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There are many kidney diseases that might be addressed by gene therapy. However, gene delivery to
kidney cells is inefficient. This is due, in part, to the fact that the kidney excludes molecules above 50 kDa
and that most gene delivery vectors are megaDaltons in mass. We compared the ability of adeno-
associated virus (AAV), adenovirus (Ad), and lentiviral (LV) vectors to deliver genes to renal cells. When
vectors were delivered by the intravenous (IV) route in mice, weak luciferase activity was observed in the
kidney with substantially more in the liver. When gene delivery was observed in the kidney, expression
was primarily in the glomerulus. To avoid these limitations, vectors were injected directly into the kidney
by retrograde ureteral (RU) and subcapsular (SC) injections in mice. Small AAV vectors transduced the
kidney, but also leaked from the organ and mediated higher levels of transduction in off-target tissues.
Comparison of AAV2, 6.2, 8, and rh10 vectors by direct kidney injection demonstrated highest delivery by
AAV6.2 and 8. Larger Ad and LV vectors transduced kidney cells and mediated less off-target tissue
transduction. These data demonstrate the utility of direct kidney injections to circumvent the kidney size
exclusion barrier. They also identify the effects of vector size on on-target and off-target transduction. This
lays the foundation for the use of different vector platforms for gene therapy of diverse kidney diseases.
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INTRODUCTION
CHRONIC KIDNEY DISEASE (CKD) affects 30 million
individuals in the United States and *11–13% of
humans worldwide.1 Some individuals may de-
velop CKD due to lifestyle choices or due to kidney
injuries, while others may develop CKD due to
underlying genetic causes. At least 80 genes have
been implicated as the causes of various genetic
kidney diseases (reviewed in Hildebrandt2). These
genetic kidney diseases can be grouped as cystic,
glomerular basement membrane disorders, and
tubulopathies, depending on how the disease af-
fects normal physiology (reviewed in Leung3).

While gene therapy has made great strides over
the past 30 years to treat diseases in other tissues,
relatively little progress has been made in target-
ing kidney diseases. This is due, in part, to the
stringent filtering functions intrinsic to the kidney.

Viral and nonviral vectors can be 25 to 200 nm in
diameter and have masses in megaDaltons. In
contrast, the kidney actively excludes proteins
above 50 kDa in size.4 In addition, podocytes within
the glomerulus create slit diaphragms that are
only 10 nm in diameter, which are well below the
diameter of most gene therapy vectors, including
popular adeno-associated virus (AAV) vectors
(Fig. 1).

To better understand these pharmacologic bar-
riers, we evaluated the ability of small 25 nm AAV
vectors and larger 100 nm adenovirus (Ad) and
120 nm lentiviral vectors to transduce cells in the
kidney. We tested three injection routes for kidney
gene delivery: (1) intravenous by tail vein injection
(IV), (2) retrograde infusion into the ureter or retro-
ureteral (RU), and (3) subcapsular (SC) injection
through the kidney capsule. We hypothesized that
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IV delivered vectors would suffer the filtering ef-
fects of the glomerulus and this would attenuate
transduction in downstream tubule cells of the
nephron. We hypothesized that delivery by the
RU5–10 route could theoretically avoid these prob-
lems, but could be limited by running upstream
against the natural flow of solutes from the neph-
rons. Similarly, SC delivery might avoid both
problems, but may instead suffer from entrapment
of vectors outside of tubules and limit their ability
to reach other kidney cells.

MATERIALS AND METHODS
Animal studies

Animals were housed in the Department of
Comparative Medicine animal facilities at Mayo
Clinic. All experiments were carried out according
to the provisions of the Animal Welfare Act, PHS

Animal Welfare Policy, the principles of the NIH
Guide for the Care and Use of Laboratory Animals,
and the policies and procedures of the Institutional
Animal Care and Use Committee at Mayo Clinic.

AAV, Ad, and lentiviral vector administration
AAV was administered at 1012 genome copies

(GC) per mouse, except where otherwise noted. Ad
was administered at 1011 viral particles (VP) per
mouse. Lentiviral (LV) was administered at 6.4 ·
106 transducing units (TU) per mouse. Vectors
were administered either IV through standard tail
vein injection, RU, or SC. Injection volumes ranged
from 50 to 100 lL, contingent upon viral vector ti-
ter. For RU and SC injections, mice were anesthe-
tized with ketamine/xylazine or isoflurane and laid
in prone position. An incision of *4 mm was made
in the right posterior so that the right kidney was
accessible and could be gently lifted with tweezers
and rested upon the wound. RU injections were
made into the ureter adjacent to the renal pelvis.
SC injections were performed by piercing the cap-
sule of the kidney down to the bevel of the needle,
then slowly injecting. One milliliter Sub-Q sy-
ringes (26G; BD, Franklin Lakes, NJ) were used
for injections. The surgical wounds were then su-
tured, and mice were placed on a heating pad un-
til they awoke and began to walk. All surgical
procedures were performed with standard aseptic
technique.

AAV vectors
AAV vectors were purchased from the Uni-

versity of Pennsylvania Vector Core.

Ad vectors
Replication-defective Ad vectors were produced

in 293 cells and purified by double banding on CsCl
gradients. Cre expression is driven by the CMV
promoter.

LV vectors
Lentiviral vector LV-Luc2-P2A-Puro expressing

luciferase driven by the Spleen focus-forming virus
promoter was purchased from Imanis Life Sciences
(Rochester, MN).

In vivo bioluminescence imaging
Mice were anesthetized with isoflurane and in-

jected intraperitoneally with 150 lL of D-Luciferin
(20 mg/mL; RR Labs, Inc., San Diego, CA). Images
were taken using Xenogen IVIS 200 ten minutes
after D-Luciferin administration, and lumines-
cence was quantified using Living Image software.
After extracting kidneys from euthanized mice,

Figure 1. Schematic of routes by which vectors transduce cells in the
kidney. For IV injections, vectors would enter the kidney through the af-
ferent arteriole, which has an estimated diameter of 10 nm. For RU injec-
tions, vectors would enter the kidney through the distal nephron. Shown is
the PT lumen with an estimated diameter of 10 lm. Other downstream
segments of the nephron such as the collecting duct have lumen as wide as
100 lm. The tubules of the nephron are generally large enough to accom-
modate the passage of AAV, Ad, and LV. AAV, adeno-associated virus; Ad,
adenovirus; IV, intravenous; LV, lentiviral; PT, proximal tubule; RU, retro-
grade ureteral.
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kidneys were injected with an additional 150 lL of
D-Luciferin and imaged in a six-well plate.

Luciferase assay
Kidneys were removed from euthanized mice

and completely homogenized using a standard
glass homogenizer in 1 mL of Glo Lysis Buffer, 1X
(Promega Corporation, Madison, WI). Varying
amounts of the respective lysates were then mixed
with Bright-Glo Luciferase Assay System to make
a ½ dilution, and the samples were read for lumi-
nescence in a 96-well clear bottom black microplate
(Corning, Inc., Corning, NY) using Beckman
Coulter DTX 880 Multimode Detector.

Tissue sectioning and confocal microscopy
Tissues from mice with membrane-bound

fluorescent proteins were fixed by overnight
immersion in 4% paraformaldehyde (PFA)–
phosphate-buffered saline (PBS) at 4�C and then
cryoprotected overnight in 15% sucrose-PBS and
30% sucrose-PBS, successively, at 4�C. Trimmed
tissues were then flash frozen by dry ice-cooled
isopentane in optimal cutting temperature (OCT)
medium (Sakura Finetek). Cryosections (18 lm
thickness) were prepared with a Leica CM1860 UV
cryostat (Leica Biosystems) and mounted on
slides (SuperFrost Plus; Thermo Fisher Scientific,
Waltham, MA) with VECTASHIELD with 4¢,6-
diamidino-2-phenylindole (DAPI) (Vector Labora-
tories, Burlingame, CA) and CytoSeal-60 coverslip
sealant (Thermo Fisher Scientific). Confocal im-
aging was performed at the Microscopy and Cell
Analysis Core facility at Mayo Clinic Rochester
(Rochester, MN), using a Zeiss LSM780 laser con-
focal microscope (Carl Zeiss Jena, Jena, Germany).
Lambda mode and linear unmixing were used to
image Brainbow fluorophores.

To prevent leakage of cytoplasmic GFP from cells
transduced by AAV8-CAG-EGFP, tissues were flash
frozen in dry ice-cooled isopentane in OCT medium,
cryosectioned at 6lm thickness, and were then
mounted on slides. The slides containing tissue sec-
tions were fixed with 4% PFA for 15 min, washed
with PBS, treated with 5% normal goat serum (Ab-
cam Catalog No. ab7481), and 0.5% IGEPAL� CA-
630 (Sigma I8896) dissolved in PBS blocking buffer
for 1 h at room temperature. The slides were then
incubated with a 1:00 dilution of mouse GFP mono-
clonal antibody (Invitrogen Catalog No. A-11120)
and a 1:100 dilution of biotinylated lotus tetra-
gonolobus lectin (LTL) (Vector Laboratories Catalog
No. B-1325) overnight at 4�C. The slides were wa-
shed and then incubated with a 1:250 dilution of goat
anti-mouse IgG Alexa Fluor 488 polyclonal antibody

(Invitrogen Catalog No. A-11001) and a 1:200 dilu-
tion of streptavidin-Alexa Fluor 594 (Invitrogen
Catalog No. S11227) at room temperature for 1 h.
The slides were washed, and coverslips were
mounted using VECTASHIELD with DAPI.

Transgenic and wild-type mice
LSL-Luc mice (Stock No: 005125), mT/mG mice

(Stock No: 007576), and Ksp1.3/Cre mice (Stock
No: 012237) were originally purchased from
The Jackson Laboratory. Outbred CD1 mice and
Friend virus B strain (FVB) mice were purchased
from Charles River.

RESULTS
Double and triple reporter systems to analyze
gene therapy vector pharmacology

We previously evaluated kidney transduction
after IV injection with different AAV serotypes
using Cre recombinase to track luciferase (Luc),
GFP, and RFP in the same mouse.11 In this ap-
proach, AAV-Cre was injected into mice that are
transgenic in the Rosa26 locus for different Cre-
activated reporter genes.

In LSL-luciferase mice, luciferase’s expres-
sion is blocked by a LoxP-flanked (floxed) poly-
adenylation (PolyA) cassette between the CAG
promoter and Luc (Fig. 2). In the absence of Cre, no
Luc is expressed. When Cre is delivered, it deletes
the floxed PolyA to activate Luc.

In mT/mG mice, a floxed membrane-targeted red
fluorescent protein mTomato (mT) is followed by
membrane-targeted GFP (mG). In the absence of
Cre, mT is expressed in all cells of the mouse and
is membrane targeted. When Cre is delivered, mT
is deleted and mG is expressed. At higher magni-
fications, these membrane-targeted reporter pro-
teins provide substantial cell discrimination.11

By crossing LSL mice with mT/mG mice, hybrid
mice have exactly one gene copy of Cre-activatable
luciferase and exactly one gene copy of the mT/mG
cassette. Therefore, these hybrid mice provide an
‘‘on/off’’ system to detect vector transduction and
pharmacology. The presence of three reporter
genes allows (1) in vivo imaging, (2) cell-specific
transduction monitoring through mG expression,
and (3) on/off confirmation of transduction by co-
ordinated loss of mT with activation of mG.11 This
system can also be augmented by tapping into the
vast repertoire of mice engineered for tissue-
specific Cre expression (Supplementary Fig. S1). In
this previous work, we found that AAV9 and rh10
vectors mediated the highest levels of transduction
in the kidney after IV injection compared to AAV1
and AAV811 (and unpublished observations).
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Given this prior art, in this study, we first com-
pared AAVrh10-Cre transduction to that mediated
by significantly larger Ad5-Cre by IV injection into
LSL-Luc mice. LSL-Luc mice were injected with
PBS, 1012 GC of AAVrh10-Cre, or 1011 VP of Ad5-
Cre and were imaged for luciferase activity 3 days
later (Fig. 3A). Under these conditions, luciferase
activity was observed only in mice that were ad-
ministered Ad5-Cre. This luminescence did not
occur in the kidney, but instead arose from the liver
of the mice. This observation is consistent with
previous work that shows that the liver absorbs
*98% of IV injected Ad.12,13 The kidneys from
these mice were removed and analyzed ex vivo for
luciferase activity. Imaging and enzymatic lucif-
erase assays showed weak transduction in kidneys
from mice injected IV with either AAVrh10-Cre or
Ad5-Cre (Fig. 3B, C).

RU and SC injections increase
kidney transduction

This suggested that the glomerular barrier
prevents large viral vectors from reaching the pa-
renchyma of the kidney. We hypothesized that
delivering the vectors from the reverse direction,
(i.e., up the ureter), would avoid these size con-
straints and enable better gene delivery within the
kidney. We also hypothesized that direct injection
of vectors into the kidney parenchyma through the
kidney capsule wall would also circumvent this
barrier.

To test this, AAV-Cre and Ad-Cre were admin-
istered into the right kidneys in LSL-luciferase
mice by RU and SC routes (Fig. 4A). RU-injected
kidneys showed strong luciferase activity by im-
aging that appeared near the region of the kidney.
Kidneys from the IV and RU injected mice were
removed and imaged (Fig. 4B). The right kidney of
the Ad5-Cre injected mouse showed markedly
higher levels of transduction than the other sam-
ples. In addition, both the right and left kidney
homogenates of the AAVrh10-Cre injected mouse
showed detectable luciferase by imaging. When

the RU injected and uninjected kidneys were ho-
mogenized and analyzed by enzyme activity, this
showed highest activity in the Ad5 injected kid-
ney with no activity in its contralateral kidney
(Fig. 4C). In contrast, the AAV injected and unin-
jected kidneys both showed activity that was
higher than in PBS control kidney extracts. This
indicated that small AAV vector leaked from the
injected site to transduce the contralateral kid-
ney, whereas the large Ad vector did not. However,
homogenate from the livers of these RU and SC
injected mice showed even greater luciferase ac-
tivity than the kidneys, indicating that both AAV
and Ad leaked into the systematic compartment
and transduced the liver.

Similar results were observed when LV expres-
sing firefly luciferase was injected into nontrans-
genic mice by the SC route (Fig. 4A, right mouse).
This resulted in a sustained kidney signal without
off-target transduction indicating that the large LV
vector likely integrated into kidney cells without
leaking into the blood like the large Ad vector.

AAV-Brainbow vectors transduce tubule
epithelial cells

To further investigate the ability of AAV vectors
to transduce renal tubule cells, we used AAV-
Brainbow vectors14,15 in Cre-expressing mice. Like
mT/mG mice, AAV-Brainbow vectors have inacti-
vated fluorescent protein genes, but for four sepa-
rate fluorescence proteins. In the presence of Cre,
mCherry, mTFP, TagBFP, and EYFP genes are
stochastically activated, generating cells that may
express one or more of each of the fluorescent pro-
teins.14,15

These vectors were injected into Ksp1.3/Cre
mice that express Cre in renal tubule cells.16

Ksp1.3/Cre mice were injected with 5e11 GC of
AAV9-TagBFP-EYFP and 5e11 GC of AAV9-
mCherry-mTFP, by RU or SC injections (Fig. 5A).
On day 24 after injection, the kidneys were
harvested, sectioned, and examined by confocal
microscopy. Under these conditions, stochastic

Figure 2. Hybrid triple reporter mouse model to assess transduction. Mice endogenously express the membrane targeted red fluorescent protein mTomato
(mT). Any cell transduced by a Cre recombinase-expressing vector will stop expressing mTomato and begin to express mG and Luciferase. This hybrid mouse
is useful for in vivo luminescent imaging and fluorescent microscopy to assess cell-by-cell transduction. mG, membrane targeted GFP.
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transduction of cells was observed in sections
(Fig. 5B). In most cases, a single fluorophore was
expressed in tubule cells, although tubules could be
found displaying all four of the Brainbow fluor-
ophores in rare cases. The specificity of Ksp1.3/Cre
in the kidney was confirmed by crossing these mice
to mG/mT and LSL-Luc mice (Supplementary
Fig. S1).

Comparison kidney transduction by different
AAV serotypes

We found that AAV9 and rh10 were most ro-
bust by IV injection in previous work, but both

primarily transduced cells within the glomeru-
lus of the kidney. While these vectors are more
robust than other AAV serotypes by the IV
route17 (and reviewed in Saraiva et al.18), it was
possible that they might not be best by direct
kidney injection. In addition, the beneficial
ability of AAV9 and rh10 to permeate into tissues
after IV injection might actually be a liability for
kidney injections by enabling them to leak out of
the kidney and hit off-target tissues. Given this,
we compared AAV2, AAV6.2, AAV8, and
AAVrh10 vectors expressing Cre by SC injection
into the kidneys of LSL-Luc-mT/mG mice

Figure 3. IV injection mediates liver transduction. (A) Mice were administered IV injections of PBS (n = 1), 1e12 GC AAVrh10-Cre (n = 2), or 1e11 VP Ad5-Cre
(n = 2) and imaged on day 3. Ad5-Cre mediated strong visible liver transduction. (B) Kidneys were removed from the euthanized mice and imaged. No transduction
was observed except by AAVrh10-Cre in the capsule of the kidney. (C) Luciferase assay shows low levels of transduction in kidneys after IV injection. Kidneys
from mice shown in Panel A were extracted and homogenized. The homogenate was used in a luciferase plate reader assay. No kidney homogenate showed
higher levels than background (PBS). Luminescence is quantified in RLU. GC, genome copies; PBS, phosphate-buffered saline; RLU, relative light units.
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(Fig. 6). Luciferase imaging over 30 days re-
vealed that AAVrh10 surprisingly did not pro-
duce the strongest transduction. Instead, AAV8
and AAV6.2 mediated up to 10-fold higher ex-
pression than AAVrh10. AAV2 transduction was
surprisingly similar to AAVrh10.

The mice were sacrificed and their kidneys
were sectioned to observe transduction on a cell-
by-cell basis. Under these conditions, the injected
right kidney of the AAV8 mice yielded the highest
number of transduced cells compared to the other
AAV serotypes (Fig. 7). In parallel, the livers of
these AAV8-injected mice also showed higher off-

target transduction with nearly 100% of hepato-
cytes expressing mGFP. The livers of the mice
injected with AAV6.2 and AAVrh10 also showed
substantial levels of liver transduction. In contrast,
AAV2 mediated as good of kidney transduction as
AAVrh10 with relatively low off-target transduc-
tion of the liver. These data indicate that different
AAV serotypes mediate different levels of trans-
duction in the kidney after direct kidney injection.
These data also indicate significant leakage of all of
these AAV vectors from the organ that results in
substantial off-target transduction of other tissues
like the liver.

Figure 4. Enhanced levels of transduction in kidneys after RU and SC injections. (A) Mice were administered 1e12 GC AAVrh10-Cre, 1e11 VP Ad5-Cre, or
6.4e6 TU LV-Luc RU (n = 2 for AAVrh10 and n = 3 for Ad5) or SC (n = 2 for AAVrh10, n = 2 for Ad5, and n = 1 for LV). IV images are the same as those shown in
Figure 3. (B) The extracted kidneys of the mice shown in Panel A were imaged. (C) Homogenates of these kidneys show high levels of transduction from Ad5
and for AAVrh10, weaker levels from both the injected (right) and uninjected (left) kidney. The liver homogenates of these mice also indicate that significant
vector transduced the liver. Luminescence is quantified in RLU. SC, subcapsular; TU, transducing units.
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AAV8-Cre is a more sensitive reporter vector
than AAV8-GFP

Our experiments thus far enabled us to deter-
mine which serotype of AAV is most effective at
transducing kidney cells. However, the use of Cre
to ‘‘fingerprint’’11 or ‘‘footprint’’19 transduced cells is
a very sensitive system that can detect weakly or
transiently transduced cells. This contrasts with
standard episomal viral vector delivery of reporter
genes whose expression depends on transgene copy
numbers. The distinction between strong and weak
transgene expression has important implications
for viral vector-based genome editing applications,
which may only require the latter.19

To evaluate kidney transduction with a more
typical reporter gene, 2e11 GC of AAV8-GFP was
injected into normal FVB mice by IV, RU, and SC
routes. The mice were sacrificed 4 weeks later, and

their kidneys and livers were analyzed by immu-
nofluorescent staining for GFP (Fig. 8). IV injection
of AAV8-GFP resulted in strong, nearly ubiquitous
GFP expression in the liver, but no observable GFP
expression in the kidney. Kidney tissues from RU
and SC injections showed fewer GFP-positive cells
than were observed in AAV-Cre injected mT/mG
mice. Interestingly, the most abundant and con-
sistent GFP expression mediated by RU and SC
injections was in the glomeruli of injected and
surprisingly also in uninjected kidneys. The SC-
injected right kidneys also contained GFP-positive
cells of tubular morphology, some of which coloca-
lized with proximal tubule (PT) marker, lotus lec-
tin (Fig. 8). The livers of the RU- and SC-injected
mice also showed significant leakage of the AAV8-
GFP vector to the liver, corroborating the previous
data using the Cre reporter system.

Figure 5. Transduction of tubule cells by AAV9-Brainbow vectors in Ksp1.3/Cre mice. (A) Diagram of the reporter system. Ksp1.3/Cre mice express Cre driven
by the Cadherin16 (Cdh16) promoter, which is active only in tubule epithelial cells of the kidney and the genitourinary tract. Cre flips AAV9-Brainbow vectors to
the correct orientation to express TagBFP, EYFP, mCherry, or mTFP. (B) Mice were injected with a cocktail of 5e11 GC AAV9-TagBFP-EYFP and 5e11 GC AAV9-
mCherry-mTFP RU (n = 2) or SC (n = 2). Shown is a confocal microscopy image of several cells in a tubule expressing the four Brainbow fluorophores.
Magnification 40 · .
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DISCUSSION

We previously examined the ability of several
serotypes of AAV to transduce cells in various tis-
sues in mice after IV injection with particular focus
on kidney gene delivery.11 This study expands on
this work to compare gene delivery by three dif-
ferent vector systems. This study also tested the
utility of direct kidney injection of these vectors to
avoid the natural ability of the glomerulus to ex-
clude large molecules from downstream tubule
epithelial cells of the nephron.

In our previous work, we compared selected AAV
serotypes and determined that AAV1, AAV8, AAV9,
and AAVrh10 all mediate varied levels of gene de-
livery in the kidney11 (and unpublished observa-
tions). However, this transduction was largely
limited to cells within the glomeruli of the kidneys.
While the ability to transduce glomerular cells may
be relevant to treating inherited disorders such as
Alport syndrome,20 the inability to transduce PT,

distal tubule, and collecting duct cells obviates the
ability to treat inherited tubulopathies and cystic
diseases. We show here that it is indeed possible to
transduce cells beyond the glomerulus, including
key target cells in the tubule epithelium.

Delivery of reporter genes to the kidney by select
viral vectors has been tested previously.5,21–24

Early work used AAV1, 2, 3, 4, and 5 serotypes to
deliver b-galactosidase and GFP reporter genes. In
more recent years, several groups have used RU or
SC injection techniques for gene transfer similar
to the one we use in this study.6,9,10,25 Injection
through the renal artery or retrograde through the
renal vein into the kidney has also had some suc-
cess with various serotypes of AAV.23,26,27 These
studies did not compare different vector systems
for kidney gene delivery. They also generally did
not look beyond the kidney to evaluate off-target
gene delivery to other organs.

Our studies, as well as many others, indicate
that vector delivery to the kidney through the

Figure 6. AAV8 yields best kidney transduction determined by in vivo luminescence. Mice were given SC injections of 2e11 GC of AAV2-Cre, AAV6.2-Cre,
AAV8-Cre, or AAVrh10-Cre (n = 1 for each serotype). Luminescent signals were measured at days 10, 20, and 30, and the signals typically declined from day 10
to 30. Luminescence is quantified in Average Radiance, p/sec/cm2/sr (Avg Rad).
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systemic route is inefficient. This is in contrast to
AAV vectors’ ability to permeate into many tissues
after IV injection. However, the kidney has evolved
very specific permselectivity to control solute and
protein entry into its parenchyma. This 50 kDa
exclusion limit of the kidney is well below the
megaDalton mass of even small AAV vectors,
let alone larger vectors like Ad and LV. One can
extrapolate these size effects beyond viral vectors
to nonviral systems. Even nano-scale nonviral
vectors like lipid nanoparticles will likely fail to
pass the glomerular barrier unless they can be
engineered to be below 50 kDa in mass. Consider-
ing that an average nucleotide is 325 Da in mass,

this may mean that 150 base pairs of naked single-
stranded DNA or RNA may have difficulties en-
tering through the glomerulus. Small RNA or DNA
like siRNAs may pass the barrier provided that
their nonviral packaging does not bulk them up
beyond the permselectivity of the glomerulus. This
speculation assumes that vectors lack any special
evolved or engineered mechanisms to enter the
kidney by different means (e.g., natural retrograde
infection, cell-targeting peptides, and so on).

Given the natural filtering function of the glo-
merulus, it is logical to avoid this barrier by direct
or retrograde delivery into the kidney. There are
two essential problems to address for efficient

Figure 7. Several AAV serotypes mediate varying levels of off-target liver transduction. 2e11 GC of AAV2-Cre, AAV6.2-Cre, AAV8-Cre, or AAVrh10-Cre were
administered by SC injection to mice (n = 1 for each serotype; same group of mice shown in Fig. 6). For AAV2, no transduction of kidney cells was observed,
while few liver cells were transduced. For AAV6.2, no transduced kidney cells were observed, while approximately half of liver cells were transduced. For
AAV8, epithelial cells and some glomerular cells were stochastically transduced and nearly all liver cells were transduced. For AAVrh10, few kidneys cells
were transduced, and approximately half of liver cells were transduced.
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vector delivery to kidney cells by these direct
kidney injection routes: the access problem and
the tropism problem. The access problem regards
whether or not vectors can actually make physical
contact with the target cells. The tropism problem
considers that if contact can be made whether
vectors have the right cell-binding ligands for the
receptors that are on the kidney target cells.

In the current study, we begin to address the
access problem using novel injection routes that
avoid the limitation of vectors’ access to kidney
cells from the bloodstream. We show the ability to

stochastically transduce cells beyond the glomer-
ulus, but are not yet able to saturate all cells that
may be in need of therapy. We also begin to address
the tropism problem by testing different vector
systems and different AAV serotypes that target
different receptors. The Ad5 vector we use can in-
fect cells that express the coxsackie and Ad recep-
tor and av integrins (reviewed in Khare et al.28).
Different AAV serotypes target a variety of recep-
tors.18 One would expect these viral vectors that
target different receptors to have different abilities
to transduce kidney cells. In contrast, LV vectors

Figure 8. AAV8-CAG-GFP reporter vector mediates weaker expression than AAV8-Cre reporter vector. 2e11 GC of AAV8-CAG-GFP was administered by IV
(n = 1), RU (n = 4), or SC (n = 4) injection to mice. PBS was injected as a control (n = 1 for each route). IV administration of AAV8-CAG-GFP mediated extremely
robust GFP expression in the liver but none in either kidney. For both RU and SC injections, GFP expression was strongest and most abundant in the glomeruli
(yellow arrow) of the injected (right) and uninjected (left) kidneys. The right kidney of the SC injected mouse also shows some transduction of tubule cells,
some of which coincide with PT marker (lower yellow arrow) and some of which are likely distal tubule or collecting duct cells (upper yellow arrow). Liver
sections from the RU and SC injected mice corroborate leakage of the vector to the liver. Tissue sections were stained using mouse anti-GFP primary plus
Alexa Fluor 488 secondary and counterstained with lotus LTL plus Alexa Fluor 594 secondary to mark PT cells. LTL, tetragonolobus lectin.
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that are pseudotyped with the glycoprotein from
vesicular stomatitis virus (VSVg) (reviewed in
Cronin et al.29) can infect nearly any cell provided
they first satisfy the access problem. The repertoire
of transduction will likely be expanded by the use of
additional viral and nonviral vectors that target
new receptors provided that they too can address
the access problem.

Genetic and nongenetic kidney diseases affect
many cells and structures in the organ.3 As men-
tioned, IV injections may be able to treat glomer-
ulopathies, but neglect many cystic, glomerular
basement membrane disorders, and tubulopathies.
The ability to transduce renal tubular epithelial
cells, as demonstrated with AAV9-Brainbow and
Ksp1.3/Cre mice, has implications for treating
several genetic diseases that impact these cells.
Ksp1.3/Cre mice are characterized as having Cre
expression in collecting ducts, thick ascending
loop of Henle, and proximal and distal tubules.16

Targeting these cell types for transduction could
pave the way for gene therapy approaches for
diseases such as cystic kidney diseases, tubular
diseases, and renal metabolic diseases (reviewed
in Hildebrandt2). For example, delivering the
SCNN1B or SCNN1G gene to epithelial cells of the
collecting duct could perhaps treat the autosomal
dominant metabolic disease Liddle Syndrome.
Mouse models that recapitulate a variety of hu-
man monogenic renal disorders such as nephrotic
syndrome, Alport syndrome, and Bartter’s syn-
drome, among others, already exist (reviewed in
Hofmeister et al.30). Therefore, the techniques
and vectors used in this study may lay the
groundwork for testing therapeutic interventions
for these diseases in mouse models.

The kidney is an organ with complex vascula-
ture (the human kidney filters *2,000 liters of
blood per day). When livers of AAV-injected mice
were analyzed, higher levels of liver transduction
were observed than were observed even in the di-
rectly injected kidney. This indicates that a sig-
nificant amount of these small vectors leak or
permeate out of the kidney into the blood supply
after direct kidney injection. This level of off-target
transduction after kidney injection has not been
reported previously in most cases simply because
other organs were not examined in other studies.
While Rocca et al. showed that AAV8-Luc and
AAV9-Luc are expressed in the liver after left kid-
ney injection,26 and Shen et al. showed that AAV9-
GFP had some expression in the liver that did not
affect organ function after transparenchymal kid-
ney injection,25 the current study is the first to
show the massive extent to which liver tissue is

transduced after a direct kidney injection, with
the most striking example being AAV8. This is
important to note considering that off-target
transduction and systemic effects of gene therapy
vectors can cause dangerous side effects in animals
and humans.31–39

AAV2 is generally thought to be a weak vector
for IV gene therapy, whereas the newer AAVrh10
serotype is thought to be one of the most robust
vectors for systemic therapy.40–43 While both were
near equal in the injected kidney, it was interesting
that the more robust AAVrh10 vector produced
substantially higher off-target gene delivery in
the liver than AAV2. We also observed a dose-
dependent effect when using AAVrh10-Cre, with
markedly more tubule cells being transduced after
injecting 1e12 GC versus 2e11 GC (Supplementary
Fig. S2). It is important to note that AAV serotypes
that are deemed robust by virtue of their ability to
permeate into tissues after IV injection may actu-
ally be a safety liability if one wants those vectors
to stay local in a target organ like the kidney. Off-
target transduction may not pose substantial
safety issues unless expression of a kidney-specific
protein provokes off-target cell dysfunctions or
immune responses. In addition, vector transgene
expression can be restricted through the use of
tissue specific promoters, such as transthyretin
for liver, muscle creatine kinase for muscle, and
Ksp-cadherin for kidney.44–46 However, recent
observations of severe toxicity after high dose IV
injections in animals31–33,39 suggest that more
targeted delivery to the kidney may be prudent
when treating kidney-specific diseases.

While we have shown here that direct kidney
injections are superior to IV injections for trans-
duction of tubule epithelium, there is still much
room for improvement. Another way to improve
viral vectors for kidney gene delivery is to modify
them to improve their tropism for kidney cells. For
example, in vivo phage display can be used to select
for peptides that can be added to AAV or Ad capsids
for increased kidney cell tropism. A similar system
called DARPins exist for LV.47 While this has been
attempted through IV injection, it is yet to be at-
tempted by RU or SC injections.48,49 AAV can also
be put through ‘‘directed evolution’’ using DNA
shuffling techniques to increase tropism for target
tissue.50 In a similar manner, Ad proteins can be
modified to target ligands that may be present on
specific cell types.51 Modification of vector capsids
to alter tropism holds promise not only for in-
creasing specificity for the kidney but also for
detargeting the liver. It is important to consider the
relevance of smaller vectors such as AAV versus
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larger vectors such as Ad; while AAV is popular
and less immunogenic, it would require at least two
AAV vectors to carry Cas9, an accompanying single
guide RNA, and a template for gene editing ex-
periments, while Ad can easily carry all three of
these components in addition to more cargo.

Lang et al. recently improved upon our original
AAV-Cre ‘‘fingerprinting’’ studies comparing AAV-
GFP-Cre and AAV-CRISPR to ‘‘footprint’’ cells that
have been weakly or transiently transduced.19 This
study showed that these principles also apply in
transduction by direct kidney injection by testing
AAV8-Cre versus AAV8-GFP, which has important
implications in genome editing applications where
only weak or transient transduction of CRISPR-
Cas9 may be needed for a permanent genomic
modification.

In conclusion, our studies demonstrate that
genetic modifications of kidney cells can be in-
creased by applying several different vector
platforms by direct kidney injection. This work
also reveals the previously unreported problem
that massive amounts of the vectors that are in-
jected into the kidney also appear to leak out of
the organ to mediate rampant off-target tissue
transduction. For some kidney diseases, this off-
target transduction may not be a problem, but for
others, this may increase the likelihood of signif-
icant side effects. Modifying vectors with kidney-
specific promoters may help, but in reality just
hide the fact that much of these injected doses are
going elsewhere. Given this, next steps should
include efforts to increase transduction of kidney
cells and increase the retention of vectors within
the organ.
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