocyte-specific 

manner by utilising a podocyte-specific promoter. The specificity will also be tested by 

transducing mouse podocytes, both in vitro and in vivo, using podocyte-specific promoters.  

(2) To determine whether AAV can be used to rescue a podocin mutation by expressing wild-

type podocin in podocytes both in vitro and in vivo. This will be tested in vitro on our 

conditionally immortalised podocytes with the podocin R138Q mutation, and in vivo, using a 

conditional podocin knock out mouse model.  
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Chapter 2: Materials and Methods 

All materials were obtained from Sigma-Aldrich unless otherwise stated. 

2.1 Molecular cloning 

2.1.1 Designing the cloning strategy 

Plasmids were viewed in SnapGene® Viewer 3.2.1 and cloning strategy was determined based 

on available restriction sites in plasmids, and the number of fragments that needed to be 

cloned into each vector. Vector maps and cloning strategy for individual plasmids are 

detailed in the Appendix, while below is the outline of general cloning methods used. 

 

2.1.2 Restriction enzyme digests 

For molecular cloning, restriction digests were carried out on both the vector plasmid and 

either an insert with appropriate restriction sites from another plasmid, or a PCR amplified 

insert with restriction sites added through appropriate primer design. Restriction digests 

were also carried out to verify plasmid identity. A standard 20μl restriction digest consisted 

of 1μg of plasmid or purified PCR product, 1μl of restriction enzyme (New England Biolabs 

UK, Hitchin, UK), 2μl of buffer, with the volume made up to 20μl with DNase/RNase-Free 

water. If 2 restriction enzymes were used concurrently, the best reaction conditions were 

chosen based on the information from New England Biolabs Double Digest Finder 

(https://www.neb.com/tools-and-resources/interactive-tools/double-digest-finder) and 1μl 

of each enzyme was used in the 20μl reaction. The restriction digests were incubated at 

either 25°C or 37°C (depending on the enzyme) for 2 hours.  

If the DNA was required for downstream applications, they were run on a 1% agarose gel. 

DNA bands were visualised using a UV transilluminator and the appropriate fragment was 

excised. This was then purified using QIAquick Gel Extraction Kit (Qiagen, Manchester, UK) 

as per the manufacturer’s instructions.  

 

https://www.neb.com/tools-and-resources/interactive-tools/double-digest-finder
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2.1.3 Polymerase Chain Reaction (PCR) 

PCR was used to generate inserts for cloning. Primers were designed with a leader sequence 

and the appropriate restriction sites added on the 5’ end of the hybridisation sequence. 

Alternatively, for Gibson assembly, PCR was used to generate fragments that overlapped 

with the intended adjacent DNA fragment. Gibson assembly will be explained in more detail 

below.  

The standard reaction mix for a 100μl PCR using Kapa HiFi PCR Kit (Kapa Biosystems, 

Wilmington, USA) contained 10ng of template DNA, 1μl of Forward Primer (10μM), 1μl of 

Reverse Primer (10μM), 20μl of 5x buffer, 3μl of deoxynucleotide solution (dNTPs), 2 μl of 

Kapa HiFi Taq, and made up to 100μl with molecular biology grade water. This was divided 

into 4 PCR tubes before running the PCR.  

Standard cycling conditions used included an activation step, then denaturation, annealing 

and extension, then final extension.  The exact cycling conditions used for molecular cloning 

are listed in Table 2.1, where the extension time was adjusted according to length of 

expected PCR product (1minute/kb). Annealing temperature was adjusted according to 

primers and PCR product. If there were too many non-specific bands, annealing temperature 

was raised. If there was no PCR product, and the predicted melting temperature was low, 

then the annealing temperature was reduced. 

Table 2.1 Example of cycling conditions for PCR for cloning 

Step Temperature Time No of cycles 

Activation 95°C 2 minutes 1 

Denaturation 98°C 20 seconds 

10  Annealing 62°C 30 seconds 

Extension 72°C 1 minute/kb 

Denaturation 98°C 20 seconds 

25 Annealing 56°C 30 seconds 

Extension 72°C 1 minute/kb 

Final Extension 72°C 7 minutes 1 
 

 

For PCR amplified fragments, a 4μl of the PCR product was made up to 10μl with molecular 

biology grade water and run on a 1% agarose gel. If the PCR product was a clear single band, 

then the remaining PCR product was PCR purified using QIAquick PCR Purification Kit 
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(Qiagen, Manchester, UK). If there were other PCR products, the remaining PCR products 

were run on a 1% agarose gel, excised and purified using QIAquick Gel Extraction Kit (Qiagen, 

Manchester, UK).  

2.1.4 Agarose gel electrophoresis 

1% weight to volume agarose gel was made with 1X Tris-Acetate EDTA solution (40mM Tris 

acetate, 1mM EDTA, pH8). This was heated in the microwave until complete dissolution of 

agarose. This was cooled until approximately 60°C before Midori Green Advance DNA Stain 

(Geneflow, Elmhurst, UK) was added (1 in 40 dilution). The gel was then allowed to set at 

room temperature for 30minutes.  

6X Loading Buffer (New England Biolabs UK, Hitchin, UK) was added to plasmid DNA from 

PCR or restriction. DNA was loaded on gel alongside a 1kb DNA ladder (New England Biolabs 

UK, Hitchin, UK). This was run at 110V for 30-45min. Gel was imaged using the Gel DocTM XR 

System.  

 

2.1.5 DNA Ligation 

Ligations were performed on gel purified (or PCR purified) DNA which were restricted by the 

chosen restriction enzymes. The ligation reaction consisted of 1μl of T4 DNA Ligase (New 

England Biolabs UK, Hitchin, UK), 1.5μl 10X Ligase Buffer (New England Biolabs UK, Hitchin, 

UK), 25ng of vector DNA, and insert DNA at 1:1 or 1:3 ratios. A vector only reaction was set 

up as the control. This was made up to 15μl with molecular biology grade water. The ligation 

reaction was incubated at 15°C for 16 hours, then heat inactivated at 65°C for 10 minutes. 

1μl of this reaction was taken for bacterial transformation. 

 

2.1.6 Gibson Assembly 

For joining more than 2 fragments of DNA, Gibson Assembly was used(219). Gibson Assembly 

is a one step assembly method for joining multiple fragments of DNA. Target sequences are 

PCR amplified with primers that: 1) anneal to the target sequence 2) generate extensions 

that match the intended adjacent sequence. This results in adjacent DNA fragments with 

overlapping sequences. The reaction is then carried out with these PCR generated fragments 
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and 3 enzymes--T5 exonuclease, DNA polymerase and DNA ligase--at a temperature of 50°C 

for 15-60minutes. (Figure 2.1)  

 

 

 

Figure 2.1 Gibson Assembly Reaction  

3 enzymes are working simultaneously at 50°C in the same reaction for 

Gibson assembly: 1) T5 exonuclease, which chews back from 5’ ends of DNA 

2) DNA polymerase, which extends annealed DNA, and 3) DNA ligase, which 

ligates complementary DNA fragments(219). 

 

For this project, I used Gibson assembly to generate 3 constructs, 

pAAV.hNPHS1.hpodocinHA.WPRE.bGH, pAAV.hNPHS1.mpodocinHA.WPRE.bGH and 

pAAV.mNPHS1.mpodocinHA.WPRE.bGH. Firstly, the intended plasmid was designed using 

SnapGene® Viewer 3.2.1. Primers were designed so that about 15-30bp annealed to the 

target sequence, and another 15-30bp matched the intended adjacent sequence. Instead of 

amplifying vectors using PCR, vectors were treated with appropriate restriction enzymes. 

Inserts (human podocin cDNA sequence, mouse podocin cDNA sequence, and WPRE) were 

amplified using PCR with the custom designed primers according to the above principles. The 

primers were also used to incorporate Kozak sequences before the gene of interest (either 
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human or mouse Podocin cDNA) and to tag human or mouse podocin with a HA (Human 

Influenza Haemagglutinin) tag. Both vectors and PCR generated inserts were then incubated 

with Gibson Assembly® Master Mix (New England Biolabs UK, Hitchin, UK) at 50°C for 

45minutes. The reaction contained 25ng of the vector and a 3-fold excess of inserts, but not 

exceeding a total concentration of 0.5pmols of DNA. This was added to 10μl of Gibson 

Assembly® Master Mix and made up to a total volume of 20μl with molecular biology grade 

water. 1μl of this reaction was taken for bacterial transformation. 

 

2.1.7 Bacterial transformation and expansion of colonies 

For bacterial transformation, NEB® 5-alpha Competent E. Coli (High Efficiency) (New England 

Biolabs UK, Hitchin, UK) were used for all plasmids. 1μl of plasmid DNA was added to 10μl of 

competent cells. This was incubated on ice for 30minutes, exposed to heat shock at 42°C for 

30 seconds, then recovered on ice for 2 minutes. 300μl of SOC Outgrowth Medium (New 

England Biolabs UK, Hitchin, UK) was added, and this was shaken for 1 hour at 37°C at 

200rpm. 25μl to 300μl was then streaked onto LB (Luria-Bertani) agar plates with Ampicillin 

(100 μg/mL) depending on anticipated growth, and this was incubated at 37°C for 16 hours. 

Single colonies were then stabbed and shaken (225rpm) in 5ml of PDM (plasmid DNA 

Medium)(220) broth at 37°C for 16 hours. For small amounts of plasmid DNA, this plasmid 

DNA was extracted and purified using NucleoSpin® Plasmid Kit (Fisher Scientific, 

Loughborough, UK).  

For larger amounts of plasmid DNA, 2.5ml of starter liquid culture was taken from above, 

and added to 250ml of PDM, and again shaken at 37°C for 16 hours. NucleoBond® Xtra Maxi 

Plus Kit (Fisher Scientific, Loughborough, UK) was used to extract and purify the plasmid DNA. 

All DNA was quantified with a nanospectrometer and subsequently restricted with restriction 

enzymes to verify the identity of the plasmid. Plasmid DNA was also verified with sequencing 

(Eurofins Genomics, Ebersberg, Germany). 
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2.2 Adeno-Associated Virus Vector Production 

AAV production was initially carried out at the Nathwani Lab, Research Department of 

Haematology, University College London. Subsequently, this technique was established at 

Bristol Renal, University of Bristol.  

 

Figure 2.2 Triple transfection of HEK 293T cells 

Three plasmids (Helper, Packaging and Genome) are added to HEK 293T cells 

to produce AAV. The Helper plasmid contains Adenoviral genes essential for 

AAV replication, the Packaging plasmid contains replication genes for AAV2 

and capsid genes for the relevant serotype, and the Genome plasmid contains 

the ITRs along with our transgene of interest. Three days after transfection, 

many small vesicles are seen around the HEK 293T cells, and this is when the 

virus is harvested.  

Untransfected HEK 293T cells 

D1 post-transfection D3 post-transfection 

ITR Transgene ITR 

REP CAP Promoter 

E4 E2a Promoter VA Helper 

Packaging 

Genome 
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2.2.1 Triple transfection of HEK 293T cells 

Human Embryonic Kidney (HEK) 293T cells (Takara Bio Europe, Saint Germain-en-Laye, 

France) were cultured in Gibco DMEM with L-glutamine, pyruvate, high glucose (Gibco, 

Fisher Scientific UK, Loughborough, UK) with 10% heat inactivated foetal bovine serum 

(Gibco, Fisher Scientific UK, Loughborough, UK). The 293 cell line was derived from human 

embryonic kidneys, with the addition of nucleotides 1-4,344 of the adenovirus genome into 

chromosome 19(221). This provides the adenoviral immediate-early genes E1a, E1b and Eb1, 

which provide some of the helper functions for the replication and production of AAV(221). 

293T cells have the SV40 Large T Antigen inserted, which improves replication and 

maintenance of any plasmid containing the SV40 origin of replication(222). Cells were 

maintained at 37°C in 5% CO2 and split every 2-3 days. The day before transfection, cells 

were plated at 1x107 (approximately 70-80% confluence) per 15cm cell culture plate in 

DMEM with 10% Foetal Bovine Serum. The following protocol is for 20 plates of HEK 293T 

cells.  

On the day of transfection, the three plasmids (Helper, Packaging and Genome), PEI 

(Polyethylenimine) MAX 0.1% (Polysciences, Inc, Warrington, USA), and serum-free DMEM 

were brought to room temperature. The helper plasmid is pHGTI-Adeno (kind gift of 

Professor Richard Mulligan, Harvard University) and contains Adenoviral genes essential for 

AAV replication. The packaging plasmid contains replication genes for AAV2 and capsid genes 

for the serotype being produced (e.g. in this project, the packaging plasmids were pAAV 

LK03, pAAV 2/8 and pAAV 2/9). The Genome plasmid is our transgene of interest flanked 

with AAV2 inverted terminal repeats and will be the plasmid packaged within the virus 

manufactured. 1.5ml of PEI MAX 0.1% was added to 20ml of serum free DMEM, and all three 

plasmids (pHGTI-Adeno1 0.45mg, Packaging and Genome plasmids 0.15mg each) were 

added to another 20ml of serum free DMEM. These mixtures were shaken thoroughly. The 

plasmid mixture was then filtered (0.2micron polyethersulfone filter (Sartorius, Goettingen, 

Germany)) into the PEI mixture. This mixture was shaken well and then allowed to incubate 

in the dark at room temperature for 15 minutes. 2ml of the mixture was then added dropwise 

to each 15cm cell culture plate. (Figure 2.2) 

After 8 to 24hours, the culture medium was changed to 15ml of serum-free DMEM per 15cm 

plate. 72 hours after transfection, both cells and culture media were harvested. Cells were 

scraped with a cell scraper, and both the cells and culture media were transferred to 50ml 
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falcon tubes. This was spun at 2000g for 10minutes at 18°C. The media was aspirated and 

suction filtered (0.2micron filter) into an autoclaved bottle. This was stored at 4°C. The cell 

pellets were resuspended in TD buffer (KCl 0.37g/L, K2HPO4 0.12g/L, NaCl 8.2g/L, MgCl2 

0.7g/L, Tris 3.0g/L, pH adjusted to 7.5) and combined in two 50ml falcon tubes. This was spun 

at 1800rpm for 10minutes. The buffer was aspirated and discarded, and fresh TD buffer 

(20ml) was used to resuspend the cells. This was placed in the -80°C freezer. 

The cells were lysed by freezing and thawing. They were frozen for 30minutes in the -80°C 

freezer, then thawed in a 37°C water bath for 10minutes. Cells were vortexed thoroughly 

before freezing again. This was repeated 5 times. 

Poly(ethylene) glycol MW8000 (Sigma-Aldrich Company Ltd, Dorset, UK) was made up to a 

solution containing 40% PEG and 2.5M of sodium chloride. This was used to precipitate the 

virus within the supernatant. 75ml of this was added to 300ml of virus containing media (final 

concentration 8% PEG, 0.5M sodium chloride). This was incubated on ice for 2 hours. The 

solution was then centrifuged at 2500g at 4°C for 30minutes. The supernatant was discarded 

and the pellet was resuspended in 2ml of TD buffer. After 20minutes on ice, the 20ml of lysed 

cells were added. Sodium deoxycholate 20% (Sigma-Aldrich Company Ltd, Dorset, UK) was 

added to obtain a final concentration of 0.5%, and 6μl of Benzonase nuclease (Sigma-Aldrich 

Company Ltd, Dorset, UK) were added to obtain a final concentration of about 70 units/ml. 

This was incubated at 37°C for 30minutes to ensure complete digestion of cellular DNA and 

membranes. This was then centrifuged at 2500rpm for 30 minutes. The supernatant was 

filtered with a 0.45microns polyethersulfone (PES) filter (Sartorius, Goettingen, Germany) 

and stored at 4°C. 

 

2.2.2 Virus purification (Iodixanol) 

A discontinuous iodixanol gradient was used to purify the virus. This is a modification of the 

approach described by Zolotukhin and colleagues in 1999(223). OptiprepTM Density Gradient 

Medium (Sigma-Aldrich Company Ltd, Dorset, UK) contains 60% iodixanol. Iodixanol was 

diluted to 40% (Optiprep 67ml, PBS-MK 33ml), 25% (Optiprep 42ml, PBS-MK 58ml) and 15% 

(Optiprep 25ml, PBS 1M NaCl-MK 75ml). 0.5% phenol red was added to the 60% iodixanol 

and 25% iodixanol to enable easy visualisation of the gradient. The 1M NaCl in the 15% 

gradient destabilises interactions between AAV and proteins in the cell lysate, while this was 

omitted from the other gradients to maintain iso-osmotic conditions(223). 3.8ml of the crude 
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AAV containing supernatant from the above preparation was loaded to Beckman 

polyallomer tubes (Beckman Coulter, High Wycombe, UK). This was under laid with 3ml of 

15% iodixanol, followed by 2.3ml of 25% iodixanol, 1.6ml of 40% iodixanol and 1.6ml of 60% 

iodixanol (Figure 2.3).  

The tubes were balanced and sealed, then spun in a Type 70.1Ti fixed angle rotor (Beckman 

Coulter, High Wycombe, UK) at 55,000rpm at 18°C for 1 hour 15minutes. The tubes were 

sprayed with 70% ethanol and the 40% layer was removed with a needle and syringe, taking 

care to avoid the interphase between 40% and 25%. This is where cellular aggregates tend 

to settle after the spin. Each virus was loaded into Amicon Ultra-15 MW100,000 (Merck 

Millipore, Watford, UK) and centrifuged at 1500g. This was topped up with PBS, mixed and 

re-spun until iodixanol was removed. The final virus volume was between 2-3ml and this was 

filter sterilised through a 0.2micron filter. This was then aliquoted into sterile 1.5ml 

microcentrifuge tubes and stored at -80°C. 

 

Figure 2.3 Iodixanol discontinuous gradient for purification of AAV 

The crude AAV lysate is loaded first. This is then underlaid with 15% 

iodixanol, followed by 25%, then 40%, then 60%. The crude lysate is usually 

light pink, unless it is expressing GFP under a constitutive promoter, as 

demonstrated above on the tubes marked C.  

2.2.3 Vector titration using alkaline gel electrophoresis 

The recombinant AAV titre was measured by both alkaline gel electrophoresis and qPCR. 

Denaturing conditions were used for gel electrophoresis, as single-stranded DNA does not 

migrate uniformly on a native gel(224). The protocol described here is a modification of that 

described by Fagone and colleagues(224).  

4ml Crude lysate 

3ml 15% iodixanol 

2.3ml 25% iodixanol 

1.6ml 40% iodixanol 

1.6ml 60% iodixanol 
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300ml of 1X alkaline buffer was made from the 50X alkaline buffer (2.5M NaOH, 50mM 

EDTA). The buffer and electrophoresis chamber were cooled to 4°C in the fridge. 0.8% 

alkaline gel was made by adding 0.8g of agarose to 100ml of water, and heated in a 

microwave to dissolve. 2ml of the 50X alkaline buffer was added to the gel, mixed 

thoroughly, then cooled to 50°C. The gel was poured and allowed to set for 1 hour.  

25μl recombinant AAV is added directly to 8.5μl of 4X alkaline sample loading buffer (20% 

glycerol, 4x alkaline running buffer, 1.2% SDS, sprinkle of xylene cyanol) . The SDS within the 

buffer and the alkaline conditions are sufficient to release the viral genome from the capsid. 

(224) Samples were loaded onto the gel, with 5 μl Hyperladder 1kb (Bioline Reagents Ltd, 

London, UK) loaded on either side of the samples. The gels were run at 20V at 4°C overnight.  

In order to neutralise the gel, the gel was transferred to 3 gel volumes of 0.1M Tris pH8 and 

rocked gently for 1 hour. The gel was then transferred to 1 gel volume of 4X GelRed Nucleic 

Acid Stain (Biotium Inc, Fremont, USA) in 0.1M NaCl and rocked gently for 2 hours. The gel 

was then rinsed briefly in tap water twice and subsequently imaged using the Gel DocTM XR 

System. The image was analysed using ImageJ2 (225). The area of the bands of quantitative 

standards from Hyperladder 1kb was used to generate a standard curve (Figure 2.3), and the 

amount of DNA in each viral sample was calculated from this. The amount of DNA is 

nanograms was then used to calculate the number of single stranded copies of DNA in each 

viral preparation. ( 

Equation 2.1) 
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Figure 2.4 Example of alkaline gel and standard curve generated from 

quantitative standards on alkaline gel electrophoresis 

AAV particles between 4 and 5kb on the gel as marked by the arrow. 

Standard curve generated from DNA concentrations of bands on DNA 

ladder.  

 

Equation 2.1 To calculate the number of single stranded copies of DNA in a 

sample  

Number of single stranded copies= (Amount of DNA in ng x 6.0221 x 1023)/ (Number of 

nucleotides x330g/mole x109ng/g) 

Where 6.0221 x 1023 is Avogadro’s number (number of molecules of template/gram), and 

330g/mole is the average mass of 1 nucleotide, and the 109 is used to convert the nanograms 

to grams. 
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2.2.4 Vector titration by quantitative polymerase chain reaction (qPCR) 

For titration by qPCR, a probe-based method was used to detect the viral ITRs. This method 

was chosen for increased specificity. A standard curve was generated using a known 

concentration of the target sequence/amplicon. The amount of amplicon was made up 

according to the manufacturer’s instructions and the concentration was confirmed using a 

nano spectrophotometer. This was diluted to 5x 109 copies per 5μl, and then diluted 1 in 10 

sequentially to 5x105 copies per 5μl. This was used to generate a 5-point standard curve. The 

qPCR reaction comprised of 10μl of Luna Universal Probe qPCR Mastermix (New England 

Biolabs, Hitchin, UK), 0.8μl of Forward Primer (2.5μM), 0.8μl of Reverse Primer (2.5μM), 0.4μl 

of Probe (10μM), 3μl of nuclease-free water and 5μl of rAAV or amplicon standards. This was 

run according to the manufacturer’s instructions (Eurofins Genomics, Ebersberg, Germany) 

on Applied Biosystems® StepOnePlusTM Real-Time PCR System. The primers, probe and 

amplicon used are listed in Table 2.2. Examples of the standard curve and amplification plots 

are shown in Figure 2.5. 

Table 2.2 Primers used in qPCR for virus titration 

Name Primer sequence 

ITR F GGAACCCCTAGTGATGGAGTT 

ITR R CGGCCTCAGTGAGCGA 

ITR probe FAM-5'-CACTCCCTCTCTGCGCGCTCG-3'-TAMRA 

amplicon CGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAAC 

TCCATCACTAGGGGTTCC 
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Figure 2.5 Example of amplication plot and standard curve generated from 

qPCR titration of AAV 

On the amplification plot on the left, the 2 green lines to the right are the 

no template controls with Ct values of >35. On the right, the red squares 

are representative of the plasmid standards, while the blue squares are the 

viral samples.  
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2.3 In vitro studies 

2.3.1 Conditionally immortalised podocytes  

Conditionally immortalised human podocytes (ciPod) were previously generated by Saleem 

et al by inserting the temperature sensitive SV40 T Antigen(226), which enables them to 

proliferate at 33°C, and to differentiate into podocytes at 37°C. All ciPods were used under 

passage 20 and were grown in RPMI-1640 (Sigma-Aldrich Company Ltd, Dorset, UK) with 10% 

FBS and 1% Penicillin-Streptomycin. Cells were grown to 80-90% confluence and were split 

1 in 5 to 1 in 8 using Trypsin-EDTA 1X. When cells reached a confluence of 60-70%, they were 

switched to the 37°C incubator and left to differentiate for 10-14 days. Cell culture media 

was changed three times a week. 2 human ciPod cell lines, both generated from human 

patient kidneys, were used in this study—wild type podocytes with no mutations (WT-ciPod), 

and podocytes with the Podocin R138Q mutation (R138Q ciPod)(78).  

The above method for immortalising podocytes was used to immortalise mouse 

podocytes(227). The conditionally immortalised mouse podocytes used were wild type 

mouse podocytes (WT-mpod). 

 

2.3.2 Conditionally immortalised human glomerular endothelial cells (GEnC) 

Conditionally immortalised human glomerular endothelial cells (ciGEnC) were previously 

generated by Satchell et al in a similar manner to the podocytes above(228). All ciGEnCs used 

were under passage 32, and were maintained in EBM-2 basal media (Lonza Biologics PLC, 

Slough, UK) with EGM-2 Bullet Kit (excluding Gentamicin and Vascular Endothelial Growth 

Factor) and 1% Penicillin-Streptomycin.  Cells were grown to 80-90% confluence at 33°C and 

were then split 1 in 4 using Trypsin-EDTA 0.25%. When cells reached a confluence of 60-70%, 

they were switched to the 37°C incubator and left to differentiate for 5 days. Cell culture 

media was changed three times a week.  

 

2.3.3 Immortalised human proximal tubule cells (HK-2 cells or PTECs) 

HK-2 cells (or PTECs) were obtained from ATCC. These were grown in DMEM/F12 (Fisher 

Scientific UK, Loughborough, UK) supplemented with 2.5ml of ITS-G 100X, 200μg 

Hydrocortisone (Sigma-Aldrich Company Ltd, Dorset, UK), 10% FBS and 1% Penicillin-
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Streptomycin at 37°C in 5% CO2. Cells were split 1 in 5 when 80% confluent, and these cells 

were not used beyond passage 10. Cell culture media was changed three times a week.  

 

2.3.4 Glomerular isolation from mouse kidneys by sieving 

Primary mouse podocytes were obtained from glomerular sieving. Mouse kidneys were 

collected in Hank’s Balanced Salt Solution (HBSS) on ice. 106μm and 71μm sieves were placed 

on a sterile petri dish. Kidneys were pushed through the 106μm sieve into the 71μm sieve. 

This was washed thoroughly with plenty of ice cold HBSS. The glomeruli were then collected 

from the 71μm sieve. This was transferred to a falcon tube and spun at 1500rpm for 3 

minutes. The supernatant was removed and the glomeruli were resuspended in RPMI-1640 

with 0.5ml of ITS-G 100X, 10% FBS and 1% Penicillin-Streptomycin. Glomeruli were left to 

attach and outgrowth of podocytes was seen by 3 days. Cells were split using Trypsin-EDTA 

0.25% when they reached 80% confluence (about 6-7 days)(229). 

 

2.3.5 Transduction of cells with Adeno-Associated Virus 

Cells were split and plated the day before transduction, aiming for 60-70% confluence on the 

day of transduction. Media was changed on the day of experiment, and rAAV at an 

appropriate multiplicity of infection (MOI) was added to this. The media was changed after 

48-72 hours. For comparison of transduction efficiency across different cell lines, the cells 

were harvested at day 5 post-transduction for consistency across the cell lines. Expression 

persisted to 14 days, and other studies were carried out at 10-14 days when the podocytes 

were fully differentiated.   

 

2.4 In vivo studies (Mouse)  

2.4.1 UK Animal Care Declaration 

All animals were kept in accordance with the University of Bristol and United Kingdom Home 

Office guidelines and regulations. The following animal studies were conducted under the 

project license held by Professor Richard Coward PPL 3003394. Animals were kept in a 

pathogen free environment with a 12hour light-dark cycle. Animals were culled according to 
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the Home Office Code of Practice-The Humane Killing of Animals under Schedule 1 to the 

Animals (Scientific Procedures) Act 1986.  

 

2.4.2 Tail vein injections of Adeno-Associated Virus 

Mice were warmed in a 37°C incubator until vasodilatation of the tail vein was visible (about 

5-10minutes). Mice were anaesthetised with Isoflurane. Oxygen flow was set at 0.5L/min 

and Isoflurane 3% was used for induction in a box, and reduced to 1-3% when using the nose 

cone for maintenance anaesthesia. Mice were placed prone on a heat mat, and 100-200μl of 

rAAV or 1X PBS was injected via the tail vein using 29G insulin syringes. Mice were then 

recovered before placing back into their cage. Mice used were on a mixed genetic 

background with contributions from 129Sv, C57Bl/6 and FVB .  

 

2.4.3 Harvesting tissue 

Mice were culled in accordance with Schedule 1 by cervical dislocation of the neck or 

overdose of intraperitoneal pentobarbital (>100mg/kg). Tissues harvested included kidney, 

heart, lung, liver, spleen, and testes. Tissue was snap frozen using dry ice and stored at -80°C 

for immunofluorescence, western blotting, DNA and RNA extraction. Kidney tissue cut to 

1mm3 pieces was placed in 2.5% Glutaraldehyde/ 0.1M Sodium Cacodylate for electron 

microscopy. Tissue was fixed in 10% Formalin for immunohistochemistry.  

 

2.5 Extraction of nucleic acids and quantitative real-time PCR 

2.5.1 DNA extraction 

DNA was extracted from approximately 8mm3 of tissue as per manufacturer’s instructions 

using DNeasy Blood and Tissue Kit (Qiagen, Manchester, UK). Tissue was lysed overnight at 

56°C.  
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2.5.2 RNA extraction and cDNA conversion.  

RNA was extracted from approximately 8mm3 of tissue using RNeasy Mini Kit (Qiagen, 

Manchester, UK) with RNase-Free DNase Set (Qiagen, Manchester, UK). This was carried out 

as per manufacturer’s instructions, using a stator rotor homogeniser to disrupt and 

homogenise the tissue. RNA concentration and purity were then checked on a NanoDrop 

1000TM Spectrophotometer (Thermo Fisher Scientific, Loughborough, UK). 1g of RNA was 

converted to cDNA using High Capacity RNA-to-cDNA Kit (Applied Biosystems by Thermo 

Fisher Scientific, Loughborough, UK).  

 

2.5.3 Quantitative real-time PCR 

Mouse tissue DNA was run with Luna Universal Probe qPCR Mastermix (New England Biolabs, 

Hitchin, UK) using the primers, probe and amplicon (probe-based assay chosen for increased 

specificity) in Table 2.2 to determine amount of viral ITR in mouse tissue. These were run in 

duplicate and a set of no template controls were always included on each plate. A standard 

curve was generated as described above in section 2.2.4. 

Mouse tissue cDNA (from RNA) was run with Fast SYBRTM Green Master Mix (Applied 

Biosystems by Thermo Fisher Scientific, Loughborough, UK) with the primers in Table 2.3 

(dye-based assay chosen here as this was more cost effective and these primers showed 

good specificity). All primers were tested on a standard curve with a range of template 

concentrations (1 in 5 dilution, minimum of five points on standard curve) to check that 

primer efficiency fell between 90-110%. Melt curves were always included to ensure there 

was a single clean peak. Samples were run in duplicate, with no reverse transcriptase controls 

and no template controls included in the plate. Data from this was analysed using the 

comparative Ct method, with 18S as the reference gene. All qPCR reactions were run on 

Applied Biosystems® StepOnePlusTM Real-Time PCR System. △CT was calculated by 

subtracting the mean CT (of the duplicates) of the reference gene from the mean CT of then 

gene of interest for each sample. △△CT was calculated subtracting the mean △CT of the 

control condition from △CT of each sample. Fold change in gene expression was then 

calculated by using the equation fold change=2-△△CT. 
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Table 2.3 Primers used for qPCR to determine relative amount of RNA in 

mouse tissue 

Name  Primer Sequence 

18S F AGTTGGTGGAGCGATTTGTC 

18S R CGGACATCTAAGGGCATCAC 

NPHS2 total F TTGATCTCCGTCTCCAGACCTT 

NPHS2 total R TCCATGCGGTAGTAGCAGACA 

PodHA F CAGAGCACAAGGGAGCATCA 

PodHA R AGCGTAATCTGGAACATCGTATGG 

 

2.6 Immunofluorescence 

2.6.1 Cells 

Cells were either grown on 22mm coverslips in 6 well plates or on 35mm imaging dishes 

(MatTek, Ashland, USA). Cells were washed twice with PBS then fixed using 4% 

paraformaldehyde for 20 minutes at room temperature, or with methanol for 10 minutes at 

-20°C. Cells were then washed 3 times, with 60μl of 1M Glycine pH8 added to each well 

during the second wash. Cells were then permeabilised with 0.3% Triton in PBS for 5 minutes. 

Cells were washed 3 times again, before blocking in 3% Bovine Serum Albumin (BSA) in PBS 

for 30 minutes. Primary antibodies in 3% BSA were then applied at a concentration of 1:100 

for 1 hour. Cells were then washed 3 times with PBS. The secondary antibodies were then 

applied at a concentration of 1:300 in 3% BSA. Cells were then washed 3 times with PBS and 

DAPI (Fisher Scientific UK, Loughborough, UK) was applied at a 1:10,000 concentration. Cells 

were washed again before mounting with Mowiol. Antibodies used are listed in Table 2.4. 

 

2.6.2 Tissue 

Mouse kidney was cryosectioned at 5μm and collected on Superfrost Plus slides (Fisher 

Scientific UK, Loughborough, UK) by either myself or the Histology Services Unit, University 

of Bristol. Slides were air dried, then fixed using 4% paraformaldehyde for 20 minutes at 

room temperature. Sections were washed 3 times with PBS. Tissue was blocked in 0.3% 

Triton, 3% BSA and 5% of serum from the species that the secondary was raised in (either 

goat or donkey serum) in PBS for 45 minutes. Primary antibodies were applied at varying 
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concentrations depending on the antibody in the blocking solution. This was incubated at 

4°C overnight. Sections were then washed 3 times in PBS before incubating with secondary 

antibodies (1:300) for 1 hour. Sections were then washed 3 times with PBS and DAPI (Fisher 

Scientific UK, Loughborough, UK) was applied at a 1:10,000 concentration. Sections were 

washed again 3 times before mounting with Mowiol. Antibodies used are listed in Table 2.4. 

Table 2.4 Antibodies used in immunofluorescence 

Antibody Concentration Supplier 

Mouse anti-GFP 1:100 Roche, Burgess Hill, UK 

Mouse anti-HA.11 1:100 Biolegend, San Diego, USA 

Rabbit anti-Calnexin  1:100  Merck Millipore, Darmstadt, 

Germany 

Rabbit anti-Caveolin 1 1:100 Cell Signaling, Danvers, USA 

Guinea Pig anti-Nephrin (1243-1256)  1:200 Acris Antibodies GmbH, 

Herford, Germany 

Rat anti-HA 1:100 Roche, Burgess Hill, UK 

Rat anti-mouse CD31 1:200 BD Pharmingen, Oxford, UK 

Rabbit anti-GFP 1:1000 Abcam, Cambridge, UK 

Rabbit anti-NPHS2 1:100 Proteintech, Manchester, UK 

Alexa Fluor 633 Phalloidin 1:100 Life Technologies, Waltham, 

USA 

Donkey anti-Mouse IgG (H+L) Secondary 

Antibody, Alexa Fluor 488 conjugate 

1:300 Life Technologies, Waltham, 

USA 

Donkey anti-Rabbit IgG (H+L) Secondary 

Antibody, Alexa Fluor 488 conjugate 

1:300 Life Technologies, Waltham, 

USA 

Goat anti-Guinea Pig IgG Secondary 

Antibody, Alexa Fluor 488 conjugate 

1:300 Life Technologies, Waltham, 

USA 

Goat anti-Rabbit IgG Secondary 

Antibody, Alexa Fluor 555 conjugate 

1:300 Life Technologies, Waltham, 

USA 

Goat anti-Guinea Pig IgG Secondary 

Antibody, Alexa Fluor 568 conjugate 

1:300 Life Technologies, Waltham, 

USA 

Goat anti-Rat IgG Secondary Antibody, 

Alexa Fluor 633 conjugate 

1:300 Life Technologies, Waltham, 

USA 
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2.7 Histology 

2.7.1 Processing & cutting 

Samples were fixed in 10% formalin at 4°C for a minimum of 24 hours, then transferred to 

70% ethanol. Samples were then sent to Histology Services Unit, Faculty of Life Sciences, 

University of Bristol for processing and sectioning. These samples were sectioned to be 3 

microns thick.  

 

2.7.2 Haematoxylin and Eosin Staining 

This was carried out by the Histology Services Unit, Faculty of Life Sciences, University of 

Bristol. 

 

2.7.3 Periodic Acid-Schiff (PAS) Staining 

This was carried out using a Periodic Acid-Schiff (PAS) Kit (Sigma-Aldrich Company Ltd, 

Dorset, UK) either by myself or by medical student Catrin Masson. Briefly, slides were de-

paraffinised with histoclear (5minutes x 2) then rehydrated through an alcohol series (100% 

ethanol for 5 minutes, 90% ethanol for 5 minutes, 70% ethanol for 5 minutes, 50% ethanol 

for 5 minutes). Slides were then placed in periodic acid solution for 10 minutes. The slides 

were rinsed in 3 changes of distilled water then placed in Schiff’s reagent for 10-15minutes. 

They were then washed under running tap water for 5 minutes. Slides were then placed in 

haematoxylin solution for 30 seconds, and then washed in running water until water ran 

clear. The slides were dehydrated through the alcohol series (the rehydration procedure 

described above reversed) and finished with Xylene before mounting with DPX mounting 

media (Sigma-Aldrich Company Ltd, Dorset, UK).  

 

2.7.4 Masson’s Trichrome 

This was carried out using a Masson’s Trichrome Stain Kit (Sigma-Aldrich Company Ltd, 

Dorset, UK) following the manufacturer’s instructions, with exceptions that the dehydration 

steps in each of the alcohols was restricted to 30 seconds to minimise loss of the stains. This 

was done by either myself or by medical student Catrin Masson. 
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2.8 Electron microscopy 

2.8.1 Processing and Imaging 

Samples were fixed in 2.5% glutaraldehyde/ 0.1M Sodium Cacodylate pH7.4 at 4°C for a 

minimum of 24hours. These were subsequently sent to either the Electron Microscopy 

Research Services, Newcastle University or the Electron Microscopy Unit, Wolfson 

Bioimaging Facility, University of Bristol.  

 

2.9 Microscopy 

2.9.1 Widefield microscopy 

Images were taken using Leica DM 2000 microscope and LAS (Leica Application Suite) X 

Software.  

 

2.9.2 Confocal microscopy 

Images were taken on a Leica SPE single channel confocal laser scanning microscope 

attached to a Leica DMi8 inverted epifluorescence microscope using LAS (Leica Application 

Suite) X Software at the Wolfson Bioimaging Facility. 

  

2.9.3 TIRF (Total Internal Reflection Fluorescence) microscope 

Images were taken on Leica AM TIRF MC (multi-colour) system attached to a Leica DMI 6000 

inverted epifluorescence microscope LAS (Leica Application Suite) X Software at the Wolfson 

Bioimaging Facility.  
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2.10 Protein Extraction 

 Cells were extracted by placing them on ice, removing any media and washing twice with 

ice-cold PBS. 100μl of 5% SDS lysis buffer (50mM Tris HCl, pH 6.8, 10% glycerol and 5% 

sodium dodecyl sulfate) was then added to each well of a 6 well plate. Each well was scraped 

before transferring the contents to ice cold eppendorfs. 2X Sample buffer (20% glycerol, Tris-

HCl 120mM, 4% SDS, 0.02% Bromophenol Blue, 10% 2-Mercaptoethanol) was added before 

storing at -80°C.  

 

2.11 Western blotting 

Protein samples were first boiled at 95°C for 10 minutes. Resolving gels made for SDS-PAGE 

(sodium dodecyl sulphate polyacrylamide gel electrophoresis) were either 10% or 12.5% 

depending on the proteins of interest, with a 4% Stacking Gel (Table 2.5). 

Table 2.5 Constituents of polyacrylamide gel 

Reagent 10% Resolving Gel 12.5% Resolving Gel 4% Stacking Gel 

Acrylamide 30% 3.35ml 4.2ml 625μl 

3M Tris pH8.8 1.25ml 1.25ml - 

0.5M Tris pH6.8 - - 1.25ml 

SDS 10% 100μl 100μl 50μl 

Distilled water 4.8ml 3.95ml 2.83ml 

Ammonium 

Persulphate 

(100mg/ml) 

500μl 500μl 250μl 

TEMED 5μl 5μl 2.5μl 

 

20μl of denatured protein sample was run alongside 3.5μl of BLUeye pre-stained protein 

ladder (Geneflow Limited, Fradley, UK) in a Tris-Glycine Running Buffer (Tris 25mM, Glycine 

190mM, SDS 3.5mM) at 140V for about 60 minutes. Protein was then transferred from the 

gel to PVDF membrane (Merck Millipore, Darmstadt, Germany) in transfer buffer (Tris 

25mM, Glycine 190mM, 10% methanol) at 320mA for 90minutes.  
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When the transfer was complete, the membrane was blocked with 5% BSA or 5% milk in 

0.1% TBST (Tris 50mM, NaCl 150mM, 0.1% Tween) for 1 hour at room temperature on a 

rocker. The membrane was then incubated with primary antibody in 3% BSA in 0.1% TBST at 

4°C for 24-72hours with constant gentle agitation. Membrane was washed 3 times in 0.1% 

TBST, then incubated with an HRP-conjugated secondary antibody in 3% BSA in 0.1% TBST 

for 1 hour at room temperature on a rocker. Membrane was washed 3 times with 0.1% TBST 

again before incubating briefly with ECL (enhanced chemiluminescent) substrate. 

Membranes were imaged on Amersham Imager 600 (GE Healthcare Life Sciences, Little 

Chalfont, UK).  

Densitometry was carried out using Fiji(230). Briefly, the rectangle tool was used to identify 

the first lane, and then the subsequent lanes. Under the Analyse menu, the ‘plot lanes’ tool 

was used to generate a profile plot. The ‘straight line’ tool was then used to draw the baseline 

(as there will always be some background signal), and close off the peak of interest. The wand 

tool was then used to click inside each peak, and the area of each peak is calculated by Fiji. 

The relative density is calculated by dividing the area of each sample by the control sample, 

then this is normalised against relative density of the loading control.  

Table 2.6 Antibodies used in Western Blotting 

Antibody Concentration Supplier 

Mouse anti-GFP 1:1000 Roche, Burgess Hill, UK 

Mouse anti-HA.11 1:500 Biolegend, San Diego, USA 

Mouse anti-beta actin 1:5000 Sigma-Aldrich Company Ltd, Dorset, UK 

Rabbit anti-NPHS2 1:500 Proteintech, Manchester, UK 

Anti-rabbit IgG-Peroxidase 1:10,000 Sigma-Aldrich Company Ltd, Dorset, UK 

Anti-mouse IgG-Peroxidase 1:10,000 Sigma-Aldrich Company Ltd, Dorset, UK 

 

2.12 Coomassie stain 

Gel for Coomassie stain was made as per western blot. 5μl of urine sample diluted with 2X 

sample buffer (with 10% beta-mercaptoethanol) and heated to 95°C for 5 minutes. Samples 

were then loaded onto the gel and run at 140V for 1 hour. The gel was then placed in 

Coomassie Blue R250 Stain (0.1%) in 10% acetic acid, 50% methanol, and 40% distilled water 

for 1 hour. This was then washed twice for 5 minutes each with destaining solution (10% 

acetic acid, 50% methanol, and 40% distilled water), then left overnight in fresh destaining 
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solution. 2 more 5 minute washes with destain solution were carried out the next day before 

imaging on the Amersham Imager 600 (GE Healthcare Life Sciences, Little Chalfont, UK). 

 

2.13 Fluorescence-activated Cell Sorting 

Cells were trypsinised at 5 days post-viral transduction with 1X Trypsin EDTA and 

resuspended in PBS with 2% FBS for FACs analysis. Cells were kept at 4°C for less than two 

hours until analysis. Immediately prior to analysis, Propidium Iodide was used added to the 

cells as a counterstain to identify dead cells. The analysis was carried out using the Novocyte 

3000 Flow Cytometer (ACEA Biosciences, San Diego, USA) with the assistance of Lorena 

Sueiro Ballesteros at Flow Cytometry facility. 

  

2.14 Adhesion Assay 

This assay was used on podocytes grown in vitro to assess the effect of treatments on 

podocytes as it has previously been demonstrated by other members of the group that 

known genetic mutations for nephrotic syndrome have an effect on podocyte adhesion. 

Podocytes were grown in a T25 flask and trypsinised when fully differentiated. Cells were 

counted and resuspended to 105/ml in a 15ml falcon. Cells were allowed to recover from 

trypsinisation in the falcon for 10 minutes at 37°C. 50μl of PBS was added to each well of a 

96 well plate, followed by 50μl of cells. Cells were left to adhere for about 1 hour in the 37°C 

incubator. Each condition was carried out in triplicate. Cells were washed 3 times with 100μl 

PBS (non-adherent cells were washed away) then fixed with 100μl 4% paraformaldehyde for 

20minutes. Cells were washed 3 times with 100μl distilled water then stained with 100μl 

0.1% crystal violet in 2% ethanol for 60 minutes at room temperature. Cells were then 

washed 3 times with 400μl of distilled water. 100μl of 10% Acetic acid was added to each 

well and incubated on an orbital shaker at 150rpm for 5 minutes at room temperature. 

Absorbance on the plate was measured at 570nM in a plate reader. All readings were blanked 

against the average of 3 empty wells that had been treated with the entire protocol to 

account for background staining of crystal violet.  
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2.15 Albumin ELISA 

Urinary Albumin ELISA was carried out using the Bethyl mouse albumin ELISA kit (Bethyl 

Laboratories, Inc, Montgomery, USA) as per manufacturer’s instructions.  

 

2.16 Blood tests and urinary creatinine 

Blood was either taken under isoflurane anaesthetic via the saphenous vein, or from the 

inferior vena cava when the mice were culled. Blood was collected into a lithium-heparin 

tube, spun at 1000g for 15minutes at 4°C, and plasma was transferred to a 1.5ml Eppendorf 

and frozen at -20°C until processing. Plasma samples were processed for Creatinine, Urea, 

Albumin and Cholesterol using a Konelab Prime 60i analyser (Langford Diagnostic 

Laboratories, Bristol, UK) or the Roche Cobas system (University Hospitals Bristol NHS Trust, 

Bristol, UK) with reagents and protocols supplied by the manufacturer. Urinary Creatinine 

was measured on the Konelab Prime 60i analyser (Langford Diagnostic Laboratories, Bristol, 

UK).  

 

2.17 Statistics 

Statistics were analysed using GraphPad Prism software. P values of less than 0.05 were 

considered significant. Data are presented as mean  standard error of mean unless 

otherwise stated. Student’s T-test (2-tailed) was used for comparing 2 experimental groups. 

1-way ANOVA with Tukey’s posthoc test was used for 3 groups or more, while 2-way ANOVA 

with Bonferroni’s posthoc test was used to test for statistical significance when there were 

several groups with more than one variable (e.g. time and treatment).  
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Chapter 3: Choosing AAV Serotypes and Vector 

Design 

3.1 Introduction 

There are many natural AAV serotypes (AAV1-12) and the AAV capsid plays a significant role 

in determining the efficiency of transduction of specific cell types(191). In addition to the 

natural variants, several groups have developed synthetic variants which have been chosen 

for superior transduction efficiency for specific cell types in specific species e.g. AAV-DJ for 

murine hepatocytes(191), AAV LK03 for human hepatocytes(193), AAV Anc80 for murine 

liver, muscle and retina(194), AAV 7m8 for outer retina in mice and nonhuman 

primates(231), and AAV Shh10 for rat Müller glia cells(232). Previous studies suggest that 

AAV9 appears to be the best serotype for transduction of the rodent glomerulus (138,139), 

and that AAV2 preferentially transduces rodent tubular epithelial cells (136,137). All the 

evidence thus far suggests that AAV given systemically preferentially transduces the liver, 

with comparatively low transduction of the kidney. However, by giving AAV via a renal vein 

injection, Rocca et al (138) have demonstrated improved transduction of the kidney with 

lower doses of AAV.  

In addition to choosing a suitable serotype, vector design is important for optimising gene 

expression. It is known that various genetic sequences can be important for gene expression, 

for example, the Kozak sequence, intronic sequences(208) and the WPRE 

sequence(199,205). The self-complementary recombinant AAV also improves gene 

expression(197), but in this project, the CDS for our gene of interest was not small enough 

for this strategy to be used.  

AAV has been known to mount both humoral and cellular responses that dampen the effect 

of AAV mediated gene therapy(154,166), hence is it paramount that AAV serotype and the 

vector design facilitate the best possible expression under a podocyte-specific promoter, in 

order to reduce the dose given systemically. We searched for both nephrin and podocin 

promoters as these are proteins that are fairly specific to the podocyte. The most widely used 

podocyte-specific promoter is the 2.5kb human podocin promoter-enhancer region(233), as 

it has shown robust expression in the glomerulus with no extra renal expression detected. 

This fragment has been subsequently used to drive the expression of Cre recombinase in a 

podocyte-specific fashion for constitutive(234) and inducible (235) podocyte-specific 
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knockout mice. This podocin promoter is quite large for the AAV packaging capacity of 4.6kb, 

but was nonetheless tested in our laboratory by Patrick Walsh, an academic clinical fellow, 

with no expression seen in vitro using AAV 2/9 (unpublished). Nephrin promoters have also 

been described in the literature. 8.3kb and 5.4kb fragments of the mouse nephrin promoter-

enhancer region was tested, and found to show robust expression of LacZ in the murine 

glomerulus, as well as some expression in the pancreas and brain(236). A 4.1kb murine 

nephrin promoter again demonstrated glomerular expression, but the expression was not 

consistently seen in all founder lines, and some expression was detected in the brain(237). 

Again, these nephrin promoter fragments are too large to be included in the AAV construct.  

Some small promoter fragments have also been described in the literature, including a 

minimal human podocin promoter(238), and minimal nephrin promoters (both human and 

mouse) (233,239). The minimal podocin promoter (human) is a 630bp fragment which has 

shown expression in podocytes in vitro(238), while the minimal nephrin promoter (mouse 

and human) is a 1.2kb fragment (233,239). There is limited extrarenal expression data for 

the minimal human nephrin promoter(239), but the minimal murine nephrin promoter 

appears to be podocyte-specific(233).  The minimal human nephrin promoter only showed 

minimal extrarenal expression (weak expression in the pancreas), and 3 out of 6 mice showed 

expression in the podocytes. The authors postulated that the level of transcriptional activity 

may have been affected by differential chromosomal integration sites. This 1.2kb promoter 

region lacks a TATA box, but has recognition motifs for other transcription factors e.g. PAX-

2 binding element, E-box and GATA consensus sequences(239). The minimal mouse nephrin 

promoter showed a 33% penetrance(233), which could be attributable to the truncation of 

the promoter compared to 8.3kb and 5.4kb nephrin promoters (236).  

We tested 3 serotypes--AAV8, AAV9 and AAV LK03. The rationale for these serotypes were 

as follows--AAV8 because it had been used very successfully clinically in the Haemophilia B 

trial run by Nathwani et al (152), AAV9 because the literature suggests that this transduces 

the rodent glomerulus (138,139) and AAV LK03 as it demonstrated highly efficient 

transduction of human hepatocytes compared to other previously described serotypes (193).  
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3.2 Methods 

3.2.1 Designing the cloning strategy 

Plasmids were viewed in SnapGene® Viewer 3.2.1 as described in the main methods section. 

Starting plasmids were kind gifts from Professor Amit Nathwani, University College London 

(pAV CMV Gil), Professor Susan Quaggin, Northwestern University (minimal human nephrin 

promoter hNPHS1) and Professor Lawrence Holzman, University of Pennsylvania (minimal 

mouse nephrin promoter mNPHS1). The minimal podocin promoter was purchased from 

OriGene (OriGene Technologies, Rockville, USA).  

Initially, plasmids were cloned to express LacZ under either a CMV promoter or a minimal 

podocin promoter (650bp)(238). This was to address potential concerns that it might be 

difficult to detect a GFP signal if there was high background autofluorescence. However, it 

proved difficult to fit both the promoters and the LacZ (3kb) into the small packaging capacity 

of AAV. Subsequently, plasmids were cloned with either the CMV promoter, minimal human 

nephrin (hNPHS1) promoter (1.2kb) and minimal mouse nephrin (mNPHS1) promoter 

(1.3kb), expressing GFP or expressing either human or mouse podocin (both 1.2kb). These 

minimal nephrin promoters have been shown to show podocyte-specific expression in 

mice(233,239). Each of the GFP and podocin expressing constructs has a Kozak sequence 

before the start codon to improve the initiation of translation, and WPRE (600bp) after the 

gene of interest, to improve gene expression(199). Each construct also has a polyadenylation 

signal—either the early SV40 polyadenylation signal (SV40pA) or bovine growth hormone 

polyadenylation signal (bGH). Cloning strategies for each plasmid are listed in Table 3.1. 

Cloning was carried out as described in the main methods section.  
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Table 3.1 List of plasmids cloned 

Plasmids expressing either LacZ or GFP as reporters, with either a CMV 

promoter, minimal human nephrin promoter, or a minimal human podocin 

promoter. 

Name of Final Plasmid Cloning Strategy 

pAAV.CMV.LacZ.SV40pA PCR cloning 

pAAV.hNPHS2.LacZ.SV40pA PCR cloning 

pAAV.hNPHS1.GFP.WPRE.bGH PCR cloning 

pAAV.hNPHS1.GFP.bGH PCR cloning 

pAAV.mNPHS1.GFP.WPRE.bGH PCR cloning 

pAAV.CMV.GFP.WPRE.bGH Cloning using restriction enzymes 
 

 

3.2.2 Determination of beta-galactosidase activity 

The reporter gene LacZ expresses beta-galactosidase. This activity can be detected visually 

using the substrate X-gal, which is cleaved by beta-galactosidase into galactose and 5-bromo-

4-chloro-3-hydroxyindole. The latter product dimerises and oxidises to form an insoluble 

blue compound. The Beta-Galactosidase Reporter Gene Staining Kit (Sigma-Aldrich Company 

Ltd, Dorset, UK) was used according to the manufacturer’s instructions to detect LacZ 

expression.  

 

3.2.3 AAV manufacturing 

AAV was manufactured in house as described in the Materials and Methods section, except 

for scAAV LK03 CMV.GFP, ssAAV 2/8 CMV.LacZ.SV40pA, ssAAV 2/9 CMV.LacZ.SV40pA, ssAAV 

2/8 NPHS2.Lacz.SV40pA, ssAAV 2/9 NPHS2.LacZ.SV40pA, which were manufactured by or 

with extensive input from Dr Doyoung Lee, and kind gifts from Professor Amit Nathwani.  

 

3.2.4 Lentivirus manufacturing 

VSV-G pseudotyped 2nd generation lentivirus expressing LacZ under either a CMV or a 

minimal NPHS2 promoter was kindly manufactured by Dr Doyoung Lee, and these were used 
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as a positive control in cell culture initially as previous experience within our laboratory has 

shown that lentivirus transduces podocytes at a relatively high efficiency of about 80%.  

 

3.3 Results 

3.3.1 scAAV LK03 CMV.GFP shows highly efficient transduction of human 

podocytes but not mouse podocytes in vitro 

AAV LK03 had shown highly efficient transduction in human hepatocytes(193), which is an 

epithelial cell. Therefore, it was hypothesised that this serotype would be effective in a 

different epithelial cell, the podocyte. scAAV LK03 CMV.GFP (Figure 3.1a) was tested on 

conditionally immortalised human (WT ciPods) and mouse podocytes (WT-mpod). This CMV 

GFP construct has a self-complementary conformation which has previously shown higher 

transduction efficiency(197) than the single stranded DNA virus. A range of MOIs (multiplicity 

of infection) was used from 103 to 106. scAAV LK03 CMV.GFP showed highly efficient 

transduction of human podocytes, with relatively poor transduction of mouse podocytes. 

(Figure 3.2) The percentage GFP expression in WT ciPods at MOIs 104, 105, 106 were 58.3%, 

91.6% and 97% respectively, while the percentage GFP expression at MOI 106 in WT-mpod 

was 31.1% (n=2). This was preliminary data using virus supplied by our collaborator 

(Professor Amit Nathwani), and unfortunately there was insufficient virus to repeat the flow 

cytrometry three times. Although it was insufficient data for statistical analysis, it did give us 

an indication that AAV LK03 was a highly promising serotype for transducing human 

podocytes.  
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Figure 3.1 AAV produced for experiments in this chapter 

a) scAAV LK03 CMV.GFP (self-complementary) b) ssAAV 2/8 and 2/9 

expressing LacZ under either a CMV or hNPHS2 promoter (all single stranded) 

c) constructs expressing GFP either under either a CMV, minimal human or 

mouse nephrin promoter. The top construct using the minimal human nephrin 

promoter does not contain the WPRE sequence. The first three constructs 

were used to produce ssAAV LK03 and the bottom three constructs were used 

to produce ssAAV 2/9. (all single stranded) 
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Figure 3.2 scAAV LK03 CMV GFP transduces human podocytes efficiently. 

a) Live cell images of scAAV LK03 CMV GFP transducing conditionally 

immortalised human podocytes (WT ciPod). As MOI increases from MOI 103 

to 106, the proportion of cells transduced increases as well as the intensity of 

transduction. b) Live cell images of scAAV LK03 CMV GFP transducing 

conditionally immortalised mouse podocytes (WT-mpod). c) Bar graph 

showing summary data of flow cytometry analysis, showing the proportion of 

cells transduced by scAAV LK03 CMV GFP (n=2). Scale bar=100µm. 
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3.3.2 ssAAV LK03 CMV.GFP.WPRE.bGH shows a similar transduction efficiency to 

scAAV LK03 CMV.GFP in the podocyte 

Although high transduction efficiency with the self-complementary form of AAV was shown 

initially, the subsequent aim was to target wild type NPHS2 to the podocyte as a treatment 

for genetic nephrotic syndrome, and the CDS of NPHS2 is too large to use the self-

complementary system. Hence, the ssAAV LK03 CMV.GFP.WPRE.bGH (Figure 3.1c) was 

tested in vitro on WT ciPods and this showed good transduction efficiency with % GFP 

expression of 98.830.84 (n=3) at an MOI of 5 x 105 (Figure 3.5). This is similar to the 

transduction efficiency of scAAV LK03 CMV.GFP (Figure 3.1a) as shown above.  

 

3.3.3 ssAAV LK03 CMV.GFP.WPRE.bGH and ssAAV 2/9 CMV.GFP.WPRE.bGH 

transduction of proximal tubular and glomerular endothelial cells 

ssAAV LK03 CMV.GFP.WPRE.bGH also showed highly efficient transduction of proximal 

tubular epithelial cells (% GFP expression=96.810.86, n=3). Interestingly, AAV LK03 CMV 

GFP showed much lower transduction in glomerular endothelial cells (% GFP 

expression=7.350.19, n=3). AAV 2/9 showed fairly low transduction efficiency with % GFP 

expression of 13.881.98, 21.994.35 and 28.792.87 in WT ciPod, GEnC and PTEC 

respectively (n=3). (Figure 3.5) 
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Figure 3.3 Phase contrast microscopy showing transduction  

of a) WT ciPod b) WT-mpod c) primary mouse podocytes  

and d) HEK 293T cells 

with lentivirus, ssAAV 2/8 and ssAAV 2/9 expressing LacZ under  

either a CMV promoter or a minimal NPHS2 promoter. Scale bar=50µm. 
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3.3.4 AAV 2/8 and AAV 2/9 demonstrate expression of LacZ in human and mouse 

podocytes under a constitutive CMV promoter, but not under the minimal 

podocin promoter 

Using LacZ as the reporter, ssAAV 2/8 CMV.LacZ.SV40pA, ssAAV 2/9 CMV.LacZ.SV40pA, 

ssAAV 2/8 NPHS2.Lacz.SV40pA, ssAAV 2/9 NPHS2.LacZ.SV40pA(Figure 3.1b), Lentivirus CMV 

LacZ and Lentivirus NPHS2 LacZ were used to transduce human podocytes (WT ciPod), mouse 

podocytes (WT-mpod), primary mouse podocytes and HEK 293T cells (positive control) at an 

MOI of 5 x 105. As chemical transfection reagents show poor transfection efficiency in 

podocytes, lentivirus was used as a positive control as previous experience from within the 

group has shown a high transduction efficiency of human and mouse podocytes in vitro. It 

was used to ensure that the LacZ staining was working and to check whether the minimal 

podocin promoter might work in a different system if AAV transduction with these serotypes 

was unsuccessful. ssAAV 2/8 and 2/9 CMV LacZ showed expression in WT ciPod, WT C2, 

primary mouse podocytes and HEK 293T cells. (Figure 3.3) This was not formally quantified 

but appears to be low in WT ciPod and WT-mpod (approximately 10-20%) and slightly higher 

in primary mouse podocytes (approximately 30-40%). There does not seem to be any 

expression when the minimal podocin promoter is used.   

 

3.3.5 The minimal human nephrin promoter expresses specifically in the 

podocyte in vitro 

As the minimal podocin promoter above showed no expression, the minimal human nephrin 

promoter was subsequently tested. Using ssAAV LK03 hNPHS1.WPRE.bGH(Figure 3.1c) to 

transduce immortalised human kidney cell lines, expression was seen in WT ciPod, but not 

in glomerular endothelial cells (GEnC) or proximal tubular epithelial cells (PTEC) (Figure 3.4a-

d, Figure 3.5a-f). It is worth noting that although the expression using this promoter is 

podocyte specific, not only is the % GFP expression significantly lower than using the 

constitutive CMV promoter (71.303.39 vs 98.830.84, p<0.0001), but the median 

fluorescence intensity is also significantly reduced (p=0.0012). However, this level of 

expression is still significantly higher than ssAAV 2/9 CMV.GFP.WPRE.bGH (71.303.39 vs 

13.881.98, p<0.0001). Transduction efficiency was low in GEnC (% GFP 

expression=0.590.10) and PTEC (% GFP expression=3.961.5), which is similar to 

untransduced GEnC and PTEC (% GFP expression=0.230.02 and 0.080.07 respectively).
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Figure 3.4 The minimal human nephrin promoter expresses specifically in 

the human podocyte in vitro. 

 a,b,c) Immunofluorescence and d) Western blot showing expression of ssAAV 

LK03 CMV.GFP.WPRE.bGH in WT ciPod, GEnC and PTEC, while ssAAV LK03 

hNPHS1.GFP.WPRE.bGH only shows expression in WT ciPod. e) Densitometry 

showing an increasing trend in the relative density of GFP when WPRE is 

included in the construct (n=3, p=0.4033) and a representative western blot. 

Scale bar=100m. 
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Figure 3.5 Flow cytometry analysis showing transduction efficiency of 

ssAAV2/9 and ssAAV LK03 on immortalised human kidney cells.  

a) Expression of GFP in human kidney cells when transduced with ssAAV 2/9 

CMV.GFP.WPRE.bGH, ssAAV LK03 CMV.GFP.WPRE.bGH, ssAAV LK03 

hNPHS1.GFP.WPRE.bGH, ssAAV LK03 hNPHS1.GFP.bGH, versus a no virus control. (n=3) b) 

Gating Tree for flow cytometry (using ssAAV LK03 hNPHS1.GFP.WPRE.bGH (here shortened 

to LK03 hG+ 1) as an example). Forward scatter height (FSC-H) versus side scatter height 

(SSC-H) plot was used as the first gate to identify the cell population (top left). Forward 

scatter height (FSC-H) versus forward scatter area (FSC-A) was used to exclude doublets 

(top right). Next, propidium iodide was used to exclude dead cells (bottom left). Lastly, GFP 

positive cells were gated based on the negative control sample (bottom right). Median 

fluorescence intensity of transduced cells is shown in c) podocytes, d) glomerular 

endothelial cells and e) proximal tubular epithelial cells. f) Histogram showing distrubution 

of WT ciPod transduced with ssAAV LK03 CMV.GFP.WPRE.bGH (red), ssAAV LK03 

hNPHS1.GFP.WPRE.bGH (blue), versus a no virus control (yellow). (All cells transduced at 

MOI 5x105.)

c

fe

dWT ciPod GEnC

PTEC
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3.3.6 Adding WPRE to a construct using the minimal human nephrin promoter 

increases gene expression in human podocytes in vitro 

WPRE has been previously shown to increase gene expression in certain circumstances 

(199,202,205), but there have also been concerns that it might potentially contribute to the 

pathogenesis of hepatocellular carcinoma (201,202) so potentially limiting its use for gene 

therapy applications. Our WPRE sequence has mutations within the X-antigen promoter, and 

the initiation codon of the X-antigen has also been mutated, which prevents the production 

of a functional X-antigen(201). In addition, the exact same sequence has previously been 

used in human clinical trials to treat a rare retinal disease, choroidaemia (218). ssAAV LK03 

hNPHS1.GFP.WPRE.bGH was compared to ssAAV.LK03 hNPHS1.GFP.bGH. Flow cytometry 

showed an increase in % GFP expression where the construct with WPRE showed % GFP 

expression of 71.303.39 versus 45.934.34 (n=3, p<0.0001) in the construct without WPRE 

(Figure 3.5a). Western blot (kindly done by medical student Catrin Masson) showed a trend 

towards increased expression of GFP in the presence of WPRE, but this was not significant 

(p=0.4033) (Figure 3.4d).  

3.3.7 Testing the minimal human and mouse nephrin promoters on primary 

mouse podocytes 

Based on the literature and the initial tests on mouse podocytes using LacZ as a reporter 

above, it appears that AAV 2/9 transduces the podocyte, albeit at a low transduction 

efficiency in vitro. As the human minimal nephrin promoter appeared to be successful in 

demonstrating expression in human podocytes, this was then tested on mouse podocytes. 

Using the minimal nephrin promoters in the following vectors—ssAAV 2/9 

hNPHS1.GFP.WPRE.bGH and ssAAV 2/9 mNPHS1.GFP.WPRE.bGH(Figure 3.1c)—on primary 

mouse podocytes, isolated by glomerular sieving, demonstrated successful transduction. 

(Figure 3.6) When the glomeruli are grown in RPMI-1640, previous experience in the 

laboratory has demonstrated that cellular outgrowths are generally podocytes(229). 

However, sieving glomeruli does not necessarily exclude tubular cells, which can 

contaminate these cultures. The appearance of the cells does suggest there are other cells 

within the culture, so it is difficult to definitively identify the podocytes within the culture. 

Attempts were made to co-stain with podocyte specific antibodies, but unfortunately this 

was unsuccessful. Based purely on cell morphology, the transduction efficiency appeared 

higher than with the LacZ constructs above, and was probably about 50%.  
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Figure 3.6 Testing the minimal nephrin promoters on mouse cells.  

a) ssAAV 2/9 hNPHS1.GFP.WPRE.bGH and ssAAV 2/9 mNPHS1.GFP.WPRE.bGH 

demonstrated successful transduction and expression in mouse podocytes. 

Scale bar=100µm b) ssAAV 2/9 mNPHS1 GFP.WPRE.bGH showed no 

transduction in mouse tissue 1 week after tail vein injection (vg 1 x 1012 per 

mouse). Scale bar=50µm 
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3.3.8 Testing the human and mouse nephrin promoters in vivo 

In the first attempt at testing human and mouse nephrin promoters in vivo, seven mice were 

administered either ssAAV 2/9 hNPHS1.GFP.WPRE.bGH and ssAAV 2/9 

mNPHS1.GFP.WPRE.bGH with doses ranging from 3 x 1011vg/mouse to 1 x 1012vg/mouse, or 

PBS via tail vein injections at 6 weeks of age. The mice were culled after one week and 

kidneys were harvested. Kidneys were snap frozen using liquid nitrogen immediately after 

euthanasia. As can be seen form the example in Figure 3.6b, immunofluorescence on these 

kidneys demonstrated no GFP expression. The next attempt used a timepoint of four weeks 

after tail vein delivery, and again no GFP expression was detected (images not shown).  

The following modifications were then made. A positive control of ssAAV 2/9 

CMV.GFP.WPRE.bGH was included at a dose of 1 x 1012vg/mouse . Mice were culled at six 

weeks post tail vein injection to allow time for maximal expression. At the point of 

euthanasia, mice were culled by intraperitoneal pentobarbitone, and were perfuse-fixed 

with methanol free 4% paraformaldehyde via cardiac perfusion. Kidneys and other organs 

including liver, spleen, pancreas, testes, heart, lung and brain were snap frozen immediately 

after harvest in dry ice. Due to time constraints, this experiment has only been run once. 

ssAAV 2/9 CMV.GFP.WPRE.bGH demonstrated successful transduction of the liver, while 

ssAAV 2/9 mNPHS1.GFP.WPRE.bGH demonstrated no expression in the liver. (Figure 3.7b) In 

the kidney, ssAAV 2/9 CMV.GFP.WPRE.bGH showed low transduction efficiency, but 

expression was seen both in the glomerulus and in extra-glomerular regions. ssAAV 2/9 

mNPHS1.GFP.WPRE.bGH showed an even lower transduction efficiency, but expression 

appeared to be restricted to the glomerulus. (Figure 3.7a) 
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Figure 3.7 Tail vein injections of GFP expressing vectors (serotype 2/9) either 

under a ubiquitous CMV promoter, or a minimal nephrin promoter (human 

or mouse).  

These injections demonstrated AAV transduction of the kidney, albeit at low 

expression levels a) Confocal microscopy demonstrating glomerular 

expression after transduction with both ssAAV 2/9 CMV.GFP.WPRE.bGH and 

ssAAV 2/9 mNPHS1.GFP.WPRE.bGH. These sections were fixed with 4% PFA, 

and the GFP signal was amplified with a primary rabbit anti-GFP antibody. 

Scale bar=50µm. b) Widefield microscopy showing successful transduction of 

liver and kidney using ssAAV 2/9 CMV.GFP.WPRE.bGH. The minimal mouse 

nephrin promoter showed a small amount of expression in the glomerulus, but 

not in the liver. These sections were simply fixed with 4% PFA, stained with 

DAPI, and mounted without application of antibodies. Scale bar=75µm.  
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3.4 Discussion 

3.4.1 AAV 2/8 and 2/9 transduced immortalised podocytes with relatively low 

efficiency in vitro, and the minimal podocin promoter showed no 

expression 

A summary of AAV transduction tested in vitro is shown in Table 3.2. AAV serotypes 2/8, 2/9 

and LK03 were tested on kidney cells in vitro, in particular focussing on the human and mouse 

podocyte. AAV 2/8 and 2/9 transduced WT ciPod (human podocytes) and WT-mpod (mouse 

podocytes) cell lines with poor transduction efficiency of about 10-20%, while showing better 

expression in primary mouse podocytes (transduction efficiency of about 30-40%). The 

minimal podocin promoter used (650bp) did not show any expression in the podocyte cell 

lines tested above. The human podocin promoter-enhancer that is used to generate 

podocyte specific knockouts for mouse models is 2.5kb in size (235). This was tested within 

our laboratory (unpublished) and did not show any expression using ssAAV 2/9 

hNPHS2.GFP.bGH when tested in vitro. This promoter was not further tested as it is fairly 

large and thus it would be difficult to use in the context of an AAV vector due to the limits in 

packaging capacity.  

 

3.4.2 AAV LK03 CMV GFP showed highly efficient transduction in podocytes, with 

the minimal human nephrin promoter demonstrating podocyte specificity 

in vitro 

AAV LK03 CMV GFP (both self-complementary and single-stranded) showed highly efficient 

transduction of the human podocyte of close to 100% while the transduction efficiency was 

much lower for the mouse podocyte. This is consistent with previous experience with 

hepatocytes where high transduction of human hepatocytes, but low transduction of mouse 

hepatocytes was reported (193). Furthermore, ssAAV LK03 hNPHS1.GFP.WPRE.bGH showed 

reasonable transduction efficiency of about 70%, and the human minimal nephrin promoter 

showed podocyte specificity in vitro. The human minimal nephrin promoter (1.2kb) had 

previously been tested in transgenic mice expressing LacZ and showed expression in the 

glomerulus(239). The work here supports the previous work done in mice demonstrating 

that the minimal human nephrin promoter shows podocyte specificity. It is worth noting that 

using the minimal human nephrin promoter results in a decrease in median fluorescence 

intensity in addition to decreased transduction efficiency. This suggests that less GFP protein 
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is expressed when using this promoter in transduced cells. Some groups have found that 

overexpression of their protein have proven toxic in their disease model e.g. mild 

overexpression of MECP2 (loss of function mutations are associated with Rett 

syndrome)(240,241), so this decrease in protein expression could be beneficial depending 

on context. This is perhaps not surprising as many proteins are tightly regulated and either 

under or overexpression could result in a phenotype.  

By testing ssAAV LK03 hNPHS1.GFP.WPRE.bGH against ssAAV LK03 hNPHS1.GFP.bGH in the 

human podocyte, GFP expression was improved in podocytes (significant on flow cytometry 

but not on western blot densitometry) when using the WPRE containing construct. This is 

consistent with the work that other groups have done showing that WPRE improves gene 

expression(199,205). It was important that this was tested in this particular context as the 

effect of WPRE on improving gene expression is promoter and cell line specific(202) .  

 

3.4.3 AAV LK03 transduced human kidney epithelial cells efficiently, but not 

human glomerular endothelial cells 

ssAAV LK03 CMV.GFP.WPRE.bGH demonstrated transduction in the human podocytes, 

glomerular endothelial cells and proximal tubular epithelial cells with high transduction of 

close to 100% in both podocytes and proximal tubular epithelial cells, while only transducing 

glomerular endothelial cells at an efficiency of about 7%. Several groups have suggested that 

endothelial cells are more challenging to transduce using AAV2(242,243), but there is 

currently no published data that shows the transduction efficiency of AAV LK03 on 

endothelial cells. For our purposes, this is encouraging as it suggests that AAV LK03 injected 

systemically would bypass the vascular endothelial cells and preferentially transduce 

epithelial cell types.  

 

3.4.4 ssAAV 2/9 expressing GFP under a minimal mouse nephrin promoter 

demonstrates transduction in the glomerulus in vivo 

Initially, there was difficulty in establishing whether GFP was being expressed in the 

glomerulus after AAV transduction. These were expressed and refined, addressing the 

following issues. Firstly, time between injection and harvesting of tissue was extended to 

maximise expression. Secondly, it has been suggested that the kidney has quite a high level 
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of autofluorescence as it is highly vascular and receives 10-20% of the cardiac output, and 

also because it has a very high cell density(45). This was addressed by flushing with PBS prior 

to perfusing with 4% PFA, hence removing any blood cells. Lastly, methanol-free PFA was 

used as methanol (or other organic solvents) is known to precipitate proteins and abolish 

any expression from fluorescent proteins. With these improvements, expression was seen in 

the glomerulus, albeit at low levels.  

It is promising that expression was not seen for ssAAV 2/9 mNPHS1.GFP.WPRE bGH in the 

liver, which is the organ most efficiently transduced by AAV when AAV is injected 

systemically. Nephrin has been described by one group to be podocyte-specific in humans 

and pigs(244). However, the minimal nephrin promoter and the nephrin protein itself (both 

mouse and human) have been reported by various groups to show extrarenal expression. 

Human nephrin has been most consistently seen in the pancreatic islet cells(245–247), and 

has also been found in human lymphoid tissue(248). In mice, nephrin expression has been 

noted in the brain (51,249), pancreas(51,249), epicardium(250) and Sertoli cells of the testis 

(251). For the minimal human and mouse nephrin promoters used here, extrarenal 

expression in the pancreas was seen with the minimal human nephrin promoter(239) while 

no extrarenal expression was noted for the minimal mouse nephrin promoter(233). 

Interestingly, the expression of nephrin in brain, spinal cord, pancreas and kidney seems to 

be dependent on the length of the nephrin promoter used, as well as whether specific 

sections are used e.g. a longer 2.15kb nephrin promoter was shown to produce no 

expression and it was suggested that there might be suppressor elements between the -

2.15kb and -1.2kb regions of the promoter(249). All of these tissues have been harvested 

from the mice injected with AAV 2/9 expressing GFP in this experiment, and these will need 

to be stained to check for extrarenal expression of GFP under the minimal nephrin promoters 

when introduced using AAV. In addition, more mice will need to be injected. 
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Table 3.2 Summary of AAV constructs tested on human kidney cells in vitro.  

  

 
T

ab
le

 3
.2

 S
u

m
m

a
ry

 o
f 

A
A

V
 c

o
n

st
ru

ct
s 

te
st

e
d

 o
n

 h
u

m
a

n
 k

id
n

e
y 

ce
lls

 in
 v

it
ro

. 
 

Tr
an

sd
u

ct
io

n
 e

ff
ic

ie
n

ci
e

s 
ar

e 
fr

o
m

 f
lo

w
 c

yt
o

m
e

tr
y,

 u
n

le
ss

 t
h

is
 h

as
 n

o
t 

b
e

e
n

 c
ar

ri
e

d
 o

u
t,

 t
h

e
n

 t
ra

n
sd

u
ct

io
n

 e
ff

ic
ie

n
ci

e
s 

ar
e 

ap
p

ro
xi

m
at

io
n

s 
d

e
n

o
te

d
 b

y 
‘~
’.

  

  
C

o
n

st
ru

ct
 f

e
a

tu
re

s 
  

  
  

Se
ro

ty
p

e
 

se
lf

 c
o

m
p

le
m

e
n

ta
ry

 (
sc

) 
o

r 
si

n
gl

e
-s

tr
an

d
e

d
 (

ss
) 

p
ro

m
o

te
r/

 
e

n
h

an
ce

r 
ge

n
e 

W
P

R
E 

p
o

ly
ad

e
n

yl
at

io
n

 s
ig

n
al

 
C

e
ll

 T
yp

e 
M

O
I 

Tr
an

sd
u

ct
io

n
 

e
ff

ic
ie

n
cy

 (
%

) 

LK
0

3
 

sc
 

C
M

V
 

G
FP

 
- 

SV
4

0
 la

te
 

h
u

m
a

n
 p

o
d

o
cy

te
 

1
.E

+0
6

 
9

7
 

LK
0

3
 

ss
 

C
M

V
 

G
FP

 
+

 
b

G
H

 
h

u
m

a
n

 p
o

d
o

cy
te

 
5

.E
+0

5
 

9
8

.8
3

 

LK
0

3
 

ss
 

h
N

P
H

S1
 

G
FP

 
+

 
b

G
H

 
h

u
m

a
n

 p
o

d
o

cy
te

 
5

.E
+0

5
 

7
1

.3
 

LK
0

3
 

ss
 

h
N

P
H

S1
 

G
FP

 
- 

b
G

H
 

h
u

m
a

n
 p

o
d

o
cy

te
 

5
.E

+0
5

 
4

5
.9

3
 

2
/9

 
ss

 
C

M
V

 
G

FP
 

+
 

b
G

H
 

h
u

m
a

n
 p

o
d

o
cy

te
 

5
.E

+0
5

 
1

3
.8

8
 

2
/8

 
ss

 
C

M
V

 
La

cZ
 

- 
SV

4
0

 e
ar

ly
 

h
u

m
a

n
 p

o
d

o
cy

te
 

5
.E

+0
5

 
~1

0
-2

0
 

2
/8

 
ss

 
N

P
H

S2
 

La
cZ

 
- 

SV
4

0
 e

ar
ly

 
h

u
m

a
n

 p
o

d
o

cy
te

 
5

.E
+0

5
 

0
 

2
/9

 
ss

 
C

M
V

 
La

cZ
 

- 
SV

4
0

 e
ar

ly
 

h
u

m
a

n
 p

o
d

o
cy

te
 

5
.E

+0
5

 
~1

0
-2

0
 

2
/9

 
ss

 
N

P
H

S2
 

La
cZ

 
- 

SV
4

0
 e

ar
ly

 
h

u
m

a
n

 p
o

d
o

cy
te

 
5

.E
+0

5
 

0
 

LK
0

3
 

ss
 

C
M

V
 

G
FP

 
+

 
b

G
H

 
h

u
m

a
n

 g
lo

m
e

ru
la

r 
e

n
d

o
th

e
lia

l c
el

l 
5

.E
+0

5
 

7
.3

5
 

LK
0

3
 

ss
 

h
N

P
H

S1
 

G
FP

 
+

 
b

G
H

 
h

u
m

a
n

 g
lo

m
e

ru
la

r 
e

n
d

o
th

e
lia

l c
el

l 
5

.E
+0

5
 

0
.5

9
 

LK
0

3
 

ss
 

h
N

P
H

S1
 

G
FP

 
- 

b
G

H
 

h
u

m
a

n
 g

lo
m

e
ru

la
r 

e
n

d
o

th
e

lia
l c

el
l 

5
.E

+0
5

 
0

.4
5

 

2
/9

 
ss

 
C

M
V

 
G

FP
 

+
 

b
G

H
 

h
u

m
a

n
 g

lo
m

e
ru

la
r 

e
n

d
o

th
e

lia
l c

el
l 

5
.E

+0
5

 
2

1
.9

9
 

LK
0

3
 

ss
 

C
M

V
 

G
FP

 
+

 
b

G
H

 
h

u
m

a
n

 p
ro

xi
m

a
l t

u
b

u
la

r 
e

p
it

h
el

ia
l c

el
l 

5
.E

+0
5

 
9

6
.8

1
 

LK
0

3
 

ss
 

h
N

P
H

S1
 

G
FP

 
+

 
b

G
H

 
h

u
m

a
n

 p
ro

xi
m

a
l t

u
b

u
la

r 
e

p
it

h
el

ia
l c

el
l 

5
.E

+0
5

 
3

.9
6

 

LK
0

3
 

ss
 

h
N

P
H

S1
 

G
FP

 
- 

b
G

H
 

h
u

m
a

n
 p

ro
xi

m
a

l t
u

b
u

la
r 

e
p

it
h

el
ia

l c
el

l 
5

.E
+0

5
 

1
.8

5
 

2
/9

 
ss

 
C

M
V

 
G

FP
 

+
 

b
G

H
 

h
u

m
a

n
 p

ro
xi

m
a

l t
u

b
u

la
r 

e
p

it
h

el
ia

l c
el

l 
5

.E
+0

5
 

2
8

.7
9

 

LK
0

3
 

sc
 

C
M

V
 

G
FP

 
- 

SV
4

0
 la

te
 

m
o

u
se

 p
o

d
o

cy
te

 
1

.E
+0

6
 

3
1

.1
 

2
/8

 
ss

 
C

M
V

 
La

cZ
 

- 
SV

4
0

 e
ar

ly
 

m
o

u
se

 p
o

d
o

cy
te

 
5

.E
+0

5
 

~1
0

-2
0

 

2
/8

 
ss

 
N

P
H

S2
 

La
cZ

 
- 

SV
4

0
 e

ar
ly

 
m

o
u

se
 p

o
d

o
cy

te
 

5
.E

+0
5

 
0

 

2
/9

 
ss

 
C

M
V

 
La

cZ
 

- 
SV

4
0

 e
ar

ly
 

m
o

u
se

 p
o

d
o

cy
te

 
5

.E
+0

5
 

~1
0

-2
0

 

2
/9

 
ss

 
N

P
H

S2
 

La
cZ

 
- 

SV
4

0
 e

ar
ly

 
m

o
u

se
 p

o
d

o
cy

te
 

5
.E

+0
5

 
0

 

2
/8

 
ss

 
C

M
V

 
La

cZ
 

- 
SV

4
0

 e
ar

ly
 

p
ri

m
a

ry
 m

o
u

se
 p

o
d

o
cy

te
 

5
.E

+0
5

 
~2

0
-3

0
 

2
/8

 
ss

 
N

P
H

S2
 

La
cZ

 
- 

SV
4

0
 e

ar
ly

 
p

ri
m

a
ry

 m
o

u
se

 p
o

d
o

cy
te

 
5

.E
+0

5
 

0
 

2
/9

 
ss

 
C

M
V

 
La

cZ
 

- 
SV

4
0

 e
ar

ly
 

p
ri

m
a

ry
 m

o
u

se
 p

o
d

o
cy

te
 

5
.E

+0
5

 
~2

0
-3

0
 

2
/9

 
ss

 
N

P
H

S2
 

La
cZ

 
- 

SV
4

0
 e

ar
ly

 
p

ri
m

a
ry

 m
o

u
se

 p
o

d
o

cy
te

 
5

.E
+0

5
 

0
 

2
/9

 
ss

 
h

N
P

H
S1

 
G

FP
 

+
 

b
G

H
 

p
ri

m
a

ry
 m

o
u

se
 p

o
d

o
cy

te
 

1
.E

+0
6

 
~5

0
 

2
/9

 
ss

 
m

N
P

H
S1

 
G

FP
 

+
 

b
G

H
 

p
ri

m
a

ry
 m

o
u

se
 p

o
d

o
cy

te
 

1
.E

+0
6

 
~5

0
 

 

79 



 

 86 

3.5 Conclusion 

The aim here was to determine an efficient serotype to target the human and mouse 

podocyte, to test podocyte-specific promoters and to determine whether WPRE could 

improve gene expression. The best serotype for human podocytes appears to be LK03. ssAAV 

LK03 with a minimal human nephrin promoter, using WPRE and the bovine growth hormone 

polyadenylation signal produced good transduction efficiency for targeting human 

podocytes, and it was decided to use this as the basis for further testing on human 

podocytes. ssAAV 2/9 showed reasonable transduction efficiency in primary mouse 

podocytes, it demonstrated expression in mice in vivo and appears to the best serotype for 

targeting the murine podocyte from the available literature(138,139,141). This serotype was 

subsequently used for further work targeting the murine podocyte in this project. The next 

steps included using the constructs with human and mouse podocin using the minimal 

nephrin promoter to make the relevant AAV serotypes, testing these in vitro on a human 

model of nephrotic syndrome, and selecting and breeding a suitable genetic mouse model 

of nephrotic syndrome to test AAV gene therapy in vivo.  
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Chapter 4: Breeding and testing the conditional 

podocin knock out mouse model 

4.1 Introduction 

4.1.1 Choosing a mouse model 

In order to choose an appropriate mouse model to test AAV gene therapy targeting the 

podocyte in steroid-resistant nephrotic syndrome, there were a few factors to consider. 

Firstly, the model would ideally replicate a human monogenic disease that was known to 

affect the podocyte and cause nephrotic syndrome in a mouse model. Secondly, the mouse 

would need to demonstrate features of the disease quickly, but not so quickly that the 

therapy could not be administered. Lastly, the coding sequence of the gene of choice had to 

be small enough to fit within the packaging capacity of AAV.  

The most common mutations found in children with steroid-resistant nephrotic syndrome 

are in NPHS1 encoding nephrin and NPHS2 encoding podocin. Mutations in NPHS1 show a 

profound phenotype in both humans and mice, where children with mutations tend to 

present with congenital nephrotic syndrome(48,49), and genetic mouse models show 

massive proteinuria and lethality typically within the first seven days of life(50,51). Patients 

with mutations in NPHS2 tend to present with childhood nephrotic syndrome, rather than 

the congenital form of the disease. In mice, the developmental podocin knock out(66) and 

R140Q (analogous to the R138Q mutation in humans) knock in(67) models demonstrate 

massive proteinuria and lethality in 4-23 days after birth (depending on mouse background), 

making these models unsuitable for testing AAV gene therapy. These mice also tend to show 

DMS rather than FSGS on biopsy. In contrast, children with NPHS2 mutations including the 

R138Q mutation, do not tend to present at birth, and do not show such a severe disease 

phenotype. The conditional podocin knock out(44) and knock in(68) mouse models are more 

representative of the disease seen in humans. For example, in humans, the histology tends 

to show FSGS, which similar to that observed in the conditional mouse models. In these 

conditional podocin mouse models, typically proteinuria is seen within 2 weeks of induction 

and the mice initially show histological changes of MCD, which then progress to FSGS. They 

tend to have an median survival time of 11 to 12 weeks post induction of disease(68). Other 

mouse models of monogenic SRNS include CD2AP and WT1 knockout mice(70,71) which 

again show relatively quick disease onset.  
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The most suitable model for AAV gene therapy would be either the conditional podocin 

knock out or knock in (R140Q) mouse models. These models appear to be fairly 

representative of the human disease, and mutations in NPHS2 are the most common genetic 

mutation found in children with SRNS, with the R138Q mutation being the most 

common(48,62,252). The mouse model progresses at a rate where the gene therapy could 

be administered, and progression of disease in humans with NPHS2 mutations typically 

occurs at a rate that could conceivably allow administration of gene therapy. The coding 

sequence of NPHS2 is about 1.2kb, which would fit within the AAV packaging limits of 4.7kb.  

 

4.1.2 The conditional podocin knockout and knockin models 

The conditional podocin knockout model published by Mollet et al(44) targeted exon 2 of 

NPHS2. LoxP sites were placed either side of exon 2, which in the presence of Cre 

recombinase would result in excision of exon 2 of NPHS2(Figure 4.1). In this paper, they used 

a floxed NPHS2 on one allele, and had NPHS2 null on the other allele. At the point where this 

mouse model was created, a similar mutation in patients had not been described. 

Subsequently, there has been one report of a patient who was a compound heterozygote, 

with a frameshift deletion of exon 2 on one allele and a c.1032delT variant on the other 

allele(29). 

These conditional podocin knockout mice were used with the mutated oestrogen receptor-

Cre fusion protein, MerCreMer, where tamoxifen binding causes translocation of the protein 

to the nucleus for Cre recombinase activity(253).  In this system, MerCreMer is driven by a 

CMV-enhanced chicken beta actin promoter, which is a ubiquitous promoter that has 

demonstrated activity within the podocyte. This is however, not entirely podocyte specific, 

and some expression was seen in other systems, with most expression observed in heart and 

skeletal muscle tissue(253). In addition, this system requires 5 days of intraperitoneal 

injections of tamoxifen.  

 



 

 89 

Figure 4.1 In the conditional podocin knockout model, exon 2 of NPHS2 was 

flanked by loxP sites. 

The LoxP sites are represented by red triangles (L). In the presence of Cre 

recombinase, exon 2 of NPHS2 is excised. Reproduced from (44). 

 

The conditional podocin knockin model (R140Q) was created by breeding the R140Q 

mutation on one NPHS2 allele, with the above floxed NPHS2 (Figure 4.1) on the other allele, 

and breeding MerCreMer within the same mice. Tamoxifen induction resulted in excision of 

exon2 of NPHS2 on one allele, and subsequently any podocin produced would have the 

R140Q mutation. This model developed nephrotic syndrome within fourteen days of 

induction, developed FSGS and reduced survival(68).  

The conditional podocin knockout model was chosen in preference to the conditional 

podocin knockin (R140Q) model(68) as the conditional podocin knockin model had not yet 

been described when this project was initiated, and also as the conditional podocin knockout 

model was a simpler, faster model to breed compared to the conditional podocin knockin 

model.  

 

4.1.3 A podocyte-specific inducible Cre recombinase system 

Juhila et al described a tetracycline inducible system where podocyte-specific Cre 

recombinase is expressed in the presence of doxycycline(254). In this system, they used a 

2.5kb podocin promoter to drive the expression of rtTA (reverse tetracycline transcriptional 

activator). In the presence of doxycycline, there is podocyte-specific expression of rtTA. This 

binds to the Tet operator sequence element linked to a minimal CMV promoter 

(CMVmin(TetO)7) and drives the expression of Cre recombinase(Figure 4.2). To induce 

expression of Cre recombinase in this system, the mice are simply given doxycycline in their 

drinking water for three weeks at the concentration of 2mg/ml.  
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Figure 4.2 JRC-CRE Construct used to generate the transgenic mice with Pod-

rtTA and TetO-Cre.  

M2 is used to denote an optimised form of rtTA. This system is described in 

greater detail in the main text. Reproduced from (254). 

 

As this system was more podocyte specific, less traumatic to the mice in keeping with the 

3Rs (Replacement, Refinement & Reduction) of animal research, and less labour intensive in 

terms of administering the induction agent, we chose to use this podocyte specific 

tetracycline inducible system instead of the tamoxifen inducible system. NPHS2fl/fl mice were 

bred with Pod-rtTA, TetO-Cre mice (from hereon called iPod) to generate iPod NPHS2fl/fl as 

the mouse model for testing AAV gene therapy.  

 

4.2 Methods 

4.2.1 Breeding strategy 

NPHS2fl/fl mice on a 129Sv background were a kind gift from Professor Corinne Antignac 

(IMAGINE institute, Paris). These were bred with iPod mice (kind gift of Professor Susan 

Quaggin (Northwestern University, Chicago) with a red green(RG) reporter(255) on a mixed 

genetic background with contributions from 129Sv, C57Bl/6 and FVB. This reporter mouse 

changes from red fluorescence to green fluorescence in the presence of Cre recombinase. 

This had utility in monitoring the excision efficiency of Cre recombinase. Unfortunately, 

during the breeding it was discovered that these mice were expressing a green fluorescence 

ubiquitously, and that the red green reporter was no longer functional in these mice. The 

decision was then made to breed the red green reporter out of this line.  
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iPod mice bred with NPHS2fl/fl produced offspring that were heterozygotes for pod-rtTA, 

TetO-Cre, NPHS2 flox and RG, as well as offspring that were heterozygotes for pod-rtTA, 

NPHS2 flox and RG without containing TetO-Cre. Cre recombinase is not bred in the female 

line as there have been previously reported problems of germline excision of floxed genes, 

which might have received an inadvertent pulse of Cre recombinase in utero. These mice 

were then crossed as per Figure 4.3, to produce iPod NPHS2fl/fl with no RG reporter on a 

mixed background with contributions from 129Sv, C57Bl/6 and FVB.  

 

Figure 4.3 Breeding strategy to generate conditional podocin knockout mice 

 

4.2.2 Genotyping 

Ear notches were digested with 100μl of 50mM Sodium Hydroxide at 95°C for 30-45minutes.  

The samples were briefly vortexed then centrifuged. 20μl of 1M Tris pH8 was added to 

neutralise each sample and 2μl of each sample was added directly to the PCR reaction.  

PCR was carried out using PCRBIO HS Taq DNA Polymerase (PCR Biosystems Limited, London, 

UK) according to the manufacturer’s instructions to make up a 25μl reaction. The primers 

used for genotyping are listed in Table 4.2, while cycling conditions are in Table 4.1. These 

were run on a 2% agarose gel and an example of the gel is shown in Figure 4.4. 

Pod-rtTA+/+ TetO-Cre+/- RG+/+ 

(♂) 

NPHS2fl/fl(♀)

Pod-rtTA+/- TetO-Cre-/-

NPHS2fl/+ RG+/- (♀)

X

Pod-rtTA+/- TetO-Cre+/-

NPHS2fl/+ RG+/- (♂) 

X

X

Pod-rtTA+/- TetO-Cre+/-

NPHS2fl/fl RG-/- (♂) 
Pod-rtTA+/- TetO-Cre-/-

NPHS2fl/fl RG-/- (♀)
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Table 4.1 Cycling conditions for genotyping 

Gene Temperature Time No. of cycles 

NPHS2 flox & RG 

Reporter 

94°C 5 minutes 1 

94°C 30 seconds 

40 62°C 45 seconds 

72°C 30 seconds 

72°C 7 minutes 1 

Pod-rtTA & TetO-

Cre 

95°C 1 minute 1 

94°C 45 seconds 

38 51°C 45 seconds 

72°C 1 minute 

72°C 7 minutes 1 

 

Table 4.2 Primers used for genotyping 

Gene Primer Sequence Anticipated product 

NPHS2 flox NPHS2 flox F CCA GCA TCC CAT TAG ATA 

GAT GAG G 

Wild type allele: 236bp 

Floxed allele: 286bp 

NPHS2 flox R GCA TCC AAA TGA TCA GAG 

TTC CCA GG 

Pod-rtTA Pod-rtTA F CGC ACT TCA GTT ACT TCA 

GGT CCT C 

Positive band: 400bp 

Pod-rtTA R GCT TAT GCC TGA TGT TGA 

TGA TGC 

TetO-Cre TetO-Cre F ATG TCC AAT TTA CTG ACC G Positive band: 300bp 

TetO-Cre R CGC CGC ATA ACC AGT GAA 

RG reporter RG WT F CTC TGC TGC CTC CTG GCT 

TCT 

Wild type allele: 330bp 

Mutant allele: 250bp 

RG WT R CGA GGC GGA TCA CAA GCA 

ATA 

RG Mut R TCA ATG GGC GGG GGT CGT T 
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Figure 4.4 Example of a 2% agarose gel showing genotyping results 

Genotyping carried out for 7 mice. The no template controls (NTC) for all 3 

genes are in the top left hand corner of this gel. For Pod-rtTA and TetO-Cre, 

the 2nd to last lane is a negative control (-), and the last lane is the positive 

control (+). For Pod-rtTA, TetO-Cre and NPHS2 flox, the positive bands 

respectively are at 400bp, 300bp and 286bp. The ladder used here is a 50bp 

ladder (New England Biolabs UK, Hitchin, UK). For example, mouse 1 has no 

Pod-rtTA, is positive for TetO Cre, and is heterozygous for NPHS2 flox; 

mouse 2 is positive for Pod-rtTA, negative for TetO-Cre, and again 

heterozygous for NPHS2 flox.  

 

4.2.3 Doxycycline induction and mouse care 

At 5 weeks of age, iPod NPHS2fl/fl mice were administered doxycycline 2mg/ml with 5% 

sucrose as a replacement for drinking water for 3 weeks. The doxycycline sucrose solution 

was changed twice a week and kept in black drinking bottles to reduce exposure of the 

solution to light. No Doxycycline controls (mice with the genotype iPod NPHS2fl/fl who were 

not given doxycycline) received 5% sucrose as a replacement for drinking water for 3 weeks. 

A second control were mice with an incomplete genotype i.e. either lacking in the pod-rtTA 

TetO-Cre 

  

NTC for all 3 genes Pod-rtTA 

    

NPHS2 flox 

  

1    2    3     4     5     6    7     -     + 

1    2    3     4     5    6     7     -     + 1     2     3     4    5     6     7 

400bp 

300bp 286bp 

236bp 
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genotype or in the TetO-Cre genotype, who were also given doxycycline 2mg/ml with 5% 

sucrose for 3 weeks. Mice were scored on the Bristol Generic Welfare Score Sheet (Table 4.3) 

when they had lost weight or showed signs of illness. Decision to cull was based on the mouse 

condition guided by the score on the scale and made in conjunction with the NACWO (Named 

Animal Care & Welfare Officer). Mice were otherwise culled at 25 weeks after commencing 

doxycycline. 
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Table 4.3 Bristol Generic Animal Welfare Score Sheet 

This score sheet was used to monitor severity of illness in mice, and the score 

was discussed with NACWO when deciding whether the mouse should be 

euthanised.  

Bristol Generic Animal Welfare Score Sheet 
 
Appearance:  

0=Normal  

2=General lack of grooming  

4=Coat staring, ocular and 
nasal discharge  

6=Piloerection, hunched up 

Clinical signs:  

0=Normal TPR  

1=Slight change in TPR  

2=T+/-1C, PR+/-30%  

3=T+/-2C, PR+/-50% 

Provoked behaviour:  

0=normal  

1=minor 
depression/exaggeration in 
response  

2=moderate change in expected 
behaviour  

3=reacts violently or weak and 
pre-comatose  

Weight:  

0=No weight loss  

1=<5% loss  

2=10-15% loss  

3=>15% over 3days 

 

Natural Behaviour:  

0=Normal  

1=Minor changes  

2=Less mobile/less active  

3=Very still, or restless, self 
mutilation, vocalisation 

Adjustment:  

if you score 3 more than once 
add 3 extra points 

 

Totals:  

0-4=normal  

5-9=monitor carefully, consider if any treatment is needed to ameliorate signs. Typically scores of 
this nature would suggest mild adverse effects  

9-14=observe more frequently. Provide treatment if possible, inform/consult with day-day care 
person and/or named vet. Consider termination. Typically scores indicate moderate adverse 
effects.  

15-20=typically scores indicate substantial adverse effects. Unless clearly justified on the protocol, 
terminate and consider experimental design change. 
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4.3 Results 

4.3.1 Conditional podocin knockout mice demonstrate significant albuminuria 

when induced with doxycycline 

The effect of the correct genotype with administration of doxycycline on urinary albumin 

creatinine ratio (ACR) yielded an F ratio of F(2,9)=28.39, p=0.0001 (n=4/group). Mice start to 

show an increased but non-significant amount of albuminuria at day 7 (urinary 

ACR=184.6±125.6mg/mmol in iPod NPHS2fl/fl + doxycycline, versus 5.1±2.2mg/mmol in iPod 

NPHS2fl/fl – doxycycline, and 7.6±1.4mg/mmol in incomplete genotype + doxycycline) and 

day 14 (urinary ACR=10,677.1±3,605.4mg/mmol in iPod NPHS2fl/fl + doxycycline, versus 

8.0±1.3mg/mmol in iPod NPHS2fl/fl – doxycycline, and 6.7±1.2mg/mmol in incomplete 

genotype + doxycycline) (Figure 4.5c). The increase in urinary ACR is significant by day 21 

(ACR=10,759.7±2388.5 in iPod NPHS2fl/fl + doxycycline, versus 3.4±0.9mg/mmol in iPod 

NPHS2fl/fl – doxycycline, and 4.6±1.1mg/mmol in incomplete genotype + doxycycline, 

p<0.05). Mice in the two control groups continued to have low urinary ACRs until they were 

culled 26 weeks post induction with doxycycline (urinary ACR=27.0±16.0mg/mmol in iPod 

NPHS2fl/fl – doxycycline, and 13.8±7.6mg/mmol in incomplete genotype + doxycycline).   

 
Figure 4.5 iPod NPHS2fl/fl develop albuminuria by day 14 post induction with 

doxycycline.  

a) urine dipstick showing representative proteinuria of 3-4+ in one iPod 

NPHS2fl/fl mouse at day 14. b) Coomassie staining demonstrated albuminuria 

(at 65kDa) by D14 (black arrow) c) iPod NPHS2fl/fl show a significant increase 

in urinary albumin: creatinine ratio (ACR) at day 21 which persists (n=4). 

(C=control, iKO=inducible knockout)  

a

b

c

Albumin 
standard

1µg 5µg

D14

C iKO

D7

C iKO

D0

C iKO

65kDa

C iKO
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4.3.2 Conditional podocin knockout mice showed no significant changes in body 

weight in the first six weeks but showed reduced survival overall 

Despite significant changes in urinary ACR, there were no differences in mouse body weights 

when normalised to weight of individual mice at the start of doxycycline induction. (Figure 

4.6b) However, conditional podocin knockout mice had a reduced survival, with a median 

survival of 66 days (range 33 to 126 days). Mice from the incomplete genotype and no 

doxycycline control groups survived until they were culled at the end point of 26 weeks post 

doxycycline. This reduction in survival was significant (n=4/group, p=0.0012, Log-rank 

(Mantel-Cox) test). (Figure 4.6a) Observationally, mice tended to demonstrate a 10-15% 

weight loss in the two to three weeks prior to death.  

 

Figure 4.6 Survival and body weight of conditional podocin knockout mice.  

a) Kaplan Meier Plot showing reduced survival of conditional podocin 

knockout mice. b) Body weight of mice as a ratio of original body weight 

tracked over the 1st six weeks after commencing doxycycline. (n=4/group) 

 

4.3.3 Blood results of conditional podocin knockout mice show evidence of renal 

failure and hypercholesterolaemia 

Blood samples were taken at 10 weeks post doxycycline induction, and again at death. At 10 

weeks, only a small amount of blood could be sampled as the maximum circulating volume 

of a mouse is about 2ml, and a maximum of 10-15% of this can be taken without ill effect. 

Creatinine was prioritised to be the most important blood result to be processed from this 

small blood sample. The effect of the correct genotype with administration of doxycycline 

on plasma creatinine at 10 weeks post-doxycycline induction was significant, F (2,5)= 7.058, 

a b
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p=0.035 (n=2-4/group). Posthoc tests showed a significant difference between iPod NPHS2fl/fl 

+ doxy versus iPod NPHS2fl/fl – doxy (p<0.05), while comparisons between the other groups 

were not significant. (Figure 4.7a, Table 4.4) 

Blood samples at death yielded between 100µl to 1ml of blood depending on the condition 

of the mouse at death. The effect of the correct genotype with administration of doxycycline 

on creatinine at death was significant, F(2,7)= 14.77, p=0.0031 (n=2-4/group). Post hoc tests 

showed significant differences between iPod NPHS2fl/fl + doxy versus iPod NPHS2fl/fl – doxy 

(p<0.01), and between iPod NPHS2fl/fl + doxy versus incomplete genotype + doxy(p<0.01). 

(Figure 4.7b, Table 4.4) 

The effect of the correct genotype with administration of doxycycline on urea at death was 

significant, F(2,7)= 275.2, p<0.001 (n=2-4/group). Post hoc tests showed significant 

differences between iPod NPHS2fl/fl + doxy versus iPod NPHS2fl/fl – doxy (p<0.001), and 

between iPod NPHS2fl/fl + doxy versus incomplete genotype + doxy(p<0.001). (Figure 4.7c, 

Table 4.4) 

The effect of the correct genotype with administration of doxycycline on cholesterol at death 

was significant, F(2,7)= 11.33, p=0.0064 (n=2-4/group). Post hoc tests showed significant 

differences between iPod NPHS2fl/fl + doxy versus iPod NPHS2fl/fl – doxy (p<0.01), and 

between iPod NPHS2fl/fl + doxy versus incomplete genotype + doxy (p<0.01). (Figure 4.7d, 

Table 4.4) 
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Figure 4.7 Blood test results from mouse plasma.  

a) Creatinine levels at 10 weeks post-doxycycline induction (n=2-4/group) b) 

Creatinine levels at death (n=2-4/group) c) Urea levels at death (n=2-4/group) 

d) Cholesterol levels at death (n=2-4/ group) 

 

Table 4.4 Mean with standard error of mean of the mouse plasma results above. 

 iPod NPHS2fl/fl + 
doxy 

iPod NPHS2fl/fl - 
doxy 

Incomplete 
genotype + doxy 

Creatinine at 10 weeks 
(μmol/L) 

39.5±12.5 10.3±1.5 16.0±6.0 

Creatinine at death (μmol/L) 78.0±26.0 17.0±1.5 17.5±1.3 

Urea at death (mmol/L) 129.2±12.03 9.6±0.3 8.8±0.4 

Cholesterol at death 
(mmol/L) 

6.9±2.2 2.1±0.2 2.2±0.1 

 

a b

c d
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4.3.4 Histological changes in conditional podocin knockout mice at death 

Kidney tissue for histology was taken from mice at death. This tissue was stained with 

Haematoxylin and Eosin, Periodic Acid Schiff (PAS) staining and Masson’s Trichrome. PAS 

staining highlights the glomerular basement membrane and glycogen containing structures 

(magenta), while Masson’s Trichrome is useful for highlighting collagen staining in blue. 

Histology of iPod NPHS2fl/fl mice + doxycycline showed both glomerular and tubulointerstitial 

changes (Figure 4.8). The glomeruli here are diffusely and globally sclerosed. Masson’s 

Trichrome demonstrate areas of glomeruli with increased collagen deposition (black 

triangle) (Figure 4.8g). There is tubular atrophy (white arrow) where the tubular cells are 

flattened, the tubular lumen in contracted, and the tubular basement membrane is wrinkled 

and thickened (Figure 4.8k). Tubular dilatation (black arrow) and protein casts (black triangle) 

are also observed (Figure 4.8i). Interstitial fibrosis is also noted. These histological findings 

are quite severe compared to histological findings in humans with FSGS but these kidney 

specimens were taken when these mice were extremely ill with severe kidney disease, as can 

be seen from high levels of plasma urea and creatinine seen in Figure 4.7. In the next chapter, 

where the mice were culled 6 weeks post induction with doxycycline, the histology is more 

in keeping with FSGS seen in humans. 

Electron microscopy of iPod NPHS2fl/fl + doxycycline showed loss of podocytes and podocyte 

foot processes from the glomerular filtration barrier, with relatively normal appearances to 

the glomerular basement membrane and glomerular endothelial cells (Figure 4.9). In 

comparison, the iPod NPHS2fl/fl – doxycycline showed normal appearances on light 

microscopy as well as electron microscopy, with normal appearances to glomeruli, tubules 

and the glomerular filtration barrier.   
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Figure 4.8 Histology of conditional podocin knockout mice  

Light microscopy showing Haematoxylin & Eosin, Masson’s Trichrome and 

Periodic Acid Schiff stains. iPod NPHS2fl/fl mice + doxycycline show areas of 

glomerulosclerosis (white triangle), tubular atrophy (white arrow), tubular 

dilatation (black arrow) and protein casts (black triangle). Scale bar=100µm.  

PAS

10X

40X

i j

k l

iPod NPHS2fl/fl + doxy iPod NPHS2fl/fl - doxy 
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Figure 4.9 Electron microscopy of conditional podocin knockout mice.  

a) iPod NPHS2fl/fl mice induced with doxycycline showed loss of podocyte foot 

processes and podocytes at the glomerular filtration barrier (black arrow). b) 

Mice not induced with doxycycline showed normal architecture of the 

glomerular filtration barrier with regularly spaced podocyte foot processes. 

Scale bar=500nm.  

 

4.4 Discussion 

4.4.1 Conditional podocin knockout mice (iPod NPHS2fl/fl) develop albuminuria 

by 14 days post-doxycycline induction with subsequent corresponding 

biochemical features of nephrotic syndrome and reduced survival 

iPod NPHS2fl/fl mice develop the expected phenotype of albuminuria typically within 2 weeks 

of doxycycline induction. The onset of the phenotype was quick and there was a significant 

rise in albuminuria with a mean albumin creatinine ratio of about 10,000mg/mmol by 2 

weeks post doxycycline induction. Unfortunately, insufficient blood was obtained to test for 

levels of plasma albumin, which would be expected to drop with this degree of albuminuria. 

By 10 weeks post doxycycline induction, there was a rise in creatinine.  

Mice developed significant renal failure leading to death within 18 weeks of doxycycline 

initiation, with significant rises in urea and creatinine. The uraemia seen here is profound. 

This is likely to be representative not just of the degree of their renal failure secondary to 

nephrotic syndrome but is also likely to be attributable to profound dehydration as these 

mice often lose more than 15% of their body weight in their last days of life. These mice also 

iPod NPHS2fl/fl + doxy iPod NPHS2fl/fl - doxy 
a b
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developed significant hypercholesterolaemia, which is also a feature of nephrotic syndrome 

seen in humans. Hypercholesterolaemia in nephrotic syndrome is thought to be due to 

changes of expression of proteins regulating lipid clearance, and to a lesser extent, proteins 

regulating lipid synthesis (256). Some proteins involved in lipid clearance e.g. hepatic lipase 

and lipoprotein lipase (expressed in endothelium, muscle and adipose tissue) have decreased 

activity in nephrotic syndrome, while lipid synthesis via HMG CoA reductase (3-hydroxy-3-

methyl-glutaryl-coenzyme A reductase) has been found to be increased in experimental 

models of nephrotic syndrome(256). This phenotype is in keeping with that described by 

Mollet et al (44), and is reminiscent of humans with NPHS2 mutations.  

 

4.4.2 Conditional podocin knockout mice (iPod NPHS2fl/fl) show severe 

histological changes  

iPod NPHS2fl/fl mice show histological features of sclerosis in glomeruli, albeit the features 

seen in these mice are relatively severe, with diffuse and global sclerosis by the time tissue 

was taken for histology. Tubulointerstitial changes were also seen with tubular atrophy, 

tubular dilatation, protein casts and interstitial fibrosis. These tubulointerstitial changes are 

consistent with changes seen in human FSGS, but both the glomerular and interstitial disease 

seen here was so severe by the point the tissue was taken and nearly all glomeruli were 

affected. To make a histological diagnosis of FSGS, the sclerosis needs to be focal i.e. affecting 

some glomeruli (<50%) and segmental i.e. only affecting a segment of each glomerulus. To 

establish that these mice develop FSGS, kidney tissue would need to be taken at earlier 

timepoints. As described in more detail in the next chapter, the mice are culled at 6 weeks 

post induction with doxycycline, and the histological findings seen are less severe.  

 

 

 

4.5 Conclusion 

iPod NPHS2fl/fl mice here develop features of nephrotic syndrome, with significant increases 

in urinary albumin, biochemical features of renal failure, reduced survival and histological 

features of diffuse and global sclerosis. These mice demonstrate a robust phenotype 
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consistent with nephrotic syndrome, and are a suitable model for testing AAV gene therapy 

targeting the podocyte and steroid-resistant nephrotic syndrome.  
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Chapter 5: Testing AAV as a vector in genetic models 

of Steroid-Resistant Nephrotic Syndrome in vitro and 

in vivo 

5.1 Introduction 

Building on the work from previous chapters, here the aim was to test AAV as a vector for 

gene therapy for SRNS both in vitro and in vivo. To reiterate, podocin mutant models were 

chosen for several reasons. Podocin is the most commonly mutated gene in childhood 

SRNS(46–48,257), it is a autosomal recessive gene hence it is unlikely to have dominant 

negative effect, and its coding sequence (1.2kb) is small enough to fit comfortably into the 

packaging capacity of AAV. The model used for the in vivo work was the conditional podocin 

knockout mouse model as described in the previous chapter, while the model for the in vitro 

work was a conditionally immortalised human podocyte cell line which was derived from a 

patient homozygous for the R138Q podocin mutation(78). This was chosen as R138Q is the 

most common podocin mutation observed in Caucasian populations(62,252).  

The vectors developed here were based on the vectors tested in Chapter 3, where the 

promoter used was either the mouse or the human minimal nephrin promoter, and each 

construct included WPRE and bGH polyadenylation signals on the 3’ end. These were used 

to either express human or mouse podocin. The serotype used for the human podocyte was 

AAV LK03 as this showed a high transduction efficiency in vitro, while AAV 2/9 showed the 

most promise for transduction of the mouse kidneys in vivo.  

5.2 Methods 

5.2.1 Cloning 

The three plasmids (pAAV.hNPHS1.mpodHA.WPRE.bGH, 

pAAV.mNPHS1.mpodHA.WPRE.bGH and pAAV.hNPHS1.hpodHA.WPRE.bGH) specifically 

cloned for this chapter are shown in Figure 5.1. Starting plasmids were as listed in Chapter 3. 

The plasmids cloned predominantly for the work in the chapter were cloned using Gibson 

assembly, which is described in detail in the main materials and methods chapter (Chapter 

2). Mouse podocin cDNA was purchased from OriGene (OriGene Technologies, Rockville, 

USA). Human podocin cDNA was a kind gift from Professor Corinne Antignac, IMAGINE 
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institute, Paris. Constructs expressing podocin were HA-tagged to facilitate easy 

identification of protein. All constructs included a Kozak sequence at the start of the coding 

sequence. pAAV.CMV.hpodocinHA.WPRE.bGH was cloned using PCR and was used as a 

positive control when possible.  

 

Figure 5.1 AAV produced for work in this chapter (all single stranded) 

a) AAV LK03 CMV hpod and AAV LK03 hNPHS1 hpod were used in vitro on 

human podocyte cell lines b) AAV 2/9 hNPHS1 mpod and AAV 2/9 mNPHS1 

mpod were used in vivo on mice.  

 

 

5.2.2 AAV manufacturing and titration 

Vectors made for this chapter are all single stranded. These include AAV LK03 CMV hpod 

(from plasmid pAAV.CMV.hpodHA.WPRE.bGH) and AAV LK03 hNPHS1 hpod (from plasmid 

pAAV.hNPHS1.hpodHA.WPRE.bGH) for in vitro work(Figure 5.1a); AAV 2/9 hNPHS1.mpod 

(from plasmid pAAV.hNPHS1.mpodHA.WPRE.bGH) and AAV 2/9 mNPHS1.mpod (from 

plasmid pAAV.mNPHS1.mpodHA.WPRE.bGH) for in vivo work(Figure 5.1b). All the vectors for 

this chapter were manufactured in house and titrated in house via qPCR and/or alkaline gel 

as described in the main methods chapter. 

 

1.2kb 1.2kb 589bp 225bp

ITR
mNPHS1 

promoter

mouse 

podocin HA
WPRE bGH ITR

ITR
hNPHS1 

promoter

mouse 

podocin HA
WPRE bGH ITR

Serotype: 

2/9

ITR
hNPHS1 

promoter

human 

podocin HA
WPRE bGH ITR

Serotype: 

LK03

CMV 
promoterITR

human 

podocin HA
WPRE bGH ITR

584bp
a

b
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5.2.3 Tail vein injections of AAV 

Mice were iPod NPHS2fl/fl mice on a mixed genetic background with contributions from 

129Sv, C57Bl/6 and FVB. For each mouse recruited to the saline group, a mouse from the 

same litter is recruited to the viral vector group to try and reduce the variability that mouse 

background might introduce to the experiment. Equal numbers of each gender were 

recruited to each experimental group. At eight weeks of age, mice were given 1.5 x 1012vg 

per mouse of ssAAV 2/9 hNPHS1.mpod, ssAAV 2/9 mNPHS1.mpod or PBS via tail vein 

injection. Two weeks later, the mice were induced with 2mg/ml of doxycycline in 5% sucrose 

for three weeks. Urine samples were taken prior to doxycycline induction and two-weekly 

after. Mice were euthanised six weeks after induction with doxycycline, plasma samples 

were taken and kidney tissue harvested. (Figure 5.2) A cohort of mice was kept on beyond 

six weeks to test for effect on survival. Mice with little or no proteinuria were re-genotyped 

at death to ensure the mice were definitely of the correct genotype.  

 

Figure 5.2 Experimental plan for tail vein injections of AAV into iPod 

NPHS2fl/fl mice.  

(iKO=inducible knock out, refers to the iPod NPHS2 fl/fl mice) 

 

5.2.4 Quantification of immunofluorescence images 

At least six glomeruli were quantified per mouse. Fiji(230) was used for quantification of 

immunofluorescence. A region of interest was drawn around each glomerulus, and 

integrated density (mean fluorescence X area), mean fluorescence, and area was calculated 

for both nephrin immunofluorescence and HA immunofluorescence. The mean fluorescence 

of the background on each channel was then calculated separately. The corrected total cell 

fluorescence for each channel was then calculated (corrected total cell fluorescence= 
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integrated density-(area of glomerulus X mean background fluorescence). Fluorescence of 

HA was then normalised to nephrin, taking nephrin as a specific marker for the podocyte.  

 

5.2.5 Quantification of electron microscopy images 

The severity of the phenotype limits the type of quantification that can be done on the 

electron microscopy images with any meaningful result. Measuring the number of foot 

processes per micron GBM was described when assessing EM images of the conditional 

R140Q knockin podocin mouse model(68), and this method was used here. Fiji was used to 

overlay a one micron grid on the images, and the number of foot processes per micron GBM 

was counted over the entire image. Images were taken from capillaries at 6 o’clock and 12 

o’clock positions of each glomerulus unless the capillary was showing only an obliquely 

sectioned GFB. At least three glomeruli were counted per mouse. 

 

5.2.6 Scoring of renal histological specimens 

Paraffin sections were stained with H&E, Masson’s Trichrome and PAS as described in the 

main methods section. These were sent to a Dr Matthew Beesley, Consultant 

Histopathologist, who was blinded to the groups the animals were in. The total number of 

glomeruli were counted, then these were scored for number of glomeruli that were globally 

sclerosed, number of glomeruli that had segmental sclerosis, number of glomeruli with 

mesangial hypercellularity and proportion of interstitial fibrosis. Mesangial hypercellularity 

is defined here as any glomerulus with at least one mesangial area containing more than 

three nuclei at x10 magnification, global glomerulosclerosis is any glomerulus with >50% 

sclerosis by area on Masson’s trichrome stain at x40 magnification, segmental sclerosis is any 

glomerulus with <50% sclerosis by area on Masson’s trichrome stain at x40 magnification, 

and interstitial fibrosis was an approximation of area of renal cortex affected by interstitial 

fibrosis +/- tubular atrophy/ dilatation. 
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5.3 Results 

5.3.1 AAV LK03 hNPHS1 hpod can transduce both WT ciPod and R138QciPod, 

and express human podocin that localises to the plasma membrane 

AAV LK03 CMV hpod and AAV LK03 hNPHS1 hpod was used to transduce WT ciPod. Western 

blot showed a large amount of HA-tagged podocin expressed under the CMV promoter 

(positive control for viral transduction) and a smaller amount of HA-tagged podocin 

expressed under the minimal nephrin promoter (Figure 5.3a,b). Immunofluorescence 

demonstrated that this HA-tagged podocin reaches the plasma membrane in WT ciPod, while 

the untransduced WT ciPod demonstrates podocin expression at the plasma membrane but 

with no HA expression (Figure 5.3c).  

Podocin is known to normally localise to the plasma membrane (258), and specifically to lipid 

rafts where it can recruit nephrin and CD2AP(259). Hence it was reassuring that the HA-

tagged podocin localised to the plasma membrane in the WT ciPod. The commonest 

mutation in podocin, R138Q, is known to cause endoplasmic reticulum (ER) retention of the 

protein (258). It was thus important to check whether the HA-tagged wild type podocin 

introduced using AAV could also reach the plasma membrane in the R138Q human podocyte 

cell line.  

Transduction of R138Q ciPod demonstrated HA-tagged podocin expression both on western 

blot (Figure 5.4b) and immunofluorescence (Figure 5.4a,c,e). Confocal microscopy 

demonstrated HA-tagged podocin at the plasma membrane in podocytes transduced with 

AAV LK03 hNPHS1 hpod, but not in untransduced cells. HA-tagged podocin did not colocalise 

with calnexin, an endoplasmic reticulum marker. TIRF microscopy, which here has been set 

to only image within 100nm of the plasma membrane, confirmed the localisation of HA-

tagged podocin to the plasma membrane and this colocalises with caveolin, a lipid raft 

marker.  

 

5.3.2 Podocyte adhesion is reduced in R138Q ciPod, and this is rescued by AAV 

LK03 hNPHS1 hpod 

Podocyte adhesion(260) is integral to podocyte health. Previous work within our laboratory 

has shown that podocytes with the R138Q mutation have reduced adhesion compared to 

wild type podocytes (unpublished). We hypothesised that introducing wild type podocin 
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back to R138Q ciPod could rescue adhesion. AAV LK03 CMV GFP (to control for the presence 

of the virus) was applied to both WT ciPod and R138Q ciPod, while AAV LK03 hNPHS1 hpod 

was applied to R138Q ciPod. One-way ANOVA showed a significant difference over the three 

conditions, F (2,15)=23.52, p<0.0001, n=6 (Figure 5.4d). Posthoc test confirmed a significant 

reduction in adhesion of R138Q ciPod treated with AAV LK03 CMV GFP compared to WT 

ciPod treated with AAV LK03 CMV GFP (p<0.0001), and a significant increase in adhesion 

when R138Q ciPod is treated with AAV LK03 hNPHS1 hpod compared to R138Q ciPod treated 

with AAV LK03 CMV GFP(p=0.0127).  

We tested whether AAV itself might have an effect on podocyte adhesion, and although a 

decreasing trend in adhesion was seen with AAV LK03 CMV GFP transduction of both WT 

ciPod and R138Q ciPod, this was not significant (Figure 5.3e). Lastly, to test whether 

overexpression of podocin using AAV might affect adhesion, WT ciPod was transduced with 

AAV LK03 CMV hpod and AAV LK03 hNPHS1 hpod, and this showed no significant changes in 

adhesion (Figure 5.3d). 
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Figure 5.3 Transduction of WT ciPod with AAV LK03 expressing HA-tagged podocin. 

a) Western blot demonstrating podocin levels in transduced WT ciPod (AAV LK03 

CMV hpod, and AAV LK03 hNPHS1 hpod), untransduced WT ciPod, untransduced 

GEnC and MCF-7 (breast cancer cell line) as negative controls, and human glomerular 

lysate as a positive control. b) Western blot showing HA-tagged podocin in 

transduced and untransduced WT ciPod. c) Immunofluorescence of transduced and 

untransduced WT ciPod imaged on a confocal microscope. d) AAV LK03 CMV hpod 

and AAV LK03 hpod transduction has no effect on WT ciPod adhesion (n=3). e) 

Adhesion assay of WT versus R138Q ciPod, and testing the effect AAV LK03 CMV GFP 

had on adhesion (n=3). Scale bar=25μm. 

d e
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Figure 5.4 Transduction of R138Q ciPod with AAV expressing HA-tagged 

podocin.  

a,c) Immunofluorescence and confocal microscopy demonstrates expression 

of HA-tagged podocin at the plasma membrane, and that the HA-tagged 

podocin does not colocalise with endoplasmic reticulum marker calnexin. b) 

Western blot showing expression of HA and podocin in transduced podocytes 

d) Adhesion assay showing partial rescue of adhesion of R138Q ciPod with 

AAV LK03 hNPHS1 hpod (n=6). e) TIRF microscopy showing HA-tagged podocin 

within 100nm of the plasma membrane. Scale bar=25μm. 

 

5.3.3 Tail vein injection of AAV 2/9 expressing HA-tagged podocin demonstrates 

transduction of the podocyte, and reduces albuminuria in iPod NPHS2fl/fl 

At 8 weeks of age, iPod NPHS2fl/fl mice were administered 1.5 x 1012 vg via tail vein of either 

AAV2/9 hNPHS1.mpod or AAV2/9 mNPHS1.mpod, or saline. Two weeks later, doxycycline 

was commenced, which results in deletion of exon 2 of NPHS2. Six weeks after doxycycline 

induction, AAV ITRs were detected in the kidney cortex of mice injected with AAV (AAV 2/9 

HA Phalloidin Caveolin Merge
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hNPHS1.mpod=39,067±13,285 copies ssDNA, AAV 2/9 mNPHS1mpod=76,533.33±32047 

copies ssDNA, n=5-6/group) (Figure 5.5a). HA-tagged podocin was detected at an mRNA level 

in kidney cortex (Figure 5.5f), and total NPHS2 mRNA levels were decreased in iPod NPHS2fl/fl 

but this was restored in AAV treated mice (Figure 5.5e).  

Immunofluorescence demonstrated HA-tagged podocin co-localising with podocyte markers 

nephrin and podocin. Quantification of HA fluorescence normalised to nephrin fluorescence 

showed that transduction efficiency was 0.109±0.05 for AAV 2/9 hNPHS1.mpod, and 

0.08±0.03 for AAV 2/9 mNPHS1.mpod (Figure 5.6a,c). iPod NPHS2fl/fl mice not treated with 

AAV show loss of expression of podocin with a change in pattern of expression of nephrin to 

a diffuse pattern (Figure 5.6b). This is a stark contrast to the predominantly membrane 

localised pattern of expression of nephrin and podocin seen in AAV treated mice. 

AAV treated groups showed a reduction in urinary albumin: creatinine ratio (ACR) (Figure 

5.5b). The effect of tail vein injection of AAV 2/9 expressing podocin on urinary ACR yielded 

an F ratio of F (2, 24) = 9.61, p<0.001 (n=9/group). At 14 days post-doxycycline, urinary ACR 

was higher in the saline group than either of the AAV treated groups, although this was not 

significant (AAV 2/9 hNPHS1.mpod = 758.1±488.1 mg/mmol, AAV 2/9 mNPHS1.mpod = 

59.8±28.0 mg/mmol, saline = 3,770.1±1337.6 mg/mmol, AAV 2/9 hNPHS1.mpod vs saline 

p=0.40, AAV 2/9 mNPHS1.mpod vs saline p=0.25). There was a significant reduction in 

urinary ACR in the AAV treated groups at day 28 (AAV 2/9 hNPHS1.mpod = 3,083.0±932.8 

mg/mmol, AAV 2/9 mNPHS1.mpod = 2,195.1±778.9 mg/mmol, saline = 10,198±3,189.5 

mg/mmol, AAV 2/9 hNPHS1.mpod vs saline p=0.008, AAV 2/9 mNPHS1.mpod vs saline 

p=0.002) and day 42 (AAV 2/9 hNPHS1.mpod = 3,266.8±1,212.2 mg/mmol, AAV 2/9 

mNPHS1.mpod = 3,553.3±1,477.87mg/mmol, saline = 13,488.8±3,877.3 mg/mmol, AAV 2/9 

hNPHS1.mpod vs saline p<0.001, AAV 2/9 mNPHS1.mpod vs saline p<0.001). In the AAV 

treated groups, 2 of 9 mice in AAV 2/9 hNPHS1.mpod group and 1 of 9 mice in AAV 2/9 

mNPHS1.mpod group had urinary ACRs of less than 30mg/mmol at day 42.  

Although the mice in AAV treated groups showed an improvement, there was a large degree 

of variation within the groups, which we hypothesised might be attributable to the amount 

of vector that reached the kidney after a systemic injection. The amount of viral DNA 

detected in kidney cortex showed a weak inverse correlation with the degree of albuminuria 

at days 28 (Spearman r= -0.4965, p=0.0306) (Figure 5.5c) and 42 (Spearman r= -0.4596, 

p=0.0477) (Figure 5.5d).  
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Figure 5.5 AAV 2/9 transduces the kidney and reduces albuminuria. 

a) qPCR showing the quantity of single stranded copies of AAV DNA found in 

mouse kidney six weeks after vector administration b) AAV 2/9 hNPHS1.mpod 

and AAV 2/9 mNPHS1.mpod administration reduces albuminuria significantly 

by days 28 and 42 post doxycycline induction (n=9) c) correlation between 

albumin: creatinine ratio at day 28 and quantity of AAV DNA in mouse kidney 

d) correlation between albumin: creatinine ratio at day 42 and quantity of AAV 

DNA in mouse kidney e) qPCR results showing mRNA fold change of total 

NPHS2 f) qPCR results showing mRNA fold change of HA-tagged podocin. 
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Figure 5.6 Immunofluorescence demonstrates expression of HA in 

podocytes in mice receiving AAV tail vein injection.  

a) Confocal microscopy shows HA within the glomerulus, co-localising with 

podocyte markers nephrin and podocin. Control sections here are from mice 

without the full genotype for iPod NPHS2fl/fl that have been injected with 

saline, as mice with the full genotype for iPod NPHS2fl/fl often have significant 

glomerular scarring by this time point and few podocytes left.  b) Mice 

receiving a saline tail vein injection had lost podocin expression by six weeks, 

and there was a change in pattern of nephrin expression. c) Quantification of 

HA fluorescence normalised to nephrin fluorescence (n=3). Scale bar=25μm. 
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5.3.4 AAV2/9 expressing wild type podocin partially rescues the phenotype in 

iPod NPHS2fl/fl mice 

In addition to an improvement in urinary albumin: creatinine ratio, there was an 

improvement in plasma markers of kidney disease. There was a significant difference 

between saline and AAV-treated mice for plasma creatinine (saline=43.0±7.2μmol/L, AAV 

2/9 hNPHS1.mpod=25.3±6.4μmol/L, AAV 2/9 mNPHS1.mpod = 18.6±4.4μmol/L, 

F(2,11)=4.12, p=0.0462, n=4-5/group), and urea (saline=66.4±27.8mmol/L, AAV 2/9 

hNPHS1.mpod=14.0±2.5mmol/L, AAV 2/9 mNPHS1.mpod=11.6±1.6mmol/L, F(2,11)=4.79, 

p=0.0319, n=4-5/group). Posthoc analysis demonstrated a significant reduction in ssAAV 2/9 

mNPHS1 mpod compared to saline for creatinine (p<0.05) and urea (p<0.05). There was a 

significant reduction in cholesterol in AAV-treated mice (saline=13.2±2.8mmol/L, AAV 2/9 

hNPHS1.mpod=4.4±1.8mmol/L, AAV 2/9 mNPHS2.mpod=4.86±0.76 mmol/L, F(2,7)=7.33, 

p=0.0192, n=3-4/group). Posthoc analyses showed significant reductions cholesterol when 

comparing either ssAAV 2/9 hNPHS1mpod (p<0.05) or ssAAV 2/9 mNPHS1mpod (p<0.05) 

against saline-treated mice. There was a non-significant increase in albumin in AAV-treated 

mice (saline=11.2±3.9 g/L, AAV 2/9 hNPHS1.mpod 18.6±4.0g/L, AAV 2/9 

mNPHS1.mpod=17.1±3.6g/L, F(2,10)=0.98, p=0.4097, n=4-5). (Figure 5.7) 
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Figure 5.7 Plasma results of iPod NPHS2fl/fl treated with saline, AAV 2/9 

hNPHS1.mpod, or AAV 2/9 mNPHS1.mpod 

a) plasma creatinine b) plasma urea c) plasma cholesterol d) plasma albumin  

a b

c d
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Figure 5.8 Histology showing representative sections from each experimental 

group. 

Renal tissue was taken at six weeks after doxycycline induction. Sections were 

stained with Periodic Acid Schiff stain, or Masson’s Trichrome. Mice treated 

with saline developed features of glomerulosclerosis (black arrow), tubular 

dilatation (black triangle) and interstitial fibrosis. The positive control is a iPod 

NPHS2 fl/fl mouse not treated with doxycycline and has normal mouse renal 

histology (for comparison). Scale bar=100μm. 
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Saline treated mice showed histological features of glomerulosclerosis by 6 weeks, some of 

which was diffuse and global. AAV treated mice demonstrated a range of histological 

findings, from completely normal glomeruli to mesangial hypercellularity to a few glomeruli 

with glomerular sclerosis (Figure 5.8). Quantification of the histological sections showed a 

lower proportion of sclerosed glomeruli in AAV treated mice compared to saline treated mice 

(Effect of AAV on proportion of sclerosed glomeruli, F (2,26)=10.52, p=0.0004; post hoc 

analysis showed significant reduction in global sclerosis (AAV 2/9 hNPHS1.mpod vs saline 

p=0.0016, AAV 2/9 mNPHS1.mpod vs saline p=0.0265), but no significant difference in 

segmental sclerosis (AAV 2/9 hNPHS1.mpod vs saline p=0.0701, AAV 2/9 mNPHS1.mpod vs 

saline p=0.1308), n=5-6/group), while there was no significant difference in the extent of 

mesangial hypercellularity (F(2,13)=0.1262, p=0.8825, n=5-6/group) (Figure 5.9a-b). There 

was also a trend towards less interstitial fibrosis in the AAV treated groups compared to 

saline treated group, but this was not significantly different (F(2,13)=3.7, p=0.0521, n=5-

6/group) (Figure 5.9c). On electron micrographs, saline treated iPod NPHS2fl/fl tended to 

podocyte loss or extensive foot process effacement. The AAV treated mice again showed a 

range of findings, with some areas showing complete foot process effacement, while other 

areas showed evenly-spaced foot processes (Figure 5.10a-c). Treating iPod NPHS2fl/fl mice 

with AAV resulted in a non-significant increase in number of foot processes per micron GBM 

(F(2,6)=5.126, p=0.0503, n=3/group) (Figure 5.10d). 

 

Figure 5.9 Quantitative analysis of histological sections 

a) There is a significant reduction in sclerosed glomeruli in the groups treated 

with AAV b) The extent of mesangial hypercellularity is not significantly 

different across the groups c) There is a trend towards decreased interstitial 

fibrosis in AAV treated groups, but this is not significant.  

a b c
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Figure 5.10 Electron micrographs of iPod NPHS2fl/fl mice and analysis of 

histological sections  

Representative electron micrographs of mice. a&c) AAV treated mice show 

varying degrees of pathology, from evenly-spaced foot processes (black 

triangle) to complete foot process effacement (white arrow) b) Saline treated 

mice showed podocyte loss (black arrow is pointing at the glomerular 

basement membrane where there are no identifiable associated podocyte 

processes). Scale bars=500nm d) Number of foot processes per micron GBM 

on electron micrographs (n=3/group)  

 

Treated mice also showed prolonged survival (n=3-4/group), with a median survival of 75.5 

days (range 38 to 111 days) in the saline group, compared to median survival of 192 days 

(range 74 to still alive at 320 days) in AAV 2/9 hNPHS1.mpod and median survival of 192 days 

(range 131 to still alive at 320 days) in AAV 2/9 mNPHS1.mpod (Log-rank (Mantel-Cox) test, 

p=0.049)(Figure 5.11a). The weight of the mice as a ratio of their original weight showed no 

significant differences between treatment and no treatment groups (Figure 5.11b). 

a b
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Figure 5.11 Survival and weights of iPod NPHS2fl/fl mice. 

a) Kaplan-Meier plot showing the increased survival of mice treated with 

vector (Log-rank (Mantel-Cox) test, p=0.049) b) Body weights of mice as a ratio 

of their original weight at the start of the study.   

 

a b

a b



 

 127 

5.4 Discussion 

AAV LK03 was used to successfully transduce human podocytes in vitro to express HA-tagged 

wild type human podocin, which was able to localise to the plasma membrane in the R138Q 

mutant podocytes and rescue adhesion. Subsequently, a high dose of AAV 2/9 of 1.5 

x1012vg/mouse expressing HA-tagged mouse podocin under the minimal human and mouse 

nephrin promoters successfully transduced the podocyte, at transduction efficiencies of 

around 10%. This produced a significant improvement in phenotype, with reductions in 

urinary albuminuria and improvements in the survival of the iPod NPHS2fl/fl mice.  

The degree in albuminuria was variable in both AAV treated and saline controls. One possible 

explanation for this in AAV treated mice is that a variable amount of virus could have reached 

the kidney in the AAV treated mice. Supporting this is the presence of an inverse correlation 

in the amount of viral DNA detected in these mice and the degree of albuminuria. The 

variability seen in the saline treated mice could be due to the mixed genetic background. This 

was certainly seen in the developmental podocin knockout and R140Q podocin knockin 

models, where the mice on the 129-enriched background had prolonged survival over those 

on a mixed or C57BL/6 background (66,67). Background was also found to have an effect on 

onset of proteinuria and survival of the conditional podocin knockout mice on different 

backgrounds using the Tamoxifen inducible system (Personal communication with Dr 

Geraldine Mollet, IMAGINE institute, Paris). This issue was addressed by allocating litter-

mates across the experimental groups evenly. The rationale for using a mixed background 

was that this would be more representative of a patient population, where genetic 

background could not be controlled for. Here, equal numbers from each sex were also used, 

as Mollet et al reported no gender differences in their conditional podocin knockout mice 

(44). This again would be more representative of the target patient population where both 

sexes are affected by genetic nephrotic syndrome.   

In this experiment, the control group was injected with saline. Although it makes mechanistic 

sense that a vector expressing wild type podocin would rescue the phenotype seen in a 

conditional podocin knockout model, there is a small possibility that it is actually infection 

with AAV itself that ameliorates nephrotic syndrome, regardless of the transgene expressed 

by the vector. In order to address this possibility, it would be desirable to run an experimental 

group where AAV expressed another gene e.g. GFP which should not have an effect on 

rescuing podocyte function in the conditional podocin knockout mouse model. This work is 

currently in progress.   
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The requirement for such a high dose to produce an effect in mouse models would make it 

very expensive and time intensive to test AAV as a potential vector in other kidney diseases. 

When using high doses in larger animal models or in patients, there are also potential safety 

concerns, as well as an increased likelihood of a cytotoxic T cell response that could decrease 

the efficacy of the vector. There are two options that could potentially reduce the dose. 

Firstly, delivering AAV directly to the kidney would likely reduce the dose required. Rocca et 

al (138) clamped off the left kidney, injected retrogradely 5 x 1010 vg of AAV 2/9 via the renal 

vein while leaving the clamp in place for 15 minutes. This increased expression of luciferase 

in the left kidney, and showed expression of GFP that colocalised with podocin. This is a 

significantly lower dose than that used in our study, although there are differences between 

titration protocols between laboratories. Previously using adenovirus, Heikkila et al 

cannulated the renal artery, renal vein and ureter in pigs and circulated adenovirus for 2 

hours, resulting in successful transduction of 75% of glomeruli(261). Ye et al used a 

‘prolonged renal infusion’ technique to improve transduction of the glomerulus, and found 

that a 15-minute infusion of the rat renal artery with adenovirus resulted in a 30-70% 

transduction of the glomerulus(121). These approaches might well improve transduction of 

the glomeruli using AAV, but it would have to be tested directly using the AAV serotype of 

interest, as there might well be differences in the optimal delivery systems for each of these 

viruses. Moreover, these last two techniques would be very difficult to reproduce in mice as 

the average mouse is tenfold smaller than the average rat, and many times smaller than a 

pig.  

A second way to potentially reduce viral vector dose might be a change in capsid to improve 

affinity for the podocyte. There are many new synthetic AAV capsids, and more of these 

could be tested to find a vector with a higher affinity for the mouse podocyte and kidney, 

and a lower affinity for the mouse liver. Certainly, there has been a lot of investment in 

finding a more hepatotropic serotype with less immunogenicity. In our current study, AAV 

LK03, which results in highly efficient transduction of human hepatocytes, transduced the 

human podocyte efficiently, and the vector expressing HA-tagged wild type podocin localised 

podocin to the plasma membrane. This vector also demonstrated partial functional rescue 

of podocyte adhesion, and these results show great promise for translation of this as a gene 

therapy product. However, AAV LK03 is related to a wild type serotype AAV 3B, and there is 

a still a significant proportion of the population (20-40% of paediatric population in the UK) 

with neutralising antibodies against AAV LK03(156). It is difficult to predict whether this 

might be an issue, and it has been shown that relatively low neutralising antibody titres of 
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more than or equal 1:5 can effectively block transduction of a vector delivered 

intravenously(262,263). Many clinical trials currently choose to exclude patients who might 

have neutralising antibodies against the serotype being delivered(264). There are now newer 

human hepatotropic serotypes that have been developed with this issue in mind, and 

serotypes NP40 and NP59 show a more favourable human humoral seroreactivity 

profile(265). A logical next step here would be to test whether the dose used here could be 

reduced with equal efficacy, as high doses are more likely to trigger the cytotoxic T cell 

response. This experiment has been run by administering one third the dose, but the results 

have yet to be fully processed and analysed. 

The above mouse experiment was designed to maximise effect, hence AAV was administered 

two weeks prior to the induction of disease with doxycycline. The next steps would be to test 

the vector in mice after the onset of proteinuria, but before the mice developed a significant 

proportion of sclerosed glomeruli. This would be more representative of the patient 

population that this vector would ideally be used for. One of the next steps would also be to 

test the vector in the conditional podocin knockin (R140Q) model(68), as this is 

representative of the commonest mutation (R138Q) found in children with a podocin 

mutation and would confirm the effect seen in the conditional podocin knockout mouse 

model. When progressing to treatment of human disease, treating patients with a missense 

mutation rather than a truncating mutation would probably increase chances of success of 

treatment, as those with a truncating mutation might be more likely mount an immune 

response against full-length podocin.  

 

5.5 Conclusion 

I have shown that AAV LK03 transduces the human podocyte efficiently, and can partially 

rescue adhesion of the R138Q model in vitro. Unfortunately, the serotype that works 

efficiently for human podocytes, AAV LK03, does not transduce well in mouse podocytes, 

and hence the vector that would potentially be most useful for humans cannot be directly 

tested in a mouse model. Currently, work is underway to test AAV LK03 hNPHS1.hpod in 

piglets using the ‘prolonged renal infusion’ technique. This will give us a better idea of the 

efficiency of transduction using AAV LK03 in a larger animal model, as well as information on 

biodistribution, immunological responses and toxicity.  
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Overall, here I have shown that transduction of podocytes is possible with AAV serotypes 

LK03 and 2/9, and in a recessive mutation like podocin, introduction of the wild type gene 

results in partial functional rescue both in vitro and in vivo.  

  



 

 131 

Chapter 6: Discussion and conclusion 

6.1 Summary of results 

a) Efficient in vitro transduction of human podocytes using AAV LK03 

o AAV LK03 transduces human podocytes highly efficiently in vitro 

o The minimal human nephrin promoter shows podocyte specificity in vitro 

o WPRE is required to improve gene expression in vitro 

b) AAV 2/9 transduced mouse podocytes in vivo 

c) AAV LK03 expressing wild type human podocin transduced R138Q ciPod, 

demonstrated HA-tagged podocin localisation to the plasma membrane and 

partially rescued adhesion 

d) AAV 2/9 expressing wild type mouse podocin transduced podocytes in the 

conditional podocin knockout mouse model and partially rescued the phenotype 

6.2 Transduction of the human kidney cells with AAV in vitro—AAV 

LK03 with the minimal human nephrin promoter transduces the 

human podocyte efficiently and specifically 

As a first step to testing AAV for the podocyte, various serotypes and vector constructs were 

tested in vitro. The serotypes tested here were AAV LK03, AAV 2/8 and AAV 2/9. AAV LK03 

transduced the podocytes very effectively when applied at an MOI of more than 105. Both 

self-complementary and single stranded vectors expressing GFP showed a high transduction 

rate of close to 100% when using a ubiquitous CMV promoter with AAV LK03. The self-

complementary LK03 vector contained a CMV promoter, GFP transgene, late SV40 

polyadenylation signal; while the single stranded vector contained a CMV promoter, GFP 

transgene, WPRE, and bGH polyadenylation signal (Figure 3.1). Although it is difficult to 

compare these vectors head to head as there are several features that are different, it is 

interesting that both vectors transduced the podocyte at a similarly highly efficient rate. 

Previous reports comparing self-complementary to single stranded vectors directly, while 

keeping other vector components the same, have found that self-complementary versions 

tended to express earlier and with higher gene expression(197,198,266). Our findings, where 

WPRE has been added to the single stranded vector, is more in keeping with a recent study 

where comparison of transduction of a single stranded vector containing WPRE against a 

self-complementary vector without WPRE using AAV 2/9 showed that the single stranded 

vector with WPRE produced significantly more GFP protein expression across a range of 

tissues including kidney in fetal and neonatal mice(199). Single-stranded AAV LK03 remains 
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fairly efficient at transducing human podocytes even when using the weaker podocyte-

specific minimal nephrin promoter, with a transduction efficiency of about 70%. This 

promoter showed podocyte-specificity in vitro, and the need for WPRE in the construct to 

maintain a high transduction efficiency was also demonstrated in vitro. 

In comparison, AAV 2/9 and 2/8 show relatively lower transduction efficiencies of the human 

podocyte in vitro of 10-20%. AAV 2/9 shows slightly higher transduction efficiency in 

glomerular endothelial cells and proximal tubular cells of 20-30% in vitro. AAV LK03 

transduces proximal tubular cells efficiently, but not glomerular endothelial cells. This is 

naturally advantageous for targeted transduction of podocytes, as the virus would bypass 

that endothelial cells when crossing the GFB. This also raises the possibility that the proximal 

tubular cell could be another promising target using LK03, perhaps by using a tubular cell 

specific promoter. Tubular cell specific reporters have been reported in the literature e.g. 

the mouse glucose transporter sglt2 expressed specifically in mouse renal proximal 

tubules(267), and  rat sodium-dependent phosphate transporter type 2a (NPT2a) expressed 

in rat renal proximal tubules(268). These promoters have not been tested in an AAV system, 

but another promoter P1 (which is from the parathyroid hormone/ parathyroid hormone 

related peptide receptor promoter region), has been tested with AAV 2/9 and been found to 

express specifically in liver and kidney(138,269). This could have potential for targeting 

diseases affecting both organs.  

 

6.3 Transduction of mouse kidney cells in vitro and in vivo 

From the above work, both AAV 2/8 and 2/9 transduce primary mouse podocytes in vitro, at 

an estimated transduction efficiency of about 50%. The literature is supportive in showing 

transduction of the glomerulus in vivo in mice with AAV 2/9(138,139). Here, using AAV 2/9 

expressing GFP under a minimal mouse nephrin promoter in vivo, expression can be seen in 

the podocyte, and this is not observed in the liver. This experiment has only been done once, 

and is currently being repeated (with the addition of the minimal human nephrin promoter 

vector expressing GFP as another experimental group).  

It will be important to stain other organs like the brain, pancreas, heart and testes to check 

for extrarenal expression of nephrin(233,239). Murine nephrin has been observed in kidney, 

brain, heart, pancreas and testis(51,250,251). In the neonatal/ developing brain, expression 
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has been seen in the fourth ventricle, spinal cord, hippocampus, olfactory bulb, radial glial 

cells of hippocampus, medulla oblongata, cerebral cortex and choroid 

plexus(51,236,249,270). In the adult rodent brain, nephrin positive cells are seen in the 

motor cortex but not somatosensory cortex; sparse positive cells were seen in the corpus 

callosum, diffuse expression in the choroid plexus; stronger expression seen in pons, medulla 

and olfactory bulb; some expression also seen in caudate, putamen and thalamus; 

expression is seen in the CA3 region of the hippocampus and some mild expression in CA1; 

expression was noted in the Purkinje cells and granule cells of nuclear layer in the 

cerebellum(271). Murine nephrin is mainly seen in the developing epicardium and coronary 

vessels, and this is only detectable in some patches of epicardium in adulthood, with staining 

in a few intracardiac blood vessels(250). Extrarenal expression of human nephrin has been 

reported in the human pancreatic islet endothelial cells(245), epicardial cells and cardiac 

vascular endothelial cells(250), and in human lymphoid tissue(248). Different fragments of 

the nephrin promoter seem to direct expression in different tissues(249). The 1.2kb nephrin 

promoter is quite a small fragment, and previous work seems to suggest that the only 

extrarenal expression seen in mice was the pancreas, and this expression was weak(239). 

Using AAV as the vector, the expression is not only dependent on the promoter, but also 

whether AAV transduces that particular cell type efficiently. These tissues will all have to be 

tested subsequently to ensure that there is no or little extrarenal expression from AAV 

transduction. This is currently underway in mice using AAV 2/9, and in pigs using AAV LK03.  

 

6.4 Conditional podocin knockout mouse model 

The iPod NPHS2fl/fl model consistently produces a nephrotic phenotype when induced with 

three weeks of doxycycline. The mouse is proteinuric by day 10-14, and subsequently 

progresses to renal failure with high plasma creatinine and urea. The model also develops 

hypercholesterolaemia, which is another feature of nephrotic syndrome. The mice showed 

a shortened lifespan compared to controls. Unfortunately, as mice were kept until they were 

severely ill, the histology showed global and diffuse sclerosis, with widespread loss of 

podocytes seen on electron microscopy. However, work done by Mollet et al with a slightly 

different inducible system showed that the NPHSfl/fl mice develop foot process effacement 

initially then FSGS subsequently on biopsy when the disease is induced(44). Certainly, some 
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of the iPod NPHS2fl/fl mice that were recruited to the experiment where AAV was delivered 

showed findings consistent with FSGS.  

 

6.5 AAV2/9 expressing wild type podocin reduces proteinuria and 

improves survival in conditional podocin knockout mice 

AAV 2/9 expressing wild type podocin under the minimal mouse or human nephrin promoter 

partially rescues the phenotype in the conditional podocin knockout mouse model. 

Expression of the HA-tagged podocin is seen in the glomerulus, with a transduction efficiency 

of about 10%. Mice treated with the vector showed a significant reduction in albuminuria, a 

significant improvement in survival, and improvements in plasma creatinine, urea, 

cholesterol and albuminuria. There was a degree of variability in efficacy of the vector, which 

could be partially due to the amount of virus that reached the glomerulus, and the mixed 

background of the mice. 

These results are supported by in vitro results using the conditionally immortalised R138Q 

human podocyte as a model. AAV LK03 expressing human podocin demonstrates that the 

HA-tagged podocin is able to localise to the plasma membrane in the mutant R138Q cell line, 

and that this partially rescues adhesion.  

Overall, it is highly promising AAV expressing podocin improves the phenotype in the 

conditional podocin knockout mouse model and the R138Q human podocyte cell line. Next 

steps in vivo would be to test the vector at lower doses, to introduce the vector after 

induction of the disease when the mice are nephrotic, and also to test it in the podocin 

conditional knockin (R140Q) mouse model. Using the lowest dose possible would be 

important as vector production is costly, and higher doses could potentially be more toxic 

and immunogenic. Testing the vector after induction of disease when the mice are nephrotic, 

would make this more clinically relevant, where mice are only treated after they become ill. 

The conditional knockin (R140Q) mouse model is the mutation analogous to the R138Q 

podocin human mutation, which is the commonest mutation seen in children. Currently we 

have tested the vector in conditional podocin knockout mice, which is similar to truncating 

mutations. Although the in vitro model suggests that the vector would still be effective when 

used on podocytes with a missense mutation, it would be judicious to test the vector on the 
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missense mutation R140Q in vivo to ensure the vector is still effective when there is a faulty 

protein being produced.  

 

6.6 Conclusions and future work 

AAV here has been used to first successfully transduce the human podocyte using AAV LK03, 

and the mouse podocyte using AAV 2/9. Here we have shown that the vector expressing wild 

type podocin can partially functionally rescue both the in vitro human model and the in vivo 

mouse model. Future and ongoing work in mice include testing a lower dose of virus, 

injecting virus after onset of nephrotic syndrome and testing the virus in the conditional 

R140Q mouse model. One of the important steps in progressing translation of gene therapy 

would be to test the vector in a large animal model. There is no large animal genetic model 

of nephrotic syndrome that would enable us to test this in a relevant model. After consulting 

with Catapult Cell and Gene Therapy and the Medicines and Healthcare Products Regulatory 

Authority (MHRA), it has been decided that one of the next important steps is to deliver the 

vector (AAV LK03 hNPHS1 hpod) directly to the kidney (renal artery injection) in a large 

animal model (piglets) to check for podocyte specificity, biodistribution, immune responses 

and toxicity.  

To continue to test AAV for podocyte gene therapy using a mouse model, it would be prudent 

to find an AAV serotype that was less hepatotropic and with better podocyte transduction in 

mice so that potential genes of interest could be tested more easily. As more serotypes are 

generated, these should be systematically tested to check for those with more affinity for 

the podocyte. Another avenue that is important would be to check for transduction of 

human podocytes in vivo. With current advances in regenerative medicine, it would be ideal 

if a kidney xenotransplant model (e.g. with a human kidney organoid inserted into a mouse 

kidney) could be used to test for human podocyte transduction in an in vivo system. One of 

the difficulties with using mouse models is that AAV serotypes show different affinities for 

human and mouse cell types. Here we showed that AAV LK03 had preferential transduction 

of human podocytes in vitro, compared to mouse podocytes. With a vascularised kidney 

xenotransplant model, we could test whether AAV LK03 (or other serotypes that have a 

preference for human cell types) would transduce human podocytes preferentially after a 

systemic intravenous transduction route. One of the main drawbacks is that this system 

would not contain any human hepatocytes, which would be one of the main cell types that 
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AAV LK03 would likely preferentially transduce in a human. It was very interesting that AAV 

LK03 also transduced human proximal tubular epithelial cells very effectively suggesting that 

AAV could be used to target the proximal tubular cells to treat relevant disorders e.g. 

polycystic kidney disease.  

In summary, this work is an important step in progressing kidney gene therapy using adeno-

associated virus. This proof of concept work can be used to subsequently develop kidney 

gene therapy with translation in mind by progressing to larger animal models, and has also 

been useful in informing next steps in potentially developing AAV gene therapy for other 

genetic kidney diseases.  
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Chapter 8: Appendix—Vector maps and cloning 

strategy 

The AAV constructs were all cloned from pAV CMV GIL (kind gift of Professor Amit Nathwani, 

University College London) as the main vector backbone (Figure 8.1). The minimal human 

nephrin and minimal mouse nephrin promoters were then cloned into the above construct 

by Academic Foundation Trainee Patrick Walsh using the MfeI and AflII cut sites, using PCR 

to tag the promoters with the appropriate restriction sites (Figure 8.2).  Important 

components of all constructs cloned were Sanger sequenced (e.g. entire podocin sequence 

and promoter sequences) to confirm sequence (Sequencing primers in Table 8.7). All 

plasmids were restricted with SmaI to check for integrity of AAV ITRs.   

 

Figure 8.1 pAV CMV GIL.  

This is the vector backbone plasmid for all AAV constructs in this thesis. This 

contains ITRs from AAV2, a CMV promoter, eGFP transgene, IRES  (Internal 

Ribosome entry site) which allows translation in a cap-independent manner, 

L22Y which is a methotrexate resistance gene, and bGHpA which is a bovine 

growth hormone polyadenylation signal. The presence of IRES enables the 

single promoter to result in transcription of eGFP and L22Y, but the two 

proteins are then translated as two separate proteins.  
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Figure 8.2 pAAV H.Neph minimal promoter and pAAV Mouse Nephrin 

minimal promoter 

The above plasmids were cloned by Academic Foundation Trainee Patrick 

Walsh so that the eGFP was driven either by the minimal human nephrin or 

minimal mouse nephrin promoter.  

 



 

 165 

8.1 Cloning pAAV.CMV.GFP.WPRE.bGH  

Here we replaced the IRES and L22Y components of the pAV CMV GIL plasmid with WPRE. 

This was cloned by restriction enzyme digest and ligation, where pAV CMV GIL and pLenti-

Linker (kind gift of Professor Harry Mellor, University of Bristol) (Figure 8.3) were both 

digested with SbfI and PspXI. PspXI has 2 restriction sites on pAV CMV GIL, the first being just 

after the SbfI cut site and the second being just after the end of L22Y.  This cut out the WPRE 

sequence within pLenti-Linker, and cut out the methotrexate resistance gene out of pAV 

CMV GIL. The restricted plasmids were run on a 1% agarose gel, and the relevant band was 

excised and gel purified. Fragments were ligated to generate pAAV.CMV.GFP.WPRE.bGH 

(Figure 8.4). 

 

Figure 8.3 pLenti-Linker 

This plasmid was used to obtain the WPRE sequence. 

 

8.2 Cloning pAAV.hNPHS1.GFP.WPRE.bGH  

This plasmid was cloned using the restriction enzymes SbfI and PspXI (in a similar manner to 

cloning pAAV.CMV.GFP.WPRE.bGH above) using the plasmid in Figure 8.2 (pAAV H.Neph 

minimal promoter) and pLenti-Linker. The aim of this step was to remove the methotrexate 

resistance gene L22Y and insert WPRE. The resultant plasmid is shown in Figure 8.4. 
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Figure 8.4 pAAV.CMV.GFP.WPRE.bGH & pAAV.hNPHS1.WPRE.bGH 
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8.3 Cloning pAAV.mNPHS1.GFP.WPRE.bGH  

The aim of this step was to remove the methotrexate resistance gene L22Y and insert WPRE. 

This was cloned using PCR using the primers in Table 8.1 with pLenti-Linker. The vector 

backbone (pAAV Mouse Nephrin minimal promoter, Figure 8.2) and the PCR product were 

both restricted with PspXI and PmeI, and the vector backbone was then ligated to the PCR 

product. Resultant plasmid is shown in Figure 8.5. 

Table 8.1 Primers for cloning pAAV.mNPHS1.GFP.WPRE.bGH 

WPRE PspXI F’ GATCGCTCGAGGCTTATCGATAATCAACCTCTGG 

WPRE PmeI R’ GATCGTTTAAACTATCGATGCGGGGAGGCG 

 

 

 

Figure 8.5 pAAV.mNPHS1.GFP.WPRE.bGH 
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8.4 Cloning pAAV.hNPHS1.GFP.bGH 

The aim here was to remove WPRE to test whether WPRE was required within our expression 

system. This plasmid was cloned simply by using the restriction enzyme PspXI on the plasmid 

pAAV H.Neph minimal promoter (Figure 8.2). This restriction enzyme has 2 cut sites on this 

plasmid, with 1 site just prior to IRES and the other site just after L22Y. The product was run 

on a 1% agarose gel, and the larger band was gel purified. This was then ligated to allow the 

ends on the vector backbone to join. The resultant plasmid is shown in Figure 8.6. 

 

Figure 8.6 pAAV.hNPHS1.GFP.bGH 
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Figure 8.7 pAAV.hNPHS1.hpodHA.WPRE.bGH 

Final plasmid with no exon 1 of nephrin.  

8.5 Cloning pAAV.hNPHS1.hpodHA.WPRE.bGH 

This construct was cloned using a modified Gibson Assembly. The vector (pAAV H.Neph 

minimal promoter Figure 8.2) was cut using EcoRI and EcoRV and run on a 1% agarose gel. 

The longer vector backbone was gel purified. The inserts for Gibson Assembly were then 

generated using PCR using the primers (Podocin HA F’ and Podocin HA R’; GibWPRE F’ and 

GibWPRE R’) in Table 8.2. The fragments were PCR purified then combined with the digested 

vector backbone with the Gibson Assembly Master Mix and incubated at 50C for 45 

minutes. 1l was then taken for bacterial transformation. Several colonies were grown in 

liquid culture, plasmid DNA was extracted and digested to check for correctly assembled 

plasmid. The intact assembled plasmid was used for initial experiments but consistently 

expressed protein of two sizes (two bands on western blot). On closer analysis of the minimal 

human nephrin promoter, the sequence from exon 1 of nephrin was found at what was 

thought to be the 3’ end of the promoter, which could explain why 2 bands were seen on 

western blot. This was taken out of the construct by digesting the backbone with MfeI and 
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AflII, and using PCR to amplify the minimal human nephrin promoter (without exon 1 of 

nephrin) tagged with the correct restriction sites using the primers in  

Table 8.3. After restriction with MfeI and AflII, the vector and insert were ligated overnight 

at 15C. Final plasmid is shown in Figure 8.7. 

Table 8.2 Primers used to generate fragments for Gibson Assembly for 

pAAV.hNPHS1.hpodHA.WPRE.bGH, pAAV.hNPHS1.mpodHA.WPRE.bGH, 

and pAAV.mNPHS1.mpodHA.WPRE.bGH 

Red denotes the overlapping sequence between podocin and the vector 

backbone, underlined red is a SpeI restriction site, pink is a MluI restriction 

site, blue denotes the Kozak sequence inserted before the start of podocin, 

orange denotes the sequence of the HA Tag, orange with yellow combined is 

the overlapping sequence between podocin HA and WPRE, and purple is the 

overlapping sequence between WPRE and vector backbone.  

Primers for human podocinHA: 

Podocin HA F’   AGTCCAGTGTGGTGGGTCGCCACCATGGAGAGGAGGGCG 

Podocin HA R’ CGTCTAAGCGTAATCTGGAACATCGTATGGGTATAACATGGGAGAGTCTTTCTTTT

TAGG 

Primers for mouse podocinHA: 

Gib mpodocin HA F’   GTACCGAGCTCGGATCCACTAGTACGCGTGTCGCCACCATGGACAGCAGGGCGC 

Gib mpodocin HA R’ CGTCTAAGCGTAATCTGGAACATCGTATGGGTATAACATAGGAGAGTCCTTCTTT 

Primers for WPRE (same primers used for generating fragments for 

pAAV.hNPHS1.hpodHA.WPRE.bGH and pAAV.hNPHS1.mpodHA.WPRE.bGH): 

GibWPRE F’ GTTATACCCATACGATGTTCCAGATTACGCTTAGACGACTAGTCATATGCC 

GibWPRE R’ GCCACTGTGCTGGATGCGGGGAGGCGG 

 

Table 8.3 Primers for cloning by PCR for excising exon 1 of nephrin from 

pAAV.hNPHS1.hpodHA.WPRE.bGH.  

HNMfeIfor  GCCCAATTGCACCTGAGGTCAGGAGTTCG 

HNAflII rev GATCCTTAAGCACAGGTCCCCCTACTGTGACC 
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Table 8.4 Primers for cloning by PCR for excising exon 1 of nephrin from 

pAAV.hNPHS1.mpodHA.WPRE.bGH. 

MNMfeI for GACCCAATTGGAGGTGAGAGGTTTGTAGGG 

MNAflII rev GATCCTTAAGCACCAGCAGCTTGTTTGTTGCT 

 

 

Figure 8.8 pAAV.hNPHS1.mpodHA.WPRE.bGH 

Final plasmid which does not contain exon 1 of nephrin 

8.6 Cloning pAAV.hNPHS1.mpodHA.WPRE.bGH 

This construct was cloned using a modified Gibson Assembly in a similar manner to 

pAAV.hNPHS1.hpodHA.WPRE.bGH. The vector (pAAV H.Neph minimal promoter Figure 8.2) 

was cut using SpeI and EcoRV. This was run on a 1% agarose gel and the longer fragment gel 

purified. The inserts for Gibson Assembly were then generated using PCR using the relevant 

primers (Gib mpodocin HA F’ and Gib mpodocin HA R’;GibWPRE F’ and GibWPRE R’) in Table 

8.2. The PCR products were PCR purified. The inserts were then mixed with the vector and 

the Gibson Assembly Master Mix and incubated at 50C for 45 minutes. Again, it was found 
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that this construct contained exon 1 of nephrin at the 3’ end of what was thought to be the 

promoter. This was taken out of the construct by digesting the backbone with MfeI and AflII, 

and using PCR to amplify the minimal human nephrin promoter (without exon 1 of nephrin) 

tagged with the correct restriction sites using the primers in  Table 8.4. After restriction with 

MfeI and AflII, the vector and insert were ligated overnight at 15C. Final plasmid is shown 

in Figure 8.8. 

8.7 Cloning pAAV.mNPHS1.mpodHA.WPRE.bGH 

This construct was again cloned using a modified Gibson Assembly in a similar manner to 

pAAV.hNPHS1.hpodHA.WPRE.bGH. The vector (pAAV Mouse nephrin minimal promoter 

Figure 8.2) was cut using SpeI and EcoRV. This was run on a 1% agarose gel and the longer 

fragment gel purified. The inserts for Gibson Assembly were then generated using PCR using 

the relevant primers (Gib mpodocin HA F’ and Gib mpodocin HA R’; GibWPRE F’ and GibWPRE 

R’) in Table 8.2. The PCR products were PCR purified. The inserts were then mixed with the 

vector and the Gibson Assembly Master Mix and incubated at 50C for 45 minutes. Final 

plasmid is shown in Figure 8.9.  

 

Figure 8.9 pAAV.mNPHS1.mpodHA.WPRE.bGH 
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8.8 Cloning pAAV.CMV.LacZ.SV40pA 

This plasmid was cloned using pAV CMV GIL and pAAV RnLacZ (kind gift of Professor Amit 

Nathwani, University College London)(Figure 8.10).  The LacZ and SV40 poly(A) were 

amplified from pAAV RnLacZ using the primers LacZF and LacZSV40R (Table 8.5). Both the 

PCR product and pAV CMV GIL were restricted with the enzymes NheI and NsiI. The vector 

and insert were then ligated at 15C overnight. The resultant plasmid is shown in Figure 8.11. 

Table 8.5 Primers used for cloning pAAV.CMV.LacZ.SV40pA 

LacZF GATCGCTAGCATGGATAAAGTTTTCCGG 

LacZSV40R GATCATGCATCAGGATCCAGACATGATA 

 

 

Figure 8.10 pAAV RnLacZ 
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Figure 8.11 pAAV.CMV.LacZ.SV40pA 

 

8.9 Cloning pAAV.hNPHS2.LacZ.SV40pA 

The plasmid (Lightswitch NPHS2 Luc, Figure 8.12) containing the promoter sequence for 

hNPHS2 was obtained from Active Motif (La Hulpe, Belgium). This was amplified and tagged 

with restriction sites using PCR with the primers in Table 8.6. The restriction enzymes MfeI 

and NheI were then used to restrict the PCR product as well as the plasmid 

pAAV.CMV.LacZ.SV40pA (Figure 8.11). The vector and insert were then ligated at 15C 

overnight. The resultant plasmid is shown in Figure 8.13.  

Table 8.6 Primers used for cloning pAAV.hNPHS2.LacZ.SV40pA 

MfeINPHS2F GATCCAATTGGAAAGTTGGGGATGAGGCGA 

NheINPHS2R GATCGCTAGCCCTCCTCTCCATCCTCAGAG 
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Figure 8.12 Lightswitch NPHS2 Luc 

 

Figure 8.13 pAAV.hNPHS2.LacZ.SV40pA 
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Table 8.7 Sequencing primers 

CMV F CGCAAATGGGCGGTAGGCGTG 3’ end of CMV 

promoter 

Human Neph 5’UTR 

F 

CAGTAGGGGGACCTGTGATG 3’ end of human 

nephrin promoter 

hNPHS1 prom R GTCTCACTATGTTGGCCAGGTT 3’ end of human 

nephrin promoter 

LacZ R GTAAAACGACGGCCAGTGC 5’ end of LacZ 

eGFP rev GTCCAGCTCGACCAGGAT 5’ end of eGFP 

Micol’s mpod F GCATCAAGCCCTCTGGATTAG 5’ end of mouse 

podocin 

Micol’s mpod R AGACGGAGATCAACCTTGTGATA 5’ end of mouse 

podocin 

WPRE rev CATAGCGTAAAAGGAGCAACA 5’ end of WPRE 

bGH rev TAGAAGGCACAGTCGAGG 5’ end of WPRE 

 

 


