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OVERLINE:  KIDNEY DISEASE 

 

One Sentence Summary: Adeno-associated virus gene therapy partially rescues function in 

genetic models of nephrotic syndrome both in vitro and in vivo.  

 

  



 

 

Abstract: Gene therapy for kidney diseases has proven challenging. Adeno-associated virus 

(AAV) is used as a vector for gene therapy targeting other organs, with particular success 

demonstrated in monogenic diseases. We aimed to establish gene therapy for the kidney by 

targeting a monogenic disease of the kidney podocyte. The most common cause of childhood 

genetic nephrotic syndrome are mutations in the podocyte gene NPHS2, encoding podocin. 

We used AAV-based gene therapy to rescue this genetic defect in human and mouse models 

of disease. In vitro transduction studies identified the AAV-LK03 serotype as a highly 

efficient transducer of human podocytes. AAV-LK03-mediated transduction of podocin in 

mutant human podocytes resulted in functional rescue in vitro, and AAV 2/9 mediated gene 

transfer in both the inducible podocin knock-out and knock-in mouse models resulted in 

successful amelioration of kidney disease. A prophylactic approach of AAV 2/9 gene transfer 

before induction of disease in conditional knock-out mice demonstrated improvements in 

albuminuria, plasma creatinine, plasma urea, plasma cholesterol, histological changes and 

long-term survival. A therapeutic approach of AAV 2/9 gene transfer two weeks after disease 

induction in proteinuric conditional knock-in mice demonstrated improvement in urinary 

albuminuria at day 42 and 56 after disease induction, and corresponding improvements in 

plasma albumin. Therefore, we have demonstrated successful AAV-mediated gene rescue in 

a monogenic renal disease and established the podocyte as a tractable target for gene therapy 

approaches. 



 

 

INTRODUCTION 

Adeno-associated virus (AAV) is a small 20nm parvovirus that is predominantly 

episomal, has relatively low immunogenicity and transduces both proliferating and 

differentiated cells, making it an ideal vector for gene therapy. Gene therapy using AAV has 

seen many successes in targeting monogenic diseases in many organs, including hemophilia 

(1–3) for the liver, Leber’s congenital amaurosis (4) for the eyes, and spinal muscular atrophy 

(5) for the neuromuscular system. AAV has shown effective transduction in these organs, and 

long-term gene expression has been seen beyond three years post-transduction (6) in humans. 

However, to date, there have been no successful attempts at treating human monogenic 

kidney disease. AAV has been used to transduce the rodent kidney (7, 8), mostly through 

transduction of tubular epithelial cells (9–13),with occasional observations of glomerular and 

podocyte transduction (9, 10, 12–15). AAV Anc80, a synthetic capsid, has also been shown 

to transduce kidney mesenchymal cells effectively (16). Dosing in these studies ranged from 

5x1010 to 8.4x1012 vector genomes (vg) per mouse, where the highest dose administered was 

of AAV 2/9 to a pregnant mouse and both she and her offspring showed expression in 

podocytes (10). In theory the podocyte is an ideal target for AAV transduction, because it has 

cell-specific promoters and it is terminally differentiated, meaning that long-term gene 

expression is plausible. 

Idiopathic nephrotic syndrome is a heterogeneous disease resulting in marked 

proteinuria, hypoalbuminemia and edema. Central to its pathogenesis is podocyte dysfunction 

and resultant disruption of the glomerular filtration barrier (GFB) (17). About 10% of 

children with nephrotic syndrome have a steroid-resistant form of the disease, which has a 

high morbidity. Many of these children progress to end-stage renal disease, requiring renal 

replacement therapy or transplantation in childhood (18). About one third of cases of 

childhood steroid-resistant nephrotic syndrome (SRNS) are genetic (18–20). Of these, the 



 

 

most common mutations in childhood are in NPHS2, encoding podocin, accounting for 10-

30% of sporadic genetic cases (21). Currently, there is no effective targeted treatment for the 

majority of children with genetic nephrotic syndrome (22–24). As such, there is an unmet 

need for medical therapies for these children.  

Podocin is a 42kDa hairpin-like membrane-associated podocyte-specific protein that 

is a key component of the protein complex at the slit diaphragm, the cell-cell junction 

between adjacent podocyte foot processes (25). It localises to lipid rafts at the plasma 

membrane (26) and interacts with other important slit diaphragm proteins including nephrin, 

CD2AP (CD2-Associated Protein) and TRPC6 (Transient Receptor Potential Cation Channel, 

subfamily C, member 6) (27). It is essential in the maintenance of the slit diaphragm and 

consequently the integrity of the GFB. There are 126 pathogenic mutations reported in this 

protein to date (21), but the most common mutation is R138Q, which causes mislocalization 

of podocin to the endoplasmic reticulum (28). Both the inducible podocin knock-out and 

podocin mutation knock-in mouse models recapitulate the human disease well, developing 

proteinuria within eight to fourteen days of induction (29, 30). The inducible podocin knock-

out model has loxP sites flanking exon 2 of NPHS2, and the doxycycline-induced expression 

of podocyte specific Cre-recombinase results in deletion of this exon, resulting in a podocin 

knock-out (29). The inducible podocin knock-in model has the floxed exon 2 of NPHS2 on 

one allele and R140Q NPHS2 (analogous to the missense mutation R138Q podocin in 

humans) on the other allele (30). Doxycycline induction in this mouse results in excision of 

the wild-type allele, and therefore the expression of only R140Q podocin, which is retained in 

the endoplasmic reticulum.  Both mouse models demonstrate progression to renal failure, 

hyperlipidaemia, hypertension and reduced survival (29). The histological findings include 

early foot process effacement on electron microscopy with little change on light microscopy, 

and eventual progression to focal segmental glomerulosclerosis (FSGS) (29).   



 

 

Gene therapy for SRNS would need to transduce the podocyte effectively, express 

specifically in the podocyte and demonstrate long-term expression. Here, we aimed to 

identify an AAV serotype that transduces the podocyte effectively, test previously described 

podocyte-specific promoters within the AAV system, and test AAV-expressing wild type 

podocin in genetic models of nephrotic syndrome.  

 

  



 

 

RESULTS 

AAV-LK03 serotype with a constitutive cytomegalovirus (CMV) promoter or a minimal 

human nephrin promoter (hNPHS1) transduces human podocytes but not mouse 

podocytes efficiently in vitro 

First, we compared the constitutive CMV promoter versus a minimal human nephrin 

(podocyte-specific) promoter, hNPHS1 (31), using a green fluorescent protein (GFP) reporter 

as the readout. AAV-LK03 CMV GFP and AAV-LK03 hNPHS1 GFP WPRE (Fig. 1A) were 

used to transduce human podocytes (Pod), human glomerular endothelial cells (GEnC) and 

human proximal tubular epithelial cells (PTEC) at a multiplicity of infection (MOI) of 5x105. 

WPRE is the Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element, which can 

increase transgene expression (32–35). Immunofluorescence (Fig. 1, B to D) and Western 

blot (Fig. 1E) demonstrated GFP expression in all three cell types for AAV-LK03 CMV GFP 

with only human podocytes showing GFP expression for AAV-LK03 hNPHS1 GFP WPRE. 

Flow cytometry (n=3) showed that AAV-LK03 CMV GFP had highly efficient expression in 

human podocytes (% GFP expression=98.83±0.84), AAV-LK03 hNPHS1 GFP WPRE had 

good expression (% GFP expression=71.3±3.39), and untransduced cells had poor expression 

(% GFP expression=0.89±0.36) (Fig. 1F). Although the proportion of cells positive for GFP 

expression was fairly high in human podocytes transduced with AAV-LK03 hNPHS1 GFP 

WPRE, the cells had a lower median fluorescence intensity than those transduced with AAV-

LK03 CMV GFP (Fig. 1G). AAV-LK03 CMV GFP also showed efficient transduction of 

human proximal tubular epithelial cells (% GFP expression=96.81±0.86), but minimal 

expression was seen using AAV-LK03 hNPHS1 GFP WPRE (% GFP expression=3.96±1.56) 

(Fig. 1F). AAV-LK03 CMV GFP showed markedly lower transduction in human glomerular 

endothelial cells (% GFP expression=7.35±0.19). AAV-LK03 hNPHS1 GFP WPRE showed 



 

 

minimal transduction in human glomerular endothelial cells (% GFP expression=0.59±0.10), 

similar to untransduced human glomerular endothelial cells (% GFP expression=0.23±0.02) 

(Fig. 1F).  

Because AAV 2/9 has demonstrated good transduction in kidney cells in vivo in 

rodent kidneys (9, 10), we tested the expression of AAV 2/9 CMV GFP on human kidney cell 

lines. AAV 2/9 CMV GFP showed low transduction efficiency in both human podocytes (% 

GFP expression= 13.9±1.98) and human glomerular endothelial cells (% GFP 

expression=21.99±4.35) (Fig. 1F). WPRE was included in all constructs used for in vivo 

work, because omission of this element resulted in a decrease in gene expression in human 

podocytes in vitro, both on flow cytometry (% GFP expression AAV-LK03 hNPHS1 GFP 

WPRE= 71.30±3.39 versus AAV-LK03 hNPHS1 GFP=45.93±4.34, n=3) and western blot 

densitometry (Fig. 1, F to H).  

Next, we tested AAV 2/9 and AAV-LK03 on mouse podocytes in vitro. Mouse 

podocytes demonstrated a different transduction profile from human podocytes. AAV 2/9 

CMV GFP on mouse podocytes (% GFP expression=16.26±3.89) showed that nearly three 

times the number of cells had GFP expression compared to AAV-LK03 CMV GFP (% GFP 

expression=6.024±1.31) (Fig. 1I).  

 

AAV-LK03-expressing human podocin demonstrates functional rescue in the mutant 

podocin R138Q human podocyte cell line 

Next, we introduced wild-type human podocin into podocin-mutant human podocytes. 

Podocin normally moves through the endoplasmic reticulum to reach the plasma membrane, 

where it is associated with other membrane proteins like nephrin (26, 28). In the R138Q 

podocin mutant, podocin is retained in the endoplasmic reticulum, and does not reach the 



 

 

plasma membrane (28). Previously, mutant podocin homozygous R138Q podocyte cells were 

derived from a patient nephrectomy specimen and conditionally immortalised using the 

temperature sensitive SV40 T antigen (36). AAV-LK03 hNPHS1 hpod (Fig. 2A) transduced 

both conditionally immortalised R138Q and wild type (WT) human podocytes and expressed 

Haemagglutinin (HA)-tagged podocin (Figure 2, B to G). HA-tagged podocin was seen at the 

plasma membrane on confocal microscopy (Fig. 2, B, C and E, white arrow) and colocalised 

with caveolin-1, a lipid raft protein, as seen on TIRF (Total Internal Reflection Fluorescence) 

microscopy (Fig. 2,D and F). Untransduced R138Q human podocytes did not show any 

podocin expression at the plasma membrane (Fig. 2, B and F). Wild type human podocytes 

showed a small amount of podocin expression at the plasma membrane, and this was 

increased in transduced WT human podocytes (Fig. 2E, white arrow showing plasma 

membrane expression). HA-tagged podocin colocalized with calnexin, an endoplasmic 

reticulum marker, but also showed expression at the plasma membrane (Fig. 2, C and F white 

arrow to show plasma membrane expression). This is consistent with podocin processing and 

trafficking, via the endoplasmic reticulum to the plasma membrane.   

Podocytes have demonstrated alterations in adhesion in diseased states. R138Q 

human podocytes showed reduced adhesion compared to wild type human podocytes 

transduced with control virus. Transduction with AAV-LK03 hNPHS1 hpod resulted in a 

partial rescue of adhesion of R138Q human podocytes, demonstrating a partial degree of 

functional rescue (Fig. 2H).   

 

Inducible podocin knock-out mice demonstrate features of nephrotic syndrome 

The Pod-rtTA TetO-Cre NPHS2fl/fl mice (inducible podocin knockout nephrotic mice) 

were tested to check that they developed the expected phenotype as described in (29). 



 

 

Controls were littermates with the full genotype who received 5% sucrose as drinking water 

(no doxycycline controls), and littermates who were either lacking the Pod-rtTA or TetO-Cre 

genes (incomplete genotype controls) who were given doxycycline water. Mice were culled 

when they showed severe signs of illness (Bristol Generic Welfare Score Sheet, and in 

discussion with Named Animal Care & Welfare Officer). Mice who were otherwise clinically 

well were culled at 25 weeks post initiation of doxycycline.  

The effect of the correct genotype with administration of doxycycline on urinary 

albumin creatinine ratio (ACR) was significant (Fig. 3A, two-way ANOVA, P<0.0001, 

n=4/group). The increase in urinary ACR is significant by day 21 (Fig. 3A, Pod-rtTA TetO 

Cre NPHS2fl/fl + doxycycline= 10,759.7±2388.5mg/mmol, Pod-rtTA TetO Cre NPHS2fl/fl – 

doxycycline= 3.4±0.9mg/mmol, and incomplete genotype + doxycycline= 4.6±1.1mg/mmol, 

P<0.05, n=4/group). Mice in the two control groups continued to have low urinary ACRs 

until they were culled 25 weeks post induction with doxycycline (Pod-rtTA TetO Cre 

NPHS2fl/fl – doxycycline= 27.0±16.0mg/mmol, incomplete genotype + doxycycline= 

13.8±7.6mg/mmol).  

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 25 weeks post doxycycline. 

This reduction in survival was significant (Fig. 3B, Log-rank (Mantel-Cox) test, P=0.0012, 

n=4/group). 

Pod-rtTA TetO-Cre NPHS2fl/fl mice  given doxycycline showed a raised plasma 

creatinine at 10 weeks post induction (Fig. 3C, one-way ANOVA, P=0.035, n=2-4/group). 

These mice had a significantly raised creatinine (Fig. 3D, one-way ANOVA, P =0.031, n=2-

4/group), urea (Fig. 3E, one-way ANOVA, P <0.001, n=2-4/group) and cholesterol (Fig. 3F, 

one-way ANOVA, P =0.0064, n=2-4/group) at death.  



 

 

Kidney histology of Pod-rtTA TetO-Cre NPHS2fl/fl mice given doxycycline showed 

glomeruli that were diffusely and globally sclerosed. Tubular atrophy and dilatation, along 

with interstitial fibrosis was also observed. Control mice showed normal kidney histology 

(Fig. 3G). 

 

Intravenous injection of AAV serotype 2/9 demonstrates transduction of the podocyte 

Next, we tested efficiency of transduction of HA-tagged podocin in vivo, comparing 

either a human nephrin or mouse nephrin promoter construct. Here, we switched to using 

AAV 2/9 because our in vitro data on mouse podocytes above (Fig. 1I) suggested superior 

transduction efficiency when comparing AAV 2/9 to AAV-LK03, and the published literature 

has also demonstrated expression in the glomerulus using AAV 2/9 (9, 10, 12, 13). At 8 

weeks of age, Pod-rtTA TetO-Cre NPHS2fl/fl mice were administered 1.5 x 1012 vg (about 6 x 

1013vg/kg) via tail vein of either AAV 2/9 hNPHS1.mpod or AAV2/9 mNPHS1.mpod or 

saline (Fig. 4, A and B). Both minimal mouse and human nephrin promoters were tested in 

this experiment, because it was uncertain if both promoters were equally efficacious in mice. 

Eight weeks later, AAV ITRs (inverted terminal repeat) were detected in the kidney cortex of 

mice injected with AAV (AAV 2/9 hNPHS1.mpod=39,067±13,285 copies ssDNA per 50ng 

DNA, AAV 2/9 mNPHS1mpod=76,533.33±32047 copies ssDNA per 50ng DNA, n=5-

6/group) (Fig. 4C). Mice injected with AAV vector demonstrated increased podocin mRNA 

and increased HA-tagged podocin mRNA (Fig. 4, D and E). HA-tagged podocin was shown 

to co-localize with the podocyte markers nephrin and podocin (Fig.  4F). Pod-rtTA TetO-Cre 

NPHS2fl/fl mice that were administered saline showed a loss of podocin and a diffuse pattern 

of nephrin staining (Fig. 4G). This is in stark contrast to the membrane localized pattern seen 

for both proteins in AAV-treated Pod-rtTA TetO-Cre NPHS2fl/fl mice (Fig. 4F). Transduction 

efficiency calculated by quantification of HA-tag immunofluorescence (n=3) was 



 

 

0.109±0.053 for AAV 2/9 hNPHS1.mpod and 0.115±0.029 for AAV 2/9 mNPHS1.mpod 

(Fig. 4H). 

 

AAV2/9 expressing wild type podocin administered prior to disease induction partially 

reduces albuminuria and improves the phenotype in inducible podocin-knockout nephrotic 

mice 

To maximise the effect of the AAV gene therapy, we initially used a prophylactic 

approach where AAV 2/9-expressing wild type podocin was administered systemically 

before disease induction with doxycycline. Doxycycline induction of podocin gene knock out 

commenced 10-14 days after AAV tail vein injection in Pod-rtTA TetO-Cre NPHS2fl/fl mice 

(Fig. 4B). Groups treated with AAV 2/9 hNPHS1.mpod or AAV 2/9 mNPHS1.mpod showed 

a significant reduction in albuminuria at days 14, 28 and 42 after onset of doxycycline 

induction (Fig. 5, A and B). At 14 days after induction, the urinary albumin: creatinine ratio 

(ACR) was significantly higher in the saline group than either of the vector treated groups 

(Fig. 5A, saline = 3,770.1±1337.6 mg/mmol, AAV 2/9 hNPHS1.mpod = 758.1±488.1 

mg/mmol, AAV 2/9 mNPHS1.mpod = 59.8±28.0 mg/mmol, one-way ANOVA P=0.0091, 

Dunnett’s multiple comparisons, AAV 2/9 hNPHS1.mpod vs saline P=0.0297, AAV 2/9 

mNPHS1.mpod vs saline P=0.0075, n=9 per group). There was a significant reduction in 

urinary ACR in the vector-treated groups at day 28 (Fig. 5A, saline = 10,198±3,189.5 

mg/mmol, AAV 2/9 hNPHS1.mpod = 3,083.0±932.8 mg/mmol, AAV 2/9 mNPHS1.mpod = 

2,195.1±778.9 mg/mmol, one-way ANOVA P=0.0158, Dunnett’s multiple comparisons, 

AAV 2/9 hNPHS1.mpod vs saline P=0.0323, AAV 2/9 mNPHS1.mpod vs saline P=0.0158, 

n=9 per group) and day 42 (Fig. 5A, saline = 13,488.8±3,877.3 mg/mmol, AAV 2/9 

hNPHS1.mpod = 3,266.8±1,212.2 mg/mmol, AAV 2/9 mNPHS1.mpod =3,553.3±1,477.87 



 

 

mg/mmol, one-way ANOVA P=0.0113, Dunnett’s multiple comparisons, AAV 2/9 

hNPHS1.mpod vs saline P=0.0149, AAV 2/9 mNPHS1.mpod vs saline P=0.0179, n=9 per 

group). In the vector-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 vector-treated groups showed an improvement, there was a large 

degree of variation within the groups which we hypothesised might be attributable to amount 

of vector that reached the kidney after a systemic injection. Consistent with this, the amount 

of viral DNA detected in kidney cortex showed a weak though significant inverse correlation 

with the degree of albuminuria at days 28 (Fig. 5C, Spearman r=-0.4965, P=0.0306) and 42 

(Fig. 5D, Spearman r= -0.4596, P=0.0477). 

 

Vector-treated mice showed an improvement in plasma markers of kidney disease. There was 

a significant difference between saline and vector-treated mice for plasma creatinine (Fig. 5E, 

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, one-way ANOVA P=0.0462, Dunnett’s multiple 

comparison, AAV 2/9 mNPHS1 mpod versus saline P<0.05, n=4-5/group), and urea 

concentrations (Fig. 5F, 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, one-way 

ANOVA P=0.041, Dunnett’s multiple comparisons, AAV 2/9 hNPHS1.mpod vs saline 

P<0.05, AAV 2/9 mNPHS1.mpod vs saline P<0.05, n=4-5/group). There was a significant 

reduction in cholesterol concentrations in vector-treated mice (Fig. 5G, 

saline=13.2±2.8mmol/L, AAV 2/9 hNPHS1.mpod=4.4±1.8mmol/L, AAV 2/9 

mNPHS1.mpod=4.86±0.76 mmol/L, one-way ANOVA P=0.0192, Dunnett’s multiple 

comparisons, AAV 2/9 hNPHS1.mpod vs saline p<0.05, AAV 2/9 mNPHS1.mpod vs saline 



 

 

P<0.05, n=3-4/group). There was no significant change in albumin in vector-treated mice 

(Fig. 5H, 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, one-way ANOVA p=0.4097, n=4-5).  

 

Saline-treated mice demonstrated histological features of glomerulosclerosis (Fig. 6A, 

black arrow) by 6 weeks, some of which was diffuse and global. These mice also showed 

tubular atrophy (Fig. 6A, black arrowhead) and interstitial fibrosis. AAV-treated mice 

demonstrated a range of histological findings, from completely normal glomeruli to 

mesangial hypercellularity to a few glomeruli with glomerular sclerosis (Fig. 6, A to D). 

Blinded quantification of the histological sections showed a statistically significantly lower 

proportion of sclerosed glomeruli in AAV-treated mice compared to saline-treated mice (Fig. 

6B, two-way ANOVA, P=0.0004). Dunnett’s multiple comparisons showed significant 

reduction in global sclerosis (AAV 2/9 hNPHS1.mpod vs saline P=0.0012, AAV 2/9 

mNPHS1.mpod vs saline P=0.0188), but no significant difference in segmental sclerosis 

(AAV 2/9 hNPHS1.mpod vs saline P=0.0513, AAV 2/9 mNPHS1.mpod vs saline P=0.0982), 

n=5-6/group), and there was no significant difference in the extent of mesangial 

hypercellularity (Fig. 6C, one-way ANOVA P=0.8825, P=5-6/group). Overall, there was no 

significant difference in interstitial fibrosis (Fig. 6D, one-way ANOVA P=0.0521, n=5- 

6/group), but there was a significant reduction in interstitial fibrosis when comparing AAV 

2/9 hNPHS1.mpod vs saline (Fig. 6D, Dunnett’s multiple comparison P=0.0327). On 

electron micrographs, saline-treated Pod-rtTA TetO-Cre NPHS2fl/fl tended to show podocyte 

loss (Fig. 6E) or extensive foot process effacement. The AAV-treated mice again showed a 

range of findings, with some areas showing complete foot process effacement, whereas other 

areas showed evenly spaced foot processes (Fig. 6E). Overall, there was no significant 

change in number of foot processes per micron GBM (Glomerular Basement Membrane) 



 

 

(Fig. 6F, one-way ANOVA P=0.0503, n=3/group), however there was a significant increase 

when comparing AAV 2/9 hNPHS1.mpod vs saline (Fig. 6F, Dunnett’s multiple comparison 

P=0.0385). 

AAV-treated mice also showed prolonged survival (n=3-4/group), with a median 

survival of 192 days (range 74 to 365 days, mice were culled at 365 days) in AAV 2/9 

hNPHS1.mpod treated mice and median survival of 192 days (range 131 to 365 days, mice 

were culled at 365 days) in AAV 2/9 mNPHS1.mpod treated mice, compared to a median 

survival of 75.5 days (range 38 to 111 days) in the saline group (Log-rank (Mantel-Cox) test, 

P=0.0276). (Fig. 6G) 

 

AAV 2/9- expressing wild type podocin administered after onset of proteinuria partially 

reduces albuminuria and improves the phenotype in inducible podocin knock-in nephrotic 

mice 

Next, we tested AAV2/9 hNPHS1.mpod in inducible R140Q mutant podocin knock-

in mice (Pod-rtTA TetO-Cre NPHS2fl/R140Q) (30). In this hemizygous conditional knock-in 

model, when doxycycline is administered, NPHS2 on one allele is knocked out while the 

other NPHS2 allele with the R140Q mutation is expressed. R140Q podocin is the mouse 

analog of R138Q podocin in humans, which is the most common podocin mutation found in 

childhood nephrotic syndrome (21, 37). Here, two weeks after initiation of doxycycline in 

Pod-rtTA TetO-Cre NPHS2fl/R140Q mice, urine was collected. Proteinuria was confirmed by 

dipstick analysis of 3+ or more. Mice were then administered 1.5 x 1012 vg (about 6 x 

1013vg/kg) of AAV 2/9 hNPHS1.mpod or saline via tail vein injection. (Fig. 7A) We did not 

test AAV 2/9 mNPHS1.mpod in this model, because we had demonstrated equivalence to 



 

 

AAV 2/9 hNPHS1.mpod in the previous experiment, and the minimal human nephrin 

promoter would be more relevant for translation.  

Mice were treated with AAV hNPHS1.mpod or saline at day 14, and a significant 

reduction in urinary albumin: creatinine ratio was seen in treated mice by day 42 [Fig. 7B, 

saline=2,951±1,060 mg/mmol (n=5), AAV 2/9 hNPHS1.mpod= 943.5±335.3 mg/mmol 

(n=9), Unpaired t-test, P=0.0436) and day 56 after initiation of doxycycline (Fig. 7B, 

saline=8,361±4,281 mg/mmol (n=5), AAV 2/9 hNPHS1.mpod=514.1±177.7 mg/mmol (n=9), 

Unpaired t-test, P=0.0261]. Mice in the two groups showed no differences in plasma 

creatinine (Fig. 7C, saline=18.8±1.9μmol/L, AAV 2/9 hNPHS1.mpod=14.4±2.4μmol/L, 

Unpaired t-test P=0.182) and cholesterol concentrations (Fig. 7D, saline=3.2±0.08mmol/L, 

AAV 2/9 hNPHS1.mpod=3.6±0.37mmol/L, Unpaired t-test P=0.152). Treated mice had a 

significantly higher serum albumin concentration (Fig. 7E, saline=26.7±1.0g/L, AAV 2/9 

hNPHS1.mpod=30.8±1.0g/L, Unpaired t-test P=0.0119).  

The histology (Fig. 7F) at 56 days after doxycycline induction demonstrated marked 

glomerulosclerosis (black arrow) and interstitial fibrosis (black arrowhead) in saline-treated 

mice, whereas AAV-treated mice showed less sclerosed glomeruli, with mesangial 

hypercellularity in some glomeruli. On electron microscopy (Fig. 7G), saline-treated mice 

showed widespread foot process effacement (black arrow) while AAV-treated mice showed 

areas of normal foot process morphology (white arrow) alongside areas with foot process 

effacement (black arrow). 

Lastly, HA-tagged podocin was shown to co-localise with podocyte marker nephrin 

(Fig. 8A, top panels). Pod-rtTA TetO-Cre NPHS2fl/R140Q mice that were administered saline 

showed a loss of nephrin staining (Fig. 8A, bottom panels).  

 



 

 

AAV 2/9 expressing wild type podocin under the human minimal nephrin promoter 

demonstrates extra-renal expression in inducible podocin knock-in nephrotic mice  

We tested for specificity of the minimal human nephrin promoter in our inducible 

podocin knock-in mice. We found that the expression of the minimal human nephrin 

promoter is not restricted to the glomerulus. RNAScope, an in situ hybridization assay, was 

used to detect AAV transcripts by using an anti-sense probe for WPRE. This demonstrated 

the presence of transcripts in the kidney glomerulus, as well as in the liver and spleen, though 

not in pancreas (Fig. 8B). qPCR confirmed these findings and demonstrated a mean fold 

change of 10 or above in kidney, liver and spleen (Fig. 8C).  

 



 

 

DISCUSSION 

The podocyte, being a terminally differentiated cell, is in theory an excellent target for 

gene therapy, as gene transfer can be lifelong. Our study demonstrates that potential, as 

important proof of concept for a translational gene therapy program.  

Here we tested AAV-LK03 on kidney cells, showing high transduction in human 

podocytes and proximal tubular cells. Lisowski et al demonstrated that AAV-LK03 

transduced human hepatocytes highly efficiently, but transduced mouse hepatocytes poorly 

(38). One factor determining the tropism of each serotype is the use of different cell surface 

receptors and coreceptors for binding. AAV-LK03 is closely related to AAV3 (39), which 

uses heparin sulphate proteoglycan as its main receptor for cellular entry, with human 

hepatocyte growth factor receptor (c-Met) acting as a coreceptor (40). Transduction of human 

hepatocytes by AAV-LK03 in vitro was competitively inhibited by human hepatocyte growth 

factor (38). C-Met is expressed in many epithelial cells, including human podocytes (41) and 

proximal tubular cells, which partially explains the strong transduction profile in our human 

kidney epithelial cells.   

We showed that expression of wild type podocin in the R138Q mutant podocytes 

results in partial rescue of adhesion. Podocyte cytoskeletal changes are well established as 

correlates of functional loss of barrier integrity (42), for example, several single gene 

mutations in TRPC6, MAGI2, DLC1, CDK20 directly affect cytoskeletal pathways and 

demonstrably alter podocyte motility (43, 44) . Loss of podocyte adhesion leads to podocyte 

loss (42), and it has been previously demonstrated that the degree of podocyte loss correlates 

to the degree of proteinuria and glomerulosclerosis in rat models (45).  

Using AAV-LK03 has implications for clinical use: effective transduction of human 

podocytes might enable a reduction in effective dose in humans. A recent UK study has 

shown a low anti-AAV-LK03 neutralizing antibody seroprevalence of 23% (46), which 



 

 

makes this particular serotype a promising candidate for translational studies. We showed 

that AAV-LK03 was a poor transducer of mouse podocytes in vitro and hence moved to 

AAV 2/9 for the in vivo mouse work.  

We successfully targeted the murine podocyte with AAV 2/9 in both the inducible 

podocin knock-out and knock-in mouse models, with improved albuminuria in vector-treated 

mice. To maximize effect, we initially chose a prophylactic approach in the inducible 

podocin knock-out model. Next, we administered the AAV 2/9 vector after onset of 

proteinuria in inducible podocin knock-in mice, mimicking the clinical scenario of 

therapeutic delivery after onset of disease in a mouse model analogous to the most common 

human NPHS2 mutation.  It will be important to test whether gene therapy administered later 

in the disease course can demonstrate the same rescue, because there is no current evidence 

that guides us in determining when the kidney pathology becomes irreversible. Convention is 

that the nephron is fully differentiated before birth in humans and in the perinatal period in 

mice (47), but there is some evidence that glomerular parietal epithelial cells might be able to 

differentiate into podocytes and have regenerative potential after birth (48, 49).  

We note that there is variability in the degree of albuminuria in both our treated and 

untreated mice. The variability could be due the amount of viral transduction in the kidney or 

the mixed background used in the inducible podocin knock-out model, where other genes 

may influence the kidney’s ability to compensate for the loss of podocin. This is certainly the 

case in humans, where carrying 2 APOL1 risk alleles is correlated with earlier onset of FSGS 

and earlier progression to end stage renal disease (50).  

The glomerular filtration barrier does not normally allow large proteins to pass 

through. AAV vectors have to pass through the glomerular endothelial cell fenestrations and 

cross the glomerular basement membrane to reach the podocyte. AAV is small enough to 

pass through the glomerular endothelial cell fenestrations (60-70nm) (51). AAV has also 



 

 

been found in urine in non-human primates and mice (52, 53), suggesting that AAV is able to 

pass through despite a potential physical barrier at the podocyte slit diaphragm. One potential 

way through the podocyte barrier might be via endocytosis, followed by exocytosis. In our 

disease models, it is likely that AAV might traverse the damaged glomerular filtration barrier 

more easily, although we have not looked at this specifically in our study. 

Here, we chose a systemic injection which would result in predominantly liver 

transduction (7). We demonstrated a relatively low podocyte transduction efficiency in vivo 

of about 10%, as detected by immunofluorescence against the HA-tag. However, our assay 

might be insensitive in truly detecting viral transduction, because the HA-tag at the C 

terminus might be removed during post-translational processing. Alternatively, it is possible 

that a small number of podocytes were transduced by the AAV vector, which was sufficient 

to reduce albuminuria. We feel that the assay likely underestimates podocyte transduction, 

because more sensitive methods of detecting transduction have shown a good amount of 

glomerular transduction using AAV9 using lower doses, although immunostaining was not 

carried out to demonstrate the cell type transduced (15). The amount of AAV DNA found in 

the kidney cortex in this study is several fold lower than that found in the liver by other 

groups (7, 54). Improved transduction of kidney cortex by renal vein injection of AAV9 to 

the murine kidney has previously been shown (9). Future steps to making AAV vectors for 

the kidney translational would be to test the effect of different delivery routes in large animal 

models, including direct renal artery injection, on specificity and transduction efficiency. 

We attempted to direct expression to the podocyte by using the minimal human and 

mouse nephrin promoters. These have previously been shown to be mostly podocyte specific 

(31, 55). In this study, immunofluorescence suggested that expression co-localized with 

podocyte markers, although the glomerulus is well known to be densely packed with several 

cell types. Our in vitro work showed that inclusion of the minimal nephrin promoter led to 



 

 

expression of the transgene in podocytes, and not in glomerular endothelial cells, which 

makes it likely that the glomerular expression seen is in podocytes. When the minimal human 

nephrin promoter was used with AAV vectors in the conditional podocin knock-in mouse, 

there were high amounts of transcript in the liver and spleen. One previous study injected 1 x 

1012 vector genomes per mouse of AAV 2/9 hNPHS1 GFP in wild type mice and 

demonstrated some expression in the liver and spleen, but at lower amounts than that seen in 

the kidney (10). We used a higher AAV dose in nephrotic mice. These mice lose large 

amounts of albumin and IgG, and thus will have transcriptionally active livers and 

lymphocytes. Although integration was low for AAV (estimated 0.1%) (56), the 

transcriptionally active liver and spleen in combination with the high dose administered 

might have resulted in integration of our vector and expression of transcript in the liver and 

spleen. A second explanation could be that this minimal human nephrin promoter is not 

sufficiently specific, and we are currently testing different promoter sequences to improve 

specificity.  

The dose used in the mouse studies here was high at 1.5 x 1012 vector genomes per 

mouse, which could trigger unwanted immune responses. We plan to test whether lower 

doses are equally efficacious. In parallel, it will be important to engineer AAV capsids that 

preferentially transduce the podocytes without triggering unwanted immune responses, 

potentially facilitating a lower vector dose requirement and reducing off-target expression 

(57).  

There are some limitations to our study. As discussed above, there was variability in 

the amount of proteinuria seen in the mouse model despite our efforts to ensure consistency 

in mouse background. However, both the in vitro work and in vivo work were carried out on 

well-validated pre-clinical models, and both demonstrate partial rescue of adhesion and 

proteinuria, suggesting potential to translate these findings to the clinic. It is difficult to 



 

 

predict the functional effect of off-target extra-renal expression of podocin, and this would 

require either longer term monitoring of effects, or improvements in targeting to the podocyte 

either by promoter and capsid optimization or by a directed renal injection. We did not 

monitor immune responses or toxicity in these studies, which will be required before 

translation to ensure that doses are safe and tolerable. Switching serotypes from AAV 2/9 in 

mice to AAV-LK03 to translate the gene therapy will be another hurdle and will require 

further AAV-LK03 studies in large animals to demonstrate efficacy, safety, and tolerability, 

and to calculate an appropriate dose for translation.  

In conclusion, we demonstrated AAV transduction of podocytes, and provided 

evidence that this rescues the nephrotic phenotype in both the inducible podocin knock-out 

and knock-in mouse models. We also showed that the synthetic capsid, AAV-LK03, 

demonstrates efficient transduction of human podocytes. Although there are still many 

challenges to be overcome before this work can be translated to humans, including refining 

the cell-specific targeting of AAV to the podocyte, this work demonstrates a first step 

towards AAV gene therapy targeting monogenic diseases of the podocyte.  

 

MATERIALS AND METHODS 

Study design 

This study investigated using AAV to target the podocyte for the treatment of genetic 

nephrotic syndrome due to NPHS2 mutation. AAV transduction using both a constitutive and 

podocyte-specific promoter was evaluated in vitro on wild type conditionally immortalized 

human podocytes, human glomerular endothelial cells, human proximal tubular cells and 

mouse podocytes. AAV expressing wild type podocin was tested on conditionally 

immortalized human podocyte carrying a naturally occurring NPHS2 mutation (commonest 



 

 

cause of childhood genetic nephrotic syndrome). Each experiment was performed in at least 

biological triplicate.  

All animal experiments and procedures were approved by the UK Home Office in accordance 

with the Animals (Scientific Procedures) Act 1986, and the Guide for the Care and Use of 

Laboratory Animals was followed during experiments. We tested high dose AAV expressing 

podocin against a saline control in two mouse models, the inducible podocin knockout and 

knockin models. Each animal was considered an experimental unit, and the experiment was 

run in small batches of between 2-6 animals depending on the correct genotypes from 

breeding trios. In vivo experimental batches were independently repeated by at least two 

different researchers. Littermate controls were used as much as possible. However, a small 

number of non-littermate controls were used due to the complexity of the breeding scheme, 

with small numbers of mice within each litter with the desired genotype. Mice were assigned 

randomly to each experimental group, but confounders were not specifically controlled for. 

The primary outcome was urinary albumin:creatinine ratio, which was tested every two 

weeks. We also collected blood and tissue at the end of the experiments. Tissue was 

processed so that we generated data for a range of results including DNA, RNA, histology, 

RNAScope and immunofluorescence. Animals were excluded from a specific analysis if 

there was insufficient urine, tissue or blood sample for that analysis. Histological analyses of 

the mice were blinded, but otherwise researchers were not blinded. There was no a priori 

sample size calculation as there was no pilot data for this calculation. This in vivo study 

design has been reported using the ARRIVE guidelines 2.0.  

 

Vector production 



 

 

We cloned pAV.CMV.GFP.WPRE.bGH, pAV.hNPHS1.GFP.WPRE.bGH, 

pAV.hNPHS1.GFP.bGH, pAV.hNPHS1.mpodHA.WPRE.bGH, 

pAV.mNPHS1.mpodHA.WPRE.bGH, pAV.hNPHS1.hpodHA.WPRE.bGH and 

pAV.CMV.hpodHA.WPRE.bGH (Fig. 1A, 2A, 4A) in our laboratory from a pAV CMV GIL 

(CMV eGFP L22Y pUC-AV2) construct (Cloning strategy is described in the supplementary 

materials and methods, fig. S1, Tables S1to S3). The minimal human nephrin promoter 

(hNPHS1) was a kind gift from S. Quaggin, Northwestern University. Constructs containing 

either human or mouse podocin were HA-tagged at the C terminus. Human embryonic kidney 

293T cells (cultured in DMEM (Dulbecco’s Modified Eagle Medium) with 1mM pyruvate, 

25mM glucose, 3.97mM L-glutamine, 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin) were transfected with a capsid plasmid (pAAV9 from Penn Vector 

Core, pAAV-LK03 was the kind gift of M. Kay, Stanford University), a helper plasmid with 

adenoviral genes (pHGTI-Adeno1, kind gift of R. Mulligan, Harvard University) and the 

transgene plasmid using polyethyleneimine 0.1%. Media was changed to serum free DMEM 

8 to 24 hours post-transfection. Cells and supernatant were harvested 72 hours after 

transfection. Cells underwent five freeze-thaw cycles, and the supernatant underwent PEG 

(Polyethylene glycol) precipitation (8% PEG 0.5N NaCl). These were combined and 

incubated with 0.25% sodium deoxycholic acid and 70units/ml Benzonase for 30 minutes at 

37°C. The vector was purified by iodixanol gradient ultracentrifugation (58) using a 

Type70.1 Ti rotor, and subsequently concentrated in PBS. Vectors were titrated by alkaline 

gel electrophoresis and qPCR using the standard curve method using the following primers: 

ITR F GGAACCCCTAGTGATGGAGTT, ITR R CGGCCTCAGTGAGCGA, ITR probe 

FAM-5'-CACTCCCTCTCTGCGCGCTCG-3'-TAMRA.  

 

Animals 



 

 

Inducible podocin knockout mice were developed by crossing NPHS2flox/flox mice (29) with 

NPHS2-rtTA/ Tet-On Cre mice (The Jackson Laboratorystrains 008202 and 006234) (59) to 

generate NPHS2-rtTA/ Tet-On Cre/ NPHS2flox/flox mice(Pod-rtTA TetO-Cre NPHS2fl/fl). 

These mice were given oral doxycycline (2mg/ml in 5% sucrose for 3 weeks) from 5 weeks 

of age to delete podocin, urine was collected weekly, and tissue and blood was collected 

when culled. Mice were on a predominantly 129/Sv background, with contributions from 

C57Bl/6 and FVB, and mice from both sexes were used. Next, mice were administered AAV 

or saline via tail vein injection at 8 weeks of age (Fig. 4B). 12-13 mice were recruited to each 

experimental group. 10 to 14 days later, mice were provided with drinking water 

supplemented with doxycycline 2mg/ml in 5% sucrose for 3 weeks. Urine was collected 

every two weeks. Six mice from each group were culled by Schedule 1 methods at 6 weeks 

after initiation of doxycycline. A cohort of mice was also kept beyond 6 weeks to test for 

effect on survival. These were culled at day 365 after initiation of doxycycline. There were 

no a priori inclusion or exclusion criteria for this group of animals.  

Inducible podocin knock-in mice were developed by crossing NPHS2R140Q/+ (30, 37), 

NPHS2flox/flox mice (29) with NPHS2-rtTA/ Tet-On Cre mice (59) to generate NPHS2-rtTA/ 

Tet-On Cre/ NPHS2flox/R140Q mice (Pod-rtTA TetO-Cre NPHS2fl/R140Q). Mice were on a 

predominantly 129/Sv background, and mice from both sexes were used. At 6-7 weeks of 

age, mice were provided with drinking water supplemented with doxycycline 2mg/ml in 5% 

sucrose for 3 weeks. Doxycycline induction resulted in knockout of NPHS2 on one allele, 

leaving the R140Q NPHS2 on the other allele. Two weeks after initiation of doxycycline, 

urine was tested via urine dipstick and animals with proteinuria of more than 3+ were 

randomized to receive saline or AAV. Nine to ten mice were recruited to each experimental 

group. Urine was collected every 2 weeks and mice were culled at 8 weeks after initiation of 



 

 

doxycycline (Fig. 7A). Only animals with urine albumin: creatinine ratio of more than 150 

mg/mmol in the first four weeks were included in the final analysis.  

Cell culture 

All conditionally immortalized kidney cell lines were generated inhouse and have been 

previously reported in detail in the referenced papers. Conditionally immortalized human 

podocytes (60, 61) (Pod) and mouse podocytes (62) were cultured in RPMI with L-glutamine 

and NaHCO3 with 10% FBS and 1% penicillin/ streptomycin at a permissive temperature of 

33°C. Conditionally immortalized human glomerular endothelial cells (63) (GEnC) were 

cultured in EBMTM-2 Endothelial Cell Growth Basal Medium-2 supplemented with EGMTM-

2 Endothelial Cell Growth Medium-2 BulletKitTM (Lonza) at a permissive temperature of 

33°C. Both the conditionally immortalized human podocytes and glomerular endothelial cell 

lines were immortalized with a SV40 temperature-sensitive T Antigen, and further 

differentiated into the respective cell types when grown at 37 degrees (10-14 days for 

podocytes and 5 days for endothelial cells) (60, 61, 63). Immortalized proximal tubule 

epithelial cells (64) (PTEC) were cultured in DMEM/F12 supplemented with insulin, 

transferrin and selenium (5μg/ml), hydrocortisone (0.4 μg/ml),10% FBS and 1% penicillin/ 

streptomycin.  

Cells at a confluence of about 50% were transduced with AAV at a MOI of 5 x 105, and 

switched to 37°C on the same day to differentiate. For GFP expression, cells were used at 5-7 

days after transduction to allow comparisons across different cell lines. For podocin 

expression, cells were used at 10-14 days after transduction when podocytes are maximally 

differentiated.  

Quantitative PCR 



 

 

DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen) from mouse kidney cortex. 

AAV DNA was detected using the same primers as above (ITR F, ITR R, ITR probe) for 

viral titration. RNA was extracted using RNeasy Mini Kit with RNase-Free DNase set 

(Qiagen). 1µg of RNA was converted to cDNA. The following primers were used for qPCR 

on cDNA: PodHA F CAGAGCACAAGGGAGCATCA, PodHA R 

AGCGTAATCTGGAACATCGTATGG, NPHS2 total F 

TTGATCTCCGTCTCCAGACCTT, NPHS2 total R TCCATGCGGTAGTAGCAGACA, 

18S F AGTTGGTGGAGCGATTTGTC and 18S R CGGACATCTAAGGGCATCAC.  

RNAScope 

RNAScope was carried out on formalin fixed paraffin embedded sections as per the 

manufacturer’s protocol using the WPRE-O4 probe, with an additional step of 0.3M HCl for 

30 minutes at room temperature before the hydrogen peroxide step. Briefly, slides were 

deparaffinized, then exposed to 0.3HCl for 30 minutes to eliminate endogenous alkaline 

phosphatase activity. Hydrogen peroxide was applied for 10 minutes at room temperature, 

then sections were boiled in target retrieval solution for 15 minutes (kidney, spleen, pancreas) 

or 30 minutes (liver). Sections were then incubated with protease plus at 40°C for 30 minutes. 

The probe was applied for 2 hours at 40°C, then the sections were subject to sequential 

amplification steps. The last amplification probe was conjugated with alkaline phosphatase, 

which reacts with Fast Red Chromogen Substrate, resulting in a red punctate signal which 

can be seen on bright field microscopy.  

 

Immunofluorescence 

5µm sections were fixed using 4% PFA and blocked with 3% BSA 0.3% Triton X-100 and 5% 

of either goat or donkey serum (depending on the species the secondary antibody was raised 



 

 

in). Primary antibodies were anti-HA High Affinity from rat IgG1 (Roche,Cat#: 11867423001), 

Guinea Pig anti-Nephrin (1243-1256) Antibody (Origene,Cat#: BP5030), and Rabbit anti-

NPHS2 Antibody (Proteintech, Cat#: 20384-1-AP).  

Cells were fixed with either 4% PFA and or ice cold methanol, incubated for 5 minutes with 

0.03M glycine, permeabilized with 0.3% Triton then blocked with 3% BSA. Primary 

antibodies were mouse anti-HA.11 Epitope Tag Antibody (Biolegend, Cat#: 901516), mouse 

anti-GFP (Roche,  Cat#: 11814460001), rabbit anti-Calnexin (Merck Millipore, Cat#: C4731) 

and rabbit anti-Caveolin 1 (Cell Signaling Technology, Cat#: 3267).  

Secondary antibodies were AlexaFluor 488 donkey anti-mouse, AlexaFluor 488 donkey anti-

rabbit, AlexaFluor 488 goat-anti guinea pig, AlexaFluor 555 goat anti-rabbit and AlexaFluor 

633 goat anti-rat, and AlexaFluor 633 Phalloidin (Invitrogen, Thermo Fisher Scientific). 

Sections or cells were counterstained with DAPI and mounted with Mowiol. Images were 

taken on a Leica SPE single channel confocal laser scanning microscope attached to a Leica 

DMi8 inverted epifluorescence microscope, or Leica SP5-II confocal laser scanning 

microscope attached to a Leica DMI 6000 inverted epifluorescence microscope, or Leica AM 

TIRF MC (multi-colour) system attached to a Leica DMI 6000 inverted epifluorescence 

microscope using LAS (Leica Application Suite) X Software.  

Quantification was performed using Fiji (65). A region of interest was drawn around each 

glomerulus, and integrated density, mean fluorescence and area were calculated for both 

nephrin and HA immunofluorescence. The mean background fluorescence was calculated for 

each channel and corrected total cell fluorescence (CTCF) was calculated [CTCF=integrated 

density-(area of glomerulus x mean background fluorescence)]. Fluorescence of HA was then 

normalized to nephrin for each glomerulus.  

Western blotting 



 

 

Cells were extracted in SDS lysis buffer. Samples were run on a 12.5% gel and transferred to 

PVDF membrane. Membranes were blocked in 5% milk in TBST 0.1%. Primary antibodies 

used were mouse anti-HA.11 Epitope Tag Antibody (Biolegend, Cat#: 901516), mouse anti-

GFP (Roche, Cat#: 11814460001)in 3% BSA in TBST 0.1%, or rabbit anti-NPHS2 antibody 

(Proteintech, Cat#: 20384-1-AP, validated in fig. S1B). Secondary antibodies were anti-rabbit 

or anti-mouse IgG Peroxidase (Sigma Aldrich) in 3% BSA in TBST 0.1%. Membranes were 

imaged on Amersham Imager 600.  

Flow cytometry 

Cells were stained with propidium iodide and only live single cells were included in the 

analysis. Flow cytometry was carried out on the NovoCyte Flow Cytometer.  

Adhesion assay 

Podocytes which had been differentiated at 37°C for 10-14days were trypsinized and 

resuspended at 105/ml and allowed to recover for 10 minutes before plating 50µl of cells 

diluted 1 in 2 with PBS in a 96 well plate. Technical triplicates were used. Cells were left to 

adhere for about 1 hour at 37°C. Cells were washed with PBS to wash away non-adherent 

cells, then fixed with 4% PFA for 20minutes. Cells were washed with distilled water then 

stained with 0.1% crystal violet in 2% ethanol for 60 minutes at room temperature. Cells 

were washed then incubated with 10% acetic acid on a shaker for 5 minutes. Absorbance was 

measured at 570nm. 

Urine 

Albumin was measured using a mouse albumin ELISA kit (Bethyl Laboratories Inc) and 

creatinine was measured on the Konelab Prime 60i Analyzer.  

Blood tests 



 

 

Mouse plasma was processed either using the Konelab Prime 60i analyzer or the Roche 

Cobas system with reagents and protocols supplied by the manufacturer.  

Histology 

3µm paraffin sections stained with Hematoxylin & Eosin, Masson’s Trichrome and Periodic 

Acid Schiff Stain were analyzed and scored blindly by a Consultant Histopathologist. The 

total number of glomeruli was counted, as well as the numbers of globally sclerosed 

glomeruli, segmentally sclerosed glomeruli, glomeruli with mesangial hypercellularity 

(glomerulus with at least one mesangial area containing more than three nuclei) and the 

proportion of interstitium with interstitial fibrosis. Mesangial hypercellularity here was 

defined as any glomerulus with at least one mesangial area containing more than three nuclei 

at x10 magnification.  

For electron micrographs, Fiji (65) was used to quantify the number of foot processes per 

micron GBM, by overlaying a one micron grid over the images and counting the number of 

foot processes per micron GBM over the entire image.  

Statistical analysis 

All data is presented as mean±SEM unless stated otherwise. Each dot represents a biological 

replicate. Statistical analyses were performed in GraphPad Prism versions 8 and 9 (Graphpad 

software). Statistical tests used include two-tailed t-test, one-way analysis of variance 

(ANOVA) with Dunnetts’s multiple comparison post hoc analysis, two-way ANOVA with 

Tukey’s multiple comparison post hoc analysis, and Logrank (Mantel-Cox) test for survival 

analysis.  
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Figures: 

 
Figure 1. Reciprocal efficacy of AAV-LK03 versus AAV 2/9 on human podocytes versus 

mouse podocytes in vitro. A) Plasmids pAV.CMV.GFP.WPRE.bGH and 

pAV.hNPHS1.GFP.WPRE.bGH and pAV.hNPHS1.GFP.bGH were used to produce AAV 



 

 

LK03 vectors. WPRE=Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element, 

bGH=bovine growth hormone polyadenylation signal. B to D) Immunofluorescence 

demonstrating GFP expression of human podocytes (Pod), human glomerular endothelial 

cells (GEnC) and human proximal tubule epithelial cells (PTEC) transduced by AAV-LK03 

CMV GFP and AAV-LK03 hNPHS1 GFP WPRE. Scale bar=100µm. E) Western blot 

demonstrating GFP expression in human podocytes transduced with AAV-LK03 CMV GFP 

and AAV-LK03 hNPHS1 GFP WPRE. F) Bar chart of flow cytometry demonstrating GFP 

expression of Pod, GEnC and PTEC transduced with AAV 2/9 CMV GFP, AAV-LK03 CMV 

GFP, AAV-LK03 hNPHS1 GFP WPRE and AAV-LK03 hNPHS1 GFP. G) Bar chart (Left) 

showing median fluorescence intensity in human podocytes transduced with AAV 2/9 CMV 

GFP, AAV-LK03 CMV GFP, AAV-LK03 hNPHS1 GFP WPRE and AAV-LK03 hNPHS1 

GFP (n=3). Histogram (Right) showing the degree of green fluorescence in human podocytes 

transduced with AAV-LK03 CMV GFP (Red), AAV-LK03 hNPHS1 GFP with WPRE 

(Blue) and untransduced cells (Yellow). H) Western blot and corresponding densitometry 

comparing GFP expression of human podocytes transduced with AAV LK03 hNPHS1 GFP 

with and without WPRE. I) Bar chart of flow cytometry of immortalized mouse podocytes 

transduced with AAV 2/9 CMV GFP, AAV-LK03 CMV GFP and AAV-LK03 hNPHS1 GFP 

WPRE. (All flow cytometry experiments minimum n=3) 

 



 

 

 
Figure 2. AAV-LK03 expressing wild type human podocin results in functional rescue 

in vitro the mutant podocin R138Q human podocyte cell line. A) Plasmids 

pAV.CMV.hpodHA.WPRE.bGH and pAV.hNPHS1.hpodHA.WPRE.bGH were used to 

produce AAV LK03 vectors. B) Confocal microscopy demonstrating expression of HA-

tagged wild type podocin (green) in the mutant podocin R138Q podocytes (White arrow: 

plasma membrane expression). C) Confocal microscopy showing HA-tagged podocin (white 



 

 

arrow: plasma membrane expression), and calnexin (red).  Nuclei are stained blue.  D) TIRF 

(Total Internal Reflection Fluorescence) microscopy demonstrating expression of HA-tagged 

podocin (green) and caveolin (red) within 100nm of the plasma membrane. Phalloidin is 

stained blue. E) Confocal microscopy demonstrating podocin (red)(white arrow: plasma 

membrane expression) in wild type (WT) podocytes, with or without AAV-

LK03.hNPHS1.hpodHA.WPRE.bGH transduction. Calnexin is stained green, nuclei are 

stained blue. F) TIRF microscopy demonstrating podocin (red) and caveolin (green) in 

R138Q podocytes, with or without AAV-LK03.hNPHS1.hpodHA.WPRE.bGH transduction. 

G) Western blot showing HA-tagged podocin in R138Q podocytes, transduced with either 

AAV-LK03.CMV.hpodHA, AAV-LK03.hNPHS1.hpodHA or no virus. H) Adhesion assay 

showing adhesion in mutant podocin R138Q podocytes, and wild type human podocytes, 

transduced with either AAV-LK03.hNPHS1.hpodHA or AAV-LK03 CMV GFP (control 

virus). (n=6, One-way ANOVA with Tukey’s multiple comparisons, *p<0.05, **p<0.01, 

***p<0.001) Scale bar=25µm. 



 

 

 

Figure 3. Pod-rtTA TetO-Cre NPHS2fl/fl mice induced with doxycycline develop 



 

 

nephrotic syndrome. A) Urinary albumin:creatinine ratio (ACR) in Pod-rtTA TetO-Cre 

NPHS2fl/fl mice, either after doxycycline or without doxycycline administration, and in mice 

with an incomplete genotype with doxycycline administration (n=4/group). B) Survival 

curves of Pod-rtTA TetO-Cre NPHS2fl/fl mice, either after doxycycline or without 

doxycycline administration, and in mice with an incomplete genotype with doxycycline 

administration. (n=2-4/group). Plasma creatinine C) at death and D) at 10 weeks after 

commencing doxycycline. E) Plasma urea and F) Plasma cholesterol at death. (n=2-4/group) 

G) Representative images on light microscopy. Masson’s Trichrome (collagen stains blue) on 

left, Periodic Acid Schiff on right (Scale bar=100µm).  



 

 

 

Figure 4. AAV 2/9 administered by tail vein injection transduces the mouse kidney and 

expresses HA-tagged podocin in the podocyte. A) Plasmids 

pAV.mNPHS1.mpodHA.WPRE.bGH and pAV.hNPHS1.mpodHA.WPRE.bGH were used to 

produce AAV 2/9 vectors. B) Vector or saline was injected via tail vein in Pod-rtTA TetO-



 

 

Cre NPHS2fl/fl mice at 8 weeks of age, and induction with doxycycline commenced 10 to 14 

days later. C) Real-time PCR showing the presence of AAV ITRs in DNA extracted from 

mouse kidney cortex in mice injected with the viral vector (n = 6 per group, one-way 

ANOVA with Tukey’s multiple comparisons, *P < 0.05). ns, not significant. D) and E) Real-

time PCRshowing increased total NPHS2 and HA-tagged podocin mRNA in the mouse 

kidney tissue of mice injected with the AAV vector (n = 4 to 5 per group, one-way ANOVA 

with Tukey’s multiple comparisons, *P < 0.05, **P < 0.01). ns, not significant. F) 

Representative immunofluorescence showing expression of HA-tagged podocin with 

podocyte-specific proteins nephrin and podocin in Pod-rtTA TetO-Cre NPHS2fl/fl mice 

injected with AAV 2/9. Control (saline) images here are of mice without the full Pod-rtTA 

TetO-Cre NPHS2fl/fl genotype because mice with diseased glomeruli showed loss or change 

of podocyte markers. G) Pod-rtTA TetO-Cre NPHS2fl/fl (induced with doxycycline for the full 

phenotype) mice administered saline demonstrated a change in the pattern of nephrin staining 

and loss of podocin staining. H) Quantification of HA fluorescence normalized to nephrin 

fluorescence (n = 3). Scale bar, 25 μm. 

 



 

 

 
Figure 5. Tail vein injection of AAV 2/9 expressing wild-type podocin under a podocyte-

specific promoter before induction of disease reduces proteinuria and improves plasma 

markers of nephrotic syndrome in the inducible podocin knock-out mouse model (Pod-

rtTA TetO-Cre NPHS2fl/fl) A) Urinary albumin: creatinine ratio of mice injected with saline 

versus AAV 2/9 hNPHS1.mpod versus AAV 2/9 mNPHS1.mpod (n=9 in each group, one-



 

 

way ANOVA with Dunnett’s multiple comparisons, *p<0.05 **p<0.01). B) Coomassie 

staining showing representative images of degree of albuminuria in a representative mouse 

from each experimental group.  C and D) Correlation of the number of copies of viral DNA 

per 50ng total DNA with urinary albumin: creatinine ratio at days 28 (C) and  42 (D) 

(Spearman rank test). Plasma E) creatinine F) urea G) cholesterol and H) albumin from mice 

at 42 days after start of doxycycline (n=minimum of 3 mice in each group, one-way ANOVA 

with Dunnett’s multiple comparisons, *p<0.05).  



 

 

 

Figure 6. Kidney histology and survival of Pod-rtTA TetO-Cre NPHS2fl/fl mice treated 

with saline or AAV before induction of disease. A) Representative images on light 

microscopy. Scale bars=100µm. Black arrow indicates glomerulosclerosis and black 

arrowhead indicates tubular atrophy.  Masson’s trichrome shows collagen (blue) while 

Periodic Acid Schiff (PAS) staining highlights the basement membrane. B) Quantification of 

the sections in A (n=5-6/group). (Two-way ANOVA with Dunnett’s multiple comparisons, 



 

 

*p<0.05, **p<0.01). Pink=segmentally sclerosed, black=globally sclerosed. C) 

Quantification of degree of mesangial hypercellularity (One-way ANOVA with Dunnett’s 

multiple comparisons, n=5-6/group). D) Quantification of interstitial fibrosis (One-way 

ANOVA with Dunnett’s multiple comparisons, *p<0.05, n=5-6/group). E) Representative 

images on electron microscopy. Scale bars=500nm. F) Quantification of number of foot 

processes per micron glomerular basement membrane on electron micrographs 

(n=3/group)(One-way ANOVA with Dunnett’s multiple comparisons, *p<0.05). G) Survival 

curves of mice injected with either saline (n=4), AAV 2/9 hNPHS1.mpod (n=4) or AAV 2/9 

mNPHS1.mpod (n=3) (Log-rank (Mantel-Cox) test).  



 

 

 

Figure 7. Tail vein injection of AAV 2/9 expressing wild-type podocin under a podocyte-

specific promoter after onset of proteinuria reduces proteinuria and improves plasma 

markers of nephrotic syndrome in the inducible podocin knock-in mouse model (Pod-

rtTA TetO-Cre NPHS2fl/R140Q). A) Doxycycline was given to 6-week-old Pod-rtTA TetO-

Cre NPHS2fl/R140Q mice. Two weeks later, proteinuric mice were injected with vector or 



 

 

saline via tail vein. Urine was collected every 2 weeks, and mice were culled at 14 weeks of 

age. B) Urinary albumin: creatinine ratio of saline and vector treated mice every 2 weeks 

(unpaired T test, * p<0.05). Plasma C) creatinine D) cholesterol and E) albumin (unpaired T 

test, *p<0.05) from mice at 56 days after start of doxycycline. F) Representative images on 

light microscopy. Black arrow indicates glomerulosclerosis while the black arrowhead 

indicates interstitial fibrosis. Scale bar for light microscopy=100µm. G) Representative 

images on electron microscopy. Black arrow indicates foot process effacement while white 

arrow indicates normal foot process appearance. Scale bar for electron microscopy=500nm. 



 

 

 

Figure 8. AAV 2/9 hNPHS1.mpod administered by tail vein injection transduces the 

mouse kidney in inducible podocin knock-in mice (Pod-rtTA TetO-Cre NPHS2fl/R140Q ), 

but expression is not limited to the kidney. A) Representative immunofluorescence 

showing expression of HA (red)-tagged podocin with podocyte-specific protein nephrin 

(green) in Pod-rtTA TetO-Cre NPHS2fl/R140Q mice injected with either AAV 2/9 



 

 

hNPHS1.mpod or saline. Nuclei are stained blue. B) RNAScope with an anti-sense probe 

against WPRE demonstrated the presence of transcripts in kidney glomerulus, liver and 

spleen. The black arrow indicates the presence of transcripts (bright pink dots). (Scale 

bar=25µm) B) Real time-PCR of HA-tagged NPHS2 mRNA in mouse kidney, liver and 

spleen. (n=3)  

 



 

 

 


