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Abstract

Enhanced intrapulmonary delivery of anticancer SSRNA
using cationic liposome for lung cancer therapy

Choi Hyun-Woo, Physical Pharmacy, Seoul National University

Here we report a cationic nanolipoplex for pulmonary celfutielivery system of
siRNA. Six nanoliposomes differing in cationic lipids wertormulated and
screened at in vitro and in vivo for cellular delivery fumests in lung tissues.
Although the six nanoliposomes showed similar siRNA delveefficiency in
vitro, they exhibited significant differences in vivo pudmary cellular delivery
functions. Among the various nanoliposomes, cationic
dioleoyl-sn-glycero-3-ethylphosphocholine- and chtded-based nanoliposomes
(ECL) showed the highest pulmonary cellular delivery in oviand the lowest
cytotoxicity in vitro. The fluorescent sIRNA delivery effency of ECL
nanoliposomes was 26.2-fold higher than that of naked siRMAvivo. The
treatment of Mcll-specific siMcll using ECL nanolipoplexeprovided the
reduction of target gene in B16F10 cell lines, whereas duage-specific siGL2
in ECL nanolipoplexes did not provide the reduction of thegéha gene. In
B16F10 metastasized lung cancer model in mice, the intfad@ administration
of siMcll in ECL nanolipoplexes revealed the lower formatiof tumor nodules
in the lung. Moreover, the intratracheal delivery of siMclin ECL
nanolipoplexes showed the significant silencing of Mcll nMRNA and protein

levels at the lung tissue. These results indicate the yutdit ECL nanoliposomes



for pulmonary delivery of therapeutic siRNA for the treatmheof lung cancers

and potentially for other respiratory diseases.
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I . Introduction

Despite the initial hope of small interfering RNA (SiRNA) dgture generation
therapeutics, not much progress has been achieved to thieatlirials of siRNA
therapeutics [1, 2]. One of the biggest challenges for megyrin the siRNA
fields is the strong dependence on the effective intraleglldelivery systems [3 -
5]. Since siRNA is processed and binding to the specific mRMAcytoplasm,
the intracellular delivery of siRNA should be a prereg@sitor inducing the
silencing of target gene. However, the relatively largeesand negative charges
of siRNA make it impossible for siRNA to diffuse through thesllc membrane
from extracellular spaces.

Lung has been one of attractive target organs for siRNAaberapy [6].
Intravenous administration of functionalized lipopolyjasn was reported to
provide a knock-down of target gene in the lung tissue of rrmmice [7].
However, upon systemic administration, sSiRNA may confrorgfficient targeting,
and the rapid degradation and clearance from the bloodsirel@ading to
inefficient delivery to target cells [8]. As compared to tkgstemic delivery, the
direct localized administration of sSiRNA via pulmonary teumay allow the
higher retention of siRNA in lung tissues and reduce theesygt toxicity. Due
to the several advantages of pulmonary delivery over systeamdministration,
two of the four siRNA drugs currently in phase Il clinical ais are delivered
intranasally or by inhalation [9].

For direct pulmonary delivery, there still exists a need fievelopment of
effective nanocarriers of siRNA. A recent study reportedttithe delivery is a
crucial barrier against the effective silencing of targeings by intratracheally
administered naked siRNA [10]. Several nanocarriers haeenb studied for

localized lung delivery of siRNA. A poly (ester amine) polgmwas used for



aerosolized siRNA delivery in mice [11]. Fatty acid-moddi polyethylenimine
derivative was studied for intratracheal administratidnstRNA in mice [12].

In this study, we screened the delivery efficiencies of masi cationic
nanoliposomes in vitro and in vivo after intratracheal adistration in mice.
Moreover, given the high mortality of lung cancers worldeidl13], we tested
the efficacy of anticancer siRNA in metastasized lung canoedel. Here, we
report that there exists a lack of correlation between imroviand in vivo
pulmonary cellular delivery functions of various cationianoliposomes. Using
Mcll-specific sSiRNA (siMcll) as an anticancer siRNA, we oepthe potential of
1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (EDOQMased cationic
nanolipoplexes for effective in vivo silencing and antican activity against

metastasized lung cancer model in mice.



II. Materials & Methods

2. 1. Preparation of cationic nanoliposomes
Cationic nanoliposomes were prepared using the lipid-filgdration method as

previously described. Cholesterol was purchased from &igidrich Co. (St.

Louis, MO) and the lipids 1,2-dioleoyl-sn-glycero-3-eliplyosphocholine (EDOPC),

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP),
1,2-di-O-octadecenyl-3-trimethylammonium propane (D),
3B-[N-(N',N'-dimethylaminoethane)-carbamoyl]chobest (DC-Choal), and

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOREYe obtained from Avanti
Polar Lipid Inc. (Birmingham, AL). These lipids dissolved ichloroform were
mixed at different compositions and evaporated using aryotvaporator to
eliminate the organic solvent. For nanoliposome prepamatEDOPC, cholesterol
and DOPE were mixed at a molar ratio of 8:5:2containingl5hemaf lipids in
total. In other nanoliposome formulations, DOTAP or DOTMAene used instead
of EDOPC, and DC-Chol was used replacing Chol. Thin-lipidm& were
hydrated with 1 ml of 20 mM HEPES (pH 7.4). The resulting ngmdomes
were extruded three times through 0.2 mm polycarbonate maamb filters
(Isoporé™ , Millipore Corp., Billerica, MA) using an ExtrudgNorthern Lipids,
British Columbia, Canada). The sizes of cationic nanoljmoss were determined

using an ELS-8000 dynamic light scattering instrument (BhdOsaka, Japan).

2. 2. Cdl culture and sSSRNA uptake study

The murine melanoma cell line B16F10 was purchased from tmeerican
Type Culture Collection (Manassas, VA). B16F10 cells weraintained in
Dulbecco's Modified Eagle Medium under 37°C, 5 % CO2 in a Hhumi



atmosphere condition. Each medium was enriched with 10%l feovine serum
(HyClone, Logan, UT) and 1% of penicilin and streptomycinacke

(Sigma-Aldrich Co.). To determine the cellular uptake oRNA, B16F10 cells

were seeded onto 24-well plates a day before treatment.r Agplaced with

fresh medium (30@l/well), a 50 nM of fluorescent-labeled dsRNA, Block-iTTM
(Invitrogen) was mixed with nanoliposomes at the N/P ratio 20:1, or with

LipofectamineTM 2000 (L2K, Invitrogen, Carlsbad, CA) aodimg to the

manufacturer’s instruction. The resulting nanolipopkexeere added to the cells
and incubated at 37 °C for 24 hr. Cells were harvested, washex® times with

phosphate-buffered saline (PBS) and evaluated by flow nogtoy and analyzed
by a BD FACS Calibur using Cell Quest Pro software (BD Biosce San

Jose, CA).

2. 3. Cytotoxicity assay

The cytotoxicity of cationic nanoliposomes was monitoredsing
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetraaofn bromide (MTT) assay.
B16F10 cells were seeded onto 48-well plate at a density df04xcells/well
and allowed to attach for 1 day. The medium was replaced wa 2 of fresh
culture medium. Luciferase-specific GL2 siRNA (siGL2, SThaPm., Seoul,
Korea), which is non-functional in mammals, was complexedthwvarious
cationic nanoliposomes at the N/P ratio of 20:1, or with L2Kc@ading to the
manufacturer's instruction. The nanolipoplexes were ddae the cells in 50 nM
of siGL2 concentration. After incubation for various timeerjpds, cells were
treated with 20u | of 5 mg/ml MTT solution for 2 hr. For compans untreated
cells were used. The culture medium was then removed and 208 0.04 N
HCl/isopropanol solution was added. The viability of cells|as measured at a

wavelength of 570 nm wusing a microplate reader (SunriseTMECAN,



Mannedorf, Switzerland). Cell viability of each group waxpeessed as a

percentage relative to that of untreated cells.

2. 4. Reverse transcription polymerase chain reaction (RT-PCR) and

guantitative rea-time PCR

Knock-down of mRNA induced by siRNA was evaluated by RT-PCRd a
quantitative real-time PCR. For in vitro knock-down studyMcll or siGL2 was
complexed with ECL nanoliposomes at the N/P ratio of 20, amdulting
nanolipoplexes were treated to the cells seeded onto 24-ate in 50 nM
concentration. After 24 hr, total RNA was isolated using fhRIzolTM reagent
(Invitrogen) and reverse transcribed into cDNA using AaowBr RT PreMix
(Bioneer). For in vivo knock-down study, siRNA in free or EQianolipoplexes
was intratracheally administered as described below, atal RNA was isolated
from the collected lung tissues and reverse transcribed @?NA. The primers
for murine Mcll were 5-GCATGCTCCGGAAACTGGACATTA-3 for see and
5-CTTTGTTTGACAAGCCAGTCCCGT-3 for antisense. The productof
RT-PCR were electrophoresed on a 1 % agarose gel, and visdially ethidium
bromide staining.

Quantitative real-time PCR was performed in P0 glass capillaries, using a
LightCycler 2.0 instrument with LightCycler FastStart, BNMaster PLUS SYBR
Green I reagents and the data were analyzed by the Light@yctaftware
program (Roche Diagnostics GmbH, Mannheim, Germany). mbeycling
parameters composed a hot start at 95 °C for 10 min followeddbycycles of
95 °C for 10 sec, 57 °C for 20 sec, and 72 °C for 20 sec. Meltingvecu
determination was performed to confirm the specificity bé tPCR products after
the amplification step. The mMRNA expression level of Mcllswaormalized to

those of the housekeeping gene glyceraldehyde-3-phasplaghydrogenase



(GAPDH).

2. 5. FHow cytometry and molecular imaging

The in vivo lung tissue uptake of siRNA was tested by flow oyédry and
molecular imaging. The Six-week-old female BALB/c mice wepurchased from
Daehan Biolink (Seungnam, Korea). All animals were mamadi and used in
accordance with the Guidelines for the Care and Use of LabgraAnimals of
the Institute of Laboratory Animal Resources, Seoul NatiotJniversity. To
monitor the siRNA delivery efficiencies of various nanalgpmes, nanoliposomes
complexed with Block-ITTM at the N/P ratio of 20 were admieied via
intratracheal route. After 4 hr, mice were sacrificed andgluissue samples were
collected and homogenized in 1 ml PBS using a #0-pore diameter Cell
Strainer (SPL Life Sciences, Pochon, Korea) followed bytrfeigation at 700 x
g for 5 min. Pellets were suspended and incubated at room etatupe for 5
min in 1 ml of red blood cell lysis buffer (0.165 M NH4Cl and @86 mM
ethylenediamine tetraacetic acid) and centrifuged at 70@ X%or 5 min. After
washing three times with PBS, the suspended cells were zsthlysing flow
cytometry. For molecular imaging, extracted lung tissuesrewevaluated by LAS
1000 image analyzer (FUJIFILM, Tokyo, Japan). Fluoreseenntensity was

analyzed by Image Gauge Analyzer Software (FUJIFILM).

2. 6. In vivo silencing study by siRNA in nanolipoplexes

For in vivo tumor model construction, six-week-old femal@&lB/c mice were
injected with 1x 106 B16F10 cells in 200l PBS via the tail vein. The siRNA
for specific silencing of Mcll (siMcll) was purchased fromioBeer Co.
(Daejeon, Korea). Five days after inoculation, mice wereegifirst intratracheal

injections of siMcll or siGL2 in nanocomplexes at the doseOd@l mg/kg by



MicroSprayer (Penn-century Inc., Wyndmoor, PA). The nguglexes were
administered 4-times every other day and sacrificed at day lung tissue
samples were collected and prepared into cell suspensiorleasribed above.
The in vivo silencing of target protein by siMcll was analyzesing quantitative

real time-PCR at the conditions described above and wedtitnanalysis.

2. 7. Western blot analysis

In vivo silencing of target proteins expression by siMcl wasaluated by
western blot as previously described. To evaluate the RNaArference effect at
protein level, extracted lung tissues were homogenized eih lgsis buffer (0.05
% Triton X-100 and 2 mM ethylenediamine tetraacetic acid it WM Tris-HCI)
followed by centrifugation at 13,000 x g for 15 min. Extrattéotal proteins
were quantified with the BCA protein assay kit (Thermo Fist&ientific Inc.,
Rockford, IL) according to the manufacturer's instructi@nd separated on a 10
% SDS-PAGE gel. Proteins were transferred onto poly (vitgrlie difluoride)
membranes. Western blots were performed with specific badies to Mcll
(1:2000, ab32087, Abcam, Cambridge, UK) afid -actin (1:250847778, Santa
Cruz Biotechnology, Santa Cruz, CA). For visualization &k tbands, alkaline

phosphatase-conjugated anti-IlgG antibody (Santa Crute&inology) were used.

2. 8. Statistics

ANOVA was used to analyze the experimental data with Studéswvman-
Keuls test for post-hoc pairwise comparison. All of statet analysis was done
using SigmaStat software (version 3.5, Systat SoftwarehrRond, CA) and a p

value of 0.05 was considered significant.



III. Results

3. 1. Characterization of cationic nanolipoplexes

The formation of nanolipoplexes between cationic nanalpoes and SiRNA
was confirmed by gel retaradation assay and size measuteiegardless of the
nanoliposome compositions, the gel retardation of siRNAs wedserved from the
N/P ratio of 10:1 (Fig. 1A). Upon complexation with siRNA, &gkt increase
in size was observed for all cationic nanoliposomes (Fig). 1Bhe extent of
mean size increases of nanolipoplexes as compared to pasaines were less
than 25 nm. Zeta potential values of ECL nanolipoplexeseased with the N/P
ratios (Fig. 1C). At the N/P ratio of 20:1, the zeta potenta@lue was 30.3 *
6.0 mV.

3. 2. In vitro cdlular uptake of fluorescent dsRNA in cationic

nanolipoplexes

The in vitro cellular uptake of fluorescent dsRNA did not refgcantly differ
among various nanolipoplexes (Fig. 2A). All the nanolippes formulated in
this study showed cellular uptake of fluorescent RNA simil@ commercial
transfection agent, L2K. In B16F10 cells, FACS analysisvatm that the use of
DC-Chol in the nanoliposomal formulations (DTDL, DMDL, andDL) did not
show significant differences in the cellular delivery ftioos of fluorescent
dsRNA as compared to the nanoliposome formulations usingl QIDTCL,
DMCL, and ECL). Moreover, the types of cationic lipids suck BOTAP in
DTCL, DOTMA in DMCL, and EDOPC in ECL did not significantly fdct the

in vitro cellular uptake of fluorescent dsRNA.

_10_
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Fig. 1. Ge retadation, size and zeta potential of SIRNA in

nanolipoplexes.

Cationic nanoliposomes were complexed with siRNA at oéfer N/P ratio. (A)
For gel retardation, siRNA in naked form or various nangbigaes were run on
a 1.5 % (w/v) agarose gel. The migration of siRNA was viswizdy ethidium
bromide staining. (B) Sizes of nanoliposomes before anderafsiRNA
complexation were measured by light scattering method néd) Zeta potentials

of siRNA complexed with ECL at various N/P ratios were présdn(n=4).

_13_
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Fig. 2. In vitro and in vivo cellular uptake of fluorescent dsRNA in

nanolipoplexes.

Various cationic nanoliposomes were complexed with flaoemt marker-labeled
dsRNA at the N/P ratio of 20:1. (A) B16F10 cells were treateithwluorescent
dsRNA in various nanolipoplexes. After 24h, the fluorescaisRNA uptake
levels were quantified by flow cytometry (n=4). Untreatedll€ were used as
control. (B) Fluorescent dsRNA in naked or nanolipoplexeasvadministered by
intratracheal injection to BALB/c mice. Lung tissues wer&tracted at 4 hr
post-dose, and the fluorescence of lung cells were measbyeflow cytometry

(n=3).

_15_



3. 3. In vivo pulmonary cell uptake of fluorescent dsRNA in cationic

nanolipoplexes

Unlike in vitro intracellular delivery, in vivo pulmonary eflular uptake of
fluorescent dsRNA was significantly dependent on the liggdmposition of
nanolipoplexes (Fig. 2B). In DC-Chol-based nanoliposgm&PL showed a
higher mean value of fluorescent positive cell populatich @mpared to other
DC-Chol-based nanoliposomes, DTDL and DMDL. However, g¢hewas no
significant difference among the DC-Chol-based cationamaliposomes in the in
vivo fluorescent dsRNA delivery functions. In contrast, dGbased cationic
nanoliposomes showed distinct differences the in vivo puany cellular delivery
function of fluorescent dsRNA depending on the cationicidlipused in the
nanolipoplexes. The use of EDOPC in ECL showed 8.0- and @d®-higher
fluorescent dsRNA pulmonary cell uptake as compared to D®TA DTCL and
DOTMA in DMCL, respectively. ECL showed 26.2-fold higher irvivo
fluorescent dsRNA delivery than did naked form. The repnegere flow

cytometry data are presented in Fig. 3A.

3. 4. In vivo lung distribution of SSRNA

Although Fig. 2B and 3A showed the significantly higher palmary cellular
uptake of fluorescent dsRNA in ECL nanolipoplexes relatitee free form, the
lung tissue imaging including extracellular spaces did mewveal significant
differences (Fig. 3B). The molecular imaging analysis of oleh lung organ
showed the similar intensity increase in the groups treatdath fluorescent
dsRNA in free or ECL nanolipoplexes as compared to untreatewdtrol group

(Fig. 3C).

_16_
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Fig. 3. In vivo lung retention and representative lung cellular uptake.

Fluorescent dsRNA in naked or nanolipoplexes was admnedtdy intratracheal
injection to BALB/c mice. (A) Representative lung cell uk¢a patterns of
fluorescent dsRNA in naked form or various nanolipoplexes presented. (B)
Lung tissues were extracted at 4 hr after intratrachealciigje, and the retention
of fluorescent dsRNA in the lung was visualized by moleculaaging. (C) The
mean intensity of fluorescence in lung tissues were quadtifand presented as

fold-increase compared to untreated control (n=4).
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3. 5. Cytotoxicity of various cationic nanolipoplexes

Although the in vitro cellular delivery of fluorescent dsRN was not
significantly different among cationic nanoliposome faorations, the cytotoxicity
was highly affected by the composition of cationic nanaiipmes (Fig. 4). In
B16F10 cells, the cytotoxicity was measured for luciferagecific siGL2
complexed with various nanoliposomes over 2 days. The a@yimty of
SiGL2/ECL nanolipoplexes was similar to that of siGL2/L2Knaplexes. After 2
days of treatment, siGL2/ECL nanolipoplex showed 64.9 = P& of cell
viability which is comparable with siGL2/L2K-treated cellshowing 65.9 + 2.6
% viability. Among the nanolipoplexes prepared in this $tudsiGL2/ECL
nanolipoplexes showed the highest cell viability, follavéy siGL2/DTCL and
SiGL2/EDL nanolipoplexes. As compared to siGL2/DMCL napoplex,
SiGL2/ECL nanolipoplex showed 3.2-fold higher cell viayil at 48 hr of

treatment.

3. 6. In vitro reduction of target gene expression

Since Fig. 5 revealed the lowest cytotoxicity of siGL2/EChnolipoplexes, the
in vitro target gene reduction capability of SiRNA was testeising ECL
nanoliposomes. As a functional siRNA, Mcl-1-specific siMcwas complexed to
ECL nanoliposomes. For comparison, luciferase-specifiel2 was complexed to
ECL nanoliposomes. The gel electrophoresis of RT-PCR mtsduFig. 5A)
revealed that the mRNA expression of Mcl-1 was reduced dfestment of the
cells with siMcl-1 in ECL nanolipoplexes or L2K lipoplexesHowever, no
decrease of Mcl-1 RT-PCR products was observed after tezdtnof B16F10
cells with siGL2 complexed to ECL nanoliposomes or L2K.

The quantitative real time PCR provided the quantified otida extent of
Mcl-1 mRNA expression levels after treatment with siMcl-1n i ECL

nanolipoplexes (Fig. 5B). The treatment of cells with naowfiional siGL2 in

_18_
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The siGL2 or siMcl-1 was complexed with L2K or ECL and treatied B16F10
cells. After 24h, RT-PCR products were electrophoresed od%a agarose gel
(A). The mRNA expression level of target gene was quantifisd quantitative
real-time PCR (B) using those of GAPDH to normalize. *: sfgantly lower

than control, siGL2-treated groups.
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L2K and ECL nanolipoplexes resulted in the Mcl-1 mRNA expies levels of
100.4 + 2.5% and 102.7 = 3.5%, respectively. In contrasipdohg treatment of
B16F10 cells with siMcl-1/ECL nanolipoplexes, the Mcl-1 MR expression
level was 8.1+2.4 %, significantly lower than the mRNA levadbserved in the

group treated with siGL2/ECL nanolipoplexes.

3. 7. In vivo antitumor effect of SMcl-1 ddivered in ECL nanolipoplexes

The intratracheal administration of siMcl-1 in ECL nanolgexes inhibited the
growth of B16F10 cells in the lung tissues. After intravemoinjection of
B16F10 on day O, siRNA in naked or ECL complexes were intchieally
injected on day 5, 7, 9, and 11 (Fig. 6A). The lung tissue wasaeted on day
14 to detect the metastasis and growth of intravenously @midtered B16F10. As
control, the mice injected with B16F10, but not treated wdhy SIiRNA were
used. The black colonies of metastasized B16F10 in lungidssvere observed
for the groups untreated, treated with free siMcl-1, si@Q@L nanolipoplexes,
and siMcl-1/ECL nanolipoplexes. (Fig. 6B) The extent ofddigah B16F10 tumor
nodules, however, was the lowest in the group treated witclsi/ECL

nanolipoplexes as compared to other groups.

3. 8. In vivo silencing of target gene expression

The silencing of Mcl-1 target gene in the lung tissues waseontesl both in
MRNA and protein levels after delivery of siMcl-1 in ECL ndipoplexes (Fig.
7). The quantitative real time PCR data (Fig. 7A) reveal thhe mMRNA
expression level of Mcl-1 was significantly reduced aftetratracheal treatment
of mice with siMcl-1 in ECL nanolipoplexes, showing 19.9 +3% of relative

expression level normalized to GAPDH. The treatment of migth SiGL2/ECL

_21_
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Fig. 6. Anticancer effect of siMcl-1 delivered in ECL nanolipoplexes.

The siGL2 or siMcl-1 (0.21mg/kg) in naked or ECL nanolipofe was sprayed
into pulmonary area of B16F10-metastasised BALB/c micdtatracheal injection
was done in every other day on four occasions beginning at Sagfter tumor
inoculation (A). On day 14, mice were sacrificed and lungues of each group

were extracted (B).
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Fig. 7. In vivo silencing of Mcl-1 by ECL nanolipoplexes.

The siGL2 or siMcl-1 (0.21mg/kg) in naked or ECL nanolipofe was sprayed
into pulmonary area of B16F10-metastasised BALB/c micératracheal injection
was done in every other day on four occasions beginning at Safter tumor
inoculation. On day 14, mRNA and protein level expressiovele of Mcl-1 in
the lung tissues were analyzed by quantitative real-timeRP@, n=4) and

western blotting (B), respectively. *: significantly lowe¢han other groups.
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nanolipoplexes exhibited 86.9 + 14.0% of relative Mcl-1 m&RNxpression level
normalized to GAPDH. Similar to the mMRNA expression levelprotein
expression of Mcl-1 in the lung tissues was reduced upon atiaicheal
administration with siMcl-1/ECL nanolipoplexes. The werst blot (Fig. 7B)
shows that the silencing of Mcl-1 protein expression wasallet in siMcl-1/ECL
nanolipoplex-treated group, but not in other groups. Thewes no difference in

the B-actin protein levels among the groups.
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IV. Discussion

In this study, we demonstrated that in vitro siRNA deliverf§iciencies do not
exactly reflect in vivo pulmonary siRNA delivery efficieles. Moreover, we
showed that the in vivo efficiency of siRNA to pulmonary eelivas significantly
affected by the type of cationic lipids and co-lipids. Theeusf ECL
nanolipoplexes provided the highest in vivo siRNA delivesfficiency to
pulmonary cells. The intratracheal administration of JiIMECL nanolipoplexes
inhibited the growth of mestasized lung cancers in mice, hwagignificant
silencing of Mcll in mRNA and protein levels.

For cationic nanoliposomes, we used DOTAP, DOTMA and EDOPC aa
cationic lipid component. DOTAP and DOTMA have been used asatonic
lipid component of cationic liposomes or nanoparticles feIRNA delivery.
DOTAP-modified cationic poly (DL-lactide-co-glycolideci) nanoparticles were
used as inhalable dry powder formulation of siRNA [14]. DCH-Aased cationic
liposomes were reported as a delivery system of siRNA to laagcer cells
[15]. DOTMA-based cationic liposomes were used to incredbe cellular
delivery of siRNA to human airway epithelial cells, and meuseuroblastoma
cells in vitro [16]. As compared to DOTAP and DOTMA, EDOPC is a
relatively new cationic lipid, and less studied as a carradr nucleic acid
therapeutics. EDOPC was studied for transfection of pldsdNA to human
umbilical vein endothelial cells [17], and in vivo systemdelivery of plasmid
DNA in mice [18]. However, there are few reports on the amlan of
EDOPC-based nanoparticles for delivery of siRNA.

In addition to cationic lipids, cationic nanoliposomes weprepared using
DOPE and DC-Chol or Chol as co-lipids. Regardless of the us®@-Chol or
Chol, all the nanoliposomes contained DOPE as a fusogepid Icomponent

[19]. Due to the fusogenic function, DOPE has been used asl|gerHgid of
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DOTAPor DOTMA-based liposomes. DC-Chol, a derivative ofoChstructurally
differs from Chol in that it has a cationic moiety in the stwe. Recent study
reported the use of DC-Chol and DOPE-based cationic lipesofor delivery of
plasmid DNA and siRNA [20].

The comparison between in vitro and in vivo cellular uptakatadindicates
that there exists substantial discrepancy between in \amd in vivo. Although
all nanoliposomes showed similar fluorescent dsRNA dejivefficiency in vitro,
they differed in pulmonary cellular dsRNA delivery funcai® in vivo. This result
suggests a caveat that it needs caution to extrapolate thetrm cellular uptake
data for the screening of siRNA delivery nanocarriers. €uofty, it remains to
be understood the mechanisms underlying the higher in viNRNA delivery
efficiency of ECL nanolipoplexes than other nanolipopeX&ig. 2B). Previously,
the enhanced transfection of plasmid DNA was observed in EO®ased
liposomes for human umbilical vein endothelial cells. Morer, EDOPC was
known to be serum compatible, enhancing the transfectidicaefes of plasmid
DNA regardless of the presence of serum [21, 22]. Based on pievious
finding, we can not exclude the possibility that ECL mighttare stability in
bloodstream due to serum stability, and confer increasewlifg to the surface
of pulmonary endothelial cells, facilitating the uptake odmplexed siRNA into
the cells.

In addition to the lack of correlation between in vitro and vivo fluorescent
dsRNA delivery efficiency, there was lack of correlationtveeen the pulmonary
cellular delivery efficiency (Fig. 3A) and whole lung tissumolecular imaging
(Fig. 3C). Fluorescent dsRNA has been used as a model of aematielled
SiRNA for cellular uptake evaluation of various siRNA naaogers [23].
Although we observed more than 20-fold increase in flueasadsRNA delivery

in ECL nanolipoplexes as compared to naked form, there wadlifferences in
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intensity of whole lung tissue imaging. The discrepancyween the in vivo

cellular level and whole tissue level data might be conteduby the existence
of naked fluorescent dsRNA in the extracellular spaces ofgltissues, whereas
the existence of nanolipoplexed fluorescent dsRNA insidémpnary cells. This
result emphasizes the importance of measuring the cellujatake levels of
siRNA in vivo for evaluation of nanocarriers, in addition tthe molecular

imaging of whole tissues or body. Previously, the in vivo @undistribution of

polymeric micelles with or without folate ligand modificat was studied in
tumor tissue and tumor cell levels [24]. In the study, the dumtissue

distribution of polymeric micelles was found to be similaegardless of folate
ligand modification. Despite the same levels of distribatiin whole tissue
levels, polymeric micelles with folate ligand were taken bp the cells whereas
plain polymeric micelles were found in the extracellularasgs. This study also
supports the possible source of discrepancy between wisdaet distribution and
target cell level uptake.

ECL nanolipoplexes not only showed the highest in vivo pularg cellular
delivery of fluorescent dsRNA, but also the lowest cytotityi in B16F10 cells.
The cytotoxicity of cationic nanocarriers has been regbrte be due to the
interaction of cationic component with the mitochondriaémbrane, the activation
of caspase 3 pathway, inducing mitochondrially-mediatpdptosis [25, 26]. The
dependence of cytotoxicity on the cationic lipids might be part explained by
the degradation kinetics of the lipids in the endosomal remvhents, and the
toxicity of cellular degradation products of the cationipids. Unlike chemically
synthesized cationic lipids such as DOTA and DOTAP, EDOPCa islerivative
of natural lipid phosphatidylcholine with simple modiftean [27]. Due to the
similarity to natural phosphatidylcholine, EDOPC is redgd as more readily
metabolizable lipid in the body. EDOPC has been reported ® dasily
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hydrolyzed by phospholipase A2, and metabolized with a-lifalfof a few days
in cells. Moreover, the higher cell viability of ECL relaivto EDL (Fig. 4)
may be explained by the additional existence of cationidd lipC-Chol in EDL
rather than the natural Chol as a component in ECL.

As an anticancer siRNA, siMcll was complexed to ECL nanalgoes for
treatment of lung cancer. Mcll has been reported as an pogtatic protein
related in the proliferation and survival of lung cancerisdP8, 29]. Moreover,
overexpression of Mcll has been found in lung cancer tiss{&¥. The
silencing of the Mcll protein by siMcll may promote the amsm of cancer
cells. Recently, siMcll has been reported to enhance theptagie of various
solid tumor cells including lung cancer cells [31]. The a&tmoral treatment of
siMcll complexed to tocopherol derivative of oligochitodaased nanoparticles
was shown to inhibit the growth of KB tumors xenografted inceii The
co-delivery of siMcll with a histone deacetylase inhibitasing a cationic
nanoliposome provided the synergistic anticancer agtivdfter intravenous
administration [32].

After intratracheal administration, siMclIl/ECL nanoljdexes reduced the
formation of B16F10 tumor nodules in lung tissue. As a lungoest model, we
used lung metastasis B16F10 after intravenous injection. ptevious studies,
intravenously administered B16F10 cells have been usedestablishment of in
vivo lung metastasis animal model [33, 34]. This lung canceodel has a
potent advantage as an orthotopic disease model which mamicmihe
pathogenesis of lung cancer in human due to metastasis. Uty delivery of
siMcll, intratracheal nebulization was used as an admatish method with a
microsprayer [35]. This device may be more mimetic to chilic suitable
aerosol dosage form than intranasal route.

The lowest formation of tumor nodules in siMcll/ECL nanogbex-treated
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group could be due to the highest uptake of siMcll by the puobny cells in

vivo (Fig. 2B), and to the silencing of tumor apoptosis-@eting protein Mcll
in the lung tissue as evidenced by mRNA (Fig. 7A) and protefig.( 7B)

levels. Previously, siRNA against SARS coronavirus was ratrdcheally
administered to Rhesus macaque [36]. In the study, sSiRNA wekvered in

naked form using 5% glucose in distilled water as a carridutem. A recent
study reported the uptake and efficacy of naked siRNA viaratrdcheal
administration in mice. The study suggested that deliveamains a key obstacle
to the efficacy of topically administered, naked oligoraatlde in the lung,
supporting the importance of effective delivery systems lacalized delivery of
SiRNA.

Although in this study, we presented the anticancer thernapeeffect of
siMcll in ECL nanolipoplexes in B16F10-metastasized lungndr model, the
effective pulmonary cellular delivery efficiency of siRNAand the in vivo
silencing of target protein in the lung tissue suggest thdityutof ECL
nanoliposomes for inhalation dosage forms of other siRNAJ awucleic acid
therapeutics. Inhalable siRNA is expected to be applied dadous lung diseases
such as cystic fibrosis, inflammatory condition, infedso diseases, and cancers.
Given the pathology of various lung diseases due to the wmpegssion of
malignant proteins, the ECL nanoliposomes may be applieddebvery such

pathogenic protein-specific SIRNA to lung cells via aetodosage forms.
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V. Conclusion

In conclusion, our results suggest the importance of in vaaeening for
evaluation of siRNA nanocarriers, and the in vivo cellulavdl uptake study for
differentiating the extracellular and intracellular deliy of nanocarriers.
Moreover, ECL nanolipoplexes for intrapulmonary siRNA idety might be
applied for future treatment of various lung diseases dué¢héo overexpression of

pathogenic proteins.
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