Progress report for “Treatment of cystinosis nephropathy using ureteral injection of aden-oassociated  virus expressing CTNS”.
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This project is done in collaboration with Dr. Samulski, Director of the Gene Therapy Center (University of North Carolina), established AAV expert 
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. Several clinical trials for genetic diseases 
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 are currently being done using vectors produced by this Center.  We are using a scAAV2 as the self-complementary (sc) vectors have significantly higher expression efficiency than the original single strand vectors 
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 and AAV2 is currently the most commonly used serotype in clinical trials and it can transduce renal cells 
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. However, as explained below, we will determine the most appropriate serotype other than 2 to target the kidney to limit the immune response in human.
A.1: Proof of concept using scAAV2-Luc
We injected scAAV2 expressing luciferase via a retrograde ureteral injection into Ctns-/- mice. Luciferase was observed and quantified by the IVIS Imaging System. The results demonstrated that luciferase was detected in the area of the injected kidneys and was stable for 15 months, last time point before sacrifice (data not shown). 
Thus the kidney can be successfully transduced by scAAV2 viral particles after retrograde ureteral injection and the transgene expression is stable for at least 15 months.
A.2: Construction and functionality of scAAV2-CTNS and ureteral injection

Construction of scAAV-CTNS and in vitro verification: We subcloned the human CTNS gene into a scAAV2 vector backbone provided by Dr. Samulski. We are working with the human gene in the mouse model studies specifically as the preclinical proof of concept for a human trial. We verified in vitro the functionality of the scAAV2-CTNS vector by transducing Ctns-/- fibroblasts. We showed the expression of CTNS by RT-qPCR and the significantly reduced level of cystine in AAV-transduced Ctns-/- fibroblast compared to controls (data not shown). 
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Impact of retrograde ureteral injection of scAAV2-CTNS in vivo: We injected 5x1010 particles of scAAV2-CTNS in the left kidney of Ctns-/- mice via ureteral injection. As a first approach, we chose ureteral injection as this would be a minimally invasive route of injection in human. Two months later, RT-qPCR revealed CTNS expression in the kidneys (Figure 1). However, cystine content was minimally reduced compared to Ctns-/- kidney controls (Figure 1). This experiment has been repeated with higher virus particle concentrations, 1011 particles, but we obtained the same results. Therefore, retrograde ureteral injection is not the appropriate route of injection to target the cells most impacted by cystine accumulation. 
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A.3: Other route of injection: renal vein injection
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Blue dye injection: After injection of a blue dye, ureteral injection resulted in blue staining mostly in the medulla of the kidneys (data not shown), whereas renal vein injection resulted in blue staining predominantly in the cortex (Figure 2). This area might be the one that needs to be targeted to obtain a significant cystine decrease in the kidney of Ctns-/- mice. Therefore, we will use the renal vein as a second potential route for kidney-specific gene therapy for cystinosis.

Renal vein injection of scAAV2-GFP: We injected 1011 particles of scAAV2-GFP in 5 Ctns-/- mice via renal vein injection in the left kidney. Two months later, the kidneys were explanted and treated for confocal microscopy analysis. GFP-positive cells were observed in the left kidney for each mouse (Figure 3). We are currently analyzing kidney sections to determine the phenotype of the GFP-positive cells by co-immunolocalization with different renal cell-specific antibodies.
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Renal vein injection of scAAV2-Luc: We injected 1011 particles of scAAV2-Luc in 8 Ctns-/- mice via renal vein injection in the left kidney. Luciferase expression can be observed in live mice using the IVIS imaging system. Luciferase luminescence is observed in the injected kidney at 15 days post-injection in every mouse (Figure 4). The intensity of the expression increases at 1 month and stabilizes at 3 months. These mice are kept alive and will be checked once a month for 1 year to determine the stability of the transgene expression in the kidney after renal vein injection.
Renal vein injection of scAAV2-CTNS: Our preliminary data using the reporter genes GFP and luciferase indicate that the kidney can be efficiently transduced using the renal vein as a route of injection. We now need to determine if this route will allow the appropriate transduction of the kidney to obtain a decrease of the cystine content in Ctns-/- mice.
 We injected 1011 particles of scAAV2-CTNS in 6 Ctns-/- mice via renal vein injection in the left kidney. We will sacrifice these mice 4 months post-injection to quantify Ctns expression by RT-qPCR and to measure the cystine content of the left kidney compared to controls. If these preliminary data are positive, we will determine the optimal serotype to target the kidney as described below. 
Next step: Determination of the optimal AAV serotype 
Few studies have been performed on AAV for gene delivery in the kidney. Most studies used AAV serotype 2 to transduce renal cells in vivo and in vitro 
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. However, the prevalence of neutralizing antibodies in the human population for AAV2 is very high. As pre-existing immunity to AAV2 will probably impact its efficiency for gene delivery, we will test scAAV serotypes 5, 6, 7 and 8 for gene delivery in our mouse model. In support of this decision, a recent study showed that AAV4, 5, 7 and 8 could infect murine kidney as well as AAV2 [17]. In contrast, the prevalence of human immunity to AAV5, 7 and 8 is significantly lower than AAV2 
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. Our expert in AAV gene therapy, Dr. Jude Samulski also recommended using either AAV1 or 6 (that use sialic acid as the cellular receptor). As AAV1 has also a high pre-existing immunity in humans [20], we will only add AAV6. Note we will not use AAV serotype 4 based on Dr. Samulski’s experience that this serotype is difficult to use and therefore not a good candidate for clinical application.
As reporter genes, we will use GFP and luciferase and the virus particles will be injected via the renal vein if we determine that this is the appropriate route in our cystinosis model as described above. The objectives are to identify the optimal AAV serotype for gene delivery in the kidney with successful transduction of different types of renal cells including proximal tubular and glomerular cells. In the context of cystinosis, we would like to transduce the proximal tubular cells to avoid the proximal tubulopathy, but also the transduction of a large spectrum of different renal cells including the glomeruli would be important to prevent and/or reverse renal defects as all the cells in the patient kidneys accumulate cystine. A luciferase reporter gene will allow us to follow and quantify the transgene expression in live mice at different time points in the whole kidney using the IVIS imaging system. The GFP reporter gene will allow us determine the phenotype of the transduced cells by fluorescence histology using confocal microscopy. Our first experiments with scAAV2-Luc and scAAV2-GFP, allowed us to conclude that we could obtain a high and stable expression of a transgene in the kidney with 1x1011 virus particles. Therefore, we will use 1x1011 virus particles for this part of the project injected via the left renal vein of 2 month-old Ctns-/- mice for each AAV serotype and each reporter.
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Figure 1: CTNS expression and cystine content in kidneys after ureteral injection of scAAV2-CTNS compared to controls.





Figure 2: Blue staining in kidneys after renal vein injection of a blue dye.





Figure 3: scAAV2-GFP infected kidney section. GFP-positive cells are seen in green and nuclei are seen in blue.








Figure 4: Three representative Ctns-/- mice injected with scAAV2-Luc via the renal vein. Upper panel: picture taken 3 months post-injection using the IVIS imaging system. Lower panel: histogram of the luciferase luminescence quantification at 15 days, 1 month and 3 months post-injection in the 3 mice.
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