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Abstract: Objectives: Small interfering RNA (siRNA) that silences specific disease-related genes holds the promise
for the treatment of renal disease. However, delivery to the intended site of action remains a major obstacle. The
goal of this study was to develop glomerulus-specific siRNA particles for targeted gene therapy of kidney diseases.
Methods: We used a novel nanoparticle-based system comprised of siRNA in cationic liposomes (Lip) coated with
non-inhibitory plasminogen activator inhibitor 1R (PAI-1R) that selectively targets glomerular cells and tested it with
transforming growth factor-beta 1 (TGF-β1)-siRNA in nephritic rat model. Results: At the optimized ratio of components, three of PAI-1R, Lip and siRNA formed the compact nanostructured particles with close to neutral surface
charge (+5.63 ± 1.45 mV) and relatively uniform size (68.9 ± 4.73 nm). When the fluorescence-conjugated siRNA
was used, the labeled siRNA nanoparticles appeared specifically in glomeruli. Targeted delivery of siRNA specific to
the TGFβ1 gene reduced elevated TGFβ1 mRNA expression and protein production in glomeruli, but had no effect
on TGFβ1 mRNA levels in lung, spleen, artery or renal medulla, and in nephritic rats induced by injection of OX-7,
for up to 5 days. PAI-1R-Lip-TGF-β1 siRNA administration significantly reduced increases in glomerular matrix accumulation and expression of PAI-1 and fibronectin. Conclusions: We conclude that a single dose of PAI-1R-Lip-TGF-β1
siRNA inhibited glomerular TGF-β1 gene expression thereby ameliorating glomerulosclerosis specifically and efficiently in nephritic rats without affecting most of other organs. The target silencing of genes critical for glomerular
diseases may represent a promising treatment strategy for kidney disease.
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Introduction
The discovery of RNA interference (RNAi) that
employs small double-stranded RNA molecules
to silence gene expression is poised to have a
major impact on the treatment of human diseases [1]. However, delivering the RNAi-based
therapeutics to specific organs or specific cell
types within organs still remains a great challenge. With nanoparticles, a large number of
these therapeutic molecules can be loaded
into a protected environment and targeted to
specific cell type with antibodies or ligands, and
then taken up efficiently [2-5]. Of them, the cationic liposome-mediated gene transfer vehicle
with compacted structure has been extensively
investigated for cancer therapy [6-10]. Cationic
liposomes are composed of positively charged

lipid bilayers and able to be complexed with
negatively charged and naked DNA/RNA by
simple mixing of lipids and DNA/RNA. The
formed complex (lipoplex) can develop a net
positive charge with length scale in the 10 to
100-nanometers range. Those features of lipoplex in particle size and surface charge are
important for the preferential delivery of lipoplex to the tendent sites [7, 11, 12]. Furthermore, by bearing a ligand or antibody recognized by a cell surface receptor or protein on
the targeted cell [13], the lipoplex-coupled nanoparticles are able to target intended organ or
cells specifically. The presence of a ligand on a
lipoplex also facilitates the entry of DNA/RNA
into cells through initial binding of the ligand to
its receptor on the cell surface followed by internalization of the bound lipoplex [7, 8, 13]. Once
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internalized, sufficient DNA/RNA escapes the
endocytic pathway to be expressed in the cell
nucleus. This innovative nanoparticle-based
gene delivery or therapy has shown success in
vivo to target various tumors [6, 8, 14]. The
first-in-human Phase I clinical trial for non-viral
p53 gene therapy had completed [15] and is
now in Phase II clinical trials for tumor-targeted p53 gene therapy (NCT00470613, NCT02340117, NCT02340156, ClinicalTrials.gov).
Such advances made us enthusiastic to try this
new technology to target glomeruli. The glomerulus is the focus of the inflammatory response in a variety of chronic kidney diseases (CKD).
The prevalence of glomerular disease is high
and growing because of the increased incidence of hypertension, diabetes and glomerulonephritic diseases [16, 17]. Selective gene
delivery to glomerulus is an attractive approach
for mechanistic studies of glomerular disease
and expected to have profound therapeutic
effects on these diseases without adverse
systemic effects. The glomerulus is a modified
capillary composed of endothelial, mesangial,
visceral (known as podocytes) and parietal epithelial cells. Of these cells, endothelial cell (EC)
is the first layer of the capillary and can be easily targeted through local circulation. Mesangial
cell (MC) plays a pivotal role in the pathogenesis of many glomerular diseases including
membranoproliferative glomerulonephritis, lupus nephritis, IgA nephropathy, focal glomerulosclerosis and diabetic nephropathy [18, 19]
because MC proliferates and accumulates
extracellular matrix that eventually reduces glomerular function. In addition, MC is also a
suitable target for nanoparticle-based therapy
because MC is located in mesangium where
there is no basement membrane between the
glomerular capillaries and mesangium. The
mesangial space is directly accessible through
the glomerular vascular fenestrations, which
have a relatively wide width of 50 to 100 nm.
Thus, the nanoscale particles with dimensions
of less than 100 nm are able to reach the MCs
in the kidneys. Podocytes are wrapped around
the capillaries. Together with the glomerular
basement membrane (GBM) and ECs, podocytes comprise the glomerular filtration barrier
of the kidney that possess an effective cutoff
size of approximately 10 nm for the entry of
molecules/particles into the urinary space from
the blood thereby preventing proteins from
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being filtered. Thus, glomerular filtration barrier
likely limits macromolecular vehicles-based
drug or gene deliveries to podocytes. However,
several studies have shown that podocytes
still can be targeted successfully by nanoparticles in animal kidney disease models [20, 21].
It remains unknown whether this action only
occurs by limiting the particle size in 5 nm to
30 nm or in diseased kidney where the filtration
membrane is injured, and the tiny molecular
size cutoff is changed. The goal of the present
study was to establish glomerular cell-, particularly MC, targeted delivery of siRNA in vivo.
We have developed a new human mutant plasminogen activator inhibitor 1-R (PAI-1R) (50 Kd)
that does not bind any protease, but effectively
competes with native PAI-1 for vitronectin (Vn)
binding sites thereby enhancing plasmin generation locally in glomeruli and resulting in significant plasmin-dependent reductions in glomerular pathological matrix accumulation in
anti-Thy1.1 nephritis [22, 23] and diabetic
nephropathy in db/db mice [24, 25]. Likely,
the human recombinant mutant PAI-1R shows
promise as not only a drug that may be useful
in combination with others to prevent or slow
the progression of glomerulosclerosis but also
a ligand to target siRNA nanoparticles to glomerular cells. In the present study, we employed the PAI-1R as the targeting ligand to develop glomerulus-specific, ligand-targeting, nanoparticle-siRNA lipoplex for targeted gene therapy of kidney diseases.
Overexpression of transforming growth factorbeta 1 (TGFβ1) is the most common molecular
feature of progressive kidney disease [26]. Targeting of TGFβ1 using several different TGFβ1
inhibitors reduces the progression of chronic
kidney disease in a variety of animal models.
However, TGFβ1 has profound anti-inflammatory properties and systemic TGFβ1 blockade
may have serious inflammatory side effects.
Thus, human clinical trials of TGFβ1 blockade
are unfortunately hampered by its potential
systemic adverse effects [27]. The selective
suppression of the TGFβ1 overexpression in
diseased kidney or glomerulus is clearly wanted. We then chose TGFβ1 as a glomerular target gene and tested the efficacy of RNAi to
glomerular TGFβ1 and the therapeutic potential of TGFβ1siRNA by using the targeted delivery approach in a rat model of human mesan-

Am J Transl Res 2022;14(10):7362-7377

Kidney-targeted siRNA therapy
gial proliferative glomerulonephritis (anti-Thy1.1 nephritis model) where high levels of TGFβ1
occur locally in glomerular cells [26, 28, 29].
This new technology showed promising efficiency and specificity in targeted delivery of siRNA
against the TGFβ1 gene and glomerulosclerosis
to nephritic glomeruli in rats, with limited effect
on undesired locations.
Materials and methods
Reagents
The mutant, non-inhibitory PAI-1 (PAI-1R) was
produced as described previously [22, 30]. The
monoclonal mouse anti-Thy1.1 antibody, OX-7,
was obtained from the National Cell Culture
Center (NCCC, Biovest International, Inc.,
Minneapolis, MN, USA). Unless specified, all
other reagents were purchased from SigmaAldrich Chemical Co. (St. Louis, Missouri, USA).
Animals
The studies in vivo were performed on male
Sprague Dawley (SD) rats (Strain Code: 400,
180-200 g) obtained from the SAS colony of
Charles River Laboratories (Wilmington, MA,
USA). Animal housing and care were in accordance with the National Institute of Health
(NIH) Guide for the Care and Use of Laboratory
Animals. The animal studies were approved by
the Institutional Animal Care & Use Committee (IACUC) of University of Utah (The IACUC
approved protocol number: 10-09001 & 1309001).
Disease induction
Glomerulonephritis was induced by tail vein
injection of the monoclonal anti-Thy1.1 antibody, OX-7, (1.75 mg/kg body weight (BW)) on
day 0. OX-7 binds to the Thy1.1 epitope on the
surface of mesangial cells and causes complement-dependent cytotoxicity and cell lysis followed by exuberant matrix synthesis and deposition, especially in glomeruli. This model
mimics an antigen-triggered immune mesangial proliferative glomerulonephritis in humans.
Normal control animals were injected with the
same volume of phosphate buffered saline
(PBS).
Experimental design
Study 1. Organ distribution of PAI-1R in nephritic rats after intravenous injection: Two nephritic
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rats received intravenous PAI-1R injection (2
mg/kg BW) 24 hours (h) after disease induction. Rats were euthanized at 2 h after PAI-1R
administration. The kidneys, liver, spleen, heart, lung and aorta were then removed when
blood was completely removed from the body
with 60 ml ice-cold PBS. The kidneys were further decapsulated and the cortex was dissected from the medulla. A small piece of organ tissue was snap frozen for immunofluorescent
staining of PAI-1R and/or glomerular mesangial
cell markers.
Study 2. Prepare and optimize PAI-1R-LipsiRNA nanoparticles: Cationic liposomes (Lip)
consisting of dioleoyl trimethyl-ammonium propane (DOTAP) and dioleoyl phosphatidyl-ethanolamine (DOPE) (Avanti Polar Lipids, Alabaster, AL) at 1:1 molar ratio were prepared by
using the ethanol injection method as previously described [6]. PAI-1R at 1.7 mg/ml was
stored in 20 mmol 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes), 150 mmol
NaCl, pH 7.4. In addition, we chose a chemically stabilized siRNA, called StealthTM siRNA,
for this study, synthesized by Invitrogen Life
Technologies Inc. (Invitrogen, Carlsbad, CA,
USA). The PAI-1R-Lip-siRNA complex was prepared according to the in vivo formulation
described previously [7, 14] with minor modification. Briefly, for typical preparation with optimized in vivo formulation, PAI-1R-Lip-siRNA
complex was prepared with various ratios of
the components. Finally, 25 µl of PAI-1R (1.7
mg/ml) and 20 µl of Lip (2 mmol total lipids)
plus 455 µl of Opti-MEM® I (Invitrogen) were
mixed in a polypropylene tube and incubated
for 5-15 min at room temperature with frequent
rocking. Five µl of siRNA (20 µmol) was first
mixed with 480 µl of Opti-MEM for 5 min at
room temperature and then it was added to the
tube, mixed immediately and thoroughly with
PAI-1R-Lip complex, and incubated for 20 min
at room temperature with frequent rocking. The
final siRNA: Lip: PAI-1R ratio was 1:10:12.5
(µg/nmol/µg). The formed particles were further used for the analyses of surface zeta
potential (ZP), size distribution and ultrastructure. The ZP and size distribution of PAI-1R-LipsiRNA particles were carried out by dynamic
laser light scattering (DLS) on a Brookhaven
Instruments Corp. system consisting of a BI200SM goniometer and a BI-9000AT autocorrelator according to the manufacturer’s instructions. Each measurement was at least repeatAm J Transl Res 2022;14(10):7362-7377
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ed for three times. The ultrastructure of PAI1R-Lip-siRNA particles was analyzed by transmission electron microscopy (TEM) and atomicforce microscopy (AFM). The PAI-1R-Lip-siRNA
particles prepared freshly were directly loaded
on the Formvar/Carbon-coated electron microscope grids (200 Mesh Copper Grids, TED
PELLA INC. Redding, CA, USA) and counterstained with uranyl acetate and the image of
particles at different magnification were recorded. The AFM image surface of the particles
were prepared in a tapping mode by oscillating
a cantilever with a sharp tip close to the cantilever resonance frequency. A feedback circuit
maintains the oscillation of the cantilever at
constant amplitude.
Study 3. In vitro and in vivo validation of the
cell-specific targeting of the PAI-1R-Lip-siRNA
particles: The BLOCK-iT TM Alexa Fluor® Red
Fluorescent Control StealthTM siRNA (Invitrogen)
was employed as an indicator of the lipoplexmediated transfection efficiency both in vitro
and in vivo. The sequence of the control siRNA
is not homologous to any known gene. It does
not produce any cellular effect. Also, the red
fluorescence labeling is chosen to avoid the
false-positive results in kidneys that have
endogenous green fluorescence.
In vitro, primary MCs derived from intact rat
glomeruli of four-to-six-week-old male SD rats
were used between passages 5 and 8. Cells
were maintained in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented
with 20% fetal bovine serum (FBS) (Hyclone
Laboratory, Logan, UT, USA), 100 U/ml penicillin, 100 µg/mL streptomycin, 0.1 U/mL insulin,
25 mmol Hepes buffer at 37°C in a 5% CO2
incubator. One day before transfection of
StealthTM siRNA, rat MCs were plated in sixwell-plates and maintained in antibiotic-free
RPMI 1640 medium supplemented with 10%
FBS, 0.66 U/ml insulin, 25 mmol Hepes buffer
for 24 h. At the time of transfection, 2 ml of
antibiotic-free Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 2.5% FBS, 2
mmol glutamine, 0.11 U/ml insulin, 25 mmol
Hepes buffer with PAI-1R-Lip carrying 50 nmol
red fluorescent-labeled control siRNA were
added to cells of ~50% confluence. Transfection was performed for 2 h, 4 h, 6 h, 24 h, 48 h,
and 72 h at 37°C in a CO2 incubator. Medium
was replaced with 2.5% FBS, antibiotic-free
DMEM every 24 h. After transfection, the culture medium was discharged, and cells were
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washed with phosphate buffered saline (PBS)
twice and fixed with cold ethyl alcohol for 5 min.
The efficiency of siRNA transfection on MCs
was monitored using the confocal microscopy
directly.
In vivo, 6 nephritic rats received intravenous
injection of the PAI-1R-Lip carrying the red fluorescent-labeled siRNA (at a dose of 8 µg of
siRNA per animal) 24 h after disease induction.
Nephritic rats received the same amount of
naked red fluorescent-labeled siRNA alone or
unliganded Lip-siRNA, or unspecific liganded
transferrin (Tf)-Lip-siRNA (targets the transferrin receptor for the delivery of therapeutic
agents into cancer cells) [6] severed as controls. The animals were euthanized under isoflurane anesthesia at 2 h, 4 h and 6 h after
injection (n=2/per time point). Kidneys were
perfused in situ with cold PBS (pH 7.4), and
then excised. Glomeruli isolated from individual rats using graded sieving [22] were suspended in PBS and subsequently examined
and photographed with a light microscopy and
a fluorescent stereoscope.
Study 4. Effect of RNA interference (RNAi) to
glomerular TGFβ1 on experimental glomerulonephritis by targeted delivery using PAI-1R-LipsiRNA particles in vivo: The efficiency of the rat
TGFβ1siRNA transfected by the established
PAI-1R-Lip-siRNA nanoparticle approach was
firstly assessed, in vitro, in cultured rat MCs
using a similar protocol as described in the
Study 3. We chose StealthTM siRNA, which is
stable in serum and in tissue homogenates for
at least 10 days [31]. The effective sequences of the StealthTM siRNA oligonucleotides targeting 1017 base pair (bp) -1041 bp of the rat
TGFβ1 gene (GenBank accession number,
NM_021578) were designed using the BLOCKiT TM RNAi Designer (Invitrogen) and synthesized by Invitrogen Life Technologies Inc. The
sense strand included 5’-AGA ACU GCU GUG
UAC GGC AGC UGU A-3’ and the antisense
strand included 5’-UAC AGC UGC CGU ACA CAG
CAG UUC U-3’. MCs were harvested at 72 h
after transfection for total RNA isolation followed by TGFβ1 mRNA measurement. The latter was determined by real time reverse transcription-polymerase chain reaction (RT-PCR).
In vivo, eighteen rats were randomly assigned
to the following three groups: normal control,
nephritic control rats treated with PAI-1R-Lip
Am J Transl Res 2022;14(10):7362-7377
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without siRNA, and nephritic rats treated with
PAI-1R-Lip-TGFβ1siRNA (n=6/per group). The
treated rats received a single tail vein injection
of 48 µg/kg BW, StealthTM siRNA against TGFβ1
carried by the PAI-1R-Lip nanoparticles. Animals were placed in metabolic cages for 24 h
urine collection from day 4 to day 5 and were
euthanized at day 5 after OX-7 injection.
Euthanasia
Rats were euthanized under isoflurane anesthesia. After blood was drawn from the lower
abdominal aorta, the kidneys were perfused
with 60 ml ice-cold PBS and harvested. For histological examination, cortical tissue was snapfrozen and fixed in 10% neutral-buffered formalin. Glomeruli from individual rats were isolated
by graded sieving as described previously [22].
The silencing efficacy of StealthTM siRNA in injected rats was determined by measuring glomerular TGFβ1 mRNA expression by real time
RT-PCR and glomerular TGFβ1 protein production by the enzyme linked immunosorbent assay (ELISA) as described [32]. In addition, the
downstream targets of TGFβ1 including plasminogen activator inhibitor-1 (PAI-1) and matrix
protein fibronectin (FN) mRNA and protein production were determined by real time RT-PCR
and ELISA. In order to determine the specific
targeting of PAI-1R-Lip-siRNA nanoparticles,
pieces of liver, lung, artery, heart and spleen
tissues were taken from each rat for measurements of TGFβ1 mRNA expression by real time
RT-PCR.
Urinary protein excretion
Twenty-four-hour urinary protein excretion was
determined using the Bradford method (BioRad Protein Assay, Bio-Rad Laboratories Inc.,
Hercules, CA, USA).
Light microscopy
All microscopic examinations were performed
in a blinded fashion on 3-µm sections of paraffin-embedded tissues stained with periodic
acid-Schiff (PAS). Glomerular matrix expansion
was evaluated as previously described [22].
Briefly, in 30 glomeruli from each rat, the amount of mesangial extracellular matrix (ECM)
occupying each glomerulus was scored as 0
(0%), 1 (25%), 2 (50%), 3 (75%) or 4 (100%).
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Immunofluorescent staining for PAI-1R and
glomerular cells
The indirect immunofluorescence was performed on 3 µm cryostat sections as described
previously [22]. The goat anti-human PAI-1 IgG
(American Diagnostic Inc. Greenwich CT) (which
does not cross react with rat or mouse endogenous PAI-1), was used as the primary antibody. Fluorescein isothiocyanate (FITC)-conjugated rabbit anti-goat IgG or tetramethyl rhodamine (TRITC)-conjugated donkey anti-goat IgG
and FITC-conjugated donkey anti-mouse IgG
(at 1:100 dilution, Jackson ImmunoReseach
Laboratories Inc.) were used as the secondary
antibodies. Dual-immunostained sections were
analyzed using a fluorescence microscope with
double filters.
RNA preparation and real-time RT-PCR
Total RNA was extracted immediately from MCs
or renal glomeruli using TrizolTM reagent (GIBCO
BRL) according to the manufacturer’s instructions. Total RNA (2 µg) was reverse-transcribed
using the Superscript III first-strand synthesis
system for RT-PCR kit (Invitrogen). Real-time
RT-PCR was then performed using SYBR Green
I gene assay kit (Applied Biosystems, Foster
City, CA, USA) with ABI 7900 HT system as
described previously [33]. Samples were run as
triplicates in separate wells to permit quantification of the target gene normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) used for equal loading. Primers for TGFβ1, PAI-1, FN and GAPDH were constructed
as described previously [34]. In addition, total
RNA from liver, lung, artery, heart and spleen
and renal medulla from each group was pooled
and analyzed for TGFβ1 mRNA expression as
described above.
Statistical analysis
Values are expressed as mean ± standard deviation (SD). Groups were analyzed by one-way
ANOVA, and the Student-Neuman-Keuls comparison was employed to compare differences
among groups. A value of P<0.05 was considered statistically significant. In study 4, duplicate wells of cell culture were analyzed for each experiment, and data were generated from a
pool of at least three independent experiments.
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Figure 1. Injected PAI-1R mainly targeted glomerular cells in nephritic rats. (A) Representative photomicrographs of
major extra-glomeruli organs and (B) glomeruli at 2 h after PAI-1R injection, stained by goat-anti-human plasminogen activator inhibitor 1 (hPAI-1) IgG and FITC-conjugated rabbit anti-goat IgG. Magnification: 250×. (C) Colocalization of PAI-1R with glomerular mesangial cells. Staining for PAI-1R (red) and glomerular mesangial cells (green) and
double staining for PAI-1R and glomerular cells shown in yellow. Magnification: 400×. No PAI-1R staining was seen
without PAI-1R injection in each tissue.

Results
Organ target of the injected PAI-1R
To identify the distribution of injected PAI-1R by
immunofluorescent staining at a dose of 2 mg/
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kg BW, which was 5.8-fold higher than the dose
required when forming siRNA nanoparticles,
nephritic rats were sacrificed at 2 h after injection. As shown in Figure 1, PAI-1R was extensively stained in renal glomeruli (Figure 1B).
A few signals of PAI-1R were observed in the
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Figure 2. The surface change and particle size of PAI-1R-Lip-siRNA. (A) Surface zeta potential and size distribution
of the optimized PAI-1R-Lip-siRNA particles, compared with cationic liposome alone, and PAI-1R coated liposome,
PAI-1R-Lip. (B) TEM (Ba, Bb) images of PAI-1R-Lip-siRNA particles. Images of the complexes were prepared according to the optimized in vivo formulation. (Bb) Higher magnification images of (Ba) with strong defocus to improve the
contrast of the surface structure of the particles. Magnification bar was present in the bottom of each photo. (C)
Representative graphic size distribution of the optimized PAI-1R-Lip-siRNA particles determined by TEM. The short
diameter size of particles (short): 65 ± 13.0 nm and the long diameter size of particles (long): 80.9 ± 15.6 nm.

aorta intimae. Heart, liver, lung, spleen and collecting ducts of the kidney remained negative
(Figure 1A). Within glomeruli, injected PAI-1R
stained in red and Thy1.1 stained in green were merged and produced clear yellow staining
(PAI-1R/Thy1.1), indicating that PAI-1R binds to
renal MCs. Furthermore, we have tested PAI-1R
distribution in diabetic db/db mice at 20 weeks
of age after intraperitoneal injection. Similar to
the distribution of PAI-1R in nephritic rats
observed here, the majority of injected PAI-1R
stained red was colocalized with glomerular
MCs and ECs stained green when both staining
were merged and yielded clear yellow staining
(PAI-1R/Thy1.1 or PAI-1R/rat endothelial cell
antigen (RECA)-1), while PAI-1R (in red) and
Glepp1 (in green) only yielded a few yellow color
(PAI-1R/glomerular epithelial protein 1 (Glepp1))
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(Supplementary Figure 1), indicating that a
small portion of PAI-1R might be colocalized
with glomerular podocytes. These results indicate that intravenously injected PAI-1R mainly
targets glomerular MCs and ECs. Thus, PAI-1R
was chosen as the targeting ligand for the following experiments by targeting glomerular
cells, especially MCs.
Characteristics of PAI-1R-Lip-siRNA particles
To characterize the optimized PAI-1R-Lip-siRNA
formulation, we measured the particle distribution and zeta potential of the PAI-1R-lipoplex
particles using dynamic laser light scattering
(DLS). The DOTAP: DOPE liposomes (Lip) themselves had a net positive charge of ~+66 mV
(+66.46 ± 3.15 mV). PAI-1R coated liposome,
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PAI-1R-Lip, had a less net positive charge of
~+29 mV (+29.36 ± 0.50 mV). When mixed with
siRNA, the PAI-1R-Lip-siRNA particles attained
a close to neutral surface charge of ~+5.6 mV
(+5.63 ± 1.45 mV). As shown in the Figure 2A,
one narrow peak of particle distribution of each
mixture indicates that the vast majority of PAI1R-Lip or PAI-1R-Lip-siRNA mixture formed a
major particle of similar size, which was consistent with the changes in the surface charge of
these formed particles.
The size of the PAI-1R-Lip-siRNA particle was
then examined by transmission electron microscopy (TEM) and atomic-force microscopy
(AFM). The DOTAP: DOPE liposomes used here
are small unilamellar vesicles with a diameter
of 28.7 ± 5.1 nm measured by TEM [7]. When
using PAI-1R as the targeting ligand, we observed a highly compact structure of the PAI1R-Lip-siRNA complex with a relatively uniform
size of 65.8 ± 13.0 nm (short diameter of particles) to 80.9 ± 15.6 nm (long diameter of particles) determined by TEM, as shown in Figure
2Ba, 2Bb, 2C. Approximately 90% of the particles are smaller than 100 nm. The features of
these nanoparticles are consistent with previously reported nanoparticles targeted by transferrin (Tf) or anti-Tf receptor antibody (TfR-scFv)
[6-8, 35], which are currently in Phase II clinical trials for tumor-targeted p53 gene therapy.
Measurement of particles by AFM also revealed fairly similar uniform size of 80.98 ± 4.73
nm. This size range of particles is consistent
with the size that is allowed to cross the fenestrated endothelium of glomeruli but too large to
pass through the extraglomerular tight endothelium and the glomerular basement membrane. Thus, the PAI-1R-Lip-siRNA nanoparticles gain direct access to the endothelial cells
and the mesangium but are not filtered by the
glomerular filtration barrier and therefore not
excreted or available for internalization by tubular cells. These results indicate that the structure of the PAI-1R-Lip-siRNA particles is most
likely responsible for the high efficiency and
efficacy of glomerular mesangial cells and/or
endothelial cells-targeted gene delivery.
In vitro and in vivo validation of cellular and
organ targeting of PAI-1R-Lip-siRNA particles
Fluorescently labeled control siRNAs were first
directly tracked and imaged intracellularly by a
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confocal laser scanning microscopy or a fluorescent stereoscope. The red fluorescence
indicates the presence of siRNA. The labeled
siRNA nanoparticles appeared in MCs at the 4
h time point after transfection. After 6 h virtually all transfected cells exhibited intense and
diffuse red fluorescence staining that lasted at
least 72 h (Figure 3A). When photographs of
different layers of transfected fluorescence
were merged and a higher magnification was
used, the transfected siRNA nanoparticles
were clearly observed in cellular cytoplasm
(Figure 3Ab, 3Ac). These results confirm the
high transfection efficiency of these particles in
rat MCs.
For the in vivo study, only intravenous (iv) injection of PAI-1R-Lip-siRNA to nephritic rats
showed a specific targeting of glomeruli in both
kidneys from 2 h to at least 6 h after injection
(Figure 3B). No fluorescent signal was observed in the glomeruli from control rats at 2 h,
4 h, or 6 h after injection (Figure 3C-E). Those
untargeted siRNAs were mostly seen in renal
tubular cells, indicating nonspecific uptake by
these cells. Minimal signal was observed in the
liver, spleen, heart and artery after systemic
PAI-1R-Lip-siRNA injection. These results indicate that siRNA-nanoparticle conjugated with
a targeting ligand increases the specificity as
well as the potency of siRNA delivery compared
to free siRNA or untargeted-lipoplex carried
siRNA. Glomerulus-specific, ligand-targeting,
siRNA-nanoparticles are achievable, and they
are able to selectively target glomeruli and stay
in glomeruli long enough to be internalized by
glomerular cells after systemic injection.
Functional assessment of PAI-1R-LipTGFβ1siRNA for the treatment of nephritic rats
It has been well established that TGFβ1 perpetuates the disease process including kidney
disease through continued induction of its own
production in cells at the site of injury [28]. In
the anti-Thy1.1 nephritic rat model, TGFβ1 is
significantly raised by glomerular cells in glomerulonephritis and involved in the development of glomerulosclerosis [36]. SiRNA to TGFβ1 was used to test the efficiency of the new
PAI-1R-Lip-siRNA nanoparticle technology both
in cultured MCs in vitro and in anti-Thy1.1
nephritic rat model in vivo using the same protocols described above.
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Figure 3. Intracellular and glomerular target of PAI-1R-Lip-sRNA. (A) Location of fluorescently labeled siRNA in renal
mesangial cells transfected with PAI-1R-targted nano-liposomal siRNA complex in vitro. Transfected cells were imaged by a confocal microscopy at an original magnification of 60× or 120×. (B) In vivo specific glomerulus targeting
of the PAI-1R targeted siRNA nanoparticles injected via the tail vein. A glomerulus from a rat sacrificed 6 h after
PAI-1R-Lip-siRNA injection. The isolated glomerulus verified by light microscopy (light, a) showed strong red fluorescence staining of delivered siRNA (Fluorescence, b). (C-E) A glomerulus from rats sacrificed 2 h after injection with
naked siRNA (C), Lip-siRNA (D), or Tf-Lip-siRNA (E), respectively. All isolated glomeruli verified by light microscopy
(a, left panel of each paired photos,) did not show any significant red fluorescent staining of delivered siRNA when
observed by fluorescent microscopy and shown on the right panels (b). Magnification: 400×.

First, the efficiency of PAI-1R-Lip-TGFβ1siRNA
on MCs was monitored by assessing cellular
TGFβ1 mRNA expression by real time RT-PCR.
7370

In cultured rat MCs, administration of the PAI1R-Lip-siRNA that targets the TGFβ1 gene was
shown to induce a dose-dependent decrease
Am J Transl Res 2022;14(10):7362-7377
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Figure 4. Effect of TGFβ1-siRNA in vitro on TGFβ1 mRNA expression by mesangial cells transfected with PAI-1Rtargeted nanoparticles. The TGFβ1 mRNA levels were determined by real time RT-PCR and normalized to GAPDH
mRNA levels for equal loading. Relative mRNA levels are expressed relative to PAI-1R-Lip transfected, no siRNA
added control (PAI-IR-Lip), which is set at 1. Transfection of a Stealth™ siRNA molecule that targets the TGFβ1 was
shown to induce dose-dependent (A) and time-dependent decreases (B) in TGFβ1 mRNA expression. *P<0.05 vs.
cells transfected with PAI-1R-Lip control.

in TGFβ1 mRNA levels after 48 h (Figure 4A)
and a time-dependent, 90% reduction in TGFβ1
mRNA levels at 96 h (Figure 4B), as compared
with controls transfected with PAI-1R-Lip without siRNA added. These results demonstrate
the efficient siRNA sequences against TGFβ1
gene.
Second, using the PAI-1R coated Lip-TGFβ1siRNA particles for targeted gene delivery in
vivo we investigated the therapeutic potential
of TGFβ1siRNA in experimental glomerulonephritis in rats where high levels of TGFβ1 occur
locally in glomeruli. Based on a pilot experiment (data not shown), a single injection of 48
µg siRNA/kg BW was given at 24 h (day 1) after
disease induction and all rats were sacrificed at
day 5, when the maximal reduction in glomerular TGFβ1 mRNA levels was achieved. As shown
in Figure 5, TGFβ1siRNA administration significantly reduced elevated glomerular TGFβ1
mRNA expression and protein production seen
in disease group by 89% and 65% respectively, determined by real time RT-PCR and ELISA
(Figure 5A, 5B). Of note, there was no changes
on TGFβ1 mRNA expression in renal medulla
where no glomeruli exist, as well as in other
extra-renal organs such as lung, spleen, and
artery (Figure 5C). However, liver TGFβ1 mRNA
levels were unexpectedly reduced by 61.2% in
disease group after treatment (Figure 5D).
Treatment had no effect on body weight and
food intake (data not shown).
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To assess the biological effect of reduced
TGFβ1 levels we measured the urine protein
and disease severity for glomerulosclerosis in
this nephritic model. As shown in Figure 6A,
this treatment showed a trend of reduction on
disease-induced urinary protein excretion but
did not reach the significant levels (P>0.05).
However, a significant reduction in glomerular
matrix accumulation was observed after one
single injection of PAI-1R-Lip-TGFβ1siRNA particles (Figure 6B). Furthermore, increased glomerular PAI-1 (Figure 6C) and FN (Figure 6D)
mRNA expression and FN protein production
(Figure 6E) seen in disease group were decreased by 79.1%, 48.8% and 53.4% after
treatment. These results indicate that a single
dose of PAI-1R-Lip-TGFβ1siRNA inhibits glomerular TGFβ1 specifically and efficiently in vivo
thereby ameliorating glomerulosclerosis without affecting most of other organs.
Discussion
It has been well evidenced that the glomerulus
is appropriate for nanotechnology-based targeted drug/gene delivery on account of the
enhanced permeability and retention effect of
its unique architecture. Therefore, nanoparticles designed to have diameters between 50
and 130 nm with selective charge are able to
extravasate through the glomerular vasculature and further deposited and retained in the
mesangial space. The present study has demAm J Transl Res 2022;14(10):7362-7377
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Figure 5. Effect of TGFβ1-siRNA in vivo on glomerular and extra-glomerular TGFβ1 mRNA expression in the nephritic
rat model at day 5, delivered by PAI-1R targeted nanoparticles. (A) Glomerular TGFβ1 mRNA levels were determined
by real time RT-PCR and normalized to GAPDH mRNA levels for equal loading. (B) Glomerular TGFβ1 protein levels
were determined by ELISA. Relative mRNA or protein levels are expressed relative to their levels in normal control
rats, which were set at unity. (C, D) TGFβ1 mRNA levels in lung, spleen, artery and renal medulla (C) and liver (D)
were determined by real time RT-PCR and normalized to GAPDH mRNA levels for equal loading. Relative mRNA
levels are expressed relative to their levels in disease control rats (DC), which are set at unity. *P<0.05 vs. normal
control rats (NC); #P<0.05 vs. disease control rats (DC). DC+TGFβ1siRNA, diseased rats treated with PAI-1R-LipTGFβ1siRNA. N=6/per group.

onstrated that the lipoplex-coupled nanoparticles with an appropriate size and selective
charge, and decorated with specific cell targeting agents such as PAI-1R (PAI-1R-Lip-siRNA)
can be used as potent vehicles for targeted
siRNA/or gene delivery to the glomerulus, specifically to the glomerular mesangial cells, with
little extraneous binding to other tissues following systemic injection into the tail vein in rats.
Internalization of PAI-1R-Lip-siRNA by glomerular cells, followed by cytoplasmic accumulation, was demonstrated by confocal microscopy both in vitro and in vivo, as shown by the
increase in fluorescence. The mechanisms of
internalization have been extensively described previously [7, 8, 13]. The ability of PAI-1R to
bind to vitronectin and complex with uPAR and
avβ3 integrin may drive the particles to bind to
glomerular cells and be internalized [37]. After
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cellular internalization, the PAI-1R-Lip-siRNA
nanoparticles, similar to other lipoplex-coupled
nanoparticles, may deliver siRNA into the cytoplasm by cell membrane fusion or lysosome
membrane fusion after endocytosis or both
phenomena. We have shown that PAI-1R reaches and/or binds to glomerular cells as early as
10 min after iv injection and stays there for at
least 12 h [22]. In the present study, we also
observed PAI-1R-Lip-siRNA accumulation in
glomeruli at 2 h and lasting at least 6 h after
intravenous injection. Although we did not
check whether glomerular PAI-1R-Lip-siRNA
uptake occurred at early time point (<2 h) or
later than 6 h after injection, such time period
of 6 h is sufficient for PAI-1R-Lip-siRNA to bind
to the surface of glomerular cells and to be
internalized to intracellular cytoplasm. Our in
vitro observation that all transfected cells
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Figure 6. Effect of TGFβ1-siRNA in vivo on disease severity measurement in the nephritic rats at day 5, delivered by
PAI-1R targeted nanoparticles. (A) 24-h urinary protein excretion from day 4 to day 5. (B) Representative photomicrographs of glomeruli from normal control (NC), disease control (DC) and PAI-1R-Lip-TGFβ1siRNA treated disease
rats (DC+TGFβ1siRNA) stained with PAS at day 5. Graphic representation of glomerular matrix score was shown on
the right corner. (C-E) The relative levels of glomerular mRNA expression of PAI-1 (C) and FN (D) were standardized
to GAPDH mRNA levels. Relative mRNA levels are expressed relative to their levels in normal control rats (NC), which
are set at unity. (E) Glomerular FN protein levels were determined by ELISA. *P<0.05 vs. normal control rats (NC);
#P<0.05 vs. disease control rats (DC). N=6/per group.

exhibited intense, diffuse red fluorescence in
cellular cytoplasm at 6 h after delivery also supports this expectation in cellular internalization
of PAI-1R-Lip-siRNA in vivo. In addition, the surface charge of nanoparticles is a key factor
affecting tissue uptake of nanoparticles. It has
been shown that nanoparticles with a surface
charge of <15 mV have minimal macrophage
uptake and long circulation time [21]. Apparently, the PAI-1R-Lip-siRNA nanoparticles with
a close to neutral surface charge of ~+5.6 mV
may be ideal for the kidney uptake but avoiding
circulating macrophage uptake or degradation
after intravenous injection. In contrast, LipsiRNA particles without targeting or specific targeting were almost not observable in glomeruli
at either 2 h or 6 h after injection. Together with
no PAI-1R binding in most of important organs
such as heart, lung and spleen, these findings
demonstrate that PAI-1R-Lip-siRNA particles
delivering siRNA into glomerular cells are spe-
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cific and effective and mediated by the specific peptide targeting. As expected, specific
TGFβ1siRNA delivered by the targeted nanoparticles resulted in significant inhibition of
TGFβ1 gene expression and action in glomeruli
thereby specifically ameliorating glomerulosclerosis in the nephritic rat model. The success
of this nanoparticle delivery system suggests
that the targeted siRNA delivery to glomeruli is
achievable. The selective silencing of the TGFβ1 overexpression in diseased glomeruli may
represent a promising strategy for the treatment of fibrotic glomerular disease without
remarkable systemic side-effects. This targeted delivery method has been repeatedly producing a similar targeted therapeutic effect in
glomeruli in this nephritic rat model when a different profibrotic molecule gene such as PAI-1
or prorenin receptor (PRR) was targeted by
RNAi in our laboratory (unpublished data). Furthermore, besides the therapeutic potential of

Am J Transl Res 2022;14(10):7362-7377

Kidney-targeted siRNA therapy
PAI-1R itself that has been demonstrated previously for glomerulosclerosis induced by nephritis or diabetes [22, 24], the human peptide, PAI1R, is capable to directing the nanoparticlesiRNA lipoplex therapeutics to diseased kidneys in humans. Therefore, the present study
may serve as a translational stage for future
development and application of a novel targeted therapeutic tool for the treatment of kidney
disease.
However, in agreement with the fact that a few
of injected PAI-1Rs bind to glomerular podocytes (Figure 1C), PAI-1R targeted-Lip-siRNA
particles that become much larger than PAI-1R
alone in molecular size may become even hard
to reach at glomerular podocytes in the present
studies. It has been revealed that the marked
proteinuria in anti-Thy1.1 glomerulonephritis
also results from the podocyte dysfunction
such as podocyte foot enfacement and even
podocyte loose [34]. We did not examine podocyte number and structural changes after treatment here. Nonetheless, the limitation of
this delivery targeting may predict the limited
inhibitory effect of PAI-1R-Lip-TGFβ1siRNA particles on podocytes, which may explain no significant changes or less effect found in disease-induced urinary protein excretion after
treatment (Figure 6A). In addition, a study with
increased animal number may be needed in
order to further determine the effect of this
treatment on proteinuria.
A variety of targeting peptides and antibodies
have been developed and utilized with nanoparticles to target the kidney and kidney cells [38,
39]. Compared with those practicing methods
for glomerular targeting drug/gene delivery,
our study characterizes a unique targetednanoparticle siRNA/gene carrier using a kidney-specific and safe peptide, PAI-1R, to achieve very high renal specificity, and the optimized lipoplex to form a size-selective nanoparticle with an optimum surface charge to facilitate the efficacy of the delivery carrier to kidney
cells. The intrarenal distribution of PAI-1R that
was mostly in glomerular cells, not tubular, is
consistent with the effect of PAI-1R-Lip-carried
TGFβ1siRNA after intravenous systemic administration in vivo that only inhibits TGFβ1 mRNA
expression and protein production in glomeruli,
not renal tubular. This demonstrates the efficient and specific kidney cell targeting. In addi-
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tion, our study revealed that sustained TGFβ1
inhibition in glomeruli with a single intravenous
systemic injection of PAI-1R-Lip-TGFβ1siRNA
provided significant therapeutic benefits to glomerular fibrosis in this acute nephritic rat
model, indicating a long-lasting effect of this
delivery method. However, increasing dosage
or administration frequency of this treatment
may be needed for chronic glomerular disease
such as diabetes. Since PAI-1R itself is also
therapeutic for glomerular diseases [22, 24], it
is unlikely that increased amount of peptide
targeting, PAI-1R, due to increased administration dosage or frequency of PAI-1R-coated
nanoparticles, will cause any cytotoxicity. In
addition, multiple doses of the lipoplex-coupled
nanoparticles using the same lipoplex have
been shown to be well-tolerated in cancer treatment in both animal models and humans,
which are currently in Phase II clinical trials for
tumor-targeted gene therapy (NCT00470613,
NCT02340117, NCT02340156, ClinicalTrials.
gov). Thus, our delivery system with these two
main components (PAI-1R and lipoplex) should
be safe and effective if multiple administration is needed for a long-term treatment. One
question is whether the therapeutic effect of
PAI-1R-Lip-TGFβ1siRNA is due to PAI-1R itself
in the anti-Thy1.1 nephritic rat model. First, the
dose of PAI-1R used for coating Lip-siRNA molecules is 0.34 mg/kg BW for a single iv injection, which is much less than the therapeutic
dosage (1 mg/kg BW, iv, twice a day for 5 days)
[22]. Second, treatment with PAI-1R alone
reduced glomerular TGFβ1 secretion but did
not affect TGFβ1 mRNA expression, possibly
through increasing TGFβ1 clearance [22],
which is different with the renal outcome
achieved in the present treatment. Therefore, it
is less possible that the reduction of glomerular TGFβ1 expression and generation and the
amelioration of glomerular ECM accumulation
after treatment with PAI-1R-Lip-TGFβ1siRNA in
nephritic rats are due to a direct effect of PAI1R on diseased glomeruli.
Based on the liver’s microanatomical features,
liver Kupffer cells that comprise 80% of the
entire macrophage population within the body
will first interact with Lip-siRNA nanoparticles
and have high phagocytic ability for these particles following intravenous injection and entering into liver sinusoid. It has been shown that
three major factors such as negative charges
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that can be easily recognized by class-A scavenger receptor on Kupffer cells, or mannoseand fucose-type receptors coated Lip-nanoparticles that can be leveraged to selectively
target those particles to Kupffer cells, or blood
complement factors and serum proteins coated lip-nanoparticles that usually cause mononuclear phagocyte sequestration, may result in
Kupffer cell clearance of Lip-siRNA nanoparticles [40, 41]. Although the design of PAI-1Rcoated Lip-siRNA maximally avoids the influence associated with these three factors, it is
still possible that a small portion of PAI-1R-LipTGFβ1siRNA particles is entrapped by liver
Kupffer cells following intravenous injection,
thereby resulting in reduction of TGFβ1 mRNA
expression in liver tissue. On the other hand,
Kupffer cells may be the main resource to
express TGFβ1 in liver tissue. It is needed to
further modify the Lip or PAI-1R to prevent the
loss of PAI-1R-coated Lip-siRNA from the liver
Kupffer cells. Nonetheless, it is apparent that
the majority of intravenously administrated
PAI-1R-Lip-TGFβ1siRNA particles still reach the
kidneys since glomerular delivery targeting
and action of those particles have been well
evident in the present study.
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Supplementary Figure 1. Injected PAI-1R mainly targeted glomerular cells in male diabetic db/db mice at 20 weeks
of age after intraperitoneal (ip) injection. The indirect glomerular immunofluorescent staining for PAI-1R and glomerular cells was performed on 3 µm cryostat sections at 3 h after PAI-1R injection at 2 mg/kg body weight (n=3).
The goat anti-human PAI-1 (hPAI-1) IgG (American Diagnostic Inc. Greenwich CT) (which does not cross react with
mouse endogenous PAI-1), mouse anti-rat-glomerular epithelial protein 1 (Glepp1) IgG (to stain glomerular podocytes) (kindly provided by Dr. Roger Wiggins, Division of nephrology, University of Michigan, Ann Arbor, MI, USA),
mouse anti-rat endothelial cell antigen (RECA-1) IgG (to stain glomerular endothelial cells (ECs)) (Serotec Ltd, Oxford, UK) and mouse anti-Thy1.1 IgG (to stain glomerular mesangial cells (MCs)) were used as the primary antibodies. TRITC-conjugated donkey anti-goat IgG and FITC-conjugated donkey anti-mouse IgG (1:100 dilution, Jackson
ImmunoResearch Laboratories Inc.) were used as the secondary antibodies. Dual-immunostained sections were
analyzed using a fluorescence microscope with double filters. Staining for PAI-1R (red) and glomerular cells (green)
and double staining for PAI-1R and glomerular cells including glomerular mesangial cells, podocytes and endothelial
cells shown in yellow. No PAI-1R staining was seen without PAI-1R injection in glomeruli. Magnification: 400×.
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