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Summary
1. Gene therapy has a distinct potential to treat kidney diseases. However, the efficient
transduction of a significant number of renal cells by viral vectors has been difficult to
accomplish. Previous studies have indicated that adeno-associated virus (AAV) can transduce
renal cells with variable and suboptimal efficiency. Since new and innovative mutants of AAV are
now available, we compared their efficacy in transducing rat kidneys.

2. We compared five types of AAV mutants (AAV2 muttriple, AAV2 sextuple, AAV8 mut447,
AAV8 mut733, and AAV9 mut446) that carried a green fluorescence protein (GFP) reporter gene.
A pressure microinjection technique was used to inject either 1.5×1011 vector genome (vg) of
AAV mutants or three dose of AAV2 sextuple into the renal cortex. The microinjection approach
has not been utilized in AAV-mediated renal gene transfer thus far. Slow and sustained
microinjection enables continuous administration of the viral vector to the kidney cortex and limits
any damage to the kidney, as the tip of a glass micropipette is very small.

3. Three weeks after injection, the kidneys were collected and evaluated for GFP expression.
Among the various mutated AAV serotypes studied, only AAV2 sextuple showed a robust GFP
expression in renal tissue. The AAV2 sextuple serotype appears to be an efficient gene transfer
vector to preferentially target the renal tubular epithelial cells. A combination of the AAV2
sextuple and the microinjection technique holds the key to the future of therapeutic treatments for
kidney diseases.

Keywords
kidney; adeno-associated virus; microinjection; Tyrosine-mutant

INTRODUCTION
The use of gene therapy to treat renal diseases has been limited by the lack of efficient
transduction of renal cells using any currently available viral vectors.1, 2 Retroviral vectors
require the target cell to divide after transduction and renal cells are basically non-dividing
and terminally differentiated.3 Likewise, adenoviral vectors can only induce a transient
expression for quiescent cells.4, 5 The adeno-associated virus (AAV) appears to be the most
advantageous for its efficient transduction, long-term gene expression, low immunogenicity,
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and a lack of apparent cytotoxicity in tissues.6 Despite its ability to transduce numerous
tissues, there have only been a few studies using AAV that have exhibited any success in
transducing the kidney.2, 6–8

Recent advances in molecular biology have enabled us to design site mutated AAV in an
attempt to modulate AAV tropism to increase its transducing efficiency. We have previously
reported ten to twenty fold increases in transduction efficiency in the mouse retina using
mutated AAV2, 8, and 9, when compared to their wild type counterparts.9, 10 To better
assess the transduction properties of mutated AAV 2, 8, and 9 in the adult rat kidney, a
microinjection method was used to deliver the AAV mutants.

METHODS
Surface-exposed Tyrosine (Y) residues on the AAV2, AAV8 and AAV9 capsids were site-
directed mutated to phenylalanine (F) to alter vector transduction characteristics, as
previously described.11,12 This site-directed mutation resulted in the generation of 5
different AAV mutants: AAV2 mut-triple: Y444+500+730F; AAV2 sextuple:
Y252+272+444+500+704+730F; AAV8 mut447: Y447F; AAV8 mut733: Y733F; and
AAV9 mut446: Y446F. The left kidney of 8-week-old Sprague-Dawley rats was exposed
via a flank incision (N=1/mutant) after anesthesia. 1.5×1011 vector genome (vg) of AAV
mutants in 20μl of 1× PBS was directly injected into the renal cortex at three different sites
using a pneumatic picopump (WPI) (500 nL/10 seconds) with a glass micropipette (tip OD:
30 to 50 μm). Three different doses of AAV2 sextuple (0.75×1011, 1.5×1011 and 6×1011 vg)
were also tested (N=3/dose).

Three weeks after microinjection, the heart, liver, lungs and kidneys were collected. The
heart, liver and lung were collected to test for off-target transduction using qPCR, as
previously described.13 Kidneys were fixed in 4% paraformaldehyde, then embedded in
Sakura Tissue-Tek Oct Compound (Sakura Finetek, Torrance, CA, USA). Embedded tissues
were cut in 10-μm thick sections to determine the amount of GFP expression, as previously
described.13 All fluorescent images were collected using identical exposure time. Two
sections of each AAV2 sextuple dose were air-dried for 10min, washed three times with
0.1% triton x-100 in PBS, blocked with 2% goat serum for 1h and stained with chicken
antiGFP antibody (GFP-1020,Aveslabs) with either proximal tubular-specific lectin
(Biotinylated Lotus lectin, LTA, B1325, Vector Laboratory) or distal tubule and collecting
duct-specific lectin (Biotinylated Peanut lectin, PNA, B1075, Vector Laboratory) for 2h at
room temperature. After washing, sections were incubated with goat anti-chicken
AlexaFluor 488 and Strep AV AlexaFluor594 for lectin antibodies, then covered with
VECTASHIELD with DAPI (Vector Laboratories).14

RESULTS AND DISCUSSION
Intrarenal parenchymal injection of AAV into the mouse kidneys results in a transduction of
renal tubular cells only along the needle track.3 An intrarenal arterial infusion requires the
renal artery and vein to be clamped for 45 min to obtain maximal transduction. With this
type of injection technique GFP expression is localized to the proximal tubule and
intracalated cells in the collecting duct.7 The intrarenal arterial infusion technique also
results in inflammatory cell infiltration, tubular atrophy, and scar formation.7 Retrograde
injection induced limited tubular cell transduction, but it required the ureter to be clamped.2

Until now, the microinjection approach has not been utilized in AAV-mediated renal gene
transfer. This slow and sustained microinjection technique allows for the continuous
administration of viral vector to the kidney cortex and the micropipette (30 to 50 μm) helps
to minimize any damage to the kidney tissue. This technique resulted in a localized
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transduction and GFP expression was not detected in the other organs (liver, heart and lung)
(data not shown).

AAV capsid plays a critical role in modulating the cellular tropism, transduction kinetics,
and intensity of transgene expression.15–16 Mutation affects the entire surface of the AAV
capsid, potentially altering its interaction with cellular receptors, intracellular trafficking to
the nucleus, and host immune recognition.10 Among the tested mutated AAV serotype 2, 8,
and 9, only AAV2 sextuple induced any GFP expression in renal tissue (Fig. 1a). Three
different dose of AAV2 sextuple appeared to cause a dose response effect for GFP
expression (Fig. 1b).

Immunohistochemical analysis of GFP was combined with staining for tubular specific
marker to localize the GFP expression. GFP expression was clearly detected at the distal
tubule and collecting ducts (Fig. 1b). There was no evidence for transduction of glomeruli,
proximal tubule or blood vessels by AAV mutants administrated via this route. The reason
for the selective transduction to the tubular cells is unclear. One possible explanation is that
tubular cells are highly susceptible to AAV2.8 Tubular cells could express a high level of
AAV receptors including heparin sulfate, fibroblast growth factor receptor, and αvβ5
integrin. However, further investigations are required to determine the precise mechanisms.

In conclusion, this study demonstrates successful transgene expression in renal tubular cells
after microinjection-based direct administration of AAV2 sextuple. It provides the impetus
for further studies to exploit its use as a tool for kidney gene therapy.
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Figure 1.
GFP Expression in the kidneys. a, Strong green fluorescence was observed in renal tubular
cells with rAAV2-sextuple, while faint background auto-fluorescence was seen in the PBS
and other AAV mutants injected kidney. b, Kidney sections from dose response experiment
were contained with GFP (green) and tubular markers(PNA for distal and collecting duct,
red). Scale bar: 50 μm.

Qi et al. Page 5

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


