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Sonoporation can deliver agents to target local organs
by systemic administration, while decreasing the asso-
ciated risk of adverse effects. Sonoporation has been
used for a variety of materials and in a variety of organs.
Herein, we demonstrated that local sonoporation to the
kidney can offer highly efficient transfer of oligonucle-
otides, which were systemically administrated to the
tubular epithelium with high specificity. Ultrasonic wave
irradiation to the kidney collapsed the microbubbles and
transiently affected the glomerular filtration barrier and
increased glomerular permeability. Oligonucleotides
were passed through the barrier all at once and were
absorbed throughout the tubular epithelium. Tumor
necrosis factor alpha (TNFa), which plays a central role
in renal ischemia-reperfusion injury, was targeted using
small interfering RNA (siRNA) with renal sonoporation in
a murine model. The reduction of TNFo expression after
single gene transfer significantly inhibited the expres-
sion of kidney injury markers, suggesting that systemic
administration of siRNA under temporary and local
sonoporation could be applicable in the clinical setting
of ischemic acute kidney injury.
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INTRODUCTION

Acute kidney injury (AKI) affects a growing number of hospi-
talized patients and raises clinical problems that are associated
with high morbidity and mortality rates.!> AKI has a number
of etiologies that include interstitial nephritis, rapidly progres-
sive glomerulonephritis, obstructive nephropathy, renovascular
complications, sepsis, and toxic nephropathy but is frequently
the consequence of ischemic insults.* Ischemic AKI is a frequent
and serious complication for patients subjected to major cardiac,
liver, vascular, or kidney surgery.” The renal ischemia-reperfusion
injury (I/R) model in rodents has provided increased understand-
ing of the mechanisms of ischemic AKI and improved treatment
strategies.® Tumor necrosis factor alpha (TNFa.) is thought to play
an important role in the pathophysiology of renal I/R. Inhibition

of TNFo. ameliorated renal I/R and subsequent renal fibrosis.”*
These results suggest that anti-TNFo. therapy could be a candi-
date against AKI. However, systemic administration of anti-TNFo.
agents to individuals with systemic inflammatory response syn-
drome, including AKI, increased the morbidity of infection and
mortality,”' suggesting that kidney-specific methods are required
for ideal AKI treatment.

RNA interference (RNAI) is a biological process in which gene
expression is silenced by sequence-specific small RNAs, includ-
ing small interfering RNA (siRNA) and microRNA, through RNA
degradation, translational inhibition, and histone methylation."
Since the effectiveness of RNAi in mammalian somatic cells was
first reported in 2001, the use of this technique has been broadly
applicable for in vivo and in vitro genetic manipulations. Clinical
trials have shown the effectiveness of siRNAs for the treatment of
malignant tumors, including hepatic cancer'® and ophthalmologi-
cal diseases, such as neurovascular age-related macular degenera-
tion' and diabetic macular edema,' suggesting that siRNAs are a
useful class of therapeutic drugs. However, the anionic and hydro-
philic properties of siRNA prevent it from being delivered into
the cytosol, and siRNA stability in the blood is not high due to
the presence of nucleases. Even after entering into the cytosol, off-
target events and inflammatory reactions have to be overcome.'¢

To date, several gene delivery methods have been developed
using recombinant viruses, chemical agents, and nano-sized par-
ticles."” Recently, ultrasound and microbubble ultrasound contrast
agents have become increasingly popular for systemically target-
ing drugs and genes. Acoustic pressure emits jet and shock waves,
causing the collapse of microbubbles that subsequently perturb
cellular membranes and transiently disrupt vascular endothelial
integrity. This increases the permeability of the targeted sites to
circulating therapeutic agents.'" This method, known as “sono-
poration,” can selectively deliver agents to organs and tissues of
interest, even when therapeutic agents are administrated systemi-
cally. Lan et al.®® first reported the inhibition of renal fibrosis by
gene transfer of recombinant, inducible Smad7 using an ultra-
sound-microbubble system in a rat unilateral ureter obstruction
model. Li et al.*! also reported the sonoporation-enhanced trans-
fer of recombinant adeno-associated virus into less permissive
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renal cell carcinoma. So far, the combination of sonoporation and
oligonucleotides has never been examined for the kidney, which
has a unique structure, a filtration barrier in Bowman’s capsule
with tubular epithelium to absorb the small molecules.

In this study, we found that sonoporation-mediated gene
transfer (SMGT) to the kidney accelerated the permeability of the
glomerular filtration barrier and enhanced the native, robust abil-
ity of the tubular epithelium to absorb small molecules. The renal
SMGT provides high, efficient, specific oligonucleotide delivery to
the kidney within less than 1 minute. Our finding that a single ses-
sion of SMGT using siRNA against TNFo. ameliorated the extent
of kidney injury suggests that SMGT could reverse ischemic AKI.

RESULTS

Optimization of ultrasound conditions

We examined the relation between the sonoporation deliver setting
and the degree of the kidney injury (Supplementary Figure S1a).
We first set the output intensity to 2 W/cm? of output power for 1
minute of irradiation duration, according to previous reports.?>*
Under this condition, expression of kidney injury molecule 1
(KIM1) did not increase as a result of ultrasound irradiation in
immunostaining and western blotting, suggesting that ultrasound
did not cause kidney injury (Supplementary Figure Slb,c).
However, 2 minutes of exposure or 3 W/cm? intensity of the ultra-
sound caused significant kidney injury. From the safety aspect,
we set the condition of the ultrasound as follows for subsequent
studies: output intensity of 2 W/cm?, duration time of 1 minute. In
addition, we evaluated whether sonoporation caused fibrosis or
inflammation at days 1, 3, 7, and 14 after sonoporation. Analysis
of Massons trichrome staining showed that sonoporation did not
cause fibrosis at days 1, 3, 7, and 14 (Supplementary Figure S1d),
and analysis of the macrophage staining (for F4/80) revealed that
sonoporation did not cause macrophage infiltration at days 1, 3, 7,
and 14 (Supplementary Figure Sle).

Localization of sonoporation-delivered
oligonucleotides

To determine if we could efficiently deliver oligonucleotides into
the kidney in vivo by sonoporation, we injected Dylight547-
labeled oligonucleotides (DLO) alone or as a mixture with micro-
bubble via the inferior vena cava (IVC) under laparotomy and
exposed an ultrasonic wave directly to the kidney for 1 minute
immediately after injection (Figure 1b). DLO was not detected
in control animals that were subjected to ultrasound irradia-
tion without injection. In ultrasound-irradiated animals injected
with a mixture of DLO and microbubble, DLO was detected in
proximal tubular epithelial cells and localized near the brush
border. DLO was weakly detected in animals injected with DLO
alone or in animals injected with a mixture of DLO and micro-
bubble in the absence of ultrasound irradiation (Figure 1c). We
did not detect DLO in other organs, such as brain, heart, lung,
liver, spleen, testis, and gastrointestinal tracts, and we verified
that the oligonucleotides were exclusively transferred into the
targeted kidney for sonoporation (Supplementary Figure S2).
The mRNA levels of KIM1 and neutrophil gelatinase-associated
lipocalin (NGAL) did not increase as a result of this procedure
(Figure 1d,e). These results indicate that an oligonucleotide was
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Figure 1 Dylight547-labeled oligonucleotides (DLO) were delivered
into the kidney using sonoporation. (a) Sonitron 2000V (left) and its
probe of 12mm in diameter (middle). Bar = T0 mm. Ultrasound irradia-
tion was performed on the left kidney (arrowhead) for 1 minute (right).
(b) Experimental scheme. After median incisions, the mixtures of 1 nmol
of DLO and microbubbles (MB) were injected via IVC using a syringe
equipped with a 34-gauge needle. Immediately after injection, ultra-
sound irradiation was performed with an input frequency of 3 MHz,
an output intensity of 2W/cm?, and a pulse duty ratio of 50%, using
Sonitron 2000V. The mice were sacrificed at day 1. (c) Distribution of
DLO signals under different conditions of the intervention. DLO signal
was detected more frequently in the animals injected with DLO and MB,
with ultrasound irradiation, than in other animals. Co-staining with LTL
showed DLO localization to nearby brush border in proximal tubular
cells. Bar = 50 pm. (d,e) Relative expression of KIM1 and NGAL mRNAs.
The result indicated that the kidney was not injured by DLO, MB, or
ultrasound irradiation. Results are expressed as a ratio of the animals of
DLO(-) MB(-) US(-) (n = 3). Data were expressed as mean + SE. DLO,
Dylight547-labeled oligonucleotides; IVC, inferior vena cava; LTL, Lotus
tetragonolobus lectin; MB, microbubble; US, ultrasound irradiation.

delivered specifically into the kidney in vivo by sonoporation
without causing kidney injury.

Immunofluorescence staining with Lotus tetragonolobus
lectin showed that most of the DLO signal colocalized with
Lotus tetragonolobus lectin immediately inside the brush bor-
der of tubular proximal epithelial cells, while immunofluores-
cence for Dolichos biflorus agglutinin showed that DLO signal
was weakly detected in the collecting duct (Figure 2, upper two
rows). In the glomerulus, DLO was weakly detected in endothe-
lial cells, podocytes, and mesangial cells as indicated by immu-
nofluorescence staining with CD31, podocin, and PDGFR},
respectively (Figure 2, middle three rows). In the interstitium,
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Figure 2 DLO was delivered mainly into proximal tubular cells. Upper
two rows: Immunofluorescence staining with LTL shows that DLO was
detected immediately inside the brush border of tubular proximal epi-
thelial cells. Immunofluorescence staining with DBA shows that DLO
was weakly detected in the collecting duct. Middle three rows: In the
glomerulus, DLO was detected slightly in endothelial cells, podocytes,
and mesangial cells as indicated by the immunofluorescence staining
with CD31, podocin, and PDGFR, respectively. Lower three rows: In the
interstitium, immunofluorescence staining with CD31 shows that DLO
was slightly detected in endothelial cells. Bar = 10 pm. DBA, Dolichos
biflorus agglutinin; DLO, Dylight547-labeled oligonucleotides; LTL,
Lotus tetragonolobus lectin.

immunofluorescence staining with PDGFRp, which is a marker
for myofibroblasts, showed no colocalization with DLO. In the
arteriole, *SMA, which is a marker for smooth muscle cells, did
not colocalize with DLO (Figure 2, lower two rows).

Sonoporation transiently increases glomerular
capillary permeability

To determine if glomerular capillary permeability is changed
by sonoporation, we examined the fluorescence intensity of the
urine that was collected after injection of the mixture of DLO and
microbubble, with or without ultrasound irradiation (Figure 3a).
We also examined the fluorescence intensity of the urine that was
collected after the injection of DLO alone (Figure 3a). Before the
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Figure 3 DLO into the urine was transiently increased by sono-
poration. (a) Experimental scheme. After median incisions, 1 nmol of
DLO with/without microbubbles (MB) were injected via IVC using a
syringe equipped with a 34-gauge needle. Immediately after injection,
ultrasound irradiation was performed. The urine was collected at 0, 3,
and 24 hours after injection. (b,c) Fluorescence intensity of the urine.
Fluorescence intensity was assessed using fluorescent microscopy and a
96-well microplate reader. The urine showed significantly stronger fluo-
rescence intensity in animals injected with a mixture of DLO and micro-
bubble with ultrasound irradiation than that in other animals. Results
are expressed as a ratio in comparison to the animals of DLO(+) MB(+)
US(-) at 0 hour (*P < 0.05; **P < 0.01; n = 3). (d) Transient increase of
the glomerular capillary permeability caused by sonoporation. We con-
sidered the urine albumin—creatinine ratio as a parameter for glomerular
permeability. The urine albumin—creatinine ratio transiently increased
and returned to the original state. Results are expressed as a ratio in
comparison to the animals of DLO(+) MB(+) US(-) at 0 hour (*P < 0.05;
n = 3). Data were expressed as mean = SE. ACR, albumin—creatinine
ratio; DLO, Dylight547-labeled oligonucleotides; IVC, inferior vena cava;
MB, microbubble; US, ultrasound irradiation.

injection, the urine was not fluorescent in any of the animals.
After 3 hours of the injection, the urine was highly fluorescent in
animals injected with a mixture of DLO and microbubbles, with
ultrasound irradiation, while the urine was only weakly fluores-
cent in animals injected with a mixture of DLO and microbubbles,
without ultrasound irradiation. The fluorescence intensity of urine
showed from animals injected with DLO alone was significantly
weaker than the intensity of urine from animals injected with both
DLO and microbubble, with ultrasound irradiation, and there was
no statistically significant difference between the animals injected
with DLO alone and those injected with both DLO and micro-
bubbles about the fluorescent intensity of the urine. After 24 hours
of the injection, the urine was no longer fluorescent in any groups
(Figure 3b,c). The microbubbles were not detected in the urine,
which suggests that the microbubbles did not pass through the
glomerular membrane (Supplementary Figure S3).

To determine if the sonoporation-induced increase in per-
meability of the glomerular capillary was transient, we measured
the urine albumin-creatinine ratio (Figure 3d). The urine albu-
min-creatinine ratio also transiently increased at 3 hours after
sonoporation and returned to the original state 24 hours after
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sonoporation, suggesting that the glomerular capillary permeabil-
ity returned to the original state.

Functionality of sonoporation transferred siRNA

Mice expressing green fluorescent protein (GFP) received a sin-
gle dose of siRNA against GFP by renal SMGT, and the mRNA
level of GFP was examined 1 day after sonoporation (Figure 4a).
Quantitative reverse transcription polymerase chain reaction
(qRT-PCR) indicated that the mRNA level of GFP in the kidney
after sonoporation decreased to ~0.87-fold more than the GFP
mRNA level in the contralateral kidney without sonoporation
(Figure 4b). The mRNA level of GFP was not affected in other
organs. As evaluated by fluorescent microscopy, there was no sig-
nificant difference in the GFP protein expression level between
that of the siGFP-injected animals with sonoporation and that of
the other groups (Supplementary Figure S4).
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Figure 4 siRNA against GFP (siGFP) was delivered into the kidney
using sonoporation. (a) Experimental scheme. After median incisions,
the mixtures of 1 nmol of siGFP and microbubbles were injected via IVC
using a syringe equipped with a 34-gauge needle. Immediately after
injection, ultrasound irradiation was performed. The mice were sacri-
ficed at day 1. (b) Relative expression of GFP mRNA in various organs.
The expression level of GFP mRNA in the kidney in which sonoporation
was performed significantly decreased in comparison to the expression
in the contralateral kidney and other organs. Results are expressed as
a ratio of the sham kidney (*P < 0.05; n = 3). Data were expressed as
mean + SE. IVC, inferior vena cava; siGFP & MB, mice injected with
siRNA against GFP and microbubble; Untreated, untreated mice; US,
ultrasound irradiation.
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Delivery of oligonucleotides into injured kidney

After 30 minutes of bilateral renal I/R, we injected a mixture of
DLO and microbubble via IVC and immediately exposed the left
kidney to ultrasonic wave for 1 minute (Figure 5a). KIM1 and
NGAL mRNA levels were significantly increased by the bilateral
renal I/R, verifying that the procedure can be used to model kid-
ney injury (Figure 5b,c). Neither injection of DLO nor sonopora-
tion caused additional elevation of the mRNA levels of KIM1 and
NGAL (Figure 5b,c). Co-staining of KIM1 and DLO showed that
sonoporation allowed the transfer of oligonucleotides to the dam-
aged epithelial cells (Figure 5d).

Delivery of siRNA against TNFa in vitro

We used siRNA against TNFa (siTNFo) using NIH3T3 cells to
determine if siTNFa suppresses TNFo. expression. First, we deter-
mined the suitable concentration of lipopolysaccharide (LPS)
needed to increase TNFoo mRNA expression in NIH3T3 cells by
measuring cell number, cell viability, and TNFo mRNA level of
NIH3T3 cells under different concentrations of LPS stimulation.*
Cellnumber decreased in the presence of LPS and reached a plateau
at a concentration of 1 pg/ml (Supplementary Figure S6a). Cell
viability depended on the concentration of LPS (Supplementary
Figure S6b). TNFo. mRNA level increased approximately twofold
at the concentration of 1 pg/ml; therefore, we used this concen-
tration for subsequent experiments (Supplementary Figure S6¢).
We found that cell number and cell viability of NIH3T3 cells
improved significantly (Supplementary Figure S6d,e) and that
the level of TNFoo mRNA decreased by ~0.5-fold upon treatment
with siTNFo. (Supplementary Figure S6f).

Delivery of siTNFa by sonoporation in vivo

We determined if siTNFo was delivered by sonoporation into the
injured kidney, and we also evaluated any subsequent function.
After the right nephrectomy and 30 minutes of unilateral I/R on
the left kidney, we injected a mixture of siTNFo and microbubble
via IVC and immediately exposed the left kidney to ultrasonic
wave for 1 minute (Figure 6a). The mRNA level of TNFa: signifi-
cantly increased in animals subjected to 30 minutes of unilateral
I/R when compared to the TNFo. mRNA level of sham-treated ani-
mals (Figure 6b). The mRNA level of TNFa was not impacted by
either the injection of siTNFa alone nor sonoporation alone. The
mRNA level of TNFo. decreased ~0.5-fold upon single injection
of siTNFa with sonoporation (Figure 6b). These results indicated
that we could prevent the elevation of TNFoumRNA caused by renal
I/R by sonoporation into the targeted kidney. The mRNA levels of
KIM1 decreased significantly in the animals injected with siTNFo.
with sonoporation (Figure 6¢). The mRNA levels of NGAL tended
to decrease in animals injected with siTNFo with sonoporation
(Figure 6d). The immunofluorescent staining and western blot-
ting of KIM1 shows that KIM1 protein also decreased in siTNFo.-
injected animals with sonoporation (Figure 6e,f). In the analysis of
the inflammatory cytokines, the mRNA levels of TGFf} and IL1
significantly decreased in siTNFo-injected animals with sonopor-
ation (Figure 7). The mRNA levels of IL1a,, MIP2, and MCP1 also
tended to decrease with sonoporation in siTNFo-injected animals
(Figure 7). There was no statistically significant difference between
the group of siTNFo-injected animals with sonoporation and the
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Figure 5 DLO was delivered into the injured epithelial cells. (a) Experimental scheme. After median incisions and 30-minute bilateral I/R, a mixture
of 1 nmol of DLO and microbubbles were injected via IVC using a syringe equipped with a 34-gauge needle. Immediately after injection, sonopora-
tion was performed on the left kidney. The mice were sacrificed at day 1. (b, c) Relative expression of KIM1 and NGAL mRNAs. KIM1 and NGAL
mMRNA levels increased in renal I/R animals. Neither injection of DLO nor sonoporation caused additional elevation of KIM1 and NGAL mRNAs. Results
are expressed as a ratio of the sham (n = 3). Data were expressed as mean + SE. Sham means DLO(-) US(-) I/R(-). (d) Co-immunofluorescence stain-
ing with KIM1 and DLO. DLO signal was detected in the KIM1-positive injured epithelial cells (upper row). Bar = 50 um. DLO, Dylight547-labeled
oligonucleotides; I/R, ischemia-reperfusion. IVC, inferior vena cava; US, ultrasound irradiation.

other groups in histological damage and serological renal function,
evaluated by injury score and serum blood urea nitrogen, respec-
tively (Supplementary Figure S5a,b).

DISCUSSION

This study demonstrates that sonoporation can effectively and
selectively deliver oligonucleotides into the kidney without adverse
effects through a mechanism that involves transient acceleration
of the permeability of glomerular filtration barriers. Murine I/R
kidney can be ameliorated by introducing siRNA against TNFou
with sonoporation.

Many gene transfer modalities, such as recombinant viruses
and chemical materials, have been developed to be applied in
basic science and gene therapy.” However, genetic modifica-
tions using recombinant viruses still raise concerns about safety.
Because of its safety profile, siRNA is expected to be the next-
generation method of choice for gene therapy.” There have been
previous reports of siRNA transfer into the kidney,* including
siRNA delivery into the glomeruli**® and the tubules®! using
techniques such as hydrodynamics, electroporation, nanocar-
rier complexation, and the antibody-delivery system in which
antipodocyte antibodies are modified by the cleavage of divalent
immunoglobulin G and positive charging to allow carrying of
negatively charged siRNA that specifically binds to the podocytes,
followed by internalization and transportation to the cytoplasm.*
In order to use siRNAs as therapeutic agents in various applica-
tions, the instability and the difficulty of passage through the cell
membrane due to the hydrophilic properties of siRNA* should be

Molecular Therapy vol. 24 no. 1 jan. 2016

resolved, and sonoporation can be used to overcome these prob-
lems. Sonoporation has been reported to deliver genes directly to
target organs and can result in high levels of gene expression with-
out harming the target organs.*

In this study, we demonstrated the ability to deliver oligonu-
cleotides by sonoporation specifically into the kidney. Kurosaki
et al.® previously demonstrated that plasmid DNA containing the
luciferase gene could be delivered by sonoporation specifically
into the kidney by measuring the level of luciferase gene expres-
sion. Lan et al.?® also reported that the combination of ultrasound
and microbubbles largely enhances plasmid DNA transfer into
the kidney, resulting in more than a 1,000-fold increase in the
transfection rate, compared to the non-ultrasound treatment.
Immunofluorescence co-staining suggested that DLO accumula-
tion is more frequent in the proximal tubules than in other com-
partments in the kidney,” which was consistent with our results.
We also demonstrated that the distribution of DLO in the injured
kidney is similar to the distribution in normal kidney, suggesting
that oligonucleotides could be delivered into the proximal tubules
by sonoporation even during ischemic AKI. These results support
the use of SMGT for clinical treatment of ischemic AKI, because
cells targeted by ischemic insult are mainly the proximal tubular
epithelial cells.?

Two previous reports about SMGT to the kidney did not deter-
mine the mechanism of gene transfer.”** We found that the sono-
poration phenomenon occurs at the glomerular filtration barriers
and that gene transfer takes advantage of the native absorbable
capability of the tubular epithelium. Our results indicated that the
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Figure 6 Kidney injury significantly improved in animals injected with siTNFo with sonoporation in renal IRl model. (a) Experimental scheme.
After median incisions, 30-min unilateral I/R, and right nephrectomy, the mixture of T nmol of siTNFo and microbubbles were injected via IVC using a
syringe equipped with a 34-gauge needle. Immediately after injection, ultrasound irradiation was performed. The mice were sacrificed at day 1. (b-d)
Relative expression of TNFo, KIM1, and NGAL mRNAs. The mRNA expression level of TNFa and KIM1 significantly decreased in animals injected
with siTNFa with sonoporation compared to the expression in untreated I/R animals. The mRNA levels of NGAL tended to decrease with injection
of siTNFa. with sonoporation compared to the levels in other animals. Results of relative expression of mRNAs are expressed as a ratio of the sham
(*P < 0.05; n = 10). Data were expressed as mean + SE. (e) Periodic acid-Schiff (PAS) staining (upper row) and immunofluorescence staining with
KIM1 (lower row). KIM1 was detected in proximal tubular epithelial cells in the IRl groups, and the strength of the fluorescence decreased in animals
injected with siTNFa with sonoporation. (f) Western blot analysis of KIM1 and GAPDH was used as an internal control. KIM1 protein decreased in
animals injected with siTNFo. with sonoporation. Bar = 50 um. I/R, ischemia-reperfusion; IVC, inferior vena cava; N, negative control siRNA; NGAL,
neutrophil gelatinase-associated lipocalin; siTNFo, kidney injected with siRNA against TNFa and microbubble; US, ultrasound irradiation.

urine was highly fluorescent in animals injected with a mixture = microbubble was not observed in the bladder following ultra-

of DLO and microbubble, with ultrasound irradiation, suggest-
ing that the oligonucleotides were simultaneously passed through
the glomerular filtrate by sonoporation. Although it is known that
naked siRNA is gradually filtered into the urine,** it is thoroughly
and promptly removed into the proximal tubules at the time of the
insonation. High concentrations of siRNA at times may lead to
siRNA distribution throughout the tubular epithelium. Because

130

sonic wave irradiation, sonoporation likely does not contribute to
reabsorption from the apical side of the epithelial cells. We also
detected DLO immediately inside the brush border of tubular
proximal epithelial cells, suggesting that the oligonucleotides are
delivered from the apical side, because the distribution of DLO
accumulation in the proximal tubules is similar to the distribution
of reabsorbed labeled albumin.*
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Figure 7 The analysis of the inflammatory cytokines. The mRNA level of TGF and IL1p significantly decreased in animals injected with siTNFa,
with sonoporation. The mRNA levels of IL1c, MIP2, and MCP1 also decreased in animals injected with siTNFo with sonoporation. Results of rela-
tive expression of mRNAs are expressed as a ratio of the sham (*P < 0.05; n = 10). Data were expressed as mean + SE. I/R, ischemia-reperfusion;
N, negative control siRNA; siTNFa, kidney injected with siRNA against TNFo. and microbubble; US, ultrasound irradiation.

When SMGT is applied during clinical treatment, safety is most
important. Because the ultrasonic wave is absorbed in the tissues of
the organ and turns into thermal energy, too much exposure can
cause an increase in organ temperature and cause organ damage.
In this study, we adjusted the strength and duration of treatment to
find an adequate condition that would efficiently transfer the genes
without causing damage to the kidney. This step is consistent with
a previous study using SMGT to the kidney.”® The kidney injury
was determined by histopathological assessment and by measur-
ing the levels of KIM1 and NGAL mRNA in the kidney, which
are sensitive biomarkers for kidney injury.*** The results suggest
that sonoporation causes little renal damage if the strength of the
ultrasound and the duration of the treatment are adjusted. We also
showed that the sonoporation-induced increase in the glomeru-
lar capillary permeability is transient. This result indicated that
sonoporation did not harm the kidney in spite of the continuous
proteinuria associated with the increase in the glomerular capillary
permeability, which might result in the chronic kidney damage.*

Previous reports demonstrated siRNA delivery to the targeted
tissues and organs by sonoporation. Tsunoda et al.** reported that
the GFP expression level of the coronary artery wall in enhanced
GFP-transgenic mice was reduced by sonoporation-delivered
siGFP. Un et al.® reported that siRNA against intracellular adhe-
sion molecule-1 (ICAM-1), delivered by sonoporation specifically
into the hepatic endothelial cells, suppressed ICAM-1 expression
in different models of acute liver inflammation. Moreover, Inoue
et al.? reported that siTNFa injected into the articular joints was
delivered into the synovial tissue by sonoporation and decreased
the level of TNFa, resulting in the amelioration of the radio-
graphic score upon histological examination. In the field of the
nephrology, our study is the first to report that siRNA could be
delivered specifically into the targeted kidney by sonoporation
and to confirm the function of the delivered siRNA.
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Increasing evidence has implicated TNFo as a major partici-
pant in the pathogenesis of kidney injury, promoting inflamma-
tion, apoptosis, and accumulation of extracellular matrix.*-* The
pathogenic role of TNFa and the potential benefits of modulat-
ing TNFo activity have been shown in models of various kidney
diseases, including AKL”** However, previous reports showed
that systemic administration of anti-TNFa agents increased the
opportunity of infection,»'® suggesting that kidney-specific treat-
ment is required to reduce the side effect of the agent. We designed
kidney-specific gene transfer for silencing TNFa. to repress AKI.
The repression of TNFo. suppressed KIM1 expression, which has
been shown to improve ischemic AKI. Our intervention showed a
crucial effect against AKI. The repression of TNFo. might stop the
vicious cycle of ischemic AKI, although ischemic AKI is attrib-
uted to many factors, including other inflammatory cytokines,**
intracellular apoptotic regulation molecules,®' cell adhesion
molecules,”> and infiltrating immune cells.”*~** Microbubbles
have previously been reported to be retained within the micro-
circulation of inflamed tissue.””*® Inflammatory processes are
involved in the pathogenesis of AKI, so the ability of microbub-
bles to accumulate in inflamed tissues might lead to an increased
opportunity for the simultaneous existence of microbubbles and
siRNA in an I/R model. We suggest that anti-TNFa. therapy, using
siRNA delivered by sonoporation, could be an effective therapy
against ischemic AKIL.

The limitation of this study lies in the difficulty of translating
the method for clinical use. The application of ultrasound irradia-
tion directly to the kidney and siRNA injection via the IVC would
be too invasive as a clinical therapy. However, if our method was
applied in human AKI therapy, percutaneous ultrasound irra-
diation and siRNA injection via a cutaneous vein could be per-
formed as less-invasive methods. Further research is required to
develop an adequate method of ultrasound irradiation and siRNA
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injection for clinical application. In addition, the adjustment of
the dose and the frequency of siRNA injection for human AKI
could contribute to improvement of the condition.

In conclusion, we showed that we could deliver siRNA into
the kidney specifically and effectively using sonoporation through
transient acceleration of the permeability of the glomerular fil-
tration barriers. We also showed that systemic administration of
TNFo siRNA under temporary and local sonopration could ame-
liorate ischemic AKIL. We suggest that our intervention would be a
strong candidate of the therapy to overcome AKIL

MATERIALS AND METHODS

Animal treatment. C57BL/6 male mice and GFP mice,” aged 10 weeks
and weighing 23-28g, were used. Mice were housed under a 12/12-
hour day/night cycle with free access to food and water. All studies were
approved by the Committee for Animal Research, Kyoto Prefectural
University of Medicine.

The ischemia/reperfusion model mice were anesthetized with an i.p.
injection of 50 mg/kg pentobarbital sodium and placed on a homeothermic
table to maintain body temperature at 37 °C during surgery. Median
incisions were made to expose renal pedicles. After the right nephrectomy,
the left renal pedicle was clamped unilaterally with an arterial microclamp
and released after 30 minutes. Reperfusion was confirmed visually, and
the wounds were sutured. After surgery, mice had free access to water and
chow. Kidneys were collected at 1 day after I/R. Sham control animals were
subjected to identical surgery except for left renal pedicle clamping.

Sonoporation-assisted oligonucleotide transfection in vivo. The mice
were anesthetized, and I/R was performed. Aliquots of 100 pl of SV-25
microbubbles (NepaGene, Chiba, Japan) were added to 1 nmol of siRNA,
and the mixtures were injected via IVC using a syringe equipped with a
34-gauge needle (React System, Osaka, Japan). Immediately after injection,
a collimated ultrasound beam was applied for 1 minute through a probe
12mm in diameter with an input frequency of 3 MHz, an output inten-
sity of 2 W/cm? (spatial average temporary peak), and a pulse duty ratio of
50%, using a Sonitron 2000 V (serial no. 0624081173; NepaGene). The oli-
gonucleotides that we used were as follows: miRIDIAN microRNA Mimic
Transfection Control with Dy547 (Dylight547) was purchased from GE
Healthcare (Little Chalfont, UK) and Silencer Select siRNA against GFP
(siGFP), TNFo (siTNFo), and negative control siRNA were purchased
from Life Technologies (Carlsbad, CA).

Tissue preparation. Mice were anesthetized and sacrificed, immediately
perfused with phosphate-buffered saline from the left ventricle, and their
kidneys were harvested. For frozen sections, kidneys were fixed with 4%
paraformaldehyde for 2 hours on ice, incubated in 30% (v/v) sucrose at 4
°C overnight, and embedded in optimum cutting temperature compound
(Sakura Finetek Japan, Tokyo, Japan). Frozen tissues were sectioned at 8
pm. For paraffin sections, kidneys were fixed with 4% (v/v) formalin and
paraffin embedded, and paraffin-embedded tissues were sectioned at 4 pm.

Histological analysis. Renal morphology was observed in 8-pum paraffin
sections along the long axis at the center of the kidney by Periodic acid-
Schiff staining (Sigma-Aldrich, St Louis, MO). The histological changes
that were evaluated included the percentage of renal tubules that displayed
cell lysis, loss of brush border, and cell detachment. The development of
tissue damage (referred to as kidney injury score) was scored as follows: 0,
0-25%; 1, 25-50%; 2, 50-75%; and 3, 75-100%. Ten nonoverlapping fields
in the corticomedullary region (magnification: x200) per kidney were ran-
domly selected in a blinded manner and examined.

Immunohistochemistry and antibodies. Immunohistochemical stain-
ing to detect macrophages was performed using rat antimouse F4/80
antibodies (Serotec, Oxford, UK). Macrophages were counted in the
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corticomedullary region in 10 randomly chosen, nonoverlapping high-
power fields (magnification: x200).

Fibrosis analysis. The fibrosis area was counted in 10 randomly chosen,
nonoverlapping high-power fields (magnification: x200) using Image]
software, based on Masson’s trichrome staining.

Immunofluorescence analysis and antibodies. Samples were blocked with
5% (v/v) normal goat serum in phosphate-buffered saline and incubated
with primary antibodies including fluorescein isothiocyanate (FITC)-
conjugated anti-Lotus tetragonolobus lectin (FL-1321; Vector Laboratories,
Burlingame, CA), FITC-conjugated anti-Dolichos biflorus agglutinin (FL-
1031; Vector Laboratories), FITC-conjugated anti-CD31 (RM5201; Life
Technologies), FITC-conjugated antipodocin (bs-6597R-FITC; Bioss,
Woburn, MA), FITC-conjugated anti-PDGFR (sc-432 FITC; Santa Cruz
Biotechnology, Santa Cruz, CA), and goat anti-KIM-1 (AF1817; R&D
Systems, Minneapolis, MN). Secondary antibodies were either Alexa Fluor
488-conjugated antigoat immunoglobulin G (A-11078, Life Technologies)
or Alexa Fluor 555-conjugated antigoat immunoglobulin G (A-21432;
Life Technologies). Samples were incubated with secondary antibodies
for 1 hour. Nuclear counterstaining was performed using 4’,6-diamidino-
2-phenylindole and followed by mounting in Prolong-Gold (Thermo
Fisher Scientific, Waltham, MA). Images were obtained by confocal
microscopy (Nikon C1 Eclipse; Nikon, Tokyo, Japan) or standard micros-
copy (Nikon Eclipse 90i; Nikon). In GFP protein expression, whole kidney
was observed by Fluorescent Stereo Microscope named fluorescent in vivo
imaging system (KURAVIC-vivo; KURABO, Osaka, Japan).

Assessment of renal function. The blood samples were collected and clot-
ted at room temperature. The samples were centrifuged at 8,000 x g for 5
minutes, and then, the supernatants were collected as serum. The blood
urea nitrogen level was examined by LSI Medience (Tokyo, Japan).

RNA extraction and qRT-PCR. Total RNAs from cells were extracted using
TRIzol (Life Technologies) and Direct-zol RNA MiniPrep Kit (Zymo
Research, Irvine, CA) according to the manufacturer’s recommendations.
To perform qRT-PCR, 400 ng of total RNAs were reverse-transcribed using
PrimeScript RT reagent Kit (Takara Bio, Shiga, Japan) and KAPA SYBR
FAST qPCR Kit Master Mix (2x) Universal (KAPA BIOSYSTEMS, Boston,
MA) according to the manufacturer’s recommendations. qRT-PCR was
performed using a Thermal Cycler Dice Real Time System (Takara Bio).
All of the reactions were done in triplicate. The primers used in this experi-
ment are listed in Supplementary Table S1.

Western blotting. Western blot analysis was used for detection of KIM1
expression within the kidney. Briefly, kidney tissues were lysed in sodium
dodecyl sulfate sample buffer (0.5mol/l Tris-HCI (pH 6.8), 10% sodium
dodecyl sulfate 2% (w/v), glycerol 10% (v/v)). Samples were centrifuged
at 12,000 x g for 10 minutes to pellet cell debris. Samples were mixed with
bromophenol blue and 2-mercaptoethanol, boiled for 10 minutes, electro-
phoresed on a 10% sodium dodecyl sulfate polyacrylamide gel, and elec-
troblotted onto a polyvinylidene difluoride transfer membrane (Millipore,
Billerica, MA). The membrane was blocked in phosphate-buffered saline
containing 3% bovine serum albumin, 0.05% Tween 20, and then incu-
bated for 1 hour with goat monoclonal antibodies to KIM1 (AF1817; R&D
Systems). After washing, the membrane was incubated with a 1:2,000
dilution of horseradish peroxidase-conjugated rabbit antigoat immuno-
globulin G (sc-2922; Santa Cruz Biotechnology) in phosphate-buffered
saline containing 3% bovine serum albumin. The blots were then devel-
oped using the ECL detection kit (Clarity Western ECL Substrate; Bio-Rad
Laboratories, Richmond, CA), and protein bands were visualized using the
VersaDoc system (Bio-Rad).

Measurement of glomerular capillary permeability. Mice were anes-
thetized and injected with mixtures of 100 pl of SV-25 microbubbles
(NepaGene) and 1 nmol of DLO via IVC. Immediately after injection, a
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collimated ultrasound beam was applied for 1 minute through a probe
12mm in diameter with an input frequency of 3 MHz, an output intensity
of 2W/cm?, and a pulse duty ratio of 50%, using a Sonitron 2000V (serial
no. 0624081173; NepaGene). Urine was collected before the injection, and
then at 3 and 24 hours after injection. The fluorescence intensity of DLO
in urine was evaluated using standard microscopy (Nikon Eclipse 90i) and
a microplate reader (Infinite 200; Tecan, Médnnedorf, Switzerland). Urine
albumin and creatinine were measured by Wako Pure Chemical Industries
(Osaka, Japan).

Detection of the microbubbles in the urine. Mice were anesthetized and
injected with mixtures of 100 pl of SV-25 microbubbles (NepaGene)
via IVC. Immediately after injection, a collimated ultrasound beam was
applied for 1 minute through a probe 12 mm in diameter with an input fre-
quency of 3 MHz, an output intensity of 2 W/cm?, and a pulse duty ratio of
50%, using a Sonitron 2000V (NepaGene). Immediately after ultrasound
irradiation, the bladder was observed by Vevo 2100 (Fujifilm VisualSonics,
Toronto, Canada) to detect the microbubbles into the urine. The bladder
was observed for 30 minutes after ultrasound irradiation.

Cell line, culture, and treatment in vitro. NIH3T3 cells were cultured in
Dulbecco's modified Eagle medium, 10% fetal bovine serum, and antibi-
otics (1% penicillin and streptomycin). We seeded 1x10° NIH3T3 cells
per well in six-well plates (Thermo Fisher Scientific), cultured them for 24
hours, and treated them with different concentrations of LPS (0, 1, 2, 4, 8,
and 16 pg/ml; Escherichia coli 0111:B4; Sigma-Aldrich; no. L4391) for 48
hours. The number and viability of cells was evaluated using a commercial,
automatic, cell counting machine (ADAM-MC Automatic Cell Counter;
NanoEnTek, Seoul, Korea) as described in previous studies.®

Transfection of siRNA against TNFa in vitro. siTNFou was transfected
into cultured NTH-3T3 cells that subsequently were onto six-well plates
at a density of 1x10° cells/well. After 24 hours, cells were rinsed and
supplemented with 2ml of fresh culture medium. Nine microliters of
Lipofectamine RNAiIMAX Reagent was diluted into 150 ul of Opti-MEM
medium (Life Technologies). siRNA at 400ng was diluted into 150 pl of
Opti-MEM medium. Therefore, diluted siRNA was added to diluted
Lipofectamine RNAiMAX Reagent (1:1 ratio) and incubated for 5 minutes
at room temperature. After incubating cells with the mixture for 1 day at
37 °C, we analyzed transfected cells.

Statistical analysis. Results are expressed as mean + SE. Each experiment
was performed using at least three mice per group and repeated in its
entirety at least once with similar results. The quantification was performed
from at least 10 high-power field pictures for each kidney. Statistical analy-
sis was performed using the unpaired ¢-test. Multiple group comparisons
were performed using one-way analysis of variance with a post hoc Tukey—
Kramer test. P < 0.05 was considered statistically significant. Statistical
analysis was performed using Excel 2007 (Microsoft, Redmond, WA), with
the Statcel2 plug-in software (OMS Publishing, Saitama, Japan).

SUPPLEMENTARY MATERIAL

Figure S1. Ultrasound irradiation was performed using the Sonitron
2000V with an input frequency of 3 MHz and a pulse duty ratio of
50%.

Figure $2. Distribution of DLO in other organs.

Figure $3. Detection of microbubbles in urine.

Figure $4. GFP protein expression observed by fluorescent in vivo
imaging system (KURABO KURAVIC-vivo) (upper row) and microscopy
(lower row).

Figure S5. Histological and serological analysis of the treated kidney.
Figure $6. Confirmation of siTNFa activity using NIH3T3 cells with
lipopolysaccharide (LPS) treatment.

Table S1. Primer sets for quantitative RT-PCR.
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