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Efficient systemic delivery of siRNA by using high-
density lipoprotein-mimicking peptide lipid

The main challenge for RNAI therapeutics lies in systemic delivery of siRNA to the correct tissues and
transporting them into the cytoplasm of targeted cells, at safe, therapeutic levels. Recently, we developed
a high-density lipoprotein-mimicking peptide—phospholipid scaffold (HPPS) and demonstrated its direct
cytosolic delivery of siRNA in vitro, thereby bypassing endosomal trapping. Aim: We investigate the in vivo
implementation of HPPS for siRNA delivery. Method & results: After systemic administration in KB tumor-
bearing mice, HPPS prolonged the blood circulation time of cholesterol-modified siRNA (chol-siRNA) by
a factor of four, improved its biodistribution and facilitated its uptake in scavenger receptor class B type |
overexpressed tumors. For therapeutic targeting to the bc/-2 gene, the HPPS-chol-si-bcl-2 nanoparticles
downregulated Bcl-2 protein, induced enhanced apoptosis (2.5-fold) in tumors when compared with
controls (saline, HPPS, HPPS-chol-si-scramble and chol-si-bcl-2) and significantly inhibited tumor growth
with no adverse effect. Conclusion: HPPS is a safe, efficient nanocarrier for RNAi therapeutics in vivo.

Original submitted 2 December 2011; Revised submitted 19 April 2012
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siRNA SR-BI

RNAI therapeutics have been hailed as the per-
sonalized medicine of the future and have shown
early promise in clinical trials [1.2]. However,
challenges remain in systemic delivery of the
siRNA to the correct tissues and transporting
them into the cytoplasm of targeted cells, at
safe, therapeutic levels. To address these issues,
one approach is to improve the in vivo stability
of siRNA via backbone modification through,
for example, 2'fluoropyrimidine, 2’-O-methyl
and phosphorothioate modification, or via
cholesterol labeling, amongst other techniques
(3-7. Another approach is to develop desirable
systemic delivery strategies to shield siRNAs
from kidney filtration, phagocyte uptake and
enzymatic degradation, and further efficiently
transport siRNA into the cytoplasm of targeted
cells where siRNAs are recognized and associ-
ated with the RNA-induced silencing complex
to perform their gene knockdown function. So
far, a wide range of systemic vehicles have been
developed to address some of these critical chal-
lenges, such as polymers, cationic lipids and
liposomes [1.2.8-18], but further improvements are
warranted, particularly with regards to toxicity
and efficiency of cytosolic delivery. Recently,
delivery systems based on natural, endogenous
nanoparticles, such as lipoproteins and exo-
somes [19-23], have gained increasing attention
because of their biocompatibility and unique

doi:10.2217/NNM.12.73 © 2012 Future Medicine Ltd

transport pathways. In particular, high-density
lipoproteins (HDLs) with their small size pro-
file (5-12 nm), long circulation half-life (15 h)
and the capability of offloading its cholesterol
ester content directly into the cytoplasm of cells
via its interaction with the scavenger receptor
class B type I (SR-BI) receptor [24] are attractive
for siRNA delivery. In fact, some RNAI thera-
peutics based on HDL or reconstituted HDLs
(tHDLs) have been introduced and the improve-
ment in gene silencing in multiple animal mod-
els via SR-BI targeting has been validated [25-
27]. We recently developed a HDL-mimicking
peptide—phospholipid nanoscaffold (HPPS)
nanoparticle composed of the cholesteryl ole-
ate, phospholipid and an 18-amino acid apoli-
poprotein A-I (ApoA-1) mimetic peptide [28].
The potential clinical translation advantage of
using this peptide over the plasma-derived or
recombinant full-length ApoA-1 protein is to
address the challenges relating to the protein’s
large-scale production, purity and cost. The
HPPS nanoparticle closely mimics the structural
and functional properties of plasma-derived
HDL. The nanoparticle has a monodisperse size
(<30 nm), long circulation half-life (15 h) and
excellent biocompatibility confirmed by its toler-
ability at a systemic administration of 2000 mg/
kg of HPPS [28,29]. More importantly, we have
demonstrated that HPPS is capable of delivering
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cholesterol-modified siRNA (chol-siRNA)
directly into the cytosol of the target cells in vitro
via the SR-BI receptor, thereby bypassing the
detrimental endosomal trapping and resulting in
enhanced gene silencing efficacy [30]. Here, we
report on the successful 77 vivo systemic delivery
of siRNA to tumor cells using HPPS nanopar-
ticles, resulting in a significant siRNA-mediated
tumor growth inhibition without adverse effects,
thus demonstrating the utility of HPPS as a safe
and efficient nanocarrier for RNAi therapeutics.

Materials & methods
Materials

1, 2-dimyristoyl-sn-glycero-3-phosphocho-
line was purchased from Avanti Polar Lipids
Inc. (AL, USA). Anti-B-actin antibody and
cholesteryl oleate was obtained from Sigma-
Aldrich Co. (MO, USA). The ApoA-1
mimetic, amphipathic o-helical peptide,
Ac-FAEKFKEAVKDYFAKFWD, was pur-
chased from GL Biochem Ltd. (Shanghai, China).
All siRNAs were synthesized by Genepharma
Co. (Shanghai, China). Cholesterol-conjugated
siRNA-bcl-2 (chol-si-bcl-2) consisted of the sense
strand 5’-chol-GfUGAAGfUfCAAfCAfUGH-
CfCfUGfC-dTsdTs-3" and antisense strand
5-GFCAGGFCAfUGfUfUGAfCfUfUfCAfC-
dTsdT-3". Cholesterol-conjugated siRNA
bearing a scrambled sequence (chol-si-scram-
ble) consisted of the sense strand 5’-chol-
GAfCGfUAAfCGGfCfCAfUAGfU(f-
CfU-dTsdTs-3" and the antisense strand
5-AGAfCfUAfUGGFCFCGfUfUAfCGFUfC-
dTsdT-3". Cy5.5-labeled cholesterol-conjugated
mock siRNA (Cy5.5-chol-siRNA) was modified
by the same method as chol-si-bcl-2, and the
dye Cy5.5 was labeled on the antisense strand
5" (abbreviations as follows: chol, cholesterol;
fC and fU, 2’-deoxy-2"-fluoro cytidine and uri-
dine, respectively; ‘s’, phosphorothioate linkage).
The (Z)-octadec-9-enyl 2-(3-((Z)-octadec-9-
enyloxy)-6-oxo-6H-xanthen-9-yl) benzoate or
Dioleyl Fluorescein (Fluo-BOA) was synthesized
by the previously reported methods [31]. Anti-
Bcl-2 antibody, antirabbit secondary antibody
and LumiGLO® kit were all purchased from Cell
Signaling Technology (MA, USA). Agarose (elec-
trophoresis grade) was obtained from BioShop
Canada Inc. (Burlington, Canada). KB (SR-BI*),
HT1080 (SR-BI') cell lines and cell culture
media Eagle’s Minimum Essential Medium
were obtained from the American Type Culture
Collection. The fetal bovine serum, trypsin-
EDTA solution and Hoechst 33258 were all pur-
chased from Gibco-Invitrogen Co. (CA, USA).
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Nanoparticles preparation

HPPS and Fluo-BOA-labeled HPPS (HPPS [Fluo-
BOA]) were prepared and purified as previously
described [28]. Chol-si-bcl-2, chol-si-scramble and
Cy5.5-chol-siRNA were dissolved in RNase-free
water to make 250 pM solutions. The Cy5.5-chol-
siRNA solution and HPPS (Fluo-BOA) were com-
bined and mixed at a 10:1 molar ratio and incu-
bated for 1 h at room temperature. The mixture
was then purified by FPLC to remove free Cy5.5-
chol-siRNA and acquire HPPS(Fluo-BOA)-
CyS.S-ChOI—SiRNA nanoparticles (SUPPLEMENTARY
Ficure 1, see online at www.futuremedicine.com/
doi/suppl/10.2217/nnm.12.73). HPPS-chol-si-
bcl-2, HPPS-chol-si-scramble and HPPS-Cy5.5-
chol-siRNA nanoparticles were prepared using
the same method for iz vivo study.

Characterization of HPPS(Fluo-
BOA)-Cy5.5-chol-siRNA
Determination of nanoparticle
compositions
The HPPS concentration was determined using
the previously reported method [32] and the con-
centration of siRNA was quantified by measur-
ing its absorbance at 260 nm by Varian Cary 50
UV-visible spectrophotometer.

Morphology, size & {-potential
measurement

Transmission electron microscopy was per-
formed on a Hitachi H-7000 transmission elec-
tron microscope (Hitachi Inc., Japan) utilizing a
digital image acquisition system to determine the
size dispersion and morphology of HPPS (Fluo-
BOA)-Cy5.5-chol-siRNA stained with 2% phos-
photungstic acid. The particle size distributions
of HPPS(Fluo-BOA) and HPPS(Fluo-BOA)-
Cy5.5-chol-siRNA were measured by dynamic
light scattering (Zetasizer Nano-Z590; Malvern
Instruments, UK) using a 4.0 mW He-Ne laser
and operating at 633 nm with a detector angle
of 90°. The C-potential of HPPS(Fluo-BOA)
and HPPS (Fluo-BOA)-Cy5.5-chol-siRNA were
measured using patented M3-PALS technology
(Zetasizer Nano-Z590).

Gel shift assay

HPPS (Fluo-BOA), HPPS(Fluo-BOA)-Cy5.5-
chol-siRNA and Cy5.5-chol-siRNA were loaded
into a 2% agarose gel containing 0.002% (v/v) Gel
red. The 2 pg of Cy5.5-chol-siRNA was loaded per
well, while HPPS (Fluo-BOA) amount was kept
constant. The gel was run at 100 V for 45 min
and subsequently imaged by UV transillumina-
tion and by the Maestro™-CRi imaging system
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(Caliper Life Sciences Inc., MA, USA). HPPS
was visualized by Fluo-BOA fluorescence using
the blue filter set (excitation filter: 445—490 nm;
emission filter: 515 nm long pass; signal collection
from 500-650 nm in a 10 nm-step) and siRNA
was visualized by Cy5.5 fluorescence using the red
filter set (excitation filter: 615—665 nm; emission
filter: 700 nm long pass; signal collection from
680-950 nm in 10 nm-step).

To check the stability of nanoparticles in
serum, HPPS (Fluo-BOA)-Cy5.5-chol-si-RNA
and Cy5.5-chol-siRNA were incubated with
10% mouse serum at 37°C for 1, 2, 4 and 6 h,
respectively. The samples were then analyzed by
electrophoresis using 2% agarose gel to moni-
tor the release or degradation of nanoparticles.
Images were taken using the same method as
described above.

Confocal microscopy of HPPS(Fluo-BOA)-
Cy5.5-chol-siRNA in vitro

KB and HT1080 cells (4 x 10% per well) were
seeded into eight-well cover-glass-bottom cham-
bers (Nunc Lab-Tek, Sigma-Aldrich) and incu-
bated for 24 h at 37°C in an atmosphere of 5%
CO, in a humidified incubator. HPPS(Fluo-
BOA)-Cy5.5-chol-siRNA was then added into
the chamber wells at a siRNA concentration of
200 nM, and for the HDL-blocking group, an
excess of HDL was added into chamber wells
15 min before HPPS(Fluo-BOA)-Cy5.5-chol-
siRNA. After a 3 h incubation, KB cells and
HT1080 cells were washed twice with PBS and
replaced with fresh cell culture medium, and
Hoechst 33258 (1 pl, 5 mM) was added to each
well for nucleus staining. The confocal image
of the cells was taken by Olympus FV1000
laser confocal scanning microscopy (Olympus,
Tokyo, Japan) with excitation wavelengths of
488 nm (exciting Fluo-BOA), 405 nm (exciting
Hoechst 33258) and 633 nm (exciting Cy5.5).

Xenograft model in nude mice

All animal studies were conducted in the Animal
Resource Center of the University Health
Network in accordance with protocols approved
by the Animal Care Committee. Nude mice
(female, 7—8 weeks old) were inoculated with
2 x 10° KB cells (in 100 pul PBS) subcutaneously
in the right flanks.

Whole-body fluorescence imaging
KB xenograft tumor-bearing mice were intra-
venously injected with HPPS-Cy5.5-chol-siRNA
or Cy5.5-chol-siRNA at a Cy5.5-chol-siRNA
dose of 1 mg/kg. Whole-body fluorescence
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images were taken before injection at 5 min,
30 min, 1, 3, 6, 9 and 24 h postinjection using
the CRI Maestro imaging system with a red fil-
ter set (excitation filter: 615—665 nm; emission
filter: 700 nm long pass; signal collection from
680-950 nm in 10 nm-step) and an exposure
time of 1000 ms.

Ex vivo tissue fluorescence imaging
After imaging, mice were sacrificed, and organs
and tumor tissues were excised, washed with
PBS and imaged using the Maestro imaging sys-
tem. Subsequently, all the tissues were frozen in
liquid nitrogen and then cut into slides of 5 pm
thickness using a Leica CM3050S cryostat. The
slides were imaged by Olympus FV1000 laser
confocal scanning microscopy with an excitation
wavelength of 633 nm.

Blood clearance of nanoparticles
Eight healthy nude mice were used for deter-
mining the blood clearance of nanoparticles.
Mice were randomly allocated into two groups.
Mice in group A (n = 4) were administered
intravenously with Cy5.5-chol-siRNA at a dose
of 1 mg/kg, and mice in group B (n = 4) were
administered intravenously with HPPS-Cy5.5-
chol-siRNA at the same Cy5.5-chol-siRNA
dose. Blood was collected before injection and
5 min, 30 min and 1, 2, 4, 6 and 8 h postinjec-
tion. After the blood samples were completely
clotted, they were centrifuged at full speed
(12,000 rpm) for 10 min at room temperature
to isolate blood serum. The serum was diluted
with PBS and detected for Cy5.5 fluorescence
on HORIBA FluoroMax-4 spectrofluorometer
(HORIBA Scientific, NJ, USA; excitation:
650 nm; emission: 670—690 nm). The concen-
tration of Cy5.5-chol-siRNA in blood was then
calculated based on its fluorescence stand curve,
which was generated by measuring the fluores-
cence of the blood serum with known amounts

of Cy5.5-chol-siRNA.

In vivo therapeutic efficacy of

HPPS-cho-si-bcl-2

Twenty four KB xenograft tumor-bearing mice
were used in the therapeutic study. Mice were
subjected to treatment when the tumor vol-
ume reached 40-50 mm?® on day 10 after the
inoculation. They were randomly assigned to
five treatment groups. Mice were administered
intravenously with saline (group 15 n = 6),
HPPS (group 2; n = 3), HPPS-chol-si-scramble
(group 3; n = 3), chol-si-bcl-2 (group 4; n = 6)
and HPPS-chol-si-bcl-2 (group 5; n = 6),
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respectively. Each treatment group received
tail vein injections of the following dose every
other day for a total two doses: saline (200 pl),
HPPS (57.3 nmol/kg in 200 pl saline), HPPS-
chol-si-scramble (containing 8 mg/kg of siRNA
and 57.3 nmol/kg of HPPS in 200 pl saline),
chol-siRNA (8 mg/kg siRNA in 200 pl saline),
HPPS-chol-si-bcl-2 (containing 8 mg/kg of
siRNA and 57.3 nmol/kg of HPPS in 200 pl
saline). All the mice were sacrificed on day 14,
and variable organs and tumor tissues were
excised and quickly frozen in liquid nitrogen
until used.

Western blotting

Frozen tumor tissues (20-30 mg) were cut, trans-
ferred to glass tubes and homogenized with 0.5 ml
ice-cold lysis buffer as previously described [30].
The homogenate was incubated in an ice bath for
15—60 min to lyse the cells, and then centrifuged
at 10,000-15,000 g (4°C) for 20 min to pellet cel-
lular debris. The supernatant-containing protein
was collected in fresh tubes and the concentration
of protein was determined by a Bradford protein
assay. Samples were diluted at 1:2 with working
buffer (50 pl B-mercaptoethanol + 950 pl sodium
dodecyl sulfate reducing buffer) and were dena-
tured at 95°C for 4 min. 5 pg of KB tumor tis-
sue protein from different groups were loaded in
wells on a sodium dodecyl sulfate polyacrylamide
gel (containing 10% resolving gel and 4% stack-
ing gel) and the gel was run at 120 V for 2-3 h.
The samples were then transferred to polyvinyl
difluoride membrane by standard method. After
transfer, the polyvinyl difluoride membrane was
washed with 25 ml TBS for 5 min at room tem-
perature and incubated in 25 ml of blocking buf-
fer for 1 h at room temperature with gentle agita-
tion (blocking buffer: TBS, 5% w/v nonfat dry
milk, 0.1% Tween-20). The membrane was then
washed three times for 5 min each with 15 ml
TBS/T (TBS, 0.1% Tween-20) and incubated
with anti-Bcl-2 rabbit polyclonal primary anti-
body in 10 ml primary antibody (1:1000) dilution
buffer with gentle agitation overnight at 4°C. The
membrane was washed as previously described
and then incubated with HRP-conjugated goat
antirabbit secondary antibody (1:2000) and
HRP-conjugated anti-B-actin antibody (1:10000)
in 10 ml of blocking buffer for 1 h. The mem-
brane was washed three times for 5 min each with
15 ml TBS/T. The protein was visualized using
LumiGLO reagent (Cell Signaling Technology,
USA) and Typhoon 9410 variable-mode imager
(GE Healthcare, NJ, USA). The data was quanti-
fied by Image J software (Wayne Rasband, NTH).
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Terminal deoxynucleotidyl transferase
dUTP nick end labeling assay

Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay was per-
formed on frozen sections using an 77 situ end-
labeling technique for apoptosis as previously
reported [33]. Slides were fixed with 1% PFA in
PBS, pH 7.4 preferably for 10 min at room tem-
perature. After draining off excess liquid and
washing twice with PBS (5 min each), slides
were postfixed in precooled ethanol:acetic acid
(2:1) for 5 min at -20°C. The ethanol: acetic acid
mixture was removed and slides were washed
with two changes of PBS. Endogenous per-
oxidase activity was blocked using 3% aqueous
hydrogen peroxide and endogenous biotin activ-
ity using avidin/biotin blocking kit (Lab Vision
Cat.# TA-015-BB). Sections were treated with
buffer A (50 mM TRIS-HCI [pH 7.5], 50 mM
MgClL,.6H,O, 100 mM B-mercaptoethanol
and 0.005% BSA) for 5-10 min and then were
incubated with a biotin-nucleotide cocktail in a
water bath at 37°C for 1.5 h. After washing with
PBS, slides were labeled with Ultra Streptavidin
Horseradish Peroxidase Labeling Reagent (ID
Labs inc. Cat.# BP2378) for 30 min at room
temperature. The slides were then developed
with freshly prepared DAB (Dako K3468) and
counterstained with Mayer’s hematoxylin. Last,
the slides were dehydrated and mounted. Slides
were scanned by Aperio Whole Slide Scanner
and analyzed by Aperio ImageScope. The cells
showing the DAB staining positive and with the
morphology of cytoplasmic condensation, loss
of cell—cell contact and shape of shrinkage were
counted as TUNEL positive cells.

In vivo antitumor activity

Tumor dimensions were measured with vernier
calipers and volumes were calculated as follows:
tumor volume (mm?) = width? (mm?) x length
(mm)/2. Tumor dimension was measured on
day 10 before treatment, day 12 and 14 after
treatment. All measurements were conducted in

a blinded fashion.

In vivo adverse effects of HPPS-chol-
si-bcl-2
To assess the adverse effects of HPPS-chol-si-
bcl-2 during treatment, four healthy BALB/c
mice (female, 6—7 weeks old) were administered
intravenously with 10 mg/kg HPPS-chol-si-bcl-2
(based on chol-si-bcl-2 concentration) every 2 days
and the other three mice were administered intra-
venously with 200 pl saline as controls. After
injection, mice behaviors were monitored and the
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body weight was measured every 2 days. Blood
samples (200 pl per mouse) were collected from
the saphenous vein to measure liver function and
renal function by VetScan VS2 (Abaxis Inc., CA,
USA) at 4 days post first injection, and then the
mice were sacrificed and their organs (lung, heart,
liver, spleen and kidney ) were excised, fixed in
10% formalin, embedded in paraffin, sectioned
and stained with hematoxylin and eosin for
histological analysis.

Statistical analysis
The student’s t-test (two tailed) was used to
determine significant differences in Western
blotting, TUNEL and 77 vive antitumor activ-
ity. p-values less than 0.05 were considered
significant.

Results
The integrity & stability of HPPS-

chol-siRNA nanoparticles

The cytosolic delivery mechanism of chol-
siRNA via HPPS has been validated previ-
ously [30]. To further investigate the integrity
and intracellular fate of the HPPS-chol-siRNA
particles, we developed a double-labeling
approach where the core of HPPS was labeled
with Fluo-BOA and the cholesterol-modified
siRNA (chol-siRNA) was labeled with Cy5.5.
To make the nanoparticles, HPPS (Fluo-BOA)
was prepared first, and then loaded with Cy5.5-
chol-siRNA as described in the method. After
FPLC purification, a stable HPPS (Fluo-BOA)-
Cy5.5-chol-siRNA nanoparticle was obtained
(SurpLEMENTARY FIGURE 1A). Loading CyS.S-ChOl—
siRNA on HPPS(Fluo-BOA) changed the sur-
face charge and hydrodynamic diameter of the
nanoparticles, evidenced by the (-potential shift
from -2.1 + 0.5 to -12 + 0.5 mV and size change
from 15.7 £ 0.3 t0 21.0 + 1.9 nm (determined by
dynamic light scattering; Ficure 1B & C), consis-
tent with our previously reported HPPS-siRNA
particles [30]. The size and spherical shape of
the resulting HPPS (Fluo-BOA)-Cy5.5-chol-
siRNA nanoparticles were further validated by
transmission electron microscopy (SuerLementary
Ficure 1B). Next, its integrity was determined
by agarose gel electrophoresis photographed by
UV illumination and dual fluorescence images.
HPPS was visualized by Fluo-BOA fluores-
cence (blue filter, green color) and siRNA was
visualized by Cy5.5 fluorescence (red filter, red
color) using CRI Maestro imager. As shown in
Ficure 1D, the size and surface charge differences
resulted in distinguishable gel migration of par-

ticles. HPPS(Fluo-BOA)-Cy5.5-chol-siRNA
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(lane 2) with both Fluo-BOA and Cy5.5 fluo-
rescence moved faster than HPPS(Fluo-BOA)
(lane 1) visualized only by Fluo-BOA fluores-
cence, but slower than free Cy5.5-chol-siRNA
(lane 3) shown only by Cy5.5 fluorescence.
The well-merged Fluo-BOA and Cy5.5 sig-
nals on lane 2 indicated the HPPS can stably
carry chol-siRNAs by forming intact particles.
The cholesterol labeling of siRNA plays a key
role in the stable association of siRNA on the
HPPS nanoparticles, which is consistent with
our previous observation of low-density lipo-
protein-mediated siRNA delivery where siRNA
without cholesterol modification could not asso-
ciate with low-density lipoprotein at all [20]. In
nature, HDLs have the capacity of loading and
offloading cholesterol to transfer cholesterol
between cells and other lipoproteins. HPPS
mimic HDL in both structural and functional
property, thus we speculate that HPPS delivery
of chol-siRNA is similar to HDL loading and
offloading of cholesterol.

To further elucidate the intracellular fate of
HPPS-chol-siRNA, confocal studies were per-
formed on KB (SR-BI*) and HT1080 cells (SR-
BI). As shown in Ficure 1E, both the HPPS core
(the Fluo-BOA signal) and chol-siRNA (the
Cy5.5 signal) were transported into the cyto-
plasm of KB cells (SR-BI*), suggesting the pres-
ervation of HPPS-chol-siRNA integrity before
it enters into cells and the similar intracellular
delivery mechanism for both the siRNA and
core payload of HPPS. In addition, adding a
50-fold excess of HDL significantly decreased
both Cy5.5 and Fluo-BOA signals indicating
that the cytosolic delivery of siRNA and HPPS
core was efficiently blocked by HDL competi-
tion (SuprPLEMENTARY FIGURE 1C). Moreover, very little
uptake of Cy5.5-chol-siRNA and Fluo-BOA was
observed in HT'1080 cells (SR—BI) (SUPPLEMENTARY
Ficure 1C). Taken together, these data demonstrate
that the HPPS core payload and siRNA pay-
load were both transported into the cytoplasm
of cells by a SR-Bl-mediated uptake pathway
and the integrity of HPPS (Fluo-BOA)-Cy5.5-
chol-siRNA during cell culture condition was
maintained. After validating the integrity of
HPPS (Fluo-BOA)-Cy5.5-chol-siRNA, we next
investigated its stability in physiological condi-
tions. HPPS(Fluo-BOA)-Cy5.5-chol-siRNA
and free Cy5.5-chol-siRNA was incubated with
10% mouse serum at 37°C for different time
durations and its stability was examined by
agarose gel electrophoresis. The results showed
that Cy5.5-chol-siRNA delivered by HPPS was

stable up to 6h (SurPLEMENTARY FIGURE 1D), while free
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Figure 1. Characterization of HPPS(Fluo-BOA)-Cy5.5-chol-siRNA. (A) HPPS-chol-siRNA particles.
(B) Size shift of HPPS after loading with chol-siRNA. (C) ¢-potential change of the HPPS particles after
loading with chol-siRNA. (D) Agarose gel electrophoresis was used to check the integrity of HPPS-
chol-siRNA particles. The first image represents agarose gel photographed by UV illumination, the
others were fluorescence images. HPPS was labeled with Fluo-BOA (green signal) and chol-siRNA was
labeled with Cy5.5 (red signal). Lane 1: HPPS(Fluo-BOA); lane 2: HPPS(Fluo-BOA)-Cy5.5-chol-siRNA;
lane 3: free Cy5.5-chol-siRNA. (E) Confocal imaging of KB cells (SR-BI*) incubated with HPPS(Fluo-
BOA)-Cy5.5-chol-siRNA for 3 h. The cell nucleus was labeled with Hoechst 33258, HPPS was labeled
with Fluo-BOA (green signal) and chol-siRNA was labeled with Cy5.5 (red signal).

Cy5.5-chol-siRNA degraded only after 1 h, con-
firming that HPPS can shield chol-siRNA from
degradation in physiological conditions.

The in vivo behavior of HPPS-chol-

siRNA

To elucidate the 77 vivo behavior of HPPS-chol-
siRNA, the blood circulation time, biodistribu-
tion and tumor accumulation of chol-siRNA
was determined and compared with free chol-
siRNA in KB xenograft tumor-bearing nude
mice. Chol-siRNA was labeled with Cy5.5 and
tissue uptake monitored by Cy5.5 fluorescence.
As ShOWIl 1N SurPLEMENTARY FIGURE 2, the in vivo
blood circulation of chol-siRNA was signifi-
cantly altered by HPPS delivery. The circula-
tion time of Cy5.5-chol-siRNA was determined
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to be 0.95 h and the blood clearance curve fits a
one compartment model. When the same mol-
ecule was incorporated into HPPS, the clear-
ance half-life of Cy5.5-chol-siRNA increased
by a factor of 4 (3.9h) when the data was fit to
a two compartment model. This indicated that
HPPS-Cy5.5-chol-siRNA was quickly distrib-
uted from blood to body tissue and then slowly
metabolized or excreted from the body. The
increased circulation time improves the chance
for HPPS-chol-siRNA to reach its target site. As
a result, 77 vivo whole-body fluorescence imag-
ing (Ficure 24) and ex vivo tissue fluorescence
imaging (Ficure 2B) showed that HPPS delivery
totally changed the biodistribution pattern of
Cy5.5-chol-siRNA. After 24 h systemic admin-
istration, the Cy5.5-chol-siRNA group only
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Figure 2. Fluorescence imaging of the in vivo behavior of HPPS-chol-siRNA. (A) /n vivo
whole-body fluorescence imaging of HPPS-chol-siRNA and free chol-siRNA using Cy5.5-labeled
chol-siRNA. (B) Ex vivo organ imaging of HPPS-chol-siRNA and free chol-siRNA. (C) Confocal
microscopy imaging of frozen tissue slides. All the images were taken under the same conditions

between two groups at post 24 h injection.

showed weak fluorescence signal in the kidney,
tumor and intestine, whereas the HPPS-Cy5.5-
chol-siRNA group showed strong fluorescence
in the tumor, liver and adrenal gland, which
was consistent Wlth HPPS particles (SUPPLEMENTARY
Ficure 3), suggesting that HPPS can stably carry
siRNA for targeted delivery. The phospholipid
scaffold without HDL-mimicking peptide was
not used as a control for biodistribution com-
parison since it is not a stable formulation. In
addition, this HPPS-driven biodistribution of
siRNA was similar to recently reported siRNA
biodistribution by HDL delivery [25], indicating
that HPPS mimicked HDL function in delivery
of siRNA in vivo. Compared with the Cy5.5-
chol-siRNA group, the fluorescence signal in KB
tumor of the HPPS-Cy5.5-chol-siRNA group
was much intense (Ficure 24 & B), suggesting that
HPPS enhanced siRNA delivery into targeted
KB tumor. In addition, confocal images of

future science group

frozen tissue slices showed strong fluorescence
signal inside tumor cells of the HPPS-Cy5.5-
chol-siRNA group whereas minimal fluores-
cence signal was observed in tumor cells of the
Cy5.5-chol-siRNA group (Ficure 2€), confirming
the HPPS-mediated enhanced siRNA delivery
into tumor cells. Taken together, these studies
demonstrate that HPPS prolonged the blood
circulation time, improved iz vivo biodistribu-
tion and facilitated the tumor uptake of chol-
siRNA, thus improving siRNA delivery in vivo.

In vivo therapeutic efficacy of

HPPS-cho-si-bcl-2

In our previous 7 vitro study [30], we have shown
that bcl-2 targeting chol-siRNA delivered by HPPS
(HPPS-chol-si-bcl-2) enhanced bc/-2 knockdown
at both the gene and protein level when compared
with free chol-si-bcl-2 group. Here, we continue
to use bcl-2 as a model target gene to investigate
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Figure 3. In vivo gene silencing efficacy. (A) Inhibition of Bcl-2 protein expression in KB tumor tissue by HPPS-chol-si-bcl-2 in vivo. KB
xenograft tumor-bearing mice were systemically administered with saline (n = 6), HPPS (n = 3), HPPS-chol-si-scramble (n = 3), chol-si-
bcl-2 (n = 6) and HPPS-chol-si-bcl-2 (n = 6), respectively, every other day for a total two doses. Bcl-2 protein expression level was assayed
by Western blotting. (B) Evaluation of the induction of apoptosis by HPPS-chol-si-bcl-2 using TUNEL staining in KB tumor tissue. Results
are shown as ratios of TUNEL-positive cells to total cells (n = 3).
Error bars represent standard deviation. The student’s t-test (two tailed) was used to determine significant differences in Western
blotting and TUNEL staining and p-values less than 0.05 were considered significant (*p < 0.05).

the in vivo therapeutic efficacy of chol-siRNA
by HPPS delivery. KB tumor-bearing mice were
treated with HPPS-chol-si-bcl-2 (n = 6) once every
2 days for 4 days by intravenous injection. Saline
(n = 6), HPPS (n = 3), HPPS-chol-si-scramble
(HPPS loaded with scramble bcl-2 siRNA; n = 3)
and chol-si-bcl-2 alone (n = 6) were also given
as controls. The tumor volume was monitored
before treatment and 4 days after the first dose,
and then all tcumors were excised for determining
therapeutic response. Upon HPPS-chol-si-bcl-2
treatment, Bcl-2 protein expression in KB tumor
was decreased by 34%, whereas no significant
decrease in protein expression was observed for
the saline, HPPS alone, chol-si-bcl-2 and HPPS-
chol-si-scramble control groups (Ficure 34). Since
downregulation of the Bcl-2 protein could induce
apoptosis 34,35], we next examined the apoptosis of
tumor tissue by using the TUNEL assay. As shown
in Ficure 38, HPPS-chol-si-bcl-2 induced much
enhanced apoptosis in tumor tissue (41.9% of
total tissue cells) than chol-si-bcl-2 alone (16.1%);
and no significant apoptosis was observed in saline,
HPPS and HPPS-chol-si-scramble controls. These
data demonstrate that HPPS improved the thera-
peutic efficacy of chol-siRNA in targeted tumor.
More importantly, after the two-dose regime,
the relative tumor volume increase of the control
groups were 198% (saline), 316% (HPPS), 214%

(HPPS-chol-si-scramble) and 233% (chol-si-bcl-2),
whereas the relative tumor volume of the HPPS-
chol-si-bcl-2 treatment group increased only 42%
(Ficure 4). This result confirmed that there was a
significant tumor growth inhibition by using this
siRNA delivery strategy.

Collectively, these 77 vivo antitumor studies
provide convincing evidence that HPPS is not
only able to efficiently deliver siRNA to target
tissue, but is also capable of facilitating the gene
knockdown of siRNA in tumor and improve
antitumor efficacy.

M The adverse effect of HPPS-chol-si-
bcl-2

To evaluate whether HPPS-chol-si-bcl-2
induced any adverse effect during treatment,
healthy BALB/c mice were subjected to the
same HPPS-chol-si-bcl-2 treatment as the func-
tional studies (vide supra) and their behavioral,
physical and biochemical effects were then
assessed. Mice injected with 200 pl of saline
were used as controls. During the treatment
regimen, no abnormalities in behavior or sig-
nificant changes in body weight were observed
in the HPPS-chol-si-bcl-2 treated group. The
weight of the saline control group changed
from 20.1 + 0.7 to 20.3 + 1.0 g and that of
the HPPS-chol-si-bcl-2 group changed from
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Figure 4. In vivo anticancer effect of systemic administration of HPPS-chol-si-bcl-2 in KB
xenograft tumor model. KB xenograft tumor-bearing mice were systemically administered with
saline (n = 6), HPPS (n = 3), HPPS-chol-si-scramble (n = 3), chol-si-bcl-2 (n = 6) and HPPS-chol-si-
bcl-2 (n = 6), respectively, every other day for a total two doses. Tumor volume was measured at day
10 before treatment and day 14 after treatment, respectively, by blind method.

Error bars represent standard deviation. The student’s t-test (two tailed) was used to determine
significance and p-values less than 0.05 were considered significant (*p < 0.05).

20.1 + 0.8 t0 20.2 + 0.7 g. When compared
with saline controls, the HPPS-chol-si-bcl-2
treatment group did not show any measur-
able adverse effect on liver function (alanine
aminotransferase: 34.0 + 2.5 U/l; alkaline
phosphatase: 93.5 + 14.2 U/l; and total biliru-
bin: 3.0 + 0.8 pmol/l) as well as renal function
(urea nitrogen: 6.6+1.0 mmol/l; creatinine:
19.2 + 0.7 pmol/l; and globulin: 19.0 + 1.6 g/1)
(Ficure 5). In addition, there was no significant
difference in histology between HPPS-chol-si-
bcl-2 groups and saline controls, and all organs

including hearts, livers, spleens, lungs and kid-
neys did not show any significant pathologic
abnormality. These data indicate there was no

adverse effect of HPPS-chol-si-bcl-2 during
treatment.

Discussion

In this study we investigated the use of HPPS
nanoparticles for siRNA delivery in vivo.
Each HPPS nanoparticle stably incorporated
chol-siRNAs and the resulting nanoparticles
can shield siRNA from degradation in serum
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Figure 5. The evaluation of the adverse effect of HPPS-chol-si-bcl-2 on healthy BALB/c mice.
The healthy BALB/c mice (female, 6-7 weeks old) were intravenously administered with

10 mg/kg HPPS-chol-si-bcl-2 (n = 4) every other day for a total two doses. Liver function (ALT, ALP,
TBIL) and renal function (BUN, CRE, GLOB) were detected at 4 days after injection, and all the organs
were excised at 4 days after injection. Error bars represent standard deviation. The Student'’s t-test
(two tailed) was used to determine significance, and p-values less than 0.05 were considered

significant.

ALT: Alanine aminotransferase; ALP: Alkaline phosphatase; BUN: Urea nitrogen; CRE: Creatinine;

GLOB: Globulin; TBIL: Total bilirubin.

(SupPLEMENTARY FIGURE 2). After systemic administra-
tion in KB tumor-bearing mice, HPPS prolonged
siRNA circulation in the bloodstream by a factor
of 4, improved its biodistribution and facilitated
its uptake in SR-BI overexpressed KB tumors.
These improvements are attributed to the HDL-
like structural and functional characteristics of
HPPS nanoparticles. The favorable small size
(20-30 nm) of HPPS can enable the nanoparticle
to penetrate through the restricted interfibrillar
openings (<40 nm) commonly present in solid
tumors [36] while at the same time allowing it to
escape kidney filtration (Ficure 2B). Besides the size
effect, the SR-BI targeting of HPPS also played
an important role in efficient delivery of siRNA,
evidenced by the good correlation between the
accumulation of HPPS-chol-siRNA and the
expression of SR-BI in different tissues of the

KB-bearing mice. KB tumors and some normal
organs including the liver, adrenal gland and
other steroidogenic tissues expressing high lev-
els of SR-BI receptor [37-39] showed strong Cy5.5
fluorescence at 24 h after injection of HPPS-
Cy5.5-chol-siRNA (Ficure 2B). Efficient delivery
of siRNA to tumors 772 vivo not only requires good
tumor accumulation, but also requires its efficient
transportation into the cytoplasm of targeted
cells where siRNAs are recognized and can asso-
ciate with the RNA-induced silencing complex
to perform their function for gene knockdown.
The direct cytosolic delivery of siRNA by HPPS
allows siRNA to reach its action site of cytosol,
thus bypassing the detrimental endosomal traf-
ficking, which normally induce siRNA degra-
dation in lysosomes. It has been demonstrated
that HPPS is a safe nanocarrier evidenced by the
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The integrity and stability of HPPS-chol-siRNA nanoparticles
High-density lipoprotein-mimicking peptide—phospholipid scaffold (HPPS) core payload and siRNA payload were both transported into
the cytoplasm of cells by the SR-Bl-mediated uptake pathway and the integrity and stability of HPPS(Fluo-BOA)-Cy5.5-chol-siRNA was

confirmed in vitro.
The behavior of HPPS-chol-siRNA in vivo

HPPS prolonged the blood circulation time, improved in vivo biodistribution and facilitated the tumor uptake of chol-siRNA, thus

improving siRNA delivery in vivo.

In vivo therapeutic efficacy of HPPS-cho-si-bcl-2
HPPS is not only able to efficiently deliver siRNA to target tissue, but is also capable of facilitating the gene knockdown of siRNA in

tumors and improving antitumor efficacy.
The adverse effect of HPPS-chol-si-bcl-2

No adverse effects of HPPS-chol-si-bcl-2 during treatment were reported.

absence of adverse effects when 2000 mg/kg of
HPPS was administered intravenously [29]. This
study further proved that HPPS is a safe delivery
vehicle for efficient RNAI therapeutics since no
adverse effect of HPPS-chol-si-bcl-2 was detected
during treatment (Ficure 5).

Increased SR-BI expression has been reported
in many cancer cell lines including: prostate
adenocarcinoma [40], cervical carcinoma, breast
cancer, ovary adenocarcinoma [21.41,42], lung can-
cer cell lines [43] and hepatoma cell lines [44.45],
indicating the potential application of HPPS for
targeted delivery of different siRNAs of choice
for personalized cancer treatment. For anti-
cancer therapy, simple knockdown of the b¢/-2
gene may not be sufficient to achieve effective
antitumor activity since the apoptosis pathway
is very complicated, with other proteins such as
BclxL, Mcl-1, Bax and BH3 playing a role in
whether apoptosis occurs [34]. Several studies
have demonstrated that combination of bc/-2
gene knockdown with chemotherapy achieved
enhanced therapeutic efficacy in multidrug-
resistant cancer cells [46-50]. The suppression of
Bcl-2 expression in tumors could increase che-
motherapeutic efficacy. In our previous study
[29], we successfully employed HPPS for targeted
delivery of the chemotherapeutic drug, paclitaxel
oleate (PTXOL). The resulting HPPS(PTXOL)
particles not only induced effective therapeu-
tic activity to targeted cells, but also attenuated
cytotoxicity of anticancer drugs to nontargeted
cells. In this study, we developed a dual cargo-
loaded particle, HPPS (Fluo-BOA)-Cy5.5-chol-
siRNA, where Fluo-BOA hydrophobic dye was
loaded into the HPPS core and chol-siRNA was
loaded into the HPPS surface membrane. The
integrity and stability of the resulting particle
had been demonstrated and its capability to
direct cytosolic delivery of core-loaded Fluo-
BOA and surface-loaded siRNA had also been
validated. This suggests the potential utility of
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HPPS for combination therapy by co-delivery of
chemotherapeutic drug in the core and siRNA
on the surface.

Conclusion

In summary, HPPS was capable of prolonging
the circulation time of chol-siRNA in blood,
improved the biodistribution pattern and
facilitated the uptake of chol-siRNA in the KB
xenograft tumor model. For functional study,
HPPS-chol-si-bcl-2 nanoparticles down regu-
lated the Bcl-2 protein and enhanced induction
of apoptosis. It also delayed tumor growth when
compared with chol-si-bcl-2. Furthermore, no
adverse effect was observed during the treatment.
Many features of HPPS, such as the ideal small
size (10-25 nm), cytosolic delivery fate, built-
in SR-BI targeting and good biocompatibility,
point to its potential usage as an ideal siRNA
delivery vehicle.

Future perspective

As a good siRNA delivery vehicle, HPPS can
be widely used in targeted delivery of different
siRNAs of choice for personalized cancer treat-
ment. HPPS provides a promising strategy for
combination therapy in the future by loading
chemotherapeutic drug into the HPPS core and
siRNA on surface membrane. HPPS may also
influence other disease treatments, such as that
for liver disease and cardiovascular disease due to
high SR-BI expression in the liver, steroidogenic
tissues and circulating macrophages [39].
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