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Integrin ovB3, which is selectively targeted by cyclic arginine-
glycine-aspartic acid (cRGD) peptides, is significantly upregu-
lated in tumors. Previous studies showed that small interfering
RNA (siRNA) modified with ¢cRGD (cRGD-siRNA) could
significantly inhibit tumor growth through RNAi with onco-
gene expression. However, cRGD-siRNA is partially reab-
sorbed and trapped in the kidneys, causing renal injury in an
unpredictable manner. This study aimed to investigate the in-
fluence of Gelofusine on tubulointerstitial injury induced by
cRGD-siRNA in vitro and in vivo. The effect of Gelofusine on
the distribution of cRGD-siRNA in tumor-bearing nude mice
and wild-type mice was also explored. We found that Gelofu-
sine inhibited apoptosis and activation of the innate immune
response of human tubular epithelial cells induced by cRGD-
siRNA in vitro. In addition, co-injection of Gelofusine effi-
ciently reduced renal retention of cRGD-siRNA without
affecting its tumor targeting in vivo. Further in vivo studies
indicated that Gelofusine significantly attenuated tubulointer-
stitial injury induced by cRGD-siRNA through regulating
Toll-like receptor 3 (TLR3)-mediated activation of the nuclear
factor k B (NF-kB) and caspase-3 apoptotic pathway. In
conclusion, Gelofusine, acting as a novel and effective renal
protective agent, could form a compound preparation with
siRNA drugs for future clinical applications.

INTRODUCTION

Small double-stranded RNA, called small interfering RNA (siRNA), is
a promising therapeutic solution to treat human diseases such as viral
infections, cancer, genetic disorders, and autoimmune disorders
because of its strong ability to selectively silence target genes as a
post-transcriptional gene regulation process."> However, a key chal-
lenge to realizing the clinical application of siRNA is the need for safe
and effective delivery systems because naked siRNA is unstable in the
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bloodstream and does not readily cross membranes; it is also immu-
nogenic.” A broad diversity of delivery systems is under clinical trials
to address the challenges of in vivo delivery, including cationic lipo-
somes, polymeric carriers, and siRNA conjugates. Additionally,
these systems have been modified with different targeting ligands,
such as the Arg-Gly-Asp (RGD) peptide, aptamer, cholesterol, and
antibody, to increase their targeting ability.” Recently, cyclic RGD
(cRGD)-conjugated siRNA, which specifically silences the expression
of vascular endothelial growth factor receptor 2 (VEGFR2) mRNA via
targeting the avf3 integrin receptor on neovascular endothelial cells,
was found to inhibit tumor growth.® Similarly, cRGD-epidermal
growth factor receptor (EGFR) siRNA conjugate had anti-tumor
effects on glioblastoma by silencing the expression of EGFR mRNA
through targeting the ovB3 integrin receptor on glioblastoma cells.”
In addition, other studies also reported that siRNA nanoparticles
based on RGD peptides could significantly inhibit tumor growth
through RNAi with oncogene expression.*” Hence, it could be a valu-
able and promising way to develop novel targeted anti-tumor drugs
with RGD-based siRNA delivery systems. However, no matter what
kind of RGD-based delivery systems siRNA uses, these materials
are partly accumulated and mainly eliminated by the kidneys
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following systemic administration.'" Consequently, such pharma-
cokinetic characteristics could impair the optimal therapeutic dosing
of medicine based on RGD peptides in patients and might cause renal
toxicity in an unpredictable manner.'”

Tubulointerstitial injury is a relatively common cause of both acute
kidney injury and chronic kidney disease. Besides drugs, autoimmune
and systemic disorders, and metabolic etiologies, infections
(including viruses and bacteria) are also an important cause of acute
tubulointerstitial nephritis.'** Toll-like receptors (TLRs) are a family
of pattern recognition receptors that can trigger innate immunity by
recognizing pathogen-associated molecules (including lipopolysac-
charide, lipoproteins, microbial DNA, viral double-stranded RNA,
and zymosan).'>'® Tubular epithelial cells, which express TLRI,
TLR2, TLR3, TLR4, and TLR6, can contribute to the activation of
immune responses, resulting in tubulointerstitial injury.">'” For
example, TLR3, an important receptor for longer (more than
20 bp) double-stranded RNA (including siRNA), has been shown
to be widely expressed on the surface and endosome of tubular epithe-
"% When bound via its ligands, TLR3 signal transduction
leads to the activation of a series of downstream pathways involved
in the cellular response to stress. Common to TLR3 signal transduc-
tion pathways is the activation of nuclear factor kB (NF-«B) pathway,
a transcription factor that regulates the expression of multiple genes
involved in chemoattraction, inflammation, cellular proliferation,
and antimicrobial activity.'” TLR3 activation can lead to the induc-
tion of antiviral and proinflammatory cytokines (including inter-
leukin 6 [IL-6] and interferon beta [IFN-B]) by activating the
NF-kB pathway in both immune and nonimmune cells.'”~*' In terms
of the kidneys, this innate immune response to double-stranded RNA
via TLR3 leads to renal inflammation, such as tubulointerstitial
nephritis. In addition, many studies indicate that TLR3 activation
can trigger apoptotic death in both cancer and normal tissues through
caspase-3-dependent pathways.”* ** This unavoidable phenomenon
of apoptosis in response to double-stranded RNA via TLR3 is detri-
mental in pre-existing renal inflammation such as tubulointerstitial
nephritis. It has been reported that 21-nt siRNA duplexes, the stan-
dard length for clinically translated RNAi therapeutic agents, could
activate TLR3 independent of sequence or target. >> Nevertheless,
direct evidence has rarely been presented regarding the role of
TLR3 in siRNA-induced nephritis.”*

lial cells.

After the size-selective properties of glomerular filtration, the primary
urine contains proteins of low molecular weight (< 60 kDa), such as
peptides, whereas larger proteins are excluded,”” Following this pro-
cess, proteins of low molecular weight are reabsorbed by tubular
proximal cells, which, at present, is the only documented process
for tubular protein clearance.”® Two receptors, megalin and cubilin,
are responsible for the reabsorption of peptides. Megalin and cubilin
are receptors of tubular epithelial cells that exist in tandem and form a
complex that mediates peptide uptake by proximal tubular epithelial
cells.”” Megalin- and cubilin-mediated uptake of receptor-bound
peptides ultimately leads to delivery to lysosomes for proteolytic
digestion.”® Metabolized peptides are released into the bloodstream,

whereas not only radiolabeled peptides but also conjugates and nano-
particles constructed with both peptides and other molecules might
be retained in the tubular cells, leading to subsequent side effects.”’
Thus, when siRNA delivery systems combined with peptides are re-
absorbed and endocytosed into the endosome by tubular epithelial
cells, unwanted immune-related nephrotoxicity may be induced by
the TLR3 signaling pathway.

A possible approach is to prevent the megalin- and cubilin-mediated
endocytosis pathway on the membrane of tubular epithelial cells to
reduce the risk of nephrotoxicity of RGD-based siRNA delivery sys-
tems induced by renal reabsorption. At present, Gelofusine (B. Braun
Medical, Boulogne Billancourt, France), which consists of succiny-
lated bovine gelatin molecules and is used in clinical emergency units
as a gelatin-based plasma expander, has been reported to increase the
renal excretion of megalin ligands such as peptides.”> Some reports
indicate that Gelofusine infusions efficiently reduce the retention of
somatostatin analogs and radiolabeled compounds in cortical prox-
imal tubules.*>** PFurthermore, Gelofusine significantly induced a
more than 50% reduction in renal reabsorption of radiolabeled con-
jugate based on RGD peptide without affecting tumor uptake.”> How-
ever, the effects of Gelofusine infusions on the reabsorption of siRNA
delivery systems are unclear, especially delivery systems based on
peptides. Similarly, it is also unknown whether Gelofusine has protec-
tive effects on tubulointerstitial injury via interfering with the reab-
sorption of agents.

In the present study, cRGD-conjugated siRNAs were well constructed
and found to significantly inhibit tumor growth by targeting cells ex-
pressing the a.vB3 integrin receptor as a specific example of siRNA de-
livery systems. First, the study confirmed that cRGD-conjugated
siRNA directly induces tubulointerstitial injury, depending on the
TLR3 signaling pathway, by being reabsorbed and endocytosed by
tubular epithelial cells. On the basis of these results, the protective ef-
fects of Gelofusine on tubulointerstitial injury by influencing the renal
reabsorption of cRGD-conjugated siRNA were studied in vitro and
in vivo. Collectively, these results might probably be beneficial in
the development of future RNAi therapeutic agents, especially siRNA
conjugates or nanoparticle-based on peptides.

RESULTS

Gelofusine Inhibited the Uptake of cRGD-siRNA by Tubular
Epithelial Cells In Vitro

cRGD-negative control siRNA (siNC) conjugates were labeled with a
fluorophore (indodicarbocyanine-5 [Cy5]), called cRGD-siNC-Cy5,
to evaluate the effect of Gelofusine on the uptake and intracellular dis-
tribution of ¢cRGD-siNC in HK-2 cells. Flow cytometry results
showed that cRGD-siNC-Cy5 was significantly taken up by HK-2
cells at a concentration of 50 pug/mL or 100 pg/mL, whereas Gelofu-
sine (100 pg/mL) treatment led to an approximately 35% decrease in
the uptake of cRGD-siNC-Cy5, in accordance with the results of
confocal microscopy, suggesting that Gelofusine might affect the
binding of cRGD-siNC to tubular epithelial cells (Figure 1A). The
cellular uptake levels of cRGD-siRNA treated with different

Molecular Therapy: Nucleic Acids Vol. 11 June 2018 301


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

RGD-SINC-CyS(S0ug/m) SRGD-SINC-CyS(Stug/m: Gelofusi CRGD-SINC-CyS(100ug/m CRGD-SINC-CyS(100ug/mly+ Gelofusi

: s S : =
é =
/ " \
B Total
[CERETEn

<RGD-s u\mnnuymn CRGD-sINC(100ug/ml)+Gelofusine
S e

SINC-CyS(100ug/mi)

A

Control <RGD-SINC(50ug/mi) GD-4INC(S0ngiml Gelofusine

S

idium lodide

Propidium lodide
Propidium Iodide

§

Annexin V Annexin V Annexin V Annexin V Annexin V

CRGD-SINC (S0ug/mly+ Gelofusine CRGD-SINC (100ug/m]) CRGD-SINC (100ug/mD)+Gelofusine

El

CRGD-SINC (S0ug/ml)

F G (5KDy ——— — e — D6S/REIA P
g H
& 30KkDa W — — e — [KBA £
g =
2 2
= -
. 3
42 KD S S——— \CT g
0.0

CRGD-siNC(50ug/ml)  — + o+ - = RGDAINCEMEm) -  + 4+ = —

- = = o o+

- -+ -+

17kDa Caspase-3
A2KDa  —— —— — \CTB

¢RGD-SINC(S0ug/ml)  — + + = =

Merged

DAPI

cRGD-siNC(100ug/ml)  — - - i +

Gelofusine e b d s +

eRGD-sINC(100ug/ml) = = + o+ RG
Gelofusine ~ — -+ = +
H 104 KDa —— — 1,_ TLR3
) |9k|)n" " —! , Clsaved

Figure 1. Influence and Mechanism of Action of Gelofusine on Immunogenicity and Apoptosis Induced by cRGD-siRNA In Vitro

(A) The cellular uptake levels and distribution of cRGD-siRNA in HK-2 cells. The cells were transfected with different concentrations of cRGD-siNC-Cy5. For the Gelofusine
group, before transfection with cRGD-siNC-Cy5, the cells were pretreated with 100 pg/mL Gelofusine. After 24-hr treatment, the cells were collected and measured by flow
cytometry or fixed and visualized using confocal laser microscopy. Cell nuclei were counterstained with DAPI (blue), and siRNA was labeled with Cy5 (red). (B) Analysis of
TLR3 expression on the surface and total area of HK-2 and HEK293 cells. The cells were collected and measured by flow cytometry. (C) Analysis of apoptosis of HK-2 cells
using different treatments. HK-2 cells were transfected with different concentrations of cRGD-siNC. For the Gelofusine group, before transfection with cRGD-siNC, the cells
were pretreated with 100 pg/mL Gelofusine. After 48-hr transfection, the cells were collected and analyzed by flow cytometry with Annexin V and propidium iodide. (D and E)
Quantitative analysis of IL-6 (D) and IFN-B (E) levels using ELISA. After 24-hr treatment, the cell supernatant was collected and analyzed using ELISA. (F) The distribution of
p65/RelA in HK-2 cells when using different treatments. After 24-hr treatment, the cells were fixed and visualized using confocal laser microscopy. Cell nuclei were
counterstained with DAPI (blue), and p65/RelA was detected with an antibody conjugated with Alexa Fluor 488 (green). (G and H). Effects on the NF-«B pathway (G) and
cleaved caspase-3 expression (H) using different treatments. After 48-hr treatment, the cells were collected for western blot analysis. The expression of protein was
calculated compared with the expression of B-actin (ACTB). “p < 0.05; n = 3; Scale bars, 20 um or 5 um.

of TLR3 on the surface of HK-2 cells was approximately 15% (Fig-
ure 1B), suggesting that both HEK cells and human proximal tubular

concentrations of Gelofusine (0, 25, 50, and 100 pug/mL) was also eval-
uated, showing a dose effect (Figures SIA-S1C). Moreover, knock-

down of megalin reduced the cellular uptake of cRGD--siNC-Cy5,
similar to the influence of Gelofusine treatment (Figures SIA-S1C),
indicating that the megalin receptor was involved in the cellular
uptake of cRGD-siNC-Cy5. On the other hand, it was strange that
the uptake of high-dose siNC-Cy5 (100 pg/mL) was up to approxi-
mate 25%, which was close to the uptake of cRGD-siNC-Cy5 with Ge-
lofusine blocking (Figure 1A). This suggested that siNC-Cy5 and part
of cRGD-siNC-Cy5 might enter into renal tubular epithelial cells
through other ways, in addition to the megalin/cubilin receptors asso-
ciated with Gelofusine.'****

The results also showed that HEK293 and HK-2 cells expressed TLR3
both on the cellular surface and in the cytoplasm, and the expression
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cells highly expressed TLR3. Collectively, these data showed that, after
treatment with high-dose siRNA, part of the siRNA might bind to
TLR3 expressed on the surface of HK-2 cells and was trapped by
HK-2 cells.”

Gelofusine Reduced Apoptosis of Tubular Epithelial Cells
Caused by cRGD-siRNA In Vitro

The activity of proximal tubular epithelial cells is necessary to main-
tain the integrity of renal reabsorption function. Therefore, this
study evaluated apoptosis of tubular epithelial cells induced by
cRGD-siRNA using flow cytometry and western blot analysis.
The data showed that cRGD-siNC could significantly cause
apoptosis of tubular epithelial cells (the apoptosis rate was 16.18%
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at a concentration of 50 pg/mL and 22.69% at a concentration of
100 png/mL), whereas cRGD alone did not cause apoptosis (Figures
1C and S2A). However, treatment with Gelofusine efficiently reduced
the apoptosis rate of tubular epithelial cells by approximately 10%,
similar to the influence of knockdown of TLR3 (Figures 1C and
S2A). In addition, western blot analysis showed that HK-2 cells ex-
pressed TLR3, which was consistent with the result of flow cytometry
(Figure 1H). Caspase-3 protein was significantly activated after stim-
ulation with cRGD-siNC in HK-2 cells, whereas Gelofusine could
suppress this activation compared with the control group (Figure 1H).
Taken together, these results suggested that Gelofusine could reduce
apoptosis of tubular epithelial cells caused by cRGD-siRNA by regu-
lating the TLR3-caspase-3 pathway in vitro.

Gelofusine Inhibited Expression of IL-6 and IFN-$ Induced by
cRGD-siRNA In Vitro

It is reported that double-stranded RNA stimulates cells to activate
the TLR3-mediated NF-«B signaling pathway, leading to the expres-
sion of cytokines, including IL-6 and IFN-B.%%*! Therefore, IL-6 and
IFN-B were used as indicators to evaluate activation of the innate im-
mune response induced by cRGD-siRNA in tubular epithelial cells.
After stimulating cells for 24 hr, cRGD-siNC led to the elevation
of IL-6 and IFN-B in a concentration-dependent manner, but
cRGD alone did not cause this phenomenon; however, Gelofusine
could significantly weaken the stimulating effect of cRGD-siNC,
similar to the influence of knockdown of TLR3 (Figures 1D, 1E,
S2B, and S2C).

NF-kB signaling is one of the downstream pathways mediated by
TLR3 transduction, in which the nuclear transport of p65/RelA, regu-
lated by IkBo. (IKBA), is the key to activating the NF-kB pathway.”®
Compared with the control group, the results showed that NF-kB
signaling could induce transport of p65/RelA protein from the cyto-
plasm into the nucleus, especially in the high-concentration group of
cRGD-siNC (100 pg/mL), which could significantly be inhibited by
Gelofusine (Figure 1F). In addition, it was found that NF-kB signaling
could significantly reduce the expression of IKBA stimulated by
cRGD-siNC, whereas this phenomenon was suppressed by Gelofu-
sine, similar to the influence of knockdown of TLR3 (Figures 1G
and S2E-S2G). Thus, these studies suggested that the release of
p65/RelA in the cytoplasm was caused by cRGD-siRNA following
reduction of IKBA in vitro, resulting in nuclear transport of
p65/RelA and, thereby, activating the NF-kB signaling pathway by
upregulating the expression of IL-6 and IFN-. Interestingly, activa-
tion of the NF-kB pathway induced by cRGD-siRNA could be in-
hibited by Gelofusine.

Influence of Gelofusine on the Distribution and Reabsorption of
cRGD-siRNA In Vivo

Previous studies have reported that both conjugates and nanopar-
ticles of siRNA modified with cRGD, which can actively target the
avpB3 integrin receptor expressed on tumor tissues, including glioma,
have the ability to inhibit tumor growth.”® Nude mice bearing
U87MG tumor xenografts were used to evaluate the influence of Ge-

lofusine on tumor targeting of cRGD-siRNA, which is of vital impor-
tance for compound preparation of cRGD-siRNA and Gelofusine in
future clinical applications. After 24 hr of intravenous injection of
siNC-Cy5, cRGD-siNC-Cy5, or a mixture of cRGD-siNC-Cy5 and
Gelofusine, it was found that cRGD-siNC-Cy5 had the ability to
target the tumor tissues, whereas Gelofusine had no effect on the
accumulation of cRGD-siNC-Cy5 in U87MG tumor xenografts
compared with the tumor-free targeting of siNC-Cy5, but Gelofusine
could significantly reduce the accumulation of cRGD-siNC-Cy5 in
the kidneys (Figures 2A-2C).

However, because the tumor-specific accumulation of cRGD-siRNA
in tumor-bearing nude mice has an effect on the accurate evaluation
of renal reabsorption of cRGD-siRNA, the influence of Gelofusine on
the reabsorption of cRGD-siRNA in wild-type BALB/c mice not
bearing tumors was evaluated. After 24 hr of administration of saline,
cRGD-siNC-Cy5 or a mixture of cRGD-siNC-Cy5 and Gelofusine, it
was found that the Gelofusine could significantly reduce the accumu-
lation of cRGD-siNC-Cy5 in the group with a mixture of cRGD-
siNC-Cy5 and Gelofusine compared with the cRGD-siNC-Cy5-only
group (Figures 2D and 2F). Gelofusine also reduced the total amount
of cRGD-siNC-Cy5 in the renal cortex (Figure 2E), suggesting that it
could inhibit the reabsorption of cRGD-siRNA in tubular epithelial
cells in vivo, consistent with the in vitro results.

Gelofusine Attenuated Tubulointerstitial Injury Induced by
cRGD-siRNA In Vivo

A model of renal tubular injury was established using cRGD-siRNA
in wild-type BALB/c mice, similar to the previous study, as follows.”
The mice were injected intravenously 7 times over a 48-hr interval
with saline, cRGD-siNC (5 nmol/20 g), or a mixture of cRGD-siNC
(5 nmol/20 g) and Gelofusine (4 mg/20 g). During sustained admin-
istration, no significant difference was found in weight changes in
each group (Figure 3B). As shown in Figures 3A and 3C, no obvious
abnormality was observed in appearance of the kidneys in each group;
however, it was found that the kidney weight index of the cRGD-siNC
group slightly decreased (p = 0.162) compared with the saline group,
whereas infusion of Gelofusine can reverse this phenomenon
(p = 0.065, compared with the cRGD-siNC group), indicating that
cRGD-siRNA can cause mild renal injury in this situation instead
of severe toxicity such as renal atrophy.

The cRGD-siNC group showed obvious pathological changes in
tubulointerstitial nephritis, such as renal edema and interstitial hyper-
emia, whereas co-injection of Gelofusine led to remission of tubuloin-
terstitial nephritis compared with the saline group (Figure 4A).
Inflammatory cells labeled with CD11b, including monocytes and
granulocytes, infiltrated the renal cortex following administration of
cRGD-siNC, whereas infusion of Gelofusine could alleviate this
phenomenon compared with the saline group (Figures 4A and 4D).
However, no significant difference was found in the levels of IL-6
and IFN-B in the serum of each group (Figures 41 and 4]), indicating
that cRGD-siNC (5 nmol/20 g) did not cause a systemic immune
response, which was consistent with the results reported in previous
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Figure 2. Influence of Gelofusine on the Distribution and Reabsorption of cRGD-siRNA In Vivo

(A) Influence of Gelofusine on the distribution of cRGD-siRNA in nude mice bearing U87MG tumor xenografts. Nude mice bearing U87MG tumor xenografts were injected
with siNC-Cy5 (1 nmol/20 g), cRGD-siNC-Cy5 (1 nmol/20 g), or a mixture of cRGD-siNC-Cy5 (1 nmol/20 g) and Gelofusine (4 mg/20 g) with a single dose via the tail vein, and
fluorescence images of whole animals were taken using the IVIS imaging system at 24 hr. (B) Influence of Gelofusine on the distribution of cRGD-siRNA in isolated organs
24 hr after injection in nude mice bearing U87MG tumor xenografts. (C) Analysis of Cy5 signal intensity of isolated tumors and kidneys in different groups in nude mice bearing
U87MG tumor xenografts. (D) Influence of Gelofusine on the distribution of cRGD-siRNA in isolated organs 24 hr after injection in wild-type BALB/c mice. Wild-type BALB/c
mice were injected with saline, cRGD-siNC-Cy5 (1 nmol/20 g), or a mixture of cRGD-siNC-Cy5 (1 nmol/20 g) and Gelofusine (4 mg/20 g) with a single dose via the tail vein,
and fluorescence images of whole animals were taken using the IVIS imaging system at 24 hr. (E) Frozen sections of kidneys with different treatments 24 hr after injection in
wild-type BALB/c mice. The nuclei were stained with DAPI (blue), and siRNA was labeled with Cy5 (red). (F) Analysis of Cy5 signal intensity of isolated kidneys in different
groups in wild-type BALB/c mice. Allimages were scaled to the same minimum and maximum color values. *p < 0.05. Scale bars, 50 um. *p < 0.05.

studies.””’ In addition, terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining was used to label apoptotic cells
for evaluating renal injury. As shown in Figures 4A, 4B, 4E, and 4G,
the cRGD-siNC group displayed obvious tubular cell apoptosis with a
higher apoptotic index, accompanied by activation of caspase-3,
whereas co-injection of Gelofusine could alleviate this phenomenon
compared with the saline group.

In the study of the tubulointerstitial injury mechanism induced by
cRGD-siRNA, the TLR3 signaling pathway was selected for further
studies in line with in vitro research. As displayed in Figure 4B,
tubular epithelial cells of mice widely expressed TLR3, consistent
with the results found in HK-2 cells. The expression of IKBA in the
cRGD-siNC group significantly decreased, followed by nuclear trans-
location of p65/RelA, whereas infusion of Gelofusine could inhibit
this reduction and translocation compared with the saline group (Fig-
ures 4B, 4C, 4F, and 4H). The signaling mechanism by which Gelofu-
sine attenuated tubulointerstitial injury induced by cRGD-siRNA is
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depicted in Figure 5. Taken together, these results indicated that tu-
bulointerstitial injury occurred in the renal cortex, accompanied by
apoptosis of tubular epithelial cells induced by cRGD-siRNA through
TLR3-mediated activation of the NF-kB pathway and caspase-3
apoptotic pathway in mice. However, Gelofusine had the ability to
attenuate tubulointerstitial injury as a promising kidney-protective
agent in vivo.

DISCUSSION

siRNA, as a new therapeutic agent, offers immense therapeutic poten-
tial because of higher potency and more specificity and flexibility than
conventional drugs, which allows them to be designed more easily for
disease treatment compared with conventional drugs.’® However, the
clinical application of siRNA as a therapeutic agent inevitably faces
some obstacles, including off-target effects, instability under physio-
logical conditions, and possible immunogenicity via activation of
TLR.” Therefore, clinically suitable drug delivery systems are required
to bring siRNA to its site of action with safe and effective
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Figure 3. Weight Curves and Renal Morphology Influenced by cRGD-siRNA In Vivo

Wild-type BALB/c mice were injected with saline, cRGD-siNC (5 nmol/20 g), or the mixture of cRGD-siNC (5 nmol/20 g) and Gelofusine (4 mg/20 g). The mice were
administered different treatments continuously seven times by intravenous injection into the tail vein at an interval of 48 hr. The mice were euthanized 12 hr after the last
treatment, and their kidneys were removed surgically, weighed, and fixed. Serum was collected for immunological evaluation. (A) Gross observation of renal size. (B) The
weight curves of mice during administration. (C) Kidney weight index of different groups.

characteristics. Some delivery systems have been modified with
different targeting ligands, including the RGD peptide, to obtain tar-
geting ability. Previous studies have reported that both conjugates
and nanoparticles of siRNA modified with cRGD, which can actively
target the av3 integrin receptor expressed on tumor tissues, have the
ability to inhibit tumor growth by specifically silencing the expression
of tumor proliferation-related genes.”® However, following systemic
administration, RGD-modified siRNA delivery systems are inevitably
accumulated and eliminated by the fragile kidneys, causing unpredict-
able tubulointerstitial injury via the immunogenicity of siRNA.

Gelofusine in the Regulation of cRGD-siRNA Uptake by Proximal
Tubular Epithelial Cells

Following proteins of low molecular weight (< 60 kDa), such as peptides
filtered by glomeruli, peptides are mainly reabsorbed and endocytosed
by proximal tubular epithelial cells into lysosomes for proteolytic diges-
tion in the renal cortex.’’
renal tubular epithelial cells, megalin and cubilin, are key receptors in
this process. Megalin is a large transmembrane protein (approximately
600 kDa) belonging to the low-density lipoprotein receptor family.
Cubilin is a peripheral membrane protein (approximately 460 kDa),
which was an intrinsic factor cobalamin receptor with no transmem-
brane domain. Megalin mediates the internalization of cubilin-ligand
complexes by binding to cubilin.*® After glomerular filtration, most
proteins, such as vitamin D-binding protein, albumin, B2- and o.1-mi-
croglobulin, and several hormones, are reabsorbed as ligands of mega-
lin/cubilin receptors.”” One possible approach is to interfere with the
megalin/cubilin receptor-mediated reabsorption pathway to reduce
the reabsorption and accumulation of peptides in the renal cortex.”
It was found in vitro that cRGD-siRNA could be taken up by human
renal tubular epithelial cells, whereas it could be reduced significantly
by Gelofusine pretreatment. In vivo, first immunodeficient nude mice
bearing U87MG tumor xenografts were selected for evaluating the ef-
fect of Gelofusine on tumor targeting of cRGD-siRNA. It was found

The two interacting receptors expressed on

that Gelofusine had no influence on the accumulation of cRGD-siRNA
in tumor tissue via intravenous administration. However, because the
tumor-specific accumulation of cRGD-siRNA in immunodeficient
nude mice has an effect on the evaluation of accurate renal reabsorption
and immunogenicity of cRGD-siRNA, immunocompetent wild-type
BALB/c mice were chosen instead for studying tubulointerstitial injury
and its mechanisms induced by cRGD-siRNA. After administration of
cRGD-siRNA, it was found that cRGD-siRNA mainly accumulated in
the renal cortex, suggesting that it was mainly excreted and reabsorbed
by the kidneys. Surprisingly, Gelofusine infusions led to a significant
decrease in the retention of cRGD-siRNA in the cortical proximal tu-
bules, suggesting that Gelofusine might influence the renal absorption
of cRGD-siRNA. It has been reported that charges of ligands may play a
key role in the binding to megalin/cubilin receptors because ligands,
including peptides, interact with megalin through a negatively charged
calcium-binding area in megalin."' Renal reabsorption of peptides can
be reduced by co-administering cationic compounds such as lysine or a
mixture of positively charged amino acids.”* cRGD-siRNA is a conju-
gate of siRNA modified with cyclo(RGDfK) oligopeptide, wherein the
cRGD oligopeptide contains cationic amino acids such as arginine and
lysine. It can be identified by the negatively charged binding site on the
megalin/cubilin receptors to be reabsorbed into tubular epithelial cells,
resulting in renal retention. Gelofusine, a gelatin-based plasma
expander, provides a large number of cationic amino acids that compet-
itively mask the binding site of cCRGD-siRNA with megalin/cubilin
receptors, reducing the reabsorption of cRGD-siRNA.*>*>* Thus,
according to this principle, Gelofusine has the ability to reduce the
retention of cRGD-siRNA in the renal cortex without affecting its tu-
mor targeting.

Gelofusine in the Regulation of Activation of the TLR3 Pathway
Induced by cRGD-siRNA

TLR3 is a pattern recognition receptor that specifically recognizes
double-stranded siRNA, and its activation leads to the activation of
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Figure 4. Influence and Mechanism of Action of Gelofusine on Tubulointerstitial Injury Induced by cRGD-siRNA In Vivo

(A) Analysis of H&E-stained sections, CD11b immunohistochemical staining, and TUNEL staining of kidneys. The extent of tubulointerstitial injury was evaluated using H&E
staining. Black arrows indicate interstitial hyperemia, and white arrows indicate renal edema. The degree of infiltration of monocytes and granulocytes was evaluated using
CD11b immunohistochemistry, with brown-stained cells indicated by black arrows. Apoptosis in kidneys was analyzed using TUNEL staining, with brown-labeled cells
indicated by black arrows. (B) Analysis of the expression of TLR3, IKBA, and cleaved caspase-3 via immunohistochemical staining in kidneys. Positive expression of cells or
areas is shown as brown-stained cells, indicated by black arrows. (C) The distribution of p65/RelA in the renal cortex. The nuclei were stained with DAPI (blue), whereas
p65/RelA was labeled with an antibody conjugated with Alexa Fluor 488 (green). p65/RelA enrichment in the nucleus indicated that the NF-kB pathway was activated, as
shown by white arrows. (D) Analysis of the infiltration of monocytes and granulocytes by CD11b-positive cells/area. (E) Analysis of apoptosis in kidneys using an apoptotic
index with TUNEL staining. (F) The relative expression level of IKBA protein was evaluated using mean optical density (integral optical density [IOD)/area). (G) Analysis of the
degree of caspase-3 activation using cleaved caspase-3-positive area/total area. (H) Analysis of the degree of NF-«kB pathway activation in the renal cortex using p65/RelA-
activated cells/area. (I and J) Quantitative analysis of IL-6 (I) and IFN-B (J) in the serum of wild-type BALB/c mice was measured using ELISA. *p < 0.05, scale bars, 50 um.

a series of downstream pathways involved in the cellular response to
stress, such as the NF-«kB inflammatory pathway and caspase-3
apoptotic pathway.”>** The present study found that the HEK293
cell line and the human tubular epithelial cell line HK-2 both
expressed the TLR3 receptor, suggesting that cRGD-siRNA might
inevitably bind to the TLR3 receptor through the intravenous admin-
istration route.

Following TLR3 signal transduction, the transcription factor NF-kB is
activated, which controls important pathophysiological processes
such as inflammatory response, immune response, cell proliferation,
transformation, and apoptosis.®® The results showed that stimulation
with cRGD-siRNA in human renal tubular epithelial cells could in-
crease IFN-P and IL-6 expression in vitro, whereas Gelofusine pre-
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treatment could suppress this phenomenon. In vivo, after continuous
administration of cRGD-siRNA (5 nmol/20 g) for 14 days in wild-
type BALB/c mice, it was found that tubulointerstitial injury occurred
in the renal cortex, such as renal edema and interstitial hyperemia,
with infiltration of inflammatory cells, including monocytes and
granulocytes. Similar to the in vitro study, tubulointerstitial nephritis
was greatly reduced with Gelofusine treatment. However, no signifi-
cant difference was found in IFN-B and IL-6 serum levels among
different treatment groups, indicating that cRGD-siRNA did not
cause a systemic immune response under such administration
conditions. In addition to NF-«kB pathway activation, the caspase-3-
dependent apoptotic pathway is also activated following recog-
nition of double-stranded siRNA by TLR3, which might be detri-
mental in pre-existing renal inflammation, such as tubulointerstitial
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nephritis.”> *> This study showed that the proportion of apoptosis of
human renal tubular epithelial cells increased with activation of
caspase-3 protein after being stimulated with cRGD-siRNA, whereas
Gelofusine could reduce the apoptosis of cells. Similarly, Gelofusine
infusions also led to a significant decrease in the proportion of
apoptosis caused by cRGD-siRNA in cortical proximal tubules in vivo.
Taken together, Gelofusine can reduce the reabsorption of tubular
epithelial cells by competitively inhibiting the binding of cRGD-
siRNA to megalin/cubilin receptors, avoiding TLR3 receptor recogni-
tion in endosomes. Thus, Gelofusine has protective effects on the
inflammatory response and apoptosis damage induced by cRGD-
siRNA in tubular epithelial cells in vitro and in vivo.

Clinical Application Prospects of Gelofusine in siRNA Drugs
Modified with Polypeptides

At present, several RNAi-based approaches, including siRNA drugs,
are undergoing assessment in phase I, II, and even phase III clinical
trials.” RNAi therapeutic approaches have several advantages
compared with traditional medicines, such as the ability to harness
a natural pathway, the ability to target virtually any protein, and
simplifying the discovery of drug candidates."” However, the chal-
lenges of RN Ai-based drugs in clinical trials are immune stimulation,
in particular immunogenicity in metabolic organs, accumulation in
nontarget tissues, and off-target effects within cells.*> Off-target ef-
fects in nontarget tissues can be solved by constructing an appropriate
delivery system, such as RGD-based siRNA delivery systems, and
intracellular off-target effects can be reduced by sequence screening
and backbone modification of siRNA.? Although the immunogenicity
of siRNA drugs can be also mitigated by backbone modification and
sequence screening, potency can be significantly decreased compared
with natural siRNA structure. For example, although 19-nt blunt-
ended siRNA structure has the ability to avoid TLR3 activation, it
weakens the performance of RNAi compared with 2-nt overhang,
21-nt siRNAs, which is detrimental to the efficacy of siRNA drugs,
especially drugs with the purpose of inhibiting tumors.”” Thus,
RNAi-associated immunogenicity might act as a hurdle to safe and

>T

Figure 5. The Mechanism by which Gelofusine
Attenuated Tubulointerstitial Injury Induced by
cRGD-Conjugated siRNA

cRGD-siRNA was reabsorbed and endocytosed into
endosomes by tubular epithelial cells through binding to
megalin/cubilin receptors, followed by TLR3 activation in
endosomes. The activated TLR3 resulted in IKBA
degradation and subsequent NF-«B translocation to the
nucleus, where it induced the transcription of multiple
genes, including IL-6 and IFN-B, to promote infiltration of
inflammatory cells and inflammatory injury. In addition,
TLR3 activation could also trigger apoptosis, aggravating
the existing tubulointerstitial injury via activating cas-
pase-3. However, Gelofusine could competitively inhibit
the binding of cRGD-siRNA to megalin/cubilin receptors,
avoiding TLR3 activation in endosomes.

ubulointerstitial
injury

effective RNAi, particularly in clinical applications. In previous
studies, conjugates and nanoparticles of 21-nt standard siRNA struc-
ture modified with cRGD were constructed and have shown good
application prospects in the field of cancer therapy.””® However,
this study found that 21-nt standard siRNA structure modified with
cRGD caused unpredictable tubulointerstitial injury by activating
the TLR3 signaling pathway in the renal cortex following continuous
administration for 14 days. Therefore, a feasible way to reduce the
accumulation of cRGD-siRNA in the kidneys should be used by accel-
erating the excretion of cRGD-siRNA to reduce or avoid kidney
injury without affecting the performance of siRNA drugs. A new
method was introduced in this study to achieve this objective. The
present study found that infusion of Gelofusine with siRNA drugs
modified with cRGD could attenuate tubulointerstitial injury with a
decrease in the retention of siRNA drugs by competitively masking
the binding site in megalin/cubilin receptors. Therefore, Gelofusine,
as a promising kidney-protective agent, can form a compound prep-
aration with siRNA drugs modified with cRGD or other polypeptides
for future clinical application, greatly facilitating the development of
preclinical and clinical trials of siRNA drugs.

MATERIALS AND METHODS

Cell Culturing

The U87MG human malignant glioblastoma multiforme cell line
(ATCC number HTB-14) and the HEK293 cell line (ATCC number
CRL-1573) were purchased from the ATCC. The HK-2 human prox-
imal tubular cell line was kindly provided by the National Clinical
Research Center for Kidney Disease, State Key Laboratory of Organ
Failure Research, Nanfang Hospital, Southern Medical University
(Guangzhou, China). The cells were grown and cultured using sup-
plier-recommended reagents and media according to standard proto-
cols and procedures.

Preparation of cRGD-siRNA
Cyclic RGD was covalently conjugated to the 5’ end of the siRNA
sense strand using a thiol-maleimide linker to prepare cRGD-siRNA
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conjugates. The synthetic process and quality control were performed
as described previously.® siRNA sequences and modifications for this
study were as follows: siNC sense strand, 5'-(mC)(mG)(mU)
GAUUGCGAGACUC(mU)(mG)(mA)dTdT-3’; siNC anti-sense
strand, 5'-(mU)(mC)(mA)GAGUCUCGCAAUC(mA)(mC)(mG)
dTdT-3'. mN represents 2’-O-methyl sugar-modified RNA nucleo-
sides. siNC was the negative control siRNA that had no homologous
sequence in human and mouse transcriptomes, and Cy5-labeled siNC
(siNC-Cy5) was also prepared. cRGD-siNC was connected by cRGD
oligopeptide and siNC. cRGD-siNC-Cy5 was connected by cRGD oli-
gopeptide and siNC-Cy5. All of the aforementioned siRNAs were
purchased from Guangzhou RiboBio.

Establishment of the In Vitro Assay

The cells were seeded into different types of plates (Corning Life
Sciences, California, USA) at the recommended density of cells
per well and allowed to attach for 24 hr. The processing of different
groups was as follows. For the control group, the processing condi-
tion was the same as for other groups without any treatment. For
the cRGD-siNC or ¢cRGD-siNC-Cy5 group, cRGD-siNC or ¢cRGD-
siNC-Cy5 at concentrations of 50 pg/mL or 100 pg/mL was added
into different wells and incubated with cells for 24 hr in Opti-MEM
without serum. For the Gelofusine group, before cRGD-siNC or
cRGD-siNC-Cy5 treatment, Gelofusine (100 pg/mL) was added
into different wells and incubated with the cells for 2 hr in Opti-
MEM without serum. At this point, cRGD-siNC at a concentration
of 50 ug/mL or 100 pg/mL was added into wells and continually
incubated with the cells for 24 hr. For the cRGD peptide group,
cRGD peptide at a concentration of 100 pg/mL was added into
wells and continually incubated with the cells for 24 hr in Opti-
MEM without serum. Next, 10% serum was added, and the incuba-
tion continued to different time points for different assays, such as
cellular uptake, intracellular distribution, and ELISA, without
continuous incubation, whereas western blot and apoptosis analyses
were performed within 36 hr.

In the RNA knockdown assay, before receiving different treatments, the
cells were transfected with siRNAs (100 nM) to silence TLR3 or mega-
lin, respectively, with Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
The siRNA sequences for the experiments were as follows: human
TLR3 siRNA (siTLR3) sense strand, 5-GGUAUAGCCAGCUAA
CUAGATAT-3’; human siTLR3 anti-sense strand, 5-CUAGUUAG
CUGGCUAUACCATAT-3’; human megalin siRNA (siMegalin),
sense strand, 5-GCAGCUUACUUGUGACAAUATAT-3; human
siMegalin anti-sense strand, 5'-AUUGUCACAAGUAAGCUGCd
TdT-3'.

Animal Handling

BALB/c nude mice (female, 4-6 weeks old, ~20 g) and BALB/c mice
(female, 4-6 weeks old, ~20 g) were purchased from the Experi-
mental Animal Center of Sun Yat-Sen University (Guangzhou,
China) and maintained in a sterile environment according to stan-
dardized animal care guidelines. The experiments were carried out ac-
cording to national regulations.
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Assessment of In Vivo Distribution of Tumor-Bearing Nude
Mouse Model and Wild-Type Mice

Nude mice were inoculated subcutaneously on the right back with
5 x 10° U87MG cells. Tumor volumes were measured using the
following formula: volume = 1/2 x length x (width),” where length
represented the longest tumor diameter, and width represented the
shortest tumor diameter. When the tumor volume reached
300 mm?, the mice were randomized into different groups as follows.
Group 1 was co-injected with siNC-Cy5 (1 nmol/20 g) and saline,
group 2 was co-injected with cRGD-siNC-Cy5 (1 nmol/20 g) and sa-
line, and group 3 was co-injected with cRGD-siNC-Cy5 (1 nmol/20 g)
and Gelofusine (4 mg/20 g). BALB/c mice were randomized into
different groups as follows. Group 1 was co-injected with siNC-Cy5
(I nmol/20 g) and saline, group 2 was co-injected with cRGD-
siNC-Cy5 (1 nmol/20 g) and saline, and group 3 was co-injected
with cRGD-siNC-Cy5 (1 nmol/20 g) and Gelofusine (4 mg/20 g).
The volume of each injection was 150 pL/20 g. The subsequent bio-
distribution was detected at 24 hr using the Xenogen IVIS Spectrum
imaging system (PerkinElmer, Massachusetts, USA) at the appro-
priate wavelength (Cy5, hex = 640 nm and Aem = 680 nm). The an-
imals were euthanized, and the tumors as well as major organs were
excised and imaged. The organs were kept at -80°C for subsequent
immunofluorescence assays.

Establishment of the In Vivo Renal Injury Experiment

Fifteen BALB/c mice were randomized into three groups (n = 5/group).
All animals were injected intravenously seven times over a 48-hr inter-
val with one of following treatments similar to the previous study’:
group 1, saline; group 2, co-injected with cRGD-siNC (5 nmol/20 g)
and saline; group 3, co-injected with cRGD-siNC (5 nmol/20 g) and
Gelofusine (4 mg/20 g). The volume of each injection was
150 pL/20 g. The mice were euthanized 12 hr after the last treatment.
The serum was collected, and kidneys were removed surgically,
weighed, fixed, paraffin-embedded, and sectioned for further analysis.
The weight curves and kidney weight index were plotted.

The level and mechanism of tubulointerstitial injury were deter-
mined by H&E staining, immunohistochemistry, immunofluores-
cence, ELISA, and TUNEL for measuring apoptosis.

Expression Level of TLR3

A cell suspension of HK-2 or HEK293 cells (1 x 10*) was mixed with
5 uL of anti-TLR3 antibodies (eBioscience, California, USA) at 4°C
for 30 min. Then cells were collected, washed twice with PBS, and re-
suspended in 0.1 mL of PBS. Fluorescence data were collected using
the FACSCalibur cell sorting system (BD Biosciences, New Jersey,
USA) and analyzed using Cell Quest software.

Cellular Uptake and Intracellular Distribution Assay

The cellular uptake and intracellular distribution assay was per-
formed as described previously.”” For cellular uptake analysis, the
cells were collected, and the assay was performed using the BD
FACSCalibur cell sorting system. Data were obtained and analyzed
using Cell Quest software. For intracellular distribution analysis,



www.moleculartherapy.org

the cells were observed using confocal microscopy (LSM 800, Zeiss,
Germany; Cy5 excitation = 640 nm, emission = 680 nm).

ELISA

ELISA kits (Bio-Swamp, Shanghai, China) for mouse IL-6 and IFN-f
were used to detect cytokines from mouse serum and human IL-6 and
IFN-B from cell culture medium according to the manufacturer’s
instructions.

qRT-PCR and Western Blot Analysis

qRT-PCR and western blot analysis were conducted as described
previously.”® Primer sequences for qRT-PCR analysis were as
follows: human TLR3 forward primer, 5'-AGCCTTCAACGACTGA
TGCT-3'; human TLR3 reverse primer, 5-TTTCCAGAGCCGTGC
TAAGT-3'; human megalin forward primer, 5-GTTCAGATGAC
GCGGATGAAA-3’; human megalin reverse primer, 5-TCACAG
TCTTGATCTTGGTCACA-3’; human B-actin (ACTB) forward
primer, 5- CATGTACGTTGCTATCCAGGC-3'; human ACTB
reverse primer, 5'- CTCCTTAATGTCACGCACGAT-3'. The anti-
bodies used in this experiment were as follows: anti-TLR3
(ab62566, Abcam, MA, USA), cleaved caspase-3 (9664, Cell
Signaling Technology, MA, USA), anti-p65/RelA (10745-1-AP, Pro-
teintech, Wuhan, China), anti-IKBA (10268-1-AP, Proteintech), anti-
ACTB (HRP-60008, Proteintech), and anti-megalin (19700-1-AP,
Proteintech).

Apoptosis Analysis

Adherent and floating cells were collected according to the manufac-
turer’s instructions, stained with fluorescein isothiocyanate-labeled
Annexin V (eBioscience) and propidium iodide (eBioscience), and
analyzed on the BD FACSCalibur cell sorting system.

Immunofluorescence Analysis

The immunofluorescence analysis of cells was performed as described
previously."’ Kidneys from the assessment of in vivo distribution were
analyzed for subsequent frozen section fluorescence, which was per-
formed as described previously.”® Kidneys from the in vivo renal
injury experiment were analyzed for subsequent paraffin-embedded
section immunofluorescence, which was performed as described
previously.”' The antibodies or reagents used in this analysis were
as follows: anti-p65/RelA (10745-1-AP, Proteintech), Alexa Fluor
488-conjugated goat anti-rabbit secondary antibody (SA00006-2,
Proteintech), and DAPI (Roche, Switzerland). Images were viewed
and captured using a confocal laser-scanning microscope (LSM
800, Zeiss, Germany).

H&E Staining, Inmunohistochemistry, and TUNEL Analysis

Kidneys from the in vivo renal injury experiment were fixed immedi-
ately using 4% paraformaldehyde. All sections were stained with
H&E. Immunohistochemistry using a microwave-based antigen
retrieval technique was performed on deparaffinized sections.”> The
primary antibodies used in the present study included anti-TLR3
(ab62566, Abcam), cleaved caspase-3 (9664, Cell Signaling Tech-
nology), anti-p65/RelA (10745-1-AP, Proteintech), anti-IKBA

(10268-1-AP, Proteintech), and anti-CD11b (ab133357, Abcam). Tis-
sue sections were processed for TUNEL analysis using an in situ cell
death detection kit (POD, Roche) as a measure of apoptosis according
to the manufacturer’s protocol. Images were viewed and captured us-
ing a light microscope (Zeiss, Germany). Percentages of positive
staining area were quantified using the Image-Pro Plus software (Me-
dia Cybernetics, Maryland, USA).

Statistical Analysis

Data were expressed as mean + SE. A homogeneity of variance test
was conducted first. The data were statistically analyzed through
one-way ANOVA with a least significant difference or Dunnett T3
test for intergroup comparisons (SPSS software, version 19.0, SPSS,
IL, USA). p values of less than 0.05 were considered statistically
significant.
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